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Abstract   

Injected activated carbon (AC) particulate amendments for the in situ treatment of groundwater 

impacted by petroleum hydrocarbons (PHCs) is relatively new, and relies on a combination of AC 

sorption and biodegradation. Currently the performance of this technology remains unclear, primarily 

related to the long-term 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. 

The powdered AC (PAC) used in this research (WPC from Calgon Carbon Corporation) had a 

rough, irregular surface with potential macropore openings of 0.8 ± 0.3 µm, and variable particle sizes 

with an average diameter of 11.5 ± 4.4 µm. Sorption and desorption equilibrium experiments showed 

that the magnitude of single-solute (benzene [B], toluene [T], or o-xylene [X])  and multi-solute (BTX 

combined) sorption or desorption followed X > T > B and B > T > X, respectively. Due to competitive 

sorption, the magnitude of B, T, and X sorption in the multi-solute system was reduced relative to the 

single-solute systems. Sorption and desorption equilibrium conditions differed suggestive of hysteresis; 

however, this behaviour was not fully explored in this research. The best-fit single-solute Freundlich 

isotherm parameters for benzene, toluene and o-xylene were 36.1 ± 3.8, 0.484 ± 0.045, and 88.2 ± 7.7 

for ὑ  ([mg/g][L/mg]
n
) and 0.421 ± 0.044, 132 ± 20 and 0.371 ± 0.099 for ὲ  (-), respectively. The 

improved simplified ideal adsorption solution (ISIAS) model was fit to the multi-solute sorption data 

and the competition factors (ai) were estimated for benzene, toluene and o-xylene as 1.42 ± 0.38, 1.43 

± 0.16 and 1.08 ± 0.08, respectively. Temporal sorption (up to 48 hours) and desorption (up to 720 

hours) experiments showed that the time to reach sorption or desorption equilibrium for single-solute 

benzene and toluene was rapid (Ò 0.5 hours). 

Single-solute (toluene-only) and multi-solute (BTX) abiotic and bioactive (including sulfate-

limited [10-20 mg/L SO4
2-]) or sulfate amended [138-275 mg/L SO4

2-]) 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 single- and multi-solute PAC amended 

microcosms, respectively, were compared to the single- and multi-solute Freundlich or ISIAS model 

predictions. In general, both the single- and multi-solute sorption isotherm models were found to 



 

vi 

 

overestimate the measured solid phase concentrations in the microcosms. This disparity is presumably 

due to differences in mixing conditions and solution matrix chemistry, or competitive sorption by 

metabolites and biofilm formation in the PAC amended microcosms. In the multi-solute microcosm 

systems, the observed o-xylene solid phase concentrations deviated the most from the ISIAS model 

predicted solid concentrations followed by toluene and then benzene.  

In the subset of single- and multi-solute sulfate-limited bioactive microcosms, evidence of 

methanogenesis coupled to a background substrate (other than toluene or BTX) was evident from the 

geochemical (i.e., CH4 production) and molecular (i.e., Methanomethylovorans, Methanosaeta and 

Methanobacterium enrichment) data. Methane production and methanogenic enrichment were 

consistently elevated in the bioactive microcosms with PAC, potentially supporting enhanced 

methanogenesis and archaeal growth in the presence of AC. Contrarily, in the subset of single- and 

multi-solute sulfate-amended bioactive microcosms, sulfate reduction was coupled to the oxidation of 

toluene or o-xylene (not benzene, which was recalcitrant) evidenced by the repetitive or preferential 

biodegradation of toluene followed by o-xylene in the multi-solute microcosm and supported by 

geochemical (i.e., SO42- reduction, and HS- and total inorganic carbon [TIC] formation) and molecular 

(i.e., enrichment of sulfate reducing bacteria, including Desulfosporosinus, Desulfoprunum and 

Desulfobacteraceae) data. In the single- and multi-solute sulfate-amended bioactive microcosms with 

PAC, the solid phase mass of toluene was repetitively reduced by Ó 96% showing that PAC regeneration 

occurred during anaerobic biodegradation. Although anaerobic biodegradation of toluene and o-xylene 

were repetitively demonstrated, there was no substantial difference in the PHC, geochemical or 

molecular data collected between the single- or multi-solute sulfate amended bioactive microcosms 

with and without PAC indicating that the presence of PAC did not influence the anaerobic microbial 

activity. Additionally, the anaerobic 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 over the 1-year monitoring 

period. 

Three types of single-solute (toluene-only) and multi-solute (BTX) columns (37 cm long, 3.75 

cm inner diameter) were constructed to represent PAC sorption alone, bioactivity alone, and PAC 

sorption with bioactivity. The columns were operated for approximately 2 years, with Year-1 serving 

as an acclimation period, and Year-2 used for high-resolution temporal monitoring. For the columns 

containing PAC, a 6-cm long PAC zone (0.5% wt/wt) was located near the middle of the column to 
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mimic an AC PRB. During Year-2 for the multi-solute column with PAC sorption alone, the change in 

BTX concentration between the influent and effluent followed X > T > B given that o-xylene has the 

highest sorption capacity followed by toluene and then benzene. For the single-solute and multi-solute 

columns with PAC sorption alone the change in toluene concentration between the influent and effluent 

was greater for the single-solute column relative to the multi-solute column given that the sorption 

capacity of toluene was reduced in the multi-solute competitive system. For the multi-solute bioactive 

column without PAC sorption the change in concentration between the influent and effluent followed 

T > X > B due to the preferential biodegradation of toluene prior to o-xylene and the recalcitrance of 

benzene (as observed in the microcosm experiments). For the multi-solute bioactive column with PAC 

sorption the change in concentration between the influent and effluent followed T > X > B due to the 

preferential biodegradation of toluene and preferential sorption of o-xylene as toluene was biodegraded. 

The solid phase concentration of toluene within the PAC zone of the single- and multi-solute 

bioactive columns was highest at the leading edge followed by a gradual 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 replenished. In the bioactive multi-solute column, the magnitude of solid phase BTX 

concentrations within the PAC zone followed X > T > B at the leading edge; however, directly 

downgradient the solid phase BTX concentrations within the PAC zone followed X > B > T due to the 

biodegradation of toluene which resulted in higher sorption of o-xylene and benzene.  

Using the Year-2 data, an overall column mass balance was estimated by subtracting the 

cumulative effluent mass from the cumulative mass injected. The single- and multi-solute bioactive 

columns with PAC sorption yielded the largest removal of toluene mass compared to columns with 

either only PAC sorption or only bioactivity. For example, among the single-solute columns the mass 

removal of toluene was greatest for the bioactive column with PAC sorption (99.5% reduction), 

followed by the column with only PAC sorption (74.6% reduction) and the column with only bioactivity 

(44.4% reduction). The depletion in effluent toluene mass during Year-2 was consistent between the 

single- and multi-solute bioactive columns with PAC sorption; however, for the multi-solute column 

breakthrough of benzene and o-xylene occurred given the recalcitrance of benzene and the competitive 

inhibition of o-xylene during toluene biodegradation.  

Anaerobic biodegradation within the single- and multi-solute bioactive columns with or 

without PAC sorption was supported by changes in geochemical parameters that would be expected 
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under sulfate reducing and methanogenic conditions (i.e., SO4
2- reduction, and HS-, TIC and CH4 

formation). Like the microcosm systems, there was no difference 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 influence the microbial activity. However, the PAC zone did influence the 

spatial distribution of anaerobic microbes. For the columns with only bioactivity the relative 

abundance of Methanosarcina and Methanomethylovorans were highest at the influent ends relative 

to the effluent ends. Whereas, for the bioactive columns with PAC sorption the relative abundance of 

Methanosaeta, Methanobacterium and Methanosarcina were highest within the PAC zone relative to 

outside of the PAC zone, in addition to being higher in abundance relative to all bacteria detected 

within the PAC zone (primarily Desulfosporosinus, Edwardsbacteria and Berkelbacteria). In the 

multi-solute bioactive column with PAC sorption, the abundance of Desulfosporosinus was 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 enrichment of 2H-T in the single- and 

multi-solute columns with only bioactivity or PAC sorption, although the average value of ŭ2H-T 

between the single- and multi-solute columns with only bioactivity was 36.1 ± 8ă greater than the 

columns with only PAC sorption, as expected. The magnitude of hydrogen isotope fractionation of 

toluene associated with a combination of PAC sorption and biodegradation is unknown given toluene 

was depleted in the bioactive column with PAC sorption. Unlike toluene, a direct comparison of the 

hydrogen isotope fractionation of o-xylene between the multi-solute columns showed that the average 

value of ŭ2H-X was 54ă and 58ă greater in the bioactive column with PAC sorption relative to the 

columns with only PAC sorption or only bioactivity, respectively. 2H-X enrichment in the multi-

solute bioactive column with PAC sorption was presumably due to a significant amount of o-xylene 

sorption to the PAC as toluene was biodegraded as opposed to substantial o-xylene 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 methanogenic conditions. 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 contaminant concentrations relative to systems 
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without PAC and sustains reductions in the aqueous phase concentration of the most preferentially 

degraded solute under variable loading conditions as the PAC is regenerated. The 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 sorption behaviour in bioactive systems with AC and tend to 

overestimate sorption. Finally, PAC sorption, most notably for the most preferentially sorbed solute 

in the multi-solute system, generates substantial hydrogen isotope enrichment which may lead to 

overestimations in the fractionation presumed to be associated with biodegradation when integrating 

CSIA into monitoring approaches for bioactive systems with AC. 
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Chapter 1 

1.1 General 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 constituents in gasoline. 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 known toxicity 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 numerous in situ and ex situ remedial options available (e.g., pump and 

treat, biosparging, permeable reactive barrier [PRB], bioremediation) [1, 2, 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 sorption-based technologies due 

to the extensive pore volume which provides a larger internal surface area. The large internal surface 

area of AC allows for a high sorption capacity and improved contaminant partitioning from the 

groundwater compared to other sorbent materials. AC is manufactured from carbon rich raw source 

materials (e.g., coconut shells), and through chemical or physical (thermal) activation volatiles are 

removed which results in the high carbon content of AC. Following activation, the resulting AC is 

comprised of a carbon frame of void spaces that forms a randomly distributed pore network of 

irregular shapes and sizes [5, 6, 7, 8]. The pore walls of the AC (~0.002 to 0.01 µm thick) are highly 

disordered and unhomogenized, and made of graphite-like platelets of hexagonal or pentagonal 

carbon rings that are randomly oriented relative to one another (a turbostratic structure) [5, 9, 10, 11] 

and held in place by van der Waals forces [6, 12]. AC is classified as granular AC (GAC), powdered 

AC (PAC) or super fine PAC (S-PAC) when the particle diameter is within the range of 0.2 to 5 mm, 

15 to 25 µm [13] or Ò 1 Õm [14, 15], respectively. 

Prior to external AC surface sorption aqueous phase solute (sorbate) molecules are 

diffusively transported through the boundary layer surrounding an AC particle surface (i.e., film 
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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 groups (e.g., carboxyl, lactone, phenol, 

chromene, pyrone [18, 6]) or heteroatoms which are bonded to free vacancies at the edge of the 

graphite-like platelets or sites of broken hexagonal or pentagonal carbon rings [5, 10]. Depending on 

the solution pH relative to the point of zero charge (pHPzc) of the AC, deprotonation (pH > pHPzc) or 

protonation (pH < pHPzc) of surface functional groups may occur resulting in a negative or positive 

surface charge, respectively [18, 6], and electrostatic attraction for a cationic or anionic sorbate [6, 

19]. In the absence of functional groups, the characteristically non-polar AC particle preferentially 

sorbs neutral, non-polar hydrophobic organic compounds as compared to polar inorganic species [5]. 

AC surface sorption may occur through strong chemical bonding (i.e., ionic or covalent) or weaker 

physical bonds (i.e., van der Waals forces, including dipole-dipole interactions and hydrogen 

bonding) [20, 5]. For aromatic compounds such as BTEX AC sorption commonly occurs through 

electron donor-acceptor complex interactions between the aromatic ring of the sorbate (electron 

acceptor) and functional groups or free vacancies on the AC (electron donor), in addition to physical 

bonding [21, 17, 22, 23].  

Although some external AC surface sorption occurs, most takes place internally which is 

initiated by concentration gradients causing the sorbate molecules to diffuse inside an AC particle 

when the internal sorbate concentration is lower relative to the surrounding external aqueous phase 

concentration. Internal transport of the sorbate begins in macropores which are pore openings 

connected to the external AC surface (Ó 50 nm in diameter). Macropores contribute the least to the 

internal surface area of the AC (< 5% surface area) and are connected to transitional pores referred to 

as mesopores (2 to 50 nm in diameter). Mesopores are connected to the smallest size range of pores, 

referred to as micropores (Ò 2 nm in diameter) which contribute the most to the internal surface area 

(Ó 95% surface area) [5, 24, 25] and sorption [5]. Micropores are classified as either supermicropores 

(1-2 nm) or ultra micropores (Ò 0.8 nm) [10, 25]. Intraparticle diffusion of the sorbate persists until 

equilibrium conditions are reached [20], provided the molecules are small enough to fit inside the 

pore spaces with limited diffusional resistance [22] and the pore space is not blocked by functional 

groups or cross links [26]. For smaller sorbate molecules, relative to larger molecules, the overall 

sorption rate may be reduced during intraparticle diffusion due to longer diffusion paths in 

micropores [5]. Once equilibrium conditions are reached, internal sorption occurs at sorption sites 
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with higher binding energy relative to surface sorption due to multiple internal contact points within 

the three-dimensional pore volume as opposed to the lower attractive forces associated with the two-

dimensional particle surface [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 partitioning coefficients (Kow) [28, 21, 16, 29]. In 

single-solute systems, differences in the magnitude of these properties leads to variable equilibrium 

aqueous and solid phase concentrations between sorbates. In multi-solute systems competition for 

sorption sites are introduced between sorbates due to the limited number of active sites on the AC 

relative to the single-solute systems. Therefore, the sorbate most preferentially sorbed in the multi-

solute system (based on chemical properties) will  occupy the greatest number of the sorption sites at 

equilibrium [29]. Various equilibria models are used to describe sorbate sorption to AC [30], 

including those listed in Table 1.1 for single-solute sorption. Of these models, the Freundlich [31, 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 bioactivity [36, 37, 38, 39].
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Table 1.1: Commonly used single-solute sorption isotherm models in AC amended systems in contact with BTEX. 

Notes:  

1. References: [40, 13, 30]. 

2. qe is the solid phase concentration; Ce is the equilibrium aqueous phase concentration; qmi is the maximum sorption capacity; 

Ki, nF, and aR are the sorption equilibrium constants; and nSP, ‍R, and mRP are model exponents.  

 

 

 Just as internal AC sorption is initiated by concentration gradients between the bulk aqueous 

phase surrounding the AC particle and the internal sorbate concentration within pores, desorption is 

prompted by similar concentration gradients. Specifically, desorption occurs when the internal aqueous 

concentration of a sorbate is higher than the external concentration, and in response diffusion of sorbed 

mass from pores persists until new equilibrium conditions are reached [13]. Hysteresis occurs when some 

fraction of the sorbed mass does not readily desorb, resulting in a difference between the sorption and 

desorption pathways [41]. Hysteresis may be time dependent (reversible) or independent of time 

(irreversible) [41, 42]. Time dependent hysteresis may be caused by slow equilibrium times [32], or 

physical sorption of the sorbate by weaker van der Walls forces of attraction [38] or hydrogen bonding 

[43]. Whereas, hysteresis independent of time may be due to permanent chemical bonds at high energy 

Isotherm model 1  Model 

parameters 2 

Model assumption(s), details, and 

application 

Henryôs law ή = ὑὅ ὑ  Simplest sorption isotherm, limited to low Ce 

and/or surface coverage. 

Langmuir 
ή  

ήȟὑὅ 

ρ ὑ ὅ
 

ήȟȟὑ  Homogeneous sorbent surfaces, monolayer 

sorption. 

Freundlich ή = ὑὅ  ὑȟ ὲ Heterogeneous sorbent surfaces, variable 

energy at sorption sites, applicable for 

multilayer sorption. 

Sips 
ή  

ήȟ ὑ ὅ  

ρ ὑ  ὅ
 

ήȟ ȟὑ ȟὲ  Homogeneous and heterogeneous systems of 

sorption, monolayer sorption, combined 

Langmuir-Freundlich model (Freundlich at 

low concentrations and Langmuir at high 

concentrations).   

Redlich-Peterson 
ή  

ὑὅ 

ρ ὥ ὅ
 

ὑȟὥȟ‍ Homogeneous and heterogeneous systems of 

sorption, sorption over a wide range of 

concentrations.  

Radke-Prausnitz 
ή  

ήȟ ὑ  ὅ

ρ  ὑ ὅ
 

ήȟ ȟὑ ȟά  Sorption over a wide range of concentrations. 
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sorption sites [38] or with oxygen containing functional groups [20, 44], or pore deformation and collapse 

due to the pressure exerted on pore walls during sorption which may lead to solute entrapment during 

desorption [41, 42].   

1.1.2 Biodegradation  

Unlike sorption which reduces aqueous phase sorbate or contaminant concentrations, 

biodegradation may completely mineralize contaminants [45, 46]. Many organic contaminants are readily 

biodegraded aerobically by microorganisms, although these conditions are rapidly depleted due to the 

thermodynamic favourability of oxygen [47]. As a result, anaerobic conditions are generated that exhibit a 

redox gradient based on the presence and distribution of other electron acceptors (e.g., NO3
-, Fe3+, SO4

-2 

or HCO3
-). Reactions which yield the highest amount of energy are carried out first (i.e., NO3

- > Fe3+ > 

SO4
-2 > HCO3

-), and once a higher energy yielding condition is depleted due to the loss of an oxidizing 

agents, the next highest energy yielding reaction is initiated [48, 49, 50, 51, 52]. Redox reactions between 

electron donors (e.g., BTEX) and electron acceptors (e.g., SO4-2 [53, 54, 55, 56, 57]) are initiated by 

microbes which are genetically capable of expressing enzymes required to break the chemical bonds of 

compounds involved in the reaction [58, 46]. Some microbes are enzymatically capable of continued 

metabolic function under different electron accepting conditions [59]. Once bonds are broken, electrons 

are transferred between the electron donor which become oxidized and loses electrons, and the electron 

acceptor which become reduced and gains electrons. As a result, biodegradation by-products or 

metabolites are generated (e.g., intermediates formed following fumarate addition to the methyl groups of 

TEX [60] such as benzoate or benzoyl-CoA which is a common intermediate shared between BTEX, and 

benzylsuccinate synthase is the active enzyme [61, 62, 63, 60, 46]), and energy is released which 

facilitates cell growth and maintenance. Competitive inhibition may result when the biodegradation of 

multiple compounds is 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) are preferentially biodegraded 

first. Although, during metabolism of the primary substrate(s) co-metabolism of the other more 

recalcitrant compounds can indirectly occur. In lower pathway reactions of the primary substrate, 

enzymes typically become more specialized which may then result in the accumulation of dead-end 

products from the secondary substrate(s) [64]. 
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In highly reduced, low energy yielding environments sulfate reducing bacteria (SRB) often 

outcompete acetogens or methanogens for common substrates (e.g., hydrogen and acetate) or inhibit 

methanogenesis due to the kinetic and thermodynamic advantages of SRB [65, 66, 67]. However, the 

coexistence or syntrophic relationships between SRB, methanogens and fermenters are common due to 

interspecies specialization [68, 69], where each microbe carries out certain biodegradation steps and the 

metabolite(s) produced can be utilized by other members in subsequent reactions [70, 46]. This is 

commonly observed during interspecies hydrogen transfer (IHT), where electron donating microbes (e.g., 

syntrophic, fermentative or acetate oxidizing bacteria) reduce simple substrates to products (i.e., H2) that 

are shuttled to electron accepting microbes (e.g., hydrogenotrophic methanogens) for oxidation during the 

reduction of carbon compounds (e.g., CO2) to methane (CH4) [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., accumulation of H2 > 10-4 atm, resulting in thermodynamically unfavourable 

conditions [ G > 0], making PHC biodegradation energetically unfeasible) or when the slow molecular 

diffusion of electron shuttles becomes rate limiting to biodegradation [73, 74]. Alternatively, electrons 

can be transferred from direct cell-to-cell contact through conductive pili and outer membrane c-type 

cytochromes or membrane-bound transport proteins by direct interspecies electron transfer (DIET). This 

process is less energy intensive given that the requirement for metabolite production and exchange 

through IHT is eliminated [75, 76, 77, 78]. 

1.1.2.1 Compound specific isotope analysis  

Biodegradation, dilution, dispersion, and sorption are processes occurring during natural 

attenuation at contaminated sites and contribute to contaminant mass reduction. To assist in determining 

which mass reduction processes are responsible for reductions in contaminant concentrations, compound 

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 during other 

attenuation processes (e.g., sorption, 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 each element having two stable isotopes (i.e., 12C/13C for carbon and 1H/2H for hydrogen). 

During biodegradation, microbes often preferentially degrade the lighter isotope fraction of each element 

(with weaker molecular bonds and lower activation energies for the reaction) as compared to the heavier 
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isotope fraction (with stronger molecular bonds and higher activation energies for the reaction) which 

results in the non-degraded fraction of the contaminant mass becoming enriched in the heavier isotope [83, 

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 reported [86, 87, 88, 89], although 

isotope shifts are less than for biodegradation [84, 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 stable isotopes. For example, the magnitude of fractionation is 

often much larger and more detectable for hydrogen relative to carbon due to the larger mass difference 

between the heavy and light isotope fractions [83, 84]. 

To further discern which contaminant mass reduction processes or biodegradation pathways are 

occurring the slope (i.e., lambda [ȿ]) between the ȹŭ2H versus the ȹŭ13C, using dual isotope plots, can be 

compared to known ranges of ȿ in the literature [90, 91, 92, 93, 94]. Dual isotope plots eliminate non- or 

slightly fractionating rate-limiting steps (e.g., substrate uptake into cells or binding to an enzyme during 

enzymatic reactions) that potentially occur prior to the isotope-sensitive 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 

isotopes), occurs given that carbon and hydrogen are assumed to be equally affected by potential rate 

limitations. Once eliminated, ȿ is considered representative of the various in situ processes (e.g., 

biodegradation, chemical oxidation, volatilization [95]). Specially, for biodegradation ȿ indicates the initial 

carbon-hydrogen bond cleavage reaction associated with a specific catabolic pathway (e.g., fumarate 

addition by benzylsuccinate synthase), and a linear trend indicates a consistent reaction mechanism as 

biodegradation proceeds [90, 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 provide enhanced monitoring of biodegradation. qPCR 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, which allow for 

the detection of microbes known 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 organisms [96]. Contrary to qPCR, NGS is a high throughput multiplexed 

amplicon sequencing approach which aligns amplified sequences to a known reference database of 

organisms, providing information related to the organismsô taxonomic positions, the abundance of 

taxonomic groups and community or inter-sample diversity [97, 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 taxonomic differentiation between organisms [99]. 

Amplification of more specialized genes that are specific to organisms or certain catabolic pathways can 

also be used. For example, primers targeting the bssA, bamAB or bcrA genes can assess the diversity and 

prevalence of the enzyme benzylsuccinate synthase or benzoyl-CoA reductase, critical functions during 

BTEX biodegradation [58].  

1.1.3 AC particulate amendments for treatment of groundwater  

The combined use of AC and biodegradation is 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 for the treatment of a range of contaminants, including organic 

[36, 100, 101, 39] or chlorinated [38] 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 contaminant loading due to AC sorption 

[36, 100, 101, 39]. The premise of BAC technology has gained commercial popularity for the in situ 

treatment of contaminated groundwater [102, 103], when installed similarly to permeable reactive barriers 

(PRB) or biobarriers (BB) [104, 105, 106]. Specifically, a slurry of AC (e.g., PAC) and potentially other 

additives (e.g., electron acceptors, cultured microbes, etc.) are strategically injected downgradient of a 

contaminant source zone to create an AC PRB capable of sequestering organic contaminants. The AC 

maximizes hydrophobic 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 reliant on the growth of a biofilm layer on the AC 

surface. As the biofilm grows microbial cells secret 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 properties of the PAC [107, 108]. The biofilm stimulates microbial 

biodegradation of the aqueous phase surrounding the AC particles, 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 

aqueous phase contaminant concentrations are sustained due to continued partitioning [100, 109, 38]. 

In an AC PRB system initially the rate of sorption exceeds biodegradation and sorption is the 

dominant, short-term mass reduction mechanism, resulting 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 aqueous concentration downgradient of the PRB occurs (i.e., breakthrough). Once a microbial 

community has formed (i.e., biofilm) within the PRB, mass removal by biodegradation occurs with 

perhaps the rate of biodegradation approaching the rate of sorption or desorption.  In a mature system 

biodegradation may become the dominant mass removal mechanism [36, 38, 107, 13]; however, the AC 

sorption capacity may diminish as a result of increased biofilm thickness causing diffusional resistance 

[37], or the alteration of AC surface properties due the EPS potentially filling pores [110, 13].  

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

microbial growth during biofilm formation [36, 38, 111]. The AC may also reduce the lag time prior to 

biodegradation given that microbial growth rates on AC have been found to be faster as compared to 

other substrates [36]. Additionally, the AC extends the residence time between the biofilm and sorbed 

contaminants and metabolic intermediates due to continual desorption during biodegradation [102, 108]. 

DIET may also occur through electron exchange with the surface of the AC (e.g., AC acts as an electron 

acceptor or donor) and between microbes in the biofilm [112, 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 1.1.2 [112, 73]. Geobacter is a representative electron-donating bacterium known 

to participate in AC-mediated DIET by transferring electrons to the AC [113, 112, 114, 77, 115, 116, 

117]. Whereas, Methanosaeta [112, 118, 117] and Methanosarcina [76, 119, 117] are representative 

methanogens and receive electrons from the AC for accelerated substrate conversion to CH4 [112, 114, 

115, 108]. 
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1.2 Objective and research questions 

Although the combination of AC sorption and biodegradation is well documented for the treatment 

of wastewater [36, 100, 101, 38], application in in situ AC PRBs for the treatment of contaminated 

groundwater (e.g., with PHCs or chlorinated solvents) is relatively new [102, 103]. Given this, limited 

scientific evidence exists regarding process behaviour and performance of in situ AC PRBs. Uncertainties 

are primarily related to the interplay between AC sorption and biodegradation and the long-term 

behaviour of these processes in 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 sorption isotherms generated under ideal conditions representative of sorption behaviour in 

bioactive AC systems? 

Q2. Does AC influence microbial activity during PHC biodegradation? 

Q3. Does biodegradation regenerate AC sorption capacity? 

Q4. Does AC enhance the biodegradation rate of PHCs? 

Q5. How do bioactive systems with AC respond to variable PHC loading?  

Q6. Can CSIA distinguish biodegradation from AC sorption in bioactive systems? 

To address Q1 to Q6 a series laboratory experiments were conducted, including isotherm, 

microcosm (1-year) and column (2-year) experiments. The isotherm experiments were first carried out to 

determine the sorption (and single step desorption) capacities and sorption isotherms for a PAC in contact 

with benzene, toluene and o-xylene (BTX), either alone (single-solute system) or combined (multi-solute 

system). Additionally, the PAC particle size and structure were characterized, and the sorption and 

desorption equilibrium times of single-solute benzene and toluene were approximated. The PAC was then 

used in microcosm and column experiments to investigate the long-term AC sorption and anaerobic 

biodegradation behaviour of toluene and BTX in single- or multi-solute systems, respectively, specifically 

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. Whereas anaerobic column experiments were conducted to provide a 
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more realistic representation of a dynamic field scenario, and to mimic an in situ groundwater system where 

an AC PRB was installed.  

To address Q1 single- and multi-solute sorption isotherm model parameters for BTX and the PAC 

were first developed under ideal conditions in the absence of bioactivity. The single- and multi-solute BTX 

isotherms were then directly compared to single- or multi-solute aqueous and solid phase BTX 

concentration data generated from the microcosm experiments to determine if  the ideal isotherms are 

representative of the sorption behaviour in bioactive systems. Q2 was addressed from both microcosm and 

column experimental data, by comparing changes in the PHC, geochemical (primarily sulfate, sulfide, CO2 

and CH4) and molecular (i.e., qPCR and NGS) parameters monitored between bioactive (and abiotic) 

systems with and without PAC to determine if  the presence of the PAC influence microbial activity during 

PHC biodegradation. Q3 was addressed from the microcosm experimental data, where the single- and 

multi-solute solid phase concentrations of toluene or BTX were directly measured over the monitoring 

period to determine if  the solid phase toluene or BTX concentrations are reduced or the PAC sorption 

capacities for each solute are regenerated with bioactivity. Q4 was addressed from the microcosm 

experimental data, by comparing the zero-order rate constants for toluene oxidation coupled to sulfate 

reduction between bioactive systems with and without PAC to determine if  the presence of the PAC 

enhances the rate of toluene biodegradation. Q5 was addressed from the column experimental data, by 

comparing changes in the effluent toluene or BTX concentrations during sequentially increased influent 

concentrations between bioactive (and abiotic) systems with and without PAC to determine how the 

bioactive systems with AC respond to variable PHC loading relative to the others (i.e., abiotic with AC or 

bioactive without AC). Q6 was addressed from the column experimental data, by comparing changes 

primarily in effluent ɿ2H-B,T,X (in addition to ɿ12C-B,T,X) between bioactive (and abiotic) systems with 

and without PAC to determine if  CSIA can distinguish biodegradation from AC sorption in bioactive 

systems.  

Collectively. the compiled data set addressing Q1 to Q6 can be used to help inform how AC 

particulate amendments behave in in situ anaerobic systems in contact with PHCs, and more specifically 

with regards to the interplay between toluene or BTX 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 performance of AC particulate amendments in bioactive systems, and how the 

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

The remainder of this thesis is comprised of four (4) additional chapters. Chapter 2 discusses the 

PAC particle characterization (size and surface structure), batch isotherm experiments (sorption and single 

step desorption) and the sorption and desorption equilibrium times. Chapter 3 describes the anaerobic 

microcosm experiments comparing bioactive microcosms with and without PAC, and with and without 

additional electron acceptors (EA) for a simple single-solute system (toluene only) and a more complex 

multi-solute system (BTX). Chapter 4 presents the anaerobic column experiments comparing columns with 

sorption or bioactivity alone relative to a combination of sorption and bioactivity for single-solute (toluene-

only) and multi-solute (BTX) systems. The microcosm experiments ran for one year, and the column 

experiment ran for approximately two years with detailed monitoring conducted during Year-2. In Chapter 

3, timeseries data for toluene and BTX and geochemical parameters (sulfate, sulfide, total inorganic carbon 

[TIC] , CH4, pH, the oxidation reduction potential [ORP] and dissolved oxygen [DO]) are discussed, and 

molecular data (qPCR and NGS) collected at the end of the 1-year monitoring period is presented. In 

Chapter 4, the same parameters as the microcosm experiments were monitored during Year-2 and are 

described, in addition to temporal CSIA results. Finally, Chapter 5 provides conclusions and 

recommendations pertaining to the research conducted. 



13 

 

Chapter 2 

Powdered activated carbon sorption and desorption of 
benzene, toluene and o-xylene 

2.1 Introduction 

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.e., micropores that are Ò 2 nm in diameter) that comprise 95% of the internal 

volume [24, 25]. The large internal surface area allows for solute sorption [5] which is initiated due to 

concentration gradients between the solute(s) in the area surrounding and within the AC. Similarly, 

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 reached [13]. The magnitude of sorption and desorption of the solute(s) to 

and from the AC are controlled by the physical and chemical properties of the sorbent (e.g., presence 

of functional groups [18, 5, 6]) and the solute(s) (e.g., molecular weights and octanol water 

partitioning coefficients (Kow) [28, 21, 16, 29]) that are in contact. 

 Although the equilibrium sorption and desorption characteristics of benzene, toluene and o-

xylene (BTX) in contact with activated carbon (AC) has been investigated by others [31, 37, 36, 34], 

this inquiry focused on defining these characteristics for a specific PAC. Initially, images of the PAC 

were generated using environmental scanning electron microscopy (ESEM) to characterize the particle 

surface structure and size. Then a series of single-solute (benzene, toluene or o-xylene) and multi-solute 

(BTX) sorption experiments were conducted to generate equilibrium isotherms and model parameters. 

The isotherms were then compared to more complex systems with bioactivity (discussed in Chapter 3) 

to determine if  the single-solute (toluene-only) or multi-solute (BTX) sorption isotherms are 

representative of the sorption behaviour in bioactive AC systems (addressing Q1 [Section 1.2]). 

Additionally, single-step desorption equilibrium behaviour was assessed, and the sorption and 

desorption equilibrium times of single-solute benzene and toluene were investigated.   
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2.2 Materials and methods  

WPC PAC (Calgon Carbon, Pittsburgh, PA, USA), a virgin coconut-based thermally activated 

product, was used as received (see Table 2.1 for typical physical and chemical properties).  

 

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

Notes:  

1. At neutral aqueous phase pH (7) the net surface charge of the PAC is positive due to protonation (pH < pHpzc) [125, 

23, 19].  

2. Particle size was measured by laser diffraction using a Horiba LA-960 laser particle size analyzer.  

3. The Brunauer, Emmett and Teller (BET) theory or density functional theory (DFT) were used to determine the surface 

area of internal pores from gas phase sorption equilibria data. 

4. The DFT was used to determine the internal pore volume and pore size distribution from gas phase sorption equilibria 

data. 

 

 

Analytical grade benzene (EMD Millipore, China), toluene (EMD Millipore, Darmstadt, DE) 

and o-xylene (BDH Limited, Poole, EN) (Ó 99% purity for all compounds) were used as the aqueous 

phase solutes. 

The artificial groundwater (AGW) consisted of: ammonium chloride, sodium chloride (VWR, 

BDH Chemicals, Padnor, PA, USA), magnesium chloride, manganese (II) chloride, potassium 

dihydrogen phosphate, sodium sulfate (Sigma Aldrich, St. Louis, MO, USA), calcium chloride (EMD 

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] 

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

Point of zero charge (pHpzc) 1 10.1 [122] 

Particle diameter 2 13.1 µm [123] 

BET surface area 3  801 m2/g, 996 m2/g  [124], [123] 

DFT surface area 3 853 m2/g (slit-pore), 1355 m2/g (cylindrical-pore) [123] 

DFT Micropore volume (< 0.8-2 nm) 4 0.31 cm3/g, 0.37 cm3/g (slit-pore), 0.4 cm3/g 

(cylindrical-pore) 

[122], [123],  

[123] 

DFT Mesopore volume (2-24 nm) 4 0.04 cm3/g [122] 

DFT Mesopore volume (2-35 nm) 4 0.011 cm3/g (slit-pore), 0.015 cm3/g (cylindrical-

pore) 

[123],  [123] 

DFT Total pore volume 4 0.32 cm3/g, 0.35 cm3/g, 0.38 cm3/g (slit-pore), 

0.42 cm3/g (cylindrical-pore) 

[124], [122],  

[123], [123] 

% of micropore volume 89%, 90.5% [122], [124] 
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Millipore Corporation, Darmstadt, HE, DE) and monosodium phosphate (Fisher Scientific, Waltman, 

MA, USA) (see Table A.1 for details). 

Dichloromethane (DCM) (Sigma-Aldrich, St. Louis, MO, USA), m-fluorotoluene (Sigma-

Aldrich, St. Louis, MO, USA) and 2-fluorobiphenyl (Chem Service, West Chester, PA, USA) (25 mg/L) 

were used for sample analysis. Sodium azide (EMD Millipore Corporation, Darmstadt, HE, DE) was 

used as a biocide during the desorption experiments. 

2.2.1 PAC characterization  

ESEM was carried out using a Quanta Feg 250 environmental scanning electron microscope 

(Field Electron and Ion Company, Hillsboro, OR, USA). The PAC sample was prepared by 

homogeneously spreading ~1 mg of dry PAC onto a sterilized metal mount affixed with conductive 

double sided carbon tape and removing any excess unadhered particles from the adhesive surface. The 

mount was then loaded onto a sample holder and transferred into the microscope chamber for imaging. 

Image analysis of a scale calibrated ESEM image was performed in ImageJ (Fiji 1.53) using the 

Measure and Label macro to measure features within the two-dimensional image frame.  

2.2.2 Sorption and desorption equilibrium capacity  

A series of sorption and single-step desorption experiments were conducted to determine the 

equilibrium capacity between PAC and BTX in both single-solute (benzene, toluene or o-xylene) and 

multi-solute (BTX) systems. Stock solutions of benzene, toluene and/or o-xylene were prepared by 

adding the required volume of each pure phase compound into vigorously mixing AGW, representative 

of a simplified groundwater solution (see Table A.1 for the AGW recipe) (the volume of single- or 

multi-solute BTX added to the AGW was variable, dependent on the total solution volume and final 

concentration). After the pure phase addition of BTX, the stock solutions were sealed with Teflon-lined 

rubber stoppers (Themo Fischer Scientific, Waltham, MA, USA) and mixed on a C-MAG HS 7 

magnetic stirrer (IKA, Staufen im Breisgau, DE) for at least 12 hours. Following mixing, the stock 

solutions were used to immediately fill a subset of clear glass 160 mL serum bottles prepared in 

triplicate (Pierce Chemical Company, Rockford, IL, USA) with either the single-solute or the multi-

solute (1:1:1 concentration ratio of the single-solute concentrations) solution prepared to the highest 

aqueous phase concentration of 25 mg/L (normal value) (see Table A.2 for the experimental design). 
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Once the subset of triplicate sets of serum bottles were filled with the highest solution concentrations, 

the BTX stock solutions were diluted to 12 mg/L (nominal value) with fresh AGW, and the next subset 

of serum bottles prepared in triplicate were filled. Dilutions of the BTX stock solutions were repeated 

several times to successively lower concentrations (10, 6, 3 and then 0.5 mg/L [nominal values]) (see 

Table A.2 for the experimental design) and serum bottle filling continued until all subsets of bottles, 

designated to be filled with each successively lower aqueous concentration, were filled. 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 Teflon-lined silicon 

septa (Restek, Bellefonte, PA, USA). All serum bottles were then loaded on a platform rotary shaker 

(Barnstead Thermolyne, Dubuque, IA, USA) 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 aqueous phase. In a supplemental 

investigation to ensure that the PAC settled from solution following the settling period, 12 mL 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 concentrations, 19 mL samples of the aqueous phase 

were transferred from the 160 mL serum bottles to 20 mL glass screw top vials (Sci Spec, Hanover, 

MD, USA) preloaded with 1 mL of DCM containing internal standards of m-fluorotoluene and 2-

fluorobiphenyl (25 mg/L). Aqueous samples were transferred from the 160 mL serum bottles to the 20 

mL sample vials using a 20 mL glass syringe with a luer-lock fitting attached to an 18-gauge stainless 

steel needle (Ace Glass, Vineland, NJ, USA). The sample vials were then sealed with Teflon lined 

silicon septa screw caps (Chromspec, Brockville, ON) and horizontally loaded on a platform rotary 

shaker at 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 separate. Using a dedicated glass microliter syringe (Hamilton, 

Reno, NV, USA) 0.7 mL of the DCM phase was removed from the sample vials and transferred to 2 mL 

glass autosampler vials (VWR, Padnor, PA, USA) sealed with Teflon-lined screw caps in preparation for 

analysis by gas chromatography (GC). 

To generate aqueous data representative of a single desorption step, the remaining aqueous 

phase in the serum bottles (~140 mL) was decanted using a 20 mL glass syringe with a luer-lock fitting 

attached to an 18-gauge stainless steel needle, while ensuring minimal disturbance of the settled PAC. 



 

17 

 

Fresh stock AGW 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 aqueous phase, and 

extracted similarly as described above for the estimation of sorption equilibrium aqueous phase 

concentrations.  

To estimate the sorption equilibrium solid phase sorbed concentration of benzene, toluene 

and/or o-xylene on the PAC a replicated set of all serum bottles with PAC were prepared, shaken, and 

fully decanted identically as for the set constructed for aqueous phase sorption and desorption (the 

aqueous phase was not measured prior to decanting). The remaining PAC was then saturated by the 

addition of 1 mL of DCM (containing m-fluorotoluene and 2-fluorobiphenyl [25 mg/L]), and the serum 

bottles were resealed with crimp caps and vertically loaded on a platform rotary shaker to agitate the 

PAC and DCM at Ò 10 RPM for at least 1 day (typically 3-5 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 concentration of benzene, toluene and/or o-xylene remaining 

on the PAC following the single desorption step was estimated from the same serum bottles used for 

aqueous phase sorption and desorption sampling. The 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 µL) of the sample extract were injected in splitless mode onto a 0.25 mm × 30 m DB5 capillary 

column with a stationary phase film thickness of 0.25 ɛm. The chromatographic conditions were: 275ºC 

injection port temperature, 35ºC initial column temperature (held for 0.5 min), 15ºC/min heating rate, 

300ºC final temperature (held for 2 min), 325ºC detector temperature, and 1 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 the aqueous samples [126, 127]. Data integration was performed with a Chemstation 

chromatography data system. Aqueous phase method detection limits (MDLs) were 108 ɛg/L, 49 ɛg/L 

and 45 ɛg/L for benzene, toluene and o-xylene, respectively, and the solid phase MDL was 0.08 ɛg/g 

for benzene, toluene and o-xylene.  
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The sorption equilibrium mass of benzene, toluene and/or o-xylene per gram of PAC, ή  

(mg/g), was indirectly estimated from the difference between the aqueous phase concentration in the 

control and PAC serum bottles, as given by  

ή  ὅ  ὅ ὠȾά         (2.1)   

where ὅ  is the initial or aqueous phase concentration of solute i in the control bottle (mg/L), ὅ  is 

the sorption equilibrium aqueous phase concentration of solute i in the PAC bottle (mg/L), ά  is 

the mass of PAC (g) and the V is the aqueous phase volume (L).  

The desorption equilibrium solid phase concentration of solute i, ή  (mg/g), was estimated, 

as give by  

ή ὅ  ὅ ὅ  ὠȾά        (2.2)   

where ὅÏὭ  ὅÅὭ
Ó

 represents the solid phase concentration of solute i on the PAC at sorption 

equilibrium, and ὅ is the desorption equilibrium aqueous phase concentration of solute i in the PAC 

bottle (mg/L).  

The nonlinear Freundlich isotherm model, which describes multilayer sorption on 

heterogeneous surfaces with a limited number of sorption sites of non-uniform, variable distributions 

of energy, was assumed to represent the ή  and ὅ  data of each solute i as given by       

ή  = ὑ ( ὅ ὲÆὭ         (2.3) 

 

where ὑ  ([mg/g][L/mg]n) and ὲ  (dimensionless) are the sorption capacity and intensity, 

respectively [128], for a solute i, and were determined by fitting Equation (2.3) to the ή  and ὅ  data 

by nonlinear regression. 

For multi-solute BTX sorption, the improved simplified ideal adsorption solution (ISIAS) 

model [129, 128] was assumed to provide representative ή  when using the ὅ  data of each solute i 

in the multi-solute system as given by 
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ή = ὑ ὅ
 

В ὅ
 

      (2.4)  

where ὑ and ὲ  are the single-solute model parameters (from Equation (2.3)) for each solute i, ὑ

 
В

 

  and ὲ
В

 are the average values of ὑ and ὲ , respectively, and ai is the competition 

factor (dimensionless) for each solute i that are incorporated into the model and accounts for non-

ideal competition between solutes for heterogeneous sorption sites. The ai values were determined by 

fitting Equation (2.4) to the multi-solute ή  and ὅ  data by non-linear regression. 

To determine the error associated with the Freundlich or ISIAS model fits the root mean 

square error (RMSE) were estimated for each non-linear regression, as given by  

RMSE = 
В

        (2.5) 

where qexp and qmodel are the experimental (from Equation (2.1)) and model (from Equation (2.3) or 

Equation (2.4)) generated estimates of ή , respectively, N is the sample size and P is the number of 

parameters fit by the regression. Smaller, relative to larger values, of the RMSE indicate the model 

better represents the data [130, 33].  

2.2.3 Sorption and desorption  equilibrium  time  

To evaluate the time to sorption equilibrium for benzene and toluene in single-solute systems, 

multiple triplicate sets of control and PAC serum bottles were prepared and filled with stock solutions 

of each solute at a low and high concentration (i.e., nominally 3 and 30 mg/L) so that each triplicate 

set could be sequentially sacrificially sub-sampled at successive timepoints (i.e., 0.5, 2, 4, 8, 24 and 

48 hrs) (see Table A.2 for the experimental design). The serum bottles were then shaken, 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 the PAC were also estimated from the same serum bottle by decanting the 

remaining aqueous phase, adding 1 mL of DCM, and shaking the serum bottles as described above 

for those prepared 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 autosampler vial and analyzed by GC as described 

in Section 2.2.2.  

To estimate the time to desorption equilibrium for benzene and toluene in single-solute 

systems, a replicated set of serum bottles were prepared for aqueous and solid phase sub-sampling 

with two additional triplicate sets of bottles added. The serum bottles were prepared identically as 

described above for the sorption equilibrium times for benzene 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 with fresh AGW (160 mL) and 0.5 

mL of a 10% solution of sodium azide to prevent microbial growth and potential aerobic 

biodegradation. Serum bottles were then shaken, left to stand, sub-sampled, decanted, extracted and 

analyzed like the bottles prepared to estimate the sorption equilibrium times for benzene and toluene, 

although aqueous phase sacrificial sub-sampling took place over a longer total duration (i.e., 0.5, 2, 4, 

8, 24, 72, 216 and 720 hrs) (see Table A.2 for the experimental design). The solid phase sorbed mass 

of benzene or toluene were then estimated from the same serum bottles and following the same 

methodology as described for the bottles prepared to estimate the sorption equilibrium times.  

The mass of benzene or toluene per gram of PAC at each sorption sampling time, ή  (mg/g), 

were indirectly estimated from Equation (2.1), where ή  and ὅ  were replaced with ή  and ὅ , 

respectively, representing the temporal sorption data. The mass of benzene or toluene per gram of PAC 

at each desorption sampling time, ή  (mg/g), were indirectly estimated from Equation (2.2), where 

ή , ὅ  and ὅ  were replaced with ή , ὅ  and ὅ , respectively, representing the temporal 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 bottle [41], (2) BTX volatilization from the aqueous phase during decanting 

or sampling or (3) inter bottle variations in ὅ  (between control and PAC bottles) or mPAC (between 

replicated aqueous and solid phase bottles [pertaining to equilibrium capacity experiments] or sorption 
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and desorption bottles [pertaining to the equilibrium time experiments]). For sorption, the absolute mass 

lost or gained, ὓ  (mg), was estimated for each solute i as given by 

ὓ
  

ρππ       (2.6) 

where ὓ  was found from the difference between the mass of solute i in the aqueous, ὓ  (mg), and 

solid, ὓ  (mg), phases relative to the total initial mass of solute i in the control bottle, ὓ  (mg), and 

averaged across all samples (of varying ὓ , or time at constant ὓ ). For desorption, the absolute mass 

lost or gained, ὓ  (mg), was estimated for each solute i as given by 

ὓ
    

  
ρππ      (2.7) 

where ὓ  was found from the difference between the mass of solute i in the aqueous, ὓ  (mg), 

and solid, ὓ  (mg), phases relative to the total initial mass of solute i sorbed to the PAC, ὓ  

 ὓ  (mg), and averaged across all samples (of varying (ὓ   ὓ , or time at a constant (ὓ  

 ὓ ).  

2.3 Results and discussion  

2.3.1 PAC characterization   

Greyscale ESEM images of PAC are shown in Figure 2.1. Figure 2.1(a, b) shows a rough, 

irregular particle surface which is characteristic of thermally activated amorphous PAC [24], and 

Figure 2.1(c) shows a heterogeneous particle size distribution. On the surface of the particles shown 

in Figure 2.1(c), nine potential external pore openings were identified (locations indicted by red 

outlines), and the mean diameter was measured to be 0.8 ± 0.3 µm (i.e., macropores [Ó 0.05 Õm]) [24, 

25]. The mean particle diameter of 17 particles with clearly defined edges in Figure 2.1(c) were also 

measured and found to be 11.5 ± 4.4 µm (measurements shown in Figure A.1). The mean particle 

diameter is similar to the value determined by S. Hakimabadi (2023) using laser diffraction (Table 

2.1) [123] and within the range of commercial PAC (i.e., between 15 to 25 µm [6]).
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Figure 2.1: Environmental scanning electron microscopy (ESEM) generated images of WPC powdered activated 

carbon (PAC) at (a) 500 nm (82 000 ×), (b) 1 µm (53 817 ×) and (c) 20 µm (2 000 ×) scales (magnifications). 

Location of potential pores openings on the PAC particle surfaces in (c) are identified with red outlines. 

2.3.2 Sorption and desorption  

2.3.2.1 Single -solute sorption and desorption equilibrium capacities  

The sorption and desorption equilibrium capacities of benzene, toluene and o-xylene in single-

solute systems are shown on Figure 2.2(a-c) for six initial aqueous concentrations (ὅ ) (i.e., 0.4 ± 0.1, 2.6 

± 0.4, 5.8 ± 0.6, 8.8 ± 1.3, 11.6 ± 0.7 and 24.7 ± 2.2 mg/L [average between solutes]). For each solute, at 

low ὅ  sorption is dominated by non-linear partitioning to the solid phase (ή ). As ὅ  increases for a 

(c) 

(a) (b) 
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constant PAC mass the change in ή  decreases while the aqueous phase equilibrium concentration (ὅ ) 

increases due to the lower availability of sorption sites on the PAC [40, 131]. The Freundlich isotherm 

model, assuming multilayer sorption on the energetically heterogeneous PAC surface, was used to 

represent the sorption data (see Figure 2.2(a-c) for the Freundlich model fits to the single-solute data, and 

Table 2.2 for the best-fit  ὑ  and ὲ  estimates of each solute and the RMSE of the regression). From 

Table 2.2, the magnitude of the ὑ  ([mg/g][L/mg]n) decreased following X > T > B, whereas ὲ  

(dimensionless) decreased in reverse order following B > T > X. The difference in the magnitude of the 

Freundlich model parameters for each solute suggest that o-xylene was sorbed the most and occupied the 

largest fraction of sorption sites at equilibrium, followed by toluene then benzene in the single-solute 

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 equilibrium) [28, 21, 16, 29] (see Table A.3 for the chemical 

properties of BTX).  

 For each solute, the single-solute desorption results for BTX (Figure 2.2(a-c)) show that 

desorption is concentration dependent, with more mass transfer occurring during single-step desorption 

for data corresponding to higher ή  for a given ὅ  relative to lower ή . Between solutes, less change in 

ή  occurred between sorption (ή ) and desorption (ή ) for o-xylene (Figure 2.2(c)) relative to toluene 

(Figure 2.2(b)) followed by benzene (Figure 2.2(a)). The smaller change in ή  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 change in ή  between the sorption and 

desorption processes for a given ὅ  which is attributed to the lower affinity of this solute to the PAC. As 

described for single-solute sorption, differences in the magnitude of desorption between solutes is due to 

the difference in chemical properties between solutes [28, 21, 16, 29] (see Table A.3 for the chemical 

properties of BTX).  

For all solutes, the single-solute desorption data lie outside of the 95% confidence envelopes 

surrounding the single-solute sorption isotherms which suggests the desorption process may differ 

relative to sorption, indicative of hysteresis [32, 41, 132]. However, given the limited nature of the 

desorption data, representing only one desorption step as shown in Figure 2.2(a-c) (indicated by solid 

lines adjoining the sorption and corresponding desorption data for a given ὅ , with arrows representing 

the direction of concentration change between processes), hysteresis has not been fully explored. 
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Figure 2.2: Sorption and single-step desorption equilibrium capacities for single-solute (a) benzene, (b) toluene and (c) o-xylene, and multi-solute (d) benzene, (e) toluene and (f) o-xylene in contact 

with WPC powdered activated carbon (PAC). Ce on the x axis represents the sorption or desorption equilibrium aqueous phase concentration (mg/L), and qe on the y axis represents the sorption or 

desorption equilibrium solid phase concentration (mg/g). The multi-solute sorption data are numbered in order of increasing initial aqueous phase concentration for each solute (ὅ ), and the multi-

solute sorption (ὅ  and ή ) or desorption (ὅ  and ή ) data for each solute are dependent on the sorption and desorption data of the other solutes, corresponding to the same ὅ . Single- and multi-

solute sorption equilibrium data are represented as filled (a, d) red triangles for benzene, (b, e) green squares for toluene, and (c, f) blue circles for o-xylene, and the single-step single- and multi-solute 

desorption equilibrium data are represented as filled diamonds with the same colours used to represent the sorption equilibrium data for each solute. Solid lines connect the single- or multi-solute 

sorption and desorption data, and arrows represent the direction of concentration change between processes. The standard deviation of triplicate measurements is represented as ± error bars on each 

data point. The single-solute Freundlich isotherms with 95% confidence envelopes (black solid bands) are represented as solid coloured lines, including (a) red for benzene, (b) green for toluene, and 

(c) blue for o-xylene. The multi-solute improved simplified ideal adsorption solution (ISIAS) model fit to the multi-solute ὅ  and ή  data for each solute, are represented as unfilled gradient symbols 

above or below each data point. 
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Table 2.2: Single-solute Freundlich (ὑ  and ὲ ) model parameters for benzene, toluene and o-xylene (BTX) 

and multi-solute ISIAS competition factors (ai) for BTX in contact with WPC powdered activated carbon 

(PAC) ± confidence intervals (CI), and the root mean square error (RMSE) of the regressions.   

 Benzene ± CI Toluene ± CI o-Xylene ± CI 

Single-solute    

ὑ  ([mg/g][L/mg]
n) 36.1 ± 3.8 88.2 ± 7.7 132 ± 20 

ὲ (-) 0.484 ± 0.045 0.421 ± 0.044 0.371 ± 0.099 

RMSE 2.49 5.26 14.5 

Multi -solute    

ai (-) 1.42 ± 0.38 1.43 ± 0.16 1.08 ± 0.078 

RMSE 12 12 12 

 

 

The ὓ  for single-solute benzene, toluene and o-xylene were 1.2 ± 1%, 9.6 ± 5.6% and 5.5 

± 3.3%, respectively, for sorption (Figure A.2(a)) and the ὓ  for single-solute benzene, toluene and 

o-xylene were 5.5 ± 6.6%, 7.3 ± 5.4% and 2.6 ± 1.9%, respectively, for desorption (Figure A.2(b)), 

indicating minimal mass was lost or gained (see Table A.4 for the ὓ  and ὓ  estimates 

corresponding to each ὅ ). Additionally, the ή  and ή  indirectly estimated from Equation (2.1) and 

(2.2), respectively, using aqueous phase data versus the direct measurements from solid phase data 

are shown in a scatterplot in Figure A.3 (in addition to all data generated from the experiments 

described in Sections 2.2.2 and 2.2.3). The similarity between the indirect and direct estimates of ή  

and ή  in Figure A.3 relative to a 1:1 line indicates that the indirect estimates are representative of 

the observed solid phase concentrations and are therefore considered reliable when used in 

determining the Freundlich model parameters.  

2.3.2.2 Multi -solute sorption and desorption equilibrium capacities  

The sorption and desorption equilibrium capacities of BTX in contact with WPC PAC in the 

multi-solute system are shown on Figure 2.2(d-f) for six ὅ  (i.e., 0.5 ± 0.03, 2.9 ± 0.2, 6.3 ± 0.5, 10.6 

± 0.8, 13.4 ± 1 and 26.2 ± 1.7 mg/L [average between solutes]). In Figure 2.2(d-f), the equilibrium 

concentrations (ὅ  and ή ) for each solute are dependent on those of the other solutes in the multi-

solute system. Like single-solute sorption (Figure 2.2(a-c)), Figure 2.2(d-f) shows that the magnitude 

of multi-solute sorption between the aqueous and solid phases followed X > T > B. Therefore, given 

that o-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 benzene) [27, 128, 29]. The ISIAS 

equilibria model, assuming competitive sorption and accounting for non-ideal competition between 

solutes for heterogeneous sorption sites on the PAC, was used to represent the sorption data (see 

Figure 2.2(d-f) for the ISIAS model fits to the multi-solute data, and Table 2.2 for the best-fit  ai 

estimates of each solute and the RMSE of the regression). The ISIAS estimates of ai confirm 

competitive sorption was more ideal for o-xylene (1.08 ± 0.078), relative to toluene (1.43 ± 0.16) and 

benzene (1.42 ± 0.38), as the value of ai for o-xylene was closer to unity. For toluene and benzene, 

although sorption sites on the PAC were equally accessible to these solutes the values of ai (i.e., more 

distant from 1) indicate multi-solute sorption was more distant from ideal competition when toluene 

and benzene were in the presence of o-xylene [129, 128]. Relative to the single-solute systems, less 

sorption occurred for each solute in the multi-solute system with the difference in the magnitude of 

sorption between systems and solutes following B > T > X. Therefore, the sorption capacity of all 

solutes was reduced in the multi-solute system when other competing solutes were present (at 

equivalent ὅ  [1:1:1]), and a greater number of sorption sites were unavailable to the solutes of lower 

single-solute sorption capacities (i.e., benzene then toluene) relative to those of greater single-solute 

sorption capacity (i.e., o-xylene) [29, 33]. Similar to the single-solute systems (Section 2.3.2.1), 

variation in chemical properties between solutes controls the multi-solute competitive sorption 

dynamics [28, 21, 16, 29] (see Table A.3 for the chemical properties of BTX). 

The multi-solute desorption results for BTX are also shown on Figure 2.2(d-f), which 

represent a single desorption step (indicated by solid lines adjoining the sorption and corresponding 

desorption data for a given ὅ , with arrows representing the direction of concentration change 

between processes). Similar to the single-solute systems (Figure 2.2(a-c)) described in Section 

2.3.2.1, the magnitude of multi-solute desorption followed B > T > X due to the differences in 

chemical properties between solutes [28, 21, 16, 29] (see Table A.3 for the chemical properties of 

BTX). Additionally, as was described for the single-solute desorption data (Section 2.3.2.1), the 

multi-solute desorption data are dissimilar relative to multi-solute sorption data for each solute (i.e., 

ή  and ὅ , for sorption and the corresponding desorption data for a given ὅ , differ between 

processes) which is indicative of hysteresis. Although, given the multi-solute desorption data 

represent a single desorption step hysteresis has not been fully explored. 
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 The ὓ  for benzene, toluene and o-xylene were 4.1 ± 2%, 8.3 ± 2.2% and 8.7 ± 4.5%, 

respectively, for sorption (Figure A.2(c)) and the ὓ  for benzene, toluene and o-xylene were 29.6 ± 

37.7%, 12.2 ± 14.6% and 7.1 ± 5.5%, respectively, for desorption (Figure A.2(d)) (see Table A.4 for 

the ὓ  and ὓ  estimates corresponding to each ὅ ). Like the single-solute system (Section 

2.3.2.1), these data show minimal mass was lost or gained for all solutes during multi-solute sorption. 

Although, during multi-solute desorption the ὓ  increased for benzene and toluene, with the 

greatest increase for benzene. At the lower ὅ  for benzene (0.5, 3, 6.6 and 11 mg/L) and toluene (0.5, 

2.6, 5.8 and 9.7 mg/L) the average ὓ  for benzene (5.6 ± 6.9%) and toluene (5.3 ± 2.1%) were low. 

However, at the higher ὅ  for benzene (14 and 27.5 mg/L) and toluene (12.2 and 24.3 mg/L) the 

average ὓ  for benzene (77.5 ± 7.9%) and toluene (26.1 ± 21.8%) increased considerably (see 

Table A.4 for the stepwise ὓ  estimates) which resulted in the elevated average ὓ  for benzene 

and toluene and high standard deviations. Given that more desorption to the aqueous phase occurs at 

higher ὅ  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 relative to o-xylene in the multi-solute system, 

the higher average values of ὓ  for benzene and toluene during desorption may be attributed to 

losses from volatilization (during sampling and multiple decanting steps, as described in Sections 

2.2.2). The ή  and ή  indirectly estimated from Equation (2.1) and (2.2), respectively, using aqueous 

phase data versus the direct measurements from solid phase data are shown on the same scatterplot as 

the single-solute data described in Section 2.3.2.1 (Figure A.3) (in addition to the data generated from 

the experiments described in Section 2.2.3). Figure A.3 collectively shows that the indirect and direct 

estimates of ή  and ή  are similar (as described in Section 2.3.2.1), and therefore the indirect 

estimates are considered reliable when used in determining the ISIAS model parameters. For the ή  

estimates for benzene and toluene corresponding to the higher ὓ , as described above, these data 

are positioned sightly further from the 1:1 line in Figure A.3, as indicated by the data with red 

outlines. 
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2.3.2.3 Single -solute sorption and desorption equilibrium time  

Temporal sorption and desorption data for single-solute benzene and toluene are shown on 

Figure 2.3(a, b) at high (i.e., 31.1 ± 5.5 mg/L [average between solutes]) and low (i.e., 3.5 ± 1.3 mg/L 

[average between solutes]) ὅ  over 0.5 to 48 hours (2 days). Figure 2.3(a, b) shows that sorption 

equilibrium was reached quickly for benzene and toluene at both ὅ  given that the solid phase 

concentrations (ή) were relatively constant after 0.5 hours (characteristic behaviour of benzene and 

toluene in contact with PAC [130, 33, 133]). Figure 2.3(a, b) shows the desorption data from 0.5 to 24 

hours (1 day), which was extended from 72 hours (3 days) to 720 hours (30 days) in Figure 2.3(c) for 

benzene and Figure 2.3(d) for toluene. After 0.5 hours of desorption (in Figure 2.3(a, b)) no 

substantial change in the solid phase concentrations (ή) were observed for either solute, suggesting 

that sufficient time was provided for desorption equilibrium. Equilibrium conditions after 0.5 hours of 

benzene or toluene sorption or desorption is also supported by the consistency between the temporal 

data (corresponding to both ὅ ) and the single-solute 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 

desorption equilibrium, diffusion limitations during desorption [32] do not appear to be the cause of 

the suspected single-solute hysteretic behaviour identified in Figure 2.2(a, b). Instead, the suspected 

hysteretic behaviour is likely be attributed to a time irrelevant process (e.g., permanent chemical 

bonding [38] or pore deformation [41, 42]), as described in Section 1.1.1. 
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Figure 2.3: Temporal sorption and desorption data for single-solute (a) benzene and (b) toluene over 48 hours 

(2 days) and at 3 and 30 mg/L initial aqueous phase concentrations (ὅ ). The solid phase concentration for 

sorption and desorption and for both solutes is denoted as qt (mg/g) versus time (hours). At the ὅ  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 the ὅ  of 5 mg/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. Desorption data from 72 hours (3 days) to 720 hours (30 

days) is shown for (c) benzene and (d) toluene. The standard deviation of triplicate measurements is represented 

as ± error bars. 
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sorbed (i.e., T > B), while at the higher average ὅ (31.1 ± 5.5 mg/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 lower average ὅ  (i.e., B > T), and 45% of benzene mass and 25% of toluene 

mass was desorbed at the higher average ὅ (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. Additionally, for both solutes more partitioning occurred at lower 

average ὅ (with less desorption), and less partitioning occurred at the higher average ὅ (with higher 

desorption) due to a reduction in available sorption sites [40, 131].  

The ὓ  for benzene and toluene were 7.2 ± 5.8% and 7.5 ± 2.7%, respectively, at the low 

average ὅ  between solutes (Figure A.5(a)) and the ὓ  for benzene and toluene were 12.6 ± 5.5% 

and 15.2 ± 0.6%, respectively, at the high average ὅ between solutes (Figure A.5(b)), showing mass 

lost or gained slightly increased with increased ὅ  for both solutes (see Table A.4 for the ὓ  

estimates corresponding to each ὅ ). As described for the multi-solute equilibrium data in Section 

2.3.2.2, the slight increase in ὓ  with increasing ὅ  may be related to aqueous phase volatilization 

of benzene and toluene given that more desorption to the aqueous phase occurs at higher ὅ . The ή  

for benzene and toluene indirectly estimated from Equation (2.2) using aqueous phase temporal data 

versus the direct measurements from solid phase temporal data are shown on the same scatterplot as 

the single- and multi-solute data described in Section 2.3.2.1 and 2.3.2.2 (Figure A.3). Figure A.3 

indicates that collectively the indirect and direct estimates of ή  are similar (as described in Sections 

2.3.2.1 and 2.3.2.2) and are considered reliable. As expected from the slightly higher ὓ  estimates 

corresponding to the high ὅ , the ή  for benzene and toluene are positioned slightly further from the 

1:1 line relative to the rest of the single- and multi-solute sorption and desorption ή  or ή  data as 

indicated by the data in Figure A.3 with yellow outlines. 

2.4 Conclusion  

The WPC PAC used in this research has been characterized previously in the literature for 

pHpzc, particle diameter, surface area and pore volume [124, 122, 123]. The SEM images generated as 

part of the research shows a heterogeneous size distribution between PAC particles with an average 

measured diameter of 11.5 ± 4.4 µm, which is similar to the value of 13.1 µm reported by S. 
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Hakimabadi (2023) using a more accurate measurement methodology (i.e., laser diffraction) [123]. 

SEM images also reveal that the PAC surface is rough and irregular with potential macropore 

openings identified (0.83 ± 0.27 µm). 

Also consistent with the literature [21, 29, 28, 33], the single-solute (benzene, toluene or o-

xylene) and multi-solute (BTX) sorption equilibrium data for each solute in contact with the PAC 

showed partitioning followed X > T > B. Whereas the single- and multi-solute single-step desorption 

equilibrium data showed the magnitude of desorption followed B > T > X. Between the single- or 

multi-solute sorption and single-step desorption processes the desorption equilibrium data do not 

align with the sorption equilibrium data, with the single-solute desorption data lying outside of the 

95% confidence envelopes surrounding the single-solute sorption isotherms. The difference in 

sorption and desorption data is indicative 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 single- and multi-solute sorption systems the 

sorption equilibrium capacity of all solutes were reduced relative to the single-solute systems due to 

competitive sorption and a reduction in the number of available sorption sites for all solutes. 

Collectively, the sorption and desorption equilibrium behaviour described here are due to the 

differences in the chemical properties between solutes, which is well documented in the literature for 

AC systems exposed to BTX [28, 21, 16, 29].  

Single-solute Freundlich and multi-solute ISIAS sorption equilibria best-fit  model parameters 

were generated by non-linear regression of the sorption equilibrium data. The isotherm model 

parameters were generated for the purpose of applying them to more complex AC amended systems 

with bioactivity (discussed in Chapter 3), and to determine if  the ideal isotherms are representative of 

the sorption equilibrium behaviour in bioactive systems (addressing Q1 [Section 1.2]). The best-fit 

single-solute Freundlich isotherm model parameter for benzene, toluene and o-xylene in contact with 

WPC PAC were 36.1 ± 3.8, 88.2 ± 7.7 and 132 ± 20 for ὑ  ([mg/g][L/mg]
n
) and 0.484 ± 0.045, 0.421 

± 0.044 and 0.371 ± 0.099 for ὲ  (-), respectively. The multi-solute ISIAS model competition factors 

(ai) for benzene, toluene and o-xylene in contact with WPC PAC were 1.42 ± 0.38, 1.43 ± 0.16 and 

1.08 ± 0.08, respectively.  

 Temporal sorption and desorption data up to 48 or 24 hours, respectively, showed the time to 

reach sorption and desorption equilibrium for single-solute benzene and toluene at initial 
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concentrations of 3 and 30 mg/L was rapid (Ò 0.5 hours). The desorption process was also extended 

up to 720 hours to observe if diffusion limitations during desorption may be the cause of the 

suspected single-solute hysteretic behaviour in the isotherm systems; however, no additional 

desorption occurred after 0.5 hours and 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., permanent chemical bonding or pore deformation). The equilibrated sorption 

and desorption temporal data from Ó 0.5 hours to 48 hours for sorption and up to 720 hours for 

desorption were additionally compared to the single-solute isotherms and equilibrium desorption data 

for benzene and toluene. The consistency in equilibrium partitioning between the equilibrium 

capacity and time experiments indicates that the temporal data represents equilibrium conditions after 

0.5 hours of contact between benzene or toluene and the PAC at both initial concentrations.   

Mass balance between single- and multi-solute sorption (ὓ ) and desorption (ὓ ) 

estimates of ή  or ή  indirectly estimated from aqueous phase data or observed directly from solid 

phase data was 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, or inter-bottle variation 

in ὅ  or the mPAC). Mass balance between the indirect aqueous phase derived estimates and the 

directly measurement solid phase estimates of single- and multi-solute ή  also provided an indication 

of the reliability associated with the indirectly derived ή  estimates used to generate the Freundlich 

and ISIAS model parameters. For most single- and multi-solute systems the average ὓ  and ὓ  

for all ὅ  was low (< 10%), showing minimal mass was lost or gained. However, the ὓ  estimates 

(from ή ) for benzene (77.5 ± 7.9%) and toluene (26.1 ± 21.8%) in the multi-solute system and the 

ὓ  estimates (from ή ) for benzene (12.6 ± 5.5%) and toluene (15.2 ± 0.6%) in the single-solute 

systems, all corresponding to high ὅ , were elevated. The elevated ὓ  for benzene and toluene 

may be attributed to volatilization during sampling or decanting steps given more mass resides in the 

aqueous phase at higher ὅ  and volatility follows B > T > X. Collectively, between all equilibrium 

and temporal systems the single- and multi-solute indirect and direct estimates of ή  or ή  were 

similar to a 1:1 line, which confirms that the indirect estimates of ή used in determining the 

Freundlich and ISIAS model parameters are reliable. 
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Chapter 3 

Anaerobic biodegradation of benzene, toluene and o-xylene 
in the presence of powdered activated carbon particulate 
amendments ï Microcosm study 

3.1 Introduction 

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 and is associated with increased methane (CH4) yields [117]. Genera 

enriched in PAC amended microcosms were also linked to direct interspecies electron transfer (DIET), 

including Geobacter [115, 117, 111] and Methanosarcina [115, 117].  

This research specifically investigates the biodegradation behaviour of other PHCs, including 

benzene, toluene and o-xylene (BTX), in simplified single-solute (toluene-only) and more complex multi-

solute (BTX) PAC amended microcosms. Microcosms were assembled and monitored under sulfate 

reducing and methanogenic conditions in addition to sulfate enhanced or electron acceptor (EA) amended 

conditions and tracked for 1 year. First, the single-solute (toluene only) and multi-solute (BTX) activated 

carbon (AC) sorption isotherms generated under ideal conditions (in Chapter 2) were compared to the 

microcosm data to determine if the isotherms are representative of the sorption behaviour in bioactive 

systems. Differences in geochemical parameters (e.g., sulfate, sulfide, CH4 and total inorganic carbon 

[TIC]), and quantitative polymerase chain reaction (qPCR) and next generation sequencing (NGS) data 

were then compared between microcosms with and without AC to determine if the presence of AC 

influences the microbial community dynamics during PHC biodegradation. Finally, high-resolution 

aqueous and solid phase PHC data were used to investigate if  the AC sorption capacity is regenerated during 

biodegradation, and if  the PHC biodegradation rate is enhanced in the presence of AC. Collectively, the 

assembled microcosm dataset was used to assess the long-term behaviour of AC sorption and anaerobic 

biodegradation, and if the AC enhances or influence the biodegradation of toluene or BTX relative to 

systems without AC.  
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3.2 Materials and methods 

The same benzene, toluene and o-xylene used in the sorption and desorption experiments (Section 

2.2) were used as pure phase additions to an artificial groundwater (AGW) for the microcosms.  

The AGW solution for the microcosms consisted of the same salts dissolved in Milli-Q water as 

described in Section 2.2 for the sorption and desorption experiments (and at same concentrations as listed 

in Table A.1), apart from potassium hydrogen phosphate (Sigma-Aldrich, St. Louis, MO, USA) used in 

place of monosodium phosphate. Higher concentrations of both potassium hydrogen phosphate and 

potassium dihydrogen phosphate, as buffering agents, were also used relative to the AGW for the sorption 

and desorption experiments. Additionally, a trace mineral stock solution was added to the microcosm AGW, 

and was comprised of boric acid, sodium molybdate dihydrate, cobalt (II) chloride hexahydrate, aluminum 

sulfate octadecahydrate, manganese (II) chloride tetrahydrate (Sigma-Aldrich, St. Louis, MO, USA), zinc 

chloride, nickel (II) chloride hexahydrate, copper (II) chloride dihydrate and sodium selenite (Alfa Aesar, 

Fisher Scientific, Ottawa, ON, CA). Other additions to the microcosm AGW solution consisted of a sodium 

bicarbonate (EMD Millipore Corporation, Darmstadt, HE, DE) stock solution, and an amorphous ferrous 

sulfide (FeS) stock solution as a reducing agent. The FeS stock solution was comprised of ammonium iron 

(II) sulfate hexahydrate (Sigma-Aldrich, St. Louis, MO, USA) and sodium sulfide nonahydrate (Alfa Aesar, 

Fisher Scientific, Ottawa, ON, CA). The concentration of each chemical in the AGW used for the 

microcosms is listed in Appendix B.1. 

Specific microcosms were amended with sodium azide (Section 2.2) and mercuric 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 recipe is provided in Appendix B.1).  

For liquid-liquid and solid-liquid benzene, toluene and o-xylene extractions the same 

dichloromethane (DCM) containing internal standards of m-fluorotoluene and 2-fluorobiphenyl, as 

described in Section 2.2, was used. 

The PAC (WPC, [Calgon Carbon Corporation, Pittsburgh, PA, USA]) used in this investigation is 

thoroughly described in Chapter 2.  

Aquifer material was sourced from Canadian Forces Base (CFB) Borden, Ontario, Canada in the 

sand pit research area, which has been used for hydrogeologic research since the 1970ôs [134]. The Borden 

aquifer is unconfined and comprised of primarily horizontal discontinuous lenses of well sorted medium- 



 

35 

 

to fine-grained and silty fine-grained sand with infrequent layers of silt, silty-clay and coarse sand, 

representing microscale local heterogeneities in hydraulic conductivity [135, 136]. The aquifer deposits are 

glaciolacustrine in origin and grade into a clayey and sandy silt aquitard located approximately 9 m below 

ground surface (bgs) [137, 135, 134]. The groundwater table is encountered approximately 1 m bgs with 

seasonal oscillations, and flow occurs in the north to northeast direction at approximately 9 cm/day [137, 

135, 138, 136]. Geochemistry is dominated by calcium (Ca2+) (50 to 100 mg/L) and alkalinity (as HCO3
-) 

(100 to 300 mg/L), in addition to sulfate (SO4
2ī) (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 populations within the Borden aquifer are 

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 acceptors [140, 141, 142]. Field and laboratory experiments reported in the 

literature have demonstrated indigenous Borden microorganisms are capable of BTEX biodegradation 

under both aerobic [143, 144, 145, 146] and anaerobic (e.g., nitrate reducing [143, 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 one another and often limited by dissolved organic 

carbon, nutrients (e.g., nitrogen) or oxygen [140, 141].   

For this research, aquifer material was collected from the middle of three longitudinally adjoined 

and hydraulically isolated sheet-piled 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, equipped with an open funnel-and-gate system for groundwater 

treatment. Within the middle experimental gate two separate PHC injections occurred within the upgradient 

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 L of pure phase: isopentane (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 kg]), toluene (1.25 L [1.1 kg]), naphthalene (0.8 kg), o-

xylene (0.5 L [0.5 kg]) and 1,2,4-trimethylbenzene (0.4 L [0.4 kg]). Within the middle experimental gate, 

Borden aquifer material was collected within an anaerobic zone downgradient of the PHC injection location 
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and known to contain sulfate reducing bacteria (SRB) [149, 150]. Within the anaerobic zone, aquifer 

material was collected at 9 locations from 1.5 to 4.5 m bgs within 17 polyvinyl chloride (PVC) core liners 

(Geoprobe, Salina, KS, USA) 126 days after the second PHC source was established. The collected cores 

were stored in the dark at 4ºC for 274 and 232 days prior to use in the single-solute (toluene only) and 

multi-solute (BTX) microcosm experiments, respectively. Prior to use each core was cut into 0.3-meter 

sections to allow for transport and handling within an anaerobic chamber (Coy, Grass Lake, MI, USA) 

(N2/H2 atmosphere). The open ends of each core were immediately capped and transported into the 

anaerobic chamber, and approximately 2.5 cm of 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 

each 0.3-meter section of the core liners were then loaded into 0.6 × 0.91-meter sterile polypropylene 

autoclave bags (VWR, Padnor, PA, USA), and all aquifer material (51.6 kg) was thoroughly manually 

homogenized in preparation for laboratory experimental use. See Figure B.1 for a schematic of the location 

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

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: (1) abiotic killed 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 PHCs; (4) bioactive positive 

controls with low sulfate concentrations (i.e., 10 to 20 mg/L SO4
2ī, representative of background 

concentrations in the Borden aquifer [Table B.1]) (BA-PC) and (5) BA-PC with additional electron acceptor 

(EA) amendments (i.e., 138 to 275 mg/L SO4
2ī) (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/L SO4
2ī) (BA+PAC) and (7) BA+PAC with additional EA amendments (i.e., 138 to 275 

mg/L SO4
2ī) (BA+PAC+EA) and PHCs to account for the biodegradation of PHCs in the presence of PAC. 

Each microcosm type was prepared in a simplified single-solute (toluene-only) system and a more complex 

multi-solute (BTX) system. See Table 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 chamber. All single- and multi-solute 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 addition the bottles were additionally autoclaved three times, for 15 minutes on 

three consecutive days at 121ºC. 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 then sealed with 

Mininert valve screw caps lined with Teflon septa (Precision Sampling Corporation, Baton Rouge, LA., 

USA), leaving 30 mL of headspace for gas collection (for bottles with 175 mL of AGW). Once sealed, the 

KC and KC+PAC microcosms were injected with 2.5 mL of mercuric chloride (2.71 g/ 100 mL) and 0.45 

mL of sodium azide (5 g/ 100 mL) through the opened Mininert valves using a disposable plastic syringe 

(Air -Tite, Virginia Beach, VA, USA) equipped with a luer-lock fitting and assembled to a 22-gauge needle 

(Exel Int., USA). In one replicate non-PAC microcosm bottle within each triplicate set, 0.1 mL of resazurin 

was also injected through open Mininert valves. Microcosms without PAC were selected for resazurin 

amendments given resazurin sorbs to PAC, and only 1 replicate 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 made using sterile glass 

microliter syringes (Hamilton, Reno, NV, USA) for toluene or BTX, or disposable plastic syringes equipped 

with luer-lock fittings and attached to 22-gauge needles for sulfate. Electron donor (BTX) and EA (sulfate) 

amendments included: 4 µL of pure phase toluene into all single-solute microcosms (except the SC 

microcosms) to achieve a target aqueous concentration of 20 mg/L, 12 µL of a 1:1:1 stock solution of pure 

phase BTX into all multi-solute microcosms (except the SC microcosms) to achieve an aqueous 

concentration of 20 mg/L per solute (or 60 mg/L total BTX), or 0.77 mL of the sodium sulfate (Sigma 

Aldrich, St. Louis, MO, USA) stock solution (listed in Appendix B.1) into all single- and multi-solute BA-

PC+EA or BA+PAC+EA microcosms to achieve a target aqueous concentration of 275 mg/L. Once the 

amendments were added, all microcosms were vigorously shaken by hand and left undisturbed for 2 days. 

On Day 2 an anaerobic slurry of 15 mg of PAC and 20 mL of AGW was injected into the microcosm bottles 

intended to be amended with PAC. The PAC slurry allowed for a precise loading of the PAC particulates 

into microcosm bottles, relative to a dry addition of the PAC. The 20 mL PAC slurry increased aqueous 
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volume from 155 to 175 mL in the PAC amended microcosms, which was the same aqueous volume as all 

other microcosms without PAC. The ratio of PAC mass in the PAC amended microcosm bottles to the 

volume of toluene or BTX was determined based on predicted partitioning behaviour between the aqueous 

and the gas [151], BS [152] or PAC phases (using the partitioning coefficients listed in Tables B.3 and 

Table 2.2), while allowing the for detection of each solute in all phases (see Table B.3 for the estimated 

single-solute [toluene-only] or multi-solute [BTX]  partitioning between phases, based on the solute 

injection volume(s) and PAC mass). Sealed microcosm bottles were then vigorously shaken by-hand to 

homogenize the bottle contents and left undisturbed for an additional 2 days to allow for toluene or BTX 

equilibrium partitioning.  

All  microcosms were stored undisturbed in the anaerobic chamber. Microcosms were positioned 

horizontally with the aqueous phase covering the septa to minimize gas diffusion through the Mininert 

valve caps and were stored under non-transparent plastic sheets to limit  direct light exposure. Over the 1-

year monitoring period, reamendments of the electron donors (i.e., toluene and BTX, using the same volume 

additions and target aqueous concentrations listed above) and/or EA (i.e., 0.39 or 0.77 mL of the sulfate 

stock solution to achieve target aqueous concentrations of 138 or 275 mg/L, respectively) were made to 

microcosms when toluene or BTX and sulfate were depleted (i.e., Ò 1 mg/L).   

3.2.2 Sampling  

For the single- or multi-solute microcosm experiments 114 bottles were set up and subdivided into 

38 sets of triplicates that were further subdivided for each microcosm type (listed 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 were set-up, with the 

first triplicate set repetitively sampled for the aqueous phase during five separate sampling events prior to 

being sacrificed on the sixth sampling event for aqueous and solid phase sampling. During the seventh to 

thirteenth sampling events for the KC, KC+PAC and SC microcosms the second triplicate set of microcosm 

bottles were repetitively sampled prior to being sacrificed on the fourteenth sampling event. Each sampling 

event took place over 1-month 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 Day 7-8 (following 

PAC amendments). For the BA-PC, BA+PAC, BA-PC+EA and BA+PAC+EA microcosms, 8 triplicate 

sets of microcosms were set-up. All microcosm sets were repetitively sampled for the aqueous phase once 
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prior to being sacrificed during the next sampling event for aqueous and solid phase sampling, followed by 

a new microcosm set being sampled during the next 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 BA-PC+EA and BA+PAC+EA microcosms the last 2 sets of triplicate 

bottles were sampled for the aqueous and solid phases as separate replicates during each sampling event 

and the sampling events occurred at higher sampling frequencies (i.e., sampling intervals were 4 to 17 days) 

to estimate zero-order biodegradation rates during these sampling times. Additionally, the first and second 

sampling events for the BA-PC, BA+PAC, BA-PC+EA and BA+PAC+EA microcosms were sacrificial to 

measure the change in concentration attributed to the expected partitioning of toluene or BTX between all 

phase before (i.e., sampling Day 2) relative to after the PAC addition (i.e., sampling Day 7-8 between the 

single- and multi-solute experiments) (Tables B.3). The repetitive and sacrificial sampling design allowed 

for: (1) the minimization of substantial toluene or BTX partitioning between phases, potentially resulting 

from large aqueous or gaseous volume removal from the same microcosm bottles during multiple sampling 

events over the 1-year monitoring period; and (2) solid phase sample collection during each sacrificial 

sampling event. For all single- and multi-solute microcosm types 14 to 16 timepoints were collected over 

the 1-year monitoring period, and Figure 3.1 provides a detailed schematic of the sampling timeline 

associated with each microcosm type described above.  
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Figure 3.1: Repetitive and sacrificial sampling design for the single-solute (toluene-only) or multi-solute (benzene, toluene and o-xylene [BTX]) (a) KC, 

KC+PAC and SC; (b) BA-PC and BA+PAC; and (c) BA-PC+EA and BA+PAC+EA microcosms. Repetitive and sacrificial sampling intervals are represented as 

green and black hash marks, respectively, on the horizontal axes. The microcosm bottle locations on the horizontal axes represent 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. During each repetitive sampling event aqueous phase 

sample collection included: 2 mL for BTX; 1 mL for sulfate, dissolved oxygen (DO), pH and the 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 sulfate, DO, pH and ORP; 10 mL for sulfide; and 3.5 

mL for dissolved inorganic carbon (DIC). Additionally, DIC was sampled during the first repetitive 

sampling event for the 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 (CO2). During sacrificial sampling events the solid phase (BS and PAC) were 

analyzed for BTX, and on the last sacrificial sampling events the solid phase was split in half for BTX and 

deoxyribonucleic acid (DNA) analysis. Several sub-samples 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., background). 

Aqueous samples for BTX were collected in 4 mL glass screw top vials preloaded with 1 mL of 

dichloromethane (DCM) containing internal standards of m-fluorotoluene and 2-fluorobiphenyl (25 mg/L) for 

liquid-liquid extractions. Following the collection of all sacrificial aqueous samples, solid samples for BTX 

were collected by decanting the remaining AGW in the microcosms (~150 mL) with a 100 mL glass syringe 

with a luer-lock fitting (Cadence Science, Cranston, RI, USA) attached to an 18-gauge 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 mL of DCM (containing m-fluorotoluene and 2-fluorobiphenyl [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 described above), and the bottles were then vigorously shaken by-hand for 

several minutes and vented. Aqueous sample vials and microcosm bottles containing the solid phase samples 

were sealed with Teflon lined silicon septa screw caps, and the extraction and analytical methodologies 

used are described in Section 2.2.2.  

Samples for sulfate, DO, pH and ORP were syringe filtered (0.45 µm, Basix nylon filter [Pall 

Corporation, Ann Arbor, MI, USA]) into 5 mL disposable ion chromatography (IC) autosampler vials 

(Thermo Scientific, Waltham, MA, USA), and diluted 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 syringes with luer-lock fittings attached to 

22-gauge disposable needles. Prior to analysis the needle tips were plugged with rubber stoppers to preserve 

the sample. In preparation of analysis, the rubber stoppers were removed, and the sulfide samples were 

syringe filtered (0.45 µm, nylon filter) into 10 mL glass cuvettes, and diluted with Milli -Q water for a final 

sample volume of 10 mL (if necessary).  

Samples for DIC were collected in 4 mL glass screw top vials preloaded with 1.4% of a mercuric 

chloride stock solution (2.71 g/ 100 mL) and sealed with butyl rubber lined caps. Turbid samples were 

syringe filtered (0.45 µm, nylon filter) prior to analysis (if necessary). 

Gas samples for CH4 and CO2 were collected in 10 mL gas tight sampling syringes with luer-lock 

fittings (Sigma Aldrich, St. Louis, MO, USA), equipped with a 1-way polycarbonate stopcock and 22-

gauge disposable needle. Prior to analysis the stopcock was closed to retain the gas sample and the syringe 

was stored in a water bath to limit sample loss. For analysis, gas samples were diluted with purified helium 

(if necessary). 

Solid phase samples for DNA were collected in 50 mL plastic screw top tubes (Eppendorf, 

Hamburg, DE), and immediately stored at -80ºC and 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 manufacturerôs procedure. 

3.2.3 Analyses  

DO, pH and ORP samples were measured anaerobically in the anaerobic chamber using an Oakton 

double junction epoxy ORP probe, an Oakton pHTestr® 50S Spear-Tip Waterproof Pocket Tester (Cole-

Palmer, Vernon Hills, IL, USA) and a Thermo Scientific Orion 083005MD polarographic DO probe 

(Themo Fischer Scientific, Waltham, MA, USA). Following DO, pH and ORP analysis the remainder of 

the samples were transported out of the anaerobic chamber and analyzed aerobically.  

Sulfate samples were analyzed on a Dionex ICS-1100 IC equipped with a Dionex AS-DV 

Autosampler (Dionex Corporation, Sunnyvale, CA, USA). Twenty-five (25) ɛL of sample was injected 

onto a AG4A-SC (4 × 50mm) guard column and AS4A-SC (4 × 250mm) column, and operating conditions, 

included: 1.8 mM Na2CO3/1.7 mM NaHCO3 eluent concentration, 2.0 mL/min flow rate, ambient 

temperature, suppressed conductivity detection using a Dionex Anion Self-Regenerating Suppressor 
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(Dionex ADRS 600 4mm) in AutoSuppression Recycle Mode, and 32 mA applied current (method 

detection limit [MDL] of 0.1 mg/L).  

Sulfide samples were analyzed on a Hach DR 1900 portable spectrophotometer (Hach, Loveland, 

CO, USA) using the methylene blue method (Hach method 8131) [153] (detection limit: 5 to 800 ɛg/L).  

DIC samples were analyzed on a Dohrmann DC-190 (Rosemount Analytical Inc., Shakopee, MN, 

USA). Two hundred (200) µL of sample was manually injected into the instrument at a flow rate of 200 ± 

5 cm3/min and acidified with 20% H3PO4 (Sigma-Aldrich, St. Louis, MO, USA) at ambient temperature. 

The sample was then loaded on a catalyst bed and held at an elevated temperature until the carbon in the 

sample was converted to CO2 through combustion. The evolved CO2 was measured by a non-dispersive 

infrared detector (NDIR).  

Gas samples were analyzed on a Shimadzu GC-2014 gas chromatograph for greenhouse gas 

analysis (Shimadzu, Kyoto, JPN) by injecting 5 mL of sample into the sample loop. The sample was 

passed on a 1.5 m × 3.2 mm HayeSep N 80/100 mesh stainless steel precolumn that traps and backflushes 

water vapour. The retained gas was then passed on a 5.0 m × 3.2 mm HayeSep D 80/100 mesh stainless 

steel column to separate CO2 and CH4, and the gas was measured by a thermal conductivity detector 

(TCD) or flame ionization detector (FID) with a methanizer. Operating conditions included: 80ºC oven 

temperature, 100ºC split temperature, 250ºC FID temperature (flame: air 50 kPa, Hydrogen 66 kPa), 100ºC 

TCD temperature (TCD 125mA, TCD Reference 57.5 kPa), 380ºC methanizer temperature, 80ºC valve 

temperature, and 14-minute run time (detection limit: 0.005 mg/L CH4 and 0.1 mg/L CO2).  

DNA samples were assayed by quantitative polymerase chain reaction (qPCR) using the primer 

pairs listed in Table B.4 and reaction conditions summarized by Toth et al. 2021 [154]. Reaction mixtures 

(20 ɛL) contained 500 nM of each forward and reverse primer, 2 ɛL of template DNA, 10 ÕL 2 Ĭ SsoFast 

EvaGreen Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and UltraPure DNase/Rnase-Free 

Distilled Water (Invitrogen, Carlsbad, CA, USA). Serial dilutions of plasmids containing corresponding 

targeted gene fragments were used to generate standard curves. Each qPCR reaction was performed in 

duplicate on a Bio-Rad 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 B.4 for annealing temperature), and 65 to 95°C melt curve analysis temperature with an 

increase of 0.5°C every 10 sec. qPCR results were analyzed using Bio-Rad CFX Manager software [154]. 

The amplification efficiency for each qPCR 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% Dsp, and 86.3% to 94.3% Pep with R2 values of > 

0.996.  

16S ribosomal ribonucleic acid (rRNA) gene amplicon sequencing (MiSeq 300PE, paired-end) 

was carried out at Genome Quebec Innovation Centre at McGill  University. Amplicon sequence reads 

were generated using modified staggered end primers to improve sequencing quality. Primers included 

926F (AAACTYAAAKGAATWGRCGG) and 1392R (ACGGGCGGTGWGTRC) (V6-V8), where 0 to 

3 random bases were inserted between the primer and Illumina adaptor sequences. Read processing and 

sequencing analysis was completed in QIIME 2 version 2022.2. Raw reads were trimmed of primer 

sequences and staggered ends, truncated and denoised using the DADA2 pipeline within QIIME 2 [155]. 

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 (ASVs) were classified 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 classification [154].  

3.2.4 Mass balance estimates  

The mass of total inorganic carbon (TIC) (ὓ ), was estimated from the sum of the mass of 

aqueous DIC (ὓ  and gaseous CO2 ὓ  (mg) as defined by  

ὓ  = ὓ + ὓ  ὅ ὠ   ὅ ὠ
ȢȢ

ȢȢ
   (3.1) 

    

where ὅ  is the aqueous phase concentration of DIC (mg/L), ὠ  is the aqueous phase volume (L), 

ὅ  is the gas phase concentration of CO2 (mg/L), ὠ  is the gas phase volume (L), and -7Ȣ and 

-7Ȣ  are the molecular weights of carbon (12.01) and CO2 (44.01), respectively, (g/mol). 

The total mass of benzene, toluene or o-xylene was estimated from the sum of the mass of each 

solute i in all phases (ὓ ), including gas (ὓ ), aqueous (ὓ ) and solid (ὓ ) which is comprised of 

both BS (ὓ ) and PAC (ὓ ) (mg), as defined by,  
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ὓ = ὓ + ὓ + ὓ + ὓ =  (ὑ × ὅ × ὠ ) + ὅ × ὠ ) + (ὑ  × ὅ × ά ) + (ὓ - ὓ )

            (3.2) 

 

where, ὑ  is the Henryôs constant of solute i (dimensionless), ὅ  is the aqueous phase concentration of 

solute i (mg/L), ὑ  is the soil-water partitioning coefficient of solute i (L/kg), and ά  is the mass of BS 

(g). ὑ  was estimated as defined below,  

 

logὑ = logὑ  ï 0.21          (3.3) 

ὑ  = ὑ × Ὢ            (3.4) 

 

where, ὑ  is the organic carbon partitioning coefficient defining equilibrium conditions between solute i 

and the BS (cm3/g), ὑ  is the octanol water portioning coefficient of solute i in water (dimensionless) 

(Table A.3) and Ὢ  is the fraction of organic carbon in the BS (dimensionless) (2.4 × 10-4 [156]) (refer to 

Table B.1 for the Ὢ  of the BS [135], and Table B.3 for the ὑ   [151] and estimated ὑ  [152] values for 

each solute in contact with the gas phase or BS, respectively). From Equation (3.1) and (3.2) ὅ .and 

ὓ were directly measured, ὓ  and ὓ  were estimated from the ὑ  and ὑ , respectively, and 

ὓ  was estimated from mass balance between the solid phases (i.e., ὓ = ὓ - ὓ ).  

3.3 Results and discussion  

Fifteen (15) days prior to the initiation of the single- and multi-solute microcosm experiments the 

homogenized BS loaded into the microcosm bottles was analyzed for the same 11 compounds present in 

the PHC injection solution described in Section 3.2 (in addition to qPCR and NGS analysis) to determine 

background conditions and the initial mass of PHCs within the microcosm bottles prior to toluene or BTX 

additions. Using the same sampling and analytical methods described in Sections 3.2.2 and 3.2.3, 

respectively, all PHCs were Ò MDL (i.e., Ò 52 µg/L for naphthalene and Ò 5.5 µg/L for all other 

compounds). The absence of PHCs detected in the BS indicates that any residual mass within the cores 

(emanating from the PHC plume, located directly upgradient of the locations of core collection [described 

in Section 3.2, and details shown in Figure B.1]) were either absent from the cores at the time of 
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collection or, if  present, were biodegraded by the indigenous microbial population present within the 

aquifer material.  

Microcosm sampling and amendments occurred over a monitoring period of 366 and 372 days for 

the single- and multi-solute systems, respectively (see Table B.5 for the sampling and amendments days 

for each microcosm type and experiment). Toluene-only or BTX and sulfate as electron donors or an 

electron acceptor, respectively, were amended into designated microcosm types one to several times 

throughout the monitoring period, resulting in variations in the cumulative target masses as shown in 

Table 3.1. From Table 3.1 the single-solute microcosms received toluene only, and the multi-solute 

microcosms received BTX, as described in Section 3.2.1; however, following the first dosing event the 

multi-solute microcosms only received additional amendments of toluene and o-xylene (not benzene). 

Additionally, the total cumulative mass of sulfate was lower in the KC, KC+PAC, SC, BA-PC and 

BA+PAC microcosms relative to the EA amended BA-PC+EA and BA+PAC+EA microcosms, with the 

lower concentration range (10-20 mg/L SO4
2-) being representative of the background sulfate 

concentration in the groundwater within the Borden aquifer (Table B.1) (i.e., location of BS collection as 

described in Section 3.2). The low target sulfate concentration was initially present in all microcosms, 

including the EA amended, given the source of sulfate was from the sodium sulfate in the AGW described 

in Section 3.2 (Appendix B.1). Additional sulfate was amended into the BA-PC+EA and BA+PAC+EA 

microcosms (using the stock solution listed in Appendix B.1) to achieve a target aqueous concentration of 

275 mg/L during sulfate dosing events. Although, during the last sulfate dosing event on Day 269 and 310 

(prior to high frequency sampling as described in Section 3.2.2) for the single- and multi-solute 

microcosms, respectively, a lower target sulfate concentration of 138 mg/L was used. In the single-solute 

BA-PC+EA and BA+PAC+EA microcosms, a higher cumulative mass of sulfate was present relative to 

the multi-solute microcosms due to one additional unintended sulfate amendment to the target 

concentration of 275 mg/L on Day 149. See Table B.2 for the target concentrations of toluene, BTX and 

sulfate for each microcosm type. 
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Table 3.1: Cumulative target mass and number of amendments of toluene-only, BTX or sulfate added to each 

single- and multi-solute microcosm type over a 1-year monitoring period. 

  Cumulative Mass (mg) (number of amendments) 1 

  Benzene Toluene o-Xylene Sulfate 

 Microcosm    Background 

(10-20 

mg/L) 

EA 

amended 

(275 mg/L) 

EA 

amended 

(138 mg/L) 

Single-solute 

(toluene-only) 

KC, KC+PAC, SC, 

BA-PC or BA+PAC 

 3.5 (1)  3.5 (1)   

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 

(BTX) 

KC, KC+PAC, SC, 

BA-PC or BA+PAC 

3.5 (1) 3.5 (1) 3.5 (1) 1.8 (1)   

 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. The volume of toluene, BTX and sulfate added to each microcosm is described in section 3.2.1 and the target concentrations 

are shown in Table B.2. 

 

 

Periodically the microcosms were monitored to ensure any bottles under pressure (i.e., from CO2 

or CH4 formation during anaerobic biodegradation) were degassed. Degassing of microcosm bottles was 

accomplished by inserting a 20 mL glass syringe with a luer-lock fitting attached to a 22-gauge stainless 

steel needle into the open Mininert valves to allow any gas under pressure to passively release into the 

syringe barrel (the volume and concentration of any collected gas were to be measured and recorded for 

mass balance considerations). Degassing events took place on: Day 63 (BTX system), Day 170 (toluene-

only system) and Day 205 (toluene-only system); however, no gas under high pressure was removed from 

the microcosm bottles.  

Throughout the duration of the microcosm experiments some Mininert valve caps were replaced 

due to damage, including cracks and/or leakages. Cracked Mininert valve caps were replaced for select 

microcosms, including BA-PC-set 7 (two replicates) and BA+PAC-set 8 (one replicate) on Day 170 

(toluene-only system). Leakages were primarily noticed from the KC or KC+PAC microcosms due to an 

abiotic degradation reaction between the biocides (discussed in Section 3.2.1) and the septa of the 

Mininert valves. Due to observed aqueous phase bottle leakages (i.e., KC-set 4 [one replicate] on Day 99 

[toluene-only system]) or noted reductions in the aqueous phase volumes within bottles, the KC and 

KC+PAC microcosms were positioned vertically upright, as opposed to horizontal as described in Section 

3.2.1, from Day 63 and Day 105 onwards for the single- and multi-solute microcosm experiments, 

respectively.   



 

48 

 

3.3.1 Isotherm comparison  

 The directly measured aqueous and corresponding solid phase concentrations of toluene 

(corrected to include only the ὓ  per gram of PAC) within the single-solute KC+PAC, BA+PAC and 

BA+PAC+EA microcosms at each sacrificial event (shown in Figure 3.1) were plotted in Figure 3.2(a) 

relative to the single-solute sorption isotherm for toluene determined in Chapter 2 (using the single-solute 

Freundlich model parameters for toluene [ὑ  and ὲ ] [Table 2.2]). Figure 3.2(a) shows all microcosm 

data lie outside and below of the 95% confidence envelope surrounding the sorption isotherm for toluene, 

indicating that the Freundlich isotherm model overestimates the solid phase concentration of toluene 

within the PAC amended single-solute microcosms. The directly measured solid phase concentrations of 

benzene, toluene and o-xylene (corrected to include only the ὓ  per gram of PAC) within the multi-

solute KC+PAC, BA+PAC and BA+PAC+EA microcosms at each sacrificial event (shown in Figure 3.1) 

were plotted in Figure 3.2(b) against the predicted equilibrium solid phases concentrations of each solute 

generated from the improved simplified ideal adsorption solution (ISIAS) model (using the single-solute 

Freundlich model parameters for each solute [ὑ  and ὲ ] and the multi-solute ISIAS competition factors 

for each solute [ai] [Table 2.2]), and displayed against a 1:1 line (representing a perfect correlation 

between measured and predicted values). Figure 3.2(b) shows that the magnitude of difference between 

the data points for each solute and the 1:1 line varies following X > T > B indicating that the multi-solute 

model better predicts the solid phase concentration of benzene, followed by toluene and then o-xylene. 

Additionally, between solutes most of the multi-solute data resides above the 1:1 line indicating that, like 

the single-solute Freundlich isotherm for toluene, the multi-solute ISIAS model overestimates the 

magnitude of BTX sorption in the PAC amended multi-solute microcosms.  

 Difference between the single-solute Freundlich isotherm or multi-solute ISIAS model 

predictions of the equilibrium solid phase concentrations of toluene or BTX, respectively, relative to the 

directly measured solid phase concentrations from the single- and multi-solute KC+PAC, BA+PAC and 

BA+PAC+EA microcosms may be related to several factors. First, the microcosm systems may require 

longer times for toluene or BTX to equilibrate between phases relative to the isotherm systems (0.5 hours, 

as described in Section 2.3.2.3). Differences in toluene or BTX equilibrium times between the isotherm 

and microcosm systems may be related to the variation in mixing conditions, where the isotherm vials 

were continually shaken for 1 day prior to equilibrium sampling (as described in Section 2.2.2). Whereas 

the microcosm bottles were left undisturbed between sampling episodes and manually shaken for only 

several minutes following electron donor and electron acceptor amendments or prior to a sampling event 
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(as described in Sections 3.2.1 and 3.2.2). In Figure 3.2(a) the microcosm data with red outlines 

correspond to sampling events 5 days following a toluene dosing event, and given these data reside 

furthest from the sorption isotherm for toluene (relative to all other data corresponding to sampling events 

> 5 days following a toluene dosing event) they may represent the additional time required for 

partitioning within the single-solute microcosms. Similarly, in Figure 3.2(b) the microcosm data for BTX 

with red outlines correspond to sampling events within 6 to 64 days following a TX dosing event, and 

given these data reside furthest from 1:1 line (relative to all other data corresponding to sampling events > 

9 to 64 days), these data may represent the range in additional time required for partitioning within the 

multi-solute microcosms. For the remainder of the single- and multi-solute microcosm data residing 

closer but remaining below the sorption isotherm for toluene in Figure 3.2(a) or above the 1:1 line for 

BTX in Figure 3.2(b), sorption may have been influenced by differences in the solution matrix chemistry 

(e.g., increasing the ionic strength may reduce the availability of surface area on the PAC or block pores 

due to the formation of agglomerations [157]) between the AGW used for the microcosms (0.020 M 

[KC+PAC and BA+PAC microcosms] to 0.028 M [BA+PAC+EA microcosms] ionic strength [Appendix 

B.1]) relative to the simplified AGW solution used for the isotherm experiments (0.0068 M ionic strength 

[Table A.1]). The reduced solid phase toluene or BTX concentrations measured in microcosm systems 

relative to Freundlich or ISIAS predicted solid phase concentrations may also be associated with 

interferences (e.g., competition) with other sorbing components within the microcosm systems that were 

absent from the isotherm systems (e.g., metabolites generated during anaerobic BTX biodegradation [60], 

methane generated as a by-product of methanogenesis [158, 159], or other sources of organic carbon in 

the BS). Finally, if  a microbial biofilm layer surrounds the PAC particles this is also expected to reduce 

the sorption capacity of PAC within the KC+PAC, BA+PAC or BA+PAC+EA microcosms relative to the 

isotherm systems, with the magnitude of reduction dependent on the biofilm layer thickness (where 

increased thickness increases the diffusional resistance of solutes [37]) and the microbial activity within 

the biofilm layer (where microbes can potentially biodegrading solute(s) prior to sorption, or inhibit 

sorption due to the secretion and pore filling  of extracellular polymeric substances [EPS] [110, 107, 13, 

108]). For the multi-solute system specifically (Figure 3.2(b)), o-xylene was likely most influenced by the 

factors limiting sorption within the microcosms, followed by toluene and then benzene, given that the 

magnitude of multi-solute sorption is highest for o-xylene (followed by toluene and then benzene) as 

discussed in the Section 2.3.2.2.  
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Figure 3.2: Measured solid phase concentrations within the KC+PAC (large sized symbols), BA+PAC+EA 

(medium sized symbols) and BA+PAC (small sized symbols) microcosms for (a) single-solute toluene (filled green 

squares) against the measured aqueous phase concentrations at each sacrificial sampling time, and (b) multi-solute 

benzene (filled red triangles), toluene (filled green squares) and o-xylene (filled blue circles) (BTX) against the 

predicted solid phase concentration generated from the improved simplified ideal adsorption solution (ISIAS) model 

(using the single-solute Freundlich model parameters for each solute [ὑ  and ὲ ] and the multi-solute ISIAS 

competition factors for each solute [ai] [listed in Table 2.2]). The single-solute Freundlich 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 on each data point. 

The red circles indicate data corresponding to sampling times (a) < 5 days following a toluene dosing event, or (b) 

between 6 and 64 days following a TX dosing event. 
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3.3.2 Killed and starved controls  

 Between the single-solute (toluene-only) and multi-solute (BTX) KC (Figure B.2(a) and Figure 

B.3(a)) and KC+PAC (Figure B.2(e) and Figure B.3(e)) microcosms, the aqueous and solid phase 

concentrations of toluene and BTX differed following the PAC amendment to the KC+PAC microcosms 

on Day 2 and over the remainder of the 1-year monitoring period. For the KC microcosms the average 

aqueous toluene or BTX concentration decreased slightly after Day 2 to the end of the monitoring period 

(17.4 ± 1.8 mg/L on Day 2 to 14.4 ± 0.7 mg/L on Day 366 or 372 for the single- or multi-solute KC 

microcosms, respectively) and the average solid phase concentration remained low (0.001 ± 0.0006 mg/g 

between single- and multi-solute systems). The limited change in aqueous or solid phase concentrations 

indicates mass was conserved within the KC microcosms and limited partitioning of toluene or BTX 

between phases occurred. Contrarily, for the KC+PAC microcosms a reduction in the average aqueous 

concentration of toluene (18 mg/L on Day 2 to 5.8 mg/L on Day 366) in the single-solute system, 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) and o-xylene (17.8 mg/L on Day 2 to 3.8 mg/L on Day 372) in the multi-solute system were 

observed. With the reduction in aqueous phase concentrations in the KC+PAC microcosms, a 

corresponding increase in the average solid phase concentrations of benzene (25.9 ± 0.3 mg/g), toluene 

(60.2 ± 3.3 mg/g) and o-xylene (134.8 ± 41.1 mg/g) were also observed in the multi-solute system after 

Day 2 which is attributed to BTX partitioning from the aqueous to solid PAC phase (no solid phase data 

is available for toluene in the single-solute KC+PAC microcosm). Like the multi-solute partitioning 

behaviour discussed in Section 2.3.2.2, the magnitude of partitioning between solutes followed X > T > B 

which is due to difference in the magnitude of chemical properties between solutes (e.g., 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 between solutes in the multi-solute system resulted 

in the chemically favourable solute (i.e., o-xylene) preferentially sorbing more than the other solutes (i.e., 

toluene then benzene) (see Table A.3 for the chemical properties of BTX). Additionally, the magnitude of 

toluene partitioning was greater in the single-solute KC+PAC microcosm relative to the multi-solute 

microcosm (when comparing the average aqueous phase data only) due to a reduction in the total number 

of sorption sites accessible to toluene in the competitive multi-solute system [28, 21, 16, 29]. 

In the single-solute (Figure B.2(b-c, f-g)) and multi-solute (Figure B.3(b-c, f-g)) KC and 

KC+PAC microcosms negligible sulfide (Ò 5 Õg/L) or CH4 (Ò 0.03 mg/L) were generated and minimal 
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change in the average sulfate concentrations were observed over the 1-year monitoring period (18 ± 2.9 

mg/L [toluene-only] to 10.8 ± 1.9 [BTX]). Contrarily, the average mass of TIC slightly increased from 

2.4 ± 0.2 mg to 5.3 ± 1 mg between the single- and multi-solute systems 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 reductant [160] (Figures B.2(c, g) and 

Figure B.3(c, g)). Figures B.2(d, h) and Figure B.3(d, h) show that the average DO concentration was 

consistently low (0.3 ± 0.3 mg/L), pH was neutral (7.2 ± 0.3) and the ORP was oxidizing (+250 ± 22 mV) 

between the single- and multi-solute microcosms KC and KC+PAC microcosms over the 1-year 

monitoring period. Additionally, from the qPCR data at the conclusion of the 1-year monitoring period a 

reduction in abundance of total bacteria, total archaea and Desulfosporosinus was shown for the KC and 

KC+PAC microcosms relative to the BS on Day -15 (i.e., background) (Figure 3.3(a, b) and see Table B.6 

for the qPCR data for the single- and multi-solute microcosms). In general, the stability in the 

geochemical parameters monitored combined with the reduced abundance of bacteria and archaea 

indicates that anaerobic biodegradation (specifically sulfate reduction or methanogenesis) was absent 

from the KC or KC+PAC microcosms over the 1-year monitoring period, as expected (see Table B.7 for 

the chemical reactions associated with BTX oxidation coupled to sulfate reduction, and the changes in 

geochemical parameters expected under sulfate reducing conditions). 
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Figure 3.3: Abundance of total bacteria, total archaea and Desulfosporosinus detected using quantitative polymerase 

chain reaction (qPCR) analysis for all (a) single-solute (toluene-only) and (b) multi-solute (benzene, toluene and o-

xylene [BTX]) microcosm types after 1-year relative to background conditions. Error bars represent ± 1 standard 

error.   

 

Mass balance estimates generated from Equation (3.2) show that for the single- and multi-solute 

KC microcosms the average -  decreased from 3.3 ± 0.3 mg (Day 2) to 2.4 ± 0.09 mg (on Day 366 

[toluene-only] or 372 [BTX]), and for the KC+PAC microcosms the average -  decreased from 3.4 ± 

0.2 mg (Day 2) to 2.6 ± 0.3 mg (Day 366 [toluene-only] or 372 [BTX]) (see Table B.8 for the -  

estimates of each solute and for each microcosm type over the 1-year monitoring period). Given that the 

geochemical data (i.e., sulfate, sulfide, TIC and CH4) described above indicate biodegradation was absent 

from the KC and KC+PAC microcosms, mass loss reflected in the -  estimates are more likely 

associated with inter-bottle variation in #  between triplicate sets of microcosm bottles, -  removal 

during repetitive sampling (described in Section 3.2.2) or bottle leakages (described in Section 3.3), 

lo
g

q
P

C
R

ta
rg

e
t

(c
o

p
ie

s
/g

)

1 2 3 4 5 6 7 8 9
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

lo
g

q
P

C
R

ta
rg

e
t

(c
o

p
ie

s
/g

)
1 2 3 4 5 6 7 8 9

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

(a) (b) 

V 

lo
g

q
P

C
R

ta
rg

e
t

(c
o

p
ie

s
/g

)

1 2 3 4 5 6 7 8 9
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

Total Bacteria

Total Archaea

DesulfosporosinusDesulfosporosinus  



 

54 

 

and/or unintended -  removal during sacrificial sampling and aqueous phase decanting (as described 

in Section 3.2.2). 

In the single- and multi-solute SC microcosms, toluene or BTX were Ò MDL (Section 2.2.2) in 

the aqueous or solid phases from Day 2 to the end of the 1-year monitoring period (Figure B.4(a, e)). 

Geochemically, the average sulfate concentration slowly depleted (from 7.7 ± 1.7 mg/L to 0.2 ± 0.01 

mg/L) while negligible sulfide was formed (Ò 3 Õg/L), TIC remained stable (2.3 ± 0.5 mg) and some CH4 

was generated (concentration increased from 0.02 ± 0.02 mg/L to 1.7 mg/L [single-solute] or 7 mg/L 

[multi-solute]) between the single- and multi-solute SC microcosms (Figure B.4(b-c, f-g)). Additionally, 

the average DO concentration remained low (0.2 ± 0.2 mg/L), pH was neutral (7.4 ± 0.2) and the ORP 

was consistently reduced in the multi-solute SC microcosm (-209.5 ± 48 mV) and more variable in the 

single-solute SC microcosm (217 ± 155 mV) (Figure B.4(d, h)). The gradual depletion of sulfate with the 

corresponding slight increase in CH4 and limited sulfide or TIC production in both the single- and multi-

solute SC microcosms suggests that some sulfate reduction and methanogenesis occurred. Given that the 

concentration of CH4 increased as the concentration of sulfate was reduced in both the single- and multi-

solute SC microcosm, this likely represents a shift to methanogenesis after the higher energy yielding 

redox condition, with sulfate as an EA, was essentially depleted.   

Methanogenesis in the single- and multi-solute SC microcosms is supported by the qPCR data at 

the end of the 1-year monitoring period relative to background, which shows an enrichment in the average 

abundance of total archaea (1.9 × 10+6 ± 2.4 × 10+5 copies/g versus 3.9 × 10+4 ± 7.7 × 10+3 copies/g 

[average background abundance]) (Figure 3.3(a, b) and see Table B.6 for the qPCR data for the single- 

and multi-solute microcosms). The NGS data between the single-solute (Figure 3.4(a-c)) and multi-solute 

(Figure 3.5(a-c)) SC microcosms, reveal that the average relative abundance of archaea from the 

Euryarchaeota and Halobacterota phyla were enriched relative to background conditions (0.0%). Within 

these phyla, the average relative abundance of genera enriched between the single- and multi-solute SC 

microcosms included: Methanomethylovorans (5 ± 5.3% [single- and multi-solute]), which are 

canonically methylotrophic methanogens that convert methylated compounds to CH4 [161]; 

Methanosaeta (2.4 ± 0.1% [single-solute]), which contains acetoclastic methanogens [162, 161]; and 

Methanobacterium (2.5 ± 1.5% [single-solute] and 5.9 ± 2.3% [multi-solute]), whose members are 

versatile methanogens able to grow on H2, CO2 or formate [67] (see Table B.9 for the NGS data for the 

single- and multi-solute microcosms). Enrichment of these archaea in the absence of PHCs, combined 
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with the gradual formation of CH4 under reduced redox conditions, indicates methanogenesis involving 

alternate carbon or hydrogen sources (other than metabolic products generated from the oxidation of 

toluene or BTX) occurred in the single- and multi-solute SC microcosms. For example, H2 gas can be 

used as an electron donor by sulfate reducers and methanogens during CO2 reduction [66, 67], and H2 is 

present in the headspace of all microcosms due to exposure to the anaerobic chamber atmosphere [163, 

164, 111]). 

Unlike the archaeal enrichment for the single- and multi-solute SC microcosms, the qPCR data 

did not show an enrichment in the abundance of total bacteria or Desulfosporosinus relative to 

background (Figure 3.3(a, b) and see Table B.6 for the qPCR data for the single- and multi-solute 

microcosms). However, the NGS data did show an enrichment of anaerobic bacteria between the single-

solute (Figure 3.4(a-c)) and multi-solute (Figure 3.5(a-c)) SC microcosms relative to background 

conditions (0.0-0.3%). Bacteria enriched between the single- and multi-solute SC microcosms include: 

the genus Deferrisoma from the phylum Deferrisomatota (0.8 ± 0.1% [single-solute] and 7.9 ± 1.1% 

[multi-solute]); the family Desulfocapsaceae from the phylum Desulfobacterota (1.4 ± 0.04% [single-

solute]), which are SRB capable of using sulfur compounds as electron donors and acceptors [165, 166, 

167]; the genus Edwardsbacteria from the phylum Edwardsbacteria (1.9 ± 1.4% [single- and multi-

solute]); the family Geobacteraceae from the phylum Desulfobacterota (5.1 ± 4.8% [multi-solute]), which 

are associated with iron reduction [168, 169]; the family Peptococcaceae from the phylum Firmicutes (6.6 

± 6.6% [single-solute]), which are associated with sulfate and iron reduction [170, 171]; and the genus 

Sulfuricurvum from the phylum Campilobacterota (13.4 ± 18.5% [single-solute]), which are sulphur-

oxidizing facultative anaerobes [172, 173] (see Table B.9 for the NGS data for the single- and multi-

solute microcosms). Like the enriched archaea, enrichment of these bacteria are likely associated with the 

anaerobic biodegradation of background carbon or hydrogen substrates (other than toluene or BTX). 

Additionally, given that sulfate was depleted from the SC microcosm at the time of molecular monitoring 

(i.e., at the conclusion of the 1-year monitoring period) theses bacteria likely coexisted with the enriched 

archaea under methanogenic conditions or competed for common substrates (e.g., H2 or acetate) [65, 68, 

66, 67]. 
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Figure 3.4: Relative abundance (Ó 4%) of bacteria and archaea at the (a) phylum, (b) family and (c) genus taxonomic levels detected using 16S ribosomal 

ribonucleic acid (rRNA) next generation sequencing (NGS) for the SC, BA-PC, BA+PAC, BA-PC+EA and BA+PAC+EA single-solute (toluene-only) 

microcosms after 1-year relative to background conditions. The relative abundance of all replicate bottles (A, B and C) is shown for the SC, BA-PC and 

BA+PAC microcosms, whereas the relative abundance of a single replicate bottle (C) is shown for the BA-PC+EA and BA+PAC+EA microcosms. 
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Figure 3.5: Relative abundance (Ó 4%) of bacteria and archaea at the (a) phylum, (b) family and (c) genus taxonomic levels detected using 16S ribosomal 

ribonucleic acid (rRNA) next generation sequencing (NGS) for the SC, BA-PC, BA+PAC, BA-PC+EA and BA+PAC+EA multi-solute (benzene, toluene and o-

xylene [BTX]) microcosms after 1-year relative to background conditions. The relative abundance of all replicate bottles (A, B and C) is shown for the SC, BA-

PC and BA+PAC microcosms, whereas the relative abundance of a single replicate bottle (C) is shown for the BA-PC+EA and BA+PAC+EA microcosms.
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3.3.3 Bioa ctive systems (no electron acceptor amendment)  

 The aqueous and solid phases concentrations of toluene and BTX in the BA-PC and BA+PAC 

single-solute (Figure 3.6(a, d)) and multi-solute (Figure 3.7(a, d)) microcosms are similar to the behaviour 

of these solutes in the single- and multi-solute KC (Figure B.2(a) and Figure B.3(a)) and KC+PAC 

(Figure B.2(e) and Figure B.3(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 ὓ  between the single- and multi-solute BA-PC and BA+PAC microcosms from 

Day 2 (3.6 ± 0.3 mg) to the end of the 1-year monitoring period on Day 366 (toluene-only) or 372 (BTX) 

(2.8 ± 0.2 mg [BA-PC] and 2.9 ± 0.2 mg [BA+PAC]), which may be due to the same sources of mass loss 

as described for the KC and KC+PAC microcosms in Sections 3.3.2 (see Table B.8 for the -  estimates 

of each solute and for each microcosm type over the 1-year monitoring period). For the single- and multi-

solute BA-PC microcosms, the average aqueous phase concentration between solutes decreased slightly 

after Day 2 to the end of the 1-year monitoring period (19.1 ± 1.4 mg/L on Day 2 to 15 ± 1.2 mg/L on 

Day 366 [toluene-only] or 372 [BTX]), and the average solid phase concentration of each solute remained 

low over the same monitoring period (9.1 × 10-4 ± 1.1 × 10-3 mg/g [toluene-only]; and 5.6 × 10-4 ± 4.3 × 

10-4 mg/g benzene, 8.3 × 10-4 ± 6.6 × 10-4 mg/g toluene and 1.4 × 10-3 ± 7.1 × 10-4 mg/g o-xylene [BTX]). 

Contrarily, larger shifts in the aqueous phase concentrations of toluene or BTX were observed in the 

single- and multi-solute BA+PAC microcosms, including a reduction in the aqueous phase concentrations 

of toluene (20.4 mg/L on Day 2 to 5.1 mg/L on Day 366) in the single-solute system and benzene (21.6 

mg/L on Day 2 to 15.9 mg/L on Day 372), toluene (21.2 mg/L on Day 2 to 10.3 mg/L on Day 372) and o-

xylene (18.4 mg/L on Day 2 to 3.8 mg/L on Day 372) in the multi-solute system. The reduction in 

aqueous phase concentrations in the BA+PAC microcosms corresponded with increases in the solid phase 

concentrations of toluene (89.1 mg/g on Day 7 to 139.3 mg/g on Day 366) in the single-solute system and 

benzene (16 mg/g 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) and o-xylene (47.3 mg/g on Day 2 to 132.3 mg/g on Day 372) in the multi-solute system. The larger 

shift in the aqueous and solid phase toluene or BTX concentrations in the single- and multi-solute 

BA+PAC microcosms relative to the BA-PC microcosms is due to partitioning primarily from the 

aqueous to the PAC phase and is consistent with the behaviour described for the KC+PAC microcosms in 

Section 3.3.2. 

The geochemistry within the single-solute (Figure 3.6(b-c, e-f) and multi-solute (Figure 3.7(b-c, 

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 from 9.2 ± 1.5 mg/L [single solute] and 7.3 ± 0.3 

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 single- and multi-solute 

BA-PC and BA+PAC microcosms over the 1-year monitoring period (Ò 7 µg/L). As opposed to a lack of 

sulfate reduction, the low average sulfide concentration may be due to an abiotic reaction between ferric 

iron in the BS and any generated sulfide (H2S and HS-) which is known to form FeS precipitates [53, 54] 

that are undetected during aqueous phase monitoring. In addition to the minimal sulfide detected, limited 

TIC formation was observed between the single- and multi-solute BA-PC and BA+PAC microcosms (2.2 

± 0.2 mg) from Day 2 to Day 64-128, as sulfate was reduced to < 1 mg/L. Following sulfate reduction 

(i.e., after Day 64 to 128) to the end of the 1-year monitoring period the average mass of TIC slightly 

increased between the single- and multi-solute BA-PC and BA+PAC microcosms (2.5 ± 0.5 mg), except 

for the single-solute BA+PAC microcosm which remained stable over the monitoring period (2.2 ± 0.2 

mg). The concentration of CH4 also increased between the single- and multi-solute BA-PC and BA+PAC 

microcosms (from 0.2 ± 0.07 mg/L on Day 2 to 6.6 ± 1.1 mg/L or 22.9 ± 13.5 mg/L for the BA-PC or 

BA+PAC microcosms, respectively, by Day 372 [toluene-only] or 366 [BTX]) indicating methanogenesis 

occurred following sulfate reduction. Notably between the single- and multi-solute microcosms, the 

concentration of CH4 was also consistently higher in the BA+PAC microcosms relative to the BA-PC 

microcosms which may indicate that the presence of PAC provided support for methanogenesis and 

archaeal growth [76]. Other indicators of anaerobic biodegradation between the single-solute (Figure 

B.5(a-b, e-f)) and multi-solute (Figure B.5(a-b, e-f)) BA-PC and BA+PAC microcosms include 

consistently low DO (0.2 ± 0.2 mg/L), neutral pH (7.4 ± 0.2) and reduced ORP (-223.2 ± 42.9 mV). 

Although the geochemical data indicate sulfate reduction and methanogenesis occurred in the single- and 

multi-solute BA-PC and BA+PAC microcosms, only a small change in ὓ  was observed for toluene and 

BTX, as described above. Therefore, a fraction of the toluene or BTX mass may have been oxidized 

within the single- and multi-solute PC-BA and BA+PAC microcosms; however, biodegradation may also 

be associated with other sources of carbon or hydrogen other than toluene and BTX, like the behaviour 

described for the SC microcosms in Section 3.3.2 where no toluene or BTX was present. Although, 

relative to the SC microcosms without PAC, notably more CH4 generation occurred in the BA+PAC 

microcosms with PAC.   
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Figure 3.6: Temporal changes in the (a, d) aqueous and solid phase toluene concentrations (T(aq) and T(s)) (green and 

black filled squares, respectively), (b, e) aqueous sulfate (SO4
2-

(aq)) (black filled gradient symbols) and sulfide (HS-

(aq)) (yellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC) (purple filled diamonds) and 

gaseous methane concentration (CH4(g)) (orange filled right triangles) for the single-solute (toluene-only) (a-c) BA-

PC and (d-f) BA+PAC microcosms. Each timepoint represents the average of three values and the error bars are ± 1 

standard deviation. 
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Figure 3.7: Temporal changes in the (a, d) aqueous phase benzene, toluene and o-xylene (BTX) (B,T,X(aq)) (red 

filled triangle [B], green filled squares [T] and blue filled circles [X]) and solid phase BTX (B,T,X(s)) (black filled 

triangles [B], squares [T] and circles [X]) concentrations, (b, e) aqueous sulfate (SO4
2-

(aq)) (black filled gradient 

symbols) and sulfide (HS-(aq)) (yellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC) 

(purple filled diamonds) and gaseous methane concentration (CH4(g)) (orange filled right triangles) for the multi-

solute (BTX) (a-c) BA-PC and (d-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 Section 3.3.2), the qPCR data shows an enrichment in the 

average abundance of total archaea relative to background conditions between the single- and multi-solute 

BA+PAC microcosms (2.2 × 10+6 ± 6.3 × 10+5 copies/g versus 3.9 × 10+4 ± 7.7 × 10+3 copies/g [average 

background abundance]). However, enrichment in the average abundance of total archaea was not observed 

between the single- and multi-solute BA-PC microcosms (4.7 × 10+3 ± 4.4 × 10+3 copies/g versus 3.9 × 10+4 

± 7.7 × 10+3 copies/g [average background abundance]) (Figure 3.3(a, b) and see Table B.6 for the qPCR 
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data for the single- and multi-solute microcosms). The NGS data for the single-solute (Figure 3.4(a-c) and 

multi-solute (Figure 3.5(a-c) BA-PC and BA+PAC microcosms shows methanogenic enrichment relative 

to background conditions (0.0%), with higher average relative abundances consistently observed between 

the single- and multi-solute BA+PAC microcosms relative to the BA-PC microcosms. Higher 

methanogenic enrichment in BA+PAC relative to the BA-PC microcosm may be associated with the 

presence of the PAC, known to enhance archaeal growth and accelerate substrate conversion to CH4 [115, 

117, 108]. Archaea enriched in the single- and multi-solute BA-PC and BA+PAC microcosms were 

consistent with those detected in the SC microcosms, including: Methanomethylovorans (single-and multi-

solute: 5.3 ± 1% [BA+PAC] > 1.6 ± 1.5% [BA-PC]), Methanosaeta (single-and multi-solute: 5.8 ± 3.2% 

[BA+PAC] > 0.5 ± 0.4% [BA-PC]) and Methanobacterium (single-solute: 1.5 ± 0.8 % [BA+PAC] > 1.3 ± 

0.6% [BA-PC], and multi-solute: 4.3 ± 5% [BA+PAC] > 0.7 ± 0.5% [BA-PC]). Although consistent with 

the SC microcosms, the relative abundance of enriched archaea were higher in the BA+PAC microcosms 

relative to the SC microcosms without PAC (see Table B.9 for the NGS data for the single- and multi-solute 

microcosms). Of the enriched archaea, Methanosaeta and Methanobacterium are commonly associated 

with DIET in AC amended systems [112, 118, 117] which may explain the higher relative abundance of 

these archaea in the BA+PAC relative to the BA-PC microcosms. Specifically, members of the genus 

Methanosaeta are acetoclastic (as described in Section 3.3.2) and able to convert acetate to CO2 and CH4 

with limited capacity to consume H2; however, through PAC-mediated DIET Methanosaeta can also reduce 

CO2 to CH4 by directly accepting electrons transferred from bacteria through the PAC similar to 

hydrogenotrophic methanogens that often rely on interspecies hydrogen transfer (IHT) [78, 73, 118, 174].  

 In the single- and multi-solute BA-PC or BA+PAC microcosms the qPCR data showed total 

bacteria and Desulfosporosinus were not enriched relative to background (Figure 3.3(a, b) and see Table 

B.6 for the qPCR data for the single- and multi-solute microcosms). Although, like the SC microcosms 

described in Section 3.3.2 the NGS data showed enrichment in the average relative abundance of 

anaerobic bacteria between the single-solute (Figure 3.4(a-c)) and multi-solute (Figure 3.5(a-c)) BA-PC 

or BA+PAC microcosms relative to background conditions (0.0-0.3%). Most of the anaerobic bacteria 

enriched in the single- and multi-solute BA-PC and BA+PAC microcosms are the same as those enriched 

within the SC microcosms, including: Deferrisoma (single-solute: 3.7 ± 1.7% [BA-PC] and 3.4 ± 0.6% 

[BA+PAC], and multi-solute: 10.3 ± 2.8% [BA-PC] and 2.8 ± 2.6% [BA+PAC]) [175], Desulfocapsaceae 

(single-solute: 1.2 ± 0.8% [BA-PC] and 1.9 ± 1.1% [BA+PAC]) [176], Edwardsbacteria (single- and 
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multi-solute: 3.1 ± 0.8% [BA-PC] and 1.6 ± 0.4% [BA+PAC]), Geobacteraceae (multi-solute: 1.7 ± 0.6% 

[BA-PC] and 3.9 ± 2.4% [BA+PAC]) and Peptococcaceae (single-solute: 5.9 ± 1.2% [PAC+BA]) (see 

Table B.9 for the NGS data for the single- and multi-solute microcosms). Although many of these 

families and genera are associated with PHC biodegradation [177, 178, 179, 162, 46, 176, 175], the 

similarity in enriched bacteria between the SC, and the BA-PC and BA+PAC microcosms may indicate 

some or all the bacteria were primarily sustained by other carbon or hydrogen substrates in the 

microcosms, as described in Section 3.3.2. Enrichment of other bacteria also associated with PHC 

biodegradation in the multi-solute BA+PAC microcosms included Acinetobacter (8.1 ± 1.1% [BA+PAC] 

versus 0.3% [average background relative abundance]) from the phylum Proteobacteria [180], whose 

members are known to participate in manganese, iron or sulfate reduction [181, 182]. Additionally, 

members of the family Anaerolineaceae from the phylum Chloroflexi were enriched in one multi-solute 

BA-PC replicate microcosm bottle (7.6% [BA-PC] versus 0.9% [average background relative 

abundance]), which are acetogenic microbes that play key syntrophic roles in methanogenic PHC 

degrading consortiums (e.g., providing acetate to acetoclastic methanogens, such as Methanosaeta) [183].  

3.3.4 Bioactive electron acceptor amended systems  

In contrast, to the single- and multi-solute BA-PC and BA+PAC microcosms without additional 

EA amendments (described in Section 3.3.3), a reduction in PHCs was observed in the EA amended BA-

PC+EA and BA+PAC+EA microcosms. Toluene was replenished 5 and 6 times in the single-solute BA-

PC+EA and BA+PAC+EA microcosms, respectively (Figure 3.8(a, d)), and toluene and o-xylene were 

replenished twice in the multi-solute BA-PC+EA and BA+PAC+EA microcosms (Figure 3.9(a, d)). The 

initial sulfate concentration was the only difference between the BA-PC and BA+PAC (10-20 mg/L) and 

the BA-PC+EA and BA+PAC+EA (138-275 mg/L) microcosms (see Table B.2 for the microcosm 

experimental design), and therefore the lack of toluene or BTX biodegradation in the single- or multi-

solute BA-PC and BA+PAC microcosms was most likely attributed to the stoichiometric limitation of 

sulfate for sulfate reduction coupled to toluene or BTX oxidation (see Table B.7 for the chemical 

reactions associated with toluene or BTX biodegradation under sulfate reducing conditions).  

In the BA-PC+EA and BA+PAC+EA microcosms a brief lag period of stabilized aqueous 

concentration(s) occurred until between Day 31 and 64 for the single-solute microcosms and between Day 

38 and 66 for the multi-solute microcosms (there was no detectable difference in the length of the lag time 
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between the single- or multi-solute PC+EA and BA+PAC+EA microcosms), which is assumed to be 

representative of an initial growth period of the indigenous microbes [184] within the BS. Following the 

initial lag period to Day 269 or 310 in the single- or multi-solute microcosms, respectively, the ὓ  for 

toluene in the BA-PC+EA and BA+PAC+EA microcosms was repeatedly reduced to Ó 98.1% of the 

initial mass (i.e., 3.5 mg [Table B.3]) within 12 to 64 days in the single-solute microcosms or 45 to 66 

days in the multi-solute microcosms. During high-resolution monitoring (where the initial mass of toluene 

amended into the microcosms was measured, in place of assuming the target initial concentration as was 

done prior to high-resolution monitoring), the ὓ  for toluene in the BA-PC+EA and BA+PAC+EA 

microcosms was reduced to Ó 98.3% of the initial mass within 23 or 23 to 40 days for the single-solute 

(over Day 269 to 292) or multi-solute (over Day 310 to 350) microcosms, respectively (neglecting for the 

single-solute BA-PC+EA microcosm, where the ὓ  for toluene was reduced to 92.4% over 23 days) (see 

Figure B.6(a-b, e-f) for the change in single- and multi-solute toluene mass in all phases during high-

resolution monitoring, and Table B.8 for the -  estimates). The repetitive reduction in the -  of toluene 

from the single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms suggests that the mass of 

toluene was bioavailable in all phases. Specifically, for the BA+PAC+EA microcosms the reduction in 

the -  of toluene supports desorption of toluene from the PAC during biodegradation and shows that the 

AC sorption of toluene is reversible with bioactivity. Although some residual toluene remained sorbed to 

the PAC prior to each toluene reamendment to the single- and multi-solute BA+PAC+EA microcosms, 

the ὓ  of toluene was reduced to Ó 95.5% over each biodegradation cycle which shows that the PAC 

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

The change in ὓ  of toluene from the BA-PC+EA and BA+PAC+EA microcosms during high-

resolution monitoring over Day 269 to 292 or 310 to 350 in the single- or multi-solute microcosms, 

respectively (see Figure B.6(a-b, e-f) for the mass of toluene in all phases during high-resolution 

monitoring), are shown in Figure B.7(a, b) and the zero-order biodegradation rate constants associated 

with the ὓ  reduction during this monitoring period are listed in Table B.10. The zero-order rate 

constants for toluene were determined during the high-resolution monitoring period given that 

biodegradation of toluene was generally faster than the 1-month sampling intervals used prior to high-

resolution monitoring (i.e., over Day 0 to 269 or 310 in the single- or multi-solute microcosms, 

respectively). Between the single-solute BA-PC+EA (0.10 ± 0.14 mg/day) and BA+PAC+EA (0.51 ± 



 

65 

 

0.79 mg/day) microcosms or the multi-solute BA-PC+EA (0.14 ± 0.11 mg/day) and BA+PAC+EA (0.14 

± 0.11 mg/day) microcosms, there was no difference in the biodegradation rate constants for toluene 

during high-resolution monitoring. Therefore, the presence of the PAC did not enhance the rate of 

anaerobic toluene biodegradation within the single- or multi-solute BA+PAC+EA microcosms relative to 

the BA-PC+EA microcosms without PAC.  

 In the multi-solute BA-PC+EA and BA+PAC+EA microcosms toluene was consistently 

biodegraded to depletion (Ò MDL) prior to o-xylene (Figure 3.9(a, d)), which is due to the competitive 

inhibition of o-xylene in the presence of toluene (or metabolic intermediates of toluene) [159, 185, 148]. 

The competitive inhibition of o-xylene in the presence of toluene commonly occurs when a single 

enzymatic pathway (e.g., fumarate addition by benzylsuccinate synthase [bss] [186]) is involved in the 

biodegradation of multiple solutes, with one being more easily oxidized (i.e., toluene) relative to the 

other(s) (i.e., o-xylene) [54, 56, 187]. Prior to high-resolution monitoring (over Day 0 to 310), the ὓ  for 

o-xylene in the multi-solute microcosms was reduced to Ó 98.9% of the initial target mass (i.e., 3.5 mg 

[Table B.3]) within Ò 120 days from the dosing of o-xylene or Ò 62 days following the depletion in the 

ὓ  of toluene. Relative to toluene, the residual ὓ  of o-xylene was consistently higher during each 

sacrificial sampling event likely due to the difference in multi-solute sorption capacities between solutes 

(i.e., X > T) described in Section 3.3.2, and the preferential biodegradation of toluene prior to o-xylene 

(see Table B.8 for the -  estimates of each solute). During high-resolution monitoring, the ὓ  of o-

xylene in the multi-solute BA-PC+EA and BA+PAC+EA microcosms was not reduced (see Figure B.6(g-

h) for the mass of o-xylene in all phases during high-resolution monitoring) given toluene was 

preferentially biodegraded over the entire 40 day monitoring period (see Figure B.6(e-f) for the mass of 

toluene in all phases during high-resolution monitoring). Although the ὓ  of o-xylene remained 

relatively stable over the high-resolution monitoring period within the multi-solute BA+PAC+EA 

microcosm, the ὓ  and ὓ  of o-xylene slightly increased on the PAC (from 2.36 mg on Day 310 to 

2.73 mg on Day 333) and correspondingly decreased within the aqueous phase (from 2.03 mg on Day 310 

to 0.70 mg on Day 333), respectively (see Figure B.6(h)). The shift in o-xylene mass between phases 

within the BA+PAC+EA microcosm occurred as the ὓ  of toluene decreased from 3.28 mg to 0.02 mg 

over the same monitoring period (see Figure B.6(f)), supporting partitioning of o-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 the ὓ  of benzene occurred over the monitoring period from Day 0 to 350 in 

the multi-solute BA-PC+EA (3.56 mg on Day 2 to 3.08 mg on Day 350) or BA+PAC+EA (3.74 mg on Day 

2 to 2.69 mg on Day 350) microcosms (Figure 3.9(a, d) and see Table B.8 for the ὓ  estimates of benzene 

over the 1-year monitoring period). The limited change in the ὓ  of benzene over the monitoring period 

suggests a lack of biodegradation potentially due to several reasons well documented within the literature, 

including: the absence of benzene degraders or other syntrophic microbes [188, 189]; the slow growth of 

benzene degraders and a lack of sufficient incubation time [188]; and/or the presence of other preferentially 

degrading solutes (e.g., T and X over B given the high energetic requirements for benzene ring cleavage 

[190, 191]) and the build up of metabolic by-products [54, 185, 154]. Given the recalcitrant nature of 

benzene, following the depletion in the ὓ  of toluene and o-xylene an extended 4-month monitoring period 

was provided for the multi-solute BA-PC+EA and BA+PAC+EA microcosms from Day 66 to 193 to 

observe if the biodegradation of benzene would initiate in the absence of the other solutes. During the 

extended monitoring period the aqueous and solid phase concentrations of benzene remained relatively 

stable in the multi-solute BA-PC+EA microcosm, indicating benzene was not biodegraded. Whereas in the 

BA+PAC+EA microcosm partitioning of benzene from the aqueous to the PAC phase occurred, given that 

a greater number of sorption sites were available to benzene in the absence of the other competing and 

preferentially sorbing solutes (i.e., o-xylene and toluene) [21, 29]. The partitioning behaviour of benzene 

in the multi-solute BA+PAC+EA microcosm is demonstrated in Figure B.8, which shows the aqueous and 

corresponding solid phase concentrations of benzene over Day 66 to 193 are positioned closer to the single-

solute Freundlich isotherm for benzene (determined in Chapter 2) relative to all other timepoints before 

Day 66 or after Day 193. Therefore, during Day 66 to 193 the partitioning of benzene in the multi-solute 

system approached single-solute equilibrium conditions, but remained lower than the sorption isotherm 

potentially due to the reasons described in Section 3.3.1 in addition to some residual ὓ  of toluene and 

o-xylene remaining on the PAC (see Table B.8 for the ὓ  estimates of each solute). Following the 

second reamendment of toluene and o-xylene on Day 193 benzene partitioned again between phases, with 

the aqueous and corresponding solid phase concentrations more representative of multi-solute microcosm 

partitioning in the presence of toluene and o-xylene (Figure 3.2(b)). Given the limited evidence of benzene 
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biodegradation, the slight reduction in the ὓ  of benzene over the 1-year monitoring period may be 

associated with the same sources of mass loss as described for the KC and KC+PAC microcosms in Section 

3.3.2.  

The anaerobic biodegradation of toluene and o-xylene in the single-solute (Figure 3.8(b, e)) and 

multi-solute (Figure 3.9(b, e)) BA-PC+EA and BA+PAC+EA microcosms were coupled to sulfate 

reduction due to the reduction in the aqueous sulfate concentration three times. Specifically, in the single-

solute BA-PC+EA and BA+PAC+EA microcosms the sulfate concentration was reduced to 5.2% and 

22.1% of the total mass added (144.4 mg [Table 3.1]), respectively, by Day 292, and in the multi-solute 

BA-PC+EA and BA+PAC+EA microcosms the sulfate concentration was reduced to 0.4% and 7% of the 

total mass added (96.3 mg [Table 3.1]), respectively, by Day 350. The aqueous sulfide concentration also 

increased from < 4 µg/L prior to high-resolution monitoring (i.e., over Day 0 to 269 or 310 in the single- 

or multi-solute microcosms, respectively) to average concentrations of 53.3 ± 0.9 mg/L and 54.2 ± 30.3 

mg/L in the single- and multi-solute microcosms, respectively, during high-resolution monitoring (i.e., from 

Day 269 to Day 292 in the single-solute microcosms or from Day 310 to Day 350 in the multi-solute 

microcosms). Prior to the high-resolution monitoring period, the low aqueous sulfide concentration was 

likely the result of an abiotic reaction between the generated sulfide (H2S and HS-) and ferric iron in the 

BS, forming black FeS precipitates [53, 54]. The formation of presumed FeS precipitates were observed in 

all single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms over the 1-year monitoring period, 

as shown for a subset of sacrificial microcosm bottles in Figure B.9(a) on Day 278 (single-solute) or 319 

(multi-solute) for the BA-PC+EA microcosms. In support of FeS formation a sulphuric odour emanated 

from the single- and multi-solute BA-PC+EA and BA+PAC+EA bottles when opened during each 

sacrificial sampling event. During high-resolution monitoring, the elevated sulfide concentrations were 

likely attributed to either the aqueous detection of sulfide prior to the precipitation reaction, or a depletion 

in free ferric iron within the BS preventing further FeS formation. During the high-resolution monitoring 

period, when only toluene was biodegraded as described above, the oxidation of toluene coupled to sulfate 

reduction was also verified from the mole ratios between toluene and sulfate (4.5 ± 0.3 moles) and sulfate 

and sulfide (1.1 ± 0.3 moles) in the single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms 

(Table B.11), which were consistent with the theoretical ratios (Table B.7).



68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8: Temporal changes in the (a, d) aqueous and solid phase toluene concentrations (T(aq) and T(s)) (green and black filled squares, respectively), (b, e) 

aqueous sulfate (SO42-
(aq)) (black filled gradient symbols) and sulfide (HS-(aq)) (yellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC) 

(purple filled diamonds) and gaseous methane concentration (CH4(g)) (orange filled right triangles) for the single-solute (toluene-only) (a-c) BA-PC+EA and (d-f) 

BA+PAC+EA microcosms. Empty symbols and dashed lines represent target (non-measured) concentrations or trends, respectively. Each timepoint represents 

the average of three values and the error bars are ± 1 standard deviation. 
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Figure 3.9: Temporal changes in the (a, d) aqueous phase benzene, toluene and o-xylene (BTX) (B,T,X(aq)) (red filled triangle [B], green filled squares [T] and 

blue filled circles [X]) and solid phase BTX (B,T,X(s)) (black filled triangles [B], squares [T] and circles [X]) concentrations, (b, e) aqueous sulfate (SO4
2-

(aq)) 

(black filled gradient symbols) and sulfide (HS-(aq)) (yellow filled left triangles) concentrations, and (c, f) total inorganic carbon (TIC) (purple filled diamonds) 

and gaseous methane concentration (CH4(g)) (orange filled right triangles) for the multi-solute (BTX) (a-c) BA-PC+EA and (d-f) BA+PAC+EA microcosms. 

Empty symbols and dashed lines represent target (non-measured) concentrations or trends, respectively. Each timepoint represents the average of three values 

and the error bars are ± 1 standard deviation. 
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Between the single-solute (Figure 3.8(c, f)) and multi-solute (Figure 3.9(c, f)) BA-PC+EA and 

BA+PAC+EA microcosms, the average mass of TIC increased from 2.3 ± 0.5 mg to 16.6 ± 2.7 mg over 

the 1-year monitoring period as by-products of toluene and o-xylene oxidation (Table B.7). Contrary to 

the BA-PC and BA+PAC microcosms (described in Section 3.3.3), minimal CH4 was generated (i.e., 

increasing from 0.06 ± 0.06 to 4 ± 2 mg/L) between the single- and multi-solute BA-PC+EA and 

BA+PAC+EA microcosm over the 1-year monitoring period indicating that methanogenesis was limited 

under sulfate-reducing conditions, as expected [65, 192, 66, 69]. The average DO concentrations 

remained consistently low (< 1 mg/L) and the average ORP gradually decreased from -179.6 ± 24.8 mV 

to highly reduced conditions of -380.2 ± 13.1 mV between all single- and multi-solute BA-PC+EA and 

BA+PAC+EA microcosm over the 1-year monitoring period. The average pH within all single- and 

multi-solute BA-PC+EA and BA+PAC+EA microcosm slightly increased from neutral (7.3 ± 0.03) to 

alkaline conditions (8.1 ± 0.2) (Figure B.5(c-d, g-h), potentially due to a hydrolysis reaction between the 

sulfide formed (predominating as HS- at pH 8) and water generating hydroxyl ions (OH-) (i.e., HS- + H2O 

ᵶ H2S + OH- [193]). Collectively, there appears to be minimal difference in the long-term geochemical 

behaviour between the single-solute (Figure 3.8(b-c, e-f) and Figure B.5(c-d)) and multi-solute (Figure 

3.9(b-c, e-f) and Figure B.5(g-h)) BA-PC+EA and BA+PAC+EA microcosms, indicating that that the 

presence of PAC in the BA+PAC+EA microcosms had limited influence on the microbial activity within 

the EA amended microcosms relative to the BA-PC+EA microcosms.  

The qPCR data show an enrichment in the average abundance of total archaea between the single- 

and multi-solute BA-PC+EA (4.2 × 10+5 ± 1.5 × 10+4 copies/g) and BA+PAC+EA (1.2 × 10+6 ± 9.6 × 10+5 

copies/g) microcosms relative to background conditions (3.9 × 10+4 ± 7.7 × 10+3 copies/g) (Figure 3.3(a, b) 

and see Table B.6 for the qPCR data for the single- and multi-solute microcosms). The NGS data shows,  

between single- and multi-solute BA-PC+EA (0.9 ± 0.8%) and BA+PAC+EA (3.6 ± 0.2%) microcosms 

Methanomethylovorans were enriched, and in the multi-solute BA+PAC+EA (2.4%) microcosm the genus 

Methanobacterium were enriched relative to background conditions (0.0%) (Figure 3.4(a-c) and Figure 

3.5(a-c) and see Table B.9 for the NGS data for the single- and multi-solute microcosms). Relative to the 

single and multi-solute BA+PAC microcosm (described in Section 3.3.3), less archaeal enrichment 

occurred in the single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms which is likely 

attributed to the inhibition of substantial methanogenesis under sulfate reducing conditions [65, 192, 66, 

69].  
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The qPCR data show minimal enrichment in the abundance of total bacteria in the single-solute 

(8.8 × 10+6 ± 3.9 × 10+6 copies/g) and multi-solute (2.5 × 10+7 ± 3 × 10+6 copies/g) BA-PC+EA and 

BA+PAC+EA microcosms relative to background (5.2 × 10+6 ± 2.9 × 10+6 copies/g). However, 

Desulfosporosinus, whose members are SRB associated with PHC biodegradation [194, 195, 162, 196], 

was highly enriched in the multi-solute BA-PC+EA and BA+PAC+EA microcosms (4.8 × 10+6 ± 1.8 × 10+6 

copies/g) relative to background (4.9 × 10+4 ± 3.3 × 10+4 copies/g) (Figure 3.3(a, b) and see Table B.6 for 

the qPCR data for the single- and multi-solute microcosms). Enrichment of Desulfosporosinus in the multi-

solute BA-PC+EA and BA+PAC+EA microcosms is supported by the NGS data (9.7 ± 4.3% versus 0.06% 

[average background relative abundance]) (Figure 3.5(a-c)). The higher enrichment of this SRB within the 

multi-solute microcosms relative to the single-solute microcosms may indicate this bacterial lineage was 

more involved in o-xylene biodegradation as opposed to toluene. Other SRB detected in both the single-

solute (Figure 3.4(a-c)) and multi-solute (Figure 3.5(a-c)) BA-PC+EA and BA+PAC+EA microcosms 

relative to background (Ò 0.05%), include the genera Desulfoprunum (25.4 ± 6.8%) and Desulfatirhabdium 

(4.4 ± 2.3%) [197] from the phylum Desulfobacterota. SRB enriched in only the single-solute BA-PC+EA 

and BA+PAC+EA microcosms relative to background conditions (0.0%), include several families from the 

phylum Desulfobacterota comprised of Desulfobacteraceae (12.4 ± 5.2%), which contain metabolically 

versatile bacteria [198, 199], Desulfocapsaceae (3.3 ± 2.7%) and Desulfosarcinaceae (4.1% [BA+PAC+EA 

only]) [166] (see Table B.9 for the NGS data for the single- and multi-solute microcosms). The high 

enrichment of SRB between the single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms 

supports sulfate reduction dominating within the EA amended microcosms. However, given the limited 

difference in the enrichment of SRB between the single and multi-solute BA-PC+EA microcosms relative 

to the BA+PAC+EA microcosms the presence of the PAC appears to have had limited influence on the 

microbial activity (supported by the limited difference in geochemical parameters between microcosms, as 

described above).  

3.4 Conclusion  

Following PAC amendment to the single-solute (toluene-only) and multi-solute (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 was greater in the single-solute microcosms 

relative to the multi-solute microcosms, and the magnitude of the multi-solute 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 toluene concentrations from the single-solute 

KC+PAC, BA+PAC and BA+PAC+EA microcosms were compared to the single-solute Freundlich 

isotherm (determined in Chapter 2). Similarly, the directly measured aqueous and solid phase benzene, 

toluene and o-xylene concentrations from the multi-solute KC+PAC, BA+PAC and BA+PAC+EA 

microcosms were compared to the ISIAS model predicted solid phase concentrations. Both the single- and 

multi-solute Freundlich and ISIAS models, respectively, overestimated the equilibrium sorption of toluene 

or BTX to the PAC in the microcosm systems. Difference between the single-and muti-solute sorption 

isotherms and the microcosm data may be due to several factors such as differences in equilibrium times 

caused by variation in mixing conditions between systems, differences in solution matrix chemistries 

between systems (e.g., ionic strength), interferences (e.g., competition) caused by other sorbing components 

within the microcosm system that are absent from the isotherm systems (e.g., metabolites generated from 

anaerobic biodegradation), and/or the influence of a potential biofilm layer surrounding the PAC particles 

(causing diffusional resistance or pore filling  of EPSs that may limit  solute sorption). Specifically, for the 

multi-solute PAC amended microcosms o-xylene deviated the most from the ISIAS model predicted solid 

phase concentrations followed by toluene and then benzene, which is attributed to difference in the 

magnitude of sorption between solutes (i.e., following X > T > B).  

Over the 1-year monitoring period evidence of methanogenesis coupled to a background substrate 

(other than substantial toluene or BTX mass) was evident from the geochemical (i.e., CH4 production) and 

molecular (i.e., archaeal enrichment) data within the sulfate-limited (i.e., 10-20 mg/L SO4
2-) single- and 

multi-solute SC, BA-PC and BA+PAC microcosms. Between the single- and multi-solute BA-PC (and SC) 

and BA+PAC microcosms the CH4 concentrations and archaeal enrichment (including 

Methanomethylovorans, Methanosaeta and Methanobacterium) were consistently higher in the BA+PAC 

relative to the BA-PC (and SC) microcosms without 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-PC and BA+PAC microcosms, within the EA amended (i.e., 138-275 mg/L 

SO4
2-) single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms sulfate reduction was coupled 

to the oxidation of toluene, evidenced by the repetitive reduction in toluene and the geochemical (i.e., SO4
2- 

reduction, and HS- and TIC formation) and molecular (i.e., enrichment of SRB, including 

Desulfosporosinus, Desulfoprunum and Desulfobacteraceae) data. In the multi-solute EA amended BA-
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PC+EA and BA+PAC+EA microcosms, o-xylene (not benzene) was additionally biodegraded following 

toluene (due to the preferential biodegradation of toluene over o-xylene). Between the single- and multi-

solute PC+EA and BA+PAC+EA microcosms the total mass of toluene was repetitively reduced by Ó 

92.4% within 12 to 66 days, and in the single- and multi-solute BA+PAC+EA microcosms the PAC was 

regenerated multiple times as shown by the repetitive reduction in the solid phase mass of toluene by Ó 

95.5%. The reduction in the solid phase concentration of toluene is attributed to the continual desorption of 

toluene during anaerobic biodegradation and confirms that the AC sorption of toluene is almost entirely 

reversible with bioactivity. Although toluene and o-xylene were anaerobically biodegraded within the 

single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms over the 1-year monitoring period, 

there was no substantial difference in the PHC, geochemical or molecular data between the microcosms 

indicating that from the parameters monitored the presence of the PAC (in the BA+PAC+EA microcosms) 

did not influence the anaerobic microbial activity relative to the microcosms without PAC (the BA-PC+EA 

microcosms). In support of the limited difference in microbial activity over the 1-year monitoring period, 

the zero-order rate constants for toluene during high-resolution monitoring showed no difference between 

the single- and multi-solute BA-PC+EA and BA+PAC+EA microcosms which indicates that the presence 

of PAC did not enhance the anaerobic biodegradation of toluene within the BA+PAC+EA microcosms 

relative to the BA-PC+EA microcosms. Collectively the assembled data over the 1-year monitoring period 

shows that the presence of PAC did not generate any discernible differences in the anaerobic biodegradation 

of toluene between the EA amended bioactive microcosm with and without PAC.  
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Chapter 4 

Anaerobic biodegradation of benzene, toluene and o-xylene 
in powdered activated carbon particulate amended aquifer 
material ï Column study  

4.1 Introduction 

The combination of activated carbon (AC) sorption and biodegradation has been applied to 

various water treatment technologies, including biological AC (BAC) fluidized or flow-through reactors 

for application in wastewater treatment [36, 100, 101, 38, 39], and permeable reactive barriers (PRBs) or 

biobarriers (BBs) for application in groundwater treatment [104, 105, 106]. These technologies operate 

similarly as compared to an injected AC PRB for groundwater treatment [102, 103], involving the rapid 

reduction in contaminant concentrations due to sorption followed by biodegradation to regenerate 

sorption sites (discussed in Section 1.1.3). One of the primary benefits of the combined use of AC 

sorption and biodegradation pertains to the consistently reduced or stabilized depletion in contaminant 

concentrations under variable contaminant loading conditions due to enhanced sorption relative to 

systems with only biodegradation (showing higher effluent concentrations) [36, 100, 101, 37]. Although 

this is well known, the degree to which the microbial activity is influenced due to the presence of the AC 

and relative to unamended anaerobic groundwater system without AC is uncertain. 

To investigate if a powdered AC (PAC) zone installed in aquifer material influences the 

anaerobic biodegradation of benzene, toluene and o-xylene (BTX) in groundwater relative to systems 

without PAC, a series of simplified single-solute (toluene-only) and more complex multi-solute (benzene, 

toluene and o-xylene [BTX]) column experiments were conducted. Column types included columns with 

only a PAC zone to track sorption behaviour in the absence of anaerobic biodegradation, bioactive 

columns without a PAC zone to track anaerobic biodegradation behaviour in the absence of sorption, and 

bioactive columns with a PAC zone to track the combination of sorption and anaerobic biodegradation 

relative to sorption or bioactivity alone. Columns were assembled and monitored under sulfate reducing 

and methanogenic conditions, which are representative of the reducing conditions where a PAC zone may 

be installed below the vadose zone at the mature petroleum hydrocarbon (PHC) contaminated site. The 

columns were monitored for 2 years to show long-term trends in multiple parameters, including aqueous 

and solid phase PHCs (toluene as a single-solute, or BTX combined), aqueous phase geochemical 
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parameters (primarily sulfate, sulfide, dissolved inorganic carbon [DIC] and methane [CH4]), molecular 

biomarkers through solid phase analysis (i.e., deoxyribonucleic acid [DNA] analysis using quantitative 

polymerase chain reaction [qPCR] and next generation sequencing [NGS]) and isotopes through aqueous 

phase analysis (i.e., carbon and/or hydrogen isotopes for DIC and BTX using compound specific isotope 

analysis [CSIA]). To assess if the PAC zone influenced microbial activity during PHC biodegradation 

within the bioactive column with a PAC zone, relative to the columns with only bioactivity or a PAC 

zone, changes in the PHC, geochemical and molecular data were compared between columns. 

Additionally, to investigate how the bioactive column with a PAC zone, relative to the columns with only 

bioactivity or a PAC zone, responded to changes in PHC loading a series of step increases in influent 

PHC concentrations were carried out and any changes in the effluent for the aqueous parameters 

monitored were compared between columns. Finally, given evidence of fractionation due to abiotic 

processes such as sorption have been reported [86, 87, 88, 89] (as discussed in Section 1.1.2.1), shifts in 

the isotopes of the PHCs were compared between the bioactive column with a PAC zone relative to the 

columns with only a PAC zone or bioactivity to understand if CSIA can distinguish biodegradation from 

AC sorption in bioactive systems. Collectively, the AC sorption and anaerobic biodegradation behaviour 

between the single-solute (toluene-only) and multi-solute (BTX) columns was used to provide evidence to 

support how the presence of AC impacts the long-term behaviour and monitoring of anaerobic PHC 

biodegradation in AC PRB systems relative to systems without AC.   

4.2 Materials and methods  

The chemicals (i.e., BTX, AGW, sodium sulfate stock solution and biocide) and aquifer material 

(i.e., Borden sand [BS]) used during the column experiments are described in Section 2.2 and 3.2, with 

some amendments, including the omission of the amorphous ferrous sulfide (FeS) stock solution from the 

AGW (i.e., step 5 and 11 in Appendix B.1), and only sodium azide used for a biocide (no mercuric 

chloride). The BS was collected 307, 333 and 336 days prior to use in the single-solute (toluene only) and 

multi-solute (BTX) columns with only a PAC zone, only bioactivity, or a PAC zone and bioactivity, 

respectively, and stored in the dark at 4ºC until use (a detailed description of the Borden aquifer, and the 

methodologies associated with collecting and handling the aquifer material is described in Section 3.2 and 

listed in Table B.1).  



 

76 

 

4.2.1 Column description  

To address research Questions 2, 5 and 6 (Section 1.2) three types of single-solute (toluene-only) 

and multi-solute (BTX) columns were constructed, including: killed controls with a PAC zone 

(KC+PACz) to account for sorption to aquifer material or PAC in the absence of biodegradation, 

bioactive positive controls (BA-PC) without a PAC zone to account for anaerobic biodegradation of 

PHCs in the absence of PAC, and bioactive columns with a PAC zone (BA+PACz) to account for 

anaerobic biodegradation of PHCs in the presence of PAC (see Table C.1 for the experimental design). 

Acrylic columns (37 cm length × 3.75 cm inner diameter [ID]) were packed in an anaerobic glove 

bag (Sigma-Aldrich, St. Louis, MO, USA) with a N2 atmosphere using sterile equipment. The influent 

(bottom) end of each column was first sealed with an acrylic end cap that was laser cut with orb web shaped 

indentations on the interior face to distribute fluid flow. End caps were fit with rubber O-rings (Sigma-

Aldrich, St. Louis, MO, US), and fastened to the columns using six thumbscrews and nuts. Prior to loading 

BS within the columns, enclosure materials were placed directly adjacent to the interior face of the installed 

influent end cap by spreading the material with an acrylic rod that extended the entire length of the column. 

The enclosure material included a circular large mesh (U.S. mesh 20) stainless steel (SS) screen (~3.7 cm 

diameter), followed by a layer of evenly spread glass wool, and another circular fine mesh (U.S. mesh 80) 

SS screen (~3.7 cm diameter) (Sigma-Aldrich, St. Louis, MO, USA) all used to assist with even flow 

distribution and to prevent fines in the BS from migrating out of the columns. The BA-PC and BA+PACz 

columns were then packed with 875.3 ± 35.8 g of BS in 1 cm increments by thoroughly compacting each 

layer with the acrylic rod. In the central region of the BA+PACz columns a PAC zone extending 14 to 20 

cm (6 cm length) from the influent end was emplaced to mimic a reactive PAC barrier. The PAC zone was 

comprised of 0.5% wt/wt of WPC PAC thoroughly homogenized with the BS under anaerobic conditions. 

The PAC loading was selected based on estimated ideal PHC breakthrough times (see Appendix C.1 for 

the equation used) to ensure that the columns with PAC zones would not be sorption dominated during 

monitoring (i.e., non-detect of PHCs in the column effluent). During BA-PC and BA+PACz column 

packing several subsamples of the BS were collected for PHC and DNA analysis 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 (see Section 3.2 for details pertaining to the PHC contamination at the site of BS 

collection) and to characterize the background microbial population within the BS. Prior to packing the 
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KC+PACz columns 1.5 kg of moist BS was autoclaved three times on three consecutive days for 15 min at 

121ęC. Following autoclaving the mass of water removed during autoclaving (i.e., 16% volumetric water 

content) was added back to the dry BS as deoxygenated Milli -Q water in an anaerobically glove bag. The 

moist sterile BS was then packed into the KC+PACz columns (862.7 ± 12.8 g) following the same 

methodology as described for the BA+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) ends of each column 

directly adjacent to the packed BS. Each column was then sealed with effluent end caps, as described for 

the influent ends. The exterior sides of the influent and effluent end caps were fit with 316 SS fittings (SS-

200-1-OR) (Swagelok, Solon, OH, USA) that were attached to 10 cm (influent end) and 80 cm (effluent 

end) lengths of 1.6 mm ID non-transparent SS tubing (used to prevent direct light exposure and limit 

microbial colonization inside the tubing). Prior to moving the columns to the bench-top for operation, the 

open ends of the influent and effluent SS tubing were temporarily sealed to prevent O2 exposure to the BS, 

and the exterior of the columns were wrapped in aluminum foil to limit direct light exposure.  

Once positioned on the benchtop, the influent SS tubing was connected to the Luer-slip outlet base 

of a 25 mm SS microsyringe filter holder (MilliporeSigma, Burlington, MA, USA) with 3 cm of 1.42 mm 

ID non-transparent flexible Viton tubing (Cole-Parmer, Vernon Hills, IL, USA). The SS filter holder was 

equipped with a polytetrafluoroethylene (PTFE) flat gasket, followed by a SS support screen, a 25 mm 0.22 

µm nylon filter (Ezflow, Fox Life Sciences, Londonderry, NH, USA) and a PTFE O-ring which were held 

in place by fastening the Luer-Lok inlet cover of the SS filter holder to the Luer-slip outlet base. The inlet 

cover of the SS filter holder was attached to 30 cm of SS tubing which connected to the outlet of a 3-way 

SS ball valve (SS-41GXS2) (Swagelok, Solon, OH, USA). The ball valve was equipped with a sampling 

port lined with rubber septum, which served as the influent sampling port. The inlet of the SS ball valve 

was attached to a 170 cm length of SS tubing which fed into Masterflex L/S Viton pump tubing (RK-96428-

14) at the outlet end of a Masterflex L/S® peristaltic pump (Cole-Parmer, Vernon Hills, IL, USA). The inlet 

end of the pump tubing was attached to a second SS filter holder, which was connected to an 80 cm length 

of SS tubing. The 80 cm length of SS tubing was fastened to the SS fitting on the inlet of a dedicated sterile 

10 L Tedlar sampling bag (SKC Inc., Eighty Four, PA, USA) which was used to contain the influent source 

of anaerobic AGW. 

At the effluent ends of each column, the 80 cm length of SS tubing was attached to the inlet of a 

second 3-way SS ball valve which served as the effluent sampling port. The outlet of the SS ball valve was 

attached to a 70 cm length of SS tubing which was connected to the inlet cover of a third 25 mm SS filter 
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holder. The outlet of the SS filter holder was attached to a 10 cm length of SS tubing which fed into a rubber 

stopper enclosing the opening of 1 L Erlenmeyer glass flask (Corning Life Sciences, Corning, NY, USA) 

which served as containment for effluent waste collection. In-line connections for all columns were made 

with SS fittings on the exterior faces of the end caps or to the 3-way ball valves or 3 cm non-transparent 

flexible Viton tubing for all other connections. Figure 4.1 shows a schematic of the column set-up in up-

flow mode, and Figure C.1 shows an image of the column set-up for the single- and multi-solute KC+PACz 

columns.
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Figure 4.1: Schematic of the column set-up in up-flow mode for a column with an installed powdered activated carbon (PAC) zone.  
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Prior to column operation a bromide tracer test was performed to determine the effective porosity. 

An anaerobic sodium bromide solution (1000 mg/L) was pumped into a dedicated sterile 10 L Tedlar bag 

as the influent solution. The test was performed at a flow rate of 1 mL/min with 25 mL of solution fed into 

each column as a pulse followed by anaerobic AGW, and 19 samples per column were collected over 3 

hours. The column porosities of each column were similar (0.29 ± 0.027 [Table C.2]), suggesting that the 

hydraulic behaviour would also be similar.   

4.2.2 Operation  

Influent anaerobic AGW was prepared in 8-9 L batches following the recipe listed in Appendix B.1 

with the omission of the FeS stock solution from the AGW (i.e., step 5 and 11 in Appendix B.1, as described 

in Section 4.2) to prevent FeS precipitates from obstructing the in-line filtration system. Following 

preparation of the AGW, the solution was stored in a mixing vessel housed within an N2 filled glove bag. 

The glove bag was connected to a 2 m length of 1.57 mm ID Teflon tubing that was installed through a port 

located on the side of the bag. Within the glove bag the Teflon tubing was fed inside the AGW mixing 

vessel, extending to the bottom of the solution, and outside of the glove bag the Teflon tubing was connected 

in-line to the influent side of a peristaltic pump. The effluent side of the peristaltic pump was then connected 

to the SS inlet valve of a sterile dedicated Tedlar bag, and once connected the anaerobic AGW was pumped 

from the mixing vessel into the Tedlar bag. Once the Tedlar bag was fill ed with AGW, amendments were 

made (depending on the column requirements) by injection through the SS PTFE lined sampling port. For 

the single- or multi-solute columns pure phase analytical grade toluene or BTX (1:1:1 concentration ratio), 

respectively, were added to the AGW using a sterile glass microliter syringe (Hamilton, Reno, NV, USA), 

and sodium sulfate (using the stock solution listed in Appendix B.1) was added to the AGW using a 

disposable plastic syringe equipped with a luer-lock fitting (Air -Tite, Virginia Beach, VA, USA) and 

attached to a 22-gauge needle (Exel Int., USA) (injection volume was variable and dependent on the AGW 

volume and the desired solution concentration). The KC+PACz columns were also amended with 2.5 mL 

of a 5% sodium azide solution per L of AGW using a disposable plastic syringe equipped with a luer-lock 

fitting and attached to a 22-gauge needle. Following amendments to the transparent Tedlar bags, each bag 

was covered with a non-transparent black plastic sheet to limit direct light exposure and agitated on a 

platform shaker (Barnstead Thermolyne, Dubuque, IA, USA) for one day at ~10 rotations per minute (RPM) 

to ensure a well-mixed solution. 

Columns were operated for a 1-year (Year-1) acclimation period at nominal flow rates ranging 

between 0.02 mL/min (equivalent to 0.2-0.3 pore volumes per day) and 0.8 mL/min (equivalent to 8.3-11.1 
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pore volumes per day). Following the Year-1 acclimation period, the nominal flow rate of 0.02 mL/min 

was maintained for an additional year (Year- 2). The flow rates during Year-1 and Year-2 were measured 

for each column from the volume of effluent solution collected in dedicated 1 L Erlenmeyer glass flasks. 

During Year-2 the influent toluene and BTX (1:1:1) concentrations (as the electron donors) were 

sequentially adjusted in a stepwise manner from a target concentration of 5 mg/L per solute to 10 mg/L per 

solute and then to 20 mg/L per solute to investigate how the columns respond to variable PHC loading. 

Similarly, the sulfate concentration (as an electron acceptor [EA] ) was increased from a target concentration 

of 5 mg/L to 20 mg/L and then to 30 mg/L (see Table C.1 for the experimental design).  

4.2.3 Sampl e collection and analyses  

All columns were sampled from the influent and effluent 3-way SS ball valves by temporarily 

shifting the flow direction of the sampling ports shown in Figure 4.1 and Figure C.1. Samples were 

collected in dedicated 100 mL glass sampling syringes (Cadence Science, Cranston, RI, USA), equipped 

with 2-way nylon stopcocks (Masterflex, Gelsenkirchen, NRW, DE) attached to 5.1 cm 17-gauge SS 

needles (Ace Glass, Vineland, NJ, US) which were inserted into the rubber septa of the sampling ports. 

During sample collection, the syringe barrels were positioned vertically on plexiglass stands with the 2-

way stopcocks temporarily positioned open which allowed the plungers to slowly lift as the total sample 

volume was anaerobically collected (Figure C.1). Influent and effluent samples were collected with the 

intention of sampling the same pore volume (PV) of AGW, and therefore effluent samples were collected 

3-4 days (representing 1 PV when accounting for the residence time) following the influent samples 

(Table C.2). Given that the influent sampling ports are positioned before the columns, influent samples 

were collected at a temporarily increased flow rate of 0.4 mL/min (versus 0.02 mL/min for effluent 

samples).  

Year-1 aqueous phase influent and effluent sample collection included toluene or BTX (2 mL) 

only. Whereas during Year-2 aqueous phase influent sample collection (25 mL of AGW) was comprised 

of several parameters, including, toluene-only or BTX (2 mL); sulfate, dissolved oxygen (DO), pH and 

the oxidation reduction potential (ORP) (5 mL); sulfide (10 mL); DIC (3.5 mL); and CH4 (4.5 mL). 

Aqueous phase effluent sample collection (45 mL of AGW) included all influent sampling parameters (25 

mL) in addition to the carbon and/or hydrogen isotopes for benzene, toluene, o-xylene and DIC (i.e., 

ŭ13C-B,T,X; ŭ2H-B,T,X; and ŭ13C-DIC) (20 mL). Subsamples of the pure phase BTX injected into the 



 

82 

 

Tedlar bags as described in Section 4.2.2 (~5 mL) and the NaHCO3 used in the AGW recipe (Appendix 

B.1, step 4.) (~5 g) were submitted for the same isotope analysis as the effluent isotope samples to 

determine the carbon and hydrogen isotope signatures of BTX and similarly the signature of the DIC in 

the influent AGW solution. Following sample collection, the total sample volume was dispensed into 

designated vials for each parameter being analyzed; however, the sample for sulfate, DO, pH and ORP 

were left in the sealed sampling syringes and transported into an anaerobic glove bag for analysis. The 

remainder of the methodologies associated with sample collection or sample preparation prior to analysis, 

in addition to the analytical methods for toluene-only or BTX, sulfate, ORP, pH, DO, sulfide and DIC are 

described in Section 3.2.2 and 3.2.3. 

Samples for aqueous CH4 were collected in 4 mL (Thermoscientific, Rockwood, TN, USA) glass 

screw top vials preloaded with 1% of a 5% sodium azide stock solution and sealed with Teflon lined 

silicon septa screw caps. Aqueous CH4 samples were drawn into 10 mL gas tight sampling syringes with 

luer-lock fittings (Sigma Aldrich, St. Louis, MO, USA), equipped with a 1-way polycarbonate stopcock 

and a 22-gauge disposable needle. The samples were then diluted with purified helium, shaken vigorously 

by hand and left to equilibrate for 1 hour prior to analysis by gas chromatography (GC). Analytical 

methods for CH4 analysis are described in Section 3.2.3.  

Isotope samples were collected in 20 mL (Sci Spec, Hanover, MD, USA) glass screw top vials 

preloaded with 1% of a 5% sodium azide stock solution and sealed with Teflon lined silicon septa screw 

caps. Compound specific carbon and hydrogen isotope ratios of BTX were determined using a purge and 

trap thermal desorption system coupled to a GC-C-IRMS. Samples were manually injected into a CDS 

7000 (CDS Analytical LLC, Oxford, PA, US) sparger vessel and purged with helium for 10 minutes. The 

trap was then heated to 300oC, and analytes were separated by a DB 624 GC column on a Trace GC 

(Thermo Finnigan, Millan Italy). The GC temperature program was set to 35oC for 2 min, then 80oC at 

15oC/min and 120oC at 20oC/min. Analytes were combusted in a GCïCombustion III interface operating 

at 1450°C for 2H or 940°C for 13C, and isotope ratios were measured on a Thermo Finnigan Delta XP Plus 

XP isotope ratio mass spectrometer (Thermo Finnigan, Bremen, Germany) (5ă VSMOW precision for 

ŭ2H and 0.3ă VPDB precision for ŭ13C). For ŭ13C-DIC samples, an aliquot of sample equivalent to 0.2 

mg of carbonate was removed through the septum of the sample vial and injected into a helium filled 12 

mL Labco Exetainer vial preloaded with 0.5 mL of 85% phosphoric acid (H3PO4). The vial was then 

shaken to catalyze a reaction between the DIC and H3PO4 and left to equilibrate for 3 hours to convert the 

https://www.labco.co.uk/products/standard-exetainer-cap/product/537-exetainer-12ml-x-1000/
https://www.labco.co.uk/products/standard-exetainer-cap/product/537-exetainer-12ml-x-1000/
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DIC to CO2 in the headspace. Samples were transferred to a CTC PAL autosampler and analyzed by a 

Delta V Plus isotope ratio mass-spectrometer (IRMS) with Gasbench as a peripheral (Thermo-Finnigan, 

Bremen, Germany) (0.2ă VPDB precision). 

To determine the spatial distribution of solid phase toluene or BTX and DNA at the end of Year-2 

the BA-PC and BA+PACz columns were subsampled from top to bottom in an anaerobic glove bag. For 

the BA-PC columns, five 2-cm thick increments of BS spaced 4 to 5 cm apart were subsampled, 

extending 3-5, 9-11, 16-18, 23-25 and 29-31 cm from the bottom (or influent end) of the column. For the 

BA+PACz columns, the PAC zone was subsampled at a higher frequency compared to outside of the 

PAC zone, where six 1-cm thick increments were subsampled along the length of the PAC zone, 

extending 14-20 cm from the bottom of the column. Adjacent to the PAC zone, two 2-cm think 

increments were subsampled, extending 11-13, 13-14, 20-21 and 21-23 cm from the bottom of the 

column. Away from the PAC zone, three 2 to 3 cm thick increments spaced 1 cm apart were subsampled, 

extending 1-4, 5-7, 8-10, 24-26, 27-29 and 33-36 cm from the bottom of the column. Each increment 

contained 20 to 60 g of BS (and PAC for the BA+PACz column) (i.e., 20 g/ cm increment), which was 

first manually homogenized with a sterile SS sampling spoon and then subsampled for toluene or BTX 

and DNA analyses. For a toluene or BTX sample, 5 g of solids was placed in a 20 mL glass screw top vial 

(Sci Spec, Hanover, MD, USA), and 4 mL of DCM (containing the internal standards m-fluorotoluene and 

2-fluorobiphenyl (25 mg/L)) was added. The vials were then sealed with a Teflon lined silicon septa screw 

cap, shaken vigorously by hand for several minutes and vented. The remainder of the methodology 

associated with sample preparation prior to toluene or BTX analysis (i.e., sample shaking and extract 

transfer to autosampler vials) is detailed in Section 2.2.2. For a DNA sample, 2 to 5 g of solids were 

placed in a 50 mL plastic screw top Eppendorf tube and sealed with a plastic cap, then immediately 

frozen at -80ºC. Details pertaining to the analytical methodologies associated with solid phase toluene or 

BTX and DNA analyses are described in Section 2.2.2 and 3.2.3. 

Solid phase DNA samples for NGS were unintentionally contaminated during sample extraction 

from the DNA extraction kits used. To address the sample contamination all amplicon 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) ASVs representing common 

contaminants were removed; however, sample contamination may have remained. See Table C.3 for the 

30 ASVs removed and the relative abundance per sample prior to ASV removal.  
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4.3 Results and discussion 

 During the Year-1 acclimation period the average measured flow rate between single- and multi-

solute columns varied from 0.017 ± 0.006 to 0.76 ± 0.12 mL/min. Higher flow rates during Year-1 were 

used to induce breakthrough in the KC+PACz and BA+PACz columns, while lower flow rates were used 

during column maintenance or to address design tweaks (e.g., mixing of influent AGW solutions; testing 

different Tedlar bag options due to bag liner leakages, corrosion from contact with biocides, or BTX 

sorption to the linear material; and changing column tubing from transparent 1.57 mm ID Teflon to non-

transparent 1.57 mm ID SS in addition to adding SS filters holders to prevent microbial growth in the 

tubing). As a result, the flow rate and mass injected between columns were variable during Year-1. The 

mass injected varied from 56 to 165 mg of toluene (average influent concentration of 1.6 ± 1.2 mg/L 

between single-solute columns) for the toluene-only columns, and from 56 to 177 mg of benzene (average 

influent concentration of 2.5 ± 0.6 mg/L between multi-solute columns), 48 and 159 mg of toluene (average 

influent concentration of 2.1 ± 0.7 mg/L between multi-solute columns), and 47 and 113 mg of o-xylene 

(average influent concentration of 1.7 ± 0.7 mg/L between multi-solute columns) for the BTX columns. 

During Year-1, sorption is presumed to have resulted in a change in cumulative mass between the influent 

and effluent (æM) of -61.2 mg of toluene (37.1% reduction) in the toluene-only KC+PACz column, and -

16.6 mg of benzene (9.4% reduction), -41.5 mg of toluene (26.1% reduction) and -90.5 mg of o-xylene 

(81.2% reduction) in the BTX KC+PACz column. Biodegradation is presumed to have resulted in a æM of 

-39.4 mg of toluene (71% reduction) in the toluene-only BA-PC column, and -25.8 mg of benzene (46.3% 

reduction), -27.6 mg of toluene (57.2% reduction) and -11.7 mg of o-xylene (25.1% reduction) in the BTX 

BA-PC column. Sorption and biodegradation are presumed to have resulted in a æM of -87.4 mg of toluene 

(96.5% reduction) in the toluene-only BA+PACz column, and -78.3 mg of benzene (59.5% reduction), -

87.6 mg of toluene (81.4% reduction) and -84.3 mg of o-xylene (91.7% reduction) in the BTX BA+PACz 

column (see Table C.4 for the cumulative influent and effluent mass, and æM of toluene and BTX per 

column during Year-1). The Year-1 change in aqueous phase influent and effluent concentrations are shown 

in Figure C.2(a-f) for the single- and multi-solute KC+PACz (Figure C.2(a, d)), BA-PC (Figure C.2(b, e)) 

and BA+PACz (Figure C.2(c, f)) columns.  

During Year-2 of column operation the average measured flow rate was 0.023 ± 0.019 mL/min 

which yielded an average groundwater velocity and residence time of 0.0062 ± 0.0006 cm/min and 4.16 ± 
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0.43 days, respectively, between columns (Table C.2), which is representative of the Borden aquifer (0.0063 

cm/min [135] [Table B.1]) and therefore deemed sufficient for anaerobic biodegradation [149, 150]. As 

described in Section 4.2.3, effluent samples were collected at a lower measured flow rate of 0.017 ± 0.004 

mL/min, whereas influent samples were collected at a temporarily higher measured flow rate of 0.04 ± 

0.014 mL/min. The variation in flow rates during sample collection resulted in effluent and influent sample 

collection over 1.8 and 0.4 days, respectively.  

During Year-2 of column operation, the average influent toluene and BTX concentrations were 

sequentially adjusted in a stepwise manner between the single- and multi-solute columns from 4.7 ± 1.1 

mg/L for the first 20.2 ± 4.1 PVs to 8.6 ± 1.3 mg/L from PV 22.2 ± 4.4 to 26.6 ± 4.6 to 17.4 ± 2.5 mg/L 

from PV 27.9 ± 4.8 to 58.8 ± 10 (note that an injection concentration of 10 mg/L was unintentionally not 

used for the single-solute BA-PC column, instead the concentration increased from 5 mg/L directly to 20 

mg/L). Relative to Year-1, less variability in the cumulative injected mass between all solutes and columns 

occurred during Year-2, with an average injected mass of 78.1 ± 10.7 mg. In the multi-solute KC+PACz 

column the æM followed X (-32.2 mg or 42.2% reduction) > T (-21.4 mg or 25.4% reduction) > B (-4.6 mg 

or 5.2% reduction) which is attributed to competitive sorption, with o-xylene having the highest sorption 

capacity followed by toluene and then benzene [21, 29], as described in Chapter 2 and 3. Between the 

single- and multi-solute KC+PACz columns the æM of toluene was greater for the single-solute column 

(74.6% reduction) relative to the multi-solute column (25.4% reduction) given that the sorption capacity of 

toluene was reduced in the multi-solute competitive system. In the multi-solute BA-PC and BA+PACz 

columns with bioactivity the æM followed T > X > B. For the multi-solute BA-PC column this behaviour 

is attributed to the preferential biodegradation of toluene (-38.3 mg or 59.2% reduction) [54, 56, 187] prior 

to o-xylene (-11.3 mg or 16.9% reduction) and the limited biodegradation of benzene (-6 mg or 8.3% 

reduction) due to the recalcitrance of benzene, as described in Section 3.3.4 [54, 185, 154]. Whereas, for 

the multi-solute BA+PACz column the æM between solutes is likely attributed to the preferential 

biodegradation of toluene (-88.9 mg or 98.5% reduction) and the greater sorption of benzene (-14.3 mg or 

14.4% reduction) and o-xylene (-74.7 mg or 85.2% reduction) as toluene was biodegraded and the 

availability of sorption sites increased (see Table C.4 for the cumulative influent and effluent mass, and 

æM of toluene and BTX per column during Year-2). Between the toluene-only columns the æM of toluene 

followed BA+PACz (-68.1 mg or 99.5% reduction) > KC+PACz (-54.9 mg or 74.6% reduction) > BA-PC 

(-38.8 mg or 44.4% reduction), showing that toluene mass was reduced more due to the combination of 
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sorption and biodegradation, as opposed to sorption or biodegradation alone. Similarly, between the multi-

solute columns the æM of toluene was greatest for the BA+PACz column (-88.9 mg or 98.5% reduction), 

followed by the BA-PC (-38.3 mg or 59.2% reduction) and KC+PACz (-21.4 mg or 25.4% reduction) 

columns. 

The average sulfate concentration, as a source of electron acceptor, was increased in a similar 

manner between the single- and multi-solute columns as compared to the influent toluene and BTX 

concentrations during Year-2, staring at 6.3 ± 3.6 mg/L over PV 0 to 4.7 ± 0.9 to 22.2 ± 3.5 mg/L over PV 

9.2 ± 1.6 to 11.7 ± 5.3 to 26.5 ± 4.6 mg/L over PV 27.9 ± 4.8 to 58.8 ± 10 (note that an injection 

concentration of 30 mg/L was unintentionally not used for the single-solute KC+PACz column). The 

average cumulative mass of sulfate injected into all single- and multi-solute columns during Year-2 was 

159 ± 22.7 mg. The æM of sulfate between the single- and multi-solute KC+PACz columns was -6.8 mg 

(4.8% reduction) and -2.2 mg (1.5% reduction), respectively, and -162.5 ± 26.1 mg (97.4 ± 3.6% reduction) 

between all single- and multi-solute BA-PC and BA+PACz columns. The æM of sulfate between the single- 

and multi-solute BA-PC and BA+PACz columns in combination with the production of other 

biodegradation by-products expected under sulfate-reducing (i.e., C7H8 + 4.5S/  + 3H2/  7HC/  + 

2.25H3 + 2.25H23 + 0.25( ) and methanogenic (i.e., 4H2  HC/  + (   CH4 + 3H2/ 

[hydrogenotrophic] or CH3CO/  + H2/  CH4  HC/  [acetoclastic]) conditions supports anaerobic 

biodegradation. Specifically, between the single- and multi-solute BA-PC and BA+PACz columns the 

average æM of CH4 and DIC was 97.8 ± 22.1 mg (99.9% increase) and 109.1 ± 23.6 mg (60.2% increase), 

respectively, relative to the æM of CH4 and DIC between the single- and multi-solute abiotic KC+PACz 

columns which was 0.0 mg (0.0% increase) and 32.4 ± 6.5 mg (53.5% increase), respectively (see Table 

C.4 for the cumulative influent and effluent mass, and æM of sulfate, CH4 and DIC per column during Year-

2). 

To estimate the fraction of toluene consumption attributed to anaerobic biodegradation between the 

single- and multi-solute columns during Year-2, the stoichiometrically estimated mass of DIC generated 

from sulfate reduction coupled to toluene oxidation (i.e., determined using the æM of sulfate and the 

stoichiometric mass ratios between DIC and sulfate during sulfate reduction [0.19]) or methanogenesis (i.e., 

determined using the æM of CH4 and the stoichiometric mass ratios between DIC and CH4 during 

methanogenesis [0.75]) were compared to the measured æM of DIC (listed in Table C.4). Between the 

single- and multi-solute KC+PACz columns minimal DIC production was stoichiometrically estimated (0.9 
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± 0.6 mg) given the limited æM of sulfate consumed (-4.5 ± 3.2 mg or 3.1 ± 2.3% reduction) and no æM of 

methane produced (0.0 mg or 0.0% increase). However, the average measured æM of DIC between the 

single- and multi-solute KC+PACz columns indicates DIC was produced (32.4 ± 6.5 mg or 53.5 ± 3.6% 

increase). As opposed to DIC production associated with biodegradation, the difference between the 

average stoichiometric estimate and measured æM of DIC between the single- and multi-solute KC+PACz 

columns is likely attributed to an abiotic reaction between the 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 reductant [160] (similarly observed in the single- and multi-solute KC and KC+PAC microcosms 

described in Section 3.3.2). Contrarily the stoichiometrically estimated mass of DIC relative to the 

measured æM of DIC for both the single- and multi-solute BA-PC and BA+PACz columns were similar, 

indicating that the DIC produced was coupled to both sulfate reduction and methanogenesis (i.e., 98.4 ± 

16.9% of the average stoichiometrically estimated mass of DIC generated was accounted for relative to the 

average measured æM of DIC between columns) (see Table C.5 for the measured æM of DIC and toluene 

relative to stoichiometric estimates during sulfate reduction and methanogenesis per single- and multi-

solute column during Year-2).  

Between the single- and multi-solute BA-PC and BA+PACz columns, given that the average æM 

of sulfate (-162.5 ± 26.1 mg or 97.4 ± 3.6% reduction), DIC (109.1 ± 23.6 mg or 60.2 ± 7.1% increase), 

CH4 (97.8 ± 22.1 mg or 99.9 ± 0.2% increase) and toluene (-38.6 ± 0.4 mg or 51.8 ± 10.5% reduction [BA-

PC] and -78.5 ± 14.7 mg or 99 ± 0.7% reduction [BA+PACz]) were similar this suggests that the toluene 

was primarily biodegraded in the multi-solute BA-PC and BA+PACz columns as opposed to other solutes 

(e.g., o-xylene) also being consumed. For substantial o-xylene mass to have been consumed from the multi-

solute BA-PC and BA+PACz columns higher æM of all parameters monitored, relative to those observed 

in Table C.4, would have been stoichiometrically expected. The slight reduction in the average measured 

æM of o-xylene in the multi-solute BA-PC column during Year-2 (-11.3 mg or 16.9% reduction) may be 

associated with co-metabolism during toluene biodegradation [64] and/or error (substantial retardation of 

o-xylene to the BS is unlikely based on the ὑ  in Table B.3). Whereas the larger change in æM of o-xylene 

observed in the multi-solute BA+PACz column (-74.7 mg or 85.2% reduction) is likely primarily related 

to PAC sorption given o-xylene is preferentially sorbed to the PAC (as described in Chapter 2).  

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

the measured æM of DIC, the stoichiometrically estimated mass of toluene consumed from sulfate reduction 



 

88 

 

(i.e., determined using the æM of sulfate and the stoichiometric mass ratios between toluene and sulfate 

during sulfate reduction [0.21]) was compared to the measured æM of toluene (listed in Table C.4) for each 

single- and multi-solute column during Year-2. For the single- and multi-solute KC+PACz columns the 

average mass of toluene stoichiometrically estimated for consumption during sulfate reduction was minimal 

(1 ± 0.7 mg) given that limited sulfate was consumed (-4.5 ± 3.2 mg or 3.1 ± 2.3% reduction), which 

supports the absence of toluene biodegradation in KC+PACz columns, as expected. However, the average 

measured æM of toluene between the single- and multi-solute KC+PACz columns indicates mass was 

consumed (-54.9 mg or 74.6% reduction [single-solute] and -21.4 mg or 25.4% reduction [multi-solute]) 

which is attributed to PAC sorption. For the single- and multi-solute BA-PC and BA+PACz columns the 

average measured æM of toluene were -38.6 ± 0.4 mg (51.8 ± 10.5% reduction) and -78.5 ± 14.7 mg (99 ± 

0.7% reduction), respectively. Contrary to the KC+PACz columns, relative to the average stoichiometric 

estimates of toluene consumed during sulfate reduction 78.6 ± 3.9% and 50 ± 4.2% of the average measured 

æM of toluene were accounted for in the single- and multi-solute BA-PC and BA+PACz columns, 

respectively, which supports anaerobically biodegradation of toluene. Between the single- and multi-solute 

BA-PC and BA+PACz columns, the stoichiometrically estimated and measured mass of toluene consumed 

were closer for 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 columns was not accounted for in the 

stoichiometric estimates of biodegradation (see Table C.5 for the measured æM of DIC and toluene relative 

to stoichiometric estimates per column during Year-2). 

The formation of a black precipitate at the influent ends of the single- and multi-solute BA-PC and 

BA+PACz columns after 1.6 years of operation (see Figure C.3(i-l) for images) relative to Day 0 (see Figure 

C.3(c-f) for images) is presumed to be attributed to an abiotic oxidation-reduction reaction between sulfide 

(H2S and HS-) generated from sulfate reduction coupled to toluene oxidation and ferric iron in the BS [200, 

53, 54, 201] (as was similarly described in Section 3.3.4 for the electron acceptor (EA) amended 

microcosms). FeS formation in the single- and multi-solute BA-PC and BA+PACz columns is further 

supported by a strong sulfur odour noted during column dismantling and excavation. The absence of FeS 

precipitates at the downgradient ends of the single- and multi-solute BA-PC and BA+PACz columns may 

indicate an absence of sulfate reduction (or H2S and HS- production) in these locations due to the exhaustion 

of the sulfate source at the influent ends. FeS formation was not observed in the sterile single- and multi-

solute KC+PACz columns within the BS after 1.6 years of operation (see Figure C.3(g-h) for images) 
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relative to Day 0 (see Figure C.3(a-b) for images), as expected, given anaerobic sulfate reduction was not 

stoichiometrically coupled to toluene oxidation, as described above.  

The following Sections (4.3.1 to 4.3.3) pertain to data collected over Year-2 only, where PV = 0 

is the start of Year-2.  

4.3.1 Killed control columns  

In the single-solute KC+PACz column during the first two stepwise increases in the influent 

concentration of toluene from 5 to 10 mg/L the PAC was unsaturated (i.e., influent Í effluent concentration) 

after 19.6 and 6.1 PVs, respectively (Figure 4.2(a)). Although during the highest increase in influent 

concentrations to 20 mg/L breakthrough of toluene was observed after 15.7 PVs in the single-solute 

KC+PACz column.  In the multi-solute KC+PACz column, the PAC was saturated (i.e., influent = effluent 

concentration) with benzene after 9, 5.3 and 3.7 PVs, when the influent concentrations were 5, 10 and 20 

mg/L, respectively, showing more PVs were required to saturate the PAC with benzene at lower influent 

concentrations, as expected (for all solutes). For toluene or o-xylene in the multi-solute KC+PACz column 

saturation was only achieved at the highest influent concentration of 20 mg/L after 21.6 and 24.4 PVs for 

toluene and o-xylene, respectively (Figure 4.3(a)). Between solutes in the multi-solute KC+PACz column, 

the number of PVs to saturate the PAC at the highest influent concentration of 20 mg/L followed X > T > 

B which is related to the difference in sorption capacities between solutes with more PVs required to achieve 

saturation of o-xylene relative to toluene then benzene [29, 202], as described in Section 4.3. Between the 

KC+PACz columns more toluene sorption occurred in the single-solute column relative to the multi-solute 

column due to the higher sorption capacity of toluene in the single-solute system without the presence of 

other competing solutes [29, 202], as described in Section 4.3. 
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Figure 4.2: Influent (dashed lines with open symbols) and effluent (solid lines with closed symbols) aqueous concentrations of (a, d, g) toluene, (b, e, h) sulfate 

(SO4
2-) and sulfide (HS-), and (c, f, i) methane (CH4) and dissolved inorganic carbon (DIC) from the single-solute (toluene-only) KC+PACz (left panel), BA-PC 

(middle panel) and BA+PACz (right panel) columns. The vertical solid lines represent an increase in influent concentration.  
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Figure 4.3: Influent (dashed lines with open symbols) and effluent (solid lines with closed symbols) aqueous concentration of (a, d, g) benzene, toluene and o-

xylene (BTX), (b, e, h) sulfate (SO42-) and sulfide (HS-), and (c, f, i) methane (CH4) and dissolved inorganic carbon (DIC) from the multi-solute (BTX) 

KC+PACz (left panel), BA-PC (middle panel) and BA+PACz (right panel) columns. The vertical solid lines represent an increase in influent concentration.
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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 single- or multi-solute KC+PACz 

columns during Year-2, including stabilized sulfate concentrations between the influent and effluent and 

negligible CH4 or sulfide (H2S and HS-) production (i.e., Ò method detection limit [MDL] [Section 3.2.3]) 

(Figure 4.2(b, c) and Figure 4.3(b, c)). Additionally, no change in the average DO (2.6 ± 1.3 mg/L), pH 

(7.2 ± 0.2) or the ORP (185.7 ± 33.8 mV) were observed between the influent and effluent of the single- 

and multi-solute KC+PACz columns (Figure C.4(a-d)). Between the single- and multi-solute KC+PACz 

columns 10.3 ± 0.2 mg/L of DIC was produced, although DIC production was not stoichiometrically 

coupled to toluene oxidation, as described in Section 4.3 (Figure 4.2(c) and Figure 4.3(c)). 

For the single-solute KC+PACz column, no change in the values of ŭ13C-toluene (T) were shown 

over PV 4.6-55.8 relative to the AGW signature (-27.8 ± 0.2ă [sample average over PVs] versus -27.8ă 

[AGW signature]) (Figure 4.4(a) and see Table C.6 for the isotope data). For the multi-solute KC+PACz 

column no change in the values of ŭ13C-T (-27.8 ± 0.4ă versus -27.8ă) or ŭ13C-o-xylene (X) (-30.1ă 

versus -29.9ă) were also shown over PV 3.1-15.6 and 44.1 for toluene or PV 3.1 for o-xylene relative to 

the AGW signatures. However, over PV 26.2-37.6 and 15.6-37.6 for toluene and o-xylene, respectively, 

slight reductions in the values of ŭ13C-T (-28.6 ± 0.1ă versus -27.8ă) and ŭ13C-X (-30.9 ± 0.2ă versus 

-29.9ă) were observed. Contrarily, for benzene (B) in the multi-solute KC+PACz column a slight 

increase in the values of ŭ13C-B were observed (-24.5 ± 0.5ă versus -25.6ă) over all PVs (3.1-37.6) 

relative to the AGW signature (Figure 4.5(a) and see Table C.6 for the isotope data). The values of ŭ2H-T 

(-66.9 ± 5.9ă versus -82.1ă) from the effluent of the single-solute KC+PACz column, in addition to 

ŭ2H-B (-74.5 ± 8.4ă versus -98.4ă), ŭ2H-T (-63.2 ± 4.8ă versus -82.1ă) and ŭ2H-X (-79.7 ± 8.2ă 

versus -132.1ă) in the effluent of the multi-solute KC+PACz column increased over all PVs (4.6-55.8 

[toluene-only] and 3.1-44.1 [BTX]) relative to the AGW signatures which indicates enrichment in 2H-

B,T,X (Figure 4.4(b) and Figure 4.5(b) and see Table C.6 for the isotope data). Larger changes in the 

values ŭ2H-B,T,X relative to ŭ13C-B,T,X were expected, given that hydrogen isotope fractionation is often 

substantially larger than carbon isotope fractionation due to differences in the relative mass between the 

stable isotopes of both elements with the difference being greater for hydrogen [83, 84]. Enrichment in 

2H-B,T,X, presumably due to 1H sorption to the PAC (given the absence of biodegradation in the single- 

and multi-solute KC+PACz columns) is notable [87] as sorption is not expected to substantially influence 

the isotope ratios [79, 80, 81, 82]. Increases in the values of ŭ13C-DIC were also observed in the effluent 

of the single-solute KC+PACz column (2.6 ± 1.9ă versus -2.9ă) and the multi-solute KC+PACz 
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column (3.7 ± 1.0ă versus -2.9ă) over all PVs (4.6-55.8 [toluene-only] and 3.1-44.1 [BTX]), indicating 

13C-DIC enrichment (Figure 4.4(c) and Figure 4.5(c) and see Table C.6 for the isotope data), and may be 

related to the formation of DIC as described in Section 4.3 (Figure 4.2(c) and Figure 4.3(c)). 
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Figure 4.4: Influent isotope source signature (open symbols) and effluent (a, d) ŭ13C-toluene, (b, e) ŭ2H-toluene and (c, f, g) ŭ13C-DIC (dissolved inorganic carbon) isotopes (solid 

lines with closed symbols) for the single-solute (toluene-only) KC+PACz (left panel), BA-PC (middle panel) and BA+PACz (right panel) columns. Solid horizontal lines represent 

the average of the influent isotope source signatures and dashed horizontal lines and error bars on data represent the error, including ±0.3ă (2ů) for ŭ13C-T, ±5ă (2ů) for ŭ2H-T 

and ±0.2ă (2ů) for ŭ13C-DIC.   
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Figure 4.5: Influent isotope source signature (open symbols) and effluent (a, d, g) ŭ13C-benzene (B), toluene (T), and o-xylene (X), (b, e, h) ŭ2H-B,T,X and (c, f, i) ŭ13C-DIC 

(dissolved inorganic carbon) isotopes (solid lines with closed symbols) for the multi-solute (BTX) KC+PACz (left panel), BA-PC (middle panel) and BA+PACz (right panel) 

columns. Solid horizontal lines represent the average of the influent isotope signatures and dashed horizontal lines and error bars on data represent the error, including ±0.3ă (2ů) 

for ŭ13C-B,T,X, ±5ă (2ů) for ŭ2H-B,T,X and ±0.2ă (2ů) for ŭ13C-DIC.  
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4.3.2 Toluene -only  bio active  system   

 In the single-solute (toluene-only) BA-PC column the effluent toluene concentration was reduced 

from an average of 4.4 ± 1 mg/L over PV 2.5-27.5 to < MDL (Section 2.2.2) by PV 19, and from 17.5 ± 

1.4 mg/L over PV 28.9-67.8 to 2 mg/L by PV 67.8 (Figure 4.2(d)). However, for the single-solute 

BA+PACz column the effluent toluene concentration was reduced from 6.1 ± 1.2 mg/L, 9.9 ± 0.2 mg/L, 

16.6 ± 0.4 mg/L and 10.6 ± 1.5 mg/L over PV 3-24.5, 27.1-31.9, 33.2-40.2 and 48.1-69.2, respectively, to 

0.06 ± 0.02 mg/L over PV 3-27.1 and < MDL by PV 27.6 (Figure 4.2(g)). The near depletion in effluent 

toluene from the BA+PACz column during Year-2 is attributed to a combination of PAC sorption and 

anaerobic biodegradation [36, 100, 101, 39], as opposed to the higher effluent toluene concentrations 

from the BA-PC column with only anaerobic biodegradation (Figure 4.2(d)) or from the single-solute 

KC+PACz column with only PAC sorption (Figure 4.2(a)). 

The average solid phase toluene concentration along the length of the BA-PC column (4 to 30 cm 

from the influent [i.e., median sample distances within the incrementally collected and homogenized solid 

phase samples, described in Section 4.2.3]) in addition to the upgradient (2.5 to 13.5 cm from the 

influent) and downgradient (20.5 to 34.5 cm from the influent) sections of the BA+PACz column (outside 

of the PAC zone) was 2.9 × 10-4 ± 4.6 × 10-4 mg/g (Figure 4.6(a, f)). Comparatively, in the 6 cm PAC 

zone within the BA+PACz column (14.5 to 19.5 cm from the influent), the solid phase toluene 

concentration was 1 to 3 orders of magnitude higher than outside of the PAC zone. At the leading edge of 

the PAC zone (14.5 cm from the influent) a peak concentration of 0.18 mg/g of toluene was detected 

followed by a gradual reduction in toluene concentration to 8.5 × 10-3 mg/g towards the end of the PAC 

zone (19.5 cm from the influent). The gradient in toluene concentration within the PAC zone of the 

BA+PACz column shows 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 

being continually replenished.
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Figure 4.6: Solid phase (a, f) concentration of toluene (green filled squares); (b, g) abundance of Desulfosporosinus (light blue filled diamonds), total bacteria 

(grey filled circles) and total archaea (dark red filled squares) from quantitative polymerase chain reaction (qPCR) analysis; and relative abundance (Ó 4%) of 

bacteria and archaea detected at the (c, h) phylum, (d, i) family and (e, j) genus taxonomic levels using 16S ribosomal ribonucleic acid (rRNA) next generation 

sequencing (NGS) for the single-solute (toluene-only) BA-PC (top panel) and BA+PACz (bottom panel) columns after Year-2 of column operation. The grey 

region in the bottom panel represents the powdered activated carbon (PAC) zone. The vertical line in (a, f) represents the method detection limit of solid phase 

toluene (8.0 × 10-5 mg/g). The data in (b, g) represent the average of three measurements and the dashed vertical lines represent the background abundances. 

Error bars and solid vertical lines in (b, g) are ± 1 standard deviation. The phylum, family and genus legends correspond to (c, h), (d, i) and (e, j), respectively. 

Sample depths from the influent represent the median distance of incrementally collected samples that were homogenized. 
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Anaerobic biodegradation in the single-solute BA-PC and BA+PACz columns is supported by 

geochemical activity including a reduction in the average effluent sulfate concentration, as a source of 

electron acceptor for PHC oxidation [53, 203, 54, 55], to 0.1 ± 0.2 mg/L between columns following all 

three stepwise increases in the influent sulfate concentration (listed in Section 4.3). Between the single-

solute BA-PC and BA+PACz columns the effluent sulfate concentration was reduced over all PVs (2.5-

13.2 and 26-67.8 [BA-PC], and 3-69.2 [BA+PACz]), neglecting during the highest influent concentration 

for the BA-PC column where the effluent sulfate concentration gradually increased from 0.17 to 20.1 

mg/L over PV13.2-23.2 but decreased again to near depletion (0.09 mg/L) by PV 25 (Figure 4.2(e, h)). 

The slight increase in the effluent sulfate concentration within the BA-PC column, relative to the 

BA+PACz column (showing no increase), may be related to the absence of a PAC zone (which provided 

sustained desorption of toluene in the BA+PACz column) potentially resulting in less toluene oxidation 

coupled to sulfate reduction over PV 13.2-23.2. Sulfate reduction in the BA-PC and BA+PACz columns 

is also supported by the production of biodegradation by-products including sulfide (Figure 4.2(e, h)) and 

DIC (Figure 4.2(f, i)) that were produced at concentrations greater than from the single-solute KC+PACz 

column (Figure 4.2(b, c)). Specifically, between the BA-PC and BA+PACz columns the average effluent 

sulfide concentration increased from 1.7 ± 2.7 µg/L in the influent over all PVs (2.8 ± 0.4 to 68.5 ± 1) to 

46.4 ± 26 µg/L over PV 46.3 ± 8.6 to 68.5 ± 1 (Figure 4.2(e, h)). The accumulation of FeS precipitates at 

the influent ends of the single-solute BA-PC and BA+PACz columns, as described in Section 4.3 (Figure 

C.3(i, j)), may explain the low average effluent sulfide 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 the BA-PC and BA+PACz columns, but generally increased from 12.2 ± 3.4 to 28.4 ± 10.8 mg/L 

over all PVs (Figure 4.2(f, i)). Additionally, within the effluent of the single-solute BA-PC and 

BA+PACz columns the average DO concentration was consistently low (0.5 ± 0.3 mg/L), as expected 

under anaerobic reducing conditions; the pH was neutral (6.9 ± 0.2), within the range of optimal 

conditions for microbial degradation [54]; and the ORP decreased from 174.5 ± 32.2 mV in the influent to 

a range in values from -141.9 to 140.9 mV over all PVs [49, 204] (Figure C.5(a, b)). 

Sulfate reduction at the influent ends of the single-solute BA-PC and BA+PACz columns is 

supported by the qPCR data which shows a higher average abundance of Desulfosporosinus, whose 

members are sulfate reducing bacteria (SRB) associated with PHC biodegradation [195, 162, 196] (as 

described in Section 3.3.4), within the influent regions (i.e., 2.5 to 13.5 cm from the influent) (1.8 × 10+5 ± 
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1.8 × 10+5 copies/mL [BA-PC] and 6.8 × 10+3 ± 2.6 × 10+3 copies/mL [BA+PACz]) relative to the effluent 

ends (i.e., 20 to 35 cm from the influent) (1.7 × 10+4 ± 8 × 10+3 copies/mL [BA-PC] and 2.1 × 10+3 ± 1.2 × 

10+3 copies/mL [BA+PACz]). Desulfosporosinus was only enriched (i.e., > the background abundance) at 

10 cm from the influent in the BA-PC column (3.1 × 10+5 copies/mL versus 4.9 × 10+4 ± 3.3 × 10+4 

copies/mL [average background abundance]), and in the BA+PACz column the average abundance of 

Desulfosporosinus was highest within the PAC zone (2.6 × 10+4 ± 9.4 × 10+3 copies/mL) (Figure 4.6(b, g) 

and see Table C.7 for the qPCR data). The reduction in the abundance of Desulfosporosinus with distance 

from the influent of the BA-PC and BA+PACz columns (where the sources of sulfate and toluene were 

continually replenished) may be attributed to a depletion in sulfate with distance from the influent ends 

[205, 206] (supported by the localized formation of FeS within the influent regions, as discussed in 

Section 4.3 [Figure C.3(i, j)]). For the BA+PACz column, the elevated abundance of Desulfosporosinus 

within the PAC zone may have been sustained by the continual desorption of toluene from the PAC 

(Figure 4.6(f)) and the use of other substrates as electron acceptors (e.g., fumarate) [66] if sulfate was 

depleted within the PAC zone or potentially AC-mediated direct interspecies electron transfer (DIET) 

[112, 78, 108]. The NGS data confirms the relative abundance of Desulfosporosinus was elevated within 

the influent end of the BA-PC column (7.9% at 10 cm from the influent), although the average relative 

abundance remained elevated further downgradient (5.2 ± 1.1% at 17 and 30 cm from the influent) and 

reached a peak value of 9.9% at 24 cm from the influent (Figure 4.6(c-e) and see Table C.8 for the NGS 

data). Additionally, the NGS data confirms the average relative abundance of Desulfosporosinus was 

elevated within the PAC zone of the BA+PACz column (4 ± 1.3% over 14.5 to 18.5 cm from the influent) 

relative to the influent (2.1 ± 0.5% over 2.5 to 13.5 cm from the influent) and effluent (1.9 ± 1.5% over 

20.5 to 25 and 34.5 cm from the influent) ends, neglecting at 28 cm from the influent (downgradient of 

the PAC zone) where the relative abundance was highest (9.9%) (Figure 4.6(h-j) and see Table C.8 for the 

NGS data).  

From the qPCR data, the abundance of total bacteria within the single-solute BA-PC and 

BA+PACz columns was numerous along the column lengths, as expected, but not enriched relative to the 

background abundance (1.9 × 10+6 ± 5.4 × 10+5 copies/mL [average abundance between columns] versus 

5.2 × 10+6 ± 2.2 × 10+6 copies/mL [average background abundance]) (Figure 4.6(b, g) and see Table C.7 

for the qPCR data). The NGS data show that along the BA-PC column length (from 10 to 24 cm from the 

influent) the families Thermoanaerobaculaceae, who are anaerobic bacteria associated with PHC 
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degradation [207, 208] (6.7 ± 2%) and Comamonadaceae, whose members are primarily denitrifying 

bacteria associated with PHC degradation [209, 210] (1.4 ± 0.07%), were the most abundant bacteria 

(Figure 4.6(c-e) and see Table C.8 for the NGS data). Whereas, at the influent (6 cm from the influent) 

and effluent (25 to 34.5 cm from the influent) ends of the BA+PACz column the relative abundance of the 

genera Berkelbacteria from the phylum Patescibacteria, whose members participate in syntrophic 

interactions with other bacteria and archaea [211, 212] (29.5% [influent] and 33.6 ± 11.6% [effluent]), 

and Hydrogenophaga from the family Comamonadaceae, who are associated with PHC contamination 

[213] (5.2% [influent] and 3.9 ± 1.5% [effluent]), were elevated. Within the PAC zone of the BA+PACz 

column (at 14.5 cm from the influent) the relative abundance of Desulfovibrio, which are metabolically 

versatile SRB associated with BTEX degradation [47, 162, 214] and can grow syntrophically with 

methanogens in the absence of sulfate [215] (2.6%) and Thermoanaerobaculaceae (2.4%) were elevated 

(coinciding with the location of highest solid phase toluene concentration, as described above [Figure 

4.6(f)]). In the downgradient region of the BA+PACz column the average relative abundance of the 

genera Edwardsbacteria (4.7 ± 1.17% from 18.5 to 28 cm from the influent) and Leptolinea, which are 

anaerobic bacteria [216] (5.4% at 34.5 cm from the influent), and the family Sulfuricellaceae, which are 

sulfur oxidizers [217] (4.4% from 25 cm from the influent), were elevated (Figure 4.6(h-j) and see Table 

C.8 for the NGS data).  

Variable CH4 was detected in the effluent of the single-solute BA-PC and BA+PACz columns 

(15.2 ± 9.2 mg/L [average between columns]) relative to the average influent concentration (0.02 ± 0.1 

mg/L) over all PVs (2.8 ± 0.4 to 68.5 ± 1) (Figure 4.2(f, i)). The CH4 produced is associated with 

methanogenic reactions driven partly by the utilization of metabolites from sulfate reduction [205, 218, 

219, 60]. The change in the effluent CH4 concentrations also coincides with the change in effluent DIC 

concentrations over the same PVs (Figure 4.2(f, i)), potentially suggesting acetoclastic methanogenesis 

(i.e., CH3CO/  + H2/  CH4  HC/ ). Methanogenesis in the BA-PC column is supported by the 

qPCR data which show the average abundance of total archaea was enriched at the influent end (3.3 × 

10+6 copies/mL at 4 cm from the influent versus 3.9 × 10+4 ± 7.7 × 10+3 copies/mL [average background 

abundance]), followed by a gradual reduction to less than background at the effluent end (1.4 × 10+4 

copies/mL at 30 cm from the influent) (Figure 4.6(b) and see Table C.7 for the qPCR data). The NGS data 

also show a high relative abundance of archaea at the influent end of the BA-PC column. Specifically, 

members of the genus Methanosarcina, which is a versatile methanogen capable of growing on 
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methylated compounds, acetate or hydrogen [220, 117], was most abundant at 4 cm from the influent 

(81.4%) of the BA-PC column. Further downgradient from 10 to 30 cm from the influent the average 

relative abundance of the genera Methanosaeta, which contains acetoclastic methanogens as described in 

Section 3.3.2 [162, 161, 46] (15.7 ± 6.8%), and Methanobacterium, whose members are versatile and able 

to grow on H2, CO2 or formate [67] as described in Section 3.3.2 (9.7 ± 3.6%), were elevated (Figure 

4.6(c-e) and see Table C.8 for the NGS data). The most abundant archaea (Methanosarcina and 

Methanosaeta) are capable of acetoclastic methanogenesis [220, 70, 162] which supports the production 

of DIC in tandem with CH4 (Figure 4.2(f, i)). Other archaea of elevated relative abundance at select 

locations along the BA-PC column length included the genus Methanoregula, who are hydrogenotrophic 

methanogens that require acetate for growth and are associated with benzene degradation activity [221, 

222, 223] (4% at 30 cm from the influent), and the families Methanocellaceae (4.7% at 10 cm from the 

influent) and Methanomicrobiales (5.3% at 30 cm from the influent), who are hydrogenotrophic 

methanogens associated with syntrophic toluene metabolism [224, 225]. In the BA+PACz column the 

qPCR data show that the average abundance of total archaea at the influent (1.5 × 10+5 ± 1.6 × 10+5 

copies/mL at 2.5 to 13.5 cm from the influent) and effluent (9.3 × 10+4 ± 1.1 × 10+5 copies/mL at 20.5 to 

34.5 cm from the influent) ends were less than within the PAC zone (3.4 × 10+5 ± 2.4 × 10+5 copies/mL at 

14.5 to 18.5 cm from the influent) (Figure 4.6(g)), potentially suggesting the PAC provided support for 

archaeal growth [117]. The NGS data for the BA+PACz column show that Methanosarcina is most 

abundant at the influent end (2.5 cm from the influent) (35.5% relative abundance). Within the 

downgradient end of the PAC zone within the BA+PACz column (18.5 to 22 cm from the influent) the 

average relative abundance of Methanosarcina was also elevated (29.4 ± 10.7%) in addition to 

Methanomethylovorans, which are canonically methylotrophic methanogens [161] as described in Section 

3.3.2 (7 ± 3.8% from 20.5 to 22 cm from the influent), which coincides with the location of lower solid 

phase toluene concentration as shown in Figure 4.6(f). Within the upgradient regions of the PAC zone in 

the BA+PACz column (from 9 to 16.5 cm from the influent), where the solid phase toluene concentration 

was highest as shown in Figure 4.6(f), the genus Methanosaeta, which are acetoclastic as described above 

but also capable of CO2 reduction to CH4 by directly accepting electrons transferred from bacteria through 

the PAC as described in Section 3.3.3 [78, 73, 118, 174] (21.4 ± 7.3%), is most abundant. From 15.5 to 

18.5 cm from the influent within the PAC zone of the BA+PACz column, the average relative abundance 

of the genus Methanobacterium was also elevated (20.5 ± 6.7%) (Figure 4.6(h-j) and see Table C.8 for 
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the NGS data). The proliferation of Methanosaeta [112, 118, 117] and Methanosarcina [76, 119, 117] 

within the PAC zone is notable given these genera are associated with AC-mediated DIET, and the 

elevated relative abundances within the PAC zone shows that the presence of PAC influenced the 

microbial activity within the single-solute BA+PACz column. 

Isotope data for the single-solute BA-PC column shows no change in the values of effluent ŭ13C-

T relative to the AGW signature except from at PV 9.4 and 27.5 where an increase in ŭ13C-T was 

observed (-26.2 ± 1.1ă [sample average over PVs] versus -27.8ă [AGW signature]). The increase in 

ŭ13C-T in the single-solute BA-PC column indicates 13C-T enrichment which suggests anaerobic 

biodegradation of toluene occurred at PV 9.4 and 27.5 (Figure 4.4(d) and see Table C.6 for the isotope 

data). Increases in the values of ŭ2H-T were also observed in the effluent of the BA-PC column (-25.1 ± 

14.4ă versus -82.1ă) over all PVs (4.9-61.1) relative to the AGW signature, which additionally 

supports the anaerobic biodegradation of toluene (Figure 4.4(e) and see Table C.6 for the isotope data). 

Relative to the single-solute KC+PACz column (Figure 4.4(a, b)), in the BA-PC column the average 

value of ŭ2H-T was 41.8ă higher which shows a larger shift in the hydrogen isotope ratio during 

anaerobic biodegradation (in the BA-PC column) as opposed to sorption to the PAC (in the KC+PACz 

column), as expected [84, 45]. Isotope data for toluene (ŭ13C-T and ŭ2H-T) in the single-solute BA+PACz 

column is unavailable since the effluent toluene concentration was depleted (Figure 4.2(g)), which 

prevented a direct comparison of the carbon and hydrogen isotope fractionation of toluene between the 

single-solute KC+PACz, BA-PC and BA+PACz columns. 

The values of effluent ŭ13C-DIC were variable, showing increases or decreases for the BA-PC 

column (ranging from -8.4ă at PV 9.4 to 3.6ă at PV 37.2 versus -2.9ă [AGW signature]) and 

BA+PACz column (ranging from -12.5ă at PV 60.3 to 8.3ă at PV 4.6 versus -2.9ă) relative to the 

AGW signature (Figure 4.4(f, g) and see Table C.6 for the isotope data). Similar to the effluent CH4 

concentrations, the change in value of ŭ13C-DIC coincided with the changes in the effluent DIC 

concentrations over the same PVs (Figure 4.2(f, i)), which is contrary to the typical shift in ŭ13C-DIC 

associated with PHC biodegradation under sulfate reducing conditions (i.e., 13C-DIC depletion is expected 

as 1H-T and 12C-T are oxidized and the generated 12C-DIC becomes enriched [95]). Enrichment or 

depletion in 13C-DIC is also expected when coupled to methanogenic reactions that consume 12C-DIC to 

form 12C-CH4 which enriches the remaining 13C-DIC (e.g., hydrogenotrophic methanogenesis) [226, 227, 

228, 205, 229], or methanogenic reactions that generate 12C-DIC from 12C products (e.g., acetoclastic 
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methanogenesis), respectively. As a result of either methanogenic reaction (i.e., hydrogenotrophic or 

acetoclastic methanogenesis) the change in the DIC concentration is expected to be inverse of the shift in 

ŭ13C-DIC which was not observed in the single-solute BA-PC or BA+PACz columns, and therefore the 

cause of the change in the carbon isotopes of DIC are inconclusive.  

4.3.3 BTX bioactive system  

In the multi-solute (BTX) BA-PC column the effluent toluene concentration was reduced from an 

average of 5.2 ± 0.6 to 3.7 ± 0.8 mg/L over PV 2.8-16.4, 9 ± 0.9 to 1.4 ± 1.4 mg/L over PV 18.2-22.3, and 

16 ± 2.2 to 10.5 ± 0.3 mg/L over PV 26.3-29.5 followed by a reduction to 0.9 mg/L by PV 48.2 (Figure 

4.3(d)). The reduction in the effluent toluene concentration was similar between the multi-solute BA-PC 

column and the single-solute BA-PC column discussed in Section 4.3.2 (Figure 4.2(d)). Contrarily, over 

all PVs (2.8-48.2) only a minor reduction in the effluent o-xylene concentration and minimal change in 

the effluent benzene concentration occurred for the BA-PC column. Limited biodegradation of benzene 

and o-xylene were expected due to the recalcitrance of benzene [54, 185, 154], and the preferential 

biodegradation of toluene prior to o-xylene [54, 56, 187] (as described in Section 4.3) combined with the 

continual replenishment of toluene in the influent. Despite the limited biodegradation of benzene and o-

xylene, over each stepwise increase in influent concentration the effluent o-xylene concentration was 

reduced slightly more than benzene. Differences in the effluent concentrations between benzene and o-

xylene included reductions from 4.6 ± 0.4 to 3.6 ± 0.6 mg/L (o-xylene, 21.9% reduction) versus 5.6 ± 0.5  

to 5.2 ± 1.1 mg/L (benzene, 7.9% reduction) over PV 2.8-16.4, 8 ± 0.8 to 4.9 ± 1.5 mg/L (o-xylene, 

38.8% reduction) versus 10 ± 0.7 to 7.7 ± 1.2 mg/L (benzene, 23.3% reduction) over PV 18.2-22.3, and 

16.6 ± 1.6 to 13.5 ± 3.2 mg/L (o-xylene, 18.5% reduction) versus 18 ± 1.9 to 15.8 ± 2.8 mg/L (benzene, 

12.7% reduction) over PV 23.3-48.2 (Figure 4.3(d)). The slightly higher reduction in the effluent o-xylene 

concentration relative to benzene may be related to co-metabolism of o-xylene during toluene 

biodegradation [64], as described in Section 4.3, or potentially slightly higher retardation of o-xylene to 

the BS relative to benzene (with o-xylene sorbing more than benzene due to difference in the ὑ  [Table 

B.3]).  

Like the single-solute BA+PACz column (Figure 4.2(g)), the combination of PAC sorption and 

anaerobic biodegradation in the multi-solute BA+PACz column resulted in a larger reduction in the 

effluent toluene concentration relative to biodegradation alone (in the BA-PC column [Figure 4.3(d)]) or 
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sorption alone (in the KC+PACz column [Figure 4.3(a)]). The effluent toluene concentration from the 

multi-solute BA+PACz column was nearly depleted (0.2 ± 0.1 mg/L) over all PVs (2.4-64.9) with 

influent concentrations of 4 ± 1.6 mg/L over PV 2.4-23.1, 9 ± 0.5 mg/L over PV 25.5-29.5 and 17.4 ± 1 

mg/L over PV 30.9-64.9 (Figure 4.3(g)). Therefore, similar to the single-solute BA+PACz column the 

multi-solute BA+PACz column also maintained nearly depleted effluent toluene concentrations over each 

stepwise increase in the influent BTX concentrations; however, dissimilar to the single-solute BA+PACz 

column, this was accomplished in the presence of other solutes (benzene and o-xylene) likely competing 

for sorption sites on the PAC as toluene was desorbed and biodegraded. For o-xylene in the BA+PACz 

column, the effluent concentration was depleted to 0.3 ± 0.03 mg/L when the influent concentrations were 

3.9 ± 0.9 mg/L over PV 2.4-23.1 and 7.8 ± 0.6 mg/L over PV 25.5-29.5. However, when the influent o-

xylene concentration was increased to the highest concentration of 16.7 ± 1.4 mg/L over PV 30.9-64.9 the 

effluent o-xylene concentration gradually increased from 0.5 mg/L to 7.5 mg/L. The increase in the 

effluent o-xylene concentration from the BA+PACz column may be due to breakthrough or saturation of 

the PAC capacity for o-xylene in the absence of substantial biodegradation given that o-xylene is 

competitively inhibited during toluene biodegradation (Figure 4.3(g)). In the BA+PACz column the 

influent benzene concentration was increased from 4.5 ± 1.7 mg/L over PV 2.4-23.1 to 9.7 ± 0.4 mg/L 

over PV 25.5-29.5 to 19.1 ± 1 mg/L over PV 30.9-64.9, while the effluent benzene concentration 

increased from 1.6 to 4.4 mg/L over PV 2.4-23.1, stabilized at 4.1 ± 0.2 mg/L from PV 25.5-29.5, and 

increased from 4.8 to 18.8 mg/L over PV 30.9-64.9 (Figure 4.3(g)). The increase in the effluent benzene 

concentration over most stepwise increases in influent concentration shows breakthrough in the 

BA+PACz column which was expected given that the PAC sorption capacity for benzene was lowest 

(relative to toluene and o-xylene) [28, 21, 29, 202], as described in Section 4.3.  

Similar to the single-solute BA+PACz column (described in Section 4.3.2), at the leading edge of 

the PAC zone in the multi-solute BA+PACz column (14.5 cm from the influent [i.e., median sample 

distance within the incrementally collected and homogenized solid phase sample, described in Section 

4.2.3]) the solid phase concentration of toluene was highest (0.003 mg/g), and only at this location was 

the solid phase concentration of toluene greater than benzene (0.001 mg/g). Additionally, between solutes 

the solid phase concentration of o-xylene (0.02 mg/g) was highest at the leading edge of the PAC zone 

due to the preferential sorption and higher sorption capacity of o-xylene relative to both toluene and 

benzene. Directly downgradient of the leading edge to the end of the PAC zone the solid phase 
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concentration of toluene gradually decreased to 0.004 mg/g (at 19.5 cm from the influent), whereas the 

solid phase concentrations of o-xylene (0.8 mg/g) and benzene (0.03 mg/g) increased (Figure 4.7(f)). The 

variation in sorption between solutes within the PAC zone is due to the biodegradation of toluene and 

regeneration of sorption sites on the PAC (with greater mass removal towards the end of the PAC zone 

furthest from the influent source of BTX being continually replenished), resulting in higher sorption 

capacities of o-xylene and benzene. The average solid phase BTX concentrations within the BA+PACz 

column in the upgradient (0.0022 ± 0.0032 mg/g [X] > 6.9 × 10-4 ± 9.6 × 10-4 mg/g [T] > 4.9 × 10-4 ± 0.8 

× 10-4 mg/g [B]) and downgradient (0.0034 ± 0.0054 mg/g [X] > 0.0011 ± 0.0024 mg/g [B] > 2.4 × 10-4 ± 

3.9 × 10-4 mg/g [T]) regions outside of the PAC zone, in addition to along the entire column length of the 

BA-PC column (0.0012 ± 2.2 × 10-4 mg/g [X] > 8.5 × 10-5 ± 1.2 × 10-5 mg/g [T] > 8 × 10-5 mg/g [B]) were 

1 to 3 orders of magnitude lower than within the PAC zone (Figure 4.7(a, f)), which is similar to the 

results described for toluene in the single-solute BA-PC and BA+PACz columns (Figure 4.6(a, f)) 

(Section 4.3.2). 
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Figure 4.7: Solid phase (a, f) concentration of benzene (red filled triangles), toluene (green filled squares) and o-xylene (blue filled circles) (BTX); (b, g) 

abundance of Desulfosporosinus (light blue filled diamonds), total bacteria (grey filled circles) and total archaea (dark red filled squares) from quantitative 

polymerase chain reaction (qPCR) analysis; and relative abundance (Ó 4%) of bacteria and archaea detected at the (c, h) phylum, (d, i) family and (e, j) genus 

taxonomic levels using 16S ribosomal ribonucleic acid (rRNA) next generation sequencing (NGS) for the multi-solute (BTX) BA-PC (top panel) and BA+PACz 

(bottom panel) columns after Year-2 of column operation. The grey region in the bottom panel represents the powdered activated carbon (PAC) zone. The 

vertical line in (a, f) represents the method detection limit of solid phase BTX (8.0 × 10-5 mg/g). The data in (b, g) represent the average of three measurements 

and the dashed vertical lines represent the background abundances. Error bars and solid vertical lines in (b, g) are ± 1 standard deviation. The phylum, family and 

genus legends correspond to (c, h), (d, i) and (e, j), respectively. Sample depths from the influent represent the median distance of incrementally collected 

samples that were homogenized.  
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 Anaerobic biodegradation in the multi-solute BA-PC and BA+PACz columns is supported by 

similar geochemical activity as described for the single-solute columns in Section 4.3.2, including a 

reduction in the influent sulfate concentrations listed in Section 3.4 to an average effluent sulfate 

concentration of 0.2 ± 0.4 mg/L between columns over PV 2.6 ± 0.3 to 56.6 ± 11.8 (Figure 4.3(e, h)). 

Sulfate reduction is also supported by increases in the average effluent DIC and sulfide concentrations 

between the BA-PC and BA+PACz columns, including influent concentrations of 10.9 ± 3.9 mg/L for 

DIC and 2.1 ± 2.5 µg/L for sulfide relative to effluent concentrations of 28 ± 12.13 mg/L for DIC over all 

PVs (2.6 ± 0.3 to 56.6 ± 11.8) and a peak value of 50 µg/L for sulfide by PV 56.6 ± 11.8 (Figure 4.3(e-f, 

h-i)). In support of methanogenesis, between the BA-PC and BA+PACz columns the average effluent 

CH4 concentration increased from 0.01 ± 0.03 to 13.7 ± 8.5 mg/L over PV 2.6 ± 0.3 to 56.6 ± 11.8 (Figure 

4.3(f, i)). Additionally, the average effluent DO concentration remained low (0.5 ± 0.3 mg/L), the effluent 

pH was neutral (7 ± 0.2) and the effluent ORP ranged from 160.4 to -140.2 mV relative to a higher 

average influent value (175 ± 32.4 mV) for the BA-PC and BA+PACz columns (Figure C.5(c, d)). From 

the geochemical parameters monitored, given the limited difference in the magnitude of change between 

the multi-solute columns this indicates that the PAC zone within the BA+PACz column did not 

substantially influence the microbial activity during PHC biodegradation relative to the BA-PC column 

without a PAC zone. 

The qPCR data shows an enrichment in Desulfosporosinus at the influent ends of the multi-solute 

BA-PC (1.1 × 10+5 copies/mL at 4 cm from the influent) and BA+PACz (1.1 × 10+6 copies/mL at 2.5 cm 

from the influent) columns relative to background (4.9 × 10+4 ± 3.3 × 10+4 copies/mL). Enrichment of 

Desulfosporosinus at the influent ends of the multi-solute columns, closet to the influent source of toluene 

and sulfate and at the location of FeS formation (Figure C.3(k, l)) as discussed in Section 4.3, supports 

sulfate reduction at these locations. With distance from the influent end of the BA-PC column the 

abundance of Desulfosporosinus gradually decreased to an average abundance of 6.8 × 10+3 ± 2.5 × 10+3 

copies/mL at 24 to 30 cm from the influent (Figure 4.7(b) and see Table C.7 for the qPCR data). The 

NGS data also show that Desulfosporosinus was detected in the influent end (4 cm from the influent) of 

the BA-PC column (3.4%), although similar to the single-solute BA-PC column (described in Section 

4.3.2) a peak value of 7.5% was detected further downgradient at 17 cm from the influent (Figure 4.7(c-e) 

and see Table C.8 for the NGS data). Like the PC-BA column, the qPCR data for the BA+PACz column 

show that the average abundance of Desulfosporosinus decreased downgradient of the PAC zone at 28 to 

34.5 cm from the influent (2.4 × 10+3 ± 1.2 × 10+3 copies/mL) in addition to upgradient of the PAC zone at 

6 to 12 cm from the influent (1.5 × 10+4 ± 8.7 × 10+3 copies/mL) relative to the influent and background 

abundances. Although, within the PAC zone of the BA+PACz column (15.5 to 20.5 cm from the influent) 
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the average abundance of Desulfosporosinus was similar to background (3.3 × 10+4 ± 1.5 × 10+4 

copies/mL), neglecting at 14.5 cm from the influent where Desulfosporosinus was enriched (2.3 × 10+5 

copies/mL) (Figure 4.7(g) and see Table C.7 for the qPCR data) which coincides with the location of 

highest solid phase toluene concentration, as described above (Figure 4.7(f)). The NGS data, also show 

that the relative abundance of Desulfosporosinus was highest at the influent end of the BA+PACz column 

(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 (4.4 ± 1.8% at 13.5 and 15.5 to 

34.5 cm from the influent) (Figure 4.7(h-j) and see Table C.8 for the NGS data). Like the BA-PC column, 

the relative abundance of Desulfosporosinus was highest where the sulfate and/or toluene concentrations 

were presumed to be highest which suggests this SRB was involved in toluene biodegradation.  

The qPCR data show the abundance of total bacteria within the multi-solute BA-PC and 

BA+PACz columns was similar to the single-solute columns described in Section 4.3.2, being numerous 

along the column lengths but not enriched relative to background (i.e., 3.8 × 10+6 ± 2.3 × 10+6 copies/mL 

[average abundance between columns] versus 5.2 × 10+6 ± 2.2 × 10+6 copies/mL [average background 

abundance]) (Figure 4.7(b, g) and see Table C.7 for the qPCR data). The NGS data show that along the 

BA-PC column length (4 to 30 cm from the influent) the genus Desulfovibrio is the most abundant 

bacterium (3.2 ± 1.3%). Other bacteria with elevated relative abundances at select locations along the BA-

PC column length included the genera Berkelbacteria (7.1% at 17 cm from the influent) and 

Edwardsbacteria (6.7% at 30 cm from the influent), and the family Thermoanaerobaculaceae (5.3% at 24 

cm from the influent) (Figure 4.7(c-e) and see Table C.8 for the NGS data). In the upgradient region of 

the BA+PACz column at 2.5 cm from the influent the family Spirochaetaceae, whose members can 

produce acetate by fermentation and are associated with anaerobic PHC degradation [230] (6.7%), and the 

genus Lysobacter (4.2%) were elevated. Within the PAC zone of the BA+PACz column the NGS data 

showed that the relative abundance of the phylum Nitrospinota, whose members are involved in 

nitrification [231] (5.8 ± 2.6% from 15.5 to 20.5 cm from the influent), and the family Rikenellaceae 

(7.7% at 17.5 cm from the influent) were elevated. As was similarly observed in the single-solute 

BA+PACz column (as described in Section 4.3.2), in the downgradient region of the PAC zone in the 

BA+PACz column (from 18.5 to 22 cm from the influent) the average relative abundance of 

Edwardsbacteria was elevated (9 ± 2.1%). At 14.5 cm from the influent within the PAC zone (the 

location of highest solid phase toluene concentration, as described above [Figure 4.7(f)]), 

Edwardsbacteria (9.7%) and Desulfovibrio (4%) were the most abundant genera detected which was also 

observed in the single-solute BA+PACz column for Desulfovibrio (as described in Section 4.3.2).  
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In the downgradient region of the BA+PACz column the relative abundance of several bacteria were 

elevated including the phyla Nitrospinota (5.3 ± 1.7% from 28 to 34.5 cm from the influent) and 

Vicinamibacterales, which are associated with PHC degradation using nitrite [232] (4.9% at 28 cm from 

the influent); the family Comamonadaceae (4.7 ± 0.4% from 28 to 34.5 cm from the influent); and the 

genera Lysobacter (5.9% at 28 cm from the influent), Syntrophus, whose members produce acetate, 

hydrogen and CO2 through the fermentation of benzoate [233, 234, 209] (7.3% at 25 cm from the 

influent), Brevundimonas, which are associated with aerobic PHC degradation [235] that could have 

potentially been sustained by the residual O2 at the effluent end of the column (Figure C.5(d)) (5.8% at 

34.5 cm from the influent), Desulfurivibrio, who are SRB [236] (8.1% at 34.5 cm from the influent) and 

Devosia (4.7% at 34.5 cm from the influent) (Figure 4.7(h-j) and see Table C.8 for the NGS data).  

 Similar to the single-solute BA-PC column described in Section 4.3.2, the qPCR data for the 

multi-solute BA-PC column show an enrichment in total archaea (2.1 × 10+6 copies/mL versus 3.9 × 10+4 

± 7.7 × 10+3 copies/mL [average background abundance]) within the influent end (4 cm from the influent), 

followed by a gradual reduction (8.9 × 10+4 copies/mL) within the effluent end (30 cm from the influent) 

(Figure 4.7(b) and see Table C.7 for the qPCR data). The NGS data show that the influent end of the 

multi-solute BA-PC column was dominated by the genus Methanosarcina at 4 cm from the influent 

(53.4% relative abundance) and, although detected at a reduced average relative abundance, 

Methanosarcina was also detected along the remainder of the column length (28.5 ± 11% from 10 to 30 

cm from the influent). The relative abundance of Methanomethylovorans was elevated primarily at 10 cm 

from the influent within the BA-PC column (35.6%), which are methylotrophic methanogens that convert 

methylated compounds to CH4 [161], as described in Section 3.3.2. Within the downgradient region of the 

BA-PC column the average relative abundance of the genera Methanosaeta (4.3 ± 0.3% at 17 and 30 cm 

from the influent) and Methanobacterium (4.3 ± 0.4% at 17 to 30 cm from the influent) were slightly 

elevated (Figure 4.7(c-e) and see Table C.8 for the NGS data), which is similar to the spatial distribution 

of these methanogens within the single-solute BA-PC column (described in Section 4.3.2 [Figure 4.6(c-

e)]). The detection of these archaea indicates methylotrophic or acetoclastic methanogenesis may have 

predominated within the multi-solute BA-PC column which supports the production of DIC and CH4 [70] 

shown in Figure 4.3(f, i). Contrary to the single-solute BA+PACz column, the qPCR data show that the 

average abundance of total archaea was lowest within the influent end of the multi -solute BA+PACz 

column (1.1 × 10+3 ± 1.1 × 10+3 copies/mL versus 3.9 × 10+4 ± 7.7 × 10+3 copies/mL [average background 

abundance]) from 2.5 to 6 and 12 cm from the influent. However, like the single-solute BA+PACz 

column the average abundance of total archaea was highest and enriched within the PAC zone of the 
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multi-solute BA+PACz column (3.9 × 10+5 ± 3.7 × 10+5 copies/mL) from 14.5 and 16.5 to 18.5 cm from 

the influent (Figure 4.7(g) and see Table C.7 for the qPCR data). Consistent with the single-solute 

BA+PACz column described in Section 4.3.2, the NGS data show that the archaea of highest average 

relative abundance primarily within the PAC zone of the multi-solute BA+PACz column includes the 

genera Methanosaeta (24.8 ± 3.4% from 14.5 to 22 cm from the influent) and Methanobacterium (24.4 ± 

5% 14.5 to 18.5 cm from the influent). However, dissimilar to the single-solute BA+PACz column 

Methanosarcina was detected at a lower relative abundance as compared to the other archaea and 

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(f). Additionally, the average relative abundance of Methanoregula 

was elevated within the PAC zone to the downgradient region of the BA+PACz column from 17.5 to 28 

cm from the influent (4.6 ± 2.5%) (i.e., further downgradient of the location of the elevated solid phase 

toluene concentration [Figure 4.7(f)]) (Figure 4.7(h-j) and see Table C.8 for the NGS data). Consistent 

with the single-solute BA+PACz column, the enriched archaeal community at higher relative abundances 

within the PAC zone, as compared to regions outside of the PAC zone, demonstrates that the PAC 

spatially influenced the microbial growth of methanogens relative to the BA-PC column. The presence of 

the PAC zone in the BA+PACz columns may be providing support for biofilm formation [36, 38, 111], or 

potentially AC-mediated DIET as described in Section 1.1.3 [112, 76, 78, 108]. 

Isotope data for the multi-solute BA-PC column showed no change in the effluent values of ŭ13C-

B,T from PV 5.2-43.1 for benzene (-25.2 ± 0.2ă [sample average over PVs] versus -25.6ă [AGW 

signature]) and PV 5.2-31.2 for toluene (-27.9 ± 0.2ă versus -27.8ă) relative to the AGW signatures. 

However, at PV 50.8 for benzene and from PV 43.1-50.8 for toluene increases in the values of ŭ13C-B (-

23.9ă versus -25.6ă) and decreases in the values of ŭ13C-T (-28.7 ± 0.08ă versus -27.8ă) were 

observed relative to the AGW signatures. Contraril y, the values of ŭ13C-X were consistently reduced 

relative to the AGW signature (-32.1 ± 0.9ă versus -29.9ă) over all PV (5.2-50.8) within the BA-PC 

column (Figure 4.5(d) and see Table C.6 for the isotope data) which was similarly observed in the multi-

solute BA+PACz column (-32.6 ± 2.1ă versus -29.9ă) over all PVs (38.7-61.8). The values of effluent 

ŭ13C-B in the multi-solute BA+PACz column were variable, showing an increase in ŭ13C-B from PV 4.6-

37.2 (-24.5 ± 0.5ă versus -25.6ă), a decreases at PV 46.3 and 61.8 (-26.4 ± 0.2ă versus -25.6ă), and 

no change relative to the AGW signature at PV 54.0 (-25.5ă versus -25.6ă) (Figure 4.5(g) and see 

Table C.6 for the isotope data). The change in the values of ŭ13C-B,T between the multi -solute BA-PC or 

BA+PACz columns were similar to those observed for the multi-solute KC+PACz column, described in 

Section 4.3.1 (Figure 4.5(a)), potentially indicating that the change in the carbon isotopes of benzene and 
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toluene are not associated with anaerobic biodegradation. The reduction in the values of ŭ13C-X in all 

multi-solute columns indicates a depletion in 13C-X occurred (Figure 4.5(a, d, g)); however, more 

fractionation of the carbon isotopes of o-xylene occurred in the BA-PC and BA+PACz columns relative 

to the KC+PACz column. Although notable, the cause of 13C-X depletion in the multi-solute columns is 

inconclusive given that isotope shifts associated with anaerobic biodegradation or sorption are expected to 

enrich 13C-X due to the consumption [164, 84, 80, 85] or sorption [86, 87, 88, 89], respectively, of the 

lighter isotope (12C-X). Depletion in 13C-X is also expected due to the desorption of the lighter isotope 

(12C-X), although this is likely not the cause of the 13C-X depletion between the multi-solute columns 

given the high solid phase concentration of o-xylene shown in the Figure 4.7(a, f). Isotope data for 

toluene (ŭ13C-T) in the multi-solute BA+PACz column is unavailable since the effluent toluene 

concentration was depleted (Figure 4.3(g)), which prevented a direct comparison of the carbon isotope 

fractionation of toluene between the multi-solute KC+PACz, BA-PC and BA+PACz columns. 

 The values of ŭ2H-B,T,X increased relative to the AGW signatures for the multi-solute BA-PC 

column over all PVs (5.2-50.8) (-72.5 ± 7ă [sample average for B over all PVs] versus -98.4ă [AWG 

signature of B], -32.7 ± 13.7 [sample average of T over all PVs] versus -82.1ă [AWG signature of T], 

and -86.1 ± 26.1ă [sample average of X over all PVs] versus -132.1ă [AWG signature of X]) (Figure 

4.5(e) and see Table C.6 for the isotope data). Given that the PHC data in Figure 4.3(d) and the ЎM of 

benzene or o-xylene in Table C.4 (described in Section 4.3) do not support substantial anaerobic 

biodegradation of benzene or o-xylene, increases in the values of ŭ2H-B,X (indicating enrichment in 2H-

B,X) are likely attributed to causes other than biodegradation (e.g., partial substrate oxidation through co-

metabolism during toluene oxidation [64], as described in Section 4.3). Relative to benzene and o-xylene, 

the values of ŭ2H-T were higher indicating that more enrichment in 2H-T occurred in the multi-solute BA-

PC column, which is attributed to the anaerobic biodegradation of toluene as supported by the PHC data 

in Figure 4.3(d) and the ЎM of toluene in Table C.4 (described in Section 4.3). The magnitude of 2H-T 

enrichment in the BA-PC column was also similar to the single-solute column described in Section 4.3.2 

(Figure 4.4(e)), and relative to the multi-solute KC+PACz column with sorption only (Figure 4.5(b)) the 

average value of ŭ2H-T was 30.5ă higher due to anaerobic biodegradation (in the BA-PC column), as 

expected [84, 45]. For the multi-solute BA+PACz column over all PVs (4.6-61.8) the values of ŭ2H-B 

were elevated relative to the AGW signature (-80.7 ± 5.9ă versus -82.1ă), indicating enrichment in 2H-

B which was similar to the magnitude of enrichment in the multi-solute KC+PACz (Figure 4.5(b)) and 

BA-PC (Figure 4.5(e)) columns. In the BA+PACz column the values of ŭ2H-X were also elevated relative 

to the AGW signature (-46.3 ± 2.6ă versus -132.1ă) over all PVs (38.7-61.8) (Figure 4.5(h) and see 
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Table C.6 for the isotope data), with the average value of ŭ2H-X 54ă and 58ă greater than the average 

values in the multi-solute KC+PACz and BA-PC columns, respectively. The higher values of ŭ2H-X in 

the BA+PACz column relative to both the KC+PACz and BA-PC columns supports higher 2H-X 

enrichment associated with enhanced o-xylene sorption to the PAC zone within the BA+PACz column as 

toluene was desorbed and biodegraded (enhanced sorption of o-xylene did not occur in the KC+PACz 

column due to the presence of toluene). Sorption as opposed to anaerobic biodegradation of o-xylene in 

the multi-solute BA+PACz column is supported by the high solid phase concentration of o-xylene 

(relative to the other solute) as shown in Figure 4.7(f), in addition to the PHC data in Figure 4.3(g) and 

the ЎM of o-xylene in Table C.4 (described in Section 4.3) that do not support substantial o-xylene 

biodegradation. Isotope data for toluene (ŭ2H-T) in the multi-solute BA+PACz column is unavailable 

since the effluent toluene concentration was depleted (Figure 4.3(g)), which prevented a direct 

comparison of the hydrogen isotope fractionation of toluene between the multi-solute KC+PACz, BA-PC 

and BA+PACz columns. 

 The values of effluent ŭ13C-DIC were variable for the multi-solute BA-PC column, showing 

increases at PV 5.2 (12.3ă) and 31.2 (3.8ă) and reductions (-6ă ± 0.8 [sample average over PVs]) over 

PV 43.1-50.8 relative to the AGW signature (-2.9ă) (Figure 4.5(f) and see Table C.6 for the isotope 

data). However, for the multi-solute BA+PACz column minimal change in the values of ŭ13C-DIC were 

observed from the effluent (2.3 ± 1.3ă versus -2.9ă) over all PVs (4.6-61.8) (Figure 4.5(i) and see 

Table C.6 for the isotope data). Like the single-solute BA-PC and BA+PACz columns described in 

Section 4.3.2 (Figure 4.4(f, i)), the shift in the carbon isotope ratios of DIC coincides with the change in 

the effluent DIC concentrations (Figure 4.2(f, i) and Figure 4.3(f, i)) which is contrary to the expected 

shift in ŭ13C-DIC under sulfate reducing or methanogenic conditions. Therefore, like the single-solute 

system the cause of the change in the carbon isotopes of DIC are inconclusive for the multi-solute BA-PC 

or BA+PACz columns.  

4.4 Conclusion 

During the Year-1 and Year-2 of column operation the total æM of toluene between the influent 

and effluent of the single-solute (toluene-only) and multi-solute (BTX) columns was highest for the 

BA+PACz columns due to a combination of biodegradation and sorption, relative to the BA-PC or 

KC+PACz columns due to biodegradation alone or sorption alone, respectively. For instance, during Year-

2 within the single-solute system the æM of toluene between the influent and effluent followed BA+PACz 
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(99.5% reduction) > KC+PACz (74.6% reduction) > BA-PC (44.4% reduction). Similarly, between the 

multi-solute columns the æM of toluene between the influent and effluent followed BA+PACz (98.5% 

reduction) > BA-PC (59.2% reduction) > KC+PACz (25.4% reduction). Between the single- and multi-

solute KC+PACz columns with sorption alone, the æM of toluene between the influent and effluent during 

Year-2 was greater for the single-solute column (74.6% reduction) relative to the multi-solute column 

(25.4% reduction) given that the sorption capacity of toluene was greater in the single-solute system in the 

absence of multi-solute competitive sorption. Between the single- and multi-solute bioactive BA+PACz 

columns with PAC zones, a depletion in effluent toluene mass over sequential increases in the influent 

concentration from 5 to 10 to 20 mg/L was consistently demonstrated during Year-2. However, for the other 

solutes in multi-solute BA+PACz column (benzene and o-xylene) breakthrough was observed due to the 

recalcitrance of benzene and the competitive inhibition of o-xylene during toluene biodegradation. 

In the multi-solute KC+PACz column, the æM of BTX between the influent and effluent during 

Year-2 followed X (42.2% reduction) > T (25.4% reduction) > B (5.2% reduction), given that o-xylene has 

the highest sorption capacity followed by toluene and then benzene (consistent with the results described 

in Chapter 2). In the multi-solute BA-PC column the æM of BTX between the influent and effluent followed 

T (59.2% reduction) > X (16.9% reduction) > B (8.3% reduction) due to the preferential biodegradation of 

toluene prior to o-xylene and the recalcitrance of benzene (as observed in Chapter 3 during the microcosm 

investigation). Comparatively, the æM of BTX between the influent and effluent of the multi-solute 

BA+PACz column followed T (98.5% reduction) > X (85.2% reduction) > B (14.4% reduction) due to the 

preferential biodegradation of toluene and preferential sorption of o-xylene as toluene was biodegraded. 

Enhanced sorption of o-xylene (and benzene) directly downgradient of the leading edge within the PAC 

zone of the multi-solute BA+PACz column was shown from the higher solid phase concentration of o-

xylene (then benzene) relative to the leading edge, which was due 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 continually replenished 

influent source of BTX, which resulted in the magnitude of solid phase sorption following X > T > B.  

During Year-2 anaerobic biodegradation (sulfate reduction and methanogenesis) within the 

bioactive single- and muti-solute BA-PC and BA+PACz columns was supported by the reduction of sulfate, 

and formation of sulfide, DIC and CH4 in the column effluents. Contrarily, no change in the effluent sulfate, 

sulfide or CH4 concentrations were observed in the single- or multi-solute KC+PACz columns due to the 

lack of anaerobic biodegradation (some DIC was abiotically generated). Like the microcosm systems (in 

Chapter 3), there was no distinguishable difference in the magnitude of change of the geochemical 
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parameters monitored between the single- and multi-solute BA-PC or BA+PACz columns, showing that 

the presence of a PAC zone did not influence the microbial activity during PHC biodegradation. However, 

the PAC did influence the spatial distribution of anaerobic microbes along the bioactive single and multi-

solute BA-PC or BA+PACz columns lengths. Between the single- and multi-solute BA-PC columns the 

abundance of Methanosarcina and Methanomethylovorans were highest at the influent ends of the columns 

relative to the effluent ends. However, for the single- and multi-solute BA+PACz columns the abundances 

of Methanosaeta, Methanobacterium and Methanosarcina were highest within the PAC zone relative 

outside of the PAC zone, in addition to being higher in abundance relative to all bacteria detected within 

the PAC zone (primarily Desulfosporosinus, Edwardsbacteria and Berkelbacteria). In the multi-solute 

BA+PACz column, the abundance of Desulfosporosinus was also notably elevated at the leading edge of 

the PAC zones (coinciding with the location of the highest solid phase toluene concentration).  

Given that hydrogen isotope fractionation is often substantially larger than carbon isotope 

fractionation, changes in the values of ŭ2H-B,T,X provided more insight into the mass reduction or 

removal processes occurring during Year-2 relative to ŭ13C-B,T,X. Enrichment of 2H-T was shown in the 

single- and multi-solute BA-PC and KC+PACz columns, although the average value of ŭ2H-T between 

the BA-PC columns with bioactivity was 36.1 ± 8ă greater than in the KC+PACz columns with only 

sorption, as expected. The magnitude of hydrogen isotope fractionation of toluene associated with a 

combination of PAC sorption and biodegradation in the BA+PACz columns is unknown given toluene 

was depleted. Unlike toluene, a direct comparison of the hydrogen isotope fractionation of o-xylene 

between the multi-solute columns showed that the average value of ŭ2H-X was 54ă and 58ă greater in 

the BA+PACz column relative to the BA-PC and KC+PACz columns, respectively. 2H-X enrichment in 

the multi-solute BA+PACz column was presumably due to a significant amount of o-xylene sorption to 

the PAC as toluene was biodegraded as opposed to substantial o-xylene biodegradation (supported by the 

solid phase data). 
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Chapter 5 

5.1 Conclusion 

Injected activated carbon (AC) particulate amendments for the in situ treatment of groundwater 

impacted by petroleum hydrocarbons (PHCs) is relatively new, and relies on a combination of AC 

sorption and biodegradation. Currently the performance of this technology remains unclear, primarily 

related to the long-term interplay between sorption and biodegradation and whether the presence of AC 

enhances the anaerobic biodegradation of PHCs relative to systems without AC. To address these 

uncertainties, this research investigated the sorption and anaerobic biodegradation (sulfate reducing and 

methanogenic) behaviour of toluene (as a single-solute) or benzene, toluene and o-xylene (BTX) 

(combined in a multi-solute 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 this research included: 

Q1. Are AC sorption isotherms generated under ideal conditions representative of sorption behaviour in 

bioactive AC systems? 

Q2. Does AC influence microbial activity during PHC biodegradation? 

Q3. Does biodegradation regenerate AC sorption capacity? 

Q4. Does AC enhance the biodegradation rate of PHCs? 

Q5. How do bioactive systems with AC respond to variable PHC loading?  

Q6. Can CSIA distinguish biodegradation from AC sorption in bioactive systems? 

 

The powdered AC (PAC) used in this research (WPC from Calgon Carbon Corporation) was 

characterized in Chapter 2, using scanning electron microscopy (SEM). The SEM results showed the PAC 

had a rough, irregular surface with potential macropore openings of 0.8 ± 0.3 µm, and variable particle 

sizes with an average diameter of 11.5 ± 4.4 µm. Additionally, the PAC sorption and desorption of BTX 

in single-solute (benzene [B], toluene [T], or o-xylene [X])  and multi-solute (BTX) systems were 

investigated. The sorption and desorption behaviour were driven by differences in chemical properties 

between solutes, which resulted in the magnitude of single- or multi-solute BTX sorption to the PAC 

following X > T > B and the magnitude of desorption reversed. Between the single- and multi-solute 
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systems the magnitude of sorption in the multi-solute system was reduced relative to the single-solute 

systems due to competitive sorption and a reduction in the availability of sorption sites for all solutes. The 

sorption and desorption processes differed, which is indicative of hysteresis; however, hysteresis was not 

explored as part of this research given the limited nature of only a single desorption step. Temporal 

sorption (up to 48 hours) and desorption (up to 720 hours) data showed the time to reach sorption and 

desorption equilibrium for single-solute benzene and toluene was rapid (Ò 0.5 hours). The rapid sorption 

and desorption time indicates that diffusion limitations (or other time-dependent factors) effecting 

desorption do not appear to be the cause of the suspected single-solute hysteretic behaviour between the 

sorption and desorption processes. 

In Chapter 2 single- and multi-solute sorption isotherms were also developed for B, T or X and 

BTX in contact with PAC under ideal conditions and were compared to the aqueous and solid phase 

microcosm data in Chapter 3 to address Q1. The best-fit single-solute Freundlich isotherm model 

parameters for benzene, toluene and o-xylene in contact with the PAC were 36.1 ± 3.8, 0.484 ± 0.045, 

and 88.2 ± 7.7 for ὑ  ([mg/g][L/mg]
n
) and 0.421 ± 0.044, 132 ± 20 and 0.371 ± 0.099 for ὲ  (-), 

respectively. The multi-solute improved simplified ideal adsorption solution (ISIAS) model competition 

factors (ai) for benzene, toluene and o-xylene in contact with the PAC were 1.42 ± 0.38, 1.43 ± 0.16 and 

1.08 ± 0.08, respectively. Mass balance between the directly measured aqueous and solid phases relative 

to the initial mass within the isotherm systems releveled that in general minimal mass was lost or gained 

from both the single- and multi-solute sorption and desorption isotherm systems (i.e., < 10% average 

mass lost or gained, neglecting 29.6 ± 37.7% for benzene and 12.2 ± 14.6% for toluene during desorption 

in the multi-solute system presumably due to volatilization during sampling). The limited mass lost or 

gained from the sorption equilibrium systems supports the reliability of the indirect estimate of the solid 

phase B, T or X and BTX concentrations (i.e., difference between the initial and equilibrium aqueous 

phase concentrations) used to generate the Freundlich and ISIAS sorption isotherms through non-linear 

regression.  

In Chapter 3 single-solute (toluene-only) and multi-solute (BTX) abiotic and bioactive (including 

sulfate-limited [10-20 mg/L SO4
2-]) or sulfate amended [138-275 mg/L SO4

2-]) microcosms with and 

without PAC were constructed (in addition to starved controls without toluene, BTX or PAC). PAC sorption 

of single-solute toluene or multi-solute BTX within the PAC amended abiotic and bioactive microcosms 

showed similar magnitudes of sorption between solutes (i.e., X > T > B) and systems (i.e., single-solute > 

multi-solute sorption) as described in Chapter 2. The aqueous and solid phase toluene or BTX 
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concentrations from the single- and multi-solute PAC amended microcosms were compared to single- and 

multi-solute Freundlich or ISIAS model predictions of the equilibrium solid phases. In general, the 

Freundlich or ISIAS models were found to overestimate the measured solid phase concentrations in the 

microcosm systems (addressing Q1). Differences in solid phase concentrations between the isotherm and 

microcosm systems may be related to several factors, including: differences in equilibrium times; 

differences in solution matrix chemistries (e.g., ionic strengths); interferences or competition from other 

sorbing components within the microcosm systems, not found in the isotherm systems (e.g., within the BS, 

or metabolites from biodegradation); and/or the presence of a biofilm layer surrounding the PAC particles 

(generating diffusional resistance or pore filling  from of extracellular polymeric substances [EPS]). For the 

multi-solute PAC amended abiotic and bioactive microcosms o-xylene deviated the most from the ISIAS 

model predicted solid phase concentrations followed by toluene and then benzene, which is attributed to 

differences in the magnitude of sorption between solutes (i.e., following X > T > B).  

In the subset of single-solute (toluene-only) and multi-solute (BTX) sulfate-limited (i.e., 10-20 

mg/L SO4
2-) bioactive microcosms evidence of methanogenesis coupled to a background substrate (other 

than substantial toluene or BTX mass) was evident from the geochemical (i.e., CH4 production) and 

molecular (i.e., Methanomethylovorans, Methanosaeta and Methanobacterium enrichment) data. Notably, 

methane production and methanogenic enrichment were consistently more elevated in the sulfate limited 

microcosms with PAC relative to the sulfate limited microcosms without PAC, potentially supporting 

enhanced methanogenesis and archaeal growth in the presence of the PAC (e.g., through AC mediated 

direct interspecies electron transfer [DIET]) (in support of Q2). Contrarily in the single-solute (toluene-

only) and multi-solute (BTX) sulfate amended bioactive microcosms (i.e., 138-275 mg/L SO4
2-) sulfate 

reduction was coupled to the oxidation of toluene or o-xylene (not benzene, which was recalcitrant). 

Biodegradation in the sulfate amended bioactive microcosms was evidenced by the repetitive or preferential 

reduction in toluene within the single- and multi-solute  microcosms (Ó 92.4% reduction of total mass within 

12 to 66 days) followed by o-xylene in the multi-solute microcosms (Ó 98.9% reduction of total mass within 

Ò 120 days following BTX dosing or Ò 62 days following the depletion of toluene) and supported by the 

geochemical (i.e., SO42- reduction, and HS- and TIC formation) and molecular (i.e., enrichment of sulfate 

reducing bacteria, including Desulfosporosinus, Desulfoprunum and Desulfobacteraceae) data. Within the 

sulfate and PAC amended bioactive microcosms the solid phase mass of toluene was also found to be 

repetitively reduced by Ó 95.5% during anaerobic biodegradation showing PAC regeneration (addressing 

Q3) and the reversibility of toluene sorption with bioactivity. Although anaerobic biodegradation of toluene 
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and o-xylene were repetitively demonstrated, there 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 activity during PHC biodegradation 

(addressing Q2). Additionally, there was no difference in the zero-order biodegradation rate constants for 

toluene between the microcosms with and without PAC during high-resolution monitoring, which confirms 

that in the microcosm system the presence of PAC did not enhance the anaerobic biodegradation of toluene 

(addressing Q4). Collectively, the microcosm data assembled over the 1-year monitoring period from the 

sulfate amended single- and multi-solute bioactive microcosms revealed that the presence of PAC did not 

generate any discernible differences in the anaerobic biodegradation of toluene between the microcosms 

with and without PAC.   

In Chapter 4 three types of single-solute (toluene-only) and multi-solute (BTX) columns (37 cm 

long, 3.75 cm inner diameter) were constructed to represent PAC sorption alone, bioactivity alone, and 

PAC sorption with bioactivity. The columns were operated for approximately 2 years, with Year-1 serving 

as an acclimation period, and Year-2 used for high-resolution temporal monitoring. For the columns 

containing PAC, a 6-cm long PAC zone (0.5% wt/wt) was located near the middle of the column to mimic 

an AC PRB. During Year-2 the overall column mass balance (i.e., estimated by subtracting the cumulative 

effluent mass from the cumulative mass injected) for the multi-solute column with an installed PAC zone 

and no bioactivity showed a change in BTX mass between the influent and effluent following X (42.2% 

reduction) > T (25.4% reduction) > B (5.2% reduction) given that o-xylene has the highest sorption capacity 

followed by toluene and then benzene. Between the single- and multi-solute columns with PAC zones and 

no bioactivity the change in toluene mass between the influent and effluent was greater for the single-solute 

column (74.6% reduction) relative to the multi-solute column (25.4% reduction) given that the sorption 

capacity of toluene was greater in the single-solute system in the absence of multi-solute competitive 

sorption. For the multi-solute bioactive column without a PAC zone the change in BTX mass between the 

influent and effluent ends of the column followed T (59.2% reduction) > X (16.9% reduction) > B (8.3% 

reduction) due to the preferential biodegradation of toluene prior to o-xylene and the recalcitrance of 

benzene (as similarly shown in Chapter 3). For the multi-solute bioactive column with a PAC zone the 

change in BTX mass between the influent and effluent ends of the column followed T (98.5% reduction) > 

X (85.2% reduction) > B (14.4% reduction) due to the preferential biodegradation of toluene and 

preferential sorption of o-xylene as toluene was biodegraded. Sorption, as opposed to anaerobic 

biodegradation of o-xylene in the multi-solute bioactive column with a PAC zone is supported by the high 
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solid phase concentration of o-xylene, relative to the other solutes (benzene > toluene) sorbed to the PAC 

directly downgradient of the leading edge of the PAC zone. The increased sorption of o-xylene and benzene 

to the PAC in the multi-solute BA+PACz column was due to the desorption and biodegradation of toluene 

in the downgradient regions of the PAC zone, which increased the availability of sorption sites primarily 

for o-xylene in addition to benzene. At the leading edge of the PAC zone, closest to the influent source of 

BTX being continually replenished, the solid phase concentration of toluene was higher than the 

downgradient regions with the magnitude of solid phase sorption following X > T > B.  

Consistently observed, the 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 

alone. For example, among the single-solute columns the mass removal of toluene was greatest for the 

bioactive column with a PAC zone (99.5% reduction), followed by the column with only a PAC 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 for the bioactive column with a PAC zone (98.5% 

reduction), followed by the column with only bioactivity (59.2% reduction) and the column with only a 

PAC zone (25.4% reduction). The depletion in the effluent toluene concentration (< 0.5 ± 0.1 mg/L) during 

Year-2 was consistent between the single- and multi-solute bioactive columns with PAC zones during 

sequential increases in the influent concentrations (addressing Q5). For the other solutes (benzene and o-

xylene) in the multi-solute bioactive column with a PAC zone breakthrough was observed given the 

recalcitrance of benzene and the competitive inhibition of o-xylene during toluene biodegradation.  

Anaerobic biodegradation within the single- and multi-solute bioactive columns was supported by 

changes in geochemical parameters that would be expected under sulfate reducing and methanogenic 

conditions (i.e., SO4
2- reduction, and HS-, TIC and CH4 formation). Like the microcosm systems, there was 

no difference in the magnitude of change of the geochemical parameters monitored between columns with 

or without PAC, suggesting that the PAC zone in the bioactive columns did not influence microbial activity 

during PHC biodegradation. However, the PAC did influence the spatial distribution of anaerobic microbes 

along the bioactive column lengths (addressing Q2). For the single- and multi-solute bioactive columns 

without a PAC zone, the relative abundance of Methanosarcina and Methanomethylovorans were highest 

at the influent ends relative to the effluents. However, for the single- and multi-solute bioactive columns 

with a PAC zone the relative abundance of Methanosaeta, Methanobacterium and Methanosarcina were 

highest within the PAC zone relative to outside of the PAC zone, in addition to being higher in abundance 

relative to all bacteria detected within the PAC zone (primarily Desulfosporosinus, Edwardsbacteria and 
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Berkelbacteria). In the multi-solute bioactive columns with a PAC zone, the abundance of 

Desulfosporosinus was also notably elevated at the leading edge of the PAC zones (coinciding with the 

location of the highest solid phase toluene concentration).  

Between the single- and multi-solute columns, compound specific isotope analysis (CSIA) 

showed enrichment of 2H-T in the columns with only bioactivity or a PAC zone, although the average 

value of ŭ2H-T between the single- and multi-solute columns with only bioactivity was 36.1 ± 8ă greater 

than for the columns with only a PAC zone, as expected. The magnitude of hydrogen isotope 

fractionation of toluene associated with a combination of PAC sorption and biodegradation, is unknown 

given toluene was depleted in the bioactive column with a PAC zone (in support of Q6). Unlike toluene, 

a direct comparison of the hydrogen isotope fractionation of o-xylene between the multi-solute columns 

showed that the average value of ŭ2H-X was 54ă and 58ă greater in the bioactive column with a PAC 

zone relative to the columns with only a PAC zone or only bioactivity, respectively. 2H-X enrichment in 

the multi-solute bioactive column with a PAC zone was presumably due to a significant amount of o-

xylene sorption to the PAC as toluene was biodegraded as opposed to substantial o-xylene 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 methanogenic conditions. 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 contaminant concentrations relative to systems without PAC and sustains 

reductions in the aqueous phase concentration of the most preferentially degraded solute under variable 

loading conditions as the PAC is regenerated. The 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 sorption behaviour 

in bioactive systems with AC and tend to overestimate sorption. Finally, PAC sorption, most notably for 

the most preferentially sorbed solute in the multi-solute system, generates substantial hydrogen isotope 

enrichment which may lead to overestimations in the fractionation presumed to be associated with 

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

To address the limitations of this research, several recommendations are provided which may 

provide further insight into the sorption and anaerobic biodegradation behaviour in bioactive systems with 

AC in future research. For the sorption experiments described in Chater 2, given that the single-solute 

Freundlich and multi-solute ISIAS isotherm model parameters developed under ideal conditions were 

found to overestimate the solid phase toluene or BTX concentrations in bioactive microcosms with AC, 

the development of sorption isotherms in the systems they will be applied to (as opposed to controlled 

ideal laboratory conditions) may provide more accurate estimates of the solid phase concentrations. 

Additionally, other single-solute sorption equilibria isotherm models (e.g., those listed in Table 1.1 

[Section 1.1.1]) or multi-solute sorption equilibria models (versus the Freundlich and ISIAS models used 

in this research) may be explored to determine if the sorption behaviour is better represented by other 

models. It is also recommended to carry out multiple desorption steps (as opposed to the single desorption 

step used as part of this research) to further investigate the presumed hysteretic behaviour observed 

between the single- and multi-solute sorption and desorption processes. Finally, given that the sorption 

and desorption equilibrium times were rapid (i.e., Ò 0.5 hours), equilibrium time experiments can be 

conducted utilizing higher resolution monitoring, with a focus on the first 0.5 hours of sorption or 

desorption. For the microcosm systems described in Chapter 3, the sampling frequency during long-term 

monitoring can be increased from monthly to potentially weekly sampling intervals which may allow for 

the estimation of PHC biodegradation rates during the long-term monitoring period. Biodegradation rates 

were not estimated during long-term monitoring as part of this research given that the rate of toluene 

biodegradation in the sulfate amended bioactive microcosms was generally faster than the 1-month 

sampling interval used. Instead, the estimation of the biodegradation rate of toluene was limited to the 

high-resolution monitoring period at the end of the experimental duration (i.e., during the last 23 to 40 

days). In multi-solute microcosm systems competitive inhibition of solutes (e.g., o-xylene) during the 

biodegradation of preferentially degraded solutes (e.g., toluene) should also be accounted for to ensure 

that the biodegradation of all solutes can be monitored, which was not accomplished for o-xylene during 

the 40-day high-resolution monitoring period as only toluene was biodegraded. For the column 

experiments described in Chapter 4, increases in the influent single- and multi-solute PHC concentrations 

may potentially generate detectable effluent concentrations for the most preferentially biodegraded 

solute(s) which may allow for more enhanced monitoring between columns. In this research, given that 
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toluene was depleted from the effluent of the bioactive columns with PAC zones this prevented CSIA for 

toluene which would have assisted in answering Q6 by directly comparing the isotope fractionation of 

toluene between columns with bioactivity or PAC sorption alone versus bioactivity and PAC sorption. 

Estimation of the biodegradation rate constants between bioactive columns with and without PAC zones 

may also be determined to provide more insight into Q4. For bioactive columns with PAC zones, the 

biodegradation rates of PHCs can be determined by applying the ideal stoichiometric ratios between the 

PHC(s) and other electron acceptor(s) or the reduced or oxidized by-products 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 consider multi-solute systems given that preferential 

sorption and biodegradation heavily influence contaminant treatment within multi-solute groundwater 

systems which are most frequently encountered at contaminated field sites where AC particulate 

amendments may be installed. In this research only substantial toluene mass was removed in the bioactive 

columns with a PAC zone and limited o-xylene biodegradation occurred due to competitive inhibition; 

however, the potential for the mass reduction of o-xylene may also be explored in columns with longer 

PAC zones relative to the 6 cm length used as part of this research. With an extended length of the PAC 

zone preferential biodegradation of toluene may occur upgradient, potentially allowing for the desorption 

and biodegradation of o-xylene further downgradient at locations where toluene is depleted. Additionally, 

the installation of sampling ports along the length of columns will  allow for depth discrete aqueous phase 

sampling and monitoring, which may provide insight into the potential zonation of AC sorption and 

biodegradation processes that are expected to vary between solutes. Sampling ports will allow for 

enhanced monitoring of the column system, as opposed to only assessing changes in the influent and 

effluent concentrations for each solute as was done as part of this research. Columns can also be 

monitored in replicate, allowing for replicate aqueous phase measurements, or sacrificial sampling of the 

solid phase material over the monitoring period as opposed to a single timepoint at the end of the 

experiment as was done as part of this research.  
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Appendix A: Supplementary material for Chapter 2 

 

 

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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Figure A.2: Absolute mass lost or gained (Merr) for benzene, toluene and o-xylene (BTX) from single-solute (a) 

sorption and (b) desorption equilibrium data, and multi-solute (c) sorption and (d) desorption equilibrium data. The 

standard deviation of 6 estimates (pertaining to the 6 initial aqueous concentrations) are shown as ± error bars.  

0

10

20

30

40

50

60

70

M
e

rr
(%

)

Benzene Toluene o-Xylene

(a)

0

10

20

30

40

50

60

70

M
e

rr
(%

)

Benzene Toluene o-Xylene

(b)

0

10

20

30

40

50

60

70

M
e

rr
(%

)

Benzene Toluene o-Xylene

(d)

0

10

20

30

40

50

60

70

M
e

rr
(%

)

Benzene Toluene o-Xylene

(c)



143 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3: Single- and multi-solute sorption and desorption equilibrium solid phase sorbed mass of benzene, toluene 

or o-xylene per gram of powdered activated carbon [PAC] (qe) or temporal solid phase sorbed mass of benzene, 

toluene or o-xylene per gram of PAC (qt) estimated indirectly using mass balance between the initial aqueous phase 

concentration and the equilibrium or temporal aqueous phase concentration (Equation 2.1 or 2.2) (x axis) relative to 

the directly measured qe or qt (y axis). Data for benzene, toluene and o-xylene are coloured red, green and blue, 

respectively. Single-solute sorption and desorption data are represented as squares and triangles, respectively, and 

multi-solute sorption and desorption data are represented as circles and diamonds, respectively. The red outlines 

represent data associated with elevated Merr for benzene and toluene from the multi-solute desorption equilibrium data, 

and the yellow outlines represent data associated with the elevated Merr for benzene and toluene from single-solute 

temporal data. The standard deviation of triplicate measurements is represented as ± error bars on each data point. The 

linear fit to the data and a 1:1 line are represented as a black dotted and solid line, respectively. 
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Figure A.4: Single-solute sorption (ὅ  and ή ) and single-step desorption (ὅ  and ή ) equilibrium capacity and 

temporal data for (a) benzene and (b) toluene in single-solute systems in contact with WPC powdered activated carbon 

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

on the y axis represents the sorption or desorption equilibrium solid phase concentration (mg/g)). The sorption 

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 represent the sorption 

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 single-solute Freundlich isotherms with 95% confidence envelopes (black solid bands) are 

represented as solid-coloured lines, including (a) red for benzene and (b) green for toluene. The temporal sorption data 

are represented as the same shapes as the equilibrium sorption data for each solute, and filled with light blue for the 

ὅ  of 3 mg/L and dark blue for the ὅ  of 30 mg/L. The temporal desorption data are represented as the same shapes 

as the equilibrium desorption data, and filled with light grey for the ὅ  of 3 mg/L and dark grey for the ὅ  of 30 

mg/L. 
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Figure A.5: Absolute mass lost or gained (Merr) for benzene and toluene from single-solute temporal desorption data, 

corresponding to initial aqueous concentrations of (a) 3 mg/L and (b) 30 mg/L. The standard deviation of 3 estimates 

for benzene and 4 estimates for toluene (pertaining to sampling times, including 24, 72 and 216 hours for benzene, 

and 24, 72, 216 and 720 hours for toluene) are shown as ± error bars.
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Table A.1: Artificial groundwater (AGW) recipe used for sorption and desorption equilibrium and temporal experiments.  

 
 

 

 

 

 

 

 

 

 

 

Notes:  

1. All chemical components were dissolved into Milli-Q water.   

Chemical formula1 Chemical name  Molecular weight (g/mol) Concentration (mg/L) 

NH4Cl Ammonium chloride  53.49 49.7 

MgCl2 Magnesium chloride  95.21 4.8 

MnCl2 Å 4H2O Manganese (II) chloride  197.90 4 

NaCl Sodium chloride  58.44 7 

CaCl2 Å 2H2O Calcium chloride  147.01 147 

NaH2PO4 Å H2O Monosodium phosphate  137.99 27.6 

KH2PO4 Potassium dihydrogen phosphate  136.09 69.4 

Na2SO4 Sodium sulfate  142.04 8.5 
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Table A.2: Sorption and desorption equilibrium and temporal experimental design for WPC powdered activated carbon (PAC) in the presence of benzene, 

toluene and o-xylene (BTX) alone (single-solute) or combined (multi-solute). 

Notes:  

1. Each series was prepared in triplicate. 

2. Only benzene and toluene were used in single-solute temporal experiments.  

3. Equal concentrations of each solute, using the same concentrations as the single-solute system.  

4. For temporal desorption experiments, solid phase samples were only collected at sampling times of 24, 72 and 216 hours for benzene, and at sampling times of 24, 72, 216 and 

720 hours for toluene.  

 

 

Table A.3: Chemical properties of benzene, toluene and o-xylene (BTX).  
 

 

 

 

 

 

 

 

Notes: 1. [190], 2. [159], 3. [151]. 

Series 1 

 

Artificial groundwater 

(AGW) volume (mL) 

Powdered activated 

carbon (PAC) mass 

(mg) 

Single solute 2 Multi -solute 3 Sampling time (hr) 4 

Benzene, toluene or 

o-xylene 

concentration (mg/L) 

Benzene, toluene and 

o-xylene (BTX) 

concentration (mg/L) 

 

Sorption equilibrium capacity 

Control (without PAC) 160 - 0.5, 3, 6, 10, 12, 25 1:1:1 48 

PAC 160 10 0.5, 3, 6, 10, 12, 25 1:1:1 48 

Desorption equilibrium capacity 

Control (without PAC) 160 - 0.5, 3, 6, 10, 12, 25 1:1:1 48 

PAC 160 10 0.5, 3, 6, 10, 12, 25 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 

Desorption equilibrium time 

Control (without PAC) 160 - 3, 30 - 0.5, 2, 4, 8, 24, 72, 216, 720 

PAC 160 10 3, 30 - 0.5, 2, 4, 8, 24, 72, 216, 720 

Solute Chemical 

formula 

Molecular 

weight 1 

Density 1 Solubility 1 Vapour 

pressure 1 

Hydrophobicity 

(log ὑ ) 2 

Henryôs 

constant (ὑ ) 3 

  g/mol g/mL (20ºC) mg/L (20ºC) kPa (20ºC) (25ºC)  

Benzene C6H6 78.1 0.878 1780 10.1 2.13 0.225 

Toluene C7H8 92.1 0.867 515 2.9 2.73 0.274 

o-Xylene C8H10 106.2 0.880 175 0.7 3.12 0.221 
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Table A.4: Absolute mass of single- or multi-solute benzene, toluene and o-xylene lost or gained (Merr) from the sorption and desorption equilibrium capacity 

and temporal data.  

 ὅ  (mg/L) ὓ  (mg) ὓ  (mg) ὓ   (mg) ὓ  (%)   ὅ  (mg/L) ὓ ὓ  (mg) ὓ  (mg) ὓ   (mg) ὓ  (%) 

Single-solute benzene 

sorption capacity 

0.47 0.08 0.01 0.07 2.92 Single-solute benzene 

desorption capacity 

0.47 0.07 0.00 0.07 0.44 

3.00 0.48 0.14 0.35 1.47 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 

 ╜ἭἺἺ░ ± Standard 

deviation (%) 

    1.20 ± 0.98      5.54 ± 6.63 

Single-solute toluene 

sorption capacity 

0.38 0.06 0.00 0.07 11.45 Single-solute toluene 

desorption capacity 

0.38 0.06 0.00 0.06 1.52 

2.19 0.35 0.02 0.33 0.30 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 1.61 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 

 ╜ἭἺἺ░ ± Standard 

deviation (%) 

    9.58 ± 5.62      7.27 ± 5.40 

Single-solute o-xylene 

sorption capacity 

0.30 0.05 0.00 0.05 10.14 Single-solute o-xylene 

desorption capacity 

0.30 0.05 0.00 0.05 2.15 

2.74 0.44 0.01 0.44 4.19 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 

╜ἭἺἺ░  ± Standard 

deviation (%)  

    5.48 ± 3.28      2.58 ± 1.87 

Multi -solute benzene 

sorption capacity 

0.53 0.08 0.02 0.06 1.07 Multi -solute benzene 

desorption capacity 

0.53 0.07 0.01 0.05 15.82 

2.96 0.47 0.31 0.20 7.09 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 

 ╜ἭἺἺ░ ± Standard 

deviation (%) 

    4.09 ± 1.98      29.56 ± 37.67 
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Notes: For each solute i the ὓ  is the percentage of absolute mass lost or gained from sorption (ὓ ) or desorption (ὓ ), ὓ  and ὓ  are the sorption and desorption 

equilibrium or temporal masses in the aqueous phase, respectively, ὓ  and ὓ  are the sorption and desorption equilibrium or temporal masses in the solid phase, respectively, 

and ὓ  and ὅ  are the initial mass and concentration, respectively. 

 ὅ  (mg/L) ὓ  (mg) ὓ  (mg) ὓ   (mg) ὓ  (%)   ὅ  (mg/L) ὓ ὓ  (mg) ὓ  (mg) ὓ   (mg) ὓ  (%) 

Multi -solute toluene 

sorption capacity 

0.46 0.07 0.00 0.07 7.48 Multi -solute toluene 

desorption capacity 

0.46 0.07 0.00 0.07 2.67 

2.61 0.42 0.09 0.38 10.84 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 

 ╜ἭἺἺ░ ± Standard 

deviation (%)  

    8.33 ± 2.18      12.23 ± 14.58 

Multi -solute o-xylene 

sorption capacity 

0.51 0.08 0.00 0.08 6.87 Multi -solute o-xylene 

desorption capacity 

0.51 0.08 0.00 0.08 6.67 

3.00 0.48 0.03 0.49 7.86 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 

 ╜ἭἺἺ░ ± Standard 

deviation (%)  

    8.71 ± 4.54      7.07 ± 5.53 

      Singel-solute benzene 

desorption time  

(ὅ , 3 mg/L) 

4.43 ± 0.086 0.43 0.11 0.32 0.82 

      0.46 0.11 0.31 8.99 

      0.46 0.08 0.32 11.91 

 ╜ἭἺἺ░ ± Standard 

deviation (%)  

          7.24 ± 5.75 

      Singel-solute benzene 

desorption time  

(ὅ , 30 mg/L) 

35.02 ± 0.95 1.73 0.69 0.79 14.28 

      1.62 0.67 0.85 6.54 

      1.62 0.59 0.75 17.12 

 ╜ἭἺἺ░ ± Standard 

deviation (%)  

          12.65 ± 5.48 

      Singel-solute toluene 

desorption time  

(ὅ , 3 mg/L) 

2.57 ± 0.14 0.36 0.02 0.32 5.11 

       0.39 0.01 0.34 9.69 

       0.39 0.01 0.36 5.24 

       0.39 0.01 0.34 10.07 
╜ἭἺἺ░  ± Standard 

deviation (%)  

          7.53 ± 2.72 

      Singel-solute toluene 

desorption time 

(ὅ , 30 mg/L) 

27.18 ± 1.92 2.58 0.50 1.72 14.31 

       2.70 0.46 1.82 15.55 

       2.70 0.42 1.86 15.71 

       2.70 0.44 1.86 15.21 
╜ἭἺἺ░  ± Standard 

deviation (%)  

          15.20 ± 0.63 
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Appendix B: Supplementary material for Chapter 3 

Appendix B.1: Anaerobic Artificial Groundwater Recipe ï Microcosms 
 

The following anaerobic artificial groundwater (AGW) recipe was adapted from Edwