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Abstract

Injected activated carbon (AC) particulate amendments fan tieutreatment of groundwater
impacted by petroleum hydrocarbons (PHCs) is relatively new, and relies on a combination of AC
sorption and biodegradation. Currertye performance of this technology remains unclear, primarily
related to the longerm interplay between sorption and biodegradation and whether the presence of AC
enhances the anaerobic biodegradation of PHCs. To address these uncertainties, this research
investigated the sorption and anaerobic biodegradation (sulfate reducing and methanogenic) behaviour
in microcosm experiments amended with AC and column experiments designed to mimic an AC
permeable reactive barrier (PRB) over a period of 1 to 2 years.

ThepowderedAC (PAC) used in this researcWPCfrom CalgonCarbonCorporation hada
rough,irregularsurfacewith potentialmacroporeopeningsf 0.8+ 0.3 um, andvariableparticlesizes
with anaveragediameter of 11.% 4.4 um. Sorptionanddesorptiorequilibrium experimentshowed
thatthe magnitudeof single-solute(benzendB], toluene[T], or o-xylene[X]) andmulti-solute(BTX
combined)sorptionor desorptiorfollowed X > T > B and B > T > X, respectively. Due to competitive
sorption, the magnitude of B, T, and X sorption in the radtute system was reduced relative to the
singlesolute systems. Sorption and desorption equilibrium conditions differed suggestigtcoébig;
however, this behaviour was not fully explored in this research. Thditbsisigle-solute Freundlich
isotherm parameters for benzene, toluenecaxylene were36.1+ 3.8,0.484+ 0.045 and88.2+ 7.7
for 0 ([mg/g][L/mg]”) and0.421+ 0.044 132+ 20and0.371+ 0.099 fore (-), respectively. The
improved simplified ideal adsorption solution (ISIAS) model was fit to the raaltite sorption data
and the competition factora) were estimated for benzene, toluene aixgllene asl.42+ 0.38 1.43
+ 0.16and 1.08+ 0.08 respectivelyTemporal srption (up to 48 hours) and desorption (up to 720
hours) experiments showed that the time to reach sorption or desorption equilibrium fesacintge
benzene and toluene was rapid (O 0.5 hours).

Singlesolute (toluenanly) and multisolute (BTX) abioticand bioactive (including sulfate
limited [10-20 mg/L SQ?)) or sulfate amended 8275 mg/L SG*]) microcosms with and without
PAC were constructed (in addition to starved controls without toluene, BTX or PAC). Aqueous and
solid phase toluene or BTX concentrations from the singled multisolute PAC amended
microcosms, respectively, were compared to the sirgld multisolute Freundlich or ISIAS model

predictions. In general, both the singknd multisolute sorption isotherm models were found to
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overestimate the measured solid phase concentratioims microcosmsThis disparity is presumably
due todifferencesin mixing conditionsand solution matrix chemistry or competitive sorption by
metabolitesand biofilm formationin the PAC amendednicrocosmsin the multi-solutemicrocosm
systemsthe observedo-xylene solid phaseconcentratios deviatedthe mostfrom the ISIAS model
predictedsolid concentratioa followed by tolueneandthenbenzene.

In the subset obingle and multisolute sulfatelimited bioactive microcosms, evidence of
methanogenesis coupled to a background substrate (other than toluene or BTX) was evident from the
geochemical (i.e., CHoroductior) and molecular (i.e.Methanomethylovorandvethanosaetand
Methanobacteriumenrichment data. Methane production and methanogemizichment were
consistently elevated in the bioactive microcosms with PAC, potentially supporting enhanced
methanogenesis and archaeal grointthe presence of AQContrarily, in the subset @lingle and
multi-solutesulfateamended bioactive microcosms, sulfate reduction was coupled to the oxidation of
toluene oro-xylene (not benzene, which was recalcitrant) evidenced by the repetitive or preferential
biodegradation of toluene followed hyxylene in the multisolute microcosm and supported by
geochemical (i.e., S® reduction, and HSand total inorganic carbon [TIC] formation) and molecular
(i.e., enrichment of sulfate reducing bactetiacluding DesulfosporosinysDesulfoprunumand
Desulfobacteraceaelata. In the singleand multisolute sulfateamended bioactive microcosms with
PAC, the solid phase mass of toluene regetitively reduced b§ 9 €héwing that PAC regeneration
occurred during anaerobic biodegradatiithough anaerobic biodegradation of toluene axglene
were repetitively demonstratethere was no substantial differentcethe PHC, geochemical or
molecular data collected between the singlemulti-solute sulfate amended bioactive microcosms
with and without PAC indicating that the presence of PAC did not influgrec@naerobic microbial
activity. Additionally, theanaerobic biodegradation rate of toluene was not enhanced in the presence
of PAC. Collectively, there were no discernible differences in the anaerobic biodegradation of toluene
between the sulfate amended bioactive microcosms with and without PAC otgrdéhemonitoring
period.

Three types of singtsolute(tolueneonly) and multisolute(BTX) columns(37 cm long3.75
cm inner diameter) were constructed to repre§e( sorption alone, bioactivity alone, and PAC
sorption with bioactivity. The columns were operated for approximately 2 yearsyeattl serving
as an acclimation period, and Yeaused for highresolutiontemporalmonitoring. For the columns

containing PAC, a€m long PAC zone (0.5% wt/wt) was located near the middle of the column to
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mimic an AC PRBDuring Year2 for the multisolute column with PAC sorption alone, the change in
BTX concentration between the influent and effluent followed X > T giv@n that o-xylenehasthe
highestsorptioncapacityfollowed by tolueneandthenbenzeneFor the single-solute andnulti-solute
columrswith PAC sorption alone the change in toluene concentration between the influent and effluent
was greater for the singholute column relative to the muliblute column given thahe sorption
capacityof toluenewas reduced ithe multi-solute competitive system. For the mugltilute bioactive
column withoutPAC sorptionthe change in concentration between the influent and effluent followed
T > X > B due to the preferential biodegradation of toluene priorxglene and the recalcitrance of
benzene (as observed in the microcosm experiments). For thesptuté bioactive column witRAC
sorptionthe change in concentration between the influent and effluent folldvee > B due to the
preferential biodegradation of toluene and preferential sorptioxgiene as toluene was biodegraded.

The solid phase concentration of toluene within the PAC pbtige single and multisolute
bioactive columns was highest at the leading edge followeddradual reduction towards the end of
the PAC zone. The gradient in the solid phase toluene concentration shows that toluene desorbed more
due to biodegradation towards the end of the PAC zone, furthest from the influent where toluene was
continually repkénished. In the bioactive mulblute columnthe magnitude of solid phase BTX
concentrationswithin the PAC zondollowed X > T > B at the leadingdge however, directly
downgradient the solid phase BTX concentratiithin the PAC zone followed X > B > due to the
biodegradation of toluene which resulted in higher sorptiamgfiene and benzene

Using the Yea® data, an overall column mass balance was estimated by subtracting the
cumulative effluent mass from the cumulative mass injectbd.sihgle and multisolutebioactive
columrs with PAC sorptionyielded the largest removal of toluemasscompared to columns with
either onlyPAC sorptionor only bioactivity.For example, among the singdelute columns the mass
removal of toluenewas greatest for thbioactive columnwith PAC sorption (99.5% reduction),
followed by the column with only PA&brption(74.6% reduction) and trelumnwith only bioactivity
(44.4% reduction)The depletion in effluent toluene mass during Y2avas consistent between the
single and multisolute bioactive columns witRAC sorption however for the multisolutecolumn
breakthrough of benzene an&ylene occurred given the recalcitrance of benzene and the competitive
inhibition of o-xylene during toluene biodegradation.

Anaerobic biodegradation within the singénd multisolute bioactive columns with or

without PACsorptionwas supported by changes in geochemical parameters that would be expected
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under sulfate reducing and methanogenic condifiops SQ* reduction, and HSTIC and CH
formation).Like the microcosm systems, there vwmasdifference in the magnitude of change of the
geochemical parameters between columns with or without PAC, suggesting that the PAC zone in the
bioactive columns did not influentlee microbial activity. However, the PA@onedid influence the
spatial distribution of anaerobic microb&®r thecolumns withonly bioactivity therelative

abundance dflethanosarcinaandMethanomethylovorangere highest at the influent ends relative

to the effluenends. Whereasfor the bioactive columns with PAC sorption tfedativeabundance of
MethanosaetaviethanobacteriunandMethanosarcinavere highest within the PAC zone relatiee
outside of the PAC zonén addition to being higher in abundanmeéativeto all bacteria detected

within the PAC zone (primarilfpesulfosporosiny€EdwardsbacteriamandBerkelbacteriq. In the
multi-solute bioactive column with PAC sorption, the abundand@estilfosporosinug/as also

notably elevated at the leading edge of the PAC zones (coinciding with the location of the highest
solid phase toluene concentration sorbed to the PAC).

Compound specific isotope analysis (CSIA) revealed enrichaféhT in the single and
multi-solute columns with only bioactivityr PAC sorptionalthoughthe average value ofH-T
between theingle and multisolutecolumrs with only bioactivitywas36.1+ 83 greaterthanthe
columrs with only PAC sorption as expected’hemagitude ofhydrogen isotopé&actionationof
tolueneassociated with eombination of PAC sorption and biodegradai®anknown given toluene
was depleteih the bioactive column with PA€orption Unlike toluene a direct comparison dfie
hydrogen isotopé&actionationof o-xylenebetween the muksolute columnshowedhat the average
value oflPH-Xwas5 4 @ and 5 8ndhe bicaaiee tatumn with PA€orptionrelative to the
columns with only PAGorptionor only bioactivity respectively?H-X enrichment in the muki
solutebioactivecolumn with PACsorptionwas presumably due to a significant amount-af/lene
sorption to the PAC as toluene was biodegraded as opposed to substayléak biodegradation
(supported by the solid phase data).

Collectively the compiled data sets provide comprehernssight intohow AC particulate
amendments behave in anaerobic systems in contact with PHCs, and the interplay between BTX
sorption and anaerobic biodegradation under sulfate reducing and methanogenic comtiggms
data provide direct evidence that the presence of PAC particulate amendments does not enhance the
biodegradation oBTX relative to systems with no PAC under sulfate reducing conditions. Instead,

the presence of the PAC provides rapid reductions in contantoaoéntratioarelative to systems
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without PAC andsustansreductions in the aqueous phase concentrafitime mostpreferentially
degraded soletunder variable loading conditioas thePAC is regenerad The PAC also

influences microbial activity during PHC biodegradation by promoting microbial growth on the PAC,
with notably high methanogenic enrichmertis research also provides evidence that ideal

isotherms are not representative of the sorption behaviour in bioactive systems with AC and tend to
overestimate sorptiofrinally, PAC sorption, most notably for the most preferentially sorbed solute

in the multisolute system, generates substantial hydrogen isotope enrichment which may lead to
overestimatias in the fractionation presumed to be associated with biodegradation when integrating
CSIA into monitoring approaches for bioactive systems with AC.
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squaresando-xylene(filled blue circlesYBTX) against the predicted solid phase concentration
generated from the improved simplified ideal adsorption solution (ISIAS) nlesiebthesingle

solute Freundlich model parameters for each soluteahd¢ ] and the multisolute ISIAS

competition factors for each solut][[listed in Table 2.2). The singlesoluteFreundlich isotherm

for toluene with a 95% confidence envelope (black solid band) is represented as a solid green line in
(a), and a black solid 1:1 line is shown in (b). The standard deviation of triplicate measurements is
represented as + error bars acle data point. The red circles indicate data corresponding to sampling
times (a) < 5 days following a toluene dosing event, or (b) betweeth 64adiays following a TX
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Figure 3.3 Abundance of total bacteria, total archaea@esulfosporosinudetected using
guantitative polymerase chain reactigffCR) analysior all (a) singlesolute (toluenenly) and (b)
multi-solute (benzene, toluene amaylene[BTX]) microcosm types after-year relative to
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Figue3.4Rel ati ve abundance (O 4%) of bacteria and
genus taxonomic levels detected using fib&omalribonucleicacid (rRNA) nextgeneration

sequencing (NGSbr the SC, BAPC, BA+PAC, BAPC+EA and BA+PAC+EAinglesolute

(tolueneonly) microcosms after-year relative to background conditions. The relative abundance of

all replicate bottles (A, B and @ shown for the SC, BA#C and BA+PAC microcosms, whereas the
relative abundance of a single replicate bottle (C) is shown for thRBG#EA and BA+PAC+EA
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Figure 3.5 Relative abundande O  4f%gcteria and archaea at the (a) phylum, (b) family and (c)
genus taxonomic levels detected usliggribosomalribonucleicacid (rRNA) next generation

sequencing (NGSpr the SC, BAPC, BA+PAC, BAPC+EA and BA+PAC+EAnulti-solute

(benzene, toluene amexylene [BTX]) microcosrs after Lyear relative to background conditions.

The relative abundance of all replicate bottles (A, B ani$ €hown for the SC, BAC and

BA+PAC microcosms, whereas the relative abundance of a single replicate bottle (C) is shown for the
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Figure 3.6 Temporalchanges in the (a, d) agueous and guitise tolueneoncentration§T aqand

T) (green and black filled squares, respectively), (b, €) aqueous sulfate.gp®lack filled

gradient symba) and sulfide (HSq) (yellow filled left triangles) concentrations, and (c, f) total

inorganic carbon (TIC) (purple filled diamonds) and gaseous methane concentratigy) (@idnge

filled right triangles) for theingle-solute (toluen@nly) (a-c) BA-PC and (ef) BA+PAC

microcosms. Each timepoint represents the average of three values and the error bars are + 1 standard
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Figure 3.7 Temporalchanges in the (a, d) aque@imseenzene, toluene ardxylene(BTX)

(B, T,X(aq) (red filled triangle [B], green filled squares [T] and blue filled circles [X]) and solid phase
BTX (B, T,Xs) (black filled triangles [B], squares [T] and circles [XpPncentrations(b, €) aqueous
sulfate (S@aq) (black filled gradient syiols) and sulfide (HSaq) (yellow filled left triangles)
concentrations, and (c, f) total inorganic carbon (TIC) (purple filled diamonds) and gaseous methane
concentration (Ck)) (orange filled right triangles) for thaulti-solute BTX) (ac) BA-PC and ()
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BA+PAC microcosms. Each timepoint represents the average of three values and the error bars are +
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Figure 3.8 Temporalchangesn the (a, d) aqueous and solid phase tolwemeentration$T xq)and

Tw) (green and black filled squares, respectively), (b, €) aqueous sulfate.gp®lack filled

gradient symba) and sulfide (HSyq) (yellow filled left triangles) concentrations, and (c, f) total
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microcosmsEmpty symbols and dashed lines represent targetrfreasured) concentrations or

trends, respectivelfeach timepoint represents the average of three values and the error bars are £ 1
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Chapter 1

1.1 Gener al background

Petroleum hydrocarbons (PHCs) are chemical compounds comprised solely of hydrogen and
carbon (e.g., monoaromatic compounds, such as benzene, toluene, ethylbenzene and xylene isomers
[BTEX]) which are globally produced and consumed as major constituegisatine. Due to their
widespread use, PHCs are frequently released into groundwater as a result of improper disposal,
industrial discharges, accidental spills or leaking underground storage tanks. PHC contaminated
groundwater is of concern due to the kmawxicity and carcinogenicity of many PHC compounds.
Therefore, there is an increased demand for the development and optimization of mass reduction or
removal technologies. Of the numerausitu andexsitu remedial options available (e.g., pump and
treat, biosparging, permeable reactive barrier [PRB], bioremedigtio®) 3, 4] sorption and/or
biodegradation are primary mass reduction and removal mechanisms commonly integrated into

treatment designs.

1.1.1 Sorption

Activated carbon (AC) is often used as a sorbent material in soipdiged technologies due
to theextensive pore volumehich provides darger internal surface areaéhe large internal surface
areaof AC allows for a high sorption capacity and improved contaminant partitioning from the
groundwater compared to other sorbent materials. Adaisufactured fronsarbon rich ravsource
materiat (e.g., coconut shells), and through chemical or physical (thermal) activatatiies are
removed which results itme high carbon content of AEollowing activation, tie resulting AC is
comprised of a carbon frame of void spaces that forms a randomly distributed pore network of
irregular shapes and siZés 6, 7, 8] The pore wall®f the AC(~0.002 to 0.01 um thigkarehighly
disordered and unhomogenizeshd made ofraphitelike platelets of hexagonal or pentagonal
carbon rings that are randomly oriented relative to one anothabstraticstructure)s, 9, 10, 11]
and held in place by van der Waals forf&sl2]. AC is classified as granular AC (GAQ)owdered
AC (PAC) orsuper fine PAQS-PAC) when theparticlediameter is withirthe range 00.2 to 5 mm
15t025 um[13]o r O [1%, 18] respectively.

Prior toexternalAC surface sorptioaqueous phase solute (sorbate) molecules are

diffusively transported through the boundary layer surrounding an AC particle surfadan(i.e.,
1



diffusion)[16, 17] Once the sorbate contacts the AC surface, the magnitude and type of AC surface
sorption is largely affected by the presence of functional groupsdergaxyl, lactone, phenol,
chromene, pyrongl8, 6]) or heteroatoms which ab®nded to free vacancies at the edge of the
graphitelike platelets or sites of broken hexagonal or pentagonal carbor{3ing3. Depending on
the solution pH relative to th@oint of zero charge (pid) of the AC, deprotonation (pH > pk) or
protonation (pH < pkky of surface functional groups may occur resulting in a negative or positive
surface charge, respectivg8, 6], andelectrostatic attraction for a cationic or anionic sorpéte
19]. In the absence of functional groupige characteristically nepolar AC particle preferentially
sorbsneutral, norpolar hydrophobic organitcompounds as compared to polar inorganic sp§sjes
AC surface sorption may occur throusfihong chemical bonding (i.e., ionic or covalent) or weaker
physical bonds (i.e., van der Waals forces, including didigele interactions and hydrogen
bonding)[20, 5]. For aromatic compounds such as BTEX AC sorption commonly occurs through
electron donoacceptor complex interactions between the aromatic ring of the sorbate (electron
acceptor) and functional groups or free vacancies on the AC (electron,dieraigition to physical
bonding[21, 17, 22, 23]

Although someexternalAC surface sorption occurs, most takes place intermdiigh is
initiated byconcentration gradients cang thesorbate molecules to diffuse inside an AC particle
when the internal sorbate concentration is lower relative to the surrounding external agueous phase
concentration. Internal transporttbie sorbatebegirs in macroporesvhich are pore openings
connected to the external AC surface (O 50 nm ir
internal surface area of the A€ 5% surface areandareconnectedo transitional pores referred to
asmesopore$2 to 50 nm in diameterMesopores are connected to the smallest size range of pores,
referred to asnicroporesft O© 2 nm in di ameter) which contribute
(O 95% s u[5, P4aA5]land sorpeod5). Microporesare classified as eitheupermicropores
(1-2 nm) orultra microporeg O 0 . [B, 26] timjraparticle diffusion of the sorbate persistsil
equilibrium conditions are reachgD], provided the molecules are small enough to fit inside the
pore spaces with limited diffusional resistafiz2] and the pore space is not blochksdunctional
grougs or crosslinks [26]. For smaller sorbate molecules, relative to largeleculesthe overall
sorption rate may be reduced during intraparticle diffudiosto longer diffusion paths in

microporeg5]. Once equilibrium conditions areachedinternal sorption occurs at sorption sites
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with higher binding energy relative to surface sorption duadliple internal contact points within
the threedimensional pore volume as opposed to the lower attractive forces associated with the two
dimensional particle surfa¢27].

In addition to properties of the AC sorbent material, properties of a sorbate which may
heavily influence the magnitude or capacity of internal or external sorption relative to another sorbate
include higher molecular weights and octanol water partitgpnoefficients Kow) [28, 21, 16, 29]In
singlesolute systems, differences in the magnitude of these propesitstovariable equilibrium
agueous and solid phase concentrations between sorbates. iaatutidtisystems competition for
sorption siteareintroduced between sorbates due to the limited number of active sites on the AC
relative to the singlsolute systems. Therefore, the sorbate maferentiallysorbedn the multi-
solutesystem(basecdbn chemicalpropertieswill occupythe greateshumberof the sorptionsitesat
equilibrium[29]. Variousequilibria models are used to describe sorbate sorption {@@C
including those listed in Table 1.1 for singlelute sorptionOf these models, the Freundlif31, 32,

33], Langmuir[29, 34, 35]or Sips[33] are commonly found to fit isotherm data well in AC amended
systems in contact with BTEX, and the Freundlich isotherm model is commonly used in more
complex systems with bioactivifg6, 37, 38, 39]



Table 1.1: Commonly used singtsolute sorption isotherm models in AC amended systems in contact with BTEX.

Isotherm model? Model Model assumption(s) details, and
parameters? application
Henryos n =00 0 Simplest sorption isotherm, limited to la@
and/or surface coverage.
Langmuir , nrLO A q o Homogeneousorbent surfaces, monolayer
p U O sorption.
Freundlich n =006 0 he Heterogeneous sorbent surfacesriable

energy at sorption sites, applicable for
multilayer sorption

ne o R Homogeneous and heterogeneous systems
sorption, monolayer sorption, combined
LangmuirFreundlich model (Freundlich at
low concentrations and Langmuir at high
concentrations).

Sips

RedlichPeterson 006 0 hdh Homogeneous and heterogeneous systems
n p &6 sorption, sorption over a wide range of
concentrations.

RadkePrausnitz " nrL O N M Sorption over a wide range of concentration

Notes

1. Referenced40, 13, 30]

2. geis the solid phase concentrati@yis the equilibrium aqueous phase concentratignis the maximum sorption capacity;
Ki, nr, andar are the sorption equilibrium constants; amsdT r, andmgrp are model exponents.

Just as internadC sorption isinitiated by concentration gradients between Itk aqueous
phase surrounding the AC particle and the intesoghate concentratiomithin pores, desorption is
prompted by similar concentration gradients. Specifically, desorption occurs when the anjes@is
concentration of a sorbate is higher than the external concentratian, rasgonseliffusion of sorbed
mass from poregersiss until new equilibrium conditions are reach&d]. Hysteresis occurs whesome
fraction of the sorbed mass does readily desorpresulting ina difference between the sorption and
desorption pathwayg1]. Hysteresis may be time dependent (reversibl@)dependent afime
(irreversible)[41, 42] Time dependent hysteresis may be causesidoy equilibrium timeg$32], or
physical sorption of the sorbate by weaker van der Walls forces of attri8&jar hydrogen bonding

[43]. Whereas, hysteresis independent of time may be duertmanent chemical bonds at high energy
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sorption site$38] or with oxygen containing functional grouf9, 44} or pore deformation and collapse
due tothepressure exerted on pore walls during sorptvbich maylead to solutentrapment during
desorptiof41, 42]

1.1.2 Biodegradation

Unlike sorption which reduces aqueous phase sorbate or contaminant concentrations,
biodegradation magompletely mineralize contaminarfb, 46] Many organic contaminants areadily
biodegraded aerobically by microorganisms, although these conditions are rapidly depleted due to the
thermodynamic favourability of oxygdA7]. As a resultanaerobic conditionare generatethat exhibit a
redox gradient based on the presence and distribution of other electron acceptors {e g NS
or HCOs). Reactions which yield the highest amount of energy are carried out first (g3 R& >
SQ2 > HCOs), and once a higher energy yielding condition is depleted due to the loss of an oxidizing
agents, the next highest energy yielding reaction is initfd@&d9, 50, 51, 52]Redox reactions between
electron donors (e.g., BTEX) aetectronacceptors (e.g., S®[53, 54, 55, 56, 5F]are initiated by
microbes which are genetically capable of expressing enzymes required to break the chemical bonds of
compounds involved in the reactifs8, 46] Some microbes are enzymatically capable of continued
metabolic function under different electron accepting conditi®ks Once bonds are broken, electrons
are transferred betwedime electrordonor which become oxidized and les¢ectrons, and thelectron
acceptor which become reduced and galactrons. As a result, biodegradationgrgducts or
metabolites are generated (eigtermediate$ormedfollowing fumarateadditionto the methylgroupsof
TEX [60] suchasbenzoate or benzoy$oA which isa common intermediathared betweeBTEX, and
benzylsuccinateynthase is the active enzyijed, 62, 63, 60, 46] and energy is released which
facilitates cell growth and maintenan@ompetitive inhibition may result when the biodegradation of
multiple compoundss involved in a single enzymatic pathway, such as the anaerobic biodegradation of
BTEX to benzoate. Under these conditions differences in the chemical properties, reaction rates or
concentrations between compounds often determine which substrate(s) erentiedfy biodegraded
first. Although, during metabolism of the primary substrate(shetabolism bthe other more
recalcitrant compounds can indirectly occur. In lower pathway reactions of the primary substrate,
enzymes typically become more specialized which thagresult in the accumulation of deadd

products from the secondary substratfg4).



In highly reduced, low energy yielding environments sulfate reducing bacteria (SRB) often
outcompeteacetogens or methanogens for common substrates (e.g., hydrogen and acetate) or inhibit
methanogenesiue to the kinetic and thermodynamic advantages of [6RB56, 67] However, the
coexistence or syntrophic relationships between SRB, methanogens and fermenters are common due to
interspecies specializati¢g®8, 69] where each microbe carries e@ettain biodegradation steps and the
metabolite(s) produced can be utilized by other members in subsequent rd@06tid6$ This is
commonly observed during interspecies hydrogen transfer (IHT), where electron donating microbes (e.g.,
syntrophic, fermentative or acetate oxidizlvarteria) reduce simple substrates to products (izpthbt
are shuttled to electron accepting microbes (e.g., hydrogenotrophic methanogens) for oxidation during the
reduction of carbon compounds (e.g.,A&0 methane (Ck [71, 72, 70] Limitations to IHT arise when
fast growing bacteria generate excessive substrates at toxic levels that can not be converted by slow
growing methanogens (e.g., accumulatiofpf 10*atm, resulting in thermodynamically unfavourable
conditions] G > (], making PHC biodegradation energetically unfeayitstevhen the slow molecular
diffusion of electron shuttles becomes rate limiting to biodegradpt®yriv4] Alternatively, electrons
can be transferred from direct e@dcell contact througlionductive pili anduter membrane-type
cytochromes or membraitmund transport proteisy direct interspecies electron transfer (DIET). This
process isess energy intensive given thhe requirement fometabolite production and exchange
through IHT is eliminate{l75, 76, 77, 78]

1.1.2.1 Compound specific isotope analysis

Biodegradation, dilution,dispersion, and sorption are processes occurring during natural
attenuation at contaminatsdes anccontribute to contaminant mass reduction.aBgist in determining
which masgeduction processeme responsible for reductions in contaminant concentratiamspound
specific isotope analysis (CSIA) is an effective tool. CSIA is used assuming that most isotope fractionation
occurs during biotic processes (i.e., biodegradation), while relatively little, if any, occurs dtharg
attenuatiorprocesses (e.gsprption dilution, dispersion, volatilization[79, 80, 81, 82] Fractionation of
PHCs occurs due to the elemental composition of these compounds which are comprised of carbon and
hydrogen, with eacklementhaving two stable isotopes (i.€°C/**C for carbon andH/?H for hydrogen).
During biodegradation, microbedten preferentially degrade the lighter isotope fraction of each element

(with weaker molecular bonds and lovaativation energies for the reactjcss compared to the heavier
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isotope fraction (with stronger molecular bonds and higher activation energies for the reabtain)

results in the nowlegraded fraction of the contaminant mass becosmnighed in the heavier isoto[&3,

84, 45, 85] Fractionation due to other processes, such as sorption (i.e., of enrichment or depletion of the
light isotopes during sorption or desorption, respectively) has also been rg¢g6rtgd, 88, 89]dthough

isotope shifts are less than for biodegraddi@zh 45] For CSIA to be an effective tool fractionation must

be detectable, although this is sometimes constrained by variation in detection sensitivity between elements
due to differences in relative mass between siabtepes. For example, the magnitude of fractionagon i

often much larger and more detectable for hydrogen relative to carbon due to the larger mass difference
between the heavy and light isotope fracti[@% 84]

To further discern which contaminant mass reduction processes or biodegradation pathways are
occurring the slope (i.eambda § ) betweerthe qa?H versusthe qai*C, usingdual isotope plotscan be
compared to known range$s in the literaturg90, 91, 92, 93, 94]Dual isotope plots eliminateon or
slightly fractionating ratdimiting steps (e.g., substrate uptake into cells or binding tenagme during
enzymatic reactionsthat potentially occur prior to thisotopesensitive bond change, generating an
apparent kinetic isotope effect (AKIE). The elimination of the AKIE, which is generally smaller than the
intrinsic kinetic isotope effect (KIE) (i.e., the difference in the reaction rates between heavy and light
isotope$, occurs given that carbon and hydrogen are assumed to be equally affected by potential rate
limitations. Once eliminateds is considered representative of the varidoissitu processes (e.g.,
biodegradation, chemical oxidation, volatilizat{®@b]). Specially, for biodegradatign i n dthedn#tidal e s
carbonhydrogen bond cleavage reaction associated with a specific catabolic pathwajueagate
addition by benzylsuccinate synthase), and a linear trend indicates a consistent reaction mechanism as
biodegradation proceefl®0, 91, 92, 93]

1.1.2.2 Quantitative polymerase chain reactions and next generation sequencing

Quantitative polymerase chain reaction (qPCR) and next generation sequencing (NGS) are tools
that provideenhanced monitoring of biodegradatiagPCR involves the detection and amplification of
purified fragments of deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequences within extracted
samples. Specific gene of interest are first targeted by primers added to reaction mixtures, aviiic all
the detection omicrobesknown to participate in certain biodegradation processes. The copy number of

replicated DNA is then quantified during successive amplification cycles which provides an estimate of the
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abundance of the detected organig8g]. Contrary to gPCR, NGS is a high throughput multiplexed
amplicon sequencing approach whickdigns amplified sequences to a known reference database of
organi sms, providing i nformati on related to the
taxonomic groups and community or insample diversity97, 98]

Commonly, the 16S ribosomal RNA (rRNA) gene is targeted by primers given it is universally
present in all bacteria and archaea and has regions of high conservation amenable to primer design as well
as regions of high variability that allow precise taxonordifferentiation between organisnjg9].
Amplification of more specialized genes that are specific to organisms or certain catabolic pathways can
also be used. For example, primers targetindotis#\, bamABr bcrA genes can assefwe diversity and
prevalence of the enzyme benzylsuccinate synthase or begbadyteductase, critical functions during
BTEX biodegradatiofi58].

1.1.3 AC particulate amendments for treatment of groundwater

The combined use of A@nd biodegradatiors well documented, with successful application in
biological AC (BAC) wastewater systems. BAC systems are predominantly operated under aerobic
conditions in the presence of GAC and used fotrétment of a range of contaminaimgluding organic
[36, 100, 101, 39%r chlorinated38] compounds. Relative to bioactive systems without AC, BAC systems
have been found to require less time prior to the initiation of biodegradation, and maintain lower effluent
concentrations during operational periods of increased flow rates or contamating)ldue to AC sorption
[36, 100, 101, 39]The premise of BAC technology has gained commercial popularity fointhitu
treatment of contaminated groundwdtE2, 103] when installed similarly tpermeable reactive barriers
(PRB) or biobarriers (BB)104, 105, 106] Specifically, a slurry of AC (e.g., PAC) and potentially other
additives (e.g., electroacceptors, cultured microbes, etc.) are strategically injected downgradient of a
contaminant source zone to createALC PRB capable of sequestering organic contaminants. The AC
maximizeshydrophobic organic partitioning from the groundwater and accumulates the contaminants to
several orders of magnitude higher relative to the surrounding aqueous phase. Following mass reduction by
sorption, mass removal of some contaminants is often r@ratite growth of a biofilm layer on the AC
surface. As the biofilm grows microbial ceflscret extracellular polymeric substances (EPS) (e.g., nucleic
acids, enzymes, proteins, polysaccharides and lipids) which strengthens cell attachment to the PAC surface

EPS are typically negatively charged due to the presence of functional groups, which contributes to the
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surface charge and sorption propert@sthe PAC [107, 108] The biofilm stimulates microbial
biodegradation of the agueous phase surrounding theati{€les, which in turn promotes the desorption
of sorbed mass from the AC due to the concentration gradient within the aqueous phase. In mature AC PRB
systems, continued desorption and aqueous phase biodegradation facilitates AC regeneration, and reduced
agueous phase contaminant concentrations are sustained due to continued paftiionik@p, 38]

Inan AC PRB systermitially the rate of sorption exceeds biodegradation and sorption is the
dominant, shorterm mass reduction mechanigmsulting in a depletion in the aqueous phase
concentration prior to exhaustion of the AC sorption capacity. Once the sorption sites of the AC are
saturated no further sorption occurs in a static system, while in a typical groundwater system an increase
in the agueous concentration downgradient of the PRB occurs (i.e., breakth@ucgnh microbial
community has formd (i.e., biofilm) within the PRBnass removal by biodegradation occurs with
perhapghe rate of biodegradation approaching the rate of sorption or desorption. In a mature system
biodegradation may become the dominant mass removal mecHa6isB8, 107, 13]however, theAC
sorption capacity may diminish as a resulinafeased biofilm thickness causing diffusional resistance
[37], or the alteration of AC surface properties dueBR& potentially filling porefl10, 13]

AC is a key component imn AC PRB given that the AC provides a protective surface for

microbial growth during biofilm formatiof86, 38, 111] The ACmayalsoreduce the lag time prior to
biodegradation given that microbial growth rates on AC have been found to be faster as compared to
other substratg86]. Additionally, the ACextends the residence time between the biofilm and sorbed
contaminantg&nd metabolic intermediatésie to continual desorption duribgpdegradatiof102, 108]
DIET mayalsooccur througtelectron exchange with trseirface of the AC (e.g., AC acts as an electron
acceptor or donor) and between microbes in the bigfilt@, 76, 78, 108]given that the AC is
conductive Relative to systems without AC, DIET is enhanced in AC systems as contact to the AC is the
primary connection required and less metabolic energy is exerted to form conductive pili or cytochromes
as described in Section 1.1122, 73] Geobacteiis arepresentative electresonatingbacteriumknown
to participate inAC-mediated DIET by transferring electrons to the [AC3, 112, 114, 77, 115, 116,
117]. WhereasMethanosaet§l12, 118, 117andMethanosarcingd76, 119, 117hre representative
methanogenand receive electrons from the AC &arcelerated substratenversion to CH[112, 114,
115, 108]



1.2 Objective and research questions

Although the combination of AGorption and biodegradation is well documented for the treatment
of wastewate[36, 100, 101, 38]application inn situ AC PRBsfor the treatment of contaminated
groundwater (e.g., with PHCs or chlorinated solvents) is relatively{h@2y 103] Given this, limited
scientific evidence exists regarding process behaviour and perforofancgtu AC PRBs Uncertainties
are primarilyrelated to the interplay betwe&@ sorption and biodegradati@md the longerm
behaviour othese processés AC amended systems, and if the presence of AC enhances or influences
biodegradation. To address these uncertainties specific research questions asked as part of this research

include:

Q1. Are AC sorptionisothermsgeneratedinderideal conditionsrepresentativef sorptionbehaviourin
bioactiveAC systems?

Q2. DoesAC influencemicrobialactivity during PHC biodegradation?

Q3. Doeshiodegradatiomegeneratéd\C sorptioncapacity?

Q4. DoesAC enhanceahebiodegradatiomateof PHCs?

Q5. How do bioactivesystemswith AC respondo variablePHCloading?

Q6. CanCSIA distinguishbiodegradatiorirom AC sorptionin bioactivesystems?

To addressQ1 to Q6 a serieslaboratory experimentswere conducted including isotherm,
microcosm(1-year)andcolumn(2-year)experimentsThe isothermexperimentsverefirst carriedout to
determinghe sorption(andsinglestepdesorptioncapacitiesandsorptionisothermsor a PAC in contact
with benzenetolueneando-xylene (BTX), eitheralone(singlesolutesystem)or combined(multi-solute
system). Additionally, the PAC particle size and structurewere characterizedand the sorption and
desorptiorequilibriumtimesof singlesolutebenzeneindtoluenewereapproximatedThe PAC wasthen
usedin microcosm and column experiments to investigate the-terrg AC sorption and anaerobic
biodegradation behaviour tdluene andBTX in single or multi-solute systemsespectivelyspecifically
under sulfate reducing and methanogenic conditions. Anaerobic microcosm experiments were performed
to represent simplified stagnant system behaviour under ideal conditions, where AC dosing, PHC loading

and contact time were controlled. Whesemaerobic column experiments were conducted to provide a
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more realistic representation of a dynamic field scenario, and to minms#agroundwater system where
an AC PRB was installed.

To addres®Q1 single andmulti-solutesorptionisothermmodelparametergor BTX andthe PAC
werefirst developedinderidealconditionsin theabsencef bioactivity. Thesingle andmulti-soluteBTX
isotherms were then directly comparedto single or multi-solute aqueousand solid phase BTX
concentrationdata generatedrom the microcosmexperimentgo determineif the ideal isothermsare
representativef the sorptionbehaviourin bioactivesystemsQ2 was addressed from both microcosm and
column experimental data, by comparing changes iRH@€,geochemical (primarily sulfate, sulfid€Q,
and CH4) and molecular (i.e., gPCR and NGS) parameters monitoeegdeenbioactive (and abiotic)
systemswith andwithout PAC to determindf the presencef the PAC influencemicrobial activity during
PHC biodegradationQ3 was addressedrom the microcosmexperimentaldata, wherethe single and
multi-solute solid phaseconcentration®f tolueneor BTX were directly measuredver the monitoring
periodto determineif the solid phasetolueneor BTX concentrationsare reducedor the PAC sorption
capacitiesfor each solute are regeneratedvith bioactivity. Q4 was addressedrom the microcosm
experimentaldata, by comparingthe zeroorder rate constantsor tolueneoxidation coupledto sulfate
reductionbetweenbioactive systemswith and without PAC to determineif the presenceof the PAC
enhanceghe rate of toluenebiodegradationQ5 was addressed from the column experimental dsta,
comparingchanges irthe effluent toluene orBTX concentrations during sequentially increased influent
concentrationdetweenbioactive (and abiotic) systemswith and without PAC to determinehow the
bioactivesystemswith AC respondo variablePHCloadingrelativeto the others(i.e., abioticwith AC or
bioactive without AC). Q6 was addressed from the column experimental data, by comparing changes
primarily in effluenty2H-B, T,X (in addition to) *2C-B,T,X) betweerbioactive(andabiotic) systemswith
and without PAC to determineif CSIA can distinguishbiodegradatiorfrom AC sorptionin bioactive
systems.

Collectively. the compiled data set addressing Q1 to Q6 can be used to help infor&Chow
particulate amendmenkehave inn situ anaerobic systems in contact with PHCs, and more specifically
with regards to the interplay betwettuene oiBTX sorption and anaerobic biodegradation under sulfate
reducing and methanogenic conditions. These data will also provide an enhanced understanding of the long
term behaviour and system performanc@&®Gfparticulate amendmenits bioactivesystemsandhow the

addition of AC may enhance or influence biodegradation relative to systems without AC.
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13 Thesis scope

The remainder of this thesis is comprised of four (4) additional chafiieasmter2 discusseshe
PAC particlecharacterizatioifsizeandsurfacestructurg, batchisothermexperimentgsorptionandsingle
step desorption)and the sorption and desorptionequilibrium times. Chapter3 describeshe araerobic
microcosmexperimentscomparingbioactive microcosmswith and without PAC, and with and without
additionalelectronacceptorgEA) for a simple single-solutesystem(tolueneonly) anda more complex
multi-solutesystem(BTX). Chapte presentsheanaerobicolumnexperimens comparingcolumnswith
sorptionor bioactivity alonerelativeto acombinatiorof sorptionandbioactivity for single-solute(toluene
only) and multi-solute (BTX) systems The microcosmexperimentsran for one year, and the column
experimentanfor approximatelytwo yearswith detailedmonitoringconductedduringYear-2. In Chapter
3, timeserieslatafor tolueneandBTX andgeochemicaparametergsulfate,sulfide, totalinorganiccarbon
[TIC], CHa, pH, the oxidationreductionpotential[ORP] and dissolvedoxygen[DO]) arediscussedand
moleculardata(gPCRand NGS) collectedat the end of the 1-year monitoring periodis presentedin
Chapter4, the sameparametersas the microcosmexperimentsvere monitoredduring Year2 and are
described, in addition to temporal CSIA results. Finally, Chapter 5 provides conclusions and

recommendations pertaining to the research conducted.
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Chapter 2

Powdered activated carbon sorptio
benzene, t oolxwd reeneand

21 I ntroducti on

Of the many sorbent materials available (e.g., resins, activated carbon [AC], zeolites, etc.
[120]), AC is favourable given the large internal surface area primarily due to the high proportion of
small diameter pores (i.anicroporeshatareO 2 nm in di ameter) that comp
volume[24, 25] The large internal surface area allows for solute sorfijowhich isinitiated due to
concentration gradientsetweerthe solute(s)n the area surrounding and within th€ ASimilarly,
desorption of the solute(s) back to the area surrounding the AC is also initiated by concentration
gradients. For both the sorption and desorption processes solute diffusion will continue until new
equilibrium conditions are reachgiB]. The magnitude of sorption and desorption of the solute(s) to
and from the AC areontrolled by theohysical and chemical properties of the sorbent (e.g., presence
of functional group$18, 5, 6) and the solute(s) (e.g., molecular weights and octanol water
partitioning coefficientsKow) [28, 21, 16, 29]that are in contact.

Although the equilibrium sorption and desorption characteristics of benzene, tolueae and
xylene (BTX) in contact with activated carbon (ACkleeen investigated by othdi&l, 37, 36, 34]
this inquiry focusd on defining these characteristics for a spe®#C. Initially, imagesof the PAC
weregeneratedisingenvironmentascanninglectronmicroscopy(ESEM)to characterizéheparticle
surfacestructureandsize Thenaseriesof single-solute(benzenetolueneor o-xylene)andmulti-solute
(BTX) sorptionexperimentsvereconductedo generateequilibriumisothermsandmodelparameters.
Theisothermaverethencomparedo morecomplexsystemswith bioactivity (discussedn Chapter3)
to determineif the singlesolute (tolueneonly) or multi-solute (BTX) sorption isotherms are
representativeof the sorption behaviourin bioactive AC systems(addressingQ1 [Section 1.2]).
Additionally, singlestep desorption equilibrium behaviour was assessedand the sorption and

desorptiorequilibriumtimesof singlesolutebenzenaandtoluenewereinvestigated
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22 Mat eramdest hods

WPCPAC (CalgonCarbon Pittsburgh PA, USA), avirgin coconutbasedhermallyactivated

product,wasusedasreceived(seeTable2.1 for typical physicalandchemicalproperties).

Table 2.1: Physical and chemical properties of WPC powdered activated carbon (PAC).

Properties Value Reference(s)

Ash content 18 wt. % (max) [121]

Moisture content 8 wt. % (max) [121]

< 325 US mesh (0.045 mm) 90 wt. % (min) [121]

<100 US mesh (0.150 mm) 99 wt. % (min) [121]

lodine number 800 mg/g(max) [121]

Point of zero charge (pk) * 10.1 [122]

Particle diametet 13.1 um [123]

BET surface ared 801 nt/g, 996 ni/g [124], [123]

DFT surface area 853 nt/g (slit-pore), 1355 rfig (cylindricatpore) [123]

DFT Micropore volume (< 0-2 nm)* 0.31 cni/g, 0.37 cri¥g (slitpore), 0.4 crilg [122], [123],
(cylindricalpore) [123]

DFT Mesopore volume (24 nm)* 0.04 cnilg [122]

DFT Mesopore volume (35 nm)* 0.011 cn¥/g (slit-pore), 0.015 crifg (cylindricat  [123], [123]
pore)

DFT Total pore volumé 0.32 cni/g, 0.35 cn¥g, 0.38 cni/g (slit-pore), [124], [122],
0.42 cni/g (cylindricakpore) [123], [123]

% of micropore volume 89%, 90.5% [122], [124]

Notes:
1. Atneutral aqueous phase pH (7) the net surface charge of the PAC is positive due to protonatjphlgH¥25,
23,19]

2. Particle size was measured by laser diffraction using a Horib8d0Naser particle size analyzer.

3. TheBrunauer, Emmett and Teller (BET) theory or density functional theory (DFT)uwsedto determine the surface
area of internal porefsom gasphasesorption equilibria data

4. TheDFT wasusedto determine the internal pore volume and pore size distribfrtbamgasphasesorption equilibria
data.

Analytical grade benzene (EMD Millipore, China), toluene (EMD Millipore, Darmstadt, DE)
ando-xylene (BDH Limited, Poole, ENXY 99 % pur ity Ywene usadasthequeomp ounds
phasesolutes.

Theatrtificial groundwater (AGWgonsisted of: ammonium chloride, sodium chloridgvRr,

BDH Chemicals, Padnor, PA, U$Amagnesium chloride, manganese (ll) chloride, potassium
dihydrogen phosphate, sodium sulféégma Aldrich, St. Louis, MO, USAcalcium chloride EMD
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Millipore Corporation, Darmstadt, HE, DEnd monosodium phosphatégher Scientific, Waltman,
MA, USA) (see Table A.Tor details).

Dichloromethane (DCM) SigmaAldrich, St. Louis, MO, USA, mluorotoluene $igma
Aldrich, St. Louis, MO, USAand 2fluorobiphenyl Chem Service, West Chester, PA, U%25 mg/L)
were usedor sample analysissodium aziddEMD Millipore Corporation, Darmstadt, HE, DEjas

used as a biocide during the desorpgaperiments

2.2.1 PAC characterization

ESEM wascarriedout usinga QuantaFeg 250 environmentakcanningelectronmicroscope
(Field Electron and lon Company, Hillsboro, OR, USA). The PAC sample was preparedby
homogeneouslgpreading-1 mg of dry PAC onto a sterilizedmetal mountaffixed with conductive
doublesidedcarbontapeandremovingany excessinadheregbarticlesfrom theadhesivesurface The
mountwasthenloadedontoa sampleholderandtransferrednto the microscopeehamberfor imaging.
Image analysisof a scalecalibratedESEM image was performedin ImageJ (Fiji 1.53) using the

Measure and Label macto measure features within the tdamensional image frame.

2.2.2 Sorption and desorption equilibrium capacity

A series of sorption and singsep desorption experiments were conducted to determine the
equilibrium capacity between PAC and BTX in both sirgéute (benzene, toluee o-xylene) and
multi-solute (BTX) systems. Stock solutions of benzene, toluene andAdene were prepared by
addingthe requiredrolume of eaclpure phaseompoundnto vigorously mixingAGW, representative
of a simplifiedgroundwatersolution (see Table A.1 for the AGW recipe) (the volume of singie
multi-solute BTX added to the AGW was variable, dependent on the total solution volume and final
concentration)After the pure phasadditionof BTX, the stocksolutions were sealed with Tefldined
rubber stoppersThemo Fischer ScientifioWaltham, MA, USA) and mixed on a-RIAG HS 7
magnetic stirrer (IKA Staufen im Breisgau, DHor at least 12 hours. Following mixing, teeck
solutions were used to immediately fdl subset otlear glass 160 mL serum bottlpsepared in
triplicate (Pierce Chemical Company, Rockford, IL, UBAith eitherthe single-solute or the mulki
solute (1:1:1 concentration ratio of the singldute concentrations) solution prepared to the highest

aqueous phase concentration of 25 mg/L (normal véses) Table A.2 for the experimental design).
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Oncethesubset ofriplicate sets of serum bottles wdileed with the highest solution concentrations
the BTX stock solutions were dilutéal 12 mg/L (nominal valuayith freshAGW, andthe nextsubset
of serum bottleprepared in triplicate werfdled. Dilutions of theBTX stock solutios were repeated
several timeso successively lower concentratiqd®, 6, 3 and then 0.5 mg[bominal valuep (see
Table A.2 for theexperimental desigrandserum bottle filling continued until aBubsets obottles,
designated to be filled with each successively lower aqueous concentvaienfilled. The serum
bottles were preloaded with either 10 mg of PAC or without PAC (control). The PAC and control serum
bottles were filled without headspace and capped with crimp caps fit with 24 mm-Teddrsilicon
septa Restek, Bellefonte, PA, USAAIl serum bottles were then loaded on a platform rotary shaker
(Barnstead Thermolyn®ubuque, I1AUSA) at 100 to 150 rotations per minute (RPM) for 24 hours to
ensure continuous mixing. Following shaking, the serum bottles were left to stand for an additional 24
hours (48 hours total) to allow any suspended PAC to settle from the aqueoudrphasgplemental
investigation to ensure that the PAC settled from solution following the settling p&fianiL of
supernatant was removed from several serum bottles and ultracentrifuged which confirmed no PAC
was present in the solution phase.

To determine sorption equilibrium aqueous concentratidhaenL. samplgof the aqueous phase
weretransferred from the 160 mL serum bottles to 20 mL glass screw te$@lSpec, Hanover,
MD, USA) preloaded with 1 mlof DCM containing internal standards wifluorotoluene and -2
fluorobiphenyl (25 mg/L). Aqueous samples were transferred from the 160 mL serum bottles to the 20
mL sample vialsising a 20 mL glass syringe with a ldeck fitting attached t@n 18gauge stainless
steel needldAce Glass, Vineland, NJ, USAThe sample vials were then sealeith Teflon lined
silicon septa screw caps (Chromspec, Brockville, ON) and hoallphbaded on a platform rotary
shakerat 350 RPM for 15 minutes. Following shaking, the vials were left to stand for 10 to 30 minutes
to allow the DCM and water phases to sepatd$ing a dedicated glass microliter syrirgfgamilton,
Reno, NV,USA) 0.7 mL of the DCM phase was removed from the sampleataldransferred to 2 mL
glass autosampler vialg\R, Padnor, PA, USAsealed with Teflo#ined screw caps in preparation for
analysis bygaschromatographyGC).

To generate aqueous data representative of a single desorption step, the remaining agueous
phase in the serum bottles (~140 mL) was decanted using a 20 mL glass syringe wiliica fiténg

attached t@an 18gauge stainless steel needle, while ensuring minimal disturbance of the settled PAC.
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Fresh stoclAGW was then added to the serum bottles by filling without headspace (160 mL), and the
bottles were crimp capped. The serum bottles were shaken, sampled for the gsseysnd
extracted similarly as described abofgg the estimation of sorption equilibrium aqueous phase
concentrations

To estimate the sorption equilibrium solid phase sorbed concentration of benzene, toluene
and/oro-xylene on thd?AC a replicated set of all serum bottles with PA€repreparedshakenand
fully decanted identically as for the set constructed for agueous phase sorption and de@beption
agueous phase was not measured prior to decantihg)remaining PAC was then saturated by the
addition of 1 mL of DCM (containing+fluorotoluene and-2uorobiphenyl [25 mg/L), and the sem
bottles were resealed with crimp caps and verticallyddad a platform rotary shaker to agitate the
PAC and DCMatO RPM for at least 1 day (typically-8 days). Following shaking, 0.7 mL of the
DCM was transferred to 2 mL autosampler vials, following the same procedure described above for the
estimation of sorption and desorption equilibrium aqueous phase concentrations.

The equilibrium solid phase sorbed concentratidreozene, toluene andiixylene remaining
on thePAC following the single desorption step was estimated from the same serum bottles used for
aqueous phase sorption and desorption samfltmg serum bottles were fully decanted and extracted
similarly as described above for the estimation of sorption equilibrium solid phase sorbed
concentrations

All aqueous and solid samples were analysed on an Agilent 7890A gas chromatograph system
equipped with a flame ionization detector (FID) and an Agilent Sampler 80 autosampler. Three microliters
(3 yL) of the sample extract were inject@dsplittess modento a0.25 mm x 30 m DB5 capillary
column with a stati onar yrheghromatagraghic domditiandwmiere:R1%°€s s o f
injection port temperature, 35°C initial column temperature (held for 0.5 min), 15°C/min heating rate,
300°C final temperature (held for 2 min), 325°C detector temperanotel mL/min column flow rate
with helium as the gas carrier. Reagent water blanks were analysed for quality assurance and quality
control (QA/QC), and calibration standards were prepared in triplicate and extracted in the same manner
as described for thequeous samplg426, 127] Data integration was performed with a Chemstation
chromatography data system. Aqueous phase method detection limits (MDLY) &#e8e € g/ L, 49 ¢
and 4 %or bergénd, toluene amexylene,respectivelyand t he sol i d phase MDL

for benzene, toluene amexylene.
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The sorption equilibrium mass of benzene, toluene anddexylene per gram of PACH)

(mg/g) was indirectly estimated from the difference between the aqueous phase concentration in the
control and PAC serum bottles, as given by

n 0 0 wla (2.1)
whered s the initial or aqueous phase concentration of solutéhe control bottle (mg/LY) is

the sorption equilibrium aqueous phase concentration of satuthe PAC bottle (mg/L)x is
the mass of PAC (g) and thes the aqueous phase volume (L).
The desorption equilibrium solid phase concentration of salgte (mg/g),was estimated

as give by
n 0 0 0 ik (2.2)
where Oj o 629 representshe solid phaseoncentration of solutieon the PAC at sorption

equilibrium and0 is the desorption equilibrium aqueous phase concentratisalutei in the PAC

bottle(mg/L).
The nonlinear Freundlich isotherm model, whiatescribes multilayer sorption on
heterogeneous surfaces with a limited number of sorption sites afnifomm, variable distributions

of energywas assumed to represent fheandO data of each soluieas given by
n =0 (6 t& (2.3)

wherev ([mg/d[L/mg]") andé (dimensionless) are the sorption capaaityl intensity,
respectivel\j128], for a solute, and weraletermined by fitting Equation @.to thery and0 data

by nonlinear regression.
For multisolute BTX sorption, themproved simplified ideal adsorption solution (ISIAS)
model[129, 128]was assumed to provide representafivevhen using th& dataof each soluté

in the multisolute systenas given by
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A= 0 5 B —& (2.4)

wherel and¢ are the singlesolute model parameterfsdm Equation (23)) for each solute, 0

B —

and¢ 5 are the average valuef0 and¢ |, respectivelyanda is the competition
factor (dimensionless) for each solutbatareincorporated into the modahdaccouns for non
ideal competition between solutes for heterogeneous sorptionTdites values were determindxy
fitting Equation (24) to the multisoluterjy and® data by nodinear regression.

To determine the error associated with the Freundlich or ISIAS model fitsdhmean
square error (RMSBE)yere estimated for each ndinear regression, as given by

RMSE = > (25)

wheregex, andgmoedeiare the experimental (from Equation (2.1)) and model (from Equati8ngi2.
Equation (24)) generated estimatespf , respectivelyN is the sample size and P is the number of
parameters fit by the regression. Smaller, relative to larger values,RMEE indicate the model
betterrepresergthe daa[130, 33]

2.2.3 Sorption and desorption  equilibrium time

To evaluate théme to sorption equilibrium fobenzene and tolueme single solutesystems
multiple triplicate sets of control and PAC serum bottles were prepacktlled with stock solutions
of each solutat a low and high concentratidire., nominally 3 and 30 mg/L) so that each triplicate
set could be sequentially sacrificially sshmpled at successive timepsifite., 0.5, 2, 4, 8, 24 and
48 hrs) (see Table A.2 for the experimental design). The serum bottlethemsbaken, sub
sampled, extracted and analyzed as described above for the bottles prepared to estimate the sorption
equilibrium aqueous phase concentrations of BTX (Section 2.2.2). The solid phase sorbed mass of
benzene or toluene on tRAC werealsoestimated from the same serum bottle by decanting the
remaining agueous phase, adding 1 mDGM, and shaking the serum bottles as described above

for thoseprepared to estimate the desorption equilibrium solid phase concentrations of BTX (Section
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2.2.2) The DCM phase was then transferred to an autosamiglemdanalyzed by GC as described
in Section 2.2.2

To estimate théme todesorption equilibriunfior benzene and toluen single-solute
systemsa replicated set of serum bottles were prepared for aqueous and solid phssaEup
with two additional triplicate sets of bottles added. The serum bottles were prepared identically as
described above for the sorption equilibrium tif@senzene and toluene, although these serum
bottles were left on the platform rotary shaker for 24 hours then left to stand for an additional 24
hours (48 hours total). The bottles were then decanted and refilled wittAE&8H160 mL) and 0.5
mL of a 10% solutionfosodium azide to prevent microbial growth and potential aerobic
biodegradationSerum bottles were then shaken, left to standsanfipled, decantedxtractedand
analyzed like the bottles prepared to estimate the sorption equilibriumftinieEnzene and toluene,
although aqueous phase sacrificial-sampling took place over a longer total duration (i.e., 0.5, 2, 4,
8, 24, 72, 216 and 720 hisee Table A.2 for the experimental desidri)e solid phase sorbed mass
of benzene or tolueneanethen estimted from the same serum battiend following the same
methodology as described for the bottles prepared to estimate the sorption equilibrium times.

The mass of benzene or toluene per grafRAE ateach sorptiosamplingtime, 7  (mg/g),
were indirectly estimated from Equation (2.1), whafe andd were replaced with) ando ,
respectivelyrepresenting the temporal sorption dateemass of benzene or toluene per graRAC

at each desorption sampling timg¢ (mg/g), wereindirectly estimatedrom Equation (2.2), where

n ,0 andd were replaced withh ,6 ando , respectivelyrepresenting theemporal desorption

data

2.2.4 Mass balance

Mass balance between the measured aqueous and solid phases was considered to account for
changes in mass potentially resulting from (1) PAC removal during repeated aqueous phase decanting
steps from the same serum bofdg], (2) BTX volatilization from the aqueous phase during decanting

or sampling or 3) inter bottle variations i® (between control and PAC bottles) m#ac (between

replicated aqueous and solid phase bottles [pertaining to equilibapatityexperimend] or sorption
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and desorption bottles [pertaininghe equilibrium timeexperiment]). For sorptionthe absolute mass

lost or gainedd (mg), was estimated for each solutas given by

0 _— PTT (2.6)

wherel was found from the difference between the mass of saluthe aqueoys)  (mg), and
solid, 0 (mg), phaseselative to the totainitial mass of soluté in the control bottled (mg), and
averaged across all samples (of varying, or timeat constand ). For desorptionthe absolute mass

lost or gained( (mg),was estimated for each solutas given by

0 pPTT (2.7

whered was found from the difference between the mass of sointéhe aqueoys)  (mg),
and solid0d  (mg), phaseselative to the total initial mass of solutsorbed to the PAC0O

0 (mg), and averaged across all samples (of varfing 0 , or timeat a constan(D

o ).
23 Resul t di sacnuds si on

2.3.1 PAC characterization

GreyscaleESEMimagesof PAC areshownin Figure 2.1 Figure2.1(a,b) showsarough,
irregularparticlesurfacewhichis characteristiof thermallyactivatedamorphou$?AC [24], and
Figure 2.1c) showsa heterogeneougarticlesizedistribution.On the surfaceof the particlesshown
in Figure 2.1c), nine potentialexternalporeopeningsvereidentified (locationsindictedby red
outlines),andthe meandiametewasmeasuredo be0.8+ 0.3 pm (i.e.,macropore§ O 0. &, Om] )
25]. The mearparticlediameter of 1particles with clearly defined edges Figure 2.1(¢ werealso
measure@ndfoundto be11.5+ 4.4um (measurements shown in FigurelA.The mean particle
diameter isimilar to thevaluedeterminedyy S. Hakimabadi{2023)usinglaserdiffraction (Table
2.1)[123] andwithin therangeof commercialPAC (i.e., between 15 to 25 pii6]).
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Figure 2.1: Environmentakcanning electron microscopy (ESEM) generated images of WPC powdered activated
carbon (PAC) at (a) 500 nm (82 000 x), (b) 1 um 833 x) and (c) 20 um (00 x) scales (magnifications).
Location of potential pores openings on the PAC particle surfaces in (deatéied with red outlines

2.3.2 Sorption and desorption

23.2.1 Single -solute sorption and desorption  equilibrium capacities

The sorption and desorption equilibrium capacitiesesfzene, toluene amexylenein single
solutesystemsare shown on Figure Za-c) for six initial aqueous concentratiors () (i.e., 0.4+ 0.1, 2.6
+0.4,5.8£ 0.6 8.8+ 1.3 11.6+ 0.7and 24. % 2.2mg/L [average between solutgsfFor each solute, at

low 6 sorption is dominated by ndimear partitioning to the solid phagg ). Asé increasegor a
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constant PAC mass the changejindecreases while the aqueous phase equilibrium concentr@tipn (
increases due to the lower availability of sorption sites on the[B8Q31] The Freundlich isotherm
model, assuming multilayer sorption on the energetically heterogeneous PAC surface, was used to
represent the sorption data (see Figuéax) for the Freundlich model fits to the singlelute data, and
Table 22 for the besfit 0 and¢ estimates of each solute and BMSE of the regressignFrom

Table 2.2the magnitude of the ([mg/d[L/mg]") decreased following X > T > Bvhereas
(dimensionlessjlecreaseth reverse order following B > T > X. Bidifference in the magnitude of the
Freundlich model parameteie each solutsuggest thabd-xylene was sorbed the most and occupied the
largest fraction of sorption sites at equilibrium, followed by toluene then benzene in thessingge
systems. The difference in sorption between solutes is attributed to the difference in the magnitude of
chemical properties (e.g., high molecular weight and hydrophobicity generally yields higher sorption and
lower aqueous phase concentrations at equilibr[@y)21, 16, 29]see Table A.3 for the chemical
properties of BTX).

For each solute, the singdelute desorption results for BTX (Figur@@-c)) show that
desorption is concentration dependent, with more mass transfer occurring duringtspglesorption
for data corresponding to highgr for a given0 relative to lower| . Between solutes, less change in
N occurred between sorpti@r) ) and desorptiony ) for o-xylene (Figure 2(c)) relative to toluene
(Figure 22(b)) followed bybenzene (Figure 2(a)). The smaller change in for o-xylene indicates that
a larger fraction of this solute did not readily desorb off the PAC and back into the aqueous phase after a
single desorption step. Comparatively, benzene shows the largest chgndetween the sorption and
desorption processes for a given which is attributed to the lower affinity of this solute to the PAC. As
described for singlsolute sorptiongifferences in the magnitude of desorptimiween soluteis due to
the difference in chemical properties between sol@&s21, 16, 29[see Table A.3 for the chemical
properties of BTX).

For all solutes, the singolute desorption data lie outside of 8% confidence envelopes
surrounding the singisolute sorption isotherms which suggests the desorption process may diffe
relative tosorptia, indicative of hysteresi82, 41, 132] However, given the limited nature of the
desorption data, representiogly one desorption step as shown in Figu&é&c) (indicated by solid
lines adjoining the sorption and corresponding desorption data for adgivevith arrows representing

the direction of concentration changetween processes), hysteresis has not been fully explored.
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Figure 2.2 Sorption andinglestep desorption equilibrium capacities for singtdute (a) benzene, (b) toluene andogylene, and multsolute (d) benzene, (e) toluene and{Rylene in contact

with WPCpowderedactivated carbon (PACE.e on the x axis represents the sorption or desorption equilibrium aqueous phase concentration (mag/bi), goedy axis represents the sorption or
desorption equilibrium solid phase concentration (mg/g). The 1suiltite sorption data are numbered in order of increasing initial aqueous phase concentration for eath)salntetiie multi

solute sorptiond andr ) or desorptiond andr ) datafor each solute are dependent on the sorption and desorption data of the other solutes, corresponding o thgisgl®end multi

solute sorption equilibrium data are represented as filled (a, d) red triangles for benzene, (b, €) green squares &orddtydhblue circles far-xylene, and the singlstep singleand multisolute
desorption equilibrium data are represented as filled diamonds with the same colours used to represent the sorption @gtalfiori each solute. Solid lines connect the sioglmulti-solute

sorgtion and desorption data, and arrows represent the direction of concentratige tietween processes. The standard deviation of triplicate measurements is representedb@ss on each

data point. The singisolute Freundlich isotherms with 95% confidence envelopes (black solid bands) are represented as solid coloured Ingeéajmeldidor benzene, (b) green for toluene, and
(c) blue foro-xylene. The multisolute improved simplified ideal adsorption solution (ISIAS) model fit to the aaltite6 andr] datafor each solute, are represented as unfilled gradient symbols
above or below each data point.
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Table 2.2 SinglesoluteFreundlich(b and¢ ) model parameterfor benzene, toluene amexylene (BTX)
andmulti-solutelSIAS competition factoréa) for BTX in contactwith WPC powdered activated carbon
(PAC) = confidence intervals (Cl), and theot mean square error (RMSE) of the regressions

Benzenet CI Toluenez+ ClI o-Xylene £ CI
Single-solute
O ([mg/g][L/mg]n) 36.1+ 3.8 88.2+ 7.7 132+ 20
¢ () 0.484+ 0.045 0.421+ 0.044 0.371+ 0.099
RMSE 249 5.26 145
Multi -solute
a () 1.42+0.38 1.43+0.16 1.08+ 0.078
RMSE 12 12 12

The0  for singlesolute benzene, toluene amatylene were 1.2 1%, 9.6+ 5.8% and 5.5
+ 3.3%, respectively, for sorption (Figure Za)) andthed for singlesolute benzene, toluene and
o-xylene wereb.5+ 6.6%, 7.3 5.4% and 2.6 1.%%, respectively, for desorptidirigure A2(b)),
indicating minimal mass was lost or gained (see Table A.4 far theandd  estimates
corresponding to eadh ). Additionally, ther) andr} indirectly estimatedrom Equation (2.1) and
(2.2), respectivelyusing aqueous phase datsus the direcheasurementsom solid phaselata
are shown in a scatterplotkigure A3 (in addition to all data generated from the experiments
described irSectiors 2.2.2 and 2.2)3 Thesimilarity between the indirect and direct estimateg of
andry in Figure A3relative toa 1:1 line indicasthat the indirecestimates areepresentative of

the observed solid phase concentratimmg are therefore considered reliableen used in

determining the Freundlich model parameters.

2.3.2.2 Multi -solute sorption and desorption equilibrium capacities

The sorption and desorption equilibrium capacitieBDX in contact withW/PC PACin the
multi-solutesystemare shown on Figure Zd-f) for six6 (i.e., 0.5+ 0.03 2.9+ 0.2 6.3+ 0.5, 10.6
+ 0.8 13.4+ 1and 26.2+ 1.7mg/L [average between solut@sln Figure 22(d-f), the equilibrium

concentrationsd( andr] ) for each solute are dependent on those of the other solutes in the multi

solute systemniike singlesolute sorption (Figure 2(a-c)), Figure 22(d-f) shows that the magnitude
of multi-solute sorption betwedheaqueous and solid phases followed X > T > B. Therefore, given

thato-xylene occupied the largest fraction of sorption sites on the PAC this solute was preferentially
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sorbed in the presence of toluene and benzene, and thereby limited the availability of sorption sites
for the other less preferentially sorbed solutes (toluene, then beli2én&28, 29] The ISIAS
equilibria model, assuming competitive sorption and accounting ferdeah competition between
solutes for heterogeneous sorption sites on the PAC, was used to represent the sorption data (see
Figure 22(d-f) for the ISIAS model fits to the mulBolute dataandTable 22 for the besfit a;
estimates of each solute and RMSE of the regression). The ISIAS estimateg; obnfirm
competitive sorption was more ideal fexylene (1.08 + 0.078), relative to toluene (1.43 £ 0.16) and
benzeneX.42 + 0.38), as the value affor o-xylene was closer to unity. For toluene and benzene,
although sorption sites on the PAC were equally accessible to these solutes the a(ues afore
distant from 1)ndicate multisolutesorption was more distant from ideal competition wiudnene
and benzeneere in the presence ofxylene[129, 128] Relative to the singtsolute systemdess
sorptionoccurred for each solute in the midblute system with the differencethe magnitude of
sorptionbetween systems and solutes following B > T I Kereforethe sorption capacity of all
solutes was reduced in the midtlute system when other competing solutes were present (at
equivalentd [1:1:1]), and a greater number of sorption sites were unavailable to the solutes of lower
singlesolute sorption capacities (i.e., benzene then toluene) relative to those of singg¢esolute
sorption capacity (i.eq-xylene)[29, 33] Similar to the singlsolute systems (Section 2.3.2.1),
variation in chemical properties between solutes controls the-snliliie competitive sorption
dynamicg28, 21, 16, 29[see Table A.3 for the chemical properties of BTX).

The multisolute desorption results for BTX are also shown on Figi(e-2), which
represent a single desorption step (indicated by solid lines adjoining the sorption and corresponding
desorption data for a giveén , with arrows representing the direction of concentration change
between processes). Similar to the sirgplute systems (FigureZa-c)) described in Section
2.3.2.1, the magnitude of mukblute desorption followed B > T > X due to the differences in
chemical propertiebetween solute?8, 21, 16, 29]see Table A.3 for the chemical properties of
BTX). Additionally, as was described for the singldute desorption data (Section 2.3.2 A¢, t
multi-solute desorption data are dissimilar relativentdti-solutesorption data for each solute (i.e.,
n ando , for sorption andhecorresponding desorption data for a given differ between
processes) which iadicative of hysteresiAlthough, giverthe multi-solute desorptiodata

represent a single desorption step hysteremaot been fullyexplored.
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The0 for benzene, toluene amexylene were 4.1 2%, 8.3+ 2.26 and 8. % 4.5,
respectively, for sorption (Figure Zc)) andthe O for benzene, toluene awdxylene were29.6+
37.®h, 12.2+ 14.60 and 7.1+ 5.5%, respectivelyfor desorption (Figure &(d)) (see Table A.4 for
the and0 estimates corresponding to each). Like the singlesolute system (Section
2.3.2.1), these data show minimal mass was lost or gained for all solutes durirgphatdtisorption.
Although, during multisolute desorption the  increased for benzene and toluene, \thith
greatest increase for benzenetiglowerd for benzene (0.5, 3, 6.6 and 11 mg/L) and toluene (0.5,
2.6, 5.8 and 9.7 mg/ltheaveragea) for benzene (5.6 6.9%0) and toluene (5.8 2.1%) werelow.
However, at the higher for benzenei4 and 27.5 mg/Land toluenel2.2 and 24.3 mgjLthe
average) for benzene (77.% 7.9%4) and toluene (26.4 21.8%) increased considerab{gee
Table A.4 for thestepwise) estimatepwhich resulted in the elevated average for benzene

and toluene antdigh standard deviatienGiven thatmoredesorptiorto the aqueous phasecurs at
higherd for all solutes combined with the higher volatilities (Table A.3) and the lower fractions of
benzene and toluene sorbed to the PAC at equilibrium relatov&ytienein the multisolute system
the higher average valuesiof for benzene and toluene during desorption may be attributed to
losses from volatilizatiofduringsampling and multiple decanting steas described in Sections
2.2.2). Ther andn indirectly estimated from Equation (2.1) and (2r2spectivelyusing aqueous
phase data versus the direct measwentfrom solid phaselataare showron the same scatterplot as
the singlesolute data described in Section 2.3.2.1 (Figu® @n addition tothe data generated from
the experiments described$ection 2.2.3 Figure A3 collectively shows thaheindirect and direct
estimates off andr} are similar (as described in Section 2.3.2.1), and thertferedirect
estimates areonsidered reliable when used in determining the ISIAS model parankatetker)
estimategor benzene and toluemerresponding to thieigherd  , as described above, these data

are positioned sightljurther from thel:1line in Figure A3, as indicated by the davath red

outlines
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23.2.3 Single -solute sorption and desorption equilibrium time

Temporalsorption and desorption data for singldute benzene and toluene are shown on
Figure 23(a, b) at high (i.e., 314 5.5mg/L [average between solutgsind low (i.e., 3.5 1.3mg/L
[average between solutgs] over0.5 to48 hourq2 days) Figure 23(a, b) showshat sorption
equilibrium was reached quickly for benzene and tolurmthd given thatthe solid phase
concentrationsr| ) were relatively constant after 0.5 ho@bkaracteristibehaviourof benzene and
toluenein contact withPAC[130, 33, 133]. Figure 23(a, b) shows the desorption d&t@am 0.5 to 24
hours (1 day)which wasextendedrom 72 hours (3 days) to 720 hours (30 daggyigure2.3(c) for
benzene and Figu&3(d) for toluene. After 0.5 hours of desorption (in Figui%2.b)) no
substantial change in the solid phase concentrafipr)svere observed for either solute, suggesting
that sufficient time was provided for desorption equilibridgquilibrium conditions after 0.5 hours of
benzene or toluene sorption or desorption is also supported by the consistency betveeapottad t
data (corresponding to both ) and the singlesolute sorption isotherms and desorption equilibrium
data from Figure 2.2(a, b) (shown in Figure A.4(a, b)). Given that sufficient time was provided for
desorptiorequilibrium, diffusion limitations during desorptid82] do not appear to be the cause of
the suspected singolute hysteretic behaviour identified in Figurg(@. b). Instead, the suspected
hysteretic behaviour is likely be attributed to a time irrelevant process (e.g., permanent chemical

bonding[38] or pore deformatiofd1, 42), as described in Section 1.1.1.
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Figure 2.3 Temporalsorption and desorptiahata for singlesolute (a) benzene and (b) toluene over 48 hours
(2 days) and at 3 and 30 mg/L initial agueous phase concentraiionsThe solid phase concentratifor
sorption and desorption and for both solutes is denotgd(iag)/g) versus time (hours). At thie of 30 mg/L

the sorption data is represented as filled (a) red triangles for benzene and (b) green squares for toluene, and the
desorption data is represented as the same unfilled shapes as the sorption data. At Sheng/L the sorption

data is represented as filled (a) red diamonds for benzene and (b) green diamonds for toluene, and the
desorption data is represented as unfilled diamonds. Desorptiofiaata2 hours (3 days) to 720 hours (30
days) is shown for (c) benzene and (d) toluene.stéwedard deviation of triplicate measurements is represented
ast error bars

As expected, the percentage of total mass sorbed or desorbed within the system once

equilibrium conditions were reached was dependent on the solute aRdr instance, between

solutes at the lowaveraged (3.5+ 1.3mg/L), 51% of benzene mass and 86% of toluene mass was
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sorbed (i.e., T > B), while at the higrereraged (31.1+ 5.5mg/L) 22% of benzene mass and 49%
of toluene mass were sorbed (i.e., T > B). In contrast, 26% of benzene mass and 7% of toluene mass
were desorbed at the lowaveraged (i.e., B > T), and 45% of benzene mass and 25% of toluene

mass was desorbed at the highegraged (i.e., B > T). These results are consistent with the
isotherms for each single solute which showed toluene sorbed more than benzene, and that benzene
desorbed more than toluene. Additionalty, bothsolutesmore partitioningoccurred at lowr
averaged (with less desorption), and less partitionoagurredat the higler averagé (with higher
desorption) due to a reduction in available sorption pi@s131]

The0b  for benzene and toluene were £.8.8% and 7.5t 2.7, respectively, at the low
averaged between solute@igure A5(a)) andthe 0 for benzene and toluene wel2.6+ 5.5%
and 15.2t 0.8%, respectively, at the higiveraged between solute@igure A5(b)), showing mass
lost or gained slightly increased with increadedor both solute¢see Table A.4 for the
estimates corresponding to each). As described for the muliolute equilibrium data in Section
2.3.2.2, the slight increaseiin  with increasingd may be related to agueous phase volatilization
of benzene and toluerggven thatmoredesorption to the aqueous phaseurs at highed . Then
for benzene and toluemedirectly estimated from Equation (2.2) using aqueous pieasgoraldata
versus the direcheasurementsom solid phaséemporaldataare showron the same scatterplot as
the single and multisolutedata described in Section 2.3.21id 2.3.22 (Figure A3). Figure A3
indicates that collectively the indirect and direct estimatép afre similar (as described in Secson
2.3.2.1and 2.3.2.2and areconsidered reliabléAs expected from thslightly higherd estimates
corresponding to the high , thery for benzene and toluene are positioned slightly furfioen the
1:1 line relative to the rest of the singénd multisolute sorption and desorptign orr) dataas

indicated by the data in Figure3with yellow outlines.

24 Concl usi on

The WPC PAC used in this research has been characterized previously in the literature for
pHpz., particle diameter, surface araad pore volumgl24, 122, 123]The SEM imagegenerated as
part of the research shows$eterogeneousizedistributionbetweerPAC particleswith anaverage

measured diameter of 1154.4 um, which is similar to the value df3.1 pmreported bys.
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Hakimabadi(2023)using a more accurate measurement methodology (i.e., laser diffrgt28h)
SEM images also reveal that the PAC surfaceughandirregularwith potentialmacropore
openinggdentified (0.83+ 0.27pm).

Also consistent with the literatuf2l, 29, 28, 33]the singlesolute(benzene, toluene or
xylene) and multsolute(BTX) sorption equilibrium data fagach solute icontact withthe PAC
showed partitioning followed X > T > BVhereaghe single and multisolute singlestep desorption
equilibrium data showed the magnitude of desorption followed B > T > X. Between the single
multi-solute sorption and singkdep desorption processes the desorption equilibrium data do not
align withthe sorption equilibrium data, with the singlelute desorption data lying outside of the
95% confidence envelopearrounding the sigle-solute sorption isotherm3he difference in
sorption and desorption dataindicative of hysteresis, which suggests the sorption and desorption
processes are dissimilar; however, given the limited nature of these data, with only one desorption
step, hysteresis was not fully explored. Between the siagkk multisolute sorptin systems the
sorption equilibrium capacity of all solutes were reduced relative to the siolgie systems due to
competitive sorptiomnd aredudion in the number of availde sorption sitefor all solutes
Collectively, the sorption and desorption equilibrium behaviour described here are due to the
differences irthe chemical properties between solutes, which is well documented in the literature for
AC systems exposed to BTZ8, 21, 16, 29]

Singlesolute Freundlich and mulgiolute ISIAS sorption equilibrinestfit model parameters
were generated by ndimear regressioof the sorption equilibrium dat@he isotherm rodel
parameters were generated for the purpose of applying them to more complex AC amended systems
with bioactivity (discussed in Chapter 3), anditierminaf theidealisothermsarerepresentativef
the sorptionequilibriumbehaviouiin bioactivesystemgaddressing Q1 [Section 1.2]). Thestfit

singlesolute Freundliclisothermmodel parameter for benzene, toluene @xglene in contact with
WPC PAC were86.1+ 3.8 88.2+ 7.7 andl32+ 20 forv ([mg/g][L/mg]n) and 0484+ 0.045 0.421
+ 0.044and0.371+ 0.099for ¢ (-), respectively. The mutsolute ISIAS model competition factors
(&) for benzene, toluene awekylene in contact with WPC PAC weted2+ 0.38 1.43+ 0.16and
1.08+ 0.08 respectively.

Temporalsorption and desorption data up to@84 hours, respectivelghowed the time to

reach sorption and desorption equilibrium for sirgéute benzene and toluene at initial
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concentrations of 3 and 30 mg/L was rapid (O 0.
up to 720 hours to observe if diffusion limitations during desorption may be the cause of the
suspected singlsolute hysteretic behaviour in the isothermeyss; however, no additional
desorption occurredfter 0.5 hourgand therefore sufficient time was deemed to be provided for
desorption equilibrium. The suspected hysteretic behaviour is more likely attributed to a time
irrelevant process (e.g., permanehémical bonding or pore deformation). The equilibrated sorption
and desorptioreimporald at a from O 0.5 hours to 48 hours for
desorption were additionally compared to the sisgleite isotherms anefjuilibrium desorption data
for benzene and toluen€heconsistency in equilibrium partitioning betwettie equilibrium
capacity and timexperimers indicates that themporaldata represents equilibrium conditions after
0.5 hours of contact between benzene or toluene ar®RiBeat both initial concentrations.
Mass balance between singéd multisolute sorptiofd ) and desorption) )

estimates off orn indirectly estimated from aqueous phase databservedlirectly from solid

phase dataas carried out to determine the degree of error or mass lost or gained from the systems
(e.g., from PAC particle removal during decanting steps, BTX volatilization, orlintde variation

in 0 or themeac). Mass balance between the indirect aqueous phase derived estimates and the
direcly measuremergolid phase estimates sihgle and multisoluter| alsoprovided an indication
of the reliabilityassociated witthe indirectly derived] estimatesised to generate the Freundlich
and ISIAS model parameteiSr mostsingle and multisolute system#he averagé  and0

forall0 was low(< 10%) showing minimal mass was lost or gained. Howeverjthe estimates
(fromn ) for benzend77.5+ 7.%%) and toluene26.1+ 21.8%) in the multisolute systenandthe

0 estimategfromr| ) for benzend12.6+ 5.5%) and toluen€15.2+ 0.6%) in the singlesolute
systens, all corresponihg to high 6 , were elevatedThe elevated for benzene and toluene

may beattributedto volatilizationduring sampling or decanting stegigen more mass resides in the

aqueous phase at highier and volatility follows B> T > X. Collectively, between all equilibrium
and temporal systentBe single and multisolute indirect and direct estimatesjoforry were
similar to al:1 line,which confirmsthat the indirect estimates Bf usedin determining the

Freundlich and ISIAS model parametars reliable.
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Chapter 3

Anaerobic biodegradati on oxfylkkerez en
i n phesence of powdered activated
amendmerMicrocosm study

31 I ntroduction

Prior microcosm investigations in the literature have shown that the anaerobic biodegradation of
petroleum hydrocarbons (PHCs) such as naphthalene are stimulated in the presence of powdered activated
carbon (PAC]115, 111] Additionally, the presence of PAC has been found to reduce the lag time prior to
the initiation of methanogenesis arid associated with increased metha@#ld yields[117]. Genera
enriched in PAC amended microcosms were also linked to direct interspecies electron transfer (DIET),
includingGeobactef115, 117, 111andMethanosarcing115, 117]

This research specifically investigatdhe biodegradation behaviour other PHCs, including
benzene, toluene amdxylene (BTX), in simplifiedsinglesolute (toluenenly) and more complex muti
solute (BTX) PAC amended microcosms. Microcosmeyerassembled and monitored under sulfate
reducing and methanogenic conditions in addition to sulfate enhanced or electron acceptor (EA) amended
conditions andracked for 1 year. Firsthe singlesolute(toluene only) and muksolute(BTX) activated
carbon (AC) sorption isotherms generated under ideal conditions (in Chaptere2gomparedto the
microcosm data to determine if the isotherane represerdtive of thesorptionbehaviourin bioactive
systems Differencesin geochemical parameters (e.g., sulfate, sulfide, &htl total inorganic carbon
[TIC]), and quantitative polymerase chain reaction (JQPCR) and next generation sequencing (NGS) data
were then compared between microcosms with and without #Cdetermine if the presence of AC
influences the microbial community dynamics during PHC biodegradation. Finally,-t@gblution
aqueousindsolid phasePHCdatawereusedo investigataf the AC sorptioncapacityis regenerateduring
biodegradationandif the PHC biodegradatiomateis enhancedn the presencef AC. Collectively, the
assemblednicrocosmdatasetwvas usedto assesshe longterm behaviour oAC sorption and anaerobic
biodegradation, and if thAC enhances or influende biodegradatiorof toluene or BTX relative to

systems without AC.
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3.2 Mat er i arhest haondds

The same benzene, toluene anxylene used in theorption and desorpticexperiments (Section
2.2) were used gaure phasedditions to an artificial groundwater (AGW) fibre microcosms.

The AGW solutionfor the microcosmsonsisted of the same salts dissolved in Milivater as
described in Section 2f@r thesorption and desorption experime(asd at same concentrationsliased
in Table A.), apart frompotassium hydrogen phosphate (Sigatdrich, St. Louis, MO, USA) used in
place of monosodium phosphatdigher concentrations of both potassium hydrogen phosphate and
potassium dihydrogen phosphads buffering agentsyere also used relative to the AGW for gwption
and desorption experimenésdditionally, a tracenineral stock solution was added to thierocosmAGW,
and was comprised of boric acid, sodium molybdate dihydrate, cobalt (Il) chloride hexarsidrateym
sulfate octadecahydrat@anganese (1) chloride tetrahydrate (Sighddrich, St. Louis, MO, USA), zinc
chloride, nickel (II) chloride hexahydrate, copper (Il) chloride dihydrate and sodium selenite (Alfa Aesar,
Fisher Scientific, Ottawa, ON, CA). Other additions tortlierocosmAGW solution consisted of a sodium
bicarbonate (EMD Millipore Corporath, Darmstadt, HE, DE) stock solution, and an amorphous ferrous
sulfide (FeS)stock solution as a reducing agent. Hesstock solution was comprised afnmonium iron
(I sulfate hexahydratéSigmaAldrich, St. Louis, MO, USA) and sodium sulfide nonahydrate (Alfa Aesar,
Fisher Scientific, Ottawa, ON, CA)Yhe concentration of each chemical in the AGM&dfor the
microcosmss listedin Appendix B.1.

Specific microcosms were amended with sodium a8det{on 2.2andmercuric chloride (Sigma
Aldrich, St. Louis, MO, USA) as biocides, and/or resazurin (Abcam, UK) as a colour indicator for the
detection of oxygen (the resazurin recipprsvidedin Appendix B.1).

For liquid-liquid and solidliquid benzene, toluene and-xylene extractions the same
dichloromethane (DCM) containing internal standardsmefluorotoluene and -Bluorobiphenyl, as
described in Section 2.%as used.

The PAC (WPC, [Calgon Carbon Corporati®ittsburgh, PA, USA]used in this investigation is
thoroughly described in Chapter 2.

Aquifer material was sourced fro@anadian Forces Base (CFB) Borden, Ontario, Canada in the
sand pit research area, which has b¢l84hiTheBoeddn f or

aquifer is unconfined and comprised of primarily horizontal discontinuous lenses of well sorted medium
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to fine-grained and silty fingrained sand with infrequent layers of silt, siitgy and coarse sand,
representing microscale local heterogeneities in hydraulic conduéti8®y 136] The aquifer deposits are
glaciolacustrine in origin and grade into a clayey and sandy silt aquitard located approximateo@m
ground surface (bg$137, 135, 134] The groundwater table is encountered approximatelybfysmvith
seasonal oscillations, and flow occurs in the north to northeast direction at approximately 9[tB8Vday
135, 138, 136]Geochemistry is dominated by calcium f§#50 to 100 mg/L) and alkalinity (as HGD
(100 to 300 mg/L), in addition to sulfate ($0 (10 to 30 mg/L)135, 138, 139]A detailed summary of
the hydrogeologic and geochemical characteristics of the Borden aquifer are listed in Table B.1.

Prior microbiological studies confirm the microbial populatievithin the Borden aquifeare
predominantly aerobic and heterotrophic in the upper region of the aquifer near the water table, and have
the potential for anaerobic reduction by microaerophilic or facultative microorganisms with depth and in
the presence of electron accept{itd0, 141, 142] Field and laboratory experiments reported in the
literature have demonstrated indigenous Borden microorganisms are capable of BTEX biodegradation
under both aerobifl43, 144, 145, 1464nd anaerobic (e.g., nitrate reduciig3, 147, 148]and iron
reducing [148]) conditions. Microbiological characterization studies also indicate that the microbial
populations are variable, sparse and spatially heterogeneous within small areas of the Borden aquifer, and
communities are locally and metabolically distinct from ometlaer and often limited by dissolved organic
carbon, nutrients (e.g., nitrogen) or oxyd&40, 141]

For this research, aquifer material was colle¢teth the middle of three longitudinally adjoined
andhydraulically isolated shegiiled experimental gates (each gate is 21 m long, 7.5 m wide and 7 m bgs)
within the sand pit research area. The experimental gates are positioned parallel to the average annual
ambient groundwater flow direction, which allows for groundwater to enter from the open, upgradient end
and exit from the downgradient end, equippedhvéih open funnehindgate system for groundwater
treatment. Within the middle experimental gate sgparaté®HC injections occurred within the upgradien
end to create a dissolved phase PHC plume. PHC injections occurred from 1.25 to 2.25 m bgs, and both
PHC injection solutions were comprised of 100 Lpoire phaseisopentane (25 L [15.4 kg]), 2,2,4
trimethylpentane (20 L [13.8 kg]), hexane (20 L [13.2 kg]), cyclopentane 10 L [7.5 kg]), octane (10 L [7
kg]), pentane (10 L [6.3 kg]), benzene (2.5 L [2.2 kq]), toluene (1.25 L [1.1 Kkg]), naphthalene (@38 kg),
xylene (0.5 L [0.5 kg]) and 1,2#imethylbenzene (0.4 L [0.4 kg]). Within tmeiddle experimenthgate,

Borden aquifer material was collectedhin an anaerobic zoraowngradient of the PHC injection location
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and known to contain sulfate reducing bacteria (SRB)9, 150] Within the anaerobic zonegaifer
material was collected 8tlocations fromil.5 to 4.5 m bgwithin 17 polyvinyl chloride (PVC) core liners
(Geoprobe, Salina, KS, USAP6 daysafter the second PHC source was established. The collected cores
werestored in the dark at 4°r 274 and 232 daygrior to use in the singksolute (toluene only) and
multi-solute (BTX) microcosm experimentsespectively Prior to use each core was cut ift@meter
sectionsto allow for transport and handling within amaerobic chamber (Coy, Grass Lakll, USA)

(N2/H2 atmosphere The open ends of each core were immediately capped and transported into the
anaerobic chamber, and approximatly cmof aquifer material on all severed core ends were discarded
to remove aquifer material exposed to oxygen during cutting. The remainder of the aquifer material from
each0.3metersection of the core liners were then loaded i®x 0.91-metersterile polypropylene
autoclave bagsMWR, Padnor, PA, USA and all aquifer material (51.6 kg) was thorougtignually
homogenizedh preparation for laboratory experimental USee Figure B.1 for a schematic of the location

of core extractions from the middle experimental research gate in the sandpit research area, anfl images

the 17 cores collected.

3.2.1 Microcosm design

To address research Questions 1 to 4 (Section 1.2) a series of microcosms were assembled.
Microcosm types included: (Bbiotickilled controls (KC) and (2) KC with PAC (KC+PAC) and PHCs to
account for potential abiotic mass losses and sorption to BS and PAC; (3) bioactive starved controls (SC)
to account for potential biodegradation of other substrates in the absence of PHEBmdi#e positive
controls with low sulfate concentrations (i.e., 10 to 20 m&@Q?, representative of background
concentrations in the Borden aquifer [Table B.1]) {B&) and (5) BAPC with additional electron acceptor
(EA) amendments (i.e., 138 to 275 m@0:? ) (BA-PC+EA) and PHCs to account for the biodegradation
of PHCs in the absence of PAC; and (6) bioactive microcosms with PAC and low sulfate concentrations
(i.e., 10 to 20 mg/lISO?) (BA+PAC) and (7) BA+PAC with additional EA amendments (i.e., 138 to 275
mg/L SQZ) (BA+PAC+EA) and PHCs to account for the biodegradation of PH@gipresence of PAC.

Each microcosm type was prepared in a simplified sieglete (toluen@nly) system andmore complex

multi-solute (BTX) system. Séable B.2 for the experimental details, and amendments to each microcosm

type.
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Microcosms were set up in triplicate in 250 mL clear glass screw top serum bottles (Pierce
Chemical Company, Rockford, IL, USA) in an anaerobic chamlesingle- and multisolute microcosms
were loaded with 81.5 g of anaerobic Borden sand (BS) (68.5 g dry mass) containing indigenous
microorganisms from the cores described in Section 3.2 (Figure B.1). For the KC and KC+PAC
microcosms, following BS addin the bottles were additionally autoclaved three times, for 15 minutes on
three consecutive days H21°C. All microcosms intended to be amended with or without PAC were then
loaded with 155 or 175 mL, respectively, of anaerobic AGW. All microcosm bottles were thervgdaled
Mininert valve screw caps lined with Teflon septa (Precision Sampling Corporation, Baton Rouge, LA.,
USA), leaving30 mL of headspac#or gascollection(for bottleswith 175mL of AGW). Once sealed, the
KC and KC+PAC microcosms were injected with 2.5 mloafrcuric chlorideZ.71 g/ 100 ml.and 0.45
mL of sodium azide5 g/ 100 ml) through the opened Mininert valveising adisposableplasticsyringe
(Air-Tite, Virginia Beach VA, USA) equippedwith aluer-lock fitting andassembledo a 22-gaugeneedle
(Exel Int., USA) In one replicateon-PAC microcosm bottle withiachtriplicate set, 0.1 mL of resazurin
was also injected through open Mininert valves. Microcosms without PAC were selected for resazurin
amendments giveresazurirsorbs to PAC, and only &plicate was amended to control against a potential
reaction with any of the bottle contents. All microcosm bottles were left to incubate for 2 weeks to allow
any residual oxygen to deplete, and to ensure the contents were anaerobic.

Following the incubation period (Day 0), a series of amendments were madestesilgplass
microliter syrings (Hamilton, Reno, NV, USAjor toluene or BTXor disposablglasticsyringesquipped
with luerlock fittings andattachedo 22-gaugeneedledor sulfate Electrondonor(BTX) andEA (sulfate)
amendments included: 4 pL @ure phaseolueneinto all singlesolute microcosms(exceptthe SC
microcosms}o achieveatargetaqueougoncentratiorof 20mg/L, 12 uL of a1:1:1stocksolutionof pure
phaseBTX into all multi-solute microcosms(except the SC microcosms)to achieve an aqueous
concentratiorof 20 mg/L per solute(or 60 mg/L total BTX), or 0.77 mL of thesodiumsulfate (Sigma
Aldrich, St. Louis, MO, USA}tock solutior(listedin Appendix B.} into all single and multisolute BA
PC+EA or BA+PAC+EA microcosm® achieve a targetqueousconcentratiorof 275 mg/L. Oncethe
amendmentsvereaddedall microcosmswerevigorouslyshakerby handandleft undisturbedor 2 days.
OnDay?2 ananaerobislurry of 15mgof PACand20mL of AGW wasinjectedinto themicrocosmbottles
intendedto be amendedvith PAC. The PAC slurry allowedfor a preciseloadingof the PAC particulates

into microcosmbottles,relativeto a dry additionof the PAC. The 20 mL PAC slurry increasecaqueous
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volumefrom 155to 175mL in the PAC amendednicrocosmswhich was the sameagqueouvolumeasall
other microcosmswithout PAC. The ratio of PAC massin the PAC amendednicrocosmbottlesto the
volumeof tolueneor BTX wasdeterminedasedn predictedpartitioningbehavioubetweertheaqueous
andthe gas[151], BS [152] or PAC phasequsingthe partitioning coefficientslisted in Tables B.3 and
Table2.2), while allowing the for detectionof eachsolutein all phasegseeTable B.3 for the estimated
singlesolute [tolueneonly] or multi-solute [BTX] partitioning betweenphases,basedon the solute
injection volume(s)and PAC mass).Sealedmicrocosmbottles were thenvigorously shakenby-handto
homogenizehe bottle contentsandleft undisturbedor anadditional2 daysto allow for tolueneor BTX
equilibrium partitioning.

All microcosmswere storedundisturbedn the anaerobicchamber Microcosms were positioned
horizontally with the agueougphasecoveringthe septato minimize gasdiffusion throughthe Mininert
valve capsandwerestoredundernontransparenplasticsheetdo limit directlight exposureOverthe 1-
yearmonitoringperiod,reamendmentsf theelectrondonorg(i.e.,tolueneandBTX, usingthesamevolume
additionsandtargetagueousconcentrationdisted above and/orEA (i.e., 0.39 or 0.77 mL of the sulfate
stock solutionto achieve targetqueousconcentration®f 138 or 275 mg/L, respectively were madeto
microcosms whetoluene or BTX and sulfateeredepleted (i.e.01 mg/L).

3.2.2 Sampling

For the singleor multi-solute microcosm experiments 114 bottles were set up and subdivided into
38 sets oftriplicates that were further subdivided for each microcosm tiigied in Table B.2). The
multiple sets of triplicate microcosm bottles facilitated a repetitive and sacrificial sampling procedure over
1-year. For the KC, KC+PAC and SC microcosms, two triplicate sets of microcosms wepe wéh the
first triplicate set repdively sampledor the aqueous phasleiring five separate sampling events prior to
being sacrificed on the sixth sampling eviemtagueous and solid phase samplingring the seventh to
thirteenth sampling evesnfor the KC, KC+PAC and SC microcosthe second triplicate set of microcosm
bottles were repetitively sampled prior to being sacrificed on the fourteenth samplindsaedngampling
event took place overronth intervals, except for the first and second sampling events which took place
on Day 2 (following the initial toluene or BTX dose, and prior to PAC amendments) and®@glibwing
PAC amendments)or the BAPC, BA+PAC, BAPC+EA and BA+PAC+EA microcosms, 8 triplicate

sets of microcosms were agh. All microcosm sets were repetitively sampiedthe aqueous phasace
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prior to being sacrificed during the next sampling evenaqueous and solid phase sampliofjowed by

a new microcosm set being sampled duringrine repetitive sampling event. The sampling intervals for
the BA-PC and BA+PAC microcosms were the same as those described for the KC, KC+PAC and SC
microcosms However, for the BAPC+EA and BA+PAC+EA microcosnthe last 2 sets of triplicate
bottles were samplefdr the aqueous and solid phaseasseparate replicates during each sampling event
and the sampling events occurred at higher sampling frequéineiesampling intervals were 4 to 17 days)
to estimatezercorderbiodegradation rates during these sampling times. Additionally, theffidstecond
sampling everstfor theBA-PC, BA+PAC, BAPC+EA and BA+PAC+EA microcossiwere sacrificial to
measure the change in concentratittnbuted to the expectgzhrtitioning of toluene or BTX between all
phase before (i.esamplingDay 2) relative to aftethe PAC additior(i.e., samplingDay 7-8 between the
single and multisolute experimenigTablesB.3). The repetitive and sacrificial sampling design allowed
for: (1) the minimization ofsubstantial toluene or BTHartitioning between phasgtentially resulting
from largeaqueous or gaseswolumerenoval from the same microcosm bottiégisring multiple sampling
eventsover the lyear monitoring periadand (2) solid phase sample collection during each sacrificial
sampling event. Faall single and multisolute microcosm types 14 to 16 timepoints were collected over
the Lyear monitoring periodand Figure 3.1 provides a detailed schematic of the sampling timeline
associated with each microcosm type descréisule
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Figure 3.1: Repetitive and sacrificial sampling design fioe single solute(tolueneonly) or multisolute(benzene, toluene amdxylene [BTX]) (a) KC,

KC+PAC and SC; (b) BAC and BA+PAC; and (B8A-PC+EA and BA+PAC+EAnicrocosmsRepetitive and sacrificial sampling intervals are represented as

green and blackashmarks, respectively, on the horizontal axes. The microcosm hmtd&onson thehorizontalaxesrepresent when a new bottle or triplicate
set was sampled following a prior sacrificial sampling event.
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All microcosms were sampled anaerobically within the anaerobic chamber, and 1 day prior to
sampling the triplicate sets of microcosm bottles designated to be sampled were manually shaken by hand
for several minutes to homogenize the bottle contents. Dasclg repetitive sampling event aqueous phase
sample collection include@ mL for BTX; 1 mL for sulfatedissolved oxygen (DO), pH arie oxidation
reduction potential (ORP); and 1 mL for sulfide. During each sacrificial sampling event, aqueous phase
sample collection included: 2 mL for BTX; 5 mL for sulfabs), pH andORP; 10 mL for sulfide; and 3.5
mL for dissolved inorganic carbon (DIC). Additionally, DIC was sampled during the first repetitive
sampling event fothe KC, KC+PAC and SC microcosms to establish baseline conditions for this
parameter. During both repetitive and sacrificial sampling 5 mL of the gas phase were sampled for methane
(CH4) and carbon dioxide (CQ2 During sacrificial sampling events the solid phase (BS and PAC) were
analyzed foBTX, and on the lasgtacrificial sampling events the solid phase was split in half for BTX and
deoxyribonucleic acid (DNA)nalysis. Several stdamples for DNA were also collected from the
homogenized BS (described in Section 3.2) prior to addition to the microcosm bottles to characterize the
microbial community before exposure to the experimental conditions (i.e., bac#yroun

Aqueous samples for BTX were collected in 4 mL glass screw top vials preloaded witlofl mL
dichloromethane (DCM) containing internal standards-itiorotolueneand 2fluorobiphenyl (25 mg/L) for
liquid-liquid extractions. Following the collection of akcrificial aqueous sampleslid samples for BTX
werecollected by decanting the remaining AGW in the microcosms (~150 mL) with a 100 mL glass syringe
with a luerlock fitting (Cadence Science, Cranston, RI, USA) attached ttBgauge stainless steel needle
(Ace Glass, Vineland, NJ, USA) while ensuring minimal disturbance to the solids. Once decanted, the BS
and PAC were saturated with 20 etDCM (containingm-fluorotoluene and-Buorobiphenyl [25 mg/L])
for liquid-solid extractions (10 mL of DCM was used during the last sacrificial sampling event given the soil
sample was reduced by half, as descrifgovg, and the bottles were then vigorously shakeimdoyd for
several minutes and vented. Aqueous sample vials and microcosm bottles containing the solid phase samples
were sealed witffeflon lined silicon septa screw caps, and the extraction and analytical methodologies
used are described in Section 2.2.2.

Samples for sulfatd)O, pH andORP were syringe filtered (0.45 pm, Basix nylon filter [Pall
Corporation, Ann Arbor, MI, USA]) into 5 mL disposahlien chromatograph (IC) autosampler vials
(Thermo Scientific, Waltham, MA, USA), ardiluted with Milli -Q water for a final sample volume of 5

mL (if necessary).
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Samples for sulfide were collected in 10 mL disposable syringesueittock fittings attachedo
22-gawe disposable needles. Prior to analysis the needle tips were plugged with rubber stoppers to preserve
the sampleln preparation of analysis, the rubber stoppers wemved,and the sulfide samples were
syringe filtered (0.45 um, nylon filter) into 10 mL glass cuvettes,dilitied withMilli -Q water for a final
sample volume of 10 mL (if necessary).

Samples foDIC were collected in 4 mL glass screw top vials preloaded with 1.4% of a mercuric
chloride stock solutiorf2.71 g/ 100 ml. and sealed with butyl rubber lined capsirbid samples were
syringe filtered Q.45 um, nylon filte) prior to analysis (if necessary).

Gas samples for CHand CQ were collected in 10 mL gas tight sampling syringes Wwigt-lock
fittings (Sigma Aldrich, St. Louis, MO, USA), equipped withl-way polycarbonate stopcock and-22
gawe disposable needlerior to analysishe stopcock was closed to retain the ggmple and the syringe
was stored in a water bath to limit sample loss. For analysis, gas samples were dilypedfigithhelium
(if necessary).

Solid phase samples for DNA were collected in 50 mL plastic screw top tubes (Eppendorf,
Hamburg, DE)and immediately stored &80°Cand shipped to the BioZone Centre for Applied Bioscience
and Bioengineering (University of Toronto) for molecular analyses. A portion of the soil sample (0.25 g)
was extracted for genomic DNA using the MagAttract PowerSoil Pro DNA Kit (Qiagen, Germantown,
MD, USA) according to the manufacturerds procedur

3.2.3 Analyses

DO, pH andORPsamples were measured anaerobically in the anaerobic chambesruSiakion
double junction epox¥DRP probean Oakton pHTes® 50S Speaflip Waterproof Pocket TesteCole-
Palmer,Vernon Hills, IL,USA) anda Thermo Scientific Orionr083005MD polarographicDO probe
(Themo Fischer ScientifijgValtham, MA, USA). FollowindO, pH and ORRinalysis the remainder of
the samples were transported out of the anaerobic chamber and analyzed aerobically.

Sulfate samples weranalyzed on &ionex ICS1100 IC equipped with ®ionex ASDV
Autosampler(Dionex CorporationSunnyvale, CA, USA Twentyf i ve (25) €L of sampl
onto aAG4A-SC (4x 50mm)guard column andS4A-SC (4x 250mm)column, andperating conditions,
included: 1.8 mM NzCOy/1.7 mM NaHCQ eluent concentration, 2.0 mL/min flow rate, ambient

temperature, suppressed conductivity detection using a Dionex AniofR&gherating Suppressor
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(Dionex ADRS 600 4mm) in AutoSuppression Recycle Mode, and 32 mA applied c(mretitod
detection limit [MDL] of 0.1 mg/L).

Sulfide samplesvere analyzed on a Hach DR 1900 portable spectrophotoriigtieln (oveland,

CO, USA using the methylene blue methdtbch method131)[153] (detection limit: 5t0 80@ g / L) .

DIC samples were analyzed obahrmann DE190(Rosemount Analytical IncShakopee, MN,
USA). Two hundred (200)L of sample was manually injected into the instrument at a flow rate af 200
5 cnm/min andacidified with20% HPQ, (SigmaAldrich, St. Louis, MO, USA) at ambient temperature.

The sample was then loaded ocagalyst bed and held at an elevated temperature until the carbon in the
sample was converted @D, through combustion. The evolv&xD, wasmeasured by a nedispersive
infrared detector (NDIR).

Gas samples were analyzed oBlamadzu G€014gas chromatograpior greerhousegas
analysig(Shimadzu, Kyoto, JPN) by injecting 5 mL of sample into the sample loop. The sample was
passed on ad.mx 3.2mm HayeSepN 80/100 mesh stainless steel precolumn that traps and backflushes
water vapour. The retained gas was then passed on ax6302ximmHayeSep D 80/100 mesh stainless
steel column to separa®O, andCHs, and the gas was measured ligermal conductivity detector
(TCD) orflame ionization detector (FID) with a methanizer. Operating conditions incl80eG:oven
temperature, 100°C split temperature, 250°C FID temperétumree( air 50 kPa, Hydrogen 66 KP&00°C
TCD temperaturel{CD 125mA, TCD Referencg’.5 kP§, 380°C methanizer temperature, 80°C valve
temperatureand 14minuterun time (detection limit: 0.005 mg/CHs and 0.1 mg/LCOy).

DNA samples were assayed by quantitative polymerase chain reaction (qPCR) using the primer
pairs listed in Table B.and reaction conditions summarized by Toth et al. 2024]. Reaction mixtures
(20e Lgontaineb 00 nM of each forward and reverse primer,
EvaGreen SupermiBio-Rad Laboratories, Hercules, CA, USA) and UltraPure DNase/Rfrage
Distilled Water (Invitrogen, Carlsbad, CA, USA). Serial dilutions of plasmids containing corresponding
targeted gene fragments were used to generate standard curves. Each gRE&Rvasagirformed in
duplicate on a BidRad CFX96 real time PCR machine. Thermal cycling conditions included: 98°C initial
denaturation step temperature (2 min), 40 cycles of denaturation (5 sec, 98°C) and annealing/extension
(10 sec, see Table Bfor annaling temperature), and 65 to 95°C melt curve analysis temperature with an
increase of 0.5°C every 10 sec. gPCR results were analyzed usiRa®@iGFX Manager softwaf&54].

The amplification efficiency for each gPCR run batch ranged from 93.6% to 101.5% Bac, 87.2% to
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104.1% Arch, 93.7% to 99.8% ORM2, 92.8% to 98.2% Rsp86.3% to 94.3% Pep with’Ralues of >
0.996

16S ribosomal ribonucleic acid (rRNA) gene amplicon sequencing (MiSeq 300PE;gaiyed
was carried out @enomeQuebednnovationCentreat McGill University. Amplicon sequence reads
were generated using modified staggered end primérgprove sequencing quality. Primers included
926F (AAACTYAAAKGAATWGRCGG) and 1392R (ACGGGCGGTGWGTRC) (M), where 0 to
3 random bases were inserted between the primer and lllumina adaptor se@Restgsocessing and
sequencing analysis was complete@IfME 2 version 2022.2Raw reads were trimmed of primer
sequences and staggered ends, truncatedearuised using the DADA2 pipeline within QIIMED55].
Quality filtered forward (260 bp) and reverse (240 bp) reads were merged with a maximum of 2 expected
errors in the overlap region. Chimeric sequences and sequences < 400 nucleotides in length were
removed. The final amplicon sequence variants (ASVsg wkxssified against the SSU SILVA 132
database trained on the targeted 16S rRNA gene region. Taxonomy of the 100 most abundant ASV were

screened against the NCBI and RDP databases to ensure correct clasqifisdtion

3.2.4 Mass balance estimates

The mass of total inorganic carbon (TI@) ( ), was estimated from the sum of the mass of

aqueoudIC (0 and gaseous GO0 (mg) as defined by

8 8

(3.1)

whereo is theaqueous phaseoncentration of DIC (mg/L)p is the aqueous phase volume (L),
0 is the gas phase concentration of G@g/L), @ is the gas phase volume (I3nd- 78 and
- 78 are the molecular weights of carbon (12.01) and @@.01), respectively, (g/mol).

The total mass of benzene, tolueneotylene was estimated from the sum of the mass of each

solutei in all phaseg0 ), including gag0 ), aqueousi{ ) and solid® ) which is comprised of

bothBS(0 ) and PAC { ) (mg), as defined by,
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0 =0 +0 +0 +0 =L 0 xw )+0 0 )+L 6 <a )+@®O -0 )

(3.2)

where0 i s t he He nofspldtes (dirmemsiosldssion t is the aqueous phase concentration of
solutei (mg/L), 0 is the sodwater partitioning coefficientf solutei (L/kg), andé& is the mass of BS

(g).0 was estimated as defined below,

logb =logv 1 0.21 (3.3)
0 =0 x'Q (3.4)

where,0 is the organic carbon partitioning coefficient defining equilibrium conditions betaaatei
and the BS (cifg),0  is the octanol water portioning coefficiesftsolutei in water (dimensionless)
(Table A.3) andQ is the fraction of organic carbon in the BS (dimensionless){2.@*[156]) (refer to
Table B.1 for théQ of the BS[135], andTable B.3 for the) [151]and estimated [152]values for
each solute in contact with the gas phase or BS, respectively). From Equation (3.1) ahd (Zagj
0 were directly measured, and0 were estimated from the and0 , respectively, and

0 was estimated from mass balabetweerthe solid phase@.e., 0 =0 -0 ).

33 Resul t di sacnuds si on

Fifteen(15) daysprior to theinitiation of the single andmulti-solutemicrocosmexperimentshe
homogenizedS loadedinto the microcosmbottleswasanalyzedor the samell compoundpresenin
the PHCinjectionsolutiondescribedn Section3.2 (in additionto gPCRandNGS analysis}to determine
backgroundcconditionsandtheinitial massof PHCswithin the microcosmbottlesprior to tolueneor BTX
additions.Usingthe samesamplingandanalyticalmethodsdescribedn Sections3.2.2and3.2.3,
respectivelyall PHCswereOMDL (i.e., 052 pg/L for naphthalen@andO5.5ug/L for all other
compounds Theabsencef PHCsdetectedn the BS indicatesthatanyresidualmasswithin the cores
(emanatingrom the PHC plume, locateddirectly upgradienbof the locationsof corecollection[described

in Secton 3.2,anddetailsshownin FigureB.1]) wereeitherabsenfrom the coresat thetime of
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collectionor, if presentwerebiodegradedby theindigenousmicrobial populationpresenwithin the
aquifermaterial.

Microcosm sampling and amendments occurred over a monitoring period of 366 and 372 days for
the single and multisolute systems, respectively (Sexble B5 for the sampling and amendments days
for each microcosm type and experimeilueneonly or BTX and sulfate as electron donorsan
electronacceptor, respectively, were amended into designated microcosm types one to several times
throughout the monitoring period, resulting in variations in the cumulatigetmasse as shown in
Table 3.1. From Table 3.1 the singlelute microcosms received toluene only, and the raaltite
microcosms received BTX, as described in Section 3.2.1; however, following the first dosing event the
multi-solute microcosms only received aiftial amendments of toluene amatylene (not benzene).
Additionally, the ta@al cumulative mass of sulfate was lower in the KC, KC+PAC, SCPBAand
BA+PAC microcosms relative to the EA amend&-PC+EA and BA+PAC+EA microcosmwith the
lower concentration rang@0-20 mg/L SQ?) being representative of the background sulfate
concentration in the groundwatsithin the Borden aquifefTable B.1) (i.e., location of BS collection as
described in Section 3.2). The low target sulfate concentratsrinitially present imll microcosms,
including the EA amendedjven the source cfulfate was from the sodium sulfate in the AGW described
in Section 3.2 (Appendix B.1Additional sulfate was amended irttte BA-PC+EA and BA+PAC+EA
microcosmgusing the stock solution listed in Appendix Btd achieve a target aqueous concentration of
275mg/L duringsulfatedosingevents Although, duringthe lastsulfatedosingeventon Day 269 and 310
(prior to high frequency sampling as described in Sectio@)3@.the single and multisolute
microcosms, respectivelglower target sulfate concentration of 138 mg/L was usethe singlesolute
BA-PC+EA and BA+PAC+EA microcosma higher cumulative mass of sulfate was presdative to
the multisolute microcosms due to one additional unintended sulfate amendment to the target
concentration of 275 mg/L on Day 14%e Table B.2 for the target concentrations of toluene, BTX and

sulfate for each microcosm type
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Table 3.1 Cumulativetargetmass and number of amendments of toluemlg, BTX or sulfate added to each
single and multisolute microcosm type over aygar monitoring period.

CumulativeMass(mg) (numberof amendments)

Benzene Toluene o-Xylene Sulfate
Microcosm Background EA EA
(10-20 amended amended
mg/L) (275mg/L) (138mg/L)
Singlesolute  KC, KC+PAC,SC, 3.5(1) 3.5(1)
(tolueneonly) BA-PCor BA+PAC
BA-PC+EA 20.8(6) 3.5(1) 144.4(3) 24.2(1)
BA+PAC+EA 24.3(7) 3.5(1) 144.4(3) 24.2(1)
Multi-solute  KC, KC+PAC,SC, 3.5(1) 3.5(1) 3.5(1) 1.8(1)
(BTX) BA-PCor BA+PAC
BA-PC+EA 3.5(1) 10.4(3) 10.6(3) 1.8(1) 96.3(2) 24.2(1)
BA+PAC+EA 3.5(1) 10.4(3) 10.6(3) 1.8(1) 96.3(2) 24.2(1)
Notes

1. Thevolumeof toluene BTX andsulfateaddedo eachmicrocosmis describedn section3.2.1andthetargetconcentrations
areshownin TableB.2.

Periodicallythe microcosmsveremonitoredto ensureany bottlesunderpressurdi.e.,from CO;
or CH. formationduring anaerobidiodegradationyveredegassedegassingf microcosmbottleswas
accomplishedby insertinga 20 mL glass syringe with a ludock fitting attached t@ 22-gauge stainless
steel needl@to the operMininert valvesto allow anygasunderpressureo passivelyreleasento the
syringebarrel(the volumeandconcentratiorof any collectedgaswereto be measure@ndrecordedor
masshalanceconsiderations)Degassingventsook placeon: Day 63 (BTX system)Day 170(toluene
only system)andDay 205 (tolueneonly system)howeverno gasunderhigh pressuravasremovedirom
themicrocosmbottles.

Throughouthe durationof the microcosmexperimentsomeMininert valve capswerereplaced
dueto damageincluding cracksand/orleakagesCrackedMininert valve capswerereplacedor select
microcosmsincluding BA-PC-set7 (two replicatesiandBA+PAC-set8 (onereplicate)on Day 170
(tolueneonly system) Leakagesvereprimarily noticedfrom the KC or KC+PAC microcosmgiueto an
abioticdegradatiomeactionbetweerthe biocides(discussedn Section3.2.1)andthe septaof the
Mininert valves.Dueto observedaqueouphasebottleleakagedi.e., KC-set4 [onereplicate]lon Day 99
[tolueneonly system])or notedreductionan theaqueougphasevolumeswithin bottles,the KC and
KC+PAC microcosmawverepositionedvertically upright,asopposedo horizontalasdescribedn Section
3.2.1,from Day 63 andDay 105onwardsfor thesingle andmulti-solutemicrocosmexperiments

respectively.
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3.3.1 Isotherm comparison

The directly measuregiqueous and corresponding solid phase concentratidolsiene
(corrected to include only thie per gram of PACithin the singlesolute KC+PAC, BA+PAC and

BA+PAC+EA microcosmsat each sacrificial evensifown inFigure 3.1) were plotteish Figure 3.2(a)
relative to the singksolute sorption isotherfior toluenedetermined in Chapter(®sing the singlesolute
Freundlich model parameters for tolugne and¢ ] [Table 2.2]) Figure 3.2(a) shows all microcosm
datalie outsideand belowof the 95% confidence enveloparrounding the sorption isotherm for toluene,
indicating that the Freundlich isotherm model overestinthesolid phase concentrationtofuene

within the PAC amendesingle-solutemicrocosns. The directly measured solid phase concentrations of

benzene, toluene amdxylene (corrected to include only the per gram of PACyvithin the multi

solute KC+PAC, BA+PAC and BA+PAC+EA microcosms at each sacrificial eskotvn inFigure 3.1)
wereplottedin Figure 3.2(bjagainst the predictesuilibriumsolid phases concentrations of each solut
generated from the improved simplified ideal adsorption solution (ISIAS) nfasie the singlesolute
Freundlich model parameters for each soluteand¢ ] and the multisolute ISIAS competition factors
for each soluted] [Table 2.2), and displayed against a 1:1 liftepresenting a perfect correlation
between measured and predicted valugigure 3.2(b) showthat the magnitude of difference between
the data points for each solute and the 1:1 line varies following X > Tngli@tingthatthe multisolute
model better predicts the solid phase concentration of benzene, followed by toluene and/teera
Additionally, between solutesost of themulti-solute data resides above the 1:1 lirdicating thatlike
the singlesolute Freundlich isotherm for toluertke multisolute ISIAS model overestimates the
magnitude oBTX sorptionin thePAC amended mulsolutemicrocosms.

Differencebetweerthe single-soluteFreundlichisothermor multi-solutelSIAS model
predictionsof the equilibriumsolid phaseconcentrationsf tolueneor BTX, respectivelyrelativeto the
directly measuredolid phaseconcentration§rom the single and multisolute KC+PAC, BA+PAC and
BA+PAC+EA microcosmsnay berelatedto severafactors First,the microcosm systems may require
longertimesfor tolueneor BTX to equilibratebetweerphaseselativeto theisothermsystens (0.5 hours,
asdescribedn Section2.3.2.3. Differencesin tolueneor BTX equilibriumtimesbetweertheisotherm
andmicrocosmsystens may berelatedto thevariationin mixing conditions wheretheisothermvials
werecontinuallyshakerfor 1 day prior to equilibriumsampling(asdescribedn Section2.2.2).Whereas
themicrocosmbottleswereleft undisturbedetweersamplingepisodesandmanuallyshakerfor only

severaiminutesfollowing electrondonorandelectronacceptoamendmentsr prior to a samplingevent
48



(asdescribedn Sections3.2.1and3.2.2) In Figure3.2(a)the microcosmdatawith red outlines
correspondo samplingeventss daysfollowing atoluenedosingevent andgiventhesedatareside
furthestfrom the sorptionisothermfor toluene(relativeto all otherdatacorrespondingo samplingevents
> 5 daysfollowing atoluenedosingevenj they mayrepresenthe additionaltime requiredfor
partitioningwithin the singlesolutemicrocosmssSimilarly, in Figure3.2(b)the microcosmdatafor BTX
with red outlinescorrespondo samplingeventswithin 6 to 64 daysfollowing a TX dosingevent,and
giventhesedataresidefurthestfrom 1:1 line (relativeto all otherdatacorrespondingo samplingevents>
9to 64 days) thesedatamayrepresentherangein additionaltime requiredfor partitioningwithin the
multi-solutemicrocosmskFor the remaindeiof the single andmulti-solutemicrocosmdataresiding
closerbut remainingbelowthe sorptionisothermfor toluenein Figure3.2(a)or abovethe 1:1 line for
BTX in Figure3.2(b), sorptionmay havebeeninfluencedby differences in the solutionmatrix chemistry
(e.g.,increaing theionic strengh mayredue the availability of surfaceareaon the PAC or block pores
dueto theformationof agglomeration§l57]) betweerthe AGW usedfor the microcosmg0.020M
[KC+PAC andBA+PAC microcosms}o 0.028M [BA+PAC+EA microcosmsjonic strengthfAppendix
B.1]) relativeto thesimplified AGW solutionusedfor theisothermexperiment£0.0068M ionic strength
[TableA.1]). Thereduedsolid phasegolueneor BTX concentrationsneasuredn microcosmsystems
relativeto Freundlichor ISIAS predictedsolid phaseconcentrationsnayalsobe associateavith
interferencege.g.,competition)with othersorbingcomponentsvithin the microcosmsystemshatwere
absenfrom theisothermsystemge.g.,metaboliteggeneratediuringanaerobiTX biodegradatiofi60],
methanegenerate@sa by-productof methanogenes[458, 159] or othersourcesf organiccarbonin
theBS). Finally, if amicrobialbiofilm layersurroundghe PAC particlesthisis alsoexpectedo reduce
the sorptioncapacityof PAC within the KC+PAC, BA+PAC or BA+PAC+EA microcosns relativeto the
isothermsystens, with the magnitudeof reductiondepenénton the biofilm layerthicknesgwhere
increasedhickness increases tdéfusional resistance of sol@f87]) andthe microbialactivity within
thebiofilm layer(wheremicrobescanpotentiallybiodegradingsolute(s)prior to sorption or inhibit
sorptiondueto the secretiorandporefilling of extracellulaipolymericsubstancefEPS][110, 107, 13,
108]). For the multisolute system specificallfFigure 3.2(b), o-xylene was likely most influenced by the
factors limiting sorption within the miocosmsfollowed by toluene and then benzegerenthat the
magnitude of multsolute sorption is highest forxylene(followed by toluene and then benzeas)
discussedh the Section 3.2.2
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Figure 3.2: Measured solid phase concentrations within the KC+fa@e sized symbolsBA+PAC+EA

(medium sized symbols) and BA+PAC (small sized symbulsjocosms fofa) singlesolute toluenéfilled green
squaresgagainst the measured aqueous phase concentrations at each sacrificial sampling time, anes@h)tulti
benzendfilled red triangles)toluene(filled green squaregindo-xylene(filled blue circlesYBTX) against the

predicted solid phase concentration generated from the improved simplified ideal adsorption solution (ISIAS) model
(usingthesinglesolute Freundlich model parameters for each soluteahd¢ ] and the multisolute ISIAS

competition factors for each solut][[listed in Table 2.2). The singlesoluteFreundlich isotherm for toluene with

a 95% confidence envelope (black solid band) is represented as a solid green line in (a), and a black solid 1:1 line is
shown in (b). The standard deviation of triplicate measurements is represented as + errordidrslatagoint.

The red circles indicate data corresponding to sampling times (a) < 5 days following a toluene dosing event, or (b)
between 6 ath64 days following a TX dosing evien
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3.3.2 Killed and starved controls

Between the singlsolute(tolueneonly) and multisolute(BTX) KC (Figure B2(a) and Figure
B.3(a)) and KC+PAC (Figure B(e) and Figure B(e)) microcosms, the aqueous and solid phase
concentrations of toluene and BTX differed following B%®C amendment to the KC+PAC microcosms
on Day 2 and over the remainder of tAgehr monitoring period~or the KC microcosms the average
aqueous toluene or BTX concentration decreased slightly after Day 2 to the end of the monitoring period
(17.4+ 1.8mg/L on Day 2 to 14.4 0.7mg/L on Day 366 or 372 for the singler multi-solute KC
microcosms, respectivelgnd the average solid phase concentration remained low ®0006Mg/g
between singleand multisolute systems The limited change in agueous or solid phase concentrations
indicates mass was conserved within the KC microcosms and limited partitioning of toluene or BTX
between phases occurré&bntrarily, for the KC+PAC microcosms a reduction in the average aqueous
concentration ofoluene (18 mg/L on Day 2 to 5.8 mg/L on Day 3#6thesingle-solutesystem or
benzene (20.9 mg/L on Day 2 to 13.6 mg/L on Day 372), toluene (20.4 mg/L on Day 2 to 10 mg/L on
Day 372) anab-xylene (17.8 mg/L on Day 2 to 3.8 mg/L on Day 3if2dhemulti-solutesystemwere
observed. With the reduction in aqueous phase concentrations in the KC+PAC microcosms, a
corresponding increase in the average solid phase concentratmrmzeheZ5.9+ 0.3 mg/g, toluene
(60.2+ 3.3mg/g)ando-xylene(134.8 + 41.1mg/g) were also observéad the multi-solutesystan after
Day 2which is attributed to BT>partitioning from the aqueous to solid PAC phase (no solid phase data
is available fotoluene inthe singlesolute KC+PAC microcosmbike themulti-solute partitioning
behaviour discussed in Section 2.3.2.2, the magnitude of partitioning between solutes followed X > T > B
which isdue todifference inthe magnitude ofhemical properties between solutegy., high molecular
weight and hydrophobicity generally yields higher partitioning relative to lower values, as described in
Section 2.3.2)The difference in chemical properties betwselutes in the mulsolute system resulted
in the chemically favourable solute (i.e=xylene) preferentially sorbing more than the other solutes (i.e.,
toluene then benzengee Table A.3 for the chemical properties of BTAgditionally, the magnitude of
toluene partitioning was greater in the singtdute KC+PAC microcosm relative tioe multisolute
microcosm (when comparing the average aqueous phase datdumtg)a reduction in the total number
of sorption sites accessible to toluene indbmpetitivemulti-solute systeni28, 21, 16, 29]

In the singlesolute(Figure B2(b-c, f-g)) and multisolute(Figure B3(b-c, f-g)) KC and

KC+PAC microcosms negligiOle.88 I mgde) (Webe Ogéndr a;
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change in the average sulfate concentratros® observedver the lyear monitoring period (18 2.9

mg/L [tolueneonly] to 10.8+ 1.9[BTX]). Contrarily, the average mass of TIC slightly increased from
2.4+ 0.2mgto 5.3+ 1 mg betweerthe single and multisolutesystems which may be attributed to an
abiotic reaction between the biocide (sodium azide) and some other bottle material forming inorganic
carbon given that sodium azide is known to act as an oxidant or reddé&@tFigures B.2(c, g) and
FigureB.3(c, g)). Figures B.2(d, h) akdgureB.3(d, h) showthat the averagpO concentratiorwas
consistently low (0.% 0.3mg/L), pH was neutral (7.2 0.3) and the ORP was oxidizing (+2%®22 mV)
between the singleand multisolute microcosms KC and KC+PAC microcosms over thieak

monitoring period. Additionallyfrom the gPCR datat the conclusion of the-ylear monitoring period
reductionin abundancef total bacteria, total archaeadDesulfosporosinuwas showrfor the KC and
KC+PAC microcosmselative to the BS on Dayl5 (i.e., backgroundFigure 3.3(a, b) and see Table B.6
for thegPCRdata for the singleand multisolute microcosms)n general, thatability in the
geochemicaparametersnonitoredcombined with theeduedabundancef bacteria and archaea
indicateghatanaerobic biodegradatigepecifically sulfate reductioor methanogenesis) was absent
from theKC or KC+PAC microcosmever the lyear monitoring periodas expectefsee Table H.for

the chemical reactions associated with BTX oxidation coupled to sulfate redacttbthe changes in
geochemical parameters expected under sulfate reducing conditions
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chain reactiondPCR) analysi$or all (a) singlesolute (toluenenly) and (b) multisolute (benzene, toluene amd
xylene [BTX]) microcosm types afterylear relative to background conditiofsror bars represertl standard
error.

Mass balance estimates generated from Equation (3.2) show that for theasidgteultisolute
KC microcosmshe average decreased from 380.3mg (Day 2) to 2.4 0.09mg (on Day 366

[tolueneonly] or 372 [BTX]), and for the KC+PAC microcosms the averagedecreased from 34
0.2mg (Day 2) to 2.& 0.3mg (Day 366 [toluen@nly] or 372 [BTX]) (see Table B.for the-

estimates of each solute and for each microcosmaygethe lyear monitoring perigd Given that the
geochemical data (i.e., sulfate, sulfidéC and CH) describedaboveindicate biodegradation was absent

from the KC and KC+PAC microcosnmass loss reflected in the estimatesre more likely

associateavith inter-bottle variation ir#  betweertriplicate sets omicrocosmbottles,- removal

during repetitive sampling (described in SectionZ.a@r bottle leakages (described in Section 3.3),
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andbr unintended removal during sacrificial sampling and aqueous phase decanting (as described

in Section 3.2.2).

Inthe singleand multtis ol ut e SC mi cr ocosms, toluene or
the aqueous or solid phases from Day 2 to the end ofykarlmonitoring period (Figure &a, €)).
Geochemically, thaveragesulfate concentration slowly depleted (from #.2.7 mg/Lto 0.2+ 0.01
mg/ll) while negligible sulfide wax3+0.5mgrasddome OH 3
was generated (concentration increased from9@®2 mg/Lto 1.7 mg/L [singlesolute] or 7 mg/L
[multi-solute])between the singleand multisolute SC microcosn(&igure B4(b-c, f-g)). Additionally,
theaverageDO concentration remained loWw.2+ 0.2mg/L), pH was neutral{.4+ 0.2 and the ORP
was consistently reduced in the mgtiluteSCmicrocosm {209.5+ 48mV) and more variable in the
singlesoluteSCmicrocosm 217 + 155mV) (Figure B4(d, h)). The gradual depletion of sulfate with the
corresponding slight increase in €&hd limited sulfide or TIC production in both the singled multi
solute SC microcosms suggests that some sulfate reduction and methanogenesis Gonretit the
concentration of ClHncreased as the concentration of sulfate was reduced in both the aimtyraulti
solute SC microcosm, thikely representa shift tomethanogenesgfter the higher energy yielding
redox condition, with sulfate as an EAasessentially depleted.

Methanogenesis in the singkend multisolute SC microcosms is supported bydRER data at
the end of the-year monitoring period relative to background, which shows an enrichmihetauerage
abundance dbtal archaea (® x 10%+ 2.4 x 10°copies/gversus3.9 x 104+ 7.7 x 103 copies/g
[averageébackgroundabundanck (Figure 3.3(a, b) and see TabléBor thegPCRdata for the single
and multisolute microcosmsYhe NGS datdetweerthe singlesolute(Figure 3.4(ac)) and multisolute
(Figure 3.5(ac)) SC microcosmgeveal thathe average relative abundance of archaea from the
Euryarchaeota and Halobacterota phyla were enrigHative to background conditions (0.0%). Within
these phylathe average relative abundanceyeheraenriched between the singkend multisolute SC
microcosmsncluded: Methanomethylovoran® + 5.3%[single and multisolutd), which are
canonically methylotrophic methanogens that convert methylated compounds [tb6CH
Methanosaetd2.4 + 0.1% [single-solutq), which contains acetoclastic methanogg&2, 161] and
Methanobacteriunf2.5 + 1.5% [singlesolutd and5.9+ 2.3% [multi-solutg), whose members are
versatilemethanogens able to grow on, I€0; or formate[67] (seeTable B.9 for theNGSdata for the
single and multisolute microcosms Enrichment of these archaea in the absence of Rid@jined
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with the gradual formation of CHinder reduced redox conditions, indicates methanogenesigsing
alternate carbon or hydrogen sow(®ther than metallic productsgenerated from the oxidation of
toluene or BTX) occurred in the singl@nd multisolute SC microcosms. For example,gds can be
used as an electron donor by sulfate reducers and methanogens dunaduc@n[66, 67] and H is
present in the headspace of all microcosms due to exposure to the anaerobic chamber aft&Zphere
164, 111).

Unlike the archaeal enrichment for the singled multisolute SC microcosm&yé¢ qPCR data
did not show an enrichmeimt the abundancef total bacteria oDesulfosporosinueelative to
backgroundFigure 3.3(a, b) and see TabléBor thegPCRdata for the singleand multisolute
microcosms). However, the NGS data did show an enrichmemtagfrobic bacteria between the single
solute(Figure 3.4(ac)) and multisolute(Figure 3.5(ac)) SC microcosms relative to background
conditions (0.60.3%).Bacteria enrichetietweerthe single and multisolute SC microcosms include
the genudeferrisomafrom the phylunDeferrisomatotad.8 + 0.1% [singlesolutd and7.9+ 1.1%
[multi-solutd); the familyDesulfocapsaceae from the phylasulfobacterotal(4+ 0.04% [single
solutg), which are SRB capable of usingfeulcompounds as electron donors and acce[it6&5 166,
167], the genugkdwardsbacteridrom the phylumEdwardsbacterial(9+ 1.4% [single and multi
solutq); the familyGeobacteraceae from the phylasulfobacterota5(1+ 4.8% [multi-solutd), which
are associated with iron reductifi68, 169] the familyPeptococcaceae from the phyl&inmicutes 6.6
* 6.6% [singlesolutg), which are associated with sulfate and iron redudti@g, 171] andthe genus
Sulfuricurvumfrom the phylum Campilobacterota3.4+ 18.8% [single-solutd), which are sulphur
oxidizing facultative anaerobgt72, 173](seeTable B.9 for theNGSdata for the singleand multi
solute microcosnjsLike the enriched archaea, enrichment of these baetezigely associated with the
anaerobic biodegradatiari background carbon or hydrogen substrates (other than toluene or BTX).
Additionally, gven thatsulfate was depleted from the &@crocosmat the time of molecular monitoring
(i.e., at the conclusion of theykar monitoring period) theses bactdikaly coexisted with thenriched
archaea under methanogenic conditions or competed for common substrates ¢e acetate)65, 68,
66, 67]
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ribonucleicacid (rRNA) nextgeneration sequencing (NGB)y the SC, BAPC, BA+PAC, BAPC+EA and BA+PAC+E/Aingle solute(tolueneonly)

microcosms after-Year relative to background conditions. The relative abundance of all replicate bottles (A, Bisskio@n for the SC, BAC and

BA+PAC microcosms, wheredlse relative abundance of a single replicate bottle (C) is shown for tHe@AA and BA+PAC+EA microcosms.
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3.3.3 Bioactive systems (no electron acceptor amendment)

Theaqueous and solid phases concentrations of toluene and BTX in tR€BAd BA+PAC
singlesolute(Figure 3.6(a, d)) and mulsolute(Figure 3.7(a, d)) microcosms are similar to the behaviour
of these solutes in the singkend multisolute KC (Figure B(a) and Figure B(a)) andKC+PAC
(Figure B2(e) and Figure B(e)) microcosms, indicating minimal toluene or BTX mass were removed
from the bioactive system (without EA amendments). Limited mass removal is supported by a slight
reduction in the average between the singleand multisolute BAPC and BA+PAC microcosms from
Day 2 (3.6+ 0.3mg) to the end of the-ftear monitoring period on Day 366 (tolueniely) or 372 (BTX)

(2.8+ 0.2mg [BA-PC] and 2. 0.2mg [BA+PAC]), which may be due to the same sources of mass loss
as describetbr the KC and KC+PAC microcosnirs Sections 3.2 (see Table Bfor the- estimates

of each solute and for each microcosm tgper the lyear monitoring period For thesingle and multi
soluteBA-PC microcosms, the average aqueous phase concenbetiegersolutes decreasedlightly
after Day 2 to the end of theykar monitoring periodl®.1+ 1.4mg/L on Day 2 to 1% 1.2mg/L on
Day 366 [toluenenly] or 372 [BTX]), and the average solid phase concentration of each solute remained
low over the same monitoring period (9.1 x*#01.1x 10° mg/g[tolueneonly]; and 5.6 x 10 + 4.3x
10% mg/g benzene, 8.3 x ¥& 6.6x 10* mg/g tolueneand1.4 x 16° + 7.1x 10* mg/go-xylene[BTX]).
Contrarily,larger shifsin the agueous phase concentratioh®luene or BTXwere observed in the
single and multisolute BA+PAC microcosméncluding a reduction in the agueous phase concentrations
of toluene 20.4mg/L on Day 2 to 5.1 mg/L on Day 36# the singlesolute systenandbenzene (21.6
mg/L on Day 2 to 15.9 mg/L on Day 3),2oluene 21.2 mg/L on Day 2 to 10.3 mg/L on Day 3&nhdo-
xylene(18.4 mg/L on Day 2 to 3.8 mg/L on Day 372 themulti-solute systemThe reduction in
aqueous phase concentrations in the BA+PAC microcosms correspondaettrgidiss in the solid phase
concentrations dabluene 89.1mg/g on Day 7 to 139.3 mg/g on Day 3@6the singlesolute systenand
benzene (16 nig on Day 2 to 12.1 mg/g on Day 372), toluene (36.8 mg/g on Day 2 to 45.8 mg/g on Day
372) ando-xylene(47.3 mg/g on Day 2 to 132.3 mg/g on Day Bifihe multi-solute systemThe larger
shift intheaqueous and solid phasguene or BTXconcentrationgn the singleand multisolute
BA+PAC microcosms relative to the BRC microcosms is due to partitionipgmarily from the
aqueoudo the PACphase anik consistent with the behaviour described for the KC+PAC microcosms in
Section 3.3.2.

The geochemistry within the singtmlute(Figure 3.6(kc, ef) and multisolute(Figure 3.7(kc,

e-f)) BA-PC and BA+PAC microcosms indicates that anaerobic biodegradation occurred, including a
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slow depletion in the average sulfate concentration frort 2.8 mg/L [single solute] and 7430.3

mg/L [multi-solute] on Day 2 to < 1 mg/L on Day 64 to 128 between microcosms. Despite the reduction
in sulfate, minimal sulfide (as the reduced form of sulfate) was generated in the anthfeultisolute
BA-PC and BA+PAC microcosms over theg/dar monibring period( Opgii). As opposed to a lack of
sulfate reduction, the loaveragesulfide concentration may be due to an abiotic reaction between ferric
iron inthe BSand any generated sulfidid.S and H which is known to fornteS precipitatefs3, 54]

that are undetected duriagueoughase monitoringin addition to the minimal sulfide detected, limited
TIC formation was observdaetween the singleand multisolute BAPC and BA+PAC microcosm&.Q

+ 0.2mg) from Day 2 to Day 64128, as sulfate was reduced to < 1 mg/L. Following sulfate reduction
(i.e., after Day64 to 128) to the end of theykar monitoring period the average mas$I€f slightly
increased betwedhe single and multisolute BAPC and BA+PAC microcosn{2.5+ 0.5mg), except

for the singlesolute BA+PAC microcosm which remained stable over the monitoring p&d# 0.2

mg). Theconcentration o€H, also increased betweéme single and multisolute BAPC and BA+PAC
microcosms (from 0.2 0.07 mg/L on Day 2 to 6.6 1.1 mg/L or 22.% 13.5 mg/L for the BAPC or
BA+PAC microcosms, respectively, by Day 372 [tolueméy] or 366 [BTX]) indicating methanogenesis
occurred following sulfate reduction. Notably between the siragid multisolute microcosms, the
concentration o€H, wasalso consistently higher in the BA+PAflicrocosmselative to the BAPC
microcosms which may indicate that the presence of PAC provided support for methanogenesis and
archaeal growtfi76]. Other indicators of anaerobic biodegradation between the sialyiee(Figure

B.5(a-b, ef)) and multisolute(Figure B5(a-b, ef)) BA-PC and BA+PAC microcosms include
consistently low DO (0.2 0.2 mg/L), neutral pH (7.4 0.2) and reduced ORP2@3.2+ 42.9 m\}.

Although the geochemical data indicate sulfate reduction and methanogenesis occurred in tfa@dingle
multi-solute BAPC and BA+PAC microcosms, only a small changé inwas observed for toluene and
BTX, as describedbove Therefore, a fraction of the toluene or BTX mass/have been oxidized

within the single and multisolute PGBA and BA+PAC microcosms; however, biodegradation may also
be asociated witlothersources otarbon or hydrogen otherattoluene and BTXike the behaviour
described for the SC microcosmsSection 3.3.2vhere no toluene or BTX was presefithough,

relative to the SC microcosms without PAC, notahlyre CH generation occurred in the BA+PAC

microcosms with PAC.
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Figure 3.7: Temporalchanges in the (a, d) agueqlsmsebenzene, toluene amdxylene(BTX) (B,T,X(q) (red

filled triangle [B], green filled squares [T] and blue filled circles [X]) and solid phase @TK Xs) (black filled
triangles [B], squares [T] and circles [Xdpncentrations(b, ) aqueous sulfate ($Qq) (black filled gradient
symbog) and sulfide (H%q) (yellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC)
(purple filled diamonds) and gaseous methane concentratiagi&brrange filled right triangles) for thaulti-

solute BTX) (ac) BA-PC and (e&f) BA+PAC microcosms. Each timepoint represents the average of three values
and the error bars are + 1 standard deviation.

Like the SC microcosms (described in SectionZ3,3he gPCR data shows an enrichmarthe
average abundancé total archaea relative to background conditibesveerthe single and multisolute
BA+PAC microcosms4.2 x 10° + 6.3 x 10°copies/g ersus3.9 x 10* + 7.7 x 10" copies/g fverage
backgroundabundanck. However, enrichmenn the average abundancetatfal archaea was not observed
betweerthe single and multisolute BAPC microcosms4(7 x 10°+ 4.4 x 103copies/g ersus3.9 x 10*

+ 7.7 x 10" copies/g &veragebackgrounchbundanck (Figure 3.3(a, b) and see Table B.6 for ¢CR
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data for the singleand multisolute microcosnmsThe NGS data for the singolute(Figure 3.4(ac) and
multi-solute(Figure 3.5(ac) BA-PC andBA+PAC microcosms shosunethanogenic enrichment relative
to background conditions (0.0%yith higheraverageelative abundanseonsistentlyobservedetween
the single and multisolute BA+PAC microcosms relative to the BRC microcosms. Higher
methanogenic enrichment in BA+PAC relative to the-B®@ microcosm may be associated with the
presence of the PAC, known to enhance archaeal growth and accelerate substrate conversidi%o CH
117, 108] Archaea enriched in thsingle and multisolute BAPC and BA+PAC microcosms were
consistent with those detected in the SC microcosmlsiding: Methanomethylovoransingleand multi
solute:5.3+ 1% BA+PAC] > 1.6+ 1.5% BA-PC]), Methanosaetdsingleand multisolute:5.8+ 3.2%
[BA+PAC] > 0.5+ 0.4% BA-PC]) andMethanobacteriunfsinglesolute:1.5 + 0.8 % [BA+PAC]> 1.3+
0.6% [BA-PC], and multisolute:4.3+ 5% BA+PAC] > 0.7+ 0.5% BA-PC]). Although consistentvith
the SC microcosmsherelativeabundance of enriched archaea were higher in the BA+PAC microcosms
relative to the S@icrocosmavithout PAC(seeTable B.9 for theNGSdata for the singleand multisolute
microcosmy Of the enriched archag®lethanosaetand Methanobacteriunare commonlyassociated
with DIET in AC amended systenfi$12, 118, 117vhich may explain the higher relative abundance of
these archaea in the BA+PAC relative to the-B®B microcosmsSpecifically, members of the genus
Methanosaetareacetoclastigas describeth Section 3.3.2and able to convert acetate to £0dCH,
with limited capacity to consumethowever through PACGmediatedIET Methanosaetaan also reduce
CO; to CH4 by directly accepting electrons transferred from bacteria through the PAC similar to
hydrogenotrophic methanogens that often rely on interspecies hydrogen transf¢78Hm3), 118, 174]

In the single and multisolute BAPC or BA+PAC microcosms the gPCR data showed total
bacteria andesulfosporosinug/ere not enriched relative to backgrouRi(re 3.3(a, b) and see Table
B.6 for thegPCRdata for the singleand multisolute microcosmsplthough like the SC microcosms
described in Section 3.3tBe NGS data showed enrichménthe averageelativeabundance of
anaerobic bacteribetweerthe singlesolute(Figure 3.4(ac)) and multisolute(Figure 3.5(ec)) BA-PC
or BA+PAC microcosms relative to background conditions-Q03%6). Most of the anaerobic bacteria
enriched in the singteand multisolute BAPC and BA+PAC microcosms are the same as those enriched
within the SC microcosms, includinBeferrisoma(singlesolute:3.7 + 1.7% [BA-PC]and3.4 + 0.6%
[BA+PAC], and multisolute:10.3+ 2.8% BA-PC] and2.8+ 2.6% BA+PAC]) [175], Desulfocapsaceae
(singlesolute:1.2+ 0.8%[BA-PC] and1.9+ 1.1%[BA+PAC]) [176], Edwardsbacterigsingle and
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multi-solute:3.1+ 0.8%[BA-PC] andl.6+ 0.4%[BA+PAC]), Geobacteraceae (mu#olute:1.7 +0.6%
[BA-PC] and 3.9 2.4% [BA+PAC]) andPeptococcaceae (singdelute:5.9+ 1.2%[PAC+BA]) (see
Table B.9 for theNGSdata for the singleand multisolute microcosmsplthough many of these
families and genera are associated with PHC biodegrada@n178, 179, 162, 46, 176, 178je
similarity in enrichedacteridbetween the SGindthe BA-PC and BA+PAC microcosnmayindicae
some or all the bacteniaereprimarily austainedoy othercarbon or hydrogen substrataghe
microcosmsas describeth Section 3.3.2Enrichment obtherbacteriaalsoassociated witlPHC
biodegradation in the mulioluteBA+PAC microcosmincluded Acinetobacte(8.1+ 1.1% [BA+PAC]
versus).3% [averagéackgroundelative abundanggefrom the phylum Proteobactefia80], whose
members are known to participate in manganese, iron or sulfate red8tlori82] Additionally,
members of the family Anaerolineaceae from the phylum Chloroflexi were enriched in oneatuidi
BA-PCreplicate microcosrbottle (7.6% [BA-PC] versus0.9%[average background relative
abundanc, which areacetogenic microbes that play key syntrophic roles in methanogenic PHC

degrading consortiums (e.g., providing acetate to acetoclastic methanogens Matiftaassaetp183].

3.3.4 Bioactive electron acceptor amended systems

In contrast, to theingle and multisoluteBA-PC and BA+PAC microcosms without additional
EA amendment&described irSection 3.3), a reduction irPHCswasobserved in the EA amend&d -
PC+EA andBBA+PAC+EAmicrocosmsToluenewas replenishell and6 times in the singlsoluteBA-
PC+EAand BA+PAC+EAmicrocosms, respectively (FigureB@a, d)), and toluene and-xylenewere
replenishedwice inthemulti-solute BAPC+EA and BA+PAC+EAnicrocosms (Figure 8(a,d)). The
initial sulfate concentratiowasthe only difference between tB&A-PC and BA+PAG10-20 mg/L) and
the BAPC+EA and BA+PAC+EA138-275mg/L) microcosmgsee Table B.2 for the microcosm
experimental dgign), and thereforéhe lack of toluene dBTX biodegradation in theingle or multi-
soluteBA-PC and BA+PAC microcosnmgasmost likely attributed tohe stoichiometridimitation of
sulfatefor sulfate reduction coupled to toluene or B@Xdation(seeTable B7 for the chemical
reactionsassociated with toluene or BTti{odegradation undeulfate reduimg condition3.

In theBA-PC+EA andBA+PAC+EA microcosms brieflag period of stabilizedqueous
concentration(sypccurreduntil between Day Band 64for the singlesolute microcosms ariztweenDay

38and 66 for thenulti-solute microcosm@here was no detectable difference in the length of the lag time
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between the single®r multi-solutePC+EA and BA+PAC+EAnicrocosms)whichis assumed to be
representative of an initial growth period of the indigenous micrdi@s within the BS Following the
initial lag periodto Day 269 or 310 in the singler multi-solute microcosms, respectivetiied for
toluene in thaBA-PC+EA andBA+PAC+EAmicrocosmsvasrepeatedlyeduedto O 8.9% of the

initial mass(i.e.,3.5mg[Table B.3) within 12to 64 days in the singigolute microcosms or 45 &6

days in the multsolute microcosm®uring highresolution monitoring (where the initial mass of toluene
amended into the microcosms was measured, in place of assuming the target initial concasitnaon
done prior to higkresolution monitoriny thed  for toluene in the BAPC+EA and BA+PAC+EA
microcosms waseedu@dtoO 98 . 3% of t he br23to40days fonte sisglsoitet hi n 2 3
(over Day 269 t@92)or multi-solute(over Day 310 to 35Qhicrocosmsrespectivelyneglectingfor the
singlesolute BAPC+EA microcosm, where the for toluene was reduced to 8% over 23 dayp(see
Figure B6(a-b, ef) for the change in singlend multisolute toluene mass in all phases during high
resolution monitoring, and Table®for the- estimaeg. The repetitiveeduction inthe-  of toluene
from the singleand multisoluteBA-PC+EA andBA+PAC+EAmicrocosmssuggests that the mass of
toluenewasbioavailable in all phaseSpecifically, for theBA+PAC+EA microcosms theeduction in

the-  of toluenesupports desorptioof toluenefrom thePAC duringbiodegradation anshows that the
AC sorption oftoluene is reversible with bioactivitAlthough some residutluene remained sorbed to
the PAC prior to each toluene reamendment taithgle and multisolute BA-PAC+EA microcosms,

thed of toluene was reduced to O 95.5% over each bi

can be repetitively regenerated multiple times, allowing for continued sorption.

Thechange ib  of toluene from th&A-PC+EA andBA+PAC+EA microcosmsluring high
resolution monitoringver Day 2690 2920r 310to 350in the single or multi-solute microcosms,
respectively(seeFigure B6(a-b, ef) for the mass ofoluenein all phases during highesolution
monitoring, are shown in Figure B(a, b) and theercorder biodegradation rat®nstant associated
with thed  reductionduring this monitoring periodrelistedin Table B.10The zereorder rate
constants for toluene were determined during the-tegblutionmonitoringperiodgiven that
biodegradatiorf toluenewasgenerally faster than tHemonthsampling interva usedorior to high
resolution monitoring (i.eqverDay 0 to 269 or 310 in the singler multi-solute microcosms,
respectively. Between the singtsolute BAPC+EA (0.10+ 0.14mg/day) andBA+PAC+EA (0.51+
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0.79mg/day) microcosms or the mu#ioluteBA-PC+EA (0.14+ 0.11mg/day) andBA+PAC+EA (0.14
+ 0.11mg/day) microcosmgherewas no difference in the biodegradatrateconstants fotoluene
during highresolution monitoringTherefore, theresence athe PAC did not enhance thate of
anaerobidoluenebiodegradation withithe single or multi-soluteBA+PAC+EA microcosmselative to
the BA-PC+EAmicrocosmswithout PAC

In the multisoluteBA-PC+EA and BA+PAC+EA microcosmeltiene was consistently
biodegradedo depleton (OMDL) prior to o-xylene(Figure 3.9(a, d))which isdue to the competitive
inhibition of o-xylene in the presence of toluene (or meliaiotermediate®f toluene)[159, 185, 148]
The competitive inhibition ob-xylene in the presence of toluene commonly occurs when a single
enzymatic pathway (e.g., fumarate addition by benzylsuccinate synthasd @&dsis involved in the
biodegradation of multiple solutes, with one being more easily oxidized (i.e., toluene) relative to the
othex(s) (i.e.,0-xylene)[54, 56, 187]Prior to highresolution monitoringdverDay 0 t0310), he( for
o-xylenein the multisolute microcosmwas reduced to O 98. 9%3%mgy the i ni
[Table B.3])within O 1 2 Ofrom theydssing ob-xylene orO  @a¥s followingthe depletionin the
0 of toluere. Relative to toluengtheresiduald  of o-xylene was consistently higheduring each

sacrificial sampling everikely due tothe difference in mulgolute sorption capacities between solutes
(i.e., X > T)described in SectioB.3.2 and the preferential biodegradation of tolugrier to o-xylene

(see Table B for the- estimates of each soljt®uring high-resolution monitoring, theé  of o-
xylenein the multisolute BAPC+EA and BA+PAC+EA microcosms wastreducedsee Figure B.6(g
h) for the mass ob-xylene in all phases during highsolution monitoringyiven toluene was
preferentiallybiodegraédover theentire40 daymonitoring periodsee Figure B(e-f) for the mass of
toluene in all phases during higlsolution monitoring)Although thed  of o-xylene remained

relatively stable over the higtesolutionmonitoring periodwithin the multisolute BA+PAC+EA

microcosm thed and0 of o-xyleneslightly increasea@n the PAQfrom 2.36 mg on Day 310 to

2.73 mg on Day 333) and correspondingly decrewastnih the aqueous phaggom 2.03 mg on Day 310
to 0.70 mg on Day 333), respectively (see Figure B)6{Hje shift ino-xylene mass between phases

within the BA+PAC+EA microcosm occurred thed  of toluene decreaddrom 3.28mg to 002 mg

over the sameonitoring periodsee Figure B.6(j) supporting partitioning af-xylene to a greater
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number of vacant sorption sites on the PAC as the mass of toluene was biodegraded and desorbed from
the PAC.

Minimal change in th& of benzeneccurred ovethe monitoring period from Day O to 350 in

themulti-soluteBA-PC+EA(3.56 mg on Day 2 to 3.08 mg on Day 360BA+PAC+EA (3.74 mg on Day

2 to 2.69 mg on Day 3%@nicrocosns (Figure 39(a,d) andsee Table B.8 for theé estimates of benzene
over the lyear monitoring period The imited change in theé of benzene over the monitoring period
suggest alack of biodegradatiompotentiallydue to several reason®ll documented within thigerature
including the absene of benzene degraders or other syntrophic micr¢be8, 189] the slow growth of
benzene degraders and a lack of sufficient incubation[1i&83; and/orthepresence of other preferentially
degrading solutes (e.g.,andX over Bgiven the high energetic requirements for benzene ring cleavage
[190, 191) andthe build up of metabolic bgroducts[54, 185, 154] Given the recalcitrant nature of
benzenefollowing the depletion in theé of toluene and-xylenean extended-fnonth monitoringperiod
was providedfor the multisolute BAPC+EA and BA+PAC+EA microcosnmisom Day 66 to 1930
observe ifthe biodegradation of benzemmuld initiate in the absence of the other solutes. Durirg th
extended monitoringeriod the aqueous and solid phase concentrations of benzene remained relatively
stable in thenulti-soluteBA-PC+EA microcosm, indicating benzene was himdegraded. Whereas in the
BA+PAC+EA microcosnpartitioning of benzentom the aqueouw® the PAC phaseccurred given that

a greater number cforption sites were availabte benzenen the absence of the other competing and
preferentially sorbing solutes (i.@-xylene and toluendgp1, 29] The partitioning behaviour of benzene
in themulti-solute BA+PAC+EA microcosm is demonstrated in Figui& ®hich shows the aqueous and
corresponding solid phasencentrationsf benzen@ver Day 66 to 193 aggositionedcloser to the singte
solute Freundlich isotherm for benzene (determined in Chapter 2) relative to all other timeefrds
Day 660r after Dayl93. Therefore, during Day 66 to 188 partitioning obbenzenén the multisolute
systemapproachedinglesolute equilibrium conditionsbut remainediower than the sorption isotherm

potentially due to the reasodescribed in Section 3Bin addition tosomeresiduald of toluene and
o-xylene remainingon the PAC(seeTable B8 for the 0 estimates of each soljtd-ollowing the

second reamendment of toluene and/lene on Day 193 benzene partitioned again between phases, with
the aqueous antbrrespondingolid phaseoncentrationsnore representative of mukliblutemicrocosm

partitioning in the presence taluene ana-xylene(Figure3.2(b)). Given tte limited evidence of benzene
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biodegradationthe sight reductionin the 0  of benzeneover the lyear monitoring periodnay be
associatedvith the same sources wiass losas described for the KC and KC+PAtcrocosms in Section
3.3.2.

The anaerobidiodegradation of toluene amexylene in the singlsolute (Figure 3.8(b, egnd
multi-solute (Figure 3.9(b, e))BA-PC+EA andBA+PAC+EA microcosmswere coupledto sulfate
reduction due tohereductionin the aqueous sulfate concentrattbnee timesSpecifically, n thesingle
solute BAPC+EA and BA+PAC+EA microcossnthe sulfate concentration was reeddto 5.2 and
22.1% of the total mass add€d44.4mg [Table 3.1]), respectivelyby Day 292 andin the multi-solute
BA-PC+EA and BA+PAC+EA microcosms the sulfate concentration was redufetPtoand 7%ef the
total mass adde(®6.3mg [Table 3.1]), respectivelyby Day 350.The aqueousulfide concentratioalso
increasedrom < 4 pg/L prior to highresolution monitoring (i.egverDay 0 to 269 or 310 in the single
or multi-solute microcosms, respectivelp averageconcentrations 063.3+ 0.9 mg/Land54.2+ 30.3
mg/L in the singleandmulti-solute microcosmsespectivelyduring highresolution monitoring (e.,from
Day 269 to Day 292 in the sing#mlute microcosms drom Day 310 to Day 350 in the muisiolute
microcosmy Prior to the highresolutionmonitoring period the lowaqueoussulfide concentratiorwas
likely the resultof anabiotic reaction betweethe generatedulfide (H,S andHS) and ferric iron inthe
BS, forming black FeSprecipitate§53, 54] The formation of presumed FeS precipitates vadserved in
all single and multisoluteBA-PC+EA and BA+PAC+EAnicrocosms over the-tear monitoring period
as showrfor a subset of sacrificial microcosm bottlagFigure B9(a) on Day 278(single-solute) or 319
(multi-solute)for the BA-PC+EA microcosmsIn support of FeS formation a sulphuric odour emanated
from the single and multisolute BA-PC+EA and BA+PAC+EAbottles when opened during each
sacrificial sampling evenDuring highresolution monitoring, thelevated sulfide concentratiomgere
likely attributedto eitherthe aqueougietectionof sulfideprior to the precipitation reactipnr a depletion
in free ferric iron within the B®reventing further FeS formatioBuring thehigh-resolution monitoring
period,when onlytoluenewasbiodegraed as described abgwbeoxidation of tolueneoupled to sulfate
reductionwasalsoverified from the mole ratwbetween toluene and sulfge5+ 0.3 moleg and sulfate
and sulfide(1.1 + 0.3 moleg in the single and multisoluteBA-PC+EA and BA+PAC+EA microcosms
(Table B.11) which wereconsistent with the theoretical ratipsable B.7.
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Figure 3.8: Temporalchanges in the (a, d) agueous and solid phase totoeentration$T agand Ts) (green and black filled squares, respectively), (b, €)
aqueous sulfate (S8aq) (black filled gradient symbs) and sulfide (HS.q) (vellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC)
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the average of three values and the error bars are + 1 standard deviation.
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Betweenthesinglesolute(Figure 3.8(c, f))and multisolute(Figure 3.9(c, f)BA-PC+EAand
BA+PAC+EA microcosmghe averagenass ofTIC increased from 2.8 0.5mg to 16.6+ 2.7 mgover
the year monitoring periods byproducts of toluene armxylene oxidatiorn(Table B7). Contrary to
theBA-PC and BA+PAC microcosn{described irSection 3.3), minimal CH; was generated.¢.,
increasing fron0.06+ 0.06to 4+ 2 mg/L) between thaingle and multisoluteBA-PC+EA and
BA+PAC+EA microcosnover the lyear monitoring periothdicaing thatmethanogenesisas limited
undersulfatereducingconditions, as expectgfs, 192, 66, 69]TheaverageDO concentratios
remainedconsistently low(< 1 mg/L)andtheaverageORP gradually decreased frofi79.6+ 24.8mV
to highly reduced conditionsf -380.2+ 13.1mV between alkingle and multisoluteBA-PC+EA and
BA+PAC+EA microcosnover the lyear monitoring periodThe averageH within all single and
multi-soluteBA-PC+EA and BA+PAC+EA microcosilightly increased from neutral @3+ 0.03 to
alkalineconditions(8.1+ 0.2 (Figure B.5(ed, g-h), potentiallydue to a hydrolysis reaction betweaae
sulfideformed(predominating aklS at pH § andwatergenerang hydroxyl ions (OH) (i.e., HS+ H.O
z H>S+ OH [193]). Collectively, there appears to be minimal difference in the{@mg geochemical
behaviour between thgingle solute(Figure 3.8b-c, ef) andFigure B.5(ed)) and multisolute(Figure
3.90b-c, ef) andFigure B.5(gh)) BA-PC+EA and BA+PAC+EA microcosms, indicating that that the
presence of PA@ the BA+PAC+EA microcosmiad limited influence on the microbial activity within
the EA amendednicrocosns relativeto the BAPC+EA microcosms.

ThegPCR data shownenrichmenin the average abundancetofal archae&etweerthe single
and multisoluteBA-PC+EA @.2 x 10°+ 1.5 x 10* copies/g) an@BA+PAC+EA (1.2 x 10+ 9.6 x 10°
copies/g) microcosms relative to backgrogodditions (39 x 10%+ 7.7 x 103 copies/g) Figure 33(a, b)
andseeTable B6 for theqPCRdata for the singleand multisolute microcosn)sThe NGS data shows,
between singleand multisolute BAPC+EA 0.9+ 0.8%9 andBA+PAC+EA 3.6 + 0.2%9 microcosms
Methanomethylovoransere enriched, anid the multisoluteBA+PAC+EA (24%) microcosnthe genus
Methanobacteriunwere enrichedelative to background conditions (0.0¥bjigure 3.4(ac) and Figure
3.5(ac) andseeTable B.9 for theNGS data for the singleand multisolute microcosms Relative to the
single and multsolute BA+PAC microcosm (described in Section 3.3.3), less archaeal enrichment
occurredin the single and multisolute BAPC+EA and BA+PAC+EA microcosmahich is likely
attributed to the inhibition ofubstantiamethanogenesis under sulfate reducing condifiebs192, 66,
69].
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The gPCR datahow minimal enrichmerih the abundance dbtal bacterian the singlesolute
(8.8 x 10° + 3.9 x 10° copies/g) and muksolute (2.5 x 107 + 3 x 10° copies/g)BA-PC+EA and
BA+PAC+EA microcosms relative to backgroun8.2( x 10° + 2.9 x 10° copies/g) However,
Desulfosporosinysvhose members are SRB associated with Bid@degradatiorj194, 195, 162, 196]
was highlyenriched in the muksoluteBA-PC+EA andBA+PAC+EAmicrocosmg4.8 x 10°+ 1.8 x 10°
copies/g)relative to background4(9 x 10* + 3.3 x 10*copies/g)Figure 33(a, b) andseeTable B6 for
thegPCRdata for the singleand multisolute microcosmsEnrichment oDesulfosporosinus the multt
solute BAPC+EA and BA+PAC+EA microcosnis supported by the NGS dg&a7+ 4.3%6 versud).06%
[average background relative abunddn@&igure 3.5(ec)). The higher enrichment of th&BRBwithin the
multi-solute microcosms relative to the singldutemicrocosmamay indicate this bacteridineagewas
more involved ino-xylenebiodegradation as opposed to tolae@ther SRB detected in both the single
solute (Figure 3.4(ac)) and multisolute (Figure 3.5(ec)) BA-PC+EA andBA+PAC+EA microcosms
relative to backgr oun des@lfeprudunils54%6.8% andDesulfatichadiumh e g e n
(4.4+ 2.3% [197] from the phylumDesulfobacteroteSRBenriched in only the singlsoluteBA-PC+EA
andBA+PAC+EA microcosms relative to background conditidh8%9, include severdamilies from the
phylum Desulfobacterot@omprised ofDesulfobacteracead 2.4 + 5.2%), which contain metabolically
versatile bacterifl 98, 199] Desulfocapsacead.8+ 2.7%) and Desulfosarcinaceé®. 1% [BA+PAC+EA
only]) [166] (seeTable B9 for the NGS data for the singleand multisolute microcosms The high
enrichment of SRBoetween thesingle and multisolute BAPC+EA and BA+PAC+EA microcosms
supportssulfate reductiordominatingwithin the EA amendednicrocosmsHowever, gven thelimited
difference in the enrichment of SRB between the single and-salitie BAPC+EAmicrocosmgelative
to the BA+PAC+EA microcosms the presencehef PAC appears to have had limited influence on the
microbial activity(supported by thémited differencen geochemical parametdostweermicrocosmsas
describedabové.

34 Concl usi on

Following PAC amendment to the singlelute (toluenenly) and multisolute(BTX) KC+PAC,
BA+PAC and BA+PAC+EA microcosms, rapid reductions in the aqueous phase toluene or BTX
concentrations and corresponding increases in the solid phase concentrations were evident due to
partitioning. The magnitude of toluene sorption to the PAC waater in the singteolute microcosms
relative to the multsolutemicrocosmsand the magnitude of the mudiblute sorption followed X > T >
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B due to the difference in chemical properties between solutes and competitive sorption (consistent with
the results described in Chapter 2).

The directly measured aqueous and solid phase tolgeneentrations from the sings®lute
KC+PAC, BA+PAC and BA+PAC+EA microcosmsere comparedto the singlesolute Freundlich
isotherm(determined in Chapter 2pimilarly, the directly measured aqueous and solid phase benzene,
toluene ando-xylene concentrations from the mediblute KC+PAC, BA+PAC and BA+PAC+EA
microcosmsverecomparedo the ISIAS model predicted solid phase concentratiBoth thesingle and
multi-solute Freundlich and ISIAS modegtespectivelypverestimate the equilibrium sorptiorof toluene
or BTX to the PACin the microcosm systemBifference betweenthe singleand muti-solute sorption
isothermsandthe microcosmdatamay be dueto severalfactorssuchasdifferencesin equilibriumtimes
causedby variation in mixing conditions betweensystems differencesin solution matrix chemistries
betweersystemge.g. ionic strength)interferencege.g.,competition)causedy othersorbingcomponents
within the microcosmsystemthatareabsentrom theisothermsystemge.g.,metaboliteggeneratedrom
anaerobidiodegradation)and/ortheinfluenceof a potentialbiofilm layersurroundinghe PAC particles
(causingdiffusionalresistancer porefilling of EPSsthatmay limit solutesorptior). Specifically,for the
multi-solutePAC amendednicrocosm®-xylenedeviated the most from the ISIAS model predicted solid
phase concentrations followed by toluene and then benwdreh is attributed to difference in the
magnitude of sorption between solutes (i.e., following X > T > B).

Over the lyear monitoring period evidence of methanogenesis coupled to a background substrate
(otherthan substantial toluene or BTX mass) was evident from the geochemical (i @rddkiction) and
molecular (i.e., archaeal enrichment) data within the sdlifaieed (i.e., 1620 mg/L SQ*) single and
multi-solute SC, BAPC and BA+PAC microcosms. Between the singted multisolute BAPC(and SC)
and BA+PAC microcosms the GH concentrations and archaeal enrichment (including
Methanomethylovoran®/ethanosaetand Methanobacteriuinwere consistently higher in the BA+PAC
relative to the BAPC (and SC)microcosmsawithout PAC, which supports the presence of PAC providing
support for methanogenesis and archaeal growth (e.g., through AC mediated DIET).

Contrary to the SC, BA#C and BA+PAC microcosms, within the EA amended (i.e ;273Bmg/L
SQ?) single and multisolute BAPC+EA and BA+PAC+EA microcosms sulfate reduction was coupled
to the oxidation of toluenevidenced by the repetitive reduction in toluand the geochemical (i.e., $O
reduction, and HSand TIC formation) and molecular (i.e., enrichment of SRBcluding

DesulfosporosinyDesulfoprunumand Desulfobacteraceae) data. In the ruadiute EA amended BA
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PC+EA and BA+PAC+EA microcosms;xylene (not benzene) was additidgabiodegradedollowing
toluene(due to the preferential biodegradation of toluemer o-xylene) Between the singleand multi
solute PC+EA and BA+PAC+EA microcosnthe total mass dbluene wag epet i ti vely redu
92.4% within 12 to 66 daysnd n thesingle and multisoluteBA+PAC+EA microcosmshe PAC was
regenerated multiple timess shown by theepetitivereduction in thesolid phase mass of toluebg O
95.5% The reduction in the solid phase concentration of toluene is attributed to the catesaratiorof
toluene duringanaerobidiodegradation andonfirms thatthe AC sorption of toluene is almost entirely
reversible with bioactivity Although toluene anda-xylene were anaerobically biodegraded within the
single and multisolute BAPC+EA and BA+PAC+EA microcosms over theg/dar monitoring period,
there was no substantial difference in Bte¢C, geochemical or molecular data between the microcosms
indicating that from the parameters monitored the presertbe BAC (in the BA+PAC+EAmMicrocosms)

did not influence the anaerobic microbial activigyative to the microcosms without PAC (the RL+EA
microcosms)In support of the limited difference in microbial activiyer the 3year monitoring period,

the zereorder rate constasifor toluene during highiesolution monitoringghowed no differenceetween
thesingle and multisolute BAPC+EA and BA+PAC+EA microcosnwghich indicatesthat the presence

of PAC did not enhance the anaerobic biodegradation of toluene withiBA+PAC+EA microcosms
relative to the BAPC+EA microcosmgCollectively the assembled data over thgehr monitoring period
showsthat the presence of PAC did not generate any discernible diffeiarthesanaerobic biodegradation

of toluenebetween th&A amendedioactive microcosm with and without PAC.
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Chapter 4

Anaerobic bioddgmadatei on oabxiyd neen ean d
i n powder ed actpiavati eauneaadebd naqui f e
mat ei Cal umn study

41 I ntroducti on

The combmnationof activated carbon (AC) sorption and biodegradation hasdqgaied to
various water treatment technologies, including biologi&alBAC) fluidized or flowthrough reactors
for application in wastewater treatm¢®6, 100, 101, 38, 39hnd permeable reactive barriers (RR&
biobarriers (BB) for application in groundwater treatmgh04, 105, 106] These technologies operate
similarly as compared to an injected AC PRB for groundwater treaftt@t 103] involving therapid
reduction in contaminant concentrations due to sorption followed by biodegradation to regenerate
sorption sites (discussed$ection 1.1.8 One of the primary benefits of the combined usa®f
sorption and biodegradation pertains todbesistentlyeduedor stabilizeddepletion in contaminant
concentrations under variable contaminant loadmgditionsdue to enhanced sorptioglative to
systems with only biodegradation (showing higher effluent concentraf#$s)00, 101, 37]Although
this is well known, the degree to whittike microbial activity is influenakdue to thepresence athe AC
and relative to unamended anaerobic groundwater sysitiiout ACis uncertain.

To investigataf a powderedAC (PAC) zoneinstalled inaquifer materiainfluences the
anaerobic biodegradation bénzene, toluene amexylene (BTX)in groundwaterelative to systems
without PAG a series osimplified singlesolute (toluenanly) andmore complexmulti-solute benzene,
toluene ana-xylene BTX]) columnexperiments wreconductedColumntypesincluded columns with
only a PAC zoneo tracksorption behaviour in the absence of anaerobic biodegradbitbastive
columnswithout a PAC zonéo track anaerobic biodegradation behaviour in the absence of spgtibn
bioactive columswith a PAC zondo track the combination of sorption and anaerobic biodegradation
relative tosorption or bioactivity aloneColumns vereassembled and monitored under sulfate reducing
and methanogenic conditionghich are representative of the reducing conditions where a PAC zone may
be installed below the vadosere at the matungetroleum hydrocarbofPHC) contaminated sitelhe
columnsweremonitoredfor 2 years to show lonterm trends in multiple parameteiscluding agueous
and solid phasPHCs (toluene as ainglesolute or BTX combined, aqueous phaggeochemical
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parameters (primarily sulfate, sulfide, dissolved inorganic carbon [DIC] and methas]§ fGblecular
biomarkerghrough solid phase analygis.,deoxyribonucleic acid [DNA&nalysis using quantitative
polymerase chain reaction [JPCR] and next generation sequencing)[altéijotopeghrough aqueous
phase analysi8.e.,carbon antbr hydrogen isotopes fddIC andBTX using compound specific isotope
analysis [CSIA]. To asses# the PAC zonénfluencal microbial activity during PHC biodegradation
within the bioactivecolumnwith a PAC zone relativeto the columnswith only bioactivity ora PAC

zone changes in the PHC, geochemical and molecularwlata compredbetween columns
Additionally, to investigatehow thebioactivecolumnwith a PAC zonerelative to theolumnswith only
bioactivity or aPAC zone responddto changesn PHCloadinga seriesof stepincreasen influent

PHC concentrationsverecarriedoutandany changesn the effluentfor theaqueouparametes
monitoredwerecompaedbetweercolumns Finally, given evidence of fractionation due to abiotic
processes such as sorptiowénbeen reportefB6, 87, 88, 89[asdiscussed in Section 1.1.2.&hiftsin
theisotopes of the PHCsexecomparedetween thdioactive column with a PAC zone relative to the
columnswith only a PAC zoneor bioactivity to understandf CSIA candistinguishbiodegradatiorirom
AC sorptionin bioactivesystemsCollectively,the AC sorption and anaerobic biodegradation behaviour
betweenhe singlesolute(tolueneonly) and multisolute(BTX) columns vasused tgprovideevidenceo
supporthow the presence of Aithpacsthe longterm behaviour and monitoring ahaerobid®HC
biodegradatioiin AC PRB systerma relative to systems without AC.

42 Mat er i arhest haondds

Thechemicals (i.e., BTX, AGWsodium silfate stock solutiomand biocide)and aquifer material
(i.e., Borden sand [BS])sedduringthe column experiments are describediection 2.2and3.2, with
some amendments, including thmissionof theamorphous ferrous sulfiq€eS)stock solution from the
AGW (i.e., step 5 and1lin Appendix B.1) and only sodium azide uséat a biocide(nomercuric
chloride). The BS wa collected307, 333 and 33@ays prior to use in the singé®lute (toluene only) and
multi-solute (BTX)columns with only a PAC zone, only bioactivity, or a PAC zone and bioactivity,
respectivelyand stored in the dark at 4°C until aaletailed description dfie Bordenaquifer, and the
methodologies associated with collecting and handling the aquifer material is described in Seatidn 3.2
listed in Table B.1L
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4.2.1 Column description

To address research Questions 2, 5 and 6 (Section 1.2)yipesef singlesolute(tolueneonly)
and multisolute(BTX) columns wereonstructedincluding:killed controb with a PAC zone
(KC+PAC2) to account for sorption to aquifer matealPAC in the absence of biodegradation
bioactive positive contrgl(BA-PC)without a PAC zonéo account for anaerobic biodegradation of
PHCs in the absence of PA&hdbioactivecolumnswith a PAC zon€BA+PACz)to account for
anaerobic biodegradation of PHCs in the presence of(B&&Table C.1 for the experimentalsign).

Acrylic columns (37 cm length x 3.75 cm inner diameter [ID]) were packed ina@nadnic glove
bag (SigmaAldrich, St. Louis, MO, USA) with @\, atmosphere usingterile equipment. The influent
(bottom) end okachcolumnwasfirst sealed witranacrylic end cap that aslaser cut with orb web shaped
indentations on the interior face distributefluid flow. End caps were fit with rubbed-rings (Sigma
Aldrich, St. Louis, MO, U§ andfastened to the columns usisig thumbscrewsnd nutsPrior toloading
BS within the columnsenclosure materials were placed directly adjacetietinterior face of thimstalled
influent end cajpy spreading the material with an acrylic rod that extended the entire length of the column.
The enclosure materiaicludeda circular large mesh (U.S. mesh 20) stainless steel (SS) screen (~3.7 cm
diameter), followed by a layer of evenly spread glass wool, aothercircular fine mesh (U.S. mesh 80)
SS screen (~3.7 cm diameteBigmaAldrich, St. Louis, MO, USA all used to assist with even flow
distribution ando prever fines in the BSrom migrating out of the column3heBA-PC andBA+PACz
columns were then packed with 87%.35.8 g ofBSin 1 cmincrementsy thoroughly compactingach
layerwith theacrylic rod.In the central region adhe BA+PACz columrs a PAC zone extending 14 to 20
cm (6 cm lengthfrom the influent end wasmplacedo mimic a reactivé® AC barrier. The PAC zone was
comprised of 0.5%wt/wt of WPC PAC thoroughly homogenizadth the BS under anaerobic conditions.
The PAC loading was selectdshsed on estimated ideal PHC breakthrough times (see Appendix C.1 for
the equation usedd ensure that theolumns with PAC zones auld not be sorption dominateduring
monitoring (i.e., nordetectof PHCsin the column effluent) During BA-PC and BA+PACz column
packing several subsamples of the BS were collected for PHOMNAdanalysis using qPCR, following
the sampling and analytical methodologies described in Section 3.2.2 and 3.2.3, respectively. The DNA
and PHC samples collected during column packing were used to determine if any PHCs were initially
present in the BS (seee&ion 3.2 for details pertaining to the PHC contamination at the site of BS

collection) and tacharacterizehe background microbial population within the BBior to packing the
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KC+PACz columnsl.5 kg of moistBS was autoclavethreetimes onthreeconsecutive days for 15 min at
121e Crollowing autoclavinghe mass of water removed during autoclaving (i.e., 16% volumetric water
content) was added back to the dry BSlasxygenatedilli -Q water in @ anaerobicallyglove bagThe
moist sterile BS was then packed into the KC+PAColumns(862.7 + 12.8 g) following the same
methodology as described for tBA+PACz columns. Once packed, the same enclosure materials that were
placed at the influent (bottom) ends of each column were placed at the effluent (top) escixrofumn
directly adjacent to thpackedBS. Eachcolumnwas thersealed with effluent end caps, as described for
the influent endsTheexterior sides of thimfluent and effluent end caps were fit with 316 SS fittings (SS
200-1-OR) (Swagelok, Solon, OH, USAhat wereattached to 1@m (influent end) and 8@m (effluent
end) lengths of  mm ID nontransparent SS tubin@sedto prevent direct light exposure and limit
microbial colonizatiorinside the tulmg). Prior to moving the columns to the bertap for operation, the
open ends of the influent and effluent SS tubing wergorarily sealetb prevent @exposure to th8S,
and the exterior of the coluramwere wrapped in aluminum foil to limit direct light exposure

Once positioned on the benchtop, the influent SS tubaggennected to the Lualip outlet base
of a25 mm SS microsyringgter holder (MilliporeSigma, Burlington, MA, USA) with 3 cm of 1.42 mm
ID nonttransparent flexible Viton tubing (CeRarmer, Vernon Hills, ILUSA). The SS filter holder as
equipped with a polytetrafluoroethylene (PTFE) flat gasket, followed by a SS support screen, a 25 mm 0.22
pm nylon filter (Ezflow, Fox Life Sciences, Londonderry, NH, USA) and a PTHEB®which were held
in place by fastening the Lueok inlet cover ofthe SS filter holder to theuer-slip outlet baseThe inlet
cover of the SS filter holdevasattached to 30 cm of SS tubing which connected to the outéeB-ofay
SS ballvalve (S$41GXS2) (Swagelok, Solon, OH, USA). The badlve wasequipped witha sampling
port lined with rubber septum, which served as the influent sampling port. The inlet of badl 8ve
wasattached t@170 cm length of SS tubing which fed into Masterflex L/S Viton pump tulitkg46428
14) at the outlet end of a Masterflex [¥/Beristaltic pump (ColParmer, Vernon Hills, ILUSA). The inlet
end of the pump tubingasattached to a second SS filter holder, whias@onnected tan80 cm length
of SS tubing The 80 cm length of SS tubing wastenedo the SS fitting onthe inlet ofadedicated sterile
10 L Tedlarsampling bag (SKC Inc., Eighty Four, PA, USA) whigas used to contatheinfluentsource
of anaerobiAGW.

At the effluent endof each column, the 80 cm length of SS tubirasattached to the inlet of a
second 3vay SS ballvalve which served as the effluent sampling port. The outlet of thalB&lve was

attached t@ 70 cm length of SS tubing whichasconnected to the inlet cover of a third 25 mm SS filter
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holder. The outlet of the SS filtaolderwasattached t@ 10 cm length of SS tubing which fed irdoubber
stopper enclosing the opening of 1 L Erlenmeyer glass flask (Corning Life Sciences, Corning, NY, USA)
which senedas containment for effluent waste collectionlifre connections for all columns were made
with SS fittingson the exterior faces of the end capgmthe 3way ballvalves or 3 cm nottransparent
flexible Viton tubing for all other connectionBigure4.1 showsa schematiof the columnsetup in up-

flow mode andFigureC.1showsan imageof thecolumnsetupfor thesingle andmulti-soluteKC+PACz

columns
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Figure 4.1: Schematic of theolumn setup in upflow mode for a column with an installed powdered activated carbon (PAC) zone.
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Prior to columnoperationa bromidetracertestwasperformedo determinghe effectiveporosity.
An anaerobicsodiumbromidesolution(1000mg/L) waspumpednto a dedicatedsterile 10 L Tedlar bag
as the influent solution. The test was performed at a flow ratenfrhin with 25mL of solution fed into
eachcolumn as a pulsmllowed by anaerobic AGW, and 19 samppes columnwere collected over 3
hours. The column porosities of each column were sinfil&9¢ 0.027 [Table C.2), suggesting that the

hydraulic behaviour would also be similar.

4.2.2 Operation

InfluentanaerobiAGW waspreparedn 8-9 L batchedollowing therecipelistedin AppendixB.1
with theomission of thé-eSstock solution from the AGW (i.e., step 5 arldri Appendix B.1asdescribed
in Section4.2) to prevent FeS precipitates froobstructingthe inline filtration system.Following
preparatiorof the AGW, the solutionwasstoredin a mixing vessel housed withima\; filled glove bag
The glove bagvas connected t@2 m length ofL.57 mm IDTeflon tubingthat was installed through a port
located on the side of the bagithin the glove baghte Teflon tubing was fed inside the AGW mixing
vessel extending to the bottom of the solutiamdoutside of the glove bag the Teflon tubing was connected
in-line tothe influent side of peristaltic pumpThe effluent side of the peristaltic pump was tbemnected
tothe SSinlet valve d sterilededicatededlar bagand amceconnected thanaerobidGW was pumped
from the mixing vesseahto the Tedlarbag Once the Tedlabagwasfill edwith AGW, amendmentsvere
made ¢{epending on the column requirem@itg injection through the SS PTFE lined sampling .deot
the single or multi-solute columngure phasanalyticalgradetolueneor BTX (1:1:1concentratiomatio),
respectivelywereaddedto the AGW using a sterile glass microliter syrinfigamilton, Reno, NV, USA)
and sodium sulfate (using the stock solution listed in Appendix B.1) was addedto the AGW using a
disposableplastic syringe equippedwith a luerlock fitting (Air-Tite, Virginia Beach,VA, USA) and
attachedo a22-gaugeneedlg(Exel Int., USA)(injectionvolumewasvariableanddependenbnthe AGW
volumeandthe desiredolution concentratignThe KC+PAG columns were also amended with thb
of a 5% sodium azide solution per L of AGWinga disposablelasticsyringeequippedwith aluerlock
fitting andattachedo a 22-gaugeneedle Following amendments to the transparéatilarbags, each bag
was coveredwith a nontransparent blacklastic sheet to limit direct light exposure and agitated on a
platform shake(Barnstead Thermolyn®ubuque, IAUSA) for one day at10 rotationgperminute (RPM)
to ensure a welnixed solution.

Columns were operated farl-year (Yearl) acclimation periocat nominalflow ratesranging

between 0.02nL/min (equivalent to 0.-D.3 pore volumes per dagihd 0.8nL/min (equivalent to 8.31.1
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pore volumes per dayfrollowing the Year1 acclimationperiod,the nominal flow rate 0f0.02mL/min

was maintained for an additional year (Y-€2) The flow rates during Yedl and Yea2 weremeasured

for each column from the volume of effluent solution collected in dedicated 1 L Erlenmeyer glass flasks.
During Year2 the influent toluene and BTX (1:1:1) concentratiqas the electron donorsyere
sequentially adjusted in a stepwise manner from a target concentration of perggluteto 10 mg/Lper
soluteand thento 20 mg/Lper soluteto investigate how the columns respdodrariable PHC loading
Similarly, the sulfate concentratioaq arelectron acceptdEA]) was increased from a target concentration

of 5mg/L to 20mg/L and then to 30 mg/LséeTable C.Ifor the experimental desi@jn

4.2.3 Sample collection and analyses

All columns were sampled from the influent and efflugmtay SS ballvalvesby temporarily
shifting the flow directiorof the sampling portshown in Figure 4.1 and Figure CSamples were
collected in dedicated 1G8L glass sampling syringe€édence Science, Cranston, RI, JS&quipped
with 2-way nylon stopcock(Masterflex,Gelsenkirchen, NRW, DE) attached3®d cml17-gauge SS
needls (Ace GlassVineland, NJ, Uwhich wereinserted into the rubber septa of the samplingsport
During samp collection, the syringe barrels were positioned verticallpleriglassstands with the 2
way stopcocktemporarily positioned open which allowed the plusdersliowly lift as thetotal sample
volumewasanaerobicallyollected(Figure C.1) Influent and effluent samplegere collectedvith the
intention of sampling the sanperevolume(PV) of AGW, and hereforeeffluentsamples were collected
3-4 days(representing 1 PV when accounting for the residence filejving the influentsamples
(Table C.2)Given that the influent sampling pserepositionedbeforethe columnsinfluent samples
werecollected at a temporariipcreasedlow rate of 04 mL/min (versus 0.02 mL/min for effluent
samples)

Year1 aqueous phase influent and effluent sample collection included toluene or BTX (2 mL)
only. Whereas durinyear2 agueous phase influent sample collectigfiL of AGW) was comprised
of several parameterisicluding, tolueneonly or BTX @ mL); sulfate,dissolved oxygen (DO), pH and
the oxidation reduction potentigdDRP) (5 mL); sulfide (10mL); DIC (3.5mL); andCH, (4.5mL).
Aqueous phase effluent sample collectidgifiL of AGW) includedall influent sampling parameter@y
mL) in addition tathe carbon antbr hydrogen isotopef®r benzene, toluene-xyleneand DIC (i.e.,
C-B,T,X; (PH-B,T,X; andit*C-DIC) (20 mL). Subsamples dhepure phas®8TX injected into the
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Tedlar bags as described in Section 4(2%mL) and theNaHCQused in the AGW recipe (Appendix
B.1, step 4.J~5 g) were submitted for the same isotope analysis as the effluent isotope samples to
determine the carbon and hydrogen isotope signatures of BT3iraildrly the signature of th®IC in
theinfluent AGW solution Following sample collection, the total sample volume was dispensed into
designated vials for each parameter being analyzed; howlkseampldor sulfate,DO, pH andORP
were left in the sealed sampling syringes and transported into an anaerobic glove bag for Bnalysis.
remainder of the ntkodolodgesassociated witlsample collection csample preparation prior to analysis
in addition to the analyticahethoddor tolueneonly or BTX, sulfate, ORRH, DO, sulfide and DIC are
described in Sectio8.2.2 and3.2.3

Samples foaqueou<CH. were collected in 4nL (Thermoscientific, Rockwood, TN, USAjlass
screw top vialpreloaded with 1% of a 5% sodium azide stock solwiwhsealed with Teflon lined
silicon septa screw capAqueousCH, samples were drawn infild mL gas tight sampling syringes with
luerlock fittings (Sigma Aldrich, St. Louis, MO, USA), equipped wiH-way polycarbonate stopcock
anda22-gawe disposable needle. The samples wleeadiluted withpurified helium shaken vigorously
by handand left to equilibrate for 1 hour prior émalysis by gas chromatograpi®Q). Analytical
methods foICH,4 analysis are described Section 3.2.3.

Isotope samples were collected inr@D (Sci Spec, Hanover, MD, USAjlass screw top vials
preloaded with 1% of a 5% sodium azide stock solumasealed with Teflon lined silicon septa screw
caps.Compound specific carbon and hydrogsutoperatiosof BTX weredeterminedising apurge and
trapthermaldesorptionsystemcoupledio aGC-C-IRMS. Samples were manually injected iat&€DS
7000(CDS Analytical LLC, Oxford, PA, US3parger vessel and purged with helium for 10 minties.
trap was then heated to 3@) andanalytes wereseparated bg DB 624 GC column on a Trace GC
(ThermoFinnigan, Millan Italy). The GC temperature program wagss88°C for 2 min, then80°C at
15°C/minand120°C at 20°C/min. Analytes were combusted ia GCi Combustion Il interface operating
at 1450°C foPH or 940°C for'C, and isotope ratios were measuredidinermoFinnigan Delta XP Plus
XP isotope ratio mass spectromdfEnermoFinnigan, Bremen, Germangg & VSMOW pr eci si on
PHand 0. 3a VP DB®Q.FeE*C-BIC samplsfao aliquot of sample equivalent to 0.2
mg of carbonate was removed through the septum of the sample vial and injected into a heliur filled
mL Labco Exetainer vigbreloaded with 0.51L of 85% phosphoric acid @®Qs). The vial was then

shaken to catalyze a reaction between the DIC aR@-and left to equilibrate for 3 hours tonvertthe
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DIC to CQ in the headspace. Samples weamsferred t@ CTC PAL autosampler and analyzeya
Delta V Plus isotope ratio maspectrometer (IRMS) with Gasbench as a peripheral (Th&tinmogan,
Bremen, Germanyp2a VPDB pYxeci si on

To determine the spatial distribution of solid phezdeene oBTX andDNA at the end of Yea?
theBA-PC andBA+PACz columns were subsampled from top to bottom in an anaerobic glove bag. For
theBA-PC columns, five 2m thickincremens of BS spaced 4 to 5 cm apart were subsampled,
extending 3b, 911, 1618, 2325 and 2981 cm from the bottorfor influent end)f the column. For the
BA+PACz columnsthe PAC zonewassubsampled at a higher frequency comparexitside of the
PAC zonewhere six icm thidk incrementsvere subsamplealongthelength of thePAC zone,
extending 1420 cm from the bottom of the column. Adjacent to the PAC zone, tova think
incrementsvere subsampled, extending-13, 1314, 2021 and 2123 cm from the bottom of the
column. Away from the PAC zone, three 2 to 3 cm tliickementspaced 1 cm apart were subsampled,
extending 14, 57, 810, 24-26, 2729 and 3336 cm from the bottom of the colunmBachincrement
contained 20 to 60 gf BS (and PAC for the BA+PACz colum(i)e., 20 g/ cmincremen}, which was
first manuallyhomogenizedavith a sterile SS sampling spoand then subsampled ftmiuene oBTX
and DNA analyses-or atoluene oBTX sample, 5 g of solids was placed in a2 glass screw top vial
(Sci Spec, Hanover, MD, USAand4 mL of DCM (containing the internal standam<luorotoluene and
2-fluorobiphenyl (25 mg/L)) was addethevials were thersealed with a Teflon lined silicon septa screw
cap,shaken vigorously by hand for several mingtedvented The remainder of the methodology
associated with sample preparation prioiolaene or BTXanalysis (i.e., sample shaking and extract
transfer to autosampler vials) is detailed in Sec?i@®2. For aDNA sample2 to 5 g of solidsvere
placed in a 50nL plastic screw top Eppendorf tube and sealed ajilastic capthenimmediately
frozen at-80°C.Details pertaining ttheanalyticalmethodologies associated with solid phideene or
BTX andDNA analyses ardescribed irSection2.2.2 and3.2.3

Solid phase DNA sampldsr NGSwere unintentionallgontaminatediuring sample extraction
from the DNA extraction kits used. To address the sample contaminatanmiton sequence variants
(ASVs) present in the extraction black (Eblank) samples were removed, assuming any ASVs in the
Eblanks were likely contaminants from the DNA extraction kits. Thirty (30) A8@eesentingommon
contaminantsvere removed; however, sample contamination may have remained. See Table C.3 for the

30 ASVs removeand the rkative abundance per sample prioABY removal.
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43 Resuéadamdi scussi on

During theYear1 acclimation period thaverageameasuredlow rate between singleand multi
solute columnwaried from 0.01% 0.006 to 0.76 + 0.12 mL/min. Higher flow ratesduring Yearl were
used tanduce breakthrougim the KC+PAG andBA+PACz columns while lower flow rates were used
during column maintenance or to address design tweaks (e.g., mixing of ik@@vnisolutions testing
different Tedlar bag optionslue to bag liner leakages, corrosion from contact with biocoleBTX
sorption to the linear materjadndchanging column tubing from transpardn7 mm ID Teflorto non
transparentl..57 mm IDSSin addiion to adding SS filters holder® prevent microbial growth in the
tubing). As a resultthe flow rateand mass injectedetween columnserevariableduring Yearl. The
mass injected varied from63o 165 mgof toluene(averageinfluent concentratin of 1.6 + 1.2 mg/L
betweersinglesolutecolumn$ for the tolueneonly columns and from 56 to 17mg of benzenéaverage
influent concentratinof 2.5+ 0.6mg/L betweemulti-solutecolumng, 48 and 18 mg of toluendaverage
influent concentratin of 2.1+ 0.7 mg/L betweemmulti-solutecolumng, and 47 and I3 mg of o-xylene
(averageanfluent concentratin of 1.7+ 0.7 mg/L betweemmulti-solutecolumng for the BTX columns
During Yearl, orptionis presumed to havesulted inachange ircumulative mass between the influent
and effluent& M of -61.2mg of toluene(37.1% reductionin thetolueneonly KC+PACz column, and
16.6 mg of benzend9.4% reduction)-41.5 mg of tolueng(26.1% reductionand-90.5mg of o-xylene
(81.2% reductionin the BTX KC+PACz column Biodegradatioris presumed to havesulted in ae Mof
-39.4 mg of toluene(71% reduction)n thetolueneonly BA-PC column, and258 mg of benzen¢46.3%
reduction) -27 6 mg of tolueng57.2% reductionand-11.7 mg ofo-xylene(25.1% reductionin theBTX
BA-PC column. Sorption and biodegradatiamepresumed to havesulted in ae Mof -87.4 mg of toluene
(96.5% reduction)n the tolueneonly BA+PACz column, and-78.3 mg of benzené9.5% reduction)-
87.6 mg of tolueng81.4% reductionand-84.3 mg of o-xylene(91.7% reductionin the BTX BA+PACz
column(see Table @. for the cumulative influent and effluent masayd ee Mof toluene and BTXper
columnduring Yearl). The Yearl change in aqueous phase influent and effluent concentrations are shown
in Figure C.2a-f) for the single and multisoluteKC+PACz (Figure C.Za, d)), BA-PC(Figure C.2b, €))
andBA+PACz(Figure C.Zc, f)) columns.

During Year2 of column operatiorthe averageneasuredlow rate was 0.023 0.019 mL/min

which yielded araverage groundwater velocity aresidence timef 0.0062 + 0.0006 cm/min ard16 +
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0.43 days respectivelybetween column@able C.2, which is representative tife Borden aquifer (0.0063
cm/min [135] [Table B.1]) and therefore deemaudfficient for anaerobic biodegradati¢h49, 150] As
described in Section 43.effluent samples were collected at a lowerasurediow rate of 0.017% 0.004
mL/min, whereas influent samples were collected at a temporarily higbasuredlow rate of 0.04+
0.014mL/min. The variation in flow rates during sample collectieaulted in effluent and influent sample
collection over 1.8 and 0.4 days, respectively.

During Year2 of column operation, thaverageinfluent toluene and BTXconcentrations were
sequentially adjusteth a stepwise manndretweenthe single and multisolutecolumnsfrom 47 + 1.1
mg/L for the first 20.2t 4.1PVs to 8.6t 1.3mg/L from PV 222+ 4410 26.6 + 4.6t0 17.4+ 25 mg/L
from PV 27.9+ 4.8t0 588 + 10 (note that an injection concentration of 10 mg/L wastentionallynot
used for thesingle-soluteBA-PC columninstead the concentration increased from 5 mg/L directly to 20
mg/L). Relativeto Yearl, less variability in the cumulative injectathssbetween all solutes and columns
occurred during Yea2, with an average injected mass78f1+ 10.7 mg. In the multisolute KC+PA@
column these Mfollowed X (-32.2 mg or42.2%6 reductior) > T (-21.4 mg or25.4% reductior) > B (-4.6 mg
or 5.2% reductior) which is attributed t@ompetitive sorptionwith o-xylenehavingthe highestsorption
capacityfollowed by tolueneandthenbenzend2l, 29] as describ&in Chapter 2 and Betweenthe
single and multisoluteKC+PACz columnd h e ofeedluenewas greater for the singbolute column
(74.6% reduction) relative to the mu#idlute column (25.4% reduction) given that the sorption capaicity
toluenewas reduced in the mulolute competitive systenhn the multi-soluteBA-PC and BA+PACz
columnswith bioactivity the ee Mfollowed T > X > B.For the multi-soluteBA-PC column this behaviour
is attributedto the preferentidbiodegradation of toluene38.3 mg or 3.2% reduction) [54, 56, 187prior
to o-xylene €11.3 mg or 169% reduction and the limited biodegradation of benzer@ rog or 8.3%
reduction due to the recalcitrance benzene, as described in Section 3[84 185, 154]Whereas, dr
the multi-solute BA+PACz columnthe a&M between solutess likely attributed to the preferential
biodegradation of toluene88.9 mg or985% reductior) andthe greater sorption of benzeftd4.3 mg or
14.4% reductior) and o-xylene (-74.7 mg or 85.2%eductior) as toluenewas biodegradednd the
availability of sorption sitegncreasedsee Table @.for the cumulative influent ane@ffluent mass, and
&M of toluene and B TX. Bgweenhetauenemin coldnins thee dof tMuerzer
followed BA+PACz ¢68.1 mg 0199.5%reductior) > KC+PACz ¢54.9 mg or74.6%reductior) > BA-PC

(-38.8 mg ord4.4%reductior), showving that toluene mass was reduced more due to the combination of
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sorption and biodegradation, as opposed to sorption or biodegradationSaoiferly, between the mutti
solute columns thes Mof toluenewas greatest for thBA+PACz column(-88.9 mg 0r98.5% reduction),
followed by theBA-PC (-38.3 mg 0r59.2% reduction) an&kC+PACz (-21.4 mg 0r25.4% reduction)
columns

The averagesulfate concentration, as a source of electron acceptor, was increased in a similar
mannerbetweenthe single and multisolute columnsas compared to the influembluene and BTX
concentrationsluring Year2, staring a6.3+ 3.6 mg/L overPV 0to 4.7+ 0.9t0 222 + 3.5mg/L overPV
9.2+ 1.6to 11.7 + 5.3 t0 26.5 + 4.6 mg/L over PV 27.9+ 4.8 t0588 + 10 (note that an injection
concentration of 30 mg/L wasnintentionallynot used for thesinglesolute KC+PACz column. The
average cumulative mass of sulfate injected intsialjle and multisolutecolumnsduring Year2 was
159 + 22.7 mg The & Mof sulfate between the singland multisoluteKC+PACzcolumnswas-6.8 mg
(4.8% reduction and-2.2 mg (1.5% reductior), respectivelyand-162.5+ 26.1 mg (97 4 + 3.6% reduction
betweerall single and multisoluteBA-PC andBA+PACz columns The ae Mof sulfate betweethesingle
and multisolute BA-PC and BA+PACz columns incombination with the production of other
biodegradation byproducs expected under sulfateducing {.e.,C/Hs + 458  + 3H./ THC  +
2.25H3 + 2.2H,3 + 0.25( ) and methanogenic if., 4H, HC/  + ( CHs + 3HJ/
[hydrogenotrophic] oCHsCOY  + H./ CHs HC/ [acetoclastid] conditionssupports anaerobic
biodegradationSpecifically, between the singleand multisolute BA-PC andBA+PACz columnshe
averagese Mof CHsand DICwas978 + 221 mg (99.9%increas@ and109.1 + 23.6 mg (60.2%increasg
respectivelyrelative to these Mof CH, and DICbetween the singleand multisoluteabiotic KC+PACz
columnswhich was0.0 mg (0.0%increasg¢ and32.4 £ 6.5 mg (53.5%increasg respectively(see Table
Cdforthecumul ati ve influent and eéntlDIQpemncolummdusngYearand &M
2).

To estimate the fraction of toluene consumption attributed to ana®iobEgradation between the
single and multisolute columns during Yed, the stoichiometrically estimatechass of DIC generated
from sulfate reductiorcoupled to toluene oxidation (i.e., determined usingadof sulfate and the
stoichiometric mass ratios between R sulfateluring sulfate reduction [0.1pdr methanogenesi(ge.,
determined using theeMof CHs; and the stoichiometric mass ratios betw&d& and CHs during
methanogenesis [0.75Jvere compared to the measueedof DIC (listed in Table C4). Betweenthe

single and multisolute KC+PACz columns minimal DI@roductiorwasstoichiometricallyestimated0.9
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+ 0.6mg) given the limitedse Mof sulfateconsumed-4.5 + 3.2 mgor 3.1+ 2.3%reductior) andno ae Mof
methaneprodued (0.0 mg or 0.0%increasg However,the averageneasurede Mof DIC between the
single and multisoluteKC+PACz columns indicates DIC wgsroduced(32.4+ 6.5mgor 53.5+ 3.6%
increasg As opposed tdDIC productionassociated with biodegradatiomet difference between the
average stoichiometriestimate andheasured@e Mof DIC between thaingle and multisolute KC+PACz
columnsis likely attributad to an abiotic reaction betweethe biocide (sodium azide) and some other
material within the columns forming inorganic carbon given that sodium azide is known to act as an oxidant
or reductanf160] (similarly observed in the singleand multisolute KC and KC+PAC microcosms
described in Section 32. Contrarily thestoichiometrically estimatednass of DICrelative to the
measurede Mof DIC for boththe single and multisolute BAPC and BA+PACz columngere similar
indicating that the DIC produced was coupled to both sulfate reduction and methanogenedds4(te.,
16.9%0 of theaverage stoichiometrdly estimatel massof DIC generatedvasaccounted forelativeto the
averagameasureae Mof DIC between columngqsee Table G.for the measureek Mof DIC and toluene
relative to stoichiometric estimatesiring sulfate reduction and methanogenesgissingle and mult
solutecolumn during YeaR).

Between the singleand multisolute BAPC and BA+PACz columnsj\gen thatthe averagee M
of sulfate(-162.5+ 26.1mg or 97.4+ 3.6%reductior), DIC (109.1+ 23.6mg or 60.2+ 7.1%increasg
CH4 (97.8% 22.1mg or 99.9+ 0.2%increasgand tolueng-38.6 + 0.4 mg or51.8 + 10.5% reductionBA -
PC] and-78.5+ 14.7mg or 99+ 0.7%reduction[BA+PACz]) were similar thissuggestshat the toluene
was primarilybiodegraded in the mulsioluteBA-PC and BA+PACzolumnsas opposed tother solutes
(e.g.,0-xylene) &so being consumed. For substangialylene mass to have been consumed fronmniiak-
solute BAPC and BA+PACz columrisigherae Mof all parametersnonitored relative to those observed
in Table C4, would havebeen stoichiometricallyexpected The slight reduction in thaveragemeasured
2 Mof o-xylenein the multisolute BAPC columnduring Year2 (-11.3 mg or 16.% reductior) may be
associated ith co-metabolismduring toluene biodegradatig@4] andbr error ubstantiatretardationof
o-xyleneto the BSs unlikelybased on the in Table B.3)Whereaghe larger change s Mof o-xylene
observed in the mulsolute BA+PACz columif-74.7 mg or 85.% reduction is likely primarily related
to PAC sorptiorgiveno-xylene ispreferentiallysorbed to the PACaé described in Chapte). 2

Like the comparison between teichiometrically estimated mass of DIC generated relative to

the measurege Mof DIC, thestoichiometrically estimated mass of toluene consumed from sulfate reduction
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(i.e., determined using thee Mof sulfate and the stoichiometric mass ratios between toluene and sulfate
during sulfate reduction [0.21ljvas compared to the measuseiof toluene [jsted inTable C4) for each
single and multisolutecolumn during Yea. For the singleand multisolute KC+PACz columnthe
averagenasf toluenestoichiometricallyestimatedor consunptionduring sulfate reductiowas minimal
(1 £ 0.7 mg) given that limited sulfatewas consumed-4.5+ 3.2 mg or 3.1+ 2.3%reductior), which
supporsthe absence dbluene biodegradation KC+PACzcolumns, as expectedowevertheaverage
measurede Mof toluene between thgingle and multisolute KC+PACz column@dicates mass was
consumed-54.9mg or 74.66 reduction[single-solutd and-21.4 mg or 25.% reduction[multi-solutg)
whichis attributed to PAC sorptiofiror the single and multisolute BAPC and BA+PACz columns the
average measured Mof toluene were38.6+ 0.4mg (51.8+ 10.5%reduction) and-78.5+ 14.7mg (99+
0.7% reduction)respectively Contrary to th&K C+PACz columns, elative to the average stoichiometric
estimats of toluene consumed during sulfate reducfi@mb+ 3.9%and50+ 4.2% of theaverageneasured
&M of toluene vere accounted forin the single and multisolute BAPC and BA+PACz columns,
respectivelywhich supportanaerobically biodegradation of tolueBetween the singleand multisolute
BA-PC and BA+PACz columns, tis¢oichiometrically estimated and measured mass of toluene consumed
werecloserfor the BA-PC columns without PAC zones relative to the BA+PACz columns with PAC zones
given that the fraction of toluene sorbed to the PAC in the BA+PACz colwamisot accounted for in the
stoichiometric estimates of biodegradat{sae Table C.5 for the measused/iof DIC and toluene relative
to stoichiometric estimates per column during Y2gar

The formation of a black precipitate at the influent ends o$itigde- andmulti-soluteBA-PC and
BA+PACz columnsafter 1.6 years ajperation(seeFigure C3(i-l) for image3relative to Day (see Figure
C.3(c-f) for image$ is presumed to battributedto anabiotic oxidatioareduction reaction betweelfide
(H2SandHS) generated frorsulfate reduction coupled to toluem@dationand ferric iron in the B§0O0,
53, 54, 201](as was similarly described in Section 3.3.4 for the electron acceptor (EA) amended
microcosmy FeSformation in the singleand multisolute BAPC and BA+PACz columns is further
supported by a strong $uf odour noted during column dismantling and excavation. The absence of FeS
precipitates at the downgradient ends of the siragid multisoluteBA-PC andBA+PACz columns may
indicate an absence of sulfate reductimmH>S andHS- production) in these locations due to the exhaustion
of the sulfate source at the influent enfeS formatiorwas not observed in trsterilesingle and multt
solute KC+PACz columnswithin the BS after 1.6 years of operation (§@gure C.3¢-h) for image$
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relative to Day O (see Figure Cad§) for images) as expected, giveamaerobic sulfate reduction was not
stoichiometrically coupled to toluene oxidatj@s described above

The following Sections (4.3.1 to 4.3.3) pertain to data collected over2realy, where PV =0
is the start of Yea®.

4.3.1 Killed control columns

In the singlesolute KC+PACz columrduring the first two stepwise increasen the influent
concentratiomf toluenefrom 5 to 10 mg/lthe PAC wasinsaturated i . e. , i nfluent | ef f|
after 19.6 and 6.1 PVs, respectively (Figure 4.2(aBlthough during the highest increase in influent
concentrationdo 20 mg/L breakthrough of toluene was obseradigr 15.7 PVs in the singlesolute
KC+PACz column In themulti-soluteKC+PACz column,the PAC was saturated (i.e., influent = effluent
concentration) wittbenzeneafter 9, 5.3and 3.7 PVswhen the influent concentrations were 5, 10 and 20
mg/L, respectivelyshowingmore PVswererequired to saturate the PAC with benzene at lower influent
concentrations, as expectddr all solutes) For toluene oo-xylene in hemulti-solute KC+PACz column
saturation wagnly achievedat the highest influent concentration of 20 mgfter21.6and 24.4 PVs for
toluene ana-xylene respectively(Figure 4.3(a))Between solutes in thaulti-solute KC+PACzolumn,
the number of PVs to saturate the PAC at the highest influent concentration of 20 mg/L fdlovied
B which is related tthe difference in sorption capacities between solwismore PVs required to achieve
saturation ob-xylene relative to toluene then benz¢2@, 202] as described in Section 4Between the
KC+PACz colums more toluene sorption occurred in the sirgbdutecolumnrelative to the multsolute
columndue to the higher sorption capacity of toluene indingle solutesystem without the presence of
other competing solutg29, 202] as described iBection 4.3
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As expected, no change in markers of microbial activity, typically observed during sulfate
reduction or methanogenesis, were detected in the effluent of the singialti-solute KC+PACz
columns during Yeag, including stabilizedulfateconcentrations between the influent and effluent and
negligible CH or sulfide (H.S andHS) production(i.e.,O met hod detection | imit [ |
(Figure 4.2Zb, c)andFigure4.3(b, c)). Additionally, no change in the average DO £2163 mg/l), pH
(7.2+ 0.2 or the ORP (185.F 33.8 m\j were observed between the influent and effluent of the single
and multisolute KC+PACz columns (Figure C.4¢3). Between the singlend multisolute KC+PACz
columns 10.3& 0.2mg/L of DIC was produced, although DIC production was not stoichiometrically
coupled to toluene oxidation, as described in Section 4.3 (Figui® driFigure4.3(c)).

For thesinglesoluteKC+PACz column no change ithe values ofi**C-toluene (T)wereshown
over PV 4.655.8relative to the AGW signature27.8+ 0 . 2[sampleaverageover PV§versus2 7 . 8 a
[AGW signature])(Figure 44(a) and see Table €for theisotopedatg. Forthe multisoluteKC+PACz
columnno change inhe values of*C-T (-27.8+ 0 . 4varsus-27.84 ) or *C-o-xylene X) (-3 0. 1 a
versus-29.9 ) werealso showroverPV 3.115.6and44.1for toluene or PV 3.1 foo-xylenerelative to
the AGW signaturesHowever,overPV 26.237.6 and 15.47.6 fortoluene ana-xylene,respectively,
slightreductionsn the values ofi**C-T (-28.6+ 0 . 1varsus-27.8 ) andi®C-X (-30.9+0 . 2varsus
-29.98 ) wereobservedContrarily, for benzene (B the multisolute KC+PACz columaslight
increasen the values ofi*3C-B wereobserved-245+ 054 versus-25.6 ) over all PVs (3.137.6)
relative to the AGW signatur@igure 4.5(ajpnd see Table 6for theisotopedatd. The values ofPH-T
(-66.9+5 . 9varsus-82.1a ) from theeffluent of thesinglesoluteKC+PACzcolumn,in additionto
PH-B (-74.5£ 8 . 4vérsus-98.43 ), PH-T (-63.2+ 4 . 8varsus-82.1a ) andifH-X (-79.7+8 . 2 a
versus-132.1a ) in theeffluent of themulti-soluteKC+PACzcolumnincreaseaver all PVH4.6-55.8
[tolueneonly] and 3.144.1 [BTX]) relative to the AGW signatureghich indicates enrichment fii-
B,T,X (Figure 4.4b) andFigure4.5b) and see Table €for the isotope datal.arger changem the
valuesi"H-B,T,X relative tol**C-B,T,X wereexpectedgiven thahydrogenisotopefractionation is often
substantially larger than carbon isotope fractionation due to differencesraldtige mass between the
stable isotopesf both elementwiith the difference being greater for hydrod88, 84] Enrichment in
?H-B,T,X, presumablylue to'H sorption to thé°’AC (given the absence of biodegradatiorthesingle
and multisoluteKC+PACz columngis notablg87] assorption is not expected smbstantidy influence
theisotope ratio79, 80, 81, 82]Increases in the value$ U**C-DIC were alsmbserved in the effluent
of the singlesoluteKC+PACz column (2.6t 1 . 9varsus-2.98 ) and the multsoluteKC+PACz
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column(3.7+1 . Ovarsus-2.9 ) over all PVs (4.65.8 [tolueneonly] and 3.144.1 [BTX]), indicating
13C-DIC enrichmen{Figure 44(c) andFigure4.5(c) and see Table €for theisotopedatd, and may be
relatedto the formation of DIGsdescribedn Section 4.3Figure 4.2c) andFigure4.3(c))
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4.3.2 Toluene -only bioactive system

In thesinglesolute (toluenenly) BA-PC column the effluent toluene concentration was reduced
from an average af.4+ 1 mg/L over PV 2.527.5 to < MDL Section 2.2.2) by PV 19, and from 15
1.4mg/L over PV 28.9%67.8 to 2 mg/Lby PV 67.8(Figure4.2(d)) However, for thesingle-solute
BA+PACz column the effluentolueneconcentratiorwasreduced fron6.1+ 1.2mg/L, 9.9+ 0.2mg/L,
16.6+ 0.4mg/L and 0.6+ 1.5mg/L over PV 324.5, 27.131.9, 33.240.2 and 48.69.2, respectivelyto
0.06+ 0.02mg/L over PV 327.1and < MDLby PV 27.6(Figure 42(g)). Theneardepletion in effluent
toluenefromthe BA+PACz colummuring Year2 is attributed toa combination of PAC sorption and
anaerobic biodegradati¢®6, 100, 101, 39]as opposed tthe higher effluent toluene concentrations
from theBA-PC columnwith only anaerobic biodegradatig¢Rrigure 42(d)) or from the singlesolute
KC+PACz columrwith only PACsorption(Figure 4.2(a)

Theaveragesolid phase toluene concentrataong the length of the BRC column (4 to 30 cm
from the influenfi.e., median sample distances withiive incrementallycollected and homogenizeadlid
phase samples, described in Section 4.t3ydition tothe upgradient (2.5 to 13.5 cm from the
influent) and downgradient (20.5 to 34.5 cm from the influsattions of th&A+PACz column(outside
of the PAC zongwas2.9 x 10°+ 4.6x 10*mg/g (Figure 4%(a, f)). Comparativelyjn the 6 cm PAC
zonewithin theBA+PACz column(14.5 to 19.5 cm from the influenthe solid phase toluene
concentration was 1 to 3 orders of magnithidgerthan outside of the PAC zonet theleading edgef
the PAC zon€14.5 cm frontheinfluent) a peak concentration of 0.18 mg/g of toluene was detected
followed by a gradual reductidn toluene concentration to 8.5 xAMhg/gtowards the endf the PAC
zone(19.5 cm fronmtheinfluent). The gradient in toluene concentratiwithin thePAC zone of the
BA+PACz columnshows that toluene was regenerated from the PAC due to biodegradation, with greater
mass removal sustained towards the end of the PAC zone furthest from the influent source of toluene

beingcontinually replenished.
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Figure 4.6: Solid phase (a, f) concentrationtofuene(green filled squaresjb, g)abundance abesulfosporosinufight blue filled diamonds)total bacteria
(grey filled circles) andotal archaea (dark red filled squarfilsyn quantitative polymerase chain reaction (QPCR) analgsis relative abundan¢eO  4f%)
bacteria and archaea detected at the (c, h) phylum, (d, i) family and (e, j) genus taxonomic lev&BSrgingomalribonucleicacid (rRNA) next generation
sequencing (NGSpr the singlesolute (toluen@nly) BA-PC (top panelland BA+PACZzbottom panelrolumns after YeaR of column operation. The grey
region inthe bottom panelepresents the powdered activated carbon (PAC) Zdmeevertical line in (a, f) represents the method detection linsbld phase
toluene(8.0 x 16°>mg/g).The data in (b, g) represent the average of three measurements and the dashed vertical lineshepaeggnbuncabundances
Error bars and solid vertical lines in (b, g) aré standard deviation. The phylum, family and gelegendscorrespondo (c, h), (d, i) and (e, j), respectively.
Sample depths from the influent represent the median distdiierementally collected samples that were homogenized
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Anaerobic lndegradation in theinglesoluteBA-PC andBA+PACz columns is supported by
geochemical activity including reduction irthe averageffluent sulfate concentratipas a source of
electron acceptdor PHC oxidatior53, 203, 54, 55]to 0.1+ 0.2mg/L between column®llowing all
three stepwise increases in the influguitateconcentratior{listed inSection4.3). Between the single
solute BAPC and BA+PACz columné¢ effluent sulfate concentration was reduced over all PVs (2.5
13.2 and26-67.8 [BA-PC], and 369.2 [BA+PACZ]), neglectingluring the highest influent concentration
for theBA-PC column where the effluent sulfate concentragiaduallyincreasedrom 0.17 to 20.1
mg/L over PV13.223.2 but decreased again to near depletion (0.09 mg/L) by PV 25 (Figure 4.2(e, h)).
The slight increase ithe effluent sulfateconcentratiorwithin the BAPC columnrelative to the
BA+PACz column (showing no increase)ay be related tthe absence atPAC zone(which providel
sustained desorption of toluene in the BA+PACz colupmtg¢ntiallyresulting in lessoluene oxidation
coupled to sulfate reductiaverPV 13.223.2 Sulfate reduction in thBA-PC andBA+PACz columns
is alsosupported by the production of biodegradatiofpbyducts includingulfide (Figure 4.2(e, h)) and
DIC (Figure 4.2(f, i)) that were produced at concentrations greater than from thessilugéeKC+PACz
column (Figure 4.2(b, c)). Specifically, between Bfe-PC andBA+PACz columns the average effluent
sulfide concentrationncreased from .X + 2.7 pg/L in the influent over all PVs (2.8 + 0.4 to 68.5 = 1) to
46.4+ 26 pg/L over PV 46.3 + 8.6 188.5 + 1(Figure 4.2(e, h))The accumulation of FeS precipitates at
the influent ends of the singioluteBA-PC andBA+PACz columns, as described in Section(#igure
C.3(i,j)), may explain the low average effluesntifide concentration at PV < 46.3 £+ 8.6 as opposed to a
lack of sulfide production during sulfate reduction. The average effluent DIC concentration was variable
between th&A-PC andBA+PACz columns, but generally increased from ¥234to 28.4+ 10.8 mg/L
over all PVs(Figure 4.2(f, i)). Additionally, within the effluent dfhe singlesoluteBA-PC and
BA+PACz columngheaverage DO concentration wesnsistently low .5+ 0.3 mg/L), aexpected
under anaerobic reducing conditioti®e pH waseutral(6.9+ 0.2),within the range of optimal
conditions for microbial degradati¢b4]; andthe ORPdecreasdfrom 1745 + 32.2 mVin the influent to
a range in values frori41.9to 140.9mV over all PVY49, 204](Figure C.5(a, B)

Sulfate reduction at the influent eswf thesinglesoluteBA-PC andBA+PACz columns is
supported by thgPCRdatawhich shove a higheraverageabundance dbesulfosporosinysvhose
membersare sulfate reducing bacteff8RB)associated with PHC biodegradat{d®5, 162, 196]as
described in Section 3.3,4yithin the influent regions (i.e2.5to 13.5cm from the influent) (1.8 x 10+

98



1.8 x 10°copiesmL [BA-P(C] and6.8 x 10°+ 2.6 x 10°copiesmL [BA+PACZ]) relative to the effluent
ends (i.e., 20 to 35 cm from the influent) 71x 10+ 8 x 10 copiegmL [BA-P( and2.1 x 10%+ 1.2 x
10" copiesmL [BA+PACZ]). Desulfosporosinug/as only enriched.e., > the background abundance) at
10 cm from the influent in the BRC column (3.1 40" copies/mL versud.9 x 104+ 3.3 x 10*
copies/mL averagebackgroundabundanch, and n theBA+PACz column theaverageabundance of
Desulfosporosinug/as higheswithin the PAC zon€2.6 x 10%+ 9.4 x 10°copies/ml) (Figure 4.6(b, g)
andsee Table @.for theqPCR data The reduction in the abundancel¥sulfosporosinuwith distance
from the influentof the BA-PCandBA+PACz columrs (wherethe source of sulfate and tolueneave
continually replenishédnay beattributed to a depletion in sulfatéth distance from the influent esd
[205, 206](supported by the localized formation of FeS within the influent regaandiscussed in
Section 4.3Figure C.3{, j)]). For theBA+PACz column theelevated abundance DBesulfosporosinus
within the PAC zonenay have been sustainedthg continual desorption of toluene from the PAC
(Figure 4.6(f)) and the use of other substrateslectron acceptofs.g.,fumaraté [66] if sulfate was
depletedwithin the PAC zoner potentially AGmediated direct interspecies electron transfer (DIET)
[112, 78, 108] The NGSdataconfirmstherelativeabundance dbesulfosporosinugraselevatedwithin
the influent end of the BAC column 7.9% at 10 cm from the influent althoughthe averageelative
abundanceemained elevatedirtherdowngradient5.2+ 1.1%at 17 and30 cm from the influent) and
reached a peak value of 9.9% at 24 cm from the infl{fégtrre 4.6(ee) and see Table &for the NGS
data) Additionally, theNGSdataconfirmsthe averageelative abundance @iesulfosporosinug/as
elevatedwithin the PAC zonef the BA+PACz columrf4 + 1.3%over 14.5 to 18.5 cm from the influgnt
relative to the influenta.1 + 0.5% over 2.5 to 13.5 cm from the influent) and efflueh®@& 1.5% over
20.5 t025 and 34.%&m from the influentends neglectingat 28 cm from the influent (downgradient of
the PAC zone) where the relative abundance was high889)((Figure 4.6(kj) and see Table C.8 for the
NGS data).

From the gPCRlatg the abundance ¢dtal bacteria within theingle-soluteBA-PC and
BA+PACz columnsvas numerous along the column lersgts expected, but not enriched relativéh®
backgroundabundancel(9 x 10+ 5.4x 10'°copiesmL [average abundantetween columns] versus
5.2x 10+ 2.2x 10'°copiesmL [average background abundand&jigure 4.6(b, g) and s@able C7
for the gPCR data)lhe NGSdatashowthat alongthe BA-PC column lengtiffrom 10 to 24 cm from the

influent) the familes Thermoanaerobaculaceaeho areanaerobic bacteria associated with PHC
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degradatiorj207, 208](6.7 £ 2%) and Comamonadaceadiose members apgimarily denitrifying
bacteriaassociated with PHC degradati@®9, 210](1.4+ 0.07%) werethemost abundaritacteria
(Figure 4.6(ee) and se@able C.8 for the NGS data)/hereasat the influent (6 cm from the influent)
and effluent (25 to 34.5 cm from the influent) endghef BA+PACz column theelative abundance of the
generaBerkelbacteridrom the phylum Patescibacten@hosemembergarticipate insyntrophic
interactionswith other bacteria and archg@4 1, 212](29.5% [influent] and 33.& 11.6% [effluent],
andHydrogenophagérom the familyComamonadacea@ho are associated with PHC contamination
[213] (5.2% [influent] and 3.2 1.5% [effluent], were elevatedWithin the PAC zone of the BA+PACz
column(at 14.5 cm from the influehthe relative abundance Diesulfovibrig which are metabolically
versatileSRBassociated with BTEX degradatiptiv, 162, 214jand can grow syntrophicallyith
methanogens in the absence of sulfai&] (2.6%) andThermoanaerobaculace&:4%) were elevated
(coincidng with the location of highest solid phase toluene concentration, as describedFigave
4.6(f)]). In the downgradient region of tlBA+PACz column theverageaelative abundance of the
generaEdwardsbacterig4.7+ 1.17% from 18.5 to 28 cm from the influganhdLeptolinea which are
anaerobic bacterii@16] (5.4% at 34.5 cm from the infludnand the family Sulfuricellaceaehich are
sulfur oxidizerd217] (4.4% from 25 cm from the influentiere elevatedFigure 4.6(K) and seélable
C.8for the NGS data).

VariableCH4 was detecteth theeffluent of thesinglesoluteBA-PC andBA+PACz columns
(15.2+ 9.2mg/L [average between columipstlative to theaveragenfluent concentration (0.02 0.1
mg/L) over all PVg2.8 £ 0.4 to 68.5 +)1(Figure 42(f, i)). TheCH.produceds associated with
methanogenic reactiomsiven partly by theutilization of metabolits from sulfate reductiof205, 218,
219, 60] Thechange irtheeffluent CH4 concentratiosalsocoincideswith thechange ireffluent DIC
concentrationsverthe same PVEigure 42(f, i), potentiallysuggestingicetoclastic methanogenesis
(i.e.,CHCO/  + Hyf CHs HC/ ). Methanogenesis in tHg@A-PC column is supported by the
gPCRdatawhich showthe averageabundance dbtal archaeavasenrichedat the influent end3(3 x
10" copiesmL at 4 cm from the influentersus3.9 x 104+ 7.7 x 10°copiesmL [average background
abundancg] followed by a gradual reductida less than backgrourat the effluent en@.4 x 10+
copiegmL at 30 cm from the influeh(Figure 4.6(b) and sekable C7 for the gPCR da)aThe NGSdata
also showa high relative abundance of archa¢the influent end of the BRC column Specifically,

members othe genudvethanosarcinawhich is a versatile methanogen capable of growing on
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methylded compounds, acetate or hydro@@?0, 117] wasmostabundanat4 cm from the influent
(81.4%) of theBA-PC column. Further downgradient from 10 to 30 cm from the inflird@verage
relative abundance of tlgeneraMethanosaetawhich contains acetoclastic methanogasislescribed in
Section 3.3.2162, 161, 46]15.7+ 6.8%) andMethanobaterium whose members are versatile atuie
to grow on H, CQ; or formate]67] asdescribed in Section 3.3(2.7+ 3.6%, were elevatedFigure
4.6(ce) and sedable C8 for the NGS data)Themost abundardarchaegMethanosarcinand
Methanosaetparecapable oficetoclastic methagenesi§220, 70, 162}vhich supports thproduction

of DIC in tandem withCHa (Figure 42(f, i)). Other archaea of elevated relative abundance at select
locations along the BAC column length included the gerilethanoregulawho are hydrogenotrophic
methanogens that requineetatdfor growth and are associated with benzene degradation af2igity
222, 223](4% at 30 cm from the influent), and the families Methanocella@e@go at 10 cm from the
influent) and Methanomicrobial€5.3% at 30 cm from the influentvho are hydrogenotrophic
methanogens associated wsyntrophictoluene metabolisri224, 225] In the BA+PACz columihe
gPCR data show théte average abundancetofal archaea at the influent.@lx 10+ 1.6x 10"
copiesiL at2.5 to 13.5 cm from the influenand effluent (8 x 10"+ 1.1x 10 copiesimL at20.5 to
34.5 cm from the influeptends were less than within tRAC zong3.4 x 10+ 2.4x 10 copiesmL at
14.5 to 18.5 cm from the influgniFigure 4.6¢)), potentially suggesting the PAC provided support for
archaeal growtfl17]. TheNGSdatafor the BA+PACz columishow thatMethanosarcinas most
abundant at the influent eif2.5 cm from the influent)35.5% relative abundangeWithin the
downgradient endf thePAC zonewithin the BA+PACz column(18.5 to 22 cm from the influentie
averageelative abundance dlethanosarcinavas also elevate(?9.4 + 10.7%) in addition to
Methanomethylovoransvhich are canonically methylotrophic methanoggitd ] as described in Section
3.3.2(7 £ 3.8% from 20.5 to 22 cm from the influgnihich coincides with the location of lowsolid
phase toluene concentration as shown in Figure 48{fhin the ypgradientregions of the PAC zone in
theBA+PACz column(from 9 to 16.5 cm from the influentihere the solid phase toluene concentration
was highest as shown in Figure 4.6{fe gemisMethanosaetavhich are acetoclastic as descriladxabve
but alsocapable ofCO,reduction toCH4 by directly accepting electrons transferred from bacteria through
the PACas described in Section 3.378, 73, 118, 174]21.4 £ 7.3%), is most abundanErom 15.5 to
18.5 cm from the influent within the PAC zone of 8®+PACz columntheaverageelative abundance
of thegenusMethanobacteriumvas also elevate0.5 + 6.7%)Figure 4.6(H) and seelable C8 for
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the NGS data)The poliferationof Methanosaet§l12, 118, 117andMethanosarcing76, 119, 117]
within the PAC zone is notable given sieegenerare associated with A@ediated DIET and the
elevatedrelativeabundance within the PACzoneshows that the presence of PAC influenced the
microbial activitywithin the singlesoluteBA+PACz column

Isotope data br thesingle-soluteBA-PC column showno change ithe value of effluent it3C-
T relative to theAGW signature except fromt PV 9.4and27.5 wherean increasén G°C-T was
observed{6.2+1 . 1[sample average over PMgrsus-2 7 . PA@W signature]. The increase in
UBC-T in the singlesolute BAPC column indicate¥C-T enrichment whiclsuggest anaerobic
biodegradatiomf tolueneoccurredat PV 9.4 and 27.%Figure 4.4(d) and see Table6Qor theisotope
data) Increases in the values@H-T were alsmbserved in theffluent of theBA-PC column {25.1+
1 4 . qedsus-82.1a ) over all PVg4.9-61.1)relative to the AGW signatureshich additionally
supports theanaerobic biodegradation of tolugiifégure 44(e) and see Table Gfor theisotope data).
Relative to thesinglesoluteKC+PACzcolumn (Figure 4.4(a, b)in the BA-PC columrthe average
value oftPH-T was41.8 a higherwhich shows alarger shift in thenydrogerisotope ratio during
anaerobic biodegradatigim theBA-PC column) as opposedgorptionto the PAC(in theKC+PACz
column) as expectefB4, 45] Isotope data for toluen&*C-T andi*H-T) in thesinglesoluteBA+PACz
column is unavailable since the effluent toluene concentration was defligpece 4.2(g), which
prevented a direct comparison of tabon andhydrogen isotopé&actionationof toluenebetween the
singlesolute KC+PACz, BAPC and BA+PACz columns.

The values of fluent i**C-DIC werevariable,showing increases or decreadesthe BAPC
column(ranging from8 . 4afiPV9.4t o 3at BB/ad7.2versus2.94 [AGW signature] and
BA+PACz column(ranging from1 2 . &t&®V60.3t o 8at FB/&.6versus-2.9a ) relative to the
AGW signaturgFigure 44(f, g) and see Table €for theisotope dath Similar tothe effluent CH
concentrationsthe changen valueof (3C-DIC coincidel with thechanges inthe effluentDIC
concentratiosover the same PVs (Figure2d, i)), which is contrary tahe typicalshift in (*3C-DIC
associated with PHC biodegradatiamder sulfate reducing conditiorise(, **C-DIC depletionis expected
as'H-T and*®C-T are oxidizechndthe generatet’C-DIC becomes enrichg@5]). Enrichmentor
depletionin *C-DIC is also expected when coupled to methanogenic reactions that cOAGtIME to
form 12C-CH,4 which enrichesthe remaining*C-DIC (e.g.,hydrogenotrophicnethanogenesi§226, 227,
228, 205, 229]or methanogenic reactions thggneraté?C-DIC from *2C products (e.g., acetoclastic
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methanogenesisrespectivelyAs a resulof eithermethanogeic reaction(i.e., hydrogenotrophior
acetoclastic methanogenedisg¢ changan the DIC concentrations expected to be inverse of the shift in
U*C-DIC which was not observed in the singl@ute BAPC or BA+PACz columnsand therefore the
cause of thehange in thearbon isotopes dIC are inconclusive.

4.3.3 BTX bioactive system

In the multisolute (BTX)BA-PC columrthe effluent toluene concentratioras reducedrom an
average 06.2+ 0.6t03.7+ 0.8 mg/Lover PV 28-164,9+ 09to 1.4+ 1.4 mg/L over PV 18:22.3 and
16+ 2.21t010.5+ 0.3 mg/L over PV 26:29.5 followed by a reduction to 0.9 mg/L by PV 4&Rure
4.3(d)) The reduction irthe effluent toluene concentratiomas similar betweetihe multi-soluteBA-PC
columnandthesinglesoluteBA-PCcolumndiscussed in Section 4.3Rigure 42(d)). Contrarily,over
all PVs (2.848.2)only a minor reduction ithe effluento-xyleneconcentratiorand minimal change in
the effluentbenzeneoncentratioroccurredfor the BAPC columnLimited biodegradation of benzene
ando-xylene were expected due to tleealcitrance of benzeng4, 185, 154]and the preferential
biodegradation of toluene prior texylene[54, 56, 187]as described in Section ¥ &mbined with the
continual replenishment of toluene in the influédgspite the limitedbiodegradation of benzene amd
xyleng over each stepwise increase in influent concentratiereffluento-xyleneconcentratiorwas
reduced slightly more thdmenzeneDifferences in the effluent concentrations between benzene and
xyleneincludedreductions from4.6+ 0.4t0 3.6+ 0.6 mg/L p-xylene, 21.9% reduction) versG6+ 0.5
to5.2+ 1.1 mg/L (benzene, 7.9% reduction) over PV+2634,8 £ 0.8t0 4.9+ 1.5 mg/L f-xylene,
38.8% reduction) versu+ 0.7to 7.7+ 1.2 mg/L (benzene, 23.3% reduction) over PV IR A and
16.6+ 1.6t0 13.5+ 3.2 mg/L p-xylene, 18.5% reduction) versi8+ 1.9to 15.8+ 2.8 mg/L (benzene,
12.7% reduction) over PV 2348.2(Figure 4.3(d)) The slightly higher reduction itne effluento-xylene
concentratiomelative to benzene mderelatedto co-metabolism ob-xylene during toluene
biodegradatioi64], as described in Section 4@ potentiallyslightly higherretardation ob-xylene to
the BSrelative to benzeng@vith o-xylene sobing more thanbenzenealue to difference ithed [Table
B.3]).

Like thesinglesoluteBA+PACz column(Figure 42(g)), the combination of PAC sorption and
anaerobic biodegradation in thaulti-soluteBA+PACz column resultedh a larger reductiom the

effluent toluene concentratiorlative to biodegradatioamlone(in theBA-PC column [Figure 4.3(d)]) or
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sorption aloneif theKC+PACz column [Figure 4.3(a)])The effluent toluene concentration from the
multi-soluteBA+PACz column waseaty depleed(0.2+ 0.1mg/L) over all PVs (2.464.9)with

influent concentrations of 4 1.6 mg/L over PV 24£23.1,9+ 0.5 mg/L over PV 25:29.5and 17.4¢+ 1
mg/L over PV 30.%54.9(Figure 4.3(g)) Therefore, similar to the singioluteBA+PACz column the
multi-soluteBA+PACz column alsonaintanednearly depleted effluent toluene concentrations over each
stepwisdncrease irtheinfluent BTX concentrationshowever, dissimilato the singlesolute BArPACz
column, this was accomplished in thre@sence of other solutes (benzene@rglene)likely competing
for sorption sites on the PA&S toluene was desorbed and biodegradedb-xylene in theBA+PACz
column the effluent concentratiomas depletetb 0.3+ 0.03 mg/Lwhen the influent concentrations were
3.9+ 0.9 mg/L over PV 2423.1 and7.8+ 0.6 mg/L over PV 25:29.5.However,whentheinfluent o-
xyleneconcentration was increased to the higleestcentration of 16.% 1.4 mg/L over PV 30:64.9the
effluento-xylene concentration gradually increased from 0.5 mg/L.5 mg/L The increase in the
effluento-xylene concentration from the BA+PACz columay bedue tobreakthrough osaturation of
the PAC capacitjor o-xylenein the absence of substantiédegradatiomiven thato-xyleneis
competitivdy inhibitedduring toluene biodegradatig¢Rigure 4.3(g))In theBA+PACz columnthe
influentbenzeneoncentratiorwasincreased frord.5+ 1.7 mg/Lover PV 2.423.1t0 9.7+ 0.4 mg/L
over PV 25.5829.5 t019.1+ 1 mg/Lover PV 30.94.9, while the effluent benzene concentration
increased from 1.® 4.4 mg/L over PV 2423.1,stabilized a#.1+ 0.2 mg/L from PV 25.829.5, and
increased from 4.® 18.8 mg/L over PV 30:84.9(Figure 4.3(g)).The increase in the effluent benzene
concentratiorover most stepwise increases in influent concentratioms breakthroughn the

BA+PACz columnwhich was expected given thtae PACsorption capacity fobenzenavas lowest
(relative b tolueneando-xylené [28, 21, 29, 202]as described iBection4.3.

Similar to the singlesolute BA+PACz columifdescribed in Section 4.3,3t theleadingedgeof
the PAC zonén the multisolute BA+PACz columifl4.5 cm from the influenfi.e., median sample
distance withirtheincrementally collected and homogenized solid phase sadgseribed in Section
4.2.3) thesolid phase concentratiarf toluene was highest (0.003 mg/ghd only at this location was
the solid phase concentration of toluene greater than benzene (0.001Addfaynally, between solutes
the solid phase concentrationakylene(0.02 mg/g washighestat the leading edge of the PAC zone
due to the preferential sorption and higher sorption capactygkene relative to both toluene and

benzeneDirectly downgradient of the leading edge to the end of the B#@ he solid phase
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concentration of toluene gradually decreased to 0.004 agl§.5 cm from the influeftwhereas the
solid phase concentrations@ikylene (0.8 mg/g) and benzene (0.03 mg/g) increased (Figuf®) 4The
variationin sorptionbetween solutewithin the PAC zonés due to the biodegradation of tolueared
regeneration of sorption sites on the PAC (with greater mass removal towards the end of the PAC zone
furthest from the influent source of BTh¢€ingcontinually replenishedyesulting in higher sorption
capacities 0b-xylene and benzenThe average solid phase BTX concentratioithin the BA+PACz
columnin the upgradientd;0®2 + 0.0032mg/g [X] >6.9 x 104+ 9.6 x 10 mg/g [T] >4.9x 10*+ 0.8
x 10* mg/g [B]) anddowngradient@.0034+ 0.0054mg/g [X] >0.0011+ 0.0024mg/g [B] > 2.4x 10* +
3.9 x 10* mg/g [T]) regionsoutside of the PAC zoné additionto along the entireolumnlengthof the
BA-PC column(0.0012+ 2.2 x 10*mg/g [X] > 8.5 x 16 + 1.2 x 10° mg/g [T] > 8 x 1& mg/g [B]) were
1 to 3 orders of magnitude lowtran within the PAC zong@-igure 4.7(af)), which is similar to the
resultsdescribedor toluene in the singtsolute BAPC and BA+PACz column@igure 46(a,f))
(Section 4.3.2).
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Figure 4.7: Solid phase (a, f) concentration bénzendred filled triangles)toluene(green filled squaregndo-xylene(blue filled circlesYBTX); (b, g)

abundance dbesulfosporosinuflight blue filled diamonds)total bacteria(grey filled circles)andtotal archaeédark red filled squaregjom quantitative
polymerase chain reaction (QPCR) analysisd relative abundan¢eO  4fWgcteria and archaea detected at the (c, h) phylum, (d, i) family and (e, j) genus
taxonomic levels usin6Sribosomalribonucleicacid (rRNA) next generation sequencing (N&8) the multisolute (BTX) BAPC (top panelland BA+PACz
(bottom panelrolumns after Yea? of column operation. The grey regiontire bottom panekepresents the powdered activated carbon (PAC) ZAdree.

vertical line in (a, f) represents the method detection limsiid phaseBTX (8.0 x 16°mg/g). The data in (b, g) represent the average of three measurements
and the dashed vertical lines represhabackgrouncabundance Error bars and solid vertical lines in (b, g) Ak standard deviation. The phylum, family and
genudegendscorrespond to (c, h), (d, i) and (e, j), respectivBlgmple depths from the influent represent the median distdiireerementally collected

samples that were homogenized

106



Anaerobic lndegradationn themulti-soluteBA-PCandBA+PACz columns is supported by
similar geochemical activity as described for the sisgleite columns in Section 4.3.2, includiag
reductionin the influent sulfate concentrations listed in Section 3.4 tvamagesffluent sulfate
concentratiorof 0.2+ 0.4mg/L between columns over P2/6 + 0.3 to 566 + 11.8(Figure 4.3(e, 1j)
Sulfate reduction is also supported by increasdsdraverage effluemIC and sulfideconcentrations
between th&A-PC andBA+PACz columnsincludinginfluent concentrations of 10.9 + 3.9 mditir
DIC and2.1 * 2.5 ug/Lfor sulfiderelative to effluent concentrations 28 + 12.13 mg/Lfor DIC over all
PVs(2.6+ 0.3 to 566 + 11.8)anda peak valuef 50 ug/L for sulfideby PV56.6 + 11.8(Figure 4.3(«,
h-i)). In support of methanogenesigtiveen thaA-PC andBA+PACz columnghe average effluent
CHaconcentration increased frodm01 + 0.030 13.7 + 8.5 mg/L over PV.@+ 0.3 to 566 + 11.8(Figure
4.3(f, i)). Additionally, theaverage effluent DO concentration remained 168 £ 0.3 mg/L), theeffluent
pH was neutral{z 0.2)andthe effluent ORP ranged from 16Q@a4-140.2 mVrelative to a higher
average influent value (14532.4 mV)for theBA-PC andBA+PACz columngFigure C.5(c, d) From
the geochemical parameters monitoigden the limited differencen the magnitude of chandeetween
themulti-solutecolumns tits indicates that thEAC zone within theBA+PACzcolumn did not
substantiallyinfluencethe microbial activity during PHC biodegradatiomelativeto the BA-PC column
without a PAC zone.

The gPCRdatashows anenrichmenin Desulfosporosinuat the influent ends of the multblute
BA-PC (11 x 10 copies/mLat4 cm from the influentand BA+PACz (11 x 10 copies/mLat2.5 cm
from the influent)columnsrelative tobackground4.9 x 10“+ 3.3x 10™copies/ml). Enrichment of
Desulfosporosinuat the influent ends of the muliblute columns, closet to the influent source of toluene
and sulfate and at the location of FeS formagkigure C.3(k, I))as discussed in Section 4s8ipports
sulfate reductiomt these location®Vith distance from the influent end of tB&-PC column the
abundancef Desulfosporosinugraduallydecreasetb an average abundancesd x 103+ 2.5x 10
copes/mL at24 to 30 cm from the influerfFigure 4.7(b) andee Table G.for thegPCR datp The
NGSdataalsoshowthat Desulfosporosinuzas detected in the influent end (4 cm from the influent) of
theBA-PC column (3.4%), although similar to the singtdute BAPC column (described in Section
4.3.2) a peak value of 7.5% was detected further downgradient at 17 cm from the (Filyent 4.7 (ee)
andsee Table @.for theNGS datd Like the PGBA column,the gPCRdatafor theBA+PACz column
show that theverage abundance Besulfosporosinudecreasedowngradient of the PAC zone at 28 to
34.5 cm from the influent (2.4 x 1% 1.2x 10" copies/mL) in addition to upgradient of the PAC zahe
6 to 12 cm from the influent (1.5 x & 8.7 x 10" copies/mL)relative to the influent and background
abundance®lthough, within the PAC zone of the BA+PACz colunitb.5 to 20.5 cm from the influent
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the average abundance@ésulfosporosinug/as similar to background (3.3 x*1& 1.5x 10
copies/mL) neglectingat 14.5 cm from the influenthereDesulfosporosinus/as enriched (3 x 10
copies/ml) (Figure 4.7(g) andee Table C.7 for the qPCR datdnich coincides with the location of
highest solid phase toluene concentrgtaandescribedbove(Figure 4.7{)). The NGSdatg alsoshow
thattherelative abundancef Desulfosporosinugr/as highest at the influent end of the BA+PA&#umn
(31.17% at 2.5 cm from the influent), in addition to the leading edge of the PAC zone (11.9% at 14.5 cm
from the influent) relative to all other locations along the column length (4.8% at 13.5 and 15.5 to
34.5 cm from the influe{Figure 4.7(H) andsee Table @.for theNGS data Like the BAPC column,
the relative abundance Desulfosporosinug/as highest where the sulfate and/or toluene concentrations
werepresumed to bhighest vhich suggests thiSRBwas involved in toluenbiodegradation

The gPCRlatashow the abundance wital bacteria within the mutsoluteBA-PC and
BA+PACz columnsvas similar to the singleolute columns described in Section 4.3.2, being numerous
along the column leng#tbut not enriched relative to background (i38,x 10+ 2.3 x 10 copiesL
[average abundantetween columns] versus2s< 108+ 2.2 x 10" copiesmL [average background
abundancé](Figure 47(b, g) and se@&able C7 for the gPCR data)lhe NGS data show that alotige
BA-PC column length (4 to 30 cm from the influent) the gdbesulfovibriois the most abundant
bacterum (3.2+ 1.3%). Other bacteria witllevated relative abundances at select locations along the BA
PC column length included the gen&erkelbacterig7.1% at 17 cm from the influent) and
Edwardsbacterig6.7% at 30 cm from the influent), and the family Thermoanaerobaculaceae (5.3% at 24
cm from the influentjFigure 4.7(ee) and sed@able C.8 for the NGS datdh the upgradient region of
theBA+PACz column at 2.5 cm from the influent the family Spirochaetasga@se membersan
produceacetate by fermentation and associated with anassic PHC degradatiof230] (6.7%) and the
genus Lysobacter (4.2%) were elevattithin the PAC zone of the BA+PACDlumn the NGS data
showed that the relative abundance of the phylum Nitrospiwbiase memberare involved in
nitrification [231] (5.8 + 2.6%from 15.5 to 20.5 cm from the influéntandthe family Rikenellaceae
(7.6 at17.5 cm from the influehtvere elevatedAs was similarly observed in the singlelute
BA+PACz column(as described in Section 4.3.1),the downgradient region of the PAC zoméhe
BA+PACz column(from 18.5 to 22 cm from the influertt)e average relative abundance of
Edwardsbacteriavas elevated (2 2.1%99. At 14.5 cm from the influernwithin the PAC zone (the
location of highest solid phase toluene concentration, as described] Blgure 4.7(}]),
Edwardsbacterig9.7%) andDesulfovibrio(4%) were the most abundant genera detestéch wasalso

observed in the singleoluteBA+PACz columnfor Desulfovibrio(as described in Section 4.3.2)
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In the downgradient region of tlgA+PACz column the relative abundance of several bacveeie
elevated including the phyla Nitrospino@a3+ 1.7% from 28 to 34.5 cm from the influg¢ind
Vicinamibacteralesyhich are associated with PHC degradation using nii2is2] (4.9% at 28 cm from
the influent); the family Comamonadaceae @.4% from 28 to 34.5 cm from the influgnénd the
generaLysobactel(5.9% at 28 cm from the influenyntrophuswhose membengroduce acetate,
hydrogenandCQ; through the fermentation of benzo§283, 234, 209[7.3% at 25 cm from the
influent), Brevundimonaswhich are associated with aerobic PHC degraddf85] that could have
potentially been sustained by the residuabd@he effluent end of theolumn (Figure C.5(d)}5.8% at
34.5 cm from the influentDesulfurivibrio whoareSRB[236] (8.1% at 34.5 cm from the influent) and
Devosia(4.7% at 34.5 cm from the influenigure 47(h-j) and seélable C8 for the NGS data).
Similar to the singlesolute BA-PC column described in Section 4.3.2, the gRi@gfor the
multi-solute BAPC columnshow an enrichmen total archae#2.1 x 10'®copies/mL versu8.9 x 10*
+ 7.7 x 103copies/mL [average background abundaneéthin the influent end4 cm from the influent),
followed by a gradual reductid.9 x 10 copies/ml) within the effluent end (30 cm from the influent)
(Figure 4.7(b) and see Table7Gor thegPCR data). The NG&atashowthat theinfluent end of the
multi-solute BAPC columrwas dominated byhe genudMethanosarcinat4 cm from the influent
(53.4% relative abundanceind althoughdetected ahareducedaverageelative abundance
Methanosarcinavasalsodetectecalong theremainder of theolumn length Z8.5 + 11% from 10 to 30
cm from the influent The relative abundance fethanomethylovoransas elevated primarilgit 10 cm
from the influentwithin the BA-PC column(35.6%), which aremethylotrophic methanogens that convert
methylated compounds to GH.61], as described in Section 3.3Within thedowngradient region of the
BA-PC columrthe average relative abundance of the gelimthanosaet#4.3+ 0.3% at 17 and 30 cm
from the influent andMethanobacteriun(4.3 + 0.4% at17 to 30 cm from the influehtvereslightly
elevated (Figure 4.7{€) and see Table C.8 for the NGS data), which is similar to the spatial distribution
of these methanogens within the singtéute BAPC column(described in Section 43[Figure 4.6(e
e)]). The detection ofhese archaedadicatesmethylotrophicor acetoclasticnethanogenesimay have
predominatd within the multisolute BAPC columnwhich supports thproduction ofDIC and CH [70]
shown inFigure 4.3(f, i).Contraryto thesinglesolute BA+PACz column, thgPCRdatashow thathe
averageabundance of total archagaslowestwithin theinfluent end of thenulti-solute BA+PACz
column (.1 x 103+ 1.1 x 10%copies/mL versu8.9 x 10%+ 7.7 x 10%copies/mL [average background
abundancé]from 2.5 to 6 and 12m from the influentHowever like the singlesolute BA+PACz

column the average abundance of total archaeshighest and enriched within the PAC zone of the
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multi-solute BA+PACz column3(9 x 10°+ 3.7 x 10°copies/ml) from 14.5and 16.5 to 18.6mfrom
the influent(Figure4.7(g) and see Table Tfor theqPCR data)Consistent with the singigsolute
BA+PACz column described in Section 4.3t% NGSdatashowthatthe archaeaf highest average
relative abundangerimarily within the PAC zone of the muliolute BA+PACz column includehe
generaMethanosaetd24.8 + 3.4% from 14.5 to22 cm from the influentandMethanobacteriunf24.4 +
5% 14.5 t0o18.5cm from the influent However,dissimilarto the singlesolute BA+PACz column
Methanosarcinavas detected at a lowsglative abundance as compared to the other aramakca
primarily at 14.5 cm from the influent (3.4%), coinciding with the location of highest solid phase toluene
concentration as shown in Figure 4.7@)ditionally, the average relative abundancéethanoregula
was elevated wiih the PAC zondo the downgradient regiarf the BA+PACz columrirom 17.5to 28
cm from the influent4.6 + 2.5%) {.e., furtherdowngradienbf the location of the elevated solid phase
toluene concentratigjfrigure 4.7(f)) (Figure 4.7(H) and see Table 8for the NGS data)Consistent
with the singlesolute BA+PACz columrthe enriche@rchaeal communitgt higher relative abundances
within the PAC zongas compared to regions outside of the PAC zdemonstrates that the PAC
spatiallyinfluenced the microbial growth of methanogens relative to thd®?BAcolumnThe presence of
the PACzone in the BA+PACz colungmay beproviding support for biofilm formatiof86, 38, 111]or
potentiallyAC-mediatedDIET as described in Section 1.1132, 76, 78, 108]

Isotope datdior themulti-soluteBA-PC column shoedno change ithe effluentvalues ofii**C-
B,T from PV 5.243.1 for benzene25.2+ 0 . 2[sample average over PMgrsus-2 5 . pAGW
signature] and PV 5.231.2 for toluene-@7.9+ 0 . 2 arsus2 7 . Gdlajive to the AGW signatures
However, at P\60.8 for benzene and from PV 4&0Q.8 for toluenéncreases in the values @fC-B (-
2 3. 9etsus? 5. 6 a Jecraased in the valuesBfC-T (-28.7+t0 . O 8edsus2 7. 8a) wer e
observedelative to the AGW signature€ontraily, the values ofi*3C-X wereconsistentlyreduced
relative to the AGW signature32.1+0 . 9 arsus2 9 . Dve) all PV (5.250.8)within the BAPC
column(Figure 4.5(dandsee Table ®.for theisotope dathwhich was similarlyobserved in thenulti-
soluteBA+PACz column ¢32.6+£2 . 1 arsus2 9 . ) all PVY38.7-61.8).The values of fluent
U3C-B in themulti-soluteBA+PACz columnwerevariable,showing anincrease ini**C-B from PV 4.6
37.2¢245+0 . 5 arsus2 5 . 6adlécreasesit PV 46.3 and 61.826.4+0 . 2 arsus#25. 6a) , and
no change relative to tHeGW signature at PV 54.02 5 . 5Se#sus2 5 . §Rgyre 4.5(gandsee
Table C6 for theisotope dath Thechange in the values G*C-B,T betweerthe multi-solute BAPCor
BA+PACz columnswveresimilar to thoseobservedor the multisoluteKC+PACz column described in

Section 4.3.1Figure 45(a)), potentiallyindicatingthat tke change in the carbon isotopes of benzene and
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toluenearenot associateavith anaerobic biodegradatiofihe reduction in the values 6¥C-X in all
multi-solute columns indicasa depletionin *C-X occurred(Figure 4.5(a, d, g)); however, more
fractionation of thecarbonisotopes ob-xyleneoccurred in the BAPC and BA+PACz columns relative
to the KC+PACz colummAlthough notablethe causef *C-X depletionin the multisolute columnss
inconclusivegiven that isotope shiftsssociated witnaerobidbiodegradatiorr sorptionare expected to
enrich °C-X due to theconsumptiorj164, 84, 80, 85pr sorption[86, 87, 88, 89]respectivelypf the
lighter isotopg*2C-X). Depletion in*C-X is alsoexpectediue tothe desorptiorof the lighter isotope
(¥2C-X), althoughthis islikely notthe cause of th€C-X depletion between the mukblute columns
given the high solid phase concentratiom-ofylene shown in the Figure 4.7(a, §otope data for
toluene (**C-T) in themulti-soluteBA+PACz column is unavailable since the effluent toluene
concentration was depleted (Figure 4.3(g)), which prevented a direct comparisonarbthreisotope
fractionationof toluenebetween the muksolute KC+PACz, BAPC and BA+PACz columns.

The values of?H-B, T, X increased relative to the AGW signaturestf@multi-soluteBA-PC
columnover all PVs §.2-50.8) (-72.5+ 7 a[sample averag®r B overall PVq versus9 8 . ARG
signature oB], -32.7+ 13.7[sample averagef T overall PVq versus8 2 . JA®WG signature of T],
and-86.1+ 2 6 . [s@mple averagef X overall PVq versus1l 3 2 . [AVWAG signature oiX]) (Figure
4.5e) andsee Table ®.for theisotope dath Given that the PHC data in Figure @Bandthe YM of
benzene oo-xylenein Table C4 (described in Section 4.8p not support substantial anaerobic
biodegradatiomf benzene oo-xyleng increassin the values of?H-B, X (indicaing enrichmentn 2H-
B,X) arelikely attributed to causmther than biodegradation (e.g., parsabstratexidation through co
metabolism during toluene oxidatif¥], as described in Section L.Relative to benzene armdxyleng
the values of’H-T werehigher indicatinghatmore enricimentin 2H-T occurredn the multi-solute BA
PC columnwhich is attributed téhe anaerobic biodegradatiaf tolueneas supported by tHeHC data
in Figure 4.3(d) and th¥M of toluene in Table @.(described in Section 4.3Jhe magnitude ofH-T
enrichmenin the BA-PC columnwasalsosimilar tothe singlesolutecolumn described in Section 4.3.2
(Figure 4.4(e))and elative to themulti-soluteKC+PACzcolumnwith sorption oy (Figure 45(b)) the
average value aPH-T was30.5a higherdue toanaerobic biodegradatigim theBA-PC column)as
expected84, 45] Forthemulti-soluteBA+PACz columnover all PVs(4.6-61.8) the values aH-B
were elevatedelative to the AGW signatuie80.7+5 . 9 érsus8 2 . lirddicating enrichmernin 2H-
B which was similar to thenagnitude of enrichmeim the multi-soluteKC+PACz (Figure 45(b)) and
BA-PC (Figure 45(¢e)) columns.In the BA+PACz columnhe values ofH-X werealsoelevatedelative

tothe AGW signaturg-46.3+2 . 6 a w+le¥ X.ulsa) o v e r61.8) (FigureP1\B@dandsee8 . 7
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Table C6 for the isotope datajvith the average valuef (PH-X 544 and58a greaterthantheaverage
values in thenulti-soluteKC+PACz andBA-PC columns respectively The higher values afH-X in
the BA+PACz colummelative to both the KC+PACz and BRC columnssupportshigher?H-X
enrichment associated wiémhancea-xylene sorption to the PA@onewithin the BA+PACz columras
toluenewas desorbed and biodegradedifanced sorption afxylene did nobccurin the KC+PACz
columndue to the presence of tolugngorptionas opposed to anaerobic biodegradatibo-xylene in
the multisolute BA+PACz columis supported byhe high solid phase concentratioroetylene
(relative to the other soldtas shown irFigure 4.7(f) in addition tathe PHC data in Figure 4.8 and
the YM of o-xylene inTable C4 (described in Section 4.8)at do not support substant@kylene
biodegradationisotope data for toluen&H-T) in the multisolute BA+PACz column is unavailable
since the effluent toluene concentration was depleted (Figure 4.3(g)), which prevented a direct
comparison of th@ydrogenisotope fractionationf toluenebetween the muksolute KC+PACz, BAPC
and BA+PACz columns.

The values of effluenit*C-DIC were variabldor the multisoluteBA-PC columnshowing
increasesat PV 5.2 1 2 . )Aad31.2 @8 . § andreductiong-6 a+ 0.8[sample average over PYsgjver
PV 43.150.8 relative to the AGWignaturg(-2 . 9 @igure 45(f) andsee Table ®.for theisotope
datg. However, for the multsolute BA-PACzcolumn minimal change ithe values ofi*3C-DIC were
observed from the effluent (24831 . 3 a vZ2.r%a)s o v e r-61a8) (Figure ¥Xipnfisée 6
Table C6 for theisotope dath Like the single-solute BAPC and BA+PACz columndescribed in
Section 4.3.ZFigure4 4(f, i)), the shiftin the carbon isotope rasof DIC coincides with thechange in
theeffluentDIC concentratioa(Figure 4.2f, i) andFigure4.3(f, i)) which is contrary to the expected
shift in G*3*C-DIC under sulfateéedudéng or methanogenic conditions. Therefore, like the shsgleite
system theause of the change the carbon isotopes of DIC are inconcludimethe multisolute BAPC

or BA+PACz columns.
44 Concl usi on

During the Yeail and Yeai2 of columnoperation the totade Mof toluene between the influent
and effluent of the singisolute (tolueneonly) and multisolute (BTX) columns was highest for the
BA+PACz columns due to a combination of biodegradation and sorpetatjve tothe BAPC or
KC+PACz columns due to biodegradation alone or sorption alone, respedtimeigstance, during Year

2 within the singlesolute system thas Mof toluenebetween the influent and efflueioilowed BA+PACz
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(99.5%r reductior) > KC+PACz (74.6%reduction) > BA-PC (44.4%reductior). Similarly, between the
multi-s ol ut e c ol of luenebatvween thae Mfluent and effluent follow&RN+PACz (98.5%
reduction) > BA-PC (59.2%reductior) > KC+PACz (25.4%reductior). Between the singleand multt
soluteKC+PACz columns with sorption along, h e ofaoMene between the influent and effludating
Year2 was greater for the singkolute column (74.6% reduction) relative to the msidiiute column
(25.4% reductionyiven that the sorption capacity toluene was greater in the singlelute system in the
absence omulti-solute competitive aption Between thesingle and multisolutebioactive BA+PACz
columnswith PAC zonesa depletion in effluent toluene masser sequential increases in the influent
concentration from 5 to 10 to 20 mgflas consistentlgemonstrateduring Year2. However for the other
solutesin multi-soluteBA+PACz column(benzene and-xylene)breakthrough wasbserveddue tothe
recalcitrance of benzene and the competitive inhibitiomoflene during toluene biodegradation

In the multisolute KC+PACz columrthe ae Mof BTX between the influent and effluedtiring
Year2 followed X (42.2% reduction) > T (25.4% reduction) > B (5.B8duction) giventhato-xylenehas
the highestsorptioncapacityfollowed by tolueneandthenbenzendconsistent with the results described
in Chapter 2 In the multisolute BAPC columrtheae Mof BTX between the influent and efflueiotiowed
T (59.2% reduction) > X (16.9% reduction) > B (8.3% reductdu® tothe preferential biodegradation of
tolueneprior to o-xylene and the recalcitrance of benzém®observed in Chapter 3 during the microcosm
investigatio). Comparatively, te &M of BTX between the influent and effluent of the musllute
BA+PACz column followedr (98.5% reduction) > X (85.2% reduction) > B (14.4% reduction) due to the
preferential biodegradion of toluene angreferentialsorption ofo-xylene astoluene was biodegrad
Enhancedsorption ofo-xylene (and benzene)rectly downgradient of the leading edgéhin the PAC
zoneof the multisolute BA+PACz columnwas shown from the higher solid phase concentration-of
xylene (then benzene) relative to thading edgewhich wasdue to the increased availability of sorption
sites as toluene was continually desorbed and biodegraded. However, at the leading edge of the PAC zone
the solid phase concentration of toluene was higher due to the direct contact with the continualbihespleni
influent source of BTX, which resulted in the magnitude of solid phase sorption following X > T > B.

During Year2 anaerobic biodegradation (sulfate reduction and methanogenesis) within the
bioactivesingle and mutisoluteBA-PC and BA+PACz columns waspportedy thereductionof sulfate
andformation ofsulfide, DICandCH. in the column effluents. @htrarily, no change itheeffluentsulfate,
sulfide or CH concentrationsvereobserved in theingle or multi-soluteKC+PACz columnglue tothe
lack of anaerobic biodegradatiosome DIC was abiotically generajedike the microcosm systen{m

Chapter3), there wasno distinguishable difference ithe magnitude othangeof the geochemical
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parameters monitored between #iegle and multisoluteBA-PC or BA+PACz columnsshowing that
the presence @ PACzone dd not influencethe microbial activity during PHC biodegradatiddowever,
the PAC didinfluencethe spatial distribution of @@robicmicrobesalong the bioactiveingle and multi
solute BAPC or BA+PACz column#ngths Betweenthe single and multisoluteBA-PC colums the
abundance dflethanosarcinandMethanomethylovoransere highest at thafluent ends of the columns
relative to the effluerends. However, fothe single and multisolute BA+PACz columnthe abundance
of MethanosaetaMethanobacteriunand Methanosarcinawere highest within the PAC zonelative
outside of the PAC zon@ addition tobeing higher imbundanceelative to allbacteriadetectedwithin
the PAC zone (primarifDesulfosporosinysEdwardsbacteriaand Berkelbacteriy. In the multisolute
BA+PACz column, the abundance Diesulfosporosinusvasalsonotably elevatedt theleadingedge of
the PAC zong(coinciding with the location ahe highest solid phas®elueneconertration).

Given thathydrogernisotopefractionation is often substantially largeathcarbon isotope
fractionation changesn the values of"H-B,T,X provided noreinsight into themass reductionro
removal processeaxccurringduring Year2 relative toli**C-B, T,X. Enrichmentof 2H-T was showrin the
single and multisolute BAPC and KC+PACz columns, although the average valtigbT between
the BA-PC columis with bioactivitywas36.1+ 83 greater than in th€C+PACz columns with only
sorption, as expectedihe magnitude ofydrogenisotopefractionationof tolueneassociated witla
combination of PAC sorption and biodegradaiiothe BA+PACz columisis unknown given toluene
was depletedUnlike toluene a direct comparison dfie hydrogen isotopeactionation ofo-xylene
between the muksolutecolumnsshowed that the average valugifi-X was 54&8 and 58a gr
the BA+PACz columrrelative to theBA-PC and KC+PACz columnsespectively?H-X enrichment in
the multisoluteBA+PACz columnwas presumably due to a significant amourd-gf/lene sorption to
the PAC as toluene was biodegraded as opposed to subsiatyiiahe biodegradation (supported by the

solid phase data).

114



Chapter 5

51 Concl usi on

Injected activated carbon (AC) particulate amendments fon thieu treatment of groundwater
impacted by petroleum hydrocarbons (PHCs) is relatively new, and relies on a combination of AC
sorption and biodegradation. Curreritiye performance of this technology remains unclear, primarily
related to the longerm interplay between sorption and biodegradation and whether the presence of AC
enhances the anaerobic biodegradation of PHCs relative to systems without AC. To adsless the
uncertainties, this resesh investigated the sorption and anaerobic biodegradation (sulfate reducing and
methanogenic) behaviour of toluene (as a sisglate) or benzene, toluene amslylene (BTX)

(combined in a multsolute system) in microcosm experiments amended with AC and column
experiments designed to mimic an AC permeable reactive barrier (PRB) over a period of 1 to 2 years.

Specific research question asked as part of thisngsaaluded:

Q1. Are AC sorptionisothermsgeneratedinderideal conditionsrepresentativef sorptionbehaviourin
bioactiveAC systems?

Q2. DoesAC influencemicrobialactivity during PHC biodegradation?

Q3. Doesbiodegradatiomegeneraté&C sorptioncapacity?

Q4. DoesAC enhancehebiodegradatiomateof PHCs?

Q5. How do bioactivesystemswith AC respondo variablePHCloading?

Q6. CanCSIA distinguishbiodegradatiorirom AC sorptionin bioactivesystems?

ThepowderedAC (PAC) usedin thisresearcfWPCfrom CalgonCarbonCorporation)was
characterizeth Chapter2, usingscanningelectronmicroscopy(SEM). The SEM resultsshowedthe PAC
hadarough,irregularsurfacewith potentialmacroporeopeningsof 0.8+ 0.3 um, andvariableparticle
sizeswith anaverageadiameter of 11.% 4.4 um. Additionally, the PAC sorptionanddesorptiorof BTX
in single-solute(benzendB], tolueng[T], or o-xylene[X]) andmulti-solute(BTX) systemswvere
investigatedThe sorption and desorption behaviawaredriven by differences in chemical properties
between solutes, which resulted in the magnitude of singl@ulti-solute BTX sorption to the PAC
following X > T > B and the magnitude of desorption reversed. Between the-g@ndlenultisolute
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systems thenagnitude of sorption in the mukblute system wa®duced relativéo the singlesolute
systems due to competitive sorption and a reduction in the availability of sorption sites for all $okites.
sorption and desorption processes détewhich is indicative of hysteresisowever hysteresisvas not
explored as part of this research given the limited nature of only a single desorptidrestppral
sorption (up to 48 hours) and desorption (up to 720 hours) data showed the time sorpaoh and
desorption equilibrium forsingle ol ut e benzene and t aThe epidesorpiieans r api d
and desorption timimdicats thadiffusion limitations(or other timedependentactors)effecting
desorption do not appear to be the cause of the suspectedssigéehysteretic behaviour between the
sorption and desorption processes.

In Chapter2 single andmulti-solutesorptionisothermswyerealsodevelopedor B, T or X and
BTX in contactwith PAC underideal conditionsandwerecomparedo the agueousndsolid phase
microcosmdatain Chapter3 to addres€1. Thebestfit singlesolute Freundliclisothermmodel
parameterfor benzene, toluene aekylene in contact wittthe PAC were36.1+ 3.8,0.484+ 0.045
and88.2+ 7.7 for0  ([mg/g][L/mg]’) and0.421+ 0.044 132+ 20and0.371+ 0.099 for¢  (-),
respectivelyThe multisolute improved simplified ideal adsorption solution (ISIAS) model competition
factors &) for benzene, toluene anekylene in contact withthe PAC werel.42+ 0.38 1.43+ 0.16and
1.08+ 0.08 respectively. Mass balance betweendinectly measured aqueous and solid phases relative
to the initialmasswithin the isotherm systems releveled that in general minimal mass was lost or gained
from both the singkeand multisolute sorption and desorption isotherm systemas <€ 10% average
mass lost or gained, neglecting 29.87.0% for benzenand 12.2+ 14.6% for tolueneduring desorption
in themulti-solutesystempresumably due to volatilization during samp)inghe limited mass losir
gainedfrom thesorption equilibriunsystens supports the reliability ahe indirect estimate of the solid
phaseB, T or X andBTX concentrations (i.e., difference between the initial and equilibrium aqueous
phase concentrations) used to generate the Freundlich and ISIAS sorption isotrargisribrlinear
regression

In Chapter 3 singksolute (toluenanly) and multisolute (BTX) abioticandbioactive (including
sulfatelimited [10-20 mg/L SQ@?]) or sulfate amendedlB8275 mg/L SG*]) microcosms with and
without PAC were constructed (in addition to starved controls without toluene, BTX or PAC)sorption
of singlesolutetoluene or multisolute BTX withinthe PAC amended@biotic and biactive microcosms
showedsimilar magnitudsof sorption between solutes (i.e., X > T > B) and systems (i.e., ssoblee>

multi-solute sorption)as described in Chapter 2The aqueous and solid phase toluene or BTX
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concentrations from th&ngle and multisolutePAC amendedhicrocosns were compared to singlend
multi-solute Freundlich or ISIAS model predictions of the equilibrium solid phasegeneral,the
Freundlich or ISIAS models were found to overestimate the measured solid phase conceimtréie®ns
microcosm systems@dressing Q). Differencesin solid phaseconcentrationbetweertheisothermand
microcosm systemsmay be related to severalfactors, including: differencesin equilibrium times;
differencesin solutionmatrix chemistrieqe.g.,ionic strengths)ijnterferencesor competitionfrom other
sorbingcomponentsvithin the microcosmsystemsnot foundin theisothermsystens (e.g.,within the BS,
or metabolitedrom biodegradation)and/orthe presencef a biofilm layersurroundinghe PAC particles
(generatingliffusional resistancer porefilling from of extracellulapolymericsubstancefEPS]).Forthe
multi-solutePAC amendedhbiotic and bioactive microcosms-xylene deviated the most from the ISIAS
model predicted solid phase concentratiftmdl®wed by toluene and then benzene, which is attributed to
differencesin the magnitude of sorption between solutes (i.e., following X > T > B).

In the subset osinglesolute (toluenanly) and multisolute (BTX) sulfatelimited (i.e., 1620
mg/L SO?) bioactivemicrocosms evidence ofiethanogenesis coupled to a background substrate (other
than substantial toluene or BTX mass) was evident from the geochemical (i«pr&idction) and
molecular (i.e.Methanomethylovoran#ethanosaetandMethanobacteriunenrichment) dataNotably,
methane production and methanogenic enrichmené consistentlynore elevatedn the sulfate limited
microcosms with PAQelative to thesulfate limitedmicrocosmswithout PAC, potentiallysupporing
enhanced methanogenesis and archaeal griomitie presence dhe PAC (e.g., through AC mediated
direct interspecies electron transf&xET]) (in support of Q2). Contrarily inthe single-solute (toluene
only) and multisolute (BTX)sulfate amended bioactive microcosms (i.e.,-238 mg/L S@*) sulfate
reduction was coupled to the oxidation of tolueneo-atylene (not benzeneyhich was recalcitraht
Biodegradatin in thesulfate amended bioactive microcosnasevidenced by the repetitive preferential
reduction in tolueneithin the singleand multisolutemicrocosmg O 9 2duetién ototal mass within
12 to 66 days) followed hy-xylenein the multisolute microcosmé O 9 &du&iéh ototal mass within
O 120folldwangBTXdosi ng or O 62 day sftolfiend)ancdsupparted by thee de p |
geochemical (i.e., S® reduction, and HSand TIC formation) and molecular (i.e., enrichmenswifate
reducing bacteriancluding Desulfosporosiny®Desulfoprununand Desulfobacteraceae) data. Within the
sulfate and PAC amended bioactive microcosms the solid phase mass of toluene was also found to be
repetitively reduced b® 9 Sdurin§@naerobic biodegradation showing PAC regeneréidaressing

Q3) andthe reversibility of toluene sorptiamith bioactivity. Although anaerobic biodegradation of toluene

117



ando-xylene were repetitively demonstratéigere was no substantial difference in the PHC, geochemical
or molecular data between the sulfate amended bioactive microcosms with and without PAC indicating that
the presence of PAC did not influence the anaerobic microbial activityyg PHC biodegradation
(addressing Q2. Additionally, there wa®o difference in the zerorder biodegradation rate constants for
toluenebetween the microcosms with and without PAC during fnégolution monitoring, which confirms
that in the microcosm systetime presence of PAC did not enhance the anaerobic biodegradation of toluene
(addressing Q4. Collectively, the microcosm data assembled over tiieak monitoring period from the
sulfate amendeslingle and multisolutebioactive microcosms revealed that the presence of PAC did not
generate any discernible differendeghe anaerobic biodegradation of toluene betwbermicrocosm
with and without PAC.

In Chapter 4three types of singteolute(tolueneonly) and multisolute(BTX) columns(37 cm
long, 3.75 cm inner diameter) were constructed to reprd2A& sorption alone, bioactivity alone, and
PAC sorption with bioactivity. The columns were operated for approximately 2 year¥,esiti serving
as an acclimation period, and Yeamused for higiresolution €mporalmonitoring. For the columns
containing PAC, a-@m long PAC zone (0.5% wt/wt) was located near the middle of the column to mimic
an AC PRBDuring Year2 theoverall column mass balance (i.e., estimated by subtracting the cumulative
effluent mass from the cumulative mass injecfed}he multisolutecolumn withaninstalled PAC zone
and no bioactivityshowed achange irBTX massbetween thenfluent and effluent followng X (42.2%
reduction) > T (25.4% reduction) > B (5.2% reductigiventhato-xylenehasthehighestsorptioncapacity
followed by tolueneandthenbenzeneBetweenthe single andmulti-solute columns with PA@ones and
no bioactivitythe change in toluemaassetween the influent and effluent was greater for the sigjlege
column (74.6% reduction) relative to the mugtilute column (25.4% reduction) given that the sorption
capacityof toluenewas greater in the singleolute system in the absence of matilute competitive
sorption.For the multisolute bioactive column without a PAC zone the chand&TiX massbetween the
influent and effluent endsf the columrfollowed T (59.2% reduction) > X (16.9% reduction) > B (8.3%
reduction) due to the preferential biodegradation of toluene priorxidene and the recalcitrance of
benzene (asimilarly shown in Chapter 3¥or the multisolute bioactive column with a PAC zotie
change iBTX massbetween the influent and effluent erafshe columrfollowed T (98.%% reduction >
X (85.26 reduction > B (14.46 reduction due to the preferential biodegradation of toluene and
preferential sorption ofo-xylene as toluene wabiodegraded.Sorption, as opposed to anaerobic

biodegradation ob-xylene in the multisolute bioactive column with a PAC zone is supported by the high
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solid phase concentration ofxylene, relative to the other solat@enzene > toluene) sorbed to the PAC
directly downgradient of the leading edgfehe PAC zoneThe increased sorption ofxylene and benzene
to the PAC in the muksolute BA+PACzolumn was due tdhedesorption and biodegradationtoluene

in the downgradientegionsof the PAC zone, which increasthe availability of sorption sitgsrimarily

for o-xylenein addition tobenzene. At the leading edge of the PAC zatesest to the influent soce of
BTX being continuallyreplenished the solid phase concentratiaf toluene was highethan the
downgradientegionswith the magnitude of solid phase sorption following X > T.> B

Consistently observedhe largest change in toluene mass between the influent and effluent was
attributed to a combination of sorption and biodegradation, as opposed to sorption alone or biodegradation
alore. For example, among the singdelute columns the mass removal of toluene was greatest for the
bioactive column witha PAC zone (99.5% reduction), followed by the column with or@dyPAC zone
(74.6% reduction) and the column with only bioactivity (44.4% reduction). Similarly, between the multi
solute columns the mass removal of toluene was greatest fuiotwive column witlaPAC zone(98.5%
reduction), followed by the column with only bioactivity (59.2% reduction) and the column withaonly
PAC zone(25.4% reduction). The depletiontime effluent tolueneconcentratior{< 0.5 + 0.1 mg/Lyuring
Year2 was consistent between thmgle and multisolute bioactive columns witRAC zonesduring
sequential increases in the influent concentratiaddressing Q3. For the other solutgbenzene and-
xylene) in the multi-solute bioactive column witla PAC zonebreakthroughwas observedjiven the
recalcitrance of benzene and the competitive inhibitioovoflene during toluene biodegradation.

Anaerobic biodegradation within the singésd multisolute bioactive columns wasipported by
changes in geochemical parameters that would be expected under sulfate reducing and methanogenic
conditions(i.e., SQ? reduction, and HSTIC and CH formation).Like the microcosm systems, there was
no difference in the magnitude of change of the geochemical parametgitsredbetween columns with
or without PAC, suggesting that the PAC zone in the bioactive columns did not influence microbial activity
during PHC biodegradatio However, the PAC did influence the spatial distribution of anaerobic microbes
along the bioactive column lengtfeddressing Q2) For thesingle and multisolutebioactive columns
without a PAC zoneherelativeabundance diethanosarcinaand Methanomethylovoransere highest
at the influent ends relative to the effluents. Howewar thie single and multisolute bioactive columns
with a PAC zonédhe relativeabundance oMethanosaetaMethanobacteriunand Methanosarcinavere
highest within the PAC zone relatit@outside of the PAQone, inaddition to being higher in abundance

relative to all bacteria detected within the PAC zone (prim&#gulfosporosinysEdwardsbacteriaand
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Berkelbacteriq In the multisolute bioactive columns with a PAC zonehe abundance of
Desulfosporosinugvas also notably elevated at the leading edge of the PAC zones (coinciding with the
location of the highest solid phase toluene concentation

Between the singleand multisolute columns, compound specific isotope analysis (CSIA)
showedenrichment ofH-T in the columns with onlpioactivity or a PAC zongalthough the average
value oflPH-T between thesingle and multisolutecolumrs with only bioactivitywas36.1+ 83 greater
thanfor the columns wittonly a PAC zoneas expectedlhe magnitude ohydrogen isotope
fractionationof toluene associated withcambination of PAC sorption and biodegradation, is unknown
given toluene was depleted in the bioactive column with a PAC (amsapport of Q6). Unlike toluene
a direct comparison dhe hydrogen isotopeactionation ofo-xylene between the mulsiolute columns
showed that the average valugii-X was 54a and 58a greater in the
zone relative to the columns with only a PAC zone or only bioactivity, respecfidely.enrichment in
the multisolute bioactive column with a PAC zone was presumably due to a significant amount of
xylene sorption to the PAC as toluene was biodegraded as opposed to suloskgigizd biodegradation
(supported by the solid phase data).

Collectively the compiled data sets provide comprehensive insight into how AC particulate
amendments behave in anaerobic systems in contact with PHCs, and the interplay between BTX sorption
and anaerobic biodegradation under sulfate reducing and methemogeditions. These data provide
direct evidence that the presence of PAC particulate amendments does not enhance the biodegradation of
BTX relative to systems with no PAC under sulfate reducing conditions. Instead, the presence of the PAC
provides rapid reductions in contaminacncentratioarelative to systems withottAC andsustains
reductions in the agueous phase concentrafitime most preferentially degraded soluteler variable
loading conditiongs the PAC is regeneratéithe PAC also influences microbial activity during PHC
biodegradation by promoting microbial growth on the PAC, with notably high methanogenic enrichment.
This research also provides evidence that ideal isotherms are not representative of the sorptiom behav
in bioactive systems with AC and tend to overestimate sor#iaally, PAC sorption, most notably for
the most preferentially sorbed solute in the madiute system, generates substantial hydrogen isotope
enrichment which may lead to overestimasion the fractionation presumed to be associated with

biodegradation when integrating CSIA into monitoring approaches for bioactive systems with AC.
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52 Recommendations for future work

To addresshe limitations of this researckeveral recommendations are provided which may
provide further insighinto the sorption and anaerobic biodegradation behaimdbioactive systems with
AC in future researchzor the sorptiomxperiments described in Chater 2, given that the ssajlde
Freundlich and muksolute ISIAS isotherm model parameters developed under ideal conditions were
found to overestimatthe solid phasdoluene or BT Xconcentrationgn bioactive microcosmwith AC,
thedevelopnent ofsorption isotherms ithe systems they will be applied {as opposed to controlled
ideal laboratory conditionsnay providemore accurate estimatef the solid phase concentrations
Additionally, other singlesolute sorption equilibria isotherm models (e.g., those listed in Table 1.1
[Section 1.1.1]) or mulsolute sorption equilibria modelversushe Freundlich and ISIAS models used
in this researchinay beexploredto determine ithe sorption behaviour is better represented by other
models It is alsorecommended to carry out multiple desorption sfapopposed to the single desorption
step used as part of this resedutctfurther investigatéhe presumed hysteretic behaviour observed
between the singleand multisolute sorption and desorption proass§inally, given thathe sorption
and desorption equilibriutimeswererapid (i.e.,0 0 . 5), equdituiurmstimeexperimentsan be
conducted utilizinghigher resolutionmonitoring with a focus orthe first0.5 hoursof sorption or
desorptionFor the microcosm systems described in Chapter 3, the sampling frequency duritegriong
monitoringcanbeincreasedrom monthly topotentially weekly samplingntervalswhich mayallow for
the estimation oPHC biodegradation ragduring the longterm monitoring periodBiodegradation rate
were not estimated during lottgrm monitoringas part of thisesearclyiven thathe rate otoluene
biodegradation in the sulfate amended bioactive microcosaagemerally faster than therionth
sampling interval used. Instealle estimation ofhe biodegradation rate @bluene was limited to the
high-resolutionmonitoring period at the end of the experinaduration (i.e., during the last 2840
days. In multi-solutemicrocosmsystemsompetitive inhibition of solute@@.g.,0-xylené duringthe
biodegradatiorf preferentially degraded solstée.g., toluengeshould also be accounted for to ensure
that the biodegradation of all solutes can be monitaxith was noaccomplished foo-xylene during
the40-dayhigh-resolutionmonitoring periodas onlytoluenewasbiodegraled For the column
experiments described in Chapfeincreases in thmfluent single and multisolutePHC concentrations
may potentially generatdetectable effluent concentratsfor the most preferentially biodegraded

solute(swhich may allow for more enhanced monitoring between cotuimrthis research, given that

121



toluene was depleted from the effluent of the bioactive cadumith PAC zoneshis preventedCSIA for
toluene which would have assisted in answerind@éirectly comparingheisotopefractionationof

toluene betweenolumns with bioactivity or PAC sorption alone versus bioactivity and PAC sorption.
Estimaton ofthe biodegradation rate constants between bioactive colwitinand without PAC zones

may also be determined to provide more insight into Q4beactive columewith PAC zons, the
biodegradation rates of PHCs can be determined by applyindeestoichiometric ratios betwedre

PH((s) andotherelectronacceptofs) orthereduced or oxidized bgroducts of the biodegradation
reaction(s)to the change in concentrations between the influent and effluent for parameters that are not
depleted in the effluent or sorbed to the PAC.

Future investigations should fundamentally consideltingsolutesystems given that preferential
sorption and biodegradatidreavily influence contaminant treatmevithin multi-solute groundwater
systemawhich aremost frequently encounteredantaminated field siteshereAC particulate
amendments may be installéd this research only substantial toluene massrem®vedn the bioactive
columrswith a PAC zone and limiteokxylene biodegradation occurrede to competitive inhibition;
howeverthe potential for the mass reductionoetylene mayalsobe exploredn columrs with longer
PAC zonarelative tothe 6 cm length used as part of this research. With an extended length of the PAC
zonepreferential biodegradation of toluemay occur upgradient, potentially allowing for thesorption
and biodegradation aFxylene further downgradient at locations where tolusmkepleted Additionally,
the installation of sampling ports along the length of cokmiii allow for depth discrete aqueous phase
sampling and monitoringvhich may provide insight intthe potentiakzonationof AC sorption and
biodegradation processtmt are expected t@ry between solute Samplingportswill allow for
enhanced monitoring of thmlumnsystemas opposed to only assesstignges itheinfluent and
effluent concentratiaifor each soluteas was done as part of this resea@tiumns can also be
monitoredin replicate, allowng for replicate aqueous phase measurementaaificial sampling of the
solid phase material over the monitoripgriodas opposed to a single timepoint at the end of the

experiment asvasdone as part of this research
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Figure A.1: WPC powdered activated carbon (PAC) particle size measurements (n = 17) carried out in ImageJ using
the Measure and Label macro.
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or o-xylene per gram ofpowdered activated carbon [PAQ]e) or temporalsolid phase sorbed mass of benzene,
toluene oro-xyleneper gram ofPAC (g;) estimate indirectly using mass baland®tweertheinitial aqueous phase
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and the yellow outlinesepresentiata associated with thdevatedMe for benzene and toluene frasimglesolute
temporaldata.The standardeviation of triplicataneasurements is represented asror bars on each data poifihe

linear fit to the datand a 1:1 line areepresented astdackdottedandsolid line, respectively.
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Figure A.4: Singlesolute sorption0 andn ) and singlestep desorptiond andr] ) equilibrium capacity and
temporaldata for (a) benzene and (b) toluémsingle solute systemim contact with WPC powdered activated carbon

(PAC) (Ce on the x axis represents the sorption or desorption equilibrium aqueous phase concentration (ngg/L), and

on the y axis represents the sorption or desorption equilibrium solid phase concentratioh (fing/cgyorption
equilibrium data are represented as filled (a) red triangles for benzene and (b) green squares for toluene, and the single
step desorption equilibrium data are represented as filled diamonds with the same colours used to represeon the sorpti
capacities for each solute. Solid lines connect the sorption and desorption equilibrium data, and arrows represents the
direction of concentration change between processes. The standard deviation of triplicate measurements is represented
as * error bars The singlesolute Freundlich isotherms with 95% confidence envelopes (black solid bands) are
represented a®lid-colourediines, including (a) red for benzene and (b) green for toluene effgoralsorption data

are represented as the same shapes as the equilmiptiondata for each solute, and filled with light blue fbe

0 of 3 mg/L and dark blue fahed of 30 mg/L. Theémporaldesorption data are represented as the same shapes

as the equilibriundesorptiondata, and filled with light grey fathe 6 of 3 mg/L and dark grey fahed of 30
mg/L.

144



20 20

(a) (b)
15 A 15 -
g 5
= 10 A = 10 ~
5 - 5
0 - 0 -
mBenzene mToluene mBenzene mToluene

Figure A.5: Absolute mass lost or gainelll4;) for benzene and toluene frasinglesolutetemporaldesorptiordata
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Table A.1: Artificial groundwater (AGW)recipe used for sorption and desorption equilibriumtangporalexperiments.

Chemical formula Chemical name Molecular weight (g/mol)  Concentration (mg/L)
NH.CI Ammonium chloride 53.49 49.7
MgCl, Magnesium chloride 95.21 4.8
MnCl,A OH Manganese (Il) chloride 197.90 4
NacCl Sodium chloride 58.44 7
CaCkA DH Calcium chloride 147.01 147
NaHPO A 1 Monosodium phosphate 137.99 27.6
KH2POy Potassium dihydrogen phosphate  136.09 69.4
N&SOy Sodium sulfate 142.04 8.5

Notes:

1. All chemical components were dissolved into M@liwater.
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Table A.2: Sorption and desorption equilibrium arrporalexperimental design for WPC powdered activated carbon (PAC) in the presence of benzene,
toluene ana-xylene(BTX) alone (singlesolute) or combined (muilgolute)

Series Artificial groundwater Powdered activatec Single solute? Multi-solute® Samplingtime (hr)*
(AGW) volume(mL)  carbon PAC) mass Benzene, toluene or Benzene, toluene anc
(mg) o-xylene o-xylene BTX)

concentration (mg/L) concentration (mg/L)

Sorption equilibrium capacity

Control(without PAC) 160 - 0.5, 3, 6,10, 125 1:1:1 48

PAC 160 10 0.5, 3, 6, 10, 125 1:1:1 48
Desrption equilibrium capacity

Control (without PAC) 160 - 0.5, 3, 6, 10, 125 1:1:1 48

PAC 160 10 0.5, 3, 6, 10, 125 1:1:1 48
Sorption equilibrium time

Control(without PAC) 160 - 3,30 - 0.5,2,4,8,24,48

PAC 160 10 3,30 - 0.5,2,4,8,24,48
Dewrption equilibrium time

Control(without PAC) 160 - 3,30 - 0.5,2,4,8,24,72,216, 72

PAC 160 10 3,30 - 0.5,2,4,8,24,72,216,72
Notes:

1. Each series was prepared in triplicate.

2. Only benzene and toluene were used in sisglatetemporalexperiments.

3. Equal concentrations of easblute using the same concentrations as the sisglete system.

4. For emporaldesorption experiments, solid phase samples were only collected at sampling times of 24, 72 and 216 hours for benganglsmgtiates of 24, 72, 216 and
720 hours for toluene.

Table A.3: Chemical properties of benzene, toluene axgllene(BTX).

Solute Chemical Molecular Density?! Solubility * Vapour Hydrophobicity Henr y 6 s
formula  weight?! pressurée (logv )? constant )°
g/mol g/mL (20°C) mg/L (20°C) KkPa (20°C) (25°C)
Benzene  C¢Hs 78.1 0.878 1780 10.1 2.13 0.225
Toluene C/Hs 92.1 0.867 515 2.9 2.73 0.274
o-Xylene  CgHio 106.2 0.880 175 0.7 3.12 0.221

Notes 1.[190], 2.[159], 3.[151].
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Table A.4: Absolute mass of singler multi-solute benzene, toluene amatylene lost or gained\er) from thesorption and desorptioeguilibrium capaciy

and emporaldata.

6 (mg/Ll) 0 (mg) O (mg) O (mg) O (%) 6 (mglL) 0 0 (mg) O (mg) O (mg b (%)
Singlesolute benzene 0.47 0.08 0.01 0.07 2.92 Singlesolute benzene 0.47 0.07 0.00 0.07 0.44
sorption capacity 3.00 0.48 0.14 0.35 1.47 desorption capacity  3.00 0.34 0.06 0.27 4.31

6.27 1.00 0.40 0.59 1.06 6.27 0.60 0.15 0.47 3.15

10.22 1.64 0.85 0.79 0.27 10.22 0.79 0.26 0.49 4.14

12.39 1.98 1.09 0.88 0.26 12.39 0.89 0.30 0.57 2.43

26.21 4.19 2.72 1.52 1.21 26.21 1.47 0.55 0.64 18.76
4.4 Standard 1.20+0.98 5.54+ 6.63
deviation (%)
Singlesolute toluene 0.38 0.06 0.00 0.07 11.45 Singlesolute toluene 0.38 0.06 0.00 0.06 1.52
sorption capacity 2.19 0.35 0.02 0.33 0.30 desorption capacity  2.19 0.33 0.01 0.32 0.78

5.07 0.81 0.10 0.82 12.89 5.07 0.71 0.05 0.76 12.71

7.69 1.23 0.19 1.20 13.03 7.69 1.04 0.10 1.00 5.60

10.94 1.75 0.40 161 14.66 10.94 1.35 0.18 1.31 10.36

25.67 4.11 1.72 2.60 5.15 25.67 2.38 0.42 1.66 12.64
4. .+ Standard 9.58+ 5.62 7.27+5.40
deviation (%)
Singlesoluteo-xylene 0.30 0.05 0.00 0.05 10.14 Single-soluteo-xylene 0.30 0.05 0.00 0.05 2.15
sorption capacity 2.74 0.44 0.01 0.44 4.19 desorption capacity  2.74 0.42 0.00 0.45 5.90

6.03 0.96 0.06 0.93 1.92 6.03 0.91 0.01 0.90 0.43

8.39 1.34 0.09 1.28 2.34 8.39 1.25 0.03 1.26 2.85

11.61 1.86 0.25 1.72 6.01 11.61 1.61 0.07 1.56 1.33

22.09 3.53 0.99 2.83 8.26 22.09 2.54 0.25 2.36 2.85
I, + Sandard 5.48+ 3.28 2.58+1.87
deviation (%)
Multi-solute benzene 0.53 0.08 0.02 0.06 1.07 Multi-solute benzene 0.53 0.07 0.01 0.05 15.82
sorption capacity 2.96 0.47 0.31 0.20 7.09 desorption capacity  2.96 0.17 0.09 0.07 3.92

6.56 1.05 0.85 0.24 3.94 6.56 0.20 0.14 0.06 2.09

11.01 1.76 1.59 0.23 3.16 11.01 0.17 0.13 0.04 0.58

14.03 2.24 2.15 0.19 4.41 14.03 0.09 0.14 0.03 83.05

27.47 4.39 4.00 0.18 4.87 27.47 0.40 0.09 0.02 71.92
4+ Sandard 4.09+1.98 29.56+ 37.67

deviation (%)
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6 (mg/) O (mg) O (mg) O (mg) O (%) 6 (mg/L) 6 0 (mg) O (mg) O (mg) O (%)
Multi-solute toluene  0.46 0.07 0.00 0.07 7.48 Multi-solute toluene  0.46 0.07 0.00 0.07 2.67
sorption capacity 2.61 0.42 0.09 0.38 10.84 desorption capacity  2.61 0.33 0.03 0.28 4.76
5.80 0.93 0.31 0.70 9.19 5.80 0.62 0.12 0.46 7.29
9.68 1.55 0.83 0.86 9.24 9.68 0.72 0.21 0.46 6.50
12.22 1.96 1.35 0.78 8.78 12.22 0.60 0.26 0.41 10.68
24.27 3.88 2.99 0.72 4.47 24.27 0.89 0.22 0.30 41.49
L. ¢ Standard 8.33+2.18 12.23+ 14.58
deviation (%)
Multi-soluteo-xylene  0.51 0.08 0.00 0.08 6.87 Multi-soluteo-xylene  0.51 0.08 0.00 0.08 6.67
sorption capacity 3.00 0.48 0.03 0.49 7.86 desorption capacity  3.00 0.45 0.01 0.45 1.27
6.60 1.06 0.11 1.06 11.22 6.60 0.94 0.03 1.01 10.14
10.98 1.76 0.35 1.62 12.18 10.98 1.41 0.08 1.25 5.44
13.90 2.22 0.68 1.84 13.19 13.90 1.54 0.12 1.46 2.53
26.98 4.32 2.03 2.32 0.94 26.98 2.28 0.19 1.72 16.36
4.+ Standard 8.71+ 4.54 7.07+5.53
deviation (%)
Singelsolute benzene 4.43+ 0.086 0.43 0.11 0.32 0.82
desorptiortime 0.46 0.11 0.31 8.99
(6 ,3mg/L) 0.46 0.08 0.32 11.91
4. ¢ Standard 7.24+5.75
deviation (%)
Singelsolute benzene 35.02+ 0.95 1.73 0.69 0.79 14.28
desorptiortime 1.62 0.67 0.85 6.54
(6 ,30mglL) 1.62 0.59 0.75 17.12
4. # Standard 1265+5.48
deviation (%)
Singetsolute toluene  2.57+0.14 0.36 0.02 0.32 511
desorptiortime 0.39 0.01 0.34 9.69
(6 ,3mglL) 0.39 0.01 0.36 5.24
0.39 0.01 0.34 10.07
A\ - Standard 7.53+2.72
deviation (%)
Singetsolute toluene  27.18+ 1.92 2.58 0.50 1.72 14.31
desorptiortime 2.70 0.46 1.82 15.55
(6 ,30 mg/L) 2.70 0.42 1.86 15.71
2.70 0.44 1.86 15.21
A - Standard 15.20+ 0.63
deviation (%)
Notes For each solutethe ) is the percentage of absolute mass lost or gdimed sorption ) ) or desorptionlf ),0 and)  are the sorption and desorption

equilibrium or emporalmasses in the aqueous phasspectivelyd andd
andd are theinitial mass and concentratiprespectively

and0

149

are the sorption and desorptiequilibrium or emporalmasses in the solid phase, respectively,
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Appendix B.1: Anaerobic Artificial Groundwater RecipeMicrocosms

The following anaerobic artificial groundwater (AGW) recipe was adaptedBfeghwar ds -and Gr b

Gal i | [169.99 4)

1.

2.

Prepare a phosphate buffer (2 mM) by adding 27.2 g ePiKkrand 34.8 g of KHPOQuto 1 L of

Milli -Q water.

Prepare &race mineral stock solutidsy adding 0.1 g of ZnCl, 0.75 g of Nidl 6.6, 0.1 g of

CuChkA 2,8, 0.02 g of NgSeQ, 0.3 g of HBOs, 0.1 g of NaMloOsA 2.8, 1.0 g of MnClA 4,8, 1.5

g of CoChA 628, 0.1 g of A(SQy)sA 1 ®rand 1 mL of HSQy (to dissolved compounds) to 1 L of
Milli -Q water.

Prepare aodium sulfate stock solution by addi®?.5 g of NaSQuto 1 L of Milli-Q water.

Prepare aodium bicarbonate stock solution by addd@gg of NaHCQto 100 mL Milli-Q water.
Prepare amamorphous ferrous sulfide (FeS) stock solut@g/(, sulfide). Preveigh 6.5 g of (NH)
2Fe(SQ) 2.8 and 4 g of N#8 A 90i1and transfer each chemical into separate falcon tubes and
cap. Repeat twice more. Autoclave 1.5 IMifli -Q water at 121°C for 40 minutes to deoxygenate the
water, then purge with Nyas at low pressure through a sterildinie filter while cooling in an ice

bath to ensure the water remains anaerobic. Transport the sealed falcon tubes and deoxygenated water
directly into a glove box (MH.atmosphere), in addition to three 200 mL centrifuge bottles. Add 167
mL of anaerobic MilkQ water to one centrifuge bottle, followed by the contents of one falcon tube
containing the (Nl 2Fe (SQ), then add the coents of one falcon tube containing the;8lga black
precipitate [FeS] will immediately form). Repeat twice more. Tightly cap and shake the solutions
vigorously by hand for at least 5 minutes. Remove the centrifuge bottles from the glove box and
centrifuge each bottle for 10 minutes at 8,80f).. Transport theentrifuge bottledack into the

glove box and remove the supernatant as waste. Refill the centrifuge bottles with 167 mL of
anaerobic MilliQ water and repeat the rinse processrore times, orntil the FeS does not form a
pellet after centrifuging but instead remains suspended in solution

Prepare the resazurin redox indicator by adding 1 g of resazurin to 1 L e@Q\ilditer.

Dispense 100 mL aliquots of each stock solution into separate 160 mL serum bottles and seal with
butyl rubber stoppers and crimp caps. Wrap the exterior of the serum bottles containing the mineral
medium in tin foil to limit direct light exposure and pdieahphotodegradation over time. Autoclave

the serum bottles containing contents from stdpat 121°C for 20 to 30 minutes, then purge with N
gas for 15 minutes at low pressure through a sterli@énfilter while cooling in an ice bath. Store

the anarobic stock solutions at 4 °C.

All stock solutions are to be maintained ungesitive pressure; if large aqueous volumes are

removed equal volumes of the sterile glove box atmosphere should be passively added back by
insertinga sterile needle connected to a 0.2 UM syringe filter into the stock bottle septa while inside a
glove box

Prepare a salt solution by adding 49.75 mg o#GIH7.01 mg of NaCl4.76 mg of MgClJ, 3.96 mg

of MnCl A 4,8, 8.52 mg of NgSQ, and147.02 mg of CaGR 2,8 to 1 L of Milli-Q water.
Autoclave the salt solution at 121°C for 0.75 to 1 hour to deoxygenate the water, then purge the
solution in a sealed vessel with §hasat low pressure through a sterilelime filter while cooling in
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an ice bath for 0.5 to 1 hoto ensure the water remains anaerdaigoclave and purging time is
dependent on the solution volume).

9. Once the salt solution is cooled, add 10 mL of the phosphate buffer, 1 mL of the trace mineral
solution and 0.5 mL of the supernatant fritrasodium bicarbonate stock solution (per liter of salt
solution). Continue purging the AGW solution at a slightly elevated pressure for 5 to 10 minutes.

10. Following purging, clamp the inlet and outlet purging lines of the vessel, detach from the gas lines,
and directly transfer the solution into a deoxygenated glove bag or box.

11. Add 3 mL of theFeS stock solutiofper L of AGW) to the deoxygenated AGW solution using a
sterilized syringeLeave the vessel undisturbed and covered in the glove bag or box for 2 days to
fully reduce the AGW solution.

12. Measure the AGW pH and D@éensumgt he AGW medi um pH is neutral an
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Figure B.1: Details for the Borden sand (BS) collected from CFB Borden Ontario, Canada at the sandpit research
area and within the (a) middle of thregdraulically isolated sheet piled experimental research gates. Each
experimental gate contains 4 rows of multilevel monitoring wells for groundwater monitoring (6 wells per row and
per gate, and 14 depths per well). The upgradient ends of each gaterate gmpundwater flow, whereas the
downgradient ends adjoin to an open funnel and gate system for groundwater treatment prior to groundwater exiting
the gates. The middle experimental gate shows the location of the injected petroleum hydrocarbonsiffHCs) w

the PHC source zone, and the 9 core extraction locations downgradient of the PHC source zone (core extraction
locations are labelled C1 [i.e., core extraction location 1] to C9). Images of the 17 anaerobic cores collectgd (i.e., 1
cores collectedgr core extraction location) from the middle experimental research gate are showh)fiobnt¢ 3

m below ground surface (bgs), amm)l 8 to 4.5 m bgs.
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Figure B.2: Temporal changes in the (a, ) aqueous and solid phase toluene concentragtjamsl (Ts)) (green and black
filled squares, respectively); (b, f) aqueous sulfatesta6) (black filled circles) and sulfide (H&y) (vellow filled circles)
concentrations; (c, g) total inorganic carbon (TIC) (purple filled circles) and gaseous methane concentragjpof@re
filled circles); and (d, h) dissolved oxygen (DO) (light green filled circles), pH (pink filled circles) and the oxidation
reduction potential (ORP) (dark blue filled circles) for the sirgdute (toluenenly) (ad) KC and (eh) KC+PAC
microcosms. Each timepoint represents the average of three values and the error bars are + 1 standard deviation
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Figure B.3: Temporal changes in the (a, €) aqueous phase benzene, toluereybaree (BTX) (B,T,Xaq) (red

filled triangles [B], green filled squares [T] and blue filled circles [X]) and solid phase BTXXs) (black filled
triangles [B], squares [T] and circles [X]) concentrations; (b, f) aqueous sulfaig&{§@black filled circles) and
sulfide (HSq) (yellow filled circles) concentrations; (c, g) total inorganic carbon (TIC) (purple filled circles) and
gaseous methane concentration ggH(orange filled circles); and (d, h) dissolved oxygen (DO) (light green filled
circles), pH (pink filled circles) and the oxidation reduction potential (ORP) (dark blue filled circles) for the multi
solute (BTX) (ad) KC and (eh) KC+PAC microcosms. Eadimepoint represents the average of three values and
the error bars are + 1 standard deviation
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Figure B.4: Temporal changes in the (a) aqueous and solid phase tolugpan@ Ts) (green and black filled
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filled circles) and the oxidation reduction potential (ORP) (dark blue filled circles) for thesollte(BTX) (a-d)

KC and (eh) KC+PAC microcosms. Each timepoint represents the average of three values and the error bars are + 1
standard deviatian

155



10
(@)

g | L
T 00 -0-0 00 0 o o 0 o
Q_ -
EG' ORP
3 L
B Y |
82_&_._.__.\.—._/."\.-

o@—Q.—O.-o—?—o-o—ro—p‘—g—O—.-o—.O—

0 40 80 120 160 200 240 280 320 360
10

(b)
o

8 o
I oo 0 o °° ®o
S 6 7
—

g L
E
o)
o

10
(©)

g | L
T O O o O O 0-0—0—0 0—0—o
T L
5 61
Q -
S 4 5 ORP
s W
8 2- I

0 @=0—9-00

0 40 80 120 160 200 240 280 320 360
10
(d) . i
. 8 o0 o 0—0 o O o Q-0
5 6 7
I L
2 4
o)
8 , | o OFP i
R
0 =0—0-—0—"O0—0-0 —0—o0—amnl
0 40 80 120 160 200 240 280
Time (days)

Figure B.5: Temporal changes in dissolved oxygen (DO) (light green filled circles), pH (pink filled circles) and the oxidation

450 10
300 8
150 —~
S % 6
o £ s
R
@ =
()]
150G 2
) o
30 Q
-450
450
L 300
5
150 . o
S )
3 )
o = 3
x &
1500 5
[a)
-300
-450
450 10
300 8
5
150 = 2
g 56
0 z g .
-1500 £
3
-300 2
-450 0
450 10
300 8
5
150 —~
> S 6
0 f -
x £ 4
1500 <
g
-300 2
-450 0

(e)

>—0—0—9—-0—0—0 000

o

©

0 40 80 120 160 200 240 280 320
(9)
'boooooooo 0—0-0—9
1 ORP i
A/
0 0—0,00-—9 0,00
0 40 80 120 160 200 240 280 320 360
(h) o
_DOOOOOOOO G'Q)Oo
ORP -
A/
0. 4 o
Xo)
0O 40 80 120 160 200 240 280 320
Time (days)

450
300
150

ORP (mV)

-150
-300
-450

450
300
150

RP (mV)

-150 ©
-300
-450

450

300

150

-150

ORP (mV)

-300

-450

450

RP (mV)

-300
-450

reduction potential (ORP) (dark blue filled circles) for #iiegle-solute (toluenenly) (a) BAPC, (b) BA+PAC, (c) BA
PC+EA and (d) BA+PAC+EA microcosms; and thalti-solute (benzene, toluene amtylene [BTX]) (e) BAPC, (f)

BA+PAC, (g) BAPC+EAand(h) BA+PAC+EAmMicrocosms. Eactimepoint represents the average of three values and the

error bars are = 1 standard deviation.

156



(o)) (o]
o o
1 1

Mass (% of total)
N
o

20 -

80 -

60 -

40 -

Mass (% of total)

20 ~

o CTH = O 1 o
b
80 L
60
40
20 A
274 278 283 288 292 310 315 319 333 350 310 315 319 324 333 350 310 315 319 324 333 350
100 - HE] T 1 HE [ 100 -+ 100 - T 1 T 1 T 1 [
(d) 'll"ii(f) (h)
80 - 80 80 - P!
60 60 - 60 -
40 40 A 40 -
20 A 20 A 20 -
. . 0 - 0 . .
269 274 278 283 288 292 315 319T. 324d 333 350 310 315 319 324 333 350 310 315 319 324 333
Time (days) ime (days) Time (days) Time (days)
@BS| ODPAC @mAqueous @Gas i} al

Figure B.6: Total mass during highesolution monitoring fosingle solute(a-b) toluene andmulti-solute(c-d) benzene, ) toluene and (¢h) o-xylene in the
BA-PC+EA (top panel) and BA+PAC+EA (bottom panel) microcosms.

157



0.0 T

0.0 T

10 15
Time (days)

20 0 5

10 15 20
Time (days)

25
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Figure B.8: Aqueous Cag and solid Cs) phase benzene concentrations from the KC+PAC, BA+PAC and BA+PAC+EA
multi-solute microcosms with the sampling day (or range in days) corresponding to each datapoint (or cluster of data
points). All data are represented as red filled triangles, neglectieg data points that are more representative of single
solute conditions and shown as unfilled trianglé®e standard deviation of triplicate measurements is represented as
error bars on each data poifihe Freundlich sorption equilibrium isotherm fingle solute benzene is shown as a solid red
line with a 95% confidence envelope represented as black solid bands.
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Figure B.9: Presumederrous sulfide (FeS) precipitation in the (a) A +EA microcosms (i.e., 13875 mg/L
SQO2) on Day 278 and 319 for singler multi-solute microcosms, respectively, relative to (b) microcosms without
electron acceptor (EA) amendments (i.e-200mg/L SQ?).
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Table B.1 Hydrogeologic and geochemical characteristics at CFB Borden (Ontario, Canada).

Parameter Value(s) Reference(s)
Groundwater flow direction North to northeast with seasonal oscillations up tar3@éfrection [139]
N40°E toN53°E [135]
Depth to water table O 1 m bgs (fluctuates seasonal | [137]
Ground surface to 1.5 m bgs (varies with time) [138]
Groundwater temperature 10°C (varies from 6 to 15°C seasonally) [135, 237]
Porosity 0.38 [137]
0.33 [135]
Specific storage 0.001 mt [238]
Hydraulic gradient 0.003 [137]
0.0043 [136]
Aquifer depth 9 m bgs [135, 136]
Aquifer groundwater velocity 0.091 m/day [135]
Aquifer hydraulic conductivity 3x10°to 5x10° m/s [137]
6x10° to 2x10“ m/s(mean 9.75x10m/s) [136]
5x10%to 1x10* m/s (mean 7x1®m/s) [135, 238]
Aquitard depth 9to 17 m bgs [237]
Aquitard hydraulic conductivity 1.12x10'9to 5.39x1° m/s (mean of 2.4x20m/s) [237]
Aquitard Darcy flux 3.3 mmlyear [237]
Longitudinal dispersivity 0.08 m [239]
0.06 to 0.43 m (mean 0.36 m) [240]
Traverse horizontal dispersivity 0.03m [239]
0.039m [240]
Vertical dispersion coefficient 10x1019m?/s [239]
Grain size 0.070 to 0.69 mm [135]
Median grain size ) 0.15 mm [238]
Dry bulk density 1.76 g/cnd [137]
1.81 g/cm [135]
Solid density 2.71 glcm [135]
Specific surface area 0.6 to 1.6 /g (mean 0.8 Rig) [135]
Organic carbon content 0.01 to 0.09% (mean 0.02%) [135]
Cation exchange capacity 0.52 + 0.09 meq/100g [241]
Minerology 58% quartz, 19% feldspars, 14% carbonates, 7% amphiboles, 2% ct [135]
Dissolved organic carbon 2.4 10 6.4 mg/L [140]
< 0.7 mg/L [135]
pH 7.3t07.9 [135]

Calcium (C&")

Magnesium (M§g")

Sodium (N&)

Potassium (K)

Calcium carbonate (CaGpD
Chloride (Cf)

Sulfate (SO)

Nitrate (NO3)

Iron (Fe*)

Manganese (Mn)

Total dissolved solids (TDS)
Dissolved oxygen (DO)

50 to 110 mg/L
2.410 6.1 mg/L
0.9 to 2.0 mg/L
0.1to 1.2 mg/L
100 to 250 mg/L
1to 3 mg/L

10to 30 mg/L

< 0.6 to 6 mg/L

< 0.004t0 2.8 mg/L
<0.04 to 0.3 <mg/L
380 to 500 mg/L

0 to 8.5 mg/L

[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242, 135, 138]
[242]

[242]

[242, 135, 138]
[135,138]
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Table B.2 Details of the singlessolute (toluenenly) and multisolute (benzene, toluene amatylene [BTX]) microcosm experiments.

Microcosm type Acronym Atrtificial Biocide and Borden sand  Powdered activatec Sulfate stock Toluene or benzeneNumber of triplicate
groundwater (AGW) sterilization® (BS) (mL [g])? carbon (PAC) mass concentration toluene ana-xylene bottle sets (number
volume (mL) (mg)? (mg/L) 4 (BTX) concentrationof microcosm

(mg/L) bottles)
Single-solute (tolueneonly)

Killed control KC 175 n 45 (81.5) - 10-20 20 2 (6)

Killed control+ powderedactivatedcarbon KC+PAC 175 n 45 (81.5) 15 10-20 20 2 (6)

Starvedcontrol SC 175 - 45 (81.5) - 10-20 - 2 (6)

Bioactive-positivecontrol BA-PC 175 - 45 (81.5) - 10-20 20 8 (24)

Bioactive-positive control + electron acceptoBA-PC+EA 175 - 45 (81.5) - 1382755 20 8 (24)

Bioactive+ powderedactivatedcarbon BA+PAC 175 - 45(81.5) 15 10-20 20 8 (24)

Bioactive + powdered activated carbon + BA+PAC+EA 175 - 45 (81.5) 15 1382755 20 8 (24)

electron acceptor

Multi -solute (benzene, toluene and-xylene [BTX])

Killed control KC 175 n 45 (81.5) - 10-20 20:20:20 2 (6)

Killed control+ powderedactivatedcarbon ~ KC+PAC 175 n 45 (81.5) 15 10-20 20:20:20 2 (6)

Starved control SC 175 - 45 (81.5) - 10-20 - 2 (6)

Bioactive-positive control BA-PC 175 - 45 (81.5) - 10-20 20:20:20 8 (24)

Bioactive-positive control + electron acceptoiIBA-PC+EA 175 - 45 (81.5) - 1382755 20:20:20 8 (24)

Bioactive + powdered activated carbon BA+PAC 175 - 45 (81.5) 15 10-20 20:20:20 8 (24)

Bioactive + powdered activated carbon + BA+PAC+EA 175 - 45 (81.5) 15 1382755 20:20:20 8 (24)

electron acceptor

Notes:
1. BS was autoclaved three times on three consecutive days (121°C) and amended with 2.5 mL (2.71 g/100 mL) of mercuaindcBld&del (5g/100 mL) of sodium azide.
2. Anaerobic BS was sourced from the Borden aquifer.
3. Calgon Carbon WPC PAC.
4. The target sulfate concentration in the KC, KC+PAC, SGHEAand BA+PAC microcosms was representative of background sulfate concentration within the Borden aquifer

o

(Table B.1), and the target sulfate concentration inRFE2+EA and BA+PAC+EA microcosms wespresentative of electron acceptor (EA) amended conditions.
The higher target sulfate concentration of 275 mg/L was used during all dosing events, with the expectation of the whoatrtheegtart of theigh-resolutionsampling
period which was reduced by half to a target sulfate concentration of 138 mg/L.
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Table B.3: Predictedpartitioningof toluene(single solute)or benzenetolueneando-xylene(BTX) (multi-solute)in PAC amendednicrocosmsiosedwith 4
pL or 12 uL of purephaseolueneor BTX (4 pL persolute),respectively.

Chemicalpropertiegsorbateandsorbent): Toluene Benzene Toluene o-xylene
(single-solute) (multi-solute)  (multi-solute)  (multi-solute)
He n rcgndtan(yd )[-]? 0.274 0.225 0.274 0.221
i 12

Density(}) [A ] 0.867 0.878 0.867 0.88
Soil-waterpartitioningcoefficient(0 ) [mL/g] 3 0.09125 0.01996 0.09125 0.1996
Freund”chconstan(o ) [(__ n] 88.19 36.10 88.19 131.76
Freundlichconstan{¢ ) [-] 0.42 0.48 0.42 0.37
Improvedsimplified idealadsorptiorsolution (ISIAS) constan{®) - 1.42 1.43 1.08
Equilibratedagueougoncentration:
6 [—1° 4.9 17.2 11.5 5.2
Equilibratedsolid concentration:
Singlesolutesorptioncapacityy [—]=(0 6 171.91 - - -

5 - 24.79 88.73 166.55

B — B B — B B
Multi-solutesorptioncapacityy [—]=[— — —6 ~— B 6 —
B —

Microcosmmaterialvolumeor mass:
V(g)[mL] 30 30 30 30
V(ag)[ML] 175 175 175 175
mes[g] 68.5 68.5 68.5 68.5
Mmeac[mg] 15 15 15 15
Equilibrium masspartitionedto eachphase:
O [mgl=6 —0 0.040 0.12 0.095 0.034
b [mg]l=6 — 0.86 3.01 2.01 0.91
O [mgl=a — 0 0.031 0.024 0.072 0.071
0 [mgl=h —— 2.58 0.37 1.33 2.50
0 [mg]=0 +0 +0 +0 3.51 3.52 3.51 3.51
Initial aqueougoncentratior{beforePAC addition):
8 [—]=— 20.04 20.12 20.06 20.08
Purephaseaddition:
Vo [uL] =— 4.05 4.01 4.05 3.99

Notes 1.[151], 2.[190], 3. [152] and 4.valueadjustedo achieve~20mg/L.
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Table B.4 Quantitative polymerase chain reaction (JPCR) primers for DNA analysis.

Primer name Target 16S rRNA sequence Primer Sequence 53' Expected amplicon Annealing Reference(s)
size (bp) temperature (°C)

926f_modified Bacteria, Archaeand some Eukarya AAACTYAAAKGAATWGRCGG 467 54 [243, 244]

1392r_modified ACGGGCGGTGWGTRC

Bac_1055f General Bacteria ATGGCTGTCGTCAGCT 338 55 [245, 243]

Bac_1392r ACGGGCGGTGTGTAC

Arch_787f General Archaea ATTAGATACCCGBGTAGTCC 273 59 [246]

Arch_1059r GCCATGCACCWCCTCT

ORM2_168f Deltaproteobacteria ORM2 GAGGGAATAGCCAAAGGTGA 255 59 [247, 154]

ORM2_422r GAGCTTTACGACCCGAAGAC

Dsp_1304f Desulfosporosinus sp. DGG GGGGAGCAAATCCGAGAAAG 191 59 [248]

Dsp_1494r GAATCTCGAGTCGGTTACCTC

Pep_87f Peptococcaceae sp. DEG TTGGATGTCAGATAGTGGCG 142 65 [248]

Pep_228r GCGATTTGCATCGCCTTTCTAC
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Table B.5 Sampling(long-termrepetitivesampling L T-RS, long-termsacrificialsampling LT-Sg or high-resolutionsacrificial sampling HR-Sg) or
amendment (i.e., powdered activated carbon [PAC]; tol{iEhéenzene, toluene amexylene [BTX]; toluene ana-xylene[TX]; or sulfateS0.*]) days for the
single-solute (toluen@nly) or multisolute (BTX)microcosms.

Day Toluene Day Benzene, toluene and-xylene (BTX)
0 T: All microcosms except SC 0 BTX: All microcosms except SC
SO4#: BA-PC+EA and BA+PAC+EA microcosms
2 LT-SS:Triplicate bottle set 1 (timepoint 1) 2 LT-SS:Triplicate bottle set 1 (timepoint 1)
PAC: KC+PAC, BA+PAC and BA+PAC+EA microcosms PAC: KC+PAC, BA+PAC and BA+PAC+EA microcosms
7 LT-SS:Triplicate bottle set 2 (timepoint 2)
8 SO4%*: BA-PC+EA and BA+PAC+EA microcosms

LT-SS:Triplicate bottle set Zimepoint 2)

31 LT-RS: Triplicate bottle set 3 (timepoint 3)

38 LT-RS: Triplicate bottle set 3 (timepoint 3)
64 LT-SS:Triplicate bottle set 3 (timepoint 4)

66 LT-SS:Triplicate bottle set 3 (timepoint 4)
77 T: BA-PC+EA and BA+PAC+EA microcosms
93 LT-RS: Triplicate bottle set 4 (timepoint 5)

99 LT-RS: Triplicate bottle set 4 (timepoint 5)
105 T:BA-PC+EA and BA+PAC+EAnicrocosms

112 SO4%: BA+PAC+EA microcosms only
121 LT-SS:Triplicate bottle set 4 (timepoint 6)
128  S04%: BA-PC+EA and BA+PAC+EA microcosms 128 LT-SS:Triplicate bottle set 4 (timepoint 6)
149  SO4*: BA-PC+EA and BA+PAC+EAnicrocosms

157  LT-RS:Triplicate bottle set 5 (timepoint 7)
162  LT-RS:Triplicate bottle set 5 (timepoint 7)
170  T: BA-PC+EA and BA+PAC+EA microcosms
182  LT-SS:Triplicate bottle set ftimepoint 8)

190 LT-SS:Triplicate bottle set 5 (timepoint 8)

193  TX: BA-PC+EA and BA+PAC+EA microcosms

S04>: BA-PC+EA microcosms only

199 T: BA+PAC+EA microcosms only
205 T: BA-PC+EA microcosms only
212  LT-RS:Triplicate bottle set 6 (timepoint 9)

217  LT-RS:Triplicate bottle set 6 (timepoint 9)
221  BA+PAC+EA microcosms only

238  LT-SS:Triplicate bottle set 6 (timepoint 10)
245  LT-SS:Triplicate bottle set 6 (timepoint 10)
269 T:BA-PC+EA and BA+PAC+EA microcosms

S04%: BA-PC+EA and BA+PAC+EA microcosms
HR-SS Triplicate bottle st 7 (BAPC+EA and BA+PAC+EA microcosms only) (timepoint 1.
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Day Toluene Day Benzene, toluene ang-xylene (BTX)
273  LT-RS:Triplicate bottle set 7 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 11)
274 LT-RS: Triplicate bottle set 7 (KGKC+PAC, SC, BAPC and BA+PAC microcosms only)
(timepoint 11)
HR-SS: Triplicate bottle set 7 (BAAC+EA and BA+PAC+EA micrmosms only) (timepoint 12
278 HR-SS:Triplicate bottle set 7 (BA2C+EA and BA+PAC+EA microcosms only) (timepoir®)
283 HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepoirt)
288 HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepoirk)
292  HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepoir&)
303 LT-SS:Triplicate bottle set 7 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 12)
309 LT-SS:Triplicate bottle set 7 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 12)
310 TX: BA-PC+EA and BA+PAC+EA microcosms
S04*: BA-PC+EA and BA+PAC+EA microcosms
HR-SS:Triplicate bottle set 7 (BAAC+EA and BA+PAC+EA microcosms only) (timepoiri)
315 HR-SS:Triplicate bottle set 7 (BAC+EA and BA+PAC+EA microcosms only) (timepolrf)
319 HR-SS:Triplicate bottle set 7 (BAC+EA and BA+PAC+EA microcosms only) (timepol®)
324  HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepolat)
333 HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepolrg)
336 LT-RS:Triplicate bottle set 8 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 13)
338 LT-RS:Triplicate bottle set 8 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 13)
350 HR-SS:Triplicate bottle set 8 (BA2C+EA and BA+PAC+EA microcosms only) (timepolr)
366  LT-SS:Triplicate bottle set 8 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)
(timepoint 14)
372  LT-SS:Triplicate bottle set 8 (KC, KC+PAC, SC, BRC and BA+PAC microcosms only)

(timepoint 14)
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Table B.6: Average abundance of total bacteria, total arcHaelaproteobacteriddesulfosporosinuspandPeptococcaceasp. & standard errgrgenerated
from quantitative polymerase chain reaction (gP@mjlysisfor the singlesolute (toluen®nly) and multisolute (benzene, toluene amcylene [BTX]) KC,

KC+PAC,SC, BAPC, BA+PAC, BAPC+EA and BA+PAC+EA microcosms after 1 year relative to background conditions.

Abundance (copies/qg)

Total Bacteria Total Archaea Deltaproteobacteria Desulfosporosinusp. Peptococcaceae sp.
Microcosm type Average Standard Average Standard Average Standard Average Standard Average Standard
error error error error error
Single-solute (tolueneonly)

Background 7.20 x 108 4.47 x 10% 9.59 x 10! 7.20 x 10% 9.36 x 102
KC 1.39x 10° 1.48x10* 3.45x10° 8.74 x 102 8.03 x 102  4.02 x 107
KC+PAC 1.54 x10° 1.39x10* 4.04x10°® 8.36 x10*? 8.94 x 102 4.48 x 102
SC 244 x10° 3.35x10° 1.70x10° 6.33x10° 2.08 x10°  7.00 x 10?
BA-PC 1.11x10° 1.95x10* 1.60x10° 1.60x 10° 6.93 x 102  3.99 x 10?
BA+PAC 6.36 x 106 1.11x10° 2.67x10° 1.36x 10° 3.53x10° 1.87 x10°
BA-PC+EA 1.15 x 107 4.09 x 10° 1.08 x 10*
BA+PAC+EA 6.00 x 10° 5.02 x 10° 8.76 x 10°

Multi -solute (benzene, toluene and-xylene[BTX])
Background 3.12 x 108 3.38 x 104 4.70 x 10t 2.60 x 10*
KC 1.22x10° 3.05x10* 4.74x10° 1.26x10° 9.80x102 5.72x10> 0.00x10° 0.00x10° 1.55x10% 1.11x10?
KC+PAC 1.52x10° 1.40x10°®° 253x10° 1.24x10% 0.00x10° 0.00x10° 4.80x10°2 3.53x10> 3.96x10% 2.11x10°
SC 3.42x10° 1.26x10° 2.05x10° 943 x10° 185x10% 9.47x10> 1.05x10* 4.95x10° 9.74x10° 4.65x10°
BA-PC 1.31x10° 3.14x10* 7.83x10° 279x10° 6.46x10' 580x10' 2.82x10' 282x10' 3.20x10%® 1.06x10°
BA+PAC 3.17x10° 1.25x10°5 1.79x105 8.76x10° 7.49x10> 6.06x10> 1.04x10* 1.72x10° 1.37x10* 1.18x10*
BA-PC+EA 2.71 x 107 4.30 x 10° 2.11 x 108 6.11 x 10° 2.49 x 103
BA+PAC+EA 2.28 x 107 1.86 x 10° 7.33 x 102 3.58 x 10° 1.72 x 108

Table B.7: Electron donors, electron acceptors and chemical reactions associated with sulfate reduction coupled to benzena-kyleaee BT X)

oxidation.
Electron donor Electron acceptor Chemicalreaction p G (kJ
Benzene Sulfate CeHe+3HO +3.75SQ*Y 6 EHCIB8 HS + 1.88 HS + 0.38 H -2001
Toluene Sulfate CHs+45SQ*+3H0 Y 7 s HI2OHS+2.25HS+0.25H -54.72
Xylene Sulfate CeH10+5.25S@ +3H0 Y 8 37 HABDB HS+2.625 HS +0.125 H  -63.82

Notes 1.[249] and2. [54].
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Table B.8 Mass ofbenzene, toluene orxylenein theaqueougd ),gas(0 )andsolid(0 ) phasesand thedtal massif ) of each solute from the
the sum of the mass each phastor all microcosm typsandsampling time.
Mass (mg)
Benzene Toluene o-Xylene

Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total

Day (© ) (O ) (© ) O ) (@© ) (© ) @O ) © ) (© ) O ) @O ) (© )
KC-toluene 2 3.41 0.20

7 3.11 0.23

31 3.14 0.26

64 2.61 0.24

93 2.48 0.26

121 2.54 0.29 0.14 2.97

162 2.92 0.17

212 2.75 0.26

245 2.49 0.26

274 2.25 0.26

303 2.39 0.30

336 2.01 0.27

366 2.03 0.30 0.01 2.35
KC+PAC- 2 2.78 0.28
toluene 7 1.07 0.079

31 1.06 0.087

64 1.07 0.098

93 0.99 0.10

121 0.92 0.10 2.76 3.79

162 1.22 0.072

212 1.00 0.075

245 1.08 0.090

274 1.07 0.099

303 0.96 0.099

336 0.89 0.10

366 0.85 0.10 1.46 2.41
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Mass (mg)

Benzene Toluene o-Xylene

Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total

Day (© G ) (© ) (0 (© ) O ) (© G ) (© ) © ) © ) @© )
BA-PC- 2 3.28 0.19 0.029 3.50
toluene 7 3.20 0.19 0.033 3.42

31 2.97 0.17

64 2.66 0.18 0.0082 2.84

93 2.61 0.16

121 2.55 0.17 0.11 2.83

162 2.70 0.16

182 0.19

212 2.57 0.15

245 2.68 0.18 0.11 2.96

274 2.63 0.16

303 2.52 0.17 0.029 2.72

336 2.73 0.16

366 2.55 0.17 0.0014 2.73
BA+PAC- 2 3.16 0.32 0.001 3.48
toluene 7 1.42 0.083 1.40 2.90

31 0.89 0.053

64 0.83 0.057 2.11 3.00

93 0.89 0.052

121 0.76 0.050 3.19 4.00

162 0.87 0.052

182 2.34

212 1.02 0.059

245 0.87 0.057 2.17 3.09

274 0.90 0.053

303 0.97 0.065 2.10 3.14

336 0.94 0.055

366 0.88 0.058 2.14 3.08
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Mass (mg)

Benzene Toluene o-Xylene
Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total
Day (© G ) (© ) (0 (© ) O ) (© G ) (© ) © ) @O ) (@©
BA-PC+EA- 2 3.05 0.17 0.011 3.24
toluene 7 3.29 0.19 0.067 3.54
31 2.63 0.15
64 0.0083 0.00055  0.0036 0.012
93 0.0085 0.00049
121 1.56 0.11 0.17 1.84
162 0.0086 0.00047
182 0.0016 0.0016
212 2.84 0.17
245 0.0083 0.00055 0.0014 0.010
269 2.96 0.16 0.090 3.22
274 3.32 0.19 0.055 3.57
278 2.22 0.13 0.13 2.48
283 2.39 0.15 0.091 2.63
288 1.19 0.078 0.026 1.29
292 0.23 0.016 0.25
BA+PAC+EA 2 3.13 0.31 0.014 3.46
-toluene 7 1.17 0.066 1.28 2.52
31 1.00 0.057
64 0.0083 0.00055  0.056 0.065
93 0.0085 0.00049
121 0.75 0.052 2.81 3.61
162 0.0086 0.00047
182 0.065 0.065
212 0.015 0.00083
245 0.0083 0.00055  0.056 0.065
269 3.52 0.21 1.70 5.42
274 0.86 0.05 1.50 2.41
278 0.19 0.012 0.67 0.88
283 0.085 0.0055 0.049 0.14
288 0.018 0.0012 0.067 0.087
292 0.0082 0.00056  0.0014 0.010

169



Mass (mg)

Benzene Toluene o-Xylene

Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total

Day © ) (0 ) @ ) (@ ) & ) © ) O ) © ) G ) (© © )
KC-BTX 2 3.10 0.15 3.03 0.18 2.64 0.13

8 3.13 0.19 3.02 0.22 2.61 0.16

38 3.01 0.20 2.93 0.24 2.56 0.17

66

99 2.65 0.22 2.51 0.25 2.18 0.18

128 0.073 0.094 0.12

157 3.05 0.15 2.99 0.18 2.55 0.12

190 3.01 0.16 2.84 0.19 2.44 0.13

217 2.83 0.17 2.83 0.21 2.46 0.15

238 2.77 0.19 2.69 0.22 2.32 0.16

273 2.78 0.21 2.66 0.25 2.44 0.19

309 2.55 0.21 2.42 0.25 2.13 0.18

338 2.31 0.21 2.29 0.25 2.08 0.19

372 2.20 0.22 0.047 2.47 2.10 0.21 0.027 2.34 1.96 0.20 0.11 2.26
KC+PAC- 2 3.23 0.27 3.16 0.32 2.75 0.23
BTX 8 3.10 0.19 2.58 0.19 1.43 0.087

38 2.78 0.19 2.16 0.18 0.92 0.062

66 2.77 0.21 2.11 0.19 0.92 0.069

99 2.47 0.21 1.88 0.19 0.75 0.062

128 2.35 0.21 0.18 2.74 1.74 0.19 0.77 2.71 0.70 0.064 1.58 2.35

157 2.64 0.13 1.91 0.11 0.70 0.033

190 2.77 0.15 2.03 0.13 0.77 0.042

217 2.71 0.16 1.96 0.14 0.70 0.042

238 2.77 0.19 2.06 0.17 0.82 0.056

273 2.54 0.19 1.85 0.17 0.74 0.056

309 2.24 0.18 1.63 0.16 0.61 0.050

338 1.94 0.18 1.45 0.16 0.54 0.049

372 2.00 0.20 0.20 2.40 1.47 0.18 0.86 2.50 0.56 0.056 2.48 3.10
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Mass (mg)

Benzene Toluene o-Xylene

Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total

Day (© G ) (© e ) (@© ) O ) (© G ) (© ) (0 © o )
BA-PC-BTX 2 3.55 0.17 0.16 3.89 3.49 0.21 0.17 3.86 3.01 0.14 0.15 3.31

8 3.53 0.17 0.096 3.79 3.47 0.20 0.10 3.77 3.02 0.14 0.090 3.25

38

66 3.47 0.19 0.011 3.67 3.16 0.21 0.023 3.39 2.87 0.15 0.047 3.07

99 3.31 0.16 3.01 0.18 2.66 0.13

128 0.039 0.11 0.15

157 3.42 0.16 3.10 0.18 2.79 0.13

190 3.03 0.20 2.77 0.15

217 3.30 0.16 2.89 0.17 2.67 0.13

238 3.14 0.17 0.030 3.35 2.78 0.19 0.048 3.01 2.55 0.14 0.087 2.77

273 3.20 0.15 291 0.17 2.58 0.12

309 2.72 0.15 0.024 2.89 2.25 0.15 0.094 2.49 2.10 0.11 0.16 2.37

338 2.78 0.13 2.43 0.14 2.38 0.11

372 2.85 0.16 0.029 3.04 2.39 0.16 0.010 2.55 2.47 0.13 0.11 2.71
BA+PAC- 2 3.34 0.28 0.21 3.83 3.27 0.33 0.22 3.83 2.84 0.23 0.20 3.27
BTX 8 3.33 0.16 0.27 3.75 2.60 0.15 0.66 3.41 1.27 0.060 0.82 2.15

38 3.59 0.17 2.81 0.17 1.35 0.064

66 3.55 0.19 0.14 3.88 2.68 0.18 0.71 3.56 1.13 0.061 1.25 2.44

99 2.82 0.13 1.95 0.11 0.71 0.033

128 2.36 0.13 0.25 2.74 1.62 0.11 0.97 2.69 0.57 0.032 1.70 2.30

157 2.45 0.12 1.72 0.10 0.59 0.028

190 2.27 0.13 0.18 2.58 1.52 0.10 0.78 2.41 0.57 0.031 1.59 2.19

217 2.63 0.13 1.72 0.10 0.62 0.029

238 0.24 1.06 1.93

273 2.27 0.11 1.68 0.099 0.58 0.027

309 2.35 0.13 0.32 2.80 1.57 0.10 1.15 2.83 0.59 0.032 2.24 2.87

338 2.74 0.13 1.87 0.11 0.67 0.031

372 2.71 0.15 0.20 3.06 1.76 0.12 0.76 2.63 0.64 0.034 2.06 2.74
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Mass (mg)

Benzene Toluene o-Xylene

Sample Aqueous Gas Solid Total Aqueous Gas Solid Total Aqueous Gas Solid Total

Day (© G ) (© (© © ) O ) (© (© (© ) O ) (@ G )
BA-PC+EA- 2 3.24 0.15 0.17 3.56 3.20 0.19 0.18 3.56 2.77 0.13 0.16 3.06
BTX 8 3.34 0.16 0.11 3.61 3.26 0.19 0.093 3.54 2.81 0.13 0.095 3.04

38 3.30 0.15 2.91 0.16 2.72 0.12

66 3.38 0.18 0.013 3.57 0.0083 0.00054  0.0013 0.010 0.072 0.0038 0.0018 0.078

99 3.35 0.16 0.0085 0.00049 0.0078 0.00036

128 2.96 0.16 0.048 3.17 0.0083 0.00055  0.0013 0.010 0.0076 0.00041  0.0034 0.011

157 2.92 0.14 0.0085 0.00048 0.0079 0.00036

190 3.07 0.16 0.0052 3.24 0.0083 0.00054  0.0013 0.010 0.0077 0.00040 0.0013 0.0094

217 3.04 0.14 0.029 0.0016 2.75 0.12

238 3.17 0.17 0.066 3.41 0.0083 0.00053 0.0014 0.010 2.59 0.13 0.10 2.82

273 3.30 0.15 0.0086 0.00047 64.2 0.78 0.035

310 2.91 0.16 0.076 3.15 3.16 0.21 0.081 3.45 3.17 0.17 0.099 3.44

315 2.71 0.16 0.12 2.98 2.38 0.17 0.11 2.65 2.77 0.16 0.19 3.11

319 2.57 0.16 0.15 2.88 1.23 0.091 0.067 1.39 2.76 0.17 0.19 3.12

324 2.69 0.14 0.10 2.94 1.24 0.079 0.029 1.35 2.57 0.13 0.16 2.87

333 2.46 0.13 0.14 2.72 0.12 0.0076 0.0041 0.13 2.38 0.12 0.19 2.70

350 2.92 0.16 3.08 0.054 0.0036 0.057 2.94 0.16 3.09
BA+PAC+EA 2 3.28 0.27 0.19 3.74 3.22 0.33 0.20 3.74 2.79 0.23 0.18 3.20
-BTX 8 3.36 0.16 0.28 3.81 2.64 0.15 0.75 3.54 1.35 0.063 0.94 2.34

38 3.27 0.15 231 0.13 1.18 0.054

66 2.65 0.14 0.99 3.79 0.0083 0.00054 0.021 0.030 0.058 0.0031 0.86 0.92

99 2.05 0.096 0.0085 0.00048 0.0079 0.00036

128 1.76 0.091 1.25 3.10 0.0084 0.00053 0.0071 0.016 0.0077 0.00039  0.029 0.037

157 1.77 0.081 0.0085 0.00048 0.0079 0.00035

190 2.92 0.15 1.16 4.23 0.0083 0.00053  0.0040 0.013 0.0077 0.00039  0.023 0.031

217 2.49 0.11 0.51 0.028 0.62 0.028

238 2.94 0.15 0.44 3.54 0.0084 0.00053 0.019 0.028 0.41 0.021 2.04 2.47

273 2.71 0.13 0.0084 0.00050 0.35 0.017

310 2.33 0.14 0.23 2.70 2.38 0.17 0.73 3.28 2.03 0.12 2.36 4.50

315 2.77 0.17 0.25 3.20 1.91 0.15 0.67 2.72 1.53 0.094 2.26 3.89

319 2.56 0.17 0.21 2.94 0.79 0.062 0.49 1.35 1.47 0.093 2.42 3.98

324 2.37 0.12 0.31 2.80 0.17 0.010 0.40 0.58 0.95 0.048 2.85 3.85

333 2.46 0.13 0.29 2.88 0.0083 0.00053 0.013 0.022 0.70 0.036 2.73 3.47

350 2.38 0.13 0.18 2.69 0.022 0.0015 0.017 0.040 1.16 0.062 1.22
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Table B.S:

Rel at

vV e

abundance

of

bacteri

a and

archaea

( O 4 %S fibmsomadribgnuckeimp | i ¢ o n
acid (rRNA)next generation sequencing (NGS) for the sisgleite (toluenenly) and multisolute (benzene, toluene anatylene [BTX]) SC, BAPC,
BA+PAC, BA-PC+EA and BA+PAC+EA microcosms (data shown for bottle replicates A, B and/or C) after 1 year relative to backgroundscondition

Taxonomic designation

Relative abundance (%)

Background SC BA-PC BA+PAC BA- BA+PAC
PC+EA +EA
Domain Phylum Class Order Family Genus A B C A B C A B C C C
Single-solute (tolueneonly)
Bacteria Actinobacteriota Coriobacteriia 9.45 11.15 5.63 8.94 12.32 11.23 1242 9.52 8.91 8.89 7.53 4.18
Bacteria Campilobacterota Campylobacteria Campylobacterales  Sulfurimonadaceae Sulfuricurvum 0.00 1.93 34.74 3.46 0.00 0.00 0.00 0.30 0.00 0.00 0.00 0.00
Bacteria Deferrisomatota Defferrisomatia Defferrisomatales Defferrisomataceae Deferrisoma 0.00 0.72 0.77 0.81 3.62 5.46 2.15 3.05 3.00 4.05 0.00 0.00
Bacteria Desulfobacterota  Desulfobulbia Desulfobulbales Desulfocapsaceae Desulfoprunum 0.03 0.04 0.00 0.00 0.41 0.23 0.14 0.00 0.00 0.07 26.13 3451
Bacteria Desulfobacterota  Desulfobacteria Desulfobacterales Desulfosarcinaceae Desulfatirhabdium 0.05 0.00 0.12 0.00 0.00 0.00 0.00 0.00 0.05 0.05 4.67 1.24
Bacteria Desulfobacterota  Desulfobulbia Desulfobulbales Desulfocapsaceae 0.00 1.37 1.45 1.39 1.62 1.57 0.30 0.62 2.25 2.70 1.45 5.24
Bacteria Desulfobacterota  Desulfobacteria Desulfobacterales Desulfobacteraceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 16.03 8.69
Bacteria Desulfobacterota  Desulfobacteria Desulfobacterales Desulfosarcinaceae 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 4.14
Bacteria Edwardsbacteria ~ Edwardsbacteria Edwardsbacteria Edwardsbacteria Edwardsbacteria 0.00 1.97 1.96 4.34 2.63 3.74 2.97 1.98 1.45 1.19 0.65 0.59
Archaea Euryarchaeota Methanobacteria Methanobacteriales  Methanobacteriaceae Methanobacterium 0.00 4.08 2.51 1.02 2.00 0.90 1.10 2.30 0.79 1.42 0.00 0.18
Bacteria Firmicutes Clostridia Peptococcales Peptococcaceae 0.00 6.39 0.10 13.22 0.56 0.11 0.30 6.80 7.51 5.49 0.02 1.12
Archaea Halobacterota Methanosarcinia Methanosarciniales ~ Methanosarcinaceae  Methanomethylovorans 0.00 7.12 4.11 2.89 3.80 2.59 2.36 4.54 5.23 6.72 151 3.74
Archaea Halobacterota Methanosarcinia Methanosarciniales ~ Methanosaetaceae Methanosaeta 0.00 0.00 0.00 0.00 0.15 0.73 1.01 4.99 2.65 3.76 0.00 0.00
Bacteria Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Lysobacter 3.55 0.46 0.54 1.02 5.37 5.66 5.09 2.52 3.50 1.91 0.63 0.72
Bacteria Proteobacteria Gammaproteobacteria Burkholderiales Comamonadaceae Hydrogenophaga 1.78 0.22 0.08 0.27 1.05 1.23 2.22 0.46 0.91 6.11 0.30 0.13
Multi -solute (benzene, toluene and-xylene [BTX])

Bacteria Actinobacteriota Coriobacteriia 5.65 7.49 5.34 4.33 6.05 6.06 5.57 4.35 4.25 3.22 3.11 3.82
Bacteria Chloroflexi Anaerolineae Anaerolineales Anaerolineaceae 0.87 0.99 1.78 0.80 7.64 0.93 1.76 0.91 0.96 0.92 1.86 0.73
Bacteria Deferrisomatota Defferrisomatia Defferrisomatales Defferrisomataceae Deferrisoma 0.34 8.98 6.71 7.94 7.65 10.24 13.14 5.47 2.7 0.22 0.18 0.22
Bacteria Desulfobacterota  Desulfobulbia Desulfobulbales Desulfocapsaceae Desulfoprunum 0.00 0.00 0.11 0.35 0.00 0.13 0.00 0.30 0.00 0.00 22.09 18.76
Bacteria Desulfobacterota  Desulfuromonadia Geobacterales Geobacteraceae 0.00 11.45 9.08 7.45 1.91 2.29 1.15 6.55 3.89 1.78 0.36 2.35
Bacteria Desulfobacterota  Desulfobacteria Desulfobacterales Desulfosarcinaceae Desulfatirhabdium 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00 0.00 6.45 5.41
Bacteria Desulfobacterota  Desulfuromonadia Geobacterales Geobacteraceae Geobacter 0.11 0.00 0.00 0.00 5.25 0.10 0.40 0.00 0.00 0.00 0.00 0.00
Bacteria Desulfobacterota  Desulfuromonadia Geobacterales Geobacteraceae 0.00 0.92 0.41 1.39 2.55 1.23 1.03 3.05 1.26 6.94 0.00 0.19
Bacteria Edwardsbacteria ~ Edwardsbacteria Edwardsbacteria Edwardsbacteria Edwardsbacteria 0.00 1.55 1.10 0.16 3.18 4.05 1.86 2.34 1.46 1.43 0.98 0.86
Archaea Euryarchaeota Methanobacteria Methanobacteriales  Methanobacteriaceae Methanobacterium 0.00 5.16 8.51 4.13 1.27 0.42 0.5 0.69 2.10 10.03 0.09 2.35
Bacteria Firmicutes Desulfitobacteriia Desulfitobacteriales  Desulfitobacteriaceae Desulfosporosinus 0.06 0.00 0.00 0.00 0.00 0.21 0.00 0.00 0.00 0.00 12.72 6.68
Archaea Halobacterota Methanosarcinia Methanosarciniales ~ Methanosarcinaceae  Methanomethylovorans 0.00 0.63 0.51 14.60 0.00 0.61 0.20 4.45 4.60 6.40 0.33 3.42
Archaea Halobacterota Methanosarcinia Methanosarciniales ~ Methanosaetaceae Methanosaeta 0.00 2.56 2.36 2.40 0.00 0.80 0.08 5.39 6.25 11.69 0.03 0.03
Bacteria Proteobacteria Gammaproteobacteria Burkholderiales Comamonadaceae 7.53 0.93 0.65 0.30 5.73 1.30 0.58 0.38 1.16 0.54 0.24 0.13
Bacteria Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 0.28 0.23 0.92 0.00 0.00 0.91 1.21 6.92 9.18 8.15 0.00 0.01
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Table B.1Q Zeroorder biodegradation rate constants for toluene isitigde solute (toluenenly) and multi
solute (benzene, toluene amatylene [BTX]) BA-PC+EA and BA+PAC+EA microcosms during high
resolution monitoring.

Rate constant (mg/day)Confidencenterval

Singlesolute (toluene) BA-PC+EA 0.10+0.14
BA+PAC+EA 0.51+£0.79
Multi-solute (BTX) BA-PC+EA 0.14+0.11

BA+PAC+EA 0.14+0.11

Table B.11 Theoretical and measured mole ratios between toluene and sulfate, and sulfate and sulfide during
high-resolution monitoring.

C/Hg: SO SO?:H2Sand HS
Theoretical Measured Theoretical Measured
Singlesolute BA-PC+EA 4.5 4.47 1 0.88
(toluene) BA+PAC+EA 4.5 4,14 1 1.08
Multi-solute BA-PC+EA 4.5 4.74 1 1.08
(toluene) BA+PAC+EA 4.5 458 1 1.5
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Appen@iSxuppl e mematteaerryy al f or Chapter

Appendix C.1: Ideal breakthrough timestimation

To estimate the idedreakthrough timéor solutei, 0 (day9, (i.e.,50% PAC saturatigrfor columns
with PAC zonegsEquation C.1250, 251]was used as defined below

0 (Equation C.1)

where
N = equilibrium solid phase sorption capacity of the PAC for sol(iey/g)
"Q = fraction of PAC{)
= bulk density oBorden and(g/cn¥)
@  =volume ofthePAC zongcny)
0 =initial aqueous phase concentration of a sal(teg/L)
Q = flow rate (Lbay)

Theny was estimaté using the singlesolute Freundlich model parameters or msitiute improved
simplified ideal adsorption solution (ISIAS) competiti@atorslisted in Table 2, the™Q s listed in
Table C.1 for each column, tbe  andQ are listed in Table C.2 for each column, and theis listed
in Table B.1J135].
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4

Figure C.1: Image ofthe columrbenchtopexperimentaketup, including: (1) 10 L Tedlar bagvith anaerobic artificial groundwatéAGW); (2) 25 mm stainless steel (SS) filter
folder; (3) peristaltic pump; (4).& mmSS tubing; (5100 mL glassampling syringeattached t@-way nylon stopcockand 17gauge stainless steel needdleserted into the
influent sampling portsf 3-way SSball valves, and positionedertically on a plexiglass stanemporary setip for influent sample collection; syringe removal &adl valve
readjustmentedirecs AGW flow into thecolumn); (6) packed columng§37 cm length3.75 cm inner diametewyith Bordensand(BS) and a homogenized PAC zone (0.8#w);
(7) 3-way SS ballalve for effluent sampl collection(requiring the same temporary sgt as shown for influent sample collection, describg®]ip and (8) 1 LErlenmeyeiflask

for effluent waste collectian
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