THESIS

METHOD DEVELOPMENT FOR LONGITERM LABORATORY STUDIES EVALUATING

CONTAMINANT ASSIMILATION PROCESSES

Submitted by
Rachael Lynne McSpadden

Department of Civil and Environmental Engineering

In partial fulfillment of the requirements
For the Degree of Master of Science
Colorado State University
Fort Collins, Colorado

Fall 2016

Master's Committee:
Advisor: Tom Sale

Jens Blotevogel
Greg Butters



Copyright by Rachael Lynne McSpadden 2016

All Rights Reserved



ABSTRACT

METHOD DEVELOPMENT FOR LONGITERM LABORATORY STUDIES EVALUATING

CONTAMINANT ASSIMILATION PROCESSES IN LOWK ZONES

Remediation technologies for soil and groundwdtat arampacted by chlorinated solverdee
limited whenreducing contaminant concentrations betoaximum contaminant levels (MCLS)
established by the US Environmental Protection Agency (EHAglimited effectiveness of
current technologies is partly dteewell-documented contaminant back diffusion from low-
permeability (k) zones causing loterm impacts on water qualityBack diffusion out of low-k
zones for extended periods of time, give siyevidenceéhatassimilation processesedriving
the fate and transport of chlorinated solvents within low-k zoiég.direct impacts
assimilation processesuch as sorption and degradatisgiveon contaminant concentrations
may beslow andnegligible on shorter time scaleBut for longer time scales assimilation
processes could hagensequential effectscsites where groundwater concentrations are
predicted to exceed MCLs for decades to centufiesearclstudies located ithefield have
been carried out to studgsimilation processes low-k zones. Thehallengeof suchfield
studiess capturingcomplete data sets from compléxd environments. The challenges include
inability to close the mass balanamnfidently identifyng assimilation mechanisms at wodnd
are limitedto short term studiesThus, he overall objectivef this researclks to advance the
current knowledge of assimilative processes within low-k zones through theasippliaf long-

term (~510years)aboratbry studies.



The goal of the research presenteceheris tocreate a starting poifdr long-term laboratory
studies in the hopes to quanti#gsimilation processes within lekvzones. Prior to conducting
longterm laboratory experimenta necessary step of establishing and testing methods need to
be conductedTheresearcldescribed within this thesapplies the use of shagrmlaboratory
studies conducted ovar2 to 3 montHime sparto testpreliminarymethodsestablish baseline

data, and test applicability of mathematical models

The model contaminant uséat theshorttermlaboratory experiments wasttachloroethene
(PCE). For the beginning stages of method development, thmiégson process that was
isolated and focused on was sorption. Sorption was evaluated in porous media of differing
properties, which included four field soils (Soil A, B, C, and D) and one lab grade s&).(LG
Two shorttermcolumn stuges were tested to evaludte viability in collecting data tde used

in capturing transport and assimilation processes for use in long-termt¢apctadies. The

two shortterm column stug methods are identified throughout this documentezgispace vials
and ampules. The design setup for both column stugies constructetb utilize diffusive
transport of contaminant with a saturated lower boundary layer of &Qt#itially clean water
saturated soil column, and headspace at the upper boundary layer. For each column study
designthe contaminants transporédvia passivdiffusion, starting from a volume of high
concentrationdtthe lower boundary layer) to a place of low concentration (throughout the clean
soil and the top of the headspa&oehe clearupper boundary layer)The difference between the
two short-term column studies is the method of data collection. The headspace vial method
allows for nondestructive sampling of the headspace over tintqgiémtify the diffusive

transport oPCEthrough the soil columnTheampule method utilizes completely closed

systemwith a destruate sampling technique where tastire ampules extractedvithin



methanol to helgliminate the potential fanass losfrom the systentdue tovolatilization In
addition to the two shoterm columnstudies, htchsorption studiesvere conductetb gain
independenmeasurmentsof saption parameters for the four field soils used throughout the
column experiments. Lastly, a numerical solution to the diffusive transaxial differential
equation was developed using Math®adThree sorption modetse employediinear,
Freundlich and Langmumodels. The parameter values from the batch sorption study were
used as inputs for the mathematical model and results were compared to thershootumn

study headspaceéal experiment.

Resultsfrom theshortterm column studieshowthatlosses from headspace viaisylimit the
values of the method over time periods greater thamwee& but ampules are more stable than
headspace vialand show the most potential for application in long-term laboratory studies.
Batch sorption studies can complement the diffusive-transport studaewing for resolution

of sorption parameter valudsat arandependent of transport rateshelvalidty of the model
appears to behallenged by unaccounted losses from the headspace vials, and was therefore

unable to estimate experimental data results.

The results of the ampules and batch sorption stadéesuggested toe used to aid in the
design of the long-term studies. The laboratory experiments and modeling desamdieavhie
in hopes, be a step closer to advance the knowledge of assimilative processestand assis
determining the assimilative capacity of kiwvzones. Ultimately, this work wihopefully
contribute to improved decision-making at contaminated sites, possibly allowimgyrspent on

ineffective remedies to be directed toward more productive solutions.
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1. INTRODUCTION

The following provides an introduction to this thesis document incluglipgpblem statement,
background on subsurface releases of chlorinated solvents, hygdtrabis research, and the
overall organization for this document. Information presented in this sectiongsavid

foundation for subsequent chapters.

1.1. Problem Statement

Chlorinated solvesstsuch as tetrachloroethene (PCE) and trichloroethene (G&@&)e
persistent groundwater contaminants (Stroo et al.2(RZE and TCHave beemsed in
applications such as dry cleaning alejreasing operation®\lthough production and usdé
chlorinated solvents have decregsghile theimplementation of better management practices
has increasedpills that occurred prido these changeseastill causing major impacts to
groundwater.The Environmental Potection Agency(EPA) as well as state regulatory
departmentsiave implementedemedid programswith the goal of preventing exposure,
reducing riskand restoringites tobeneficial use.Even with intense remedial efforts
chlorinated solvenplumes have remained persistent and affect groundwater guality years

after release and treatméMackay and Cherry 1989, NRC 2013

A recent survey, addressitite efficacy of current and past remediation efforts to measure
success in the closing of chlorinated solvent sites (Geosyntec 28@2g|ledhat out of 139
remediation sites none of the sites were deemed fully successful in piagpee (with >80%
reduction in mass flux, >80% mass removal, and no rebound) . Twavgtesieemed
“successful” only whethe criteria werédowered to >61% reduction in mass flux, >80%s%

removal, and no rebound. Both of $ksites were piloscale applications ihomayereous sand.
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The study foundhat the inability to close a sitgasdue in parto the heterogesous nature of
the subsurface media and the limited effectivenéssrrent remediation techlogies within

heterogeneousedia

Field and laboratory studies have looked into different remediation technologies ttrefimdst
effectiveremediation treatment imeterogeneousnaterials (Goldstein et al. 2004, Saller 2014).

Both studies founthattreatments were effective in reducing concentratiomotadetect levels,

but shortly aftetreatmenended, there was rebound of concentratiottsateventuallyrose to
pretreatment levelsRebound commonly found within contaminated sisesftencaud by

back diffusion out of lowpermeability (k)zones (Liu and Ball 2002, Parker et al. 2004,

Chapman and Parker 2005, Sale et al. 2008, Parker et al. 2008, Wahlberg 2012, and Chapman et
al. 2012). Recontamination of the transmissive zones in aquifers due to back diffusion from low

k zonescan have substantignpacts on groundwater for extended periods of time (Stroo et al.

2012, Newell and Sale 2010)he slow release of contaminants from {kwones challenges

current concepts abbcleanup standards, risks, and management of contaminated sites.

A key knowledge gap involves the sorption and degradatiocessethat control longterm
release from lowk zones. The use of predictive modelgestimate appropriatelpngterm

impacs of plumes is commorA generalack of understanding in what drives the transport and
flux into and out of low-k zona®strictsour predictive modelsability to forecast future

behavior Limitationsof predictivemodelswill further affectthe management of sitaad will
increase ineffectivate management decisis. Without appropriate decision-making tools to
manage contaminated sit&RC (2012)stimats thatby 2033 expenditurdsr soil and
groundwater cleanup alone will eed over $200 billionThe central theme of this work is to

develop experimental methonfssupportof long-term studies tbetter understand the processes
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that drive contaminant fate and transport within low-k zones. This know@tgaupport
rational decisions to manage chlorinated solvent sites and willegmmore effective and

sustainable contaminant site management.

The processeferred to as assimilative capadgydefined by the abilitpf subsurface media,

under natural conditions, smrband/or degrade the original contaminaAgsimilative capacity

can have substantial impacts on the overall longevity of the contaminant plume and may redu
the contaminant magisat needso be treated within theite Over long periods of timéhe

most important process in plumes may be occurring in low-k zones (Takeuchi et al. 2011,
Wahlberg 2012, Althoughassimilative processesqrption and degradatioaje recognized to
occur within the subsurface, the extent of their impacts on contaminant fate and trastipor

low-k zones are poorly understood.

1.2. Hypothegs

Building on the abovsetatementsubsurface media haae assimilation capacity for chlorinated
solvents that can have a substantial impact on contaminant concentrations in thesnagmsm
zone The assimilation capacitf low-k zones involvegpotentiallyslow processesncluding

sorption and degradation (abiotic and biotic).

The overarching goals of the research are to estabhgjiérm laboratoryf~5-10 yearskstudy
methodgo captureand quantify theslow processethat are currently poorly understoot@ihe
longer time framewill help to reveal critical processes missed bgnvamtional laboratory and
field studies with shortedfuration. To enhance our likelihood of successmustensure that
laboratory expementshave stable contralsShortterm laboratory studies wiirovide a guide

to experimental desigsampling methods, arzhseline data



The hypotheses for research concerning details within this document are:

Headspace vialgsing Mininer? valve capsan be used to take nolestructive,
headspace samples to establish the aqueous concentration at the top of a soil column to

understand transport of PCE through the soil.
* Ampules can reduce volatile losses and increase recovery of mass witystédm.

» Batch sorption studies applying varyiRGEconcentration to porous median be used
to independently resolve appropriate model and sorption parameter values, and find the

best model type to fit the headspace vial data.

* Numerical mathematical models can help in understanding the headspace ermalaydt
bring to light other issues with headspace vials mettitghe simple data collection

may not bring to light.

1.3. Objectives

The overarchingoak of this research ate develop methods that can be used to

e Advance our knowledge of assimilative capacities in low-k zones
e Improve our understanding of the factors that govern plume longevity

e Provide decisiommaking tools to manage contaminated sites

Goals and objectives specificttoe research presented in tbscument are to:

e Ensure rigorous mass balances, sampling methods, andhesiial design
e Establish badime data and loss rates
e Apply preliminarydata toa working model

4



e Apply models to larger spatial and temporal analyses

1.4. Organization and Content

This work is organized into four chapterBhe firstchaptercontainstheintroduction. Chapter2
is aliterature eview, whichpresents related work. Chap8describedaboratory &periments,
outlining thesix different laboratory experiments used to help develop methods fotdang-
laboratory studies of low-k zones processéh results Chaper 4 presents the mathematical
modeling, which will be applied texperimental data gathered from Chatéo help gain
insight intocharacterizing, quantifying, and predicting processes that dominate wittsaithe
Lastly, Chapter 5 concludes with the key findingshef tesearch presented her@mplications,

and suggestions for future work.



2. LITERATURE REVIEW

This chapter introduces key concefitat pertain to this thesis. The Literature Re\semwes to
build a foundation for the research contained within this docuragntgll as expose any
knowledge gapsSections within thighapter includeConceptual Overview, Current Models,
and LongTerm Processes. The Conceptual Overview presents the current understanding of
contaminant fate and transport of chlorinated solvents in heterogenedisSection2.2
discusses how models predict and approximate contaminant flux due to processeswwkhin |
zones. Lastly, &ction2.3 discusses the two main processes, sorption and degradation, which

control the flux of contaminants within low-k zones.

2.1. Conceptual Overview

Natural sibsurface media hawdargeamount of heterogeneity affectitige fae and transport of
contaminants. [&cifically, concerning blorinated solvents within the subsurface media,
elements of heterogeneity include permeability, sorptapacity mineralogy,and redox
conditions. Historically, studies of contaminant transport were based on the aseuhgbtthe
subsurace washhomogenousBear1988); whereas, modern contaminant hydrology eneistae
importance of subsurface heterogenethgpman and Parker 20 zgle et al2013. Rigorous
characteriation of heterogeneous subsurface with a high amoudsdtafl is raely possible.
Instead, &ommon practicés to develop a site conceptual model that captures the critical

elements of a system in a stylistic fashion.

A simple conceptual model is that of transmissive anddemneability (k)zones. Transmissive
and low-kzones can be definad terms of mobile and immobile pore spa@sprectively (Payne
et al. 2008). We can further delineate and defimesmissiveand low-k zones in morelative
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terms by the depositional energy that fetheach zone Generdy, transmissive zonesere
deposited under higher depositional enegggatingoodieswith coarser materials. The physical
attributes of transmissivanes lead toharacteristics where advective transport primarily
dominates, provides for more oxidized environments, and tends t@lawer fraction of

organic carbon per volume porous media. Commonly, higher depositional energies do not occur
as regularly as lower depositional energies ic@usansmissivezones to corieucta smaller

fraction ofthetotal subsurface. Low-k zones are formed under conditions of lower depositional
energy creaing unitswith finer materials. The physical attributes due to lower energy
deposition are: limited advection with diffusion possibly dominating within low-k zanes
reduced environmentanda higher fraction of organic carbon per surface area. Lower energy
states are easier to obtain aitetrefore lead to low-k zones commontpnstitutinga large

fraction of the total subsurface.

Theproposedconcepual model we will be focusing on is a simplified heterogeneous system
consistingof thetwo zones following Sale and Newell (201Bgnsmissivezone and low-k
zone.Figure 1displays our current understanding of contaminant transport concesriag d
non-aqueoushmseliquid (DNAPL) and its dissolved phase constituents within heterogeneous
subsurface media. Dugrthe early stag®®NAPL may be present in pools or ganglia within the
transmissivezone (not pictured within the figure), where the DNAPL does not enter the low-k
zone due to the low-k meads higher entry pressur@arker et al. 2004). A concentration of
agueouslow existswithin thetransmissivezoneshat arethe more permeable segments of the
formation. The dissolved phase constituents move away from the DNAPL source zones, due t
the effects of advective flow, dispersion, and diffudimetassists in creatingdissolved phase

plume (indicatedy redwithin theFigure ).



Diffusion into Low-k Zone

Fluxin/out of Low-k Zone

Early Stage Middle Stage Late Stage

Figurel. Evolution ofchlorinated solvent releagmdicated by redin a simplified heterogeneousystem otransmissiveone
and lowk zones.

During the early and middle stages, the dissolved phase plume will continue to desletap

as the DNAPL source continues to rem@iRC 2004). Where fractures are not present within
the low-k matrix, the concentration gradient between the dissolved phase plume andkhe low
zone begins to drive the dissolved contaminant into the low-k zone with the only driving force
being diffusive transport into the matrix (Parker et al. 2004, Johnson et al. T9&90nes are
thencharged up with contaminant and start to act as secondary storage for the agueous and

sorbed-phaseontaminarg.

From middle to latestages, the finite DNAPL source and dissolpbdse plumeéisappear oare
cut off (either due to remediation treatment, full dissolution and mobilizalbeyngradient out

of the systemor migrationfurther into the lowk matrix), resulting in the contaminant mass
foundmainly within the lowk zone. Eventuallythetransmissivegporous media aqueous
contaminant concentration declines, due to natural gradients, puropswgcessful remediation
treatmers within the transmissive zoneghich reverses theontaminant conegration gradient.

Reversing the concentration gradient caube dissolved-phase contaminant within the low-k



zones to diffuse outward from the low-k matrix back intottaasmissiveones known asyack
diffusion” (Parker et al. 1994)This back diffsion iscommonly a slower process due to lower
concentration gradients and caussaatively slow release rates into tin@nsmissiveporous
medig making contaminant plumes remain persistent (Parker et al. 1994, Feenstta%4,a
Seyedabbasi et al. 2P) and thereforsustaing contaminantoncentrations itransmissive

zones foran extendedime.

Within low-k zones, ssimilationprocesses may occur due to degradation and/or sorption of
chlorinatedsolvent plumes (Luthy et al. 1997, Johnson et al. 2001a, Field and Shearaz

2004). Evidence of sorption and degradation have been found within field and laboratory studies
(Parker et al. 2008, Lt al.1997). Therefore, this conceptual modéhre ) must include
assimilativeprocessesHigure 3 thatwill ultimately affect the longermfate and transport of

contaminants in transmissive zones.



Iron Sulfide
Mineral

Figure2. Contaminant fate and transport betwgansmissiveand lowzones during middle and late stages.
Image adapted from Purves e(H94)

The processes shown witHtingure 2are sorption and abiotic/biotic degradation. Specific

examples of each process include:

e Sorption or entrapment of PCE shown through the use of organic matter and clay
particles thatanremove the contaminant from the systeither reversibly or
irreversibly.

¢ Abiotic degradation due to an ir@uwfide mineral surface thaas been reported in
laboratory studies to have the ability to transform PCécatyene (C2H2).

¢ Biotic degradation that converts PCE to TCE (and possibly further toesthe

sequential hydrgenolysisjn microbial communities
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Theimpact thatsorption and degradation processes have on contaminant playes small

over brief duration (days/months).v€r longer timespangyears/decades) assimilative
processeswill ultimately control tle overall longevity of plumes in transmissive zonesvegal
different studies showhat assimilativgorocesses could play a large role in affecting plume
longevity. Liu and Ball (2002a) recognized that although sorption was a controbiogsgr

within their in-situ field experimentghe time scale of 35 months was not long enough to rule
out significant degradatidior longer time scales. In another study, field data from Parker et al.
(2004) showed no TCE degradation but recognized that even ovdimmfgames degradation
could play an important role in affecting contaminant transptiwtleling hagrogressed to
incorporateassimilativeprocesses to include degradatias seen iWahlberg (2012), which

expanded upothe Sale et al. (2008a) two-layer model.

2.2. Current Models

Correctly prediang the impact of low-k zones on longrm water quality of transmissiz®nes
requires a more completmderstanding of the smaltale heterogeneity within lolwzones

(Luthy et al. 1997Kalinovich et al.2012,Sale et al. 203). Models have been developed for
higher resolutionsuch asSale et al. (2008a), Chapman et al. (2012), Wahlberg (2(E2),
capture mass flux out of lowzones at smabcale concentration gradients, buamg of the
challenges have occurred in accurately capturing thetknng processes that affect contaminant

storage, release, and transformation within the low-k zones.

2.2.1. Sorption

Sorption is a common and simple modeling paradigm used to describe the partitioning of

contaminants onto or into (adsorption or absorptsmi)particles. Using the partitioning
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coefficient(Kq) to capture the equilibrium of contaminant within sorbed and aqueous phase,

Schwarzenbach et §2003)usedthefollowing relationships:

C,=K,C (1)

S w

K, = f, K @)

oc” "oc

whereCs (M-M7Y) is the total sorbed concentratidgy, (L3M7) is the partitioning coefficient and
Cw (M-L?) is the total aqueous concentration at equilibritse(M-M ™) is the fraction of organic
carbon Koc (L3 M of organic carbon) is the organic carbon partitioning coefficient. In Equation
1, sorption onto the solid is directly proportional to the fraction of organic carbon of tthe soi

Thisdirect proportion is known as “linear sorption”.

Determination othe retardation factoR), which is the ratio of average linear velocity of the
groundwater to the velocity of the contaminanhthe leading edge of the plume, can be

estimated by the following equation frdfmeeze and Cherry (19)9

R=1+2k, (3)

¢

wherepy, (M-L®) is the bulk density of the sodnd¢ (dimensionless) is the porosity of the soil.

Linearsorption has been known to occur for hydrophobic organic compounds when the
molecular propensity towards mineral sorption is low and the amount of organic carleoa (Al
King at al. 1997) is high and within smaller ranges of contaminant concentratibar{@a
Roberts 1991). Absorptive partitioning into a material (@atyral organic matter) is often

characterized by linear isothermswhich theratio of sorbed to aqueous concentration is

12



independent of concentration (Allen-King et al. 2002) and when the matrix is domigated b

sorbent organic matter (SOM) (Luthy et al. 1997).

Although linear sorptiois commoty assumedvith modeling, subsurface sorption may not
occur linearly du¢o: 1) the variabledistribution of organic carbon within the geologic media
due to heterogeneous depositional energies, 2) adsorptive properties of ordenmaoalr
inorganic matter (e.g. minerals), and IasB) the sorptivgroperties of swelling claysot
affected by théyc (Allen-King et al. 1996). Sorption may not occur on a linear scale due to
concentratiordependent retardation which in turn affects diffusion within micropores. This
concentratiordependency also affects desorption mechanisms where slow processksioindif

within sediment particles are further retarded by sorption nonlinearity ¢Kileg et al. 2002).

Equations 1 and 2 tend to under predict the magnitude of sorption for hydroplyanco
compoundsHOCs9 on soils (AllerKing et al. 2002), partly due to the omission of adsorption
onto the matrix surfaces. The most dramatic effects on sorptive propertiesvacen
contaminant concentrations dosv and the soil contains a small quantity ajthsurfacearea
carbonaceous aterial (HSACM) (AllenKing et al. 2002). Otheirlearfreeenergy

relationships (LFERSs) also have limitations if dominant adsorptive processesspexific
materials exis(Kalinovich et al. 2012). Acurately modehg adsorptive properties within the
matrix may be difficult, since the matricesmyexhibit some combination of linear and nonlinear

isotherms depending on the surface properties (Luthy et al. 1997).

Common non-linear isotherms used to capture adsorptive properties within theareathg

Freundlich and Lagmuir isotherm. The Freundlich isotherm (Equation 4) is commonly used to
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relate sorbednd aqueouphase HOC concentrations within a naturally heteremengeologic

system. Thésotherm uses adjustable parameters to describe sorption:
Cs = KClh (4)

whereK; (L¥*M)™) is the Freundlich constant or capacity factofgimensionlessis the

Freundlich exponent.

The Langmuir Isotherm is used to describe constant sorption enghgymited sorption sites
on the sorbent surface. The Langmuir isotherm (Equatiend®scribed as:

_ rmaxKL Cw (5)

C. =
* 1+ K,.C,

wherelmax (M-M™) represents the total number of surface sites per mass of satb@ntM™)

is the Langmuir constant and assumes a constant sorbate affiratydorface sites.
2.2.2. Degradation

As is common with regard to degradation, the model fistrder rate lawsnd uniform
degradatiorio represent the processes occurring within the subsurface (din et al. 2003,
Falta 2005and Saleet al. 2008)The firstorder degrdation equation is shown

c
dt

_aC (6)

Wherel (TY) is the decay constant, which can be defined by thdifeafferiod (t2 = In(2)-1?).
However, this uniform degradatiomes not accurately capture the effects of different types of

degradation and the dependence of environmental conditions, distribution of degradimg mate
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(minerals and/or specific degraders) as well as other constraints that lingitelod reactions.
Models that have been used to incorporate the complex limiting constraints to prediet a m
accurate degradation rate within the subsurface are geochemical speciationgr{adeiirc
degradation) antMonod kinetic models (biotic degradation) (EPA/600/R-09/115, Chambon et

al. 2010).

Lastly, after all processes have beensidered the model musipture thesffects and
influencessorptionand degradation procesdes/e on each other.h& two layer model
developed by Sale et al. (2008) explored the different applications of adsorption ticetaedel
degradation and the ultimate physics of contaminant transport. Although this matel use
highly idealized scenarjdhe longevity of the plumesay be driven by the storage and release
processes wiih low-k zones. To further our understanding, should considemore complex

sdtings and incorporate multiplayer scenarios with fieldcale data for support.

2.3. LongTerm Processes

This section expands further on the processes described &swien(2.2.1 and 2.2)2 This
section includes specific examplasthe field and laboratory studidsatgive evidence to the
assimilative processélat may be found within low-k zones. This section also shows how

assimilationprocesses can affect contaminfate and transport within low-k zones.

2.3.1. Sorption

As described in &ction2.2.1, sorption is a procegsmtcan have substantial impacts on the
longevity of the contaminant plume. Sorption can occgeiweral different waywithin the

low-k zone subsurface media, which include mhaeterogeneousaterials. Heterogeneous
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materials include inorganic surfaces (eapys and minerals), organic matter surfaces,
microbially-alterated biomasas well aghermallydteratedcarbaceousnatter (TACM). This

section will discuss in detail how each of these matenadsthe propensity to soHOCSs.

Inorganic surfaces such as clays and minerals surfaces sometimes danadiy/rsatrb HOCs
readily, but when certain conditions are present other sorbestutedonto surfacemay be
able to lead to a modification of sorbents, favgfurther sorpton (Schwarzenbach et al. 2003).
In claysandminerals this modification occureshen intercalation of specific cations promotes
sorption of non-ionic HOCs thatould not have occurred previouslywelling of clay matrices
also known as organoclays, allow for sorption of HOCs to occur on the surface amyenseof
the clay mineralsAn example of expanding clagineralsis montmorillonite. Montmorillonite
hasa high_cation xxchangecapacity (CEC) with largexpansive properties and high surface
areas butis hydrophilic andthereforewill not have ag affinity for HOCs (Park et al. 2013).
However the properties of the clay minerals can be modified to hydrophobic conditions by
replacing inorganic exchangeable cations and intercalating organic quatarmaoniumor
pyridium cations creating organoclays. Téxchangallows the organdays to have a strong
capacity to sorb non-ionic and hydrophobic compounds from aqueous sol&inamnsf(et al.

1987, Groisman et al. 2004, Park et al. 2013).

Groisman et al. (2004) found that non-ionic HOCs are better sorbed to longer chain agganocl
octadecyltrimethylammoniurnentonite with respect to shatrainorganoclayssuch as
tetramthyltriammonium bentonite. The organic cation ch@epending on length and affinity

of HOCs may lead to a promotion of more linear (partitioning due to long alkyl chains) or non-

linear (adsorption with short alkyl chaingygtion (Lee et al. 2004).
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Organic matter surfaces have also been found to play a large role in sorghiorswibsurface
media. Organic matter may include portions with both fluid and rigid properseskfzown as
“rubbery and glags in the chemial world, or ‘softand hard carbonh the geosciences).

Nonionic HOCs may both absorb into fluid organic matter and adsorb onto a rigid surface or
micropore (Schwarzenbaeh al. 2003). Humic substances (e.g., kerogen, coal, graphite) have a
large rangef different sorptive propertigbatcan affect the overall amounts of sorbate on the
surface. Diagenesis and weathering of organic matter may also have somenathecaffinity

of SOM for sorption of HOCs (Luthy et al. 1997). Allen-King et al. (2830 foundhat the

age and source of the organic carbon also affects the sorption process of HOCsdbypsars

of magnitude.

TACM typically creates nopolar surfaces of potentially high specific surface area and porosity
thatinclude micropores. These conditions promote adsorption and can leadliteeaotiOC
sorption isotherms that allow for high sorption capacity at low aqueous conicgrstralhe total
HOC sorption on TACM is a superposition of partitioning and adsorption. Adsotptidnto
dominate at low concentrations, and partitioning doresethigh aqueous concentrationsher
greatest notinearity was shown by the dark calcareous lithocomponents found from marine-

derived carbonate (Kalinovich et al. 2012).

2.3.2. Biotic Degradation

Chlorinated compounds, such as PCE and TCE, can be degraded via anaerobic conditions
through the ability of the microorganism to gain beneficial use of the contamineamietexctron
donor and carbon source to stimulate growth (Field and SMveaez 2004). Early research

focused on biotic reductive transformation of chlorinated solvents, such as hakti@s@ind
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cometabolism (Lee and Batchelor 2002). Halorespiratamurswhen the chlorinated

compound serves as an electron acceptsuling in reductive dehalogenatioM¢Carty et al.
1997,Field and Sierradlvarez 2002). Cometabolisotcurswhen the microorganism

transforms the chlorinated compoundsile degrading other substrates (Wackett 1995). New
sustainable remediation technology téphfacilitateand enhance biodegradation, such as the use
of enhanced reductive dechlorination (ERD) (Sutherson et al. 2008ochemical reductive
dechlorination (BiRD) (Magar et al. 2001), and thermal remediation (Zeman 2d@3he

development stages.

2.3.3. Abiotic Degradation

After recognizing thesubstantial, but still limited potentiad$ biotic reductive transformation,
scientistshave begun to develop a better understanding of abiotic transformation/degradation.
KreigmanKing and Reinhard (1992) found that reductive dehalogenation was possible within
subsurface media using mineral surfae@eg.( biotite and vermiculite) as electron donors and/or
reaction mediators to increase the rate of the transformation procasgormations can

ultimately affect the fate and transport of the contaminant within aqueousr@neints.

Common mineralssuch as iron sulfides, iron oxides, green rust andoeaning clayshave

been found to transform or degrade chlorinated compounds. The use of these common minerals
have demonstrated complete or near complete transfornudtabrhorinated solvents. Lee and
Batchelor (2002) found that abiotic reductive dechlorination of PCE, €i&Hichloroethene
(cis-DCE), and vinyl chloride (VC) can occur on minenatfaces of pyrite and magnetaad
wereable to increase the rate of transformation using adsorbed, kae@yn to be a facilitator

on other mineral surfaces, to increase reaction (EPA 2009). Some of the methods used to

discover ifaquifers contain these minerals armeralogical analyses, geochemical modeling,
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monitoring of groundwater for reaction products that are unique to abiotic reaahons,

fractionation of stable isotopes (EPA 2009).

2.4. Knowledge Gaps

Knowledge gapsegarding processeswithin the lowk zones include:

¢ How doassimilativeprocesses affect the overall flux into and out of low-k zones?

e What is the ratef theseassimilativeprocessez

e How do sorption and degradatiprocesses interact with each athe

e What conditions are necessary for sorption and degradation interactions to occur?

e How do sorption and degradatiotteractionsaffect the rat@f degradation and transport

of thecontaminant?

e What is thertansport of both parent and degradation products in low-k zones?

This thesis focuses dartherdeveloping laboratory methods in the hopes that the methods

developed and used for future studies will be able to address some of these knowledge gaps.
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3. LABORATORY EXPERIMEN TS

This chapter descris¢he laboratory exgriments that were conducted to develop methods for
evaluaing chlorinated compounds fate and transport in low-k zones. Employed methods include
1) headspace vials arj ampuleqFigure 3. This section focuesfirst on the headspace vials.
Fourseparate experimenigere conducted to assist in establishing methods fdrahdspace
vials. The experiments used to devefopthods for the headspace vials include: a stability
experiment to study the Mininérvalves’ ability to reduce volatile losses, sorption study to
observe the effects that fiber filters have on PCE concentrations, a headapagpariment
using field soil, and batch sorption experiments using field soils. Then the sectidiseubs
themethodemployedfor using the ampules. The experiment used for the ampule is the
methanol extraction method. This methanol extraction method is then appliedhéatispace
vials with field soil to compare the ampules and the headspace kit experimenrs
describedvith experimental objectivee methods, and result$he results of each experiment

provide guidance and direction for developing methods for subsequent experiments.
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(a) Headspace (b) Ampule

Sample port,
Mininert® Valve

a E Sealed Glass

Headspace

Inert soil with

amendments,
initially clean
C(to) =0
Glass beads Glass beads
containing PCE- -~ of containing PCE-
saturated water Glass Fiber Filter —_— - saturated water

ct2t)=C_,

ctxt)=c_

PCE/PTFE Filter

Figure3. Column study design for (a) headspace vial and (b) ampules.

3.1. HeadspaceStability Experiment

The headspac#tability experiment was used to help determine the best way to seal the
headspace vidb limit the potential losses that could occur from sampling of the headspace vials.
Different sealing methods have been used tp @it losses but have not been tested with the
sampling methods used throughout the headspace vial experiment. Sections 3.1.1 through 3.1.3
discuss the experimental objectives, methadd, results allvhich helped to determirtbe best

method for sealing the headspace vials and reducing mass losses due to sampling.

21



3.1.1. Experimental Objectives

In long-term experiments, controlling mass loss through the apparatus is impBwdant.
experiments use@&d foil tape and a PTFE liner with crimp tops to reduce sorption and leakage
from the vial. Wing aimp tops only allows for one sampling event to occur before the cap is no
longer efectivein controling volatile losses A key challenge is the need to maintain a closed
system while being able to obtain multiple sampling events over titne.u3e of a Minineft

valve screw thread cap (Sigma Aldrich, Supelco, Bellefonte, Pigufe 4) was considered as a
solution,since the Minineft valve has an open and close valve as well as a rubbansspt
reduce volatile losses during sampling events. The rubber septum is removable and can be
replaced with a new unused rubber septaliowing for multiple samplig eventdo occur over
time. The objective of this experiment wasatealiate different modifications to the Minin&rt
valve caphat wouldstill allow for repeatable sampling@alsominimize the rate of mass lost
from the apparatus={gure 4. This experiment provides informationdetermine the best way

to seal and store headspace Viaiuture longterm experimentsAll Mi ninerf® valve screw

caps within this experiment were modified by replacing the silisepéumwith a 4 inch length

by al mm diameter section of Vitaore(Figure 4). The reason for this modification was to
use chemically resistaseptum for the experiment and to reduce contaminant loss between
sampling eventand increase ease in replacemerthefeptum. After each sampling event,
which involves piercing th¥iton core theViton corewas shifted over to where the sample was
only exposed to an unpierced section ofdbiee The two treatments that were testedhis
stability experimentvere PTFHiner with leadfoil tape(Figure 4c, d, ande) and underwater
storage.The results from this experiment will guide decision making for the desigiiusé

headspace vial experiments as wellheslongterm diffusion reactor vessels
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(c)

Figure4. Mininerf valve screw caps with (a) original silicone septum (b) mod¥iiédn septum (cCPTFEliner (d)leadfoil
tapeand €) PTFEwith leadfoil tapeinserted underneath the Mininérvalve screw cap.

3.1.2. Methods

The experimentadesignof stability experiment and theaterials used for thehysical setup of
the vial are describedNext, a description of the sampling procedures is presentedlyF

analytical techniques are discussed.

Experimental Design

The first treatment tested in tregperiment was tdeterminef the application of PTFErer

and kadfoil tape on Minineft valveswould reducenass losthroughthe sampling portis
compaed tothe Mininerf valveswithout the modification The second treatment that was
tested was underwater storage of the headspace 8talsage of vessels underwater has been
usedto reduce volatile losses fromessel{Olson 2014) Testing treatments together were
necessary to identify which treatment donation would be the most effective at reducing
overall mass loss within tHeeadspace vialsTable lis theexperimentatiesignfor the stability

experiment incluschg four treatments: no liner, linemo water, anevaterstorage.Each
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treatment waperformedn triplicate with the exceptioaf the combination of treatments with
liner and stored under water which was carried out with a range of high, medium, @&@How

concentrations (1, 10, and 10@y-L ™).

Tablel. ExperimentaDesignfor Stability LaboratoryfExperiment with Concentrations and number of vials produced for each
treatment.

Treatment* Stored in PTFE Liner and  Concentration
Water Lead Foil Tape (mgPCE-L1)
W-Lined Yes Yes 1, 10, 100
W-Unlined Yes No 10
NW-Lined No Yes 10
NW-Unlined No No 10

*NW = No water, W = water

Materials

The following materials were used in the setup of the headspace viatt: Rrosilicateglass
vial, Mininer® Valve screw thread cag®igma Aldrich, Supelco, Bellefonte, PAjodified with
Viton cord (size 16Masterfley, PCE(99+%UltraPure,Alpha Aesar, Ward Hill, MA, Sudan
IV (dye content 81%, Aldch Chemical Co., Milwaukee, WI), agnetic PTFE stir bars (@m
bar diametgrSigma Aldrict?, Milwaukee, W), PTFEliner (0.0025in thickness, Modified
PTFE BagFluoro Lab, Dover, N} leadfoil tape 0.1 mm, 3M™ St. Paul, MN), laboratory
grade acetonéMallinckrodt Chemicals, Phillipsburg, NJand amagnetic stir bar platéicro-

V™ ColeParmer, Barrington, I

Vial Setup

Eachvial was filled with 15mL of deaired water and ar@m (bar diameter¥tir bar placed at the
bottom of the vial. Then, 1Q0L of PCEacetonesolution (details ofcetonesolutionare
summarizedn Appendix B)wasinjected at the bottom of each vidhreePCEacetone

solutions were used to achieve high (@9L?), medium (10ng-L™?) and low (Img-LY) PCE
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concentratioa within the vials.PCEacetonestock solutionsvere prepared with concentrations
of 14,980mg-L?, 1665mg-L?, 185mg-L™* where 10QuL of each solution was injected into 15
mL of water to create RCEconcentrationn a water solutiomf 100mg-Lt, 10mg-L?, and 1
mg-L! respectively. The vials were spikedith their respective stock solutionsing a 10quL
Syringe (Hamiton®). The solution was injected at the bottom of the vihlich was

immediately closed with a Mininéttvalvethreaded screw cap modified wititon core and
other treatmentwere appliedPTFEliner and eéadfoil tape were cut witla 25 mm punch out

and placed within the Mininéttvalve underneath theapprior to the sealing of the vials.

Sampling Procedures

Samples were collected aft&r9, 23, 47, and 146 day# headspace sampling procedure was
used to sample 1pQ of each headspace viakiér to samplingthe vial was placed on a
magnetic stir bar plateet to level Jor 10 minutes.Sampling of Headspace vials was completed
using a 50QuL Sample Locksyringe (Hamiltoif) with a roundedip needle (Hamiltof). The
syringe was filled with 10Q.L of atmospheric gas anle valveon the syringavas closed. The
Mininert® valve was switched to open and #yeingeneedle was used to poke through the
sample port. After 3 seconds, the syringe was then unlockedh@athospheric gas was
purged into the vial. Three quick pumps of iyengeplunger were completed to enstué

mixing of the headspace. Then 100 of the headspace was pulled into the syringe, and the

syringevalve was closedThe sample was analgd as described in the following section.

Analytical Techniques

The 100 pLsample was manually inject@tto a gas chromatograplsamples were analyzed
an Agilent Santa Clara, CA6890 gas chromatograpBC) equipped with a FIanda Restek
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Rtx-5 column(30 m length x 0.32nm [.D. x 0.25um film thickness) The oven program
maintaineda constant temperature 40°C for 6.0 minutes.Sample injection settings included a

split ratio of 10:1 at a column flow rate of 3rL-min‘.

3.1.3. Results

This section discusses the results for thbibty experiment usingdadspaceampling The
entirestability design(as described in Table 1) was sampled, &, 23, 47, and 146 days after

initial setup ofthevials.

Figure 5displays the headspace vials containing the PCE concentratiom@fI1® with data
normalized to the initial concentration over time in daigach data point represents the average
betweerthree distinctly separate samptgghered from the same headspacethitiwere taken
during a sampling event. Five sampling events occurred over the 146 day expeFigare.5
displays an overall decreasing trend for each of the treatsiemtgng that losses occur with
each treatment; the underwater treatmenféasr losseshan the lined treatmengEigure 5also
displays a change in loss rate from early time poirs days) versus late time points (47-146
days). Table2 displays the quantified difference of early loss rated ¢ays) and late loss rates
(47-146 days). The highest early loss rates occurred for lined vials that weteradt s
underwater wh a 4.9% loss of PCE. Conversely, the lowest early loss rates occurred in unlined
vials that were underwatith a loss rate of 26%. Latertimeloss rates from 47 to 146 days,
showed lined vials not stored underwater had the lowest loss rate of #h&tined vials were
found to have a large amount of loss occurring in the early stages of the experitiméime w
losses reducing during the late stages. The reduction of the late stageéelosay be due to less

PCE within the vial, reducing the driving force that would cause volatile lossesun daosses
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early in the experiment will further affect the letegm results; therefore, the best treatment
option is the one that has the least amount of losses at the start of the expdRiesehs fron
this experiment suggest that the treatment ofrgjarials underwater reduces volatile losses over

time duringthe early stagef the experiment.
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Figure5. Normalizedplot of vials with 1@ng-L-* PCE concentrationver time.
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Table2. Percentage of early and late loss rates of PCE.
Percent of Early  Percent of Late

Treatment Loss Rates (%) Loss Rates (%)

(2-9 days) (47-146 days)
NW-Unlined 27.7 21.2
NW-Lined 74.1 4.7
W-Unlined 26.1 155
W-Lined (1mg-L?) 44.7 27.1
W-Lined (10 mg-L?) 36.5 5.99
W-Lined (100 mg-L?) 30.9 8.33

Figure 6plots concentration versus time for vials witincentratiosof 1 mgPCEL™, 10mg
PCEL and 100mg PCEL ! of PCEnormalizedto the initialPCE concentrationver time The
percent loss from the vials progresses in order of high concentration to low caticentith

the 100mg L™ vial having the highest loss of 62.5%, themd@®PCEL * with 47.9%, and lastly
the 1imgPCEL* with 47.20% (Table 4. A Student tTesttwo-sample assuming equal variances
was conducted tdetermindf the normalizedosses were significantly diffent fromeach other
Using an alpha value of 0.05, all t-test values comparing each of the groufmun@so be less
than 0.05Table 3. Thisresultshowsthatthe groups do not hawgual losses and therefore are
significantlydifferent from each otherThis exercise shows that the losfesn the vialsare

dependent on initial concentration of the vial (see Appendix A fast-dietails).

Table3. t-Test results comparing the normalized concentration of the lined 1, 10, amg,-(ﬁo‘l vials

t-Test: Two-Sample Assuming Equal Variances
1mg L' and 10mg-L? 10mgL!and 100mg-L! 1 mgL*and 100mg-L*
0.036301 0.001009 0.007991
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Figure6. Normalized plot of PCE concentrations with respect to initial concemtratier time with treatments of starting
concentration atOmg-L?

Overall this stability experimerdssumeshe most significanibsses from the vialaredue to
diffusion out of the seal and/or during sampling procedures. Other losses to also beaxbnsider
are due to incorporatioof PCE mass to the PTFE liner, the glass vial, and the stir bar within the
vial. Table 4shows a summary of the average ovdoslses from each vial for corresponding
treatments. The treatment with the least amount of losses from the experimérg walsned

and stored under water treatment with the overall loss being 4dith%espect to the initial

concentration
Table4. Summary table of stability experiment losses
Total Average PCE
Treatment Concentration Lost (mg-L-  PercentLost from Initial
h Concentration (%)
NW-Unlined 6.60 66.1
NW-Lined 9.18 923
W-Unlined 4.44 44.1
W-Lined (1 mg-L?) 0.58 47.3
W-Lined (10 mg-L%) 4.80 47.9
W-Lined (100 mg-L?) 509 62.5
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Figure 7shows the total PCE concentratiossesover time and displays the correlation of
concentrationsvith higher loss rates within the vial&rror bars represent the standard deviation

of the sample groups (n = 3).
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Figure7. Total PCE concentration lbgng-L!) over time in days

From the stability experiment results, for future setup we anticipssesanging from 86% to
44.9%6 over time depending on the agueous concentration within the aahifimize losses
headspace vialshould be stored underwater and witholibher. The greatestmount of losses
occursduring the arly stages of the experiment, and that losses appear to stabilize over time
during the late stages of the experiment. Early lossgsbeattributedto incorporation of

volatile mass into the Mininéttvalve into theseptunicap via irreversible sorption. Late losses
could be attributed to sampling methods and procedlu@sses from the headspace vials are

assumed to occur due to diffusion through the Nerf® valve, but other losses may occur due to
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sorption to the stir bars, and the glass vials. The stir bars may also causeaseincagitation

within the vial which increases the mass within the headspace and, therefore, inceeasessth

lost from the system through the headspace. Given loses withoutspoedia, there are

unknown issues causing losses, the next step would be to see how losses occur with the porous
media. For future implementation of these Mininen@lves, to limit losses from the system, no
liner is suggested. For long term laboratory experiments, the Mininert® igate¢ suggested

to help in minimizing losses from the system.

3.2. SorptionExperiment with Fiber Filters

With the design of thedadspace vialswo fiberswereused: PTFE fiber filter and dagsfiber
filter (Figure 3. Bothfiber filtersserve crucial roles in allowing the headspace vial to maintain
proper boundary and initial conditionihis section explains the location the filter used within

the headspace vial and the purpose of each filter.

The PTFE iberfilter sits at the bottom of the vial and allows for the P@Ren injectedn

NAPL form) to spread out evenly across the filter duthedP TFEfiber filter and the PCBoth
having non-polaphysical qualities To ensure that beading or globulation doesoootr the
PCEmust spread evenly across the bottom of the vAahon-homogenous layer of contaminant
may cause gradients in contaminant entry into the soil column which wowldtrsjt the ideal
homogenous, saturated boundary condifidre PTFE fiber filter ensures that a saturated bottom

boundary conditiomemainsntact

The glass fiber filter separates the soll fritra glass beads. This fiber filggrevents the soil
from falling throughthe glass beadmdkeeys the soilfrom having direct contact with the PCE

in NAPL form. The glass fiber filter also helps in keeping the solil initially clean when the soil is
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being added into the column during the setup of the headspace vial; having a cleanrsail col
throughout the entire length of the soil column is another necessary comfuomaaintaining

proper initial conditions.

3.2.1. Experimental Objectives

The objective of theorption experimerfor the fiber filters used in the headspace vials was to
guantifyif any significantPCEsorptionoccurredontothe glass fiber filter oPTFEfiber filter.
If significant sorption occurred, this experiment would help to quantify sorption offibach

filter.

3.2.2. Methods

The following section discusses the methods used to condwsdrbteon fiber filter experiment
includinga description of the experimentisign materials, vial setup and the analytical

techniques used.

Experimental Design

Table 5displays theexperimentatlesign for the sorption studigr the two different fibers used
within the headspace vial3.hree treatments were @rred in this experiment: a control, PTFE
fiber filters, and glass fiber filterg solution consisting of water saturated with PCE (200mg
PCE-L?Y) and injected into theeactor vialsThe control for the sorption ofider filters consisted

of only the 10mL of PCE solution.
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Table5. ExperimentaDesignfor Sorption Study with Fiber Filters
Glass Fiber

Treatment Control ! PTFE Filter
Filter
Number of 6 3 3
Vials

Materials

The following materials were used in conducting the sorption experiment on théltioe for
the headspace vial80 mm Crimp-Top Headspace Vials (20L, MicroLiter, VWR®, Radnor,
PA), tetrachloroethylene (PCE) (99%, Alfa Aésaward Hill, MA ), SudanlV (dye content
81%, AldrichChemicalCo. Milwaukee, WI), lierlock glass syringelQ mL, Hamiltor®, Reno,
NV), glassmicrofiber filter (25mm, Grade GF/F, Whatm&nPittsburgh, PA), 25nm
polytetrafluoroethylene (PTFEjber filter (45mm Advantec PF100, ColBarmey Vernon Hill,

IL).

Vial Setup

Forthe ®rption study foriber filters eactcrimp-top headspaceial was filled with a PTFHber
filter or aglassfiberfilter, and 10 mLof PCEsolution (details on solution is found in Appendix

B).

All vials werecontinuouslymixed using a tumbler (fabricated@blorado State University

rotatingat level 2(12 rpms) The samplesveretumbled for 38 days before ansily

Analytical Technigues

Headspace samples were analyasitig a TekmdM 7000headspaceusosampler (Teledyne
Temar, Mason, OH)Vials were equilibrated in the autosampled@tC for 8 minutes For the
sorption sudy forfiberfilters, samples were analyzed by gas chromatogeapipped with a
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flame ionization detector (GEID) (Agilent Technologies 6890N Network GC System, Agilent
Technologies, Incorporated, Santa Clara, CA) operated with a split ratiolov20:an Agilent
Rt®-Q Bond (30 m x 0.32hm1.D.x 10um). The oven program maintained 200emperature
with no ramp for a total runtime of 6.0 minute%.5-point calibration curve was used to convert
GC peak ara responses to percentage of PCE at solubility using a PCE and water $s&dion

AppendcesA and B for graphs and calculatg)n

3.2.3. Results

This section discusses the results of the sorptigaydorfiber filters, which was conducted for
38 days.Figure 8presentshe concentration of PCE within the vial of each treatment (full
designdescribed imable §. The dassfiberfilters and PTFE filters shoa decrease of PCE
concentration as comparedtbe control. With standard error bars, tHaggfiberfilters show
overlap with the control; whereabe PTFHiberfilters standard errdyars show no overlap
with the controsee Table @or values). To further resolve significant differences between the
fiber filters and the control, a Student t-Test was conducted using a null hypthiaesissumed
equal sample variances between the groups. The results fromdabkeshowed that the twail
p-value forglass fberfilters and the PTFEber filters results weré®.095and0.019respectively
(see Appendix Afor full analysig. The tTest concludes that any number less than 0.05, one
must reject the null hypothesis of assuming sample populations are not sigyifitiatent

the dassfiberfilters are similar to the sample populatiortteé control, but the PTFiber filters

sample population was shown todignificantly different.
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Fiber Filter)

Table6. Average PCE concentration for headspace values for each treatment and the staiatemad. d

Average PCE Standard

Treatment concentration Deviation
(mg-L™) (mg-L™)
Control 27.01 0.84
Glass Fiber Filter 25.15 0.87
PTFE Fiber Filter 22.12 1.62

From this studythe PTFE fiber filter and the control showsdnificantly different
concentrations. The difference in concentraticessumed to be caused dxyrptionof PCEto
the fiber filter Due to the function of the PTFE filter and its locatiathin the vial setupthe
PTFE filterwill not affect the overall distribution and transport of the contaminant. [Ess g
fiber filter does not indicate any signifidagorption occurring over the course of thedz8+

experiment. Therefore, the glass fiber filter doetaffect the overall distribution/transport of
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the contaminant into the soil column. Future work should consider conducting longer sorption

experimeng with a range of contaminant concentration to quatitgyrange oéffects the fibers

could have within the system and to accquoperlyfor sorption losses from the fibers

3.3. HeadspaceVial Experiment

This section will discusthe full headspace Viaxperiment. The full headspace vial experiment

involves utilizing the Minineft valve, PTFE and glass fiber filters (as discussed in previous

Section3.2)togetheralong with field soil to complete the fuleadspaceial design Figure 9.

This sectionfirst provides an overviewf the experimental desidgor theheadspace vial

Subsequentlythe experimental objectives, methods, dastly, resultsare presented

Glass beads
containing
PCE-saturated
water

Sample port

Headspace
(gas phase)

Soil, initially clean,
- water saturated
C(to) =0

: ~ Glass beads
| containing
PCE-saturated

water
Glass Fiber Filter c(tzt)=C
) o sat
PCE/PTFE Filter <

>

Figure9. Headspace Vialesign
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3.3.1. Experimental Design

As discussed in Section 3.1, the headspace vial metesthe Mininerf valve, which allows

for the collection ofepeatable nemtrusiveheadspacsamping of the column study while still
gaining sufficientand meaningful dataFigure 9shows the headspace vial desigine
headspaceial is set up with a zerflux boundary layetocated athe bottom of the glass vial.
Above this layer is a saturated boundary layer (saturatecavithPL), formed by a PTFE fiber
filter. The model contaminant used within this study is PCE, wihictectedwithin the PTFE
filter to allow for a uniform layer of PCE at the bottom of the viamall glass bead®st on top
of thePCEsaturated PTFE fiber filterGlass beads provide badhspacer and barriéy 1)
separate the NAPL from the soil to prevent potential uneven distribution of the contaamdant
2) allow for NAPL to dissolve into aqueous phase and enter the geologic matrixigsaiyeid
phase. This setup allows for diffusion driven processeswve the contaminant vertically
upward toward the zero-flux boundary condition at the tagpdfcolumn The glass fiber filter
ress on top of the glass beadBhe glass fiber filter allows for the geologic material to rest on
top of the glass beads without falling through the pores of the beddstill allows for ease in
diffusion of the dissolved phase contaminant througlykhss fiber filter and into thgeologic
material. A clean soil columns then set on top of the glass beads with a small headspace at the
top of the soil colummvhere samplingccurs The entire vial is then sealed with a Miniffert
valve modified with Viton core and stored underwater to help reduce volatile lossethérom

headspace vial.
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3.3.2. Experimental Objectives

The experimental objectivier theheadspacexperimentis totest our current experimental
design for feasibility and ease of capturing sufficient and meaningfbgaistablishing
baseline dataThese short term laboratory tests will set a foundatiothioexperimental design
of the longterm experiments necessary to capture critical processes missed by coaventio

laboratory and field studies.

3.3.3. Methods

This sectiordiscussesthe methods used to conduct the headspace vial experiment with porous
media. This section includes detailsoutthe experimentalesign soil characteristics,

materials, pgparation of materials, vial setup, sampling procedares analytical techniques.

Experimental Design

Table 7is the experimentalesignused for the Headspace Vials. THesignincludes the four
field soils and one laborarty gradesoil (LGS). Details on the soil characteristics for each of the
field soils are denoted in the following section. The LGS soil was used as a odnttol

consisted of 50% US silica sand (>0.075mm) and 50% kaolin clay (<0.002mm) by weight.

Table7. ExperimentaDesignfor Diffusion Reactor Vessels

Soil Name 20mL Vial 40mL Vial 60mL Vial
LGS 3 3 3
Soil A 3
Soil B 3
Soil C 3
Soil D 3
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Soil Characteristics

Four field soils were used in both the headspace vials (as noted alitivaacteristics ahese

field soils wereexamined to consider the processes dominating within these soils. Two analyses
were carried out: particle distribution and total carbon. Prior to any soilssal} soils were

sent through a 30 meskeve 0.589mm opening size) to ensuadow-k soil environment. Soils

were also baked at 110 for 24 hours to ensure all previous water and posgdbiile

contaminants were sufficiently baked off of the geologic material.

Particle Distribution Analysis

For the particle distribution analystsvo methods were used to delineate soil particle size: sieve
shaker method and hydrometer testing. The sieve shaker was used to gautidisuf larger
particle size distributiorwhere5 sieves were used: 50, 80, 100, 140, and 200 mesh sieves with
0.295, 0.177, 0.147, 0.106, 0.0mbn sieve openings respectivellyigure 10. The sievewvith

soil were shaken on the sieve shaker at level 6 for 60 minutes.

The hydrometer analyswgas used to quantify the distributiohfiner particle sizdor the four
field soils(Figure 1). To conduct the hydrometer te&6TM (2007) Standard Test Method for

ParticleSize Analysis of Soilprotocol was used.

Figure12 displays the combination of the two soil analyses performed: sieve and hydrometer
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Total Carbon Analysis

EcoCore Colorado State Universitfglant Sciencegjonducted the total carbon analysistal
carbon analysis was analyzed on a LECO-Spec CN analyzer (Leco Corp., St. Joseph, MI)
and produced direct concentrations of inorganic carbon, total carbon and nitrogen which were
conducted in triplicates. Orgargarbon oncentrations were calculated by difference from the

off-line inorganic carboanalysis.

41



Table8. Total carbon analysis for field soils and lab grade soil

ID# %C Average %C OoC Average %0C Notes

SoilA-1 2.132 2.351 0.066 0.309

SoilA-2 2.474 0.434

SoilA-3 2.447 0.426

SoilB-1 2.184 2.186 0.187 0.210

SoilB-2 2.163 0.193

SoilB- 3 2.21 0.251

SoilC-1 0.7195 0.713 0.619 0.616

SoilC-2 0.7043 0.607

SoilC-3 0.7141 0.621

SoilD-1 0.1599 0.162 0.175 0.178 below limit of detection
SoilD-2 0.1648 0.180 below limit of detection
SoilD-3 0.1619 0.177 below limit of detection
LGS-1 0.054 0.052 0.073 0.073 below limit of detection
LGS-2 0.0502 0.069 below limit of detection
LGS-3 0.0505 0.078 below limit of detection

The Kow-Koc-foc relationship as referenatin Cwiertny and Scherer (201@escribes the

relationshipbetween the partitioning coefficient between octanol and widtg), the organic

carbonwaterpartitioning coefficien{Koc), andthe fraction of organic carbofvd). TheKowKoc

foc relationshipwas used to calculate tpartitioning coefficien{Kg), the final equation used is

shown in Appendix B by Equation 15 (Section 8.3 Pable 9shows théq values calculated

using Equation 15. Th€qvalues calculated below will later bgplied to establish sorption

values tarepresent soil characteristickor details on findingloc values see Appendix B.
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Table9. Calculated K for PCE sorption on the field soils using the relationship betweearl fc

Sample foc Kq AverageKy Value
Name (g OC-g samplet) (L-kg OCHY) (L-kg OC?Y

Soil A-1 0.001 0.13

Soil A-2 0.004 0.87 0.62
Soil A-3 0.004 0.85

SoilB-1 0.002 0.37

SoilB-2 0.002 0.39 0.42
SoilB-3 0.003 0.50

Soil C-1 0.006 1.24

Soil C-2 0.006 1.22 1.23
Soil C-3 0.006 1.24

SoilD-1 0.002 0.35

Soil D- 2 0.002 0.36 0.36
SoilD-3 0.002 0.36

LGS-1 0.001 0.15

LGS-2 0.001 0.14 0.15
LGS-3 0.001 0.16

Materials

The following materials were used in the setup of the headspace vials: bategitiss vial (20
mL, 40mL, 60mL VWR® TraceCleafi), Mininert® Valve screw thread cap (20m, Supelc
SigmaAldrich®) with modifiedViton core (3.5mm, Dupont), 25mm Polytetrafluorothylene
(PTFE)fiberfilter (45mm Advantec PF100 ColBarmer)porosilicate glass beads (Irén,
Germinator 508 Glass Bead Sterilizer, CellPoint Scientificlagsmicrofiberfilter (25mm,
Grade GF/F, Whatm&#, compressed carbon dioxide (§@as Research Grade 5.0 Carbon
Dioxide, size 150A Aluminum Cylinder, Agas’), PCE (99%, Alfa Aes&), sudan IV (dye
content 81%, Aldrich Chemical Co., Milwaukee, WI), silica sand (F95 series, Uca) 3aolin
clay (B-80 Grade, Thiele Kaolin Co.), four field soils (Soil A, B, C, D), pQOPTFE luer lock
glass syringéHamiltor®), Luer Lock blunt-tipped hypodermic needle (Chemistry Stockroom
CSU), 60mL Luer Lock tip plastic syringe (BD, Franklin Lakes, NJ), glass tubingrf#.D.),

and deaired tap wat€City of Fort Collins, 630nm Hg for 1 hour per 1L of water)
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Preparation of Materials

Prior to vial setupthe following materials were sterilized: borosilicate glaatsyglass beads
syringe needles, deaired tap water, glass tubing, spatulas, and allgewdi. The
sterilization process was conducted udimgautoclave liquid setting with a 15 mtasteam
time and 30 mintedry time, reachig a maximum temperature of PZland minimum pressure
of 0 bars. Muterials were covered in aluminum foil to ensure sterility once removed feom th
autoclave. The stéization process was used to reduce the potential for biological activity
and/or growth within the headspace vials. After sterilizatirgeologic material was baked at

120°C.

Vial Setup

The following contents are all contained within drogosilicate glass vial (20L, 40mL, 60

mL) (Figure 9. The PTFHiberfilter was cut out to 2Bhm and placed at the base of the vial
with 3.5 grams of glass beads poured on top of the PibDEEfflter, and a ssmicrofiber filter
was placed on top of the glass beads. The glass vial was then purged of all oxgen us
pressurized C@gas,introduced at thébottom of the vial at the PTFEber filter surface using
the blunt-tipped hypodermic needle. Once all oxygen was purged (approximatiglytdsof
purging), 2 mL of deaired tap water was added to the vial at the bottom of the glissobea
reduce introduction of air bubbles. After the addition of water vials are exposed back to an
aerobic environment (approximately 2 hours). Prior to contaminant introduction, the bbéttom
the vial was surrounded by ice to obtain low temperatures to redtestipl volatile losses of
contaminant. Using the 5Q0_ gastightLuerLock syringe and LerLock hypodermic needle,

300uL of PCE tagged with Sudan IV was injected at tlassbead interface. The ass of PCE
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injected was recorded by weight. Tdeologicmaterial paste was loaded into thendD syringe
and glass tubing attachment. The syringe was used to apply the geologic pastetatectly

to the surface of thdagsfiber filter and the vial was filled with the geologic material up to the
bottleneck portion of the glass vialhe mass of geologic material paste was recorded by
weight. A Mininerf valvecap modified with Viton corgvas used to seal the vialall

Mininert® valve caps were then covered withubber sleeve stopper to cottee sample

opening, and vials were then placed under water with a stable temperature 621 + 1

The cortrol consisted of 36..L of deaired tap watdCity of Fort Collins),injectedwith 10QuL
of the PCE-methanol solution that had a concentration of 3m2@d PCEL of methanot.
The concentration in the control was calculated to be at apmaitdy50.4% solubility or 101

mgL™* of PCE (see Appendix B for calculations).

Sampling Procedures

Sampling of leadspace vials was completed using ajo8ample locksyringe (Hamiltor?)

with a rounded tip needle (Hamilt8n The syringe was filled with 1Q0L of atmospheric gas

and locked. The Minin€ftvalve capwvas switched to open, and the needle insertedlieto

Viton septum. After 3 seconds, the syringe was then unloekelthe atmospheric gas was
purged into thesample vial. Three quick pumps of the plunger ensured mixing of the headspace.
Then 100uL of the headspadeom the sample vialvas pulled into the syringe, and the syringe
wasre-locked. The sample was then manually injected into the gas chromatograph

addition of 100 pL of atmospheric gas was to ensure no negative pressure gratjpemnpong

effect”) was being induce within the sample vial.
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Analytical Techniques

Two analytical techniques weeenployedn the sample analysis for the headspace vials. The
first technique strictly deteetl PCE in the headspae@ad was used for all data analysis days (
7,14, 28, 42, 89, and 193) except for day Bbese samples were analyzed by a gas
chromatograplequipped with a flame ionization detector (GC-FID) (Agilent Technologies
6890N Network GC System, Agilent Technologies, Incorporated, Santa Clara, &ajexp
with an inlet temperature of 2%D and a split ratiof 10:1 with a Restek 102Rix®-5 column
(30m x 0.32mm.D. x 0.25um). The oven program maintained’@demperaturesvith no
ramp for a total runtime of 6.0 minutes. The sample was manually injected int®tivddt lof
the gas chromatograph using 300of gas from the headspagels. GC peakarea responses
were converted taqueous PCE concentratiang'L™?) through a 5-point calibration curve,ing
known PCE concentrations in methanol (see Appendix B for calculations and mask details
Therefore, PCE aqueous concentration was indirectly measured through thiagairiple

headspace of the sampling vial.

The second analytical technique weed to detect degradation products within the headspace
vials. The switch in analyticalechniques occurred on Day 50 of #anpling tims. The
samplesn Day 50were analyzed usinggaschromatograph equipped with a flame ionization
detector (GEFID) (Agilent Technologies 6890N Network GC System, Agilent Technologies,
Incorporated, Santa Clara, CA) operatathwan inlet temperature of 28D and a split ratio of
10:1 with aAgilent Rt®-Q Bond columr(30 m x 0.32mmI.D. x 10um). The oven program
initially was set to 4% with one ramp set to increase by’@@o a final temperature of 28D

with a runtime of 15.2minutes. The sample was manually injedated the inletwith 100uL

of gas sample from tHeeadspaceials.
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Accounting for Partitioning

Once results were obtained from the analytical methodashestep was to adjustsults

adjusted using a simple partitioning equation to account for mass in both gaseous and aqueous
phasesThe partitioningequation was applied the calibration curve, where the calibration

curve was then used to establish@entrations based off of peak area results from the analytical

method. The partitioning equation applied is described as follows:

WhereMy, is the adjusted aqueommass(M), Mtal, IS the totaimasswithin the vial that was
calculated on a mass badis)( Vy is the volume of air within the vial which was assumed to be
1.25 mL,Vy is the volume of water within the vial which was 1 rhlg, is theHenry’s
dimensionless constant which was established by Pankow and Cherry (1996) for PCE to be

0.712. For the derivation of this equatsee Appedix B.

3.3.4. Results

This section presents the results of the laboratory study foretieispace vial experiment
Sampling events occurred at Day 1, 7, 14, 28, 42, 5@r#8,93. The following data show
results from these sampling events with PCE concentration at the top of thelsaih cdler

time (days).All graphs within this section display error bars that include the standardidevia

of the three samples for@afield and LGS.

Degradation products were sampled at 50 days usirgathesamplingtechniqueas all other
previous samples, but using a different analytical technique which utiliz&GHeD with
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Agilent Rt®-Q Bondcolumn The degradation products that were tested WeE, 1,2-1,2-
DCE, 1,1DCE, VC, ethane, and methane. During the longer analysis, no degradation products

were detectedhereforethefollowing graphs omithe sampling poinat 50 days.

Focusing first on the contrtthat consisted of water and PCE-methanol solution, Figure 13
shows the concentration BCE within thecontrol solution over time. The injected amount of
PCEresulted in a concentration of 1061g PCEL™ (seeAppendix B for calculations). The
headspace concentration should equilibrate with the aqueous concentratiemaimd¢onstant

if no volatile lossesccurreddue to the Minineft valve or the sampling procedur&gure 13
suggests thbeadspace concentration increasethe control vial at early time points, and then
begirs to equilibrate back to theitial concentratiorsample readingThe difference between

the initial concentratio©1.0mg-L 1) and the final concentratiq®7.4 mg-L ) was3.56mg-L L.
The error bars indicate variandee to sampling whetteiplicate samplingvas conducted otihe
control. Figure 13 does not show the losses from the stability experiment shosatian3.1.
The inconsistent results of the control in the headspace vial and the stabilitynstythe

because stir bars neenot used in the headspace vial control. The stwlthin the stability
studies could havactedas sink where PCE within solution may have sorbed onto the stir bar.
The stir bar may also have caused enough agitation within the solution toertheeas
concentrationn the headspace, therefore, increasing the mass lost through the NMinahest

cap andviton core. Another reason the control from the headspace vial and the stability
experiment do not show the same losses could be due to improvements in the sampling method.
Further investigation is necessary to identify the correct capture of hseeesampling
methods. Suggestions for future work include multiple controls setup to allow for ageavera

loss rate.
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Figure13. Control for diffusion reactor headspace vial experimeétit PCE concentration: 10mgL " stored at 2& 1°C .

Figure 14displays PCE concentrations for LGS with varying soil column length of (3, 6, and
11.5cm) from the headspace viakperiment The graph displays the varying contaminant
breakthrough at the top of the varying soil column lengifiee 3cm soil length showsarly
breakthrough of contaminant at the top of the soil column, bvéghkhrough time being longer
for the6 cm soil length and extendirfgrther withthe11.5cm soil lengthrelative tothe 3cm

soil length The 3cm soil length redeesapproximately 8 mg-Lat 42daysjust belowhalf of
PCE solubility, whersolubility of PCE isdefined a200 mg-Lt in pure water asited in

Pankow and Cherry 1996, before dropping top soil concentration at 89Ttés/sneasurement
appears anomalous and could indietkervolatile losseslue to sampling error/ syringe

leakage.At the last sampling event on Day 193, recovery of the aqueous PCE concentration at
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the top of the soil columreaches concentrationsjast below solubility in the 3 cm soil column.
At 89 days the &m soil column length reachéslf of solubility (approximately 106 mg-L%) at

the top of the soil column, and the 1&r& soil column length reaches just below redlf
solubility (84 mg-L1) at89days The use of Pankow and Cherry’s definition of PCE solubility
was used as an approximate measurement of solubility of PCE, it is necessatairt solubility
ranges of PCEfor each soil mixture. Future work should measxgerimental solubilityising

the soil matrix since soil composition (i.e. salt ions) could potentially affect the range of
solubility of PCE and other constituemisconcern Another reasowhy concentrationare
approximate is due to these of gore-definedHenry’s dimensionless coefficie(df 0.712 as
defined by Pankow and Cherry) to correct aqueous concentrations when applyingpthaaral
curve to convert peak area responses from the GC to aqueous PCE concentratioop af the t
the soil (see Appendix A and B for supporting information). It would be appropriate to
experimentally resolve the Henry's dimensionless coefficient for PCEpdugariance in

literature values.
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Figure 15displays thédneadspace vials with the sas@l length of 3m. LGS has the fastest
transportate of PCE concentratighrough the soil columnAt early time Soil B shows the
second fastestansportrate of PCE concentratidghrough the soil colummith Soil D, Soil A

and then Soil C showing declining transpates(Table 10. At later time stepsSoils A and B
showsa decrease in transport ratesough the soilwhere Soils C and D have an increase in the
transport rate of the contamina8bil C shows the slowest ratefafx at the top of the soil
columnat the earliest time point widi75mg-m2 day’. This sloweflux rateis most likelydue

to the high amount of organic carbarth respect to the other field soilfable §. Soil C also

has a large increasefinx rates atater time points. The switch from a sldx rate to a high

flux rate could be due to a high amount of adsorption occuatitige beginningausing a

retardation irthe transport of the PCE, but once the adsorption sites are full, the transport of PCE
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becomes much faster since it is no longer retarded due to sorption occurringugficite As
for the complementary sample, Soil A shows a high early transport rate ofni@7 day?,
but at the later sampling pointhe transport rate declia¢o 504mg-m2day?. The decline in

flux could be due to the aqueous concentradigoroachingolubility of PCE
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Figure15. Headspaceial PCE concentratiom{g-LY) over time with &cm soil length

Table10. Early and latdlux rates for field soil breakthrough at the top of the soil column

Early Rates Late Rates
Soil Type (mgm>day™) (mgm*day™)
1-89 days 89-193 days
Soil A 1107 504
Soil B 1202 910
Soil C 475 954
Soil D 1030 1106
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3.4. Batch Sorption Experiment for Field Soils

This laboratory experiment wagrformedo determie the sorption of each of the field soils

while removingvariable factors that may affect the rate of sorption. These variablade
concentration and exposure. Batch studies were used to control and/or reduce thehegmcts t
factors may have on determining the true rate of sorption of the field soils. Tdverigl
sectiondiscusseshe experimental objectives, methods, and results that were achieved from the

batch sorption study of field soils.

3.4.1. Experimental Objectives

The overallobjective of the sorption experiment was to study the significance of sorption on the
different fieldsoils. These batch studies were used to lingiteffectshatmass transfer
concentration, and exposure have on the rate of sorpliois.sorption experiment will help in
resolving retardation parameters for different field sollee parameters gained from the batch
sorption study of field soilareused as input parametéos the mathematical model (Chapter 4)
which will be used to match the model to the experimental data gathered from theabeads

vials.

3.4.2. Methods

The following method section includes a description of the experimdgdgaln mateials, vial

setup and analytical techniques used for the batch sorfuidield soilsexperiment.

53



Experimental Design

The following is theexperimentatesignused for the batch sorption studies on field soils for
headspace vialsThe control for the sorption study foelfl soils waslab gadesoil. The study

was carried out over 28 days with sampling events occurring on days 1, 5, 9, 14, 20, and 28.
Table 11shows the experimentdesign for the sorption experiment which was conducted with
variableconcentration and time to help determine the sorption of each of the field soils. To
resolve the décts sorption processes have over time on the field soils, a constant concentration
of 10mgL™ of PCE was used within all of the field soils for every sampling event. To resolve
the effects thatarying concentration has on sorption processes withifildesoils at one time

sample (14 days), five different concentrations (90, 30, 10, 3, and(1') were used.

Tablel1l Sorptionstudy forfield soils designwhere triplicates were conducted for each treatment

Soil Type Treatment Concentration for Each Time Step Analyzediag-L7Y)
Day1l Day5 Day?9 Day 14 Day 20 Day 28
LGS 10.0 100 10.0 90.0 30.0 100 3.0 1.0 10.0 10.0
Soil A 10.0 100 10.0 90.0 30.0 100 3.0 1.0 10.0 10.0
Soil B 10.0 100 10.0 90.0 30.0 100 3.0 1.0 10.0 10.0
Soil C 10.0 100 10.0 90.0 30.0 100 3.0 1.0 10.0 10.0
Soil D 10.0 100 10.0 90.0 30.0 100 3.0 1.0 10.0 10.0
Materials

The following materials were ad in the setup of the sorptiorperiments fosoil andfiber
filters: 20mm crimp-top headspaceials (20mL, MicroLiter, VWRP), tetrachloroethylene
(PCE) (99%, Alfa Aes&l), sudan IV (dye content 81%, Aldrich Chemical Co. Milwaukee, WI),

methanol (high purity, 99.9%, Burdick & JackSpRadnor, PA
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Vial Setup

Thesorption sudy for soil eachcrimp-top headspaceial was filled with 5.0 grams of geologic
material, 10mL of deaired water, 1AL of PCEmethanol solutionsgeeAppendix Bfor details
about the solution All vials werecontinuously mixed using a tumbler (fabricatgdCSU)

rotatingconstantly at level 212 rpm).

Analytical Techniques

Headspace samples were analyasitig a TekmdM 7000 headspaceitmsampler (Teledyne
Temar, Mason, OH).Vials were equilibrated in the autosampler &Gl@or 8 mirutes Samples
were analyzed by gafiromatograplkequipped with a flame ionization detector (G{D)

(Agilent Technologies 6890N Network GC System, Agilent Technologies,dacated, Santa
Clara, CA),operated with a split ratio of 20:1 withReestek @Bond column (30 nkength x

0.32mm I.D. x 10 um film thickness) The oven program maintainad0°C temperature with

no ramp for a total runtime of 6.0 minutes. An 11-point calibration curve was used to convert
GC peak area responsesatpueousoncentratiorof PCE(mg-L-1) (see Appendice8 and B for
calibrationgraphs and calculatiopsThe calibration curve allows for indirect measurements of
the agueous concentration of PCE by using calibration standards with a known amounirof PCE
the sampling vialsTherefore, when measuring the headspace, one is indirectly measuring the

aqueous concentration of PCE.

3.4.3. Results

The followingpresentshe results obtained from the batch sorption study of field solis

section describes resuftem the two sorpbn tests as described in the above experimental
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design 1) sorption over time for each field soil andetjectsof sorption due to a range of

concentrationevelsapplied to each field soil.

First, results from the sorption experiment to capture sorption over time will be disoussel
datais displayed as aqueous concentrattbi® CE(Cyg) over time Then,results from the
sorption experiment to capture teectsof sorption due to varying concentration is discussed.
Thefollowing results are portrayed as sorlBdE concentration@s) versus agqueous
concentratiorof PCE(Cag) with varying isotherm trendlines fitted to the experimental.datee
isothermtrendlinefittings explored herein include: linear, Freundlich, and Langmuir isotherm
fits. The Henry’'s dimensionless coefficieng H0.712 wasused to calculate thestimated

sorbed PCE mass onto each of the field soils (Pankow and Cherry 1996).

Forboth sorption experiments, the LGS is not displayed in the following results. Thists due
1) our assumption that the soil is inert, therefore, no sorption should occu), saxdfing

difficulties that did not allow for similar sampling methods tcetakace.

Sorption Over Time

The following section discusses the results of the sorptiaty $or soils and the rate of sorption

of PCE to field soils over timeFigure 16 displays data for sorption over time by comparing the
change in aqueous concentration of PCE over time of incubation (20 days). The agueous
concentration of PCE was indirectly measured uthegcalibration curve as described in the
analysis technique in the previous method sectidre resultlo not show any apparent trend
over the 20 day incubation timmade evidenby small R-values(Table 13 and large error

bars The lack of trend may be due to the timing of the sampling events unahlatue the

sorption window. For future work, ensuring appropriate sampling time powitslish captuing
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the rate of sorption of the soils over time. Recommendations for capturing the sotgson ra

would be to have earlier time sampling events.
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Figure16. Aqueousconcentratiorof PCEover time with linear tnedlines for each field soil.

Table12. Linear trendline equation and-Ralue for the aqueous concentration of PCE over time for each field soil.
Equation Parameters

Soil _ )
Name Slope y-int R*-value
(mg-L *-day™) (mgL
Soil A 0.0127 3.645 0.0221
Soil B 0.0242 4.0476 0.3583
Soil C -0.0254 1.6818 0.4026
Soil D 0.034 4.263 0.2901
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Linear Isotherm

The following section discusses two methods in whichihealue was established for the linear
sorption relationshipThefirst method utilizes the plotting of aqueous concentratiorGE P
versusthesorbed mass of PCE tarthefield soils(Equation 1)o establisithe Kqvalue using
assuming a linear relationship. To establish the value béd®@CEmassonto each of théeld
soils wascalculated using thlenry’s dimensionlessoefficient(Hp = 0.712)from the previous

section

Figure 17andTable 13display the linear trend and tKg values, wher&oil C has the largesiy

value, suggestinthat thissoil possesseigher affinity to sorbing PCE than the atlield soils
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Figurel?7. Linear trendlineso obtain parameter values using linear sorpt@ationshipwith concentration of soil values
calculatedusingHp = 0.712
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Table13. Linear isotherm value,dand trendline significance values-Wlue, using sorption values calculated using

Hp=0.712
Soil Type (L-ll?g'l) R2%-value
Soil A 1.314 0.946
Soil B 0.598 0.884
Soil C 4.700 0.944
Soil D 0.163 0.958

Freundlich Isotherm

The following graphs and tables show the results for establishing the Frauadtiterm

parameters andKs.

Figure18 showsthe concentration of PCE mass sorbed diell soils(calculated using

Hp=0.712) versus aqueous concentrabbPCE(mg-L™Y) with all of the field soils A, B, C, and

D after 14 days ahcubation. Table 14displays the Freundlich isotherm variables obtained

from the power trendlines. Field soils A, B, and C were able to have power trefiitlltoabe

data series. Soil D has an incomplete data seri¢ddare 18andFigure 19due to negative

values resulting frorthe calculated sorbed soil magsiom the power trendlines, Soil C has the

largestKs values, suggestirtpat Soil Chas a higheraptive capacityrelative to the other soils

used within the experiment.
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Tablel14. Freundlich isotherm variables for &nd n values from power trendlines
Freundlich Isotherm Variables

Soil K N
Name (L-kg:]'l)n (dimensionless) R-value
Soil A 4.99 0.62 0.927
Soil B 1.528 0.76 0.992
Soil C 12.95 0.69 0.987
Soil D - - -
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Langmuir Isotherm

The followingsection extractthe Langmuir isotherm variablés. and/ maxthrough plotting
values from the sorptioexperiment withvarying concentratianUsing Langmuir’s Isotherm
equation (Equation 4) and rearranging the variables to obtain values from theréindhnes to

calculateparameters Kand I'max results in Equation 6:

(6)

1 _ 1 ( 1 )+ 1
Cs Caq FmaxKL Fmax

Figure 20Error! Reference source not founddisplays the linear relationship between the
inverseof the aqueous PCE concentrati@aq) versus the inverse of the concentration of PCE
mass sorbetb the field soi(Cs?). The sorbed values were calculated usingHbery’s
dimensionlessoefficient Hp = 0.712. Table 15show the values for the Langmuir Isotherm

variables KL and/ max for each of thesorption values.

Table15. Langmuir isothermvariablesfor KL andI'max for calculated sorption values using H0.712
Langmuir Isotherm Variables

Soil Name KL Iiax
(Lmg) (mgkg?) R VAUe
Soil A 1.35 10.79 0.794
Soil B 0.14 13.97 0.982
Soil C 0.48 51.02 0.996
Soil D 0.09 4.22 0.520
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FromTable 15 Soil C has the largest amount of sorption Sifasx) with respect to the other
field soils suggesng that Soil C has more potential for adsorptive sites than the other soils,

increasingts potentialto sorbPCE more readily with respecttize other field soils.

The linear, Freundlich, and Langmuir isotherms all suggest Soil C has theommbistexapacity

in comparison to the other field soil®ther experimental data, referencing the particle
distribution analysis and the total carbon analysis, suggest similar conslughe larger

amount of organic carbon mag onereason why Soil Gorbs a greater fraction of
contaminants. Another reason why Soil C may have a larger amount of sorptive propelties c
be due to the particle size distribution of the soil, having higher fraction of clayhinather

soils. Combined, the organic carbon and the finer clay mistar@easehe sorptiveeapacityof

the soils. From the previous headspace vial experiment, Figure 15, displays Soil Qgsheavi
slowest transport rate eglve to the other field soils, with breakthrough of the contaminant not
occurring until day 89.Soil C’s slow transport rate could be duetthigh sorptivecapacityand

a larger tortuosity than the other field soils

From the R-values that Soil Aand B’s sorption were befit by the Freundlich IsothermSoil C
was bet fit by the Langmuir isothermAnd Soil D was best fit by the linear isotherithe
parameter values established from the linear, Freundlich, and Langmuirnsotereused to

edablish the retardation factd®, input value to tegshe mathematical model used in Chapter 4.

3.5. Methanol Extraction of Ampule

Due topotentiallosses that were shown frohretstability andheadspace vialstudy,closingthe
mass balance and recowgrthe original mass left within the vial over a long period of time

remains a major challenge. A sealed glass ampule was veaepladsible solution to avottie
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apparent lossdabat were observed through the Miniffevalve The ampules approach follows
the same conceptual design as the headspace vials, where there is an initialtyilddeanm
that rests on top of a saturated boundary layer of PCE. Although vertical diffusion daes oc
within the soil column, the focus of this experiment is to measure recovery of th@assfrom
the vial and soil.To reduce volatile losses and gain measurable data from anmjhel@npuls
werebroken while submerged in methanol to ensure the contents inside the ampule were not
exposed to the outside environmertept for methanolThe challenge withhie ampule method
during this initial stage of developmasthat the method only providelata at one point in time
Ideally, soils vould be analyzed in vertical sagntsto gain information on transpt of
contaminant through the soil columnutias a first stgghis work simply considers analysis of
total mass in the entire soil systeifhe extraction of thevholeampuleand itscontentswill

provide data t@stablish initial recovery using thisethanol extraction method.

3.5.1. ExperimentalObjectives

The experimental objective of the ampules wadaimonstratéhe ability and feasibilityf
closing the mass balance over an extended period of time. Furthermore, our objestive

establishmethods for extraction of the amputhaat results in sufficierecovery.

3.5.2. Methods

The method section includes a discussion on the experintkesigh materials, preparation of

materials, vial setup, extraction method, sampling proceduretasthdanalytical techniques.
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Experimental Design

The four field soils introduced in Section 3.3:3d thdab grade field soil (controlyereused
within this experimentThe experimentalesign(Figure 21) consisted ofiplicates of eaclfield

soil and eight lab grade field soils.

Figure21. Ampule vial setup with field soils and lab grade soil.
Materials

TheMaterials used within thempules were the same as those of the headspacdVigEfiber
filter, borosilicateglass beadglass ncrofiberfilter, compressed carbon dioxigas PCE,
sudan IV, silica sand, kaolin clay, 5QQ PTFE lerlock glass syrige, uerlock blunt-tipped
hypodermic needle, G0L luer lock tip plastic syringeglass tubingand deaired tap water
Other materials used were glass amp(2€snL vials, Wheato®, Millville , NJ), butane micre
torch (Bernzomatic, Home Depot™, Fort Collins, C@lgss jarsvith PTFE lined cap$125mL,

VWR®), lab grade methanol, hammer, screw driver and rubber stopper.
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Preparation of Materials

The ampules were sterilized beforehaisthg the same methods as the headspace vials
sterilization methodsThe same materials were sterilizedadih the headspace vials experiment
which within this experiment excludes headspace vials and indlielgkassampules. For this
experiment, theame soilspreparation, sterilization, and geologiaterial pastevere involved,;

only the ampules replaced the headspace vials.

Vial Setup

Ampules have the same vials setup as headspace vials (as described in preioa)eseept

for a few minor differences in PTFE and gléber filter diameter sizes and the closing of the
vial. The PTFE and glass fiber filters were m20 mm sizes. The same protocols were used in
filling the ampules as the headspace vials exicehte replacemendf aMininert® cap to take
mass measurements the use of a rubber septum cafsedhs orderd reduce any volatile

losses during the vial setup procedure.

After the final step of measuring the glass ampule with geologiterial pastethe rubber
septum cap was removed to allow for the closing of the glass amfwlgose the giss ampule,
the top edge of the glass ampule and the glaseeaheated witha butane micretorch (Figure
22a). Once the glass rod and glass amguieciently heatedthe glass rod and glass ampule
were removed from the heat and were then fused togethmre unitKigure 2d). The flame of
the butane mini-torctvas placed back on the neck of the glass ampule just below the fused
portion of the unit. The unit was then rotated to allow for the flame to eliealythe neck of
theglass Once deformation of glagsgeganto show (Figure 22, the fusedjlass rodvasthen

pulled upward and twisted. h€ walls of the ampule netlegan to collapse and seal due to
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deformationfrom the flames heatOnce the walls collaged the fused glass rod is then pulled
separately from the rest of the glass amplilgure 22d). The vials were then stored in a dark,

dry, coolplace for 124 dayat room temperature raimg from 21 to 25C.
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Figure22. Steps to-closing glass ampules (a), (b), (c), anbl (d)
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Extraction Method

After 124 days, the vials were broken openl extractechto lab-grade methanol to recovtre
contaminant mass injected into the vidldaterials used specifically in the extraction method
were sealed glass ampules, glass jar witm8mf lab-grade methanol, hammer, rubber stopper,
and screw dver (Figure 23. Glass jars were used to extract the entire glass ampule imi& 80

of lab-grade methanol.

Figure23. Materials used for methanol extractiofampules.

First, the glass ampule wasverted with the scored portion of the glass submerged under
methanol (Figure 24a). Then, by using the hammer to tap on the rubber stopper (placed on the
bottom of the ampule) the scored portion of the glass ampule was bFogere@4b). The

rubber stopper softertise force of the hammer apdeventstie hammefrom breakng the

bottom of the glass vialThe hammeis tappedon the rubber stopper until the rubber stopper

and the bottom of the glass ampuleresubmerged in the methanol. The screwdriver and
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hammemwerethen used to break the bottom of the glass ampule to ensure the metadeol

contact with the PTFE and glass fiber filtefsglre 24).

Figure24. Steps for completing methanol extraction of ampules (a), (b), and (c)

Once the top and bottom tife glass ampule were brokéine glass jar was then closed using a
PTFElined threaded cap. The extraction solution (methanol and glass ampule congeats) w
then shaken for 10 minutes on the vortex shaker at level 6 and then sonicated for 30 minutes in a

35°C water bath. The extraction solution was left to settle for 7 days beforargampl

Sampling Procedures

Sampling occurred 7 days after ihéial extraction of ampules to ensure small particles were
not suspended within the solution. Using a ft@Omanual pipette, 10QL of the extraction

sample werénjected into 90QL of lab-grade methanol within a GC vial.
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Analytical Techniques

Samples were analyzed by gas chromatogeagpiipped with a flame ionization detec{GC
FID) (Agilent Technologies 6890N Network GC System, Agilent Technologiesrporated,
Santa Clara, CA) operatedttvan inlet temperature of 28D and a split ratio of 20:1 with a
Restek 10224 Trx-5 column. The oven program maintain&d 0 3 minutes, and then up to
150°C, which was reached after 1 minute, wéthotal runtime of 6.75 minute$sC peakarea
responses were converted to PCE concentratigr_(!) through a 5-point calibration curve,
usingaknown PCE concentration in methanol (see Appendix A afat Balibration curve and
calculations)which was further converted to PCE in grarite calibration curve for the
methanol extraction for ampules had a sampling error, theréfi@rese of the headspace

calibration curve was used for the converdrom peak are@o PCE in grams.

3.5.3. Results

Table 16shows the percent recovery of PCE from the methanol extraction method of the
ampuleswhereSoil D had the highest recoveay 101.5%recovery. Figure25 shows that given
the methods employed, no significant difference of therdithe field soils from the lalgrade

control soil.

Table16. Percent recovery of PCE from methanol extraction of ampules

Soil
Name Percent Recovery Standard
(%) Deviation
LGS 99.78 0.048
Soil A 93.15 0.049
Soil B 95.26 0.030
Soil C 97.91 0.020
Soil D 101.51 0.105
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Figure25. NormalizedPCE recoverwith final mass in grams over initial mass in gramsy{¢) from ampules methanol
extraction method with LGS and the four field soils

3.6. Methanol Extraction of Headspace Vials

The data from the ampules and the headspace experiment were not comparable, since one
experiment measuredtal mass within the syasti and the otheneasureaoncentration at the
top of the soil column, respectively. To allow for a comparison of results, the methanol
extraction method used on the ampules was applied to the headspace vials. The following

sections describe of the objee, methods, and results.

3.6.1. Experimental Objective

The objectives of the methanol extraction experiment is to compare the headspace vial

experimento the ampulexperimentand to determinBCEmasdost from the system.
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3.6.2. Methods

The methods used are similar to the methods applied to the ampules in Sectiomi&5.2.
method section includes a discussiothef experimentadesign materials, preparation of

materials, vial setup, extraction method, sampling proceduretasthdanalytical techniques.

Experimental Design

This experimentadlesignincludes the four field soils and one Igtade soi(used as the control
group) The experimentalesignis the same as the headspace vial experiment shown in Table 7

The entire headspace vial experiment will be usembnducting the methanol extraction.

Materials

Similar materials used for the methanol extraction of the ampudesalso used for the
methanol extraction of the headspace valge-mouthed glass jars withlack phenolicscrew
caps(125mL and 250mL, Qorpal, VWR®), amber widemouthed jars witltaps (500nL, |-

Chem, VWR), lab grade methanol, hammer, screw driver and rubber stopper.

Vial Setup

Each jar was filled with 8L, 150mL, and 250nL of methanol for each headspace vial 20
mL, 40mL, and 60mL respectively. The jars were weighed and recorded throughout the
proces: empty jar and cap, jar and cap with methanol, and lastly, jar and cap with methanol and

headpace vial.
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Extraction Method

The same extraction method used on the ampules was ajodiedextraction methbof the

headspace vials. SeesthanolExtraction Method in Section 3.5.2 for ampublegh more detail.

Sampling Methods

Sampling occurred 7 days after initial extractionh&f headspace vials ensure small particles
were not suspended within the solution. Using a i@Q@anual pipette, 10QQ of the

extraction sample weiajected into a GC vial.

Analytical Techniques

Samples were analyzed by gas chromatogeapiipped with a flame ionization detector (GC-
FID) (Agilent Technologies 6890N Network GC System, Agilent Technologiesrporated,
Santa Clara, CA) operatedttvan inlet temperature of 28D and a split ratio of 20:1 with a
Restek 10224 Trx-5 column. The oven program maintain&d 0 3 minutes, and then up to
15C°C, which was reached after 1 minute, watlotal runtime of &5 minutes.GC peak area
responses were converted to PCE concentratigr_(!) through a 5-point calibration curve,
using a known PCE concentration in methanol (see Appendix A and B for calibrationmdirve a

calculations), which was further converted to PCE in grams.

3.6.3. Results

The following results displathe total mass reveredfrom the headspace vialsing the
methanol extraction as described in the previous sectitase 17andFigure 26 displays

results from the four field soils and ob&S, all with the same soil column lengti 6 cm.
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Figure 26shows theaveragenormalized PCE magdsr each sojlwhich is the ratio of the final
mass of PCE measured to thi#ial mass of PCEwith the final measurement being taledter 8
sampling events over 208 days submerged underwater. The graph shows that nargignifi
differenceexistsbetween each of the soils in the recovery of the PCE mass from the ,sys&eem
to the error bars all overlappinghe soil with the largegiercent of PCE recovery was Soil C
with 91.26 mass recovery. The reason v8nil C had the highest recovery is most likely due to
its higher ability to sorb the contaminant in the agueous phase, as shown from the previous
experiments (Section 3.3 and 3.4). The higher sorptianacteristic oSoil Creduceghe
concentration at thp of the soil column redutg volatile losses that occur due to sampling,
since most of the contaminant is in the sorbed phékesoil group with thdowestrecovery
wasthe LGS. Onereason for tedecrease in recovefgr LGS can balue to thesoil being inert
and wasunable to sorb any of the contaminant, allowing more of the contaminant to be more
susceptible to volatilizing and escaping the syst&mnce he top ofthe soil columrfor LGS has

a higher contaminant concentratidne to lack of sorptiorgn increase in the loss BEE mass

occurs as compared to the other soils with a higher ability to sorb the aqueous atinoentr

Tablel7. Percent recovery of PCE for field soils and Lf866 cm soil column length

Percent Recovery  Standard

Soil Type of PCE Deviation
(%) (%)
LGS 84.2 13.7
Soil A 87.1 4.59
Soil B 90.0 2.52
Soil C 91.2 3.50
Soil D 88.0 0.92
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Figure26. NormalizedPCE recovery from ethanol extraction fo cmfield and lab grade soil columns.

Figure 27shows the normalized PCE mass recovered of the three different soil coluns lengt
for the LGS (m, 6¢cm, and 11.5m). Although the error bars do not show any significant
difference betwen the three soil lengths, the longest soil col{irin5 cm)has the least amount
of mass loss comparedth the other soil lengths with a 99.1% recovery. The reasdoriger

soil columns to have laigher amount of recovery is most likely dueth® cotaminant having to
travel a longer length and not reachthg top of the soil columas fast as the shorter soll
columns. Less mass traveling to the top of the soil column reduces the overal RGHS dfie

to sampling methods.
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Table18. Percent recovery of PCE fearyingsoil column length fotGS
Percent Recovery Standard

Soil

Lenath of PCE Deviation
g (%) (%)
3cm 84.5 11.3
6cm 84.2 13.7
11.5cm 99.1 3.87

1.2

0.8 -

0.6 -

Normalized PCE (g; - g;)

Soil Length

Figure27. NormalizedPCE mass (g*') comparing final and initial mass of PCE, final measurements were gafrmrethe
methanol extraction for LGS@n, 6cm, and 11.5mheadspace vials
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4. MATHEMATICAL MODELIN G

The following section describes the modséd to represent staminant transport through low-k
media Processes considergdthe model include diffusion, sorption and degradatibime

inputs for the model were obtained from the batch sorgtperimen{Section 34). The model
output produces results that are similar to the headspace vial experimen(S&)tiwhich
displays concentration at the top of the soil column over tifile mathematical model will

allow for the results from the batch sorption study to be compared to the headspace vial
experimentby using the batch sorption parameters as inputs to the model. The comparison of
theresults from the two studies will tebie hypothesis that batch sorption studiasbe used in
conjunctionwith the headspace vial matrix to allow for a broader métrixuture longterm

studies. The @ntentsof thissectioninclude objectives, methods, and results.

4.10bjectives

The purpose of the modeltis testprocesses considered in the model, such as sorption, and
comparehe model teexperimental conditions &nsure consistey. Another objective is to
compare results obtained from batch sorption to headspace vial experiment$ tioesteo
experiments can complement and enhance data gathered between these two expehments. T
last goal of the model i® see if the experimentally obtained effective diffusion coefficient
valuesfor PCE(Dexy) is a practical approximation of the physical soil column within headspace

vials.
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4.2 Methods

The model usesdiffusion/reaction transport equation with boundary conditions and initial
conditions set to reflect the headspace experiment system discussed inithes padoratory
experimentgSection 3.3). The following method section presents the key model assumptions,
equationsand methods used to develop the model output. Figure 28 shopbythieal system

used to represent the laboratory studies (see section 4.2.3 for variable definitions)

Radius, r

Upper Boundary Layer @
x=L 2 A

Soil properties: Soil
ml‘ P, pp: Lengthl L
kpces R(C)
Lower Boundary Layer X
X= 0 \\“1‘____‘_’_-/ v

Figure28. Physical systemsedfor the model

4.2.1. Assumptions
Key assumptions for the model include:
1. Diffusionis the sole transport process within the soil column

2. Soils within the column are initially clegnncontaminated)
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3. The concentration at the lower boundary, in proximity to the NAPL is held constant at
solubility.

4. The flux of contaminant is uniform across the lower boundary layer

5. Only aqueous phase contaminant is transported throughout the soil column

6. Agqueous and gas phase at the top of the soil columnegeghilibrium instantaneously

7. The headspace has a small enough mass where the rflegligible from the top of the

soil into the headspace.

4.2.2. Equations

The following partial differential equatiomasused to describe the transport of aqueous phase

contaminant within the headspace experimental vials.

Governing Equations

The govening equation for this model is a simple diffusive transpqttation

9%Cyq
— 5t~ kCqq

0Cqq (7)
R(Caq) 7 =D
Where R(Cyg) (dimensionless) is the retardation facisra function of concentratioBaq (M-L"
%) is theaqueous concentration of contaminadiT) is timg D (L% TY) is theeffectivediffusion
coefficientof PCE x (L) is the position of the soil column, akdT?) is the degradation

coefficient

Boundary/Initial Conditions

Boundary conditions are as follows:
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e At all time, t, the PCE concentration at tlmver boundaryx = 0)is equal to the
solubility of PCE in the aqueous phasais follow from assumption (3) from the list

presented above. The solubility value was obtained from Pankow and Cherry 1996.

Caq(0,8) = 200=2 (8)

e At all time, theaqueous PCE concentration gradignitL>T1) at the upper boundary
layer(i.e., whereL =3 cm, 6¢cm, or 11.5cm) is zero This follows from assumptions (7)
from the list presented above.

0Caq (L, t) _o (9)
0x B

Initial conditions are as follows:

e Atinitial time,t = 0, at all lengthx, there isan aqueousoncentratior(M-L ) of zero
throughout the soil column. The entire soil column is considered “clean” and

uncontaminated. This follows from assumption (2) from the list presented above.
m
Caq (x,0) = OTg (10)

4.2.3. Solutions

The model simulatethe experimental headspace vial systetmeran the main contaminant
transport process is diffusion within the agueous phase through th&lseifocuss on the rate
of contaminant transport through the soil column andrteasurable effectsf sorption and
degradation on contaminant transport. A closed analytical solution (van Genuchtpwd982

considered, butvas found to be limiting in abilities to add increased complexities within the
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system(i.e. non-linear sorption and degradatioii overcome this limitation, the selected
modeling approach was a numerical model used to estimate the transport of the phaseus

contaminant through the soil.

The calculations for the numerical solution for estimating aqueous phase transpayhthe
soil columnwerecarried out usinglathcad™ 15.0 sofivare (PTC, Inc., Neeham, MA). The
governing equation (Equation 7) was solved numerically us@dlathcad" Partial

Differential Equation (PDE3olve function.

Dimensions of column length, and radius;, were used to define the boundaries of the system.
The nput parameters that may be changétin the model arporosity ¢), saturation
concentratior{Csay), effective diffusion coefficientor PCE(D), retardation factoas a function

of concentrationR(C)), and degradation coefficierk)(

Porosity,4, was calculated using the relationship between particle depgkiL3) and bulk
densityp, (M-L3) wherep=1-pppr?, usinga particle densitpf 2.65g-m=, and bulk density
values measured from experimental détppendix D). The saturation concentration was kept
constant at 206hg-L™! since only one contaminant, PCE, was introduogde system.The
experimentally calculated effective diffusion coeffici@Dtxy) was defined byhe relationship
between théree diffusion of PCE in watddo = 10.1 x 16 cn-sec! as defined by Pankow and

Cherry (1996), porositys), and tortuosity) by theequationDexp= Dogr.

Tortuosityis further defined aa function of porosity and salculatedollowing Boudreau

(1996):
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. 1 (11)
1 —In(¢p?)
Due to unertainties in laboratory soil propertiaad the general empirical nature of Equation 11,

the experimentally calculatdakyp values were considered only as estimates.

The following explains the three sorption relationships evaluated to calthéatetardation
factor [R): linear, Freundlich, and Langmuif.he linear sorption relationship utiliz&guation 3
to calculateR. Two methodsvere used taalculateKq values (1) Kow-Koc-foc relationship
(Equation 2 and Equation 15 see Apperi8li@ecton 8.3.9 where values are found irable 9
and (2) batch sorption study where values are fouBdan!' Reference source not found.

Table 13

To describe non-linear sorption relationship, the Freundlich and Langmuir isotiverms
evaluated. The Langmuir was selected as it provided adequate fit of experiratn{ake
Section 3.4) and was compatible with the numerical solution mettsiag theMathcad™ tool.
To calculate the retardation factor, it is necessary to redefiagdatioras afunction ofC as
shown in Equation 4Rearranging theéangmuir equation (Equation 4yhereR(C)is defined as

the following equation (for the derivation of Equation 12 see Appendix C):

_ p_b KL rmax (12)
R“)_1+¢<1+mﬁ)

Valuesused forl maxandK. were obtained from the batsbrption experiment®cated in Table

15.

ThePDEsolve function works best with dimensionless valtiesiefore, alboundary conditions
and initial conditions@reconverted to dimensionless inputs. The conversion to dimensionless
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units for each input is shown in Appendix The model usethe PDE solve block to produce
dimensionless output of PCE concentration as a function of position andTirae.
dimensionless output is then converted back to produce an output with dimevisgsagime is

in days and PCE concentration at the top of the soil column is in mg-L™.

The model alsas able to produce outputé PCE concentration at times when sampling points

occurred to allow for ease in comparing observed data versus predicted values.

4.3Results

This section presents the resulfsthe numerical solutions, with the model output displaying
PCE concentration at thgoper boundary layer over tim&he results are presentey applying
batch sorption values as inputs to the model and comparing the model o@gchrEspective

soil column, starting first withGS soil (for 3 cm, 6 cm, 11.5 cm) and dredd soil (Sal C).

4.3.1. Application to Laboratory Data

The following presents results of the numerical solutions using batch sorption asatLiether
experimental valueas inputsl(, pp, Dexy Kd, /' max andKy valueg to comparehebatch sorption
resultsto theexperimental headspace datehe following presents model fitting based on
column length and soil typd-or fitting the model based on column lengf8S experimental
data was usedvhere a linear sorption relationship with input variables,, and Dexpwere used
For model fitting based on soil type, Soil C experimental data was used(S&&j, and
compared the linear and Lagmuir sorption model fits where additional inpublesrsuch as

Kd, I'max andK values were usedo produce model output.
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Lab Grade Soil

The headspace vial experiment setalpratory experiments gvaluatecontaminant transport
for soil columns of varying lengths for LGEitting the model to the different soil lengths will
help to determine if the different soil calm lengths are scalabl&/hen fitting the model to the
experimental data the variabtgutsapplied ard., p, andDexp  Thesoil column lengthL, had
three varying lengths to match theadspace experimeht=3 cm, 6cm, and 11.5cm. The

bulk densityn, was arexperimentallymeasured and calculatedlueof 1.59g-mL* (see
Appendix D Section 10.1 for bulk densrigw datd. The bulk densityalue was themsed to
calculate the effective diffusion coefficiefsee Section 4.2.3 faalculation details), where the
experimeatally-calculated value for LG8 defined byDexp = 1.23 x 1¢ n?-day? (calculations
for Dexpare found in Appendix B)For LGS sorption was assumed to be negligible (as

discussed in Section 3.3), theref®ke 1.

Figure 29 Figure 30 andFigure 31display model outputs for column lengthsc(8, 6 cm, and
11.5cmrespectively). All figurepresent model outputs based on the experimentaltlated
effective diffusion of PCBexp=1.23 x 1 m?>day* (dottedgreenline). Error! Reference
source not foundError bars for the experimental LGS data represent the standard deviation

based on n = 3.

Figure 29displays a close fit to the experimental data during early time pointsefDexp values
for the LGS Xm soil column. Day 28 and later sampling events wenest likelynot captured

by the model output due to a lack of understandirtgtaf losses from the headspace vial
system. By the last sampling event (D@3 the model displays the top of the soil at saturated

concentrations (set to 200 mg-L™! as suggested by the literature), whereas within the headspace

86



vial experiment the topfdhe soil reached only threuarters othesolubility literature value
The top soil not reaching solubility at the top of the soil column by the end of the exteasime

most likely due to leaks from the system
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Figure29. Fitting the model texperimental datd:GS 3 cmwith R = 1, Dexp= 1.23 x 16 n?-day?*

Figure 30showsthe model underestimating the early time points, until Day 193 where the model
begins to overestimate the late time poifihe faster breakthrough of PCE at the top of the soil
column may be due to conduits that may have alldw@Hto diffuse faster throughhe soil

column. It wouldbeprudent to develop a method that would ensure minimal conduit pathways
for the constituent of concern to transport throuljithe headspace vial metti is the preferred

route for conducting longerm laboratory studies, it is suggested that the soil column be set up in
a way that allows for soil to be compacted that would limit conduits and mingoreesize

variation throughout the soil column.
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Figure30. Fitting the model t@xperimental datd:GS 6 cm columnwith R = I Dexp= 1.23 x 16 n?-day?*

Figure 31displays the model output for 11cB column. This figure displays a similar trend of
the headspace vial experiment resaithe 6.0 cm soil column study, where the headspace vial
experiment has consistentlygher concentratiaof PCE at the top of the soil than the model
output. The underestimating of the model is most likely due to the soil column having
preferential pathways that were created during the assembly of thelsoihcdt is noted, that

more rigorous methods should be developed in the making of the soil column.
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Figure31. Fitting the model texperimental datd:GS 11.5cm column with R = 1Dexp= 1.23 x 16 n?-day?

The model outpuwith the closest fit to the headspace experimental data was the 6 cm soill
column. Althoughthe saméeyp input value was unable fi the 3 cm and 11.5 cheadspace
experimensoil column data as shown kigure29 and Figure 31 of the model output.the soil
columnsfor the headspace exjpaentwere setupvith the exact same porous volume, the soil
columns would share the samggvalue and the model would showelaserfit to all three of

the varying soil lengths from thexperimental dataDue to the inability to use origexpvalue to
best fit all the soil columns, it is concluded teaaling up soil columns is not a viable option at
this time Although scaling up soil columns is not a viable option, the variances between
concentration at the top of the soil column over tiareeachindividual soil column within its
respective 3 cm, 6 cm, and 11.5 are within a reasonable varianceEhese small variances in

concentration over time show thatd possible t@etupsoil columns of consistent porosity when
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setup to be of theame lengthlt is necessary to develop more accuragthods irestablising
the soil columns effective diffusion to appropriately represent the phgysi@m when using
the model to fit to experimental dat&urrent methods are not to be applietbtay term
experimentgiue to indication of leaks from tieadspace viaystem potential preferential
pathways and inaccurate physical capture of gy value. EBforecontinuing with the
headspace vial meth@stablishing théosses that occur dueleaks from the system
establishing a more rigorous method when creating the soil celaremecessary steps before

long-term soil column studies can be implemented

Field Sail

Field soil parameters from the batch study were appli¢idetonodel tsee the applicabilityf

other inputs, such as sorption, could be represented within the model and compare to the
headspace vial data to see if there is a close fit between the data and theSobdalvas
choserto do initial model fitting since thiBeld soil hadthe largest difference icontaminant
breakthrough (Figure 15), along wither soil characteristics from the particle distribution
analysis Figure 10 and Figure 11), and thglrest sorption potential as measured from the total
carbon analysis (Tablg &nd batch sorption experimenkEsior! Reference source not

found.Figure 17).

This section will cover two ahecommon sorption relationships used withumerical
modeling Linear and Lagmuir. The input parameters thaere heldconstant throughout each
sorption relationship modelirgyentwerep, = 2.65 gcm, pp = 1.695¢'mL*and thek = 0.00
day!. The effective diffusion coefficienDex, = 1.03 x 1 m>day?, that was applied to the

model was calculated using the particle and bulk density infims.input parameters that were
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variedbetween each of the model fittinggas theKq values that were used to calculate Rhe
whereR is defined by Equation 3 for the linear isotherms and Equation 12 for the Langmuir
isotherms First Soil C will be fitted to the linear sorption numerical model where two different
Kq values will be applied as inputs. The fikstvalue was obtained through tew-Koc-foc
relationship(applied as input only in the linear model) and the se&andlue was obtained

from the batch sorption experiments (used in both linear and Langmuir models).

Linear Sorption

The firstsorption relationship applied to the model wasarsorptionwhere theKq valueswill

beused to calculate the retardation faatsingEquation 3. Thé&y valuesthat will be used as
input values for the model were calculated by two methottseRow-Koc-foc relationshipwhere
values are showim Table 9and 2) from the batch sorptissotherm studies where values are

shown irError! Reference source not found.Table 13

Figure 32shows the model output for using béthvaluesas mentioned abovaheKq value
calculated with th&ow-Koc-focrelationshipresulted in &gy value of1.23 L-kg™ which produced a
retardation value dR = 6.83; and the batch isotherm studies resulted<imalue of4.70 Lkg™
producing a retardation value Bf= 23.28. The linear sorption model outputs for both oKihe
valueswasable to capture the early time points, but the model outputs belgiry &by
underestimatéhe concentration at the top of the sdrting aday89 and continuing to increase
the gap between the model output versus the headspace vial data through the end of the
experiment.The large discrepancies between the experimental data and the model ootpst is
likely due to preferential pathways which allows for the constituent to trarthpough the soll

column at a faster rate. The difference may also be due to inaccurate measof@®wgualue,
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as shown through the LGS soil column, whighy not accurately represent the physical soil
column setu@ndin turn make the model produce outputs that aracairately portrayinthe

system
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Figure32 Model output fotinear sorgbn model displaying two differef€s values to calculatthe R values

Freundlich Sorption

An attempt was made to solve the governing equation using the Freundlich sorption ter
Unfortunately, theviathcad™ PDE solve algorithm was unable to converge to a correct solution.
The inability to converge was most likely due to the exponent within the Freundlich term
(Equation 12). It is suggested that for future waltkrnative modeling approachesdseloped

to ensure the solution of the Freundlich sorption term to allow for a full and complete

comparison of all sorption terms used within the literature.
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Langmuir Sorption

The following discusses the application of the Langmuir sorption relatioteshadculate
retardation factofor the model input. To calculate the retardation facttine Langmuir equation
wasrewritten as a function of concentrati&(C), as shown in Equation 16 in the previous
methods sectionTheadditionalparameter input values that were used forlLn@gymuir

sorption model werémaxandKy, along with previously uset, pp, andpy inputs used in the

linear model

Figure 33displays the model output for the Langmuir model @alle 19shows thgarameters
that wereused asnputs for the model. The Langmuir sorption mosatsable to capture the
earlytime points but was unable to capture the two later time points (DagB293), as seen in
the linear model as wellOne recurring explanation of why the model underestimated the
experimental data was due to hgpvalue not being representative of the actual coluand

due topreferential pathways that may have besrated within the column which alldar a
higher concentration at the top of the soil column. Another problem could be dudiataed
KL values being estimated at too large of a value causing the model to show an ea@ggerat
amount of sorption within the soil column. TinaccurateéDexpvalueis most likely the case
since we sawimilar issues witlthe LGSwhen comparing the results of the moubethe

experimental values for tfB2cm and 11.5 cm columns.

Table19. Modelinputsfor the Langmuir model

Henry's Dimensionless Value Ki Imax Dexp
(dimensionless) (L'mg?) (mg-kg?) (m?day?)
0.712 0.48 51.02 1.03 x 1
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Figure33. Model output for the Langmuir sorption relationship usfng= 0.48 Le kg* andT'max= 51.02 mg « kg values
calculated usingido = 0.712from batch study experiment

Between the two sorption isotherm model outgliteear and Langmuir), the linear isotherm was
able to closecapture the experimental data as compared to the Langmuir nAdtiedugh the
linear model output was a closer fit, due to the inability for the model to clageatiyre the LGS
experimental data there is no way to assigning which model technically hastterefih

Applying the numerical model to the hespdce experimental data exposes the weaknesses
within our method development and allows us to pinpssues with the experimental effective
diffusion coefficient that is not fully representative loé¢ tactual effective diffusion coefficient
that is driving the system. For future method development it is suggested tcaanmeate

rigorous way to establish the effective diffusion coefficient thatnaacurately represents the

soil column, along with resolving the leaks from the system through the cap. Frometoise
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of applying the model to theeadspace experimental data it can also be suggested that going to a

method that is a more tightly closed system émpules) is a more prudent option.
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5. SUMMARY AND CONCLUSIONS

The following sections a summary ofhe key conclusions gathered from each Chapter which

includes key results, implications and future work.

5.1. Key Results

In the stability experimensubstantialossesoccurredwith all the treatmentsThe treatment

with the lowest loss rates occurred with vials that were not linedvareistored underwater

with an average loss of 44.1%arly losses had a higher ratemass losin comparison to late
losses.Losses are depdent upon initial concentration within the vial, whigre difference
between early and late losses may be affected by concentsdttiomthe system Loss rates

may have been exaggeratgk to stir bars being used within the stability experiments.
Recommendations for future work include not using the Mininert® vial caps and expldrarg ot

options togather meaningful data on assimilation processesibf

In the sorption fiber experimefdr the glass fiber filter and the PTFE fiber filtagnificant
sorption occumed only for the PTFE fiber filter Due toplacementfunction, and saturation of
the contaminanthe fiberwill not have an effect on the diffusive transport of the contaminant.
Recommendations for future work suggest carrying out expersmeétit a range of
concentrations, as well dspgersampling timedo observe sorptioaf each fibeover longer

time frames.

In the headspace vial experimawith soil, the control without porous meds¢gayed relatively
stable withinthe range of variabilityvith a starting concentration of 91.0 mg-L* and an end

concentration of 87.4 mg-L't. The key difference between the stability study and the coma®!
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the lack of stir bars used within the headspace vial control. Due to this discrepdreiwn t
experiments, it isscommendedbr further investigation into the stability of the headspace vial

using Mininert® valves.

The headspace vial experiment, diffusive transport showed lab grade soiefblloatrend of
breakthrough with 8m breaking through first, thendn, a lastly 11.5&m. When utilizing the
headspace method, it is necessary to account for partitioning of the concentratias tha
accumulated at the top of the soil column. None of the soils reached solubility at théhep of
soil column during the 193 day experiment. For field soils, the sthiltihve slowest transport
rate wasSoil C, which was supported by tiseil characteristicsf finer particle distribution and

higher fraction of organic carbon comparedliche other field soils

The batch sorption experiments conducted with the four field soils were used to determine
sorption rates anestablish parameter valugsbe used within the model. Only Soil C showed
significant sorption as shown lopncentrdons of PCEdecreamg over time Thefield soils

with higher sorptiorpotentialcoincidedwith soil propertiesvith higherorganic carbonvithin

the soil, which suggests that sorption to organic carbon is the major sorption mechighnism
the field soilsused within this study. The batch sorption study also looked efféatsof
varying amounts of PCE have on the sorption properties of the field adi¢s.applying the
range of concentrations to the field soils and taking samples at the same A# &y, ithe soll
sorptiondata waghen used to find the best fit sorption isotherm for each of the field Suis.
A and B’s sorptiordatawasbest fit by the Freundlich Isotherm, Soil C was best fit by the
Langmuir isotherm, and Soil D was best fit by the linear isothdtrmvas hypothesized thate
bestfit of isothermsfor each field soimay help in establishinidpe best model type ta the

headspace vial data from the field soil column. To ensure appropriate measufesogotion
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parametersit is recommended to condube sorption experiment witkarliertime pointsto

better capture more detail the soil’'s sorption properties.

The results from the methanol extraction of the ampules foundett@mteriesangedirom

93.26 t0101.%% were obtainedwith the best recovery occurring with the LGSecovery for

the methanol extraction of headspace uafgged from 84.2% to 922 with the best recovery
occurring for SoilC. The higher recoveryn Soil Cmay be due to sorption properties of the soil
reducingmass losout of the vials through the Mininert® valv&he higherecovery for

ampules showthat this method is th@ore viable option for long term laboratory studies.

A numerical mathematical model was useddmpare the results from the headspace
experiment to theatch sorption parameters, in the hojpeassist irunderstandinglataresults

and critiquing current methods proposed for loaigh studiesLGS and Soil C were used to
comparebatch sorption study parametéosexperimental dataThe 3cm LGS model output
initially was able to fit closely with the experimental results, but during late timespbent

model began overestimatiegperimentatesuls, which most likely was due to lealkem the
Mininert® valve that did not allow the headspace vial to reach solubility. The 6-cm anchil.5-
soil columns model outputs weable tofit initial time points, but during late timgointsthe

model began uretestimating experimental results. The underestimating is most likely due to
preferential pathways occurring within the soil coluniilme varyingmodel fit to the

experimental headspace restitisthe 3cm, 6 cm, and 11.5m soil column lengthsuggesthat
with current methods the soil columns cannot be scaled kp.ddta from each soil column
group show reasonable variance which suggests that the caneses up in a way to be
duplicatedwhen made at the same lengtlore rigorous compactioturing vial setup is

necessary to ensure a more ¢stesit effective diffusion coefficient to allow scaling up to be a
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viable option. The varying effective diffusi@oefficientmay also be driven by lossigem the
Mininert® valve or sampling techniques. For future efforts, if wanting to carryhe
headspace method, it is necessary to ensure losses are kept to a minimum and tapturing

physical system through appropriate measuremenef@r

Soil C obtained a&etterfit with the linear modethan the Langmuir sorption model, which
contradicts what the batch sorption stdladgtconcludedSoil C bestfit with the Langmuir
isotherm. The modelnderestimated the experimental headspace reatiliish is most likely

due to the effective diffusiocoefficient not being representative of the physical nature of the
soil column. Rigorous methodse necessary to ensure the effective diffusion coefficient is
representing the physical properties of the soil column, as well as ensureattgpétfortsfor
creating the soil columnsThe Freundlich sorption relationship could not be applied to the
model due to inability for a solution to converge. Future methods should strive to appigell t

models in the same numerical manner.

5.2Implications

The goal of this research wasbegin to establish methods to apply to lbexgn laboratory
studies on low-k zones. Preliminary development of sampling methods, experimegtal des
establishing base line datmdapplying preliminary data taworking modelere completed
within this research documen€Current headspace methadsreunable tdfully contain thePCE
mass within the system, and therefore would not be a viable option for long terntdapora

studies.

However, theampulesallowed for full cajpure of the mass within the system using the methanol

extraction methods. This method shows the most potential for reducing long tersrolaissé
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the system For future work, a suggestion of expanding on the ampule method would be to use
discretizedsampling points to gain understanding of contaminant transport, instead of just mass
contained within the whole ampule. In conjunction with the methanol extraction method,
exploring a way teecovermassfrom only the aqueous phase that has not beendbsbe

organics to obtain information about tiedd soilsoverall sorptive abilityshould be carried out

as well Potential disadvantages of the ampules may be when reaction is occurringiatsthe
where a closed environment mafyectthe reactivity of the materiafgoducing reaction rates

that are not representative of actual rates.

5.3Future Work

For future workjt is suggested texpand upon the methad utilizing ampules. This would
reducemasdosses for long term soil studiaadstill gaininformation onlong term processes.
Some potential problems would need to be addressed prior to starting the long teatorgbor
experiments.A suggestion for ensure full mass recovery with the method would be to set up
ampules with a tracer such a¥*@® ensure method fully captures total mass. Developing a
method to breaking ampules into discretized discs, which wadlaid for moreinformation to

be gathered from the soil on a transport levetcukately measung effective diffusion
coefficient wauld also be necessary to achieve understanding of contantiangport.Once a
method is developed to obtain discretized samples from ampules and measuremectivef effe
diffusion coefficient, applying a similar numerical model to the ampules to akpansion of
system to larger realistic systems is necessary for applying to real wemkatries. It is also
recommended to further explore how batch sorption studies could be used in conjunction with
ampules. Another potential challenge would be the nekdue all the ampules set up at the

same timdor the entire 510 year experimendesign A well-developedexperimental desigras
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well as detailed information of each of the soils used within the system woulddssalcto

carry out a successful lorigrm study
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7. APPENDIX A —CALIBRATION CURVES AND SUPPORTING DATA

7.1Headspace VialExperiment

120

y = 1.3544E-06x

R?=9.9975E-01
100

) /
60 Y = 7.1660E-07x o ) with Hd adjustment
R*=9.9975E-01
/ ——Linear (Cal without
40 ;
adjustment)
——Linear (Cal with Hd
20 .//‘.Q‘/ adjustment)
0

B Cal without adjustment

Concentration (mg/L)

0 20000000 40000000 60000000 80000000
Peak Area

Figure34. Calibration curve for Diffusion Reactor Headspace Vial gas samplesG@itheak Area Response versus
concentrationtg-L%)

Figure 34displays the calibration curvesd equatios, where the Henry’s dimensionlessi(H
curve was usetb convert GC Peak response times to agqueous concentration of PIGE.
concentration cdbrations were created with known amounts of Methanol-PCE solution in water

(see calculations in Appendix B).
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7.2 Sorption Study for Fiber Filters

Calibration Curve for Fiber Filters
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Figure35. Calibration Curve for sorption study with fiber filters, used to cor@@tPeak area to a PCE concentration
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7.3Sorption Study for Soils
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Figure36. Calibration curve for sorption study of soils using Henry's Dimensionlegficog Hp = 0.712
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7.4Methanol Extraction for Ampules
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Figure39. Calibration curve for methanol extraction for ampules.

7.5.Methanol Extraction for Headspace Vials
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Figure40. Calibration curve for methanol extraction for headspace vials.
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7.6.T-Test: Two-sample asaming Equal Variances

7.6.1. Stability Experiment comparing 1, 10 and 1@g-L* PCE concentration

within the vials

t-Test: Two-Sample Assuming Equal Variances

t-Test: Two-Sample Assuming Equal

Variances

Comparing 1 mg/L and

Comparing 1 mg/L and 10mg/L 100mg/L
Variable Variable

Variable 1  Variable 2 1 2
Mean 0.390546 0.46912 Mean 0.390546 0.291488
Variance 7.88E-06 0.000845  variance 7.88E-06 0.000438
Observations 2 3 Observations 2 3
Pooled Variance 0.000566 Pooled Variance 0.000294
Hypothesized Mean 0 Hypothesized 0
Difference Mean Difference
df 3 df 3
t Stat -3.61791 t Stat 6.324509
P(T<=t) one-tail 0.01815 P(T<=t) one-tail 0.003996
t Critical one-tail 2.353363 t Critical one-tail 2.353363
P(T<=t) two-tail 0.036301 P(T<=t) two-tail 0.007991
t Critical two-tail 3.182446 t Critical two-tail 3.182446

Reject the null - these are not equal

t-Test: Two-Sample Assuming Equal Variances

Comparing 10mg/L and 100mg/L

Variable1  Variable 2

Mean 0.46912 0.291488
Variance 0.000845 0.000438
Observations 3 3
Pooled Variance 0.000641
Hypothesized Mean 0

Difference

df 4

t Stat 8.590506

P(T<=t) one-tail 0.000504

t Critical one-tail 2.131847

P(T<=t) two-tail 0.001009

t Critical two-tail 2.776445

Reject Null

Reject Null
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7.6.2. Sorption study of Fiber Filters comparing control, glass fiber filters and

PTFE filters

Table20. Results from-Test analysis using Two Sample Assuming E§talances

Control and PTFE Fiber Filter
t-Test: Two-Sample Assuming Equal Variances

PTFE Fiber
Control Filter

Mean 27.00952 22.11925
Variance 1.045864 3.953073
Observations 3 3
Pooled Variance 2.499468

Hypothesized Mean

Difference 0

df 4

t Stat 3.78839

P(T<=t) one-tail 0.009648

t Critical one-tail 2.131847

P(T<=t) two-tail 0.019296

t Critical two-tail 2.776445

Control and Glass Fiber Filter
t-Test: Two-Sample Assuming Equal Variances

Glass Fiber
Control Filter

Mean 27.00952 25.15178
Variance 1.045864 1.135245
Observations 3 3
Pooled Variance 1.090554

Hypothesized Mean

Difference 0

df 4

t Stat 2.178749

P(T<=t) one-tail 0.047439

t Critical one-tail 2.131847

P(T<=t) two-tail 0.094877

t Critical two-tail 2.776445
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8. APPENDIX B —CALCULATIONS AND DERIVATIONS

8.1.Stability Experiment

Calculations for Stability Experiment - Conducted on 8/27/14
Calculation for High Concentration 100mg/L

Cpopi=100 ?

ppop=1.62 ﬂ;
em’
V water =15 mL

Cror | ter=(9.259.107") mL

VPeE water =
PPCE

Finding the amount of PCE to be added to the 4000uL. Acetone/PCE solution to acheive
0.925uL of PCE/100uL of Methanol/PCE solution

V :=0.1 mL

solution

V.siack_sol‘utm =4.0 mL

Vi
VPCE_Acewne = w : ng_-k__‘“ﬂuh'm‘ =0.037 mL

solution

Dilution to get to 10mg/L and 1mg/L was conducted through dilutions of the 100mg/L
solution. 400 uL of Stock solution into 3600uL. of Acetone (D1)

VFCE Acetone 4% M *
Cs&x:k_soiufirm e R, ProEp= (1.5 «10 ) _g
Vstock_snl‘ution L
C otoek: : )
D, 2= —Stock solibion 6y 4 mI—(1.667:10") T4
3.6 mL L

Concentration of D1 when 100uL are transferred to 15SmL water solution, Dilution 1 (10

mg/L)
Coy Dy LB _y1444 WO
15 mL L

D
= 1 .04mL=185.185 9
3.6 mL I

22

Concentration of D2 when 100uL are transferred to 15mL water soltuion, Dilution 2 (~1

mg/L)
e L S
15 mL L
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8.2Headspace vial Experiment

8.2.1. Water ContentConversion @lculations

Converting Water Content (g/g) to volume of water within Headspace Vials and Ampules
Lab Notes 10/23/14 Headspace data raw and calc

LGS water content conversion:

Wy i= 0.434-%

kg +
s

m

Puater:=1000
Mmg:z 33.12 am

M yoter Las=Wras*Mpgs=0.014 kg

M water LGS

Vater TGS= =0.014 L

Puater

Mpey
O o8 . (3 GaR10") 120
water LGS
VE:r.tmci =V, u,te:r_LGS+ 80 mL=0.094 L

un

Mpcg 1as 3\ m
Cremasmeas =— = (ugraan’) T4,
VE::tmci i
: V water LGS
Ratioyr.on water = ﬁ =0.18

Soil A water content conversion:

w . =0.262. 9
kmn

Puwater "= 1000 —g;
s

Mmatf:r_:;oim = WeailA 'Mmﬂ,q =0.01 kg

M ;
Vmger_smjm:: water_soilA —0.01 L

Puwater
Mpcg witai=0.5 gm

M:@ 9.10") 9
% .

water sotld

CPUE_sm'LA =
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VEJ:trﬂ.ci =V,

L

ater sotlA +80 mL

Mpcp woia 3\ m
CPeE soild Brtract=———= (5.543- 10 ) Lo

VE::tmri

Vv .
_ water soild ) 198

Ratio e
MeOH Water R0 mL

Soil D water content conversion:

w,p=0.358. 9
agm

_1000 *9
md\

M_,.p:=35.59 gm

Puater*

M pater soitD™=Wsoitp* M ooiip=0.013 kg

Vv M water_sotlD)

water_soilD "=

=0.013 L

Puwater
MpcE swip=0.45 gm
Mpog o
PCEsoilD _ (3 532.10") ™9
water_soilD)

VEa:tm:f. = Vmatﬁr_soim + 80 mL

CpeE soitD=

MPCE sotlD 3\ M,
CPOE soilD_Extract'=—————= (4.852.10%) ™9
VEJ:fm.r_“t L
vV _
Ratio 1= watersoilD _ ) 159
MeOH Water 30 mL
8.2.2. Calculations for estimating saturation of soils

The definition of water saturation sbils (S):

Where, \, is the volume of wate(l%), Vr is the total volumgL?3), 6 is the water
content (L) and¢ is the porosity (B:L3). Porosity was calculated using the

following equation:
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Pp
¢=1-22
Pp

Where, pp is bulk density and pp is the particle density which was assumed to be 2.65

g-cm,

Using the measured water content aattulatedporosity (Appendix D) during
experimental setup the saturation of the soils are able to be calc batedated soll

values are found in Table 21.

Table21. Values used to estimate saturated soil for each field soil

Bulk Particle Porosity Water Content | Water Saturation
Density Density of Soil

Ph pp ¢. Sw

(g'mL1) (grem™®)  (dimensionless) (dimensionless)  (dimensionless)

Soil Type

1.59 2.65 0.40 0.43 1.09
Soil A 2.06 2.65 0.22 0.26 1.18
Soil B KV 2.65 0.28 0.33 1.18
1.70 2.65 0.36 0.43 1.19
Bl 1 2.65 0.32 0.36 1.11
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8.2.3. Calibration Curve

Calculations for Calibration Curve for Headspace Vials Experiment
from 10/17/14

M, ;:=5.7731 gm

M, Meor=8-6776 gm

M,;n1 pcp=8.7552 gm

Mpop=M,;e pep—M i meon=7.76+10"") kg

ppop=1620 9 Vy0p:=3.950 mL
cm’

o
PCE _ 3 098 mL

V.miuiirm = Vf&fef)H +
PPCE

Volume of PCE in the PCE /Methanol solution

My
Voepi=— —PE____gg12 ™L PCE/ PCE-Methanol

V cotution * PPCE mL Solution

Calculation for determining actual concentration of PCE injected into 4mL vials
containing 2mL of Water

thf:r:zz mL V{mirﬂcted_wiutim;::[]'ﬂl ml
Voo Ve :
CFC’Ei:;W'atm-:: PCE"* VY extracted_solution ‘PPCE=97.D51 E
Vwa.te'r L
8.2.4. Derivation for Partitioning Equation

The conservation of mass equation is defined as:

Miotar = Mg + M,,
WhereMioal is the total mass within the system (W)yis the mass within the gas phase (M),
andMy, is the mass within the water phase (M). The total mass is known, but with two
unknowns another equation is needed to solve for the mass in the two differses.prhe
Henry’'s dimensionless equation will be used to help find the two unknowns

Definition of Henry’s dimensionless coefficie(itlp):
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HD=

§|5|§|§

Where, M is the mass () V is the volume (B). The volume of the air and water are known.

Reordering the equation to separate the two phases.

My _ My

A
And redefining the mass in the gas phase in terms of total mass and mass in thbagater
minimizes our unknowns to only one variable.

Mtotal - Mw Mw
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8.2.5. Concentration of Control

Calculations for Control for Headspace Vial Experiment

Lab notes 10/24/14

Mass.vial_ MeOH :=8.6685 gm
Mass.vial PCE:=8.8173 gm

M _PCE := Mass.vial_PCE— Mass.vial_ MeOH=(1.488:107%) kg

pPCE:=1620 0 V.MeOH:=3.910 mL
cIm
Vsalition=V-MOH+ 2L _oopa 1, T
p-PCE PCE_solubility:=200 %
CStock = MFCE _ (3418.900) ™2
V .solution L
o L R
V.water L
C.water

Solubility_Percent := 0.504

PCE_solubility

8.3Batch Sorption Study for Field Soil- PCE concentration in vials

8.3.1. PCE Concentration in Vials

Methanol and PCE solution for Batch Sorption Experiment for Field Soils
Calculating Injection concentration from Stock Solution of 90mg/L

M, :==5.5887 gm

M. ;o) preom=8-4780 gm
Mm;:ﬂ_PCE =8.8347 aqm
Mpcgp=M iy por—M ot sreon=(3.567+107") kg

ppep=1620 LV 0:=3.778 mL
cm’
IpcE

V otution =V MeoH + =3.998 mL

PPCE
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Volume of PCE in the PCE /Methanol solution

Mpcr
_ MroE 055 ™E PCE/ PCE-Methanol

V_PC'E ——
V solution * PPCE mL Solution

Calculation for determining actual concentration of PCE injected into vials
containing 10mL of Water
Vumtf:r:: 10 mL Vr.;r:f,ra.ctr.d_.wiutirm:: 0.01 mL

VpcgeV, . - ) ]
Cropimwateri=—CF ;’ftm"w—”"lmm -ppep==89.215 % Highest Concentration
water ~90mg/L

Calculations for dilutions (~30 mg/L, 10 mg/L, 3.33 mg/L, 1.11 mg/L)

Vpep1.0 mL
yi=—oE T 7 - 0.018
3.0 mL
B .
CD1 = 1 extracted _solution «DpcE= 20.738 mgqg
unief
D,-1.0 mL
DZ:Z—] :{]006
3.0 mL
DQ'Vmbrmcted solution mgq
g S = pin=0.013 ™
b2 anter e L
Dy+1.0 mL
DT:i:n_[}oz
3.0 mL

8.3.2. Estimating Ky value using k¢ and fc

Using the LFER for atural organic carboawater partition coefficiendnd octanol-

water partition costant (Schwarzenbach et al. 2003):
log(Koo) = alog(Kow) +b (14)

Where ais the slope ant is the intercept which is derivetb groups of organic

compounds. The contaminant of concern is PCE, an apolar halocarbon (where one or

121



more carbon atoms are linked by covalent bonds with one or more halogen atoms),

values fora= 0.57 ant = 0.66, anddg Kow = 2.88.

K. . = 10[0:57(2.:88)+0.66]
oc

KOC — 102.3016

Using Equation 2, apply the calculate€gt value and théy,: values fromTable 8to

calculatethe Kq value for each field soil:

Kd = 102'3016foc (15)
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8.3.3. Converting Henry’'s constant to Henry’s dimensionless

Henry’s constantH) for PCE= 0.01atm-m>mol? as defined by Pankow and Cherry
(1996) was used to estimate partitioning of PCE. To convert Henry’s constant to
Henry’'s dimensionlesdHp) form the following equation was used:

H

H, = —
D™ Rr

Where, the gas constant, B£80206 L-atm-mol*-K"* and temperaturdl, is assumed
to be 298.15 K. The conversion from Henry’s constant to dimensionless pradeced

valueHp = 0.712, and was used throughout this research.

8.3.4. Calculating PCE mass sorbed onto field soils using Henry’s

dimensionless, I =0.712

Calculating Mass of True water Concentration using Henry's Dimensionless
number-

(Cali PT Graphs)
: mg

Cinjecfed_themetica? :=89.2286 I Hp:=0.712
Mg = Cénjected_theoretfcai +10 mL Viater =10 mL
ﬂ'ftofaf =0.89229 mg L”headspace_via! :=20.845 mL
Vop=— I _ 188679 mL

2.65 I

Cms

Vgas _phase = T';headspace_m'ai —Vuater— Vo =8.95821 mL

M,
M ygper=—r— 22 =0.49715 mg

’1 water 'HD+ 1
V gas_phose
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Calculating Mass of Gas using Henry's Dimensionless 0.712 for
(H=0.712 Tab comparing S]J5 data)

Cy water =51.7759855 =

Mota1 injectea=0-892155 mg  From total Mass injected PCE (mg)

M; vater =C4 water* 10 mL=0.51776 mg  Multiplying by how much volume of
water was in vial
Vs «Hp+M; 4
Il"fgag:z gas_phase i D"t water —0.33024 mg
V water
I"'fsorbed ::ﬂ'frotai_mjected _J'urf_u:ater _P"fg-a.s =0.04416 mg
M,
Copi=— " _g 83106 ™9
5 gm kg
8.3.5. Henry’s dimensionless constant corrected for salt

To calculate the effects of salt on the partitioning of PCE from the diffpherstes we
accounted for saltingut effects. The range of salt water concentragdretween 100
mgL™* and >50,000m¢ %, where salt water concentrations found in the ocean falll
within approximately 36,0001 (Division of Water Quality 2010, Greenberg et al.
1973) To calculate for the “salting out” effect we applied Henry’s dimensionless
constant used to the following equation found in Schwarzenbach (2003):

Kitw,sare = Kip - 10Kt 50 ora
Where Kiw,sait IS the partitioning coefficient of a compoundlifi a water to liquid
interaction that accounts for salinitgy is the partitioning coefficient of the compound
in water to a liquidlj with the liquid in our caseding air,Ki®is theSetschenowr
salting constant (unit M) and[salt] ot is the total molar salt concentratiorlere we

assume that thei¥= 0.19 (assuming all satinsare NaCl ions and since benzene is the
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closest compound to PCE due to being potar, small in size, and relatively stable
compound). Th&; for PCE was determined to be 0.712 siig@and Henry’'s
dimensionlessHp) are interchangeable. Lastly, we will assume the water is the same
concentration as ocean salt concentration wjisal§ «otas = 0.615 M

Kilw,salt =0.712- 10(0-19'0-615)

Kilw,salt = 0.932
The value calculated is for the extreme condition of ocean salt water conoantrat
We see that there is an increase in the partitioning coefficient but for our easenet

expect waters to get to that high of concentrations and therefore will kedgtribt

expect to see that drastic of a change in the partitioning coefficient.
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8.4.Ampules Calibration Curve

Calculations for Calibration Curve for Closed Ampules on the GC/ECD analysis

Stock solution from 3/5/15
M, ,:=5.5846 gm

M 0 peon=8-6356 gm

M ;.1 pcp=8-6766 gm

Mper=M ;i pcr—M yiat Mcon= (4.1.107°) kg

Prop=1620 ™9V, oni=3.975 mL
em’
V sotution™=V peor + =4l
PPCE

Volume of PCE in the PCE /Methanol solution

Mpeg ml

Vpep=— T _p006 ™  PCE/PCE-Methanol
V sotution * PPCE mL Solution
Mpy
Cupa=— "% =(1.095:10") ?
solution
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Calculations for dilutions

Cooeie+ 0.040 mL

s =102.492
4.000 mL
D,«1.0 mL
=TT o my o4 TF
2.0 mL L
C,+«1.0 mL
=t o503 ™9
2.0 mL L
C,-1.0 mL
Cy=—2_""""_12812 "9
2.0 mL L
C;-1.0 mL
C,=—3" ""_g406 9
2.0 mL L
C,-1.0 mL
it 0 B goagy T8
2.0 mL L
C.-1.0 mL
Co=—3" " ™" _ 1601 ™9
2.0 mL L
C.+1.0 mL
C=—5"" "™ _gg01 ™9
2.0 mL L

mg

Also Known as C0
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8.5.Calibration curve for methanol extraction for headspace vials

Calculations for Calibration Curve for Headspace vials extraction on the GC/FID

Stock solution from 5/13/15

M.vial:=5.5234 gm

M.vial_MeOH :=8.6286 gm

M.vial PCE:=8.6694 gm

M.PCE :=M.vial_PCE —M.vial_MeOH=(4.08-10"°) kg

p.PCE:=1620 m{ V.MeOH :=3.975 mL

cm

M.PCE _
p.PCE

V.solution:=V .MeOH 4+ 4 mL

Volume of PCE in the PCE/Methanol solution

VPCE:=_ sﬁf P EPCE —0.006 mi PCE/PCE-Methanol
LSOLULTOT = O m S ] t'
M.PCE 2\ g olution
C.stock:=——= "~ _(1.02.10") 9
V.solution L

Calculations for dilutions for calibration curve

C9:e C.stock+-1.0 mL . (5_1 . 103) mg
2.0 mL L
glae G20 mE 5 o a0ty 0
2.0 mL L
P Pk U (1.275.10°) ™9
2.0 mL L
c5=C4-10mL_ o, .» mg
2.0 mL L
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9. APPENDIX C —NUMERICAL MODEL

9.1 Conversion to dimensionlesform

For the numerical model to properly solve within the PDE solve block all parameistde
converted to a dimensionless form. The following parameters that were convergeiihne and

the degradation coefficient.
9.1.1. Time

First, to convert timg (T) to dimensionless time,(dimensionless and thefollowing equation

was used:

_ <DPCE *>
T=t(—s—
Lt

Where,Lc (L) is the column length, arld (L2T?) is the effective diffusion. To get the proper
output, the equation is rearranged and the dimensionless time is converted back to tiost, one |

rearranges the equation.
9.1.2. Degradation coefficient

To convert the degradation coefficiek{(T) to dimensionlesdegradation coefficieni);

(dimensionless), the following equation was used:

L¢
D, =
g DPCE

kPCE

Where the variable definitions and dimensions are the same as above in theclione se
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9.2.Relating retardation factor and the Langmuir equation

Thefollowing definitions for the partitioning coefficielEquation 1)the Langmuir equation
(Equation 3) and retardation factor (Equation 5) to get to the retardation faatéuragion of

the aqueous concentration as shown in Equation 12.

Rearranging Egation 1, we have a new definition fos:K

Cs (1a)

Starting with Equation 4, and rearranging the equation in terms@f €.

C. = FmaxKLCw (4)
ST 14 K,C,
Cs(1+ K .Cy) = LnaxKiCy (4a)
& — rmaxKL (4b)
c, 14+ K.C,
Apply Equation 1a to Equation 4b:
. Imax KL (4C)
Ky = —————
1+ K, C,
Then insert Equation 4c into Equation 3
R=1+ @(M) (12)
¢ \1+ K;C,
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10.APPENDIX D —RAW DATA

10.1. Bulk density

Weight Weight of vial Weight

Soil Type ID# Wel.ght t.)f V|al. with water Welgl.1t of water .Water Bull.(

of vials  with Soil added ofsoil added Difference Density Average StdDev

(8) (8) (s) (s) (g) (mL) (g/mL)  (g/mL) (g/mL)

LGS 1 16.3 23.99 42.04 7.69 18.05 4.75 1.61894737
LGS 2 16.57 25.6 42.52 9.03 16.92 5.88 1.53571429 1591445 0.039408
LGS 3 16.49 26.37 43.07 9.88 16.7 6.1 161967213
LGS 4 16.38 21.71 - 5.33 - - -
Soil A 1 16.76 25.48 44.21 8.72 18.73 4.07 2.14250614
So!IA 2 16.32 25.31 43.45 8.99 18.14 4.66 1.92918455 2 063769 0.095623
Soil A 3 16.32 25.18 43.8 8.86 18.62 4.18 2.11961722
Soil A 4 16.28 22.61 42.78 6.33 20.17 2.63 2.40684411
Soil B 1 16.71 23.03 42.19 6.32 19.16 3.64 1.73626374
So!IB 2 16.43 24.54 43.07 8.11 18.53 4.27 1.89929742 1916122 0.154182
Soil B 3 16.44 23.37 42.89 6.93 19.52 3.28 2.11280488
Soil B 4 16.35 21.45 42.12 5.1 20.67 2.13 2.3943662
Sail C 1 16.68 23.69 42.65 7.01 18.96 3.84 1.82552083
So!IC 2 16.34 26.25 42.74 9.91 16.49 6.31 1.57052298 1695269 0.104175
Soil C 3 16.28 27.01 43.46 10.73 16.45 6.35 1.68976378
Soil C 4 16.71 23.02 42.13 6.31 19.11 3.69 1.7100271
Soil D 1 16.37 26.66 42.61 10.29 15.95 6.85 1.50218978
So!ID 2 16.35 25.23 43.21 8.88 17.98 4.82 1.84232365 179344 0.220573
Soil D 3 16.81 24.77 43.66 7.96 18.89 3.91 2.03580563
Soil D 4 16.56 22.56 41.75 6 19.19 3.61 1.66204986
WATER 16.56 39.36 22.8
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10.2. Water Content

Soil Moisture Content

10/23-24/14

After Baking

Weight Weightof weightofjar Soil +water Water  water
Soil Type ID#  ofjartlid jarHlid+soil +lid - water Mass mass  content
(g) (g) (g) (g) (g) (s/8)

LGS 1 146.88 165.34 157.27 18.46 8.07 0.437161
LGS 2 154.71 177.67 167.6 22.96 10.07  0.438589
LGS 3 145.73 176.68 163.17 30.95 13.51 0.436511
LGS 4 165.4 186.18 177.35 20.78 8.83  0.424928
Soil A 1 137.36 150.84 147.26 13.48 3.58  0.265579
Soil A 2 140.8 121.83 148.43 - - -

Soil A 3 135.35 155.9 150.5 20.55 54  0.262774
Soil A 4 162.61 210.34 198.05 47.73 12.29  0.25749
Soil B 1 150.02 164.27 159.6 14.25 467  0.327719
Soil B 2 145.28 161.77 156.38 16.49 5.39  0.326865
Soil B 3 149.79 164.62 159.7 14.83 4.92 0.33176
Soil B 4 165.68 179.49 175.04 13.81 4.45 0.32223
Soil C 1 148.47 163.33 156.89 14.86 6.44  0.433378
Sail C 2 132.97 157.19 146.74 24.22 10.45 0.431462
Soil C 3 134.2 160.48 149.32 26.28 11.16  0.424658
Soil C 4 164.95 188.45 178.54 23.5 9.91  0.421702
Soil D 1 146.08 163.9 157.56 17.82 6.34 0.35578
Soil D 2 150.14 170.99 163.49 20.85 7.5 0.359712
Soil D 3 150.96 172.69 164.88 21.73 7.81  0.359411
Soil D 4 163.57 179.87 174.06 16.3 5.81  0.356442
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10.3. Headspace Vial

Headspace Experiment Setup

10/23-24/14

Weight of Vial Weightof Weight of Mass of Soil Estimated
. +Glass Beads vialwith  vialwith Massof Volof and Water volume of

Soil VolType ID# X

+Water PCE soil PCE PCE added MeOH MeOH

(g) (g) (g) (g) (w) (g) (L (mL)

LGS 1 1 32.08 32.59 54.98 0.51 314.8148 22.39 0.084584615 84.58462
LGS 1 2 33.51 34.05 57.82 0.54  333.3333 23.77 0.088953846 88.95385
LGS 1 3 32.05 32.51 55.52 0.46 283.9506 23.01 0.085415385 85.41538
LGS 2 1 41.75 42.26 93.4 0.51  314.8148 51.14 0.143692308 143.6923
LGS 2 2 42.61 43.19 96 0.58 358.0247 52.81 0.147692308 147.6923
LGS 2 3 41.49 41,98 92.2 0.49  302.4691 50.22 0.141846154 141.8462
LGS 3 1 52.79 53.24 137.75 0.45 277.7778 84.51 0.211923077 211.9231
LGS 3 2 53.83 54.28 136.94 0.45  277.7778 82.66 0.210676923 210.6769
LGS 3 3 54.45 54.93 138.2 0.48 296.2963 83.27 0.212615385 212.6154
Soil A 2 1 42.28 42.8 100.91 0.52  320.9877 58.11 0.155246154 155.2462
Soil A 2 2 42.46 43 102.73 0.54 333.3333 59.73 0.158046154 158.0462
Soil A 2 3 42.72 43.18 102.93 0.46  283.9506 59.75 0.158353846 158.3538
Soil B 2 1 42.41 42.85 98.35 0.44 271.6049 55.5 0.151307692 151.3077
Soil B 2 2 - - 97.51 - - - 0.150015385 150.0154
Soil B 2 3 42.01 42.48 97.11 0.47 290.1235 54.63 0.1494 149.4
Soil C 2 1 42.34 42.81 93.72 0.47  290.1235 50.91 0.144184615 144.1846
Soil C 2 2 41.48 41.93 92.24 0.45 277.7778 50.31 0.141907692 141.9077
Soil C 2 3 42.76 43.21 93.65 0.45  277.7778 50.44 0.144076923 144.0769
Soil D 2 1 42.42 429 98.34 0.48  296.2963 55.44 0.151292308 151.2923
Soil D 2 2 42.34 42.83 97.61 0.49  302.4691 54.78 0.150169231 150.1692
Soil D 2 3 42.32 42.76 98.17 0.44  271.6049 55.41 0.151030769 151.0308
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10.4. Ampules

Closed Glass Ampules

Weightof vial Weight of Weightof vial Massof Volume Mass of
Soil Type ID# +GB +water vial with PCE with added Soil PCE of PCE Soil+Water
(8) (8) (8) (8) () (8)
LGS 1 18.52 18.86 51.64 0.34  209.8765 32.78
LGS 2 18.58 19.07 52.61 0.49  302.4691 33.54
LGS 3 18.7 19.18 52.22 0.48  296.2963 33.04
Soil A 1 18.53 19.02 57.78 0.49  302.4691 38.76
Soil A 2 18.49 19.01 57.35 0.52  320.9877 38.34
Soil A 3 18.53 19.02 57.18 0.49  302.4691 38.16
Soil A 4 18.57 19.06 59.58 0.49  302.4691 40.52
Soil B 1 18.57 19.06 56.5 0.49  302.4691 37.44
Soil B 2 18.6 19.06 56.65 0.46  283.9506 37.59
Soil B 3 18.68 19.16 56.04 0.48  296.2963 36.88
Soil C 1 18.45 18.88 52.32 0.43  265.4321 33.44
Soil C 2 18.45 18.92 52.47 0.47  290.1235 33.55
Soil C 3 18.36 18.8 52.07 0.44  271.6049 33.27
Soil D 1 - 19 54.9 - - 35.9
Soil D 2 18.42 18.89 53.91 0.47  290.1235 35.02
Soil D 3 18.51 18.94 54.79 0.43  265.4321 35.85
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10.5. Tray used for Headspace Vial Storage
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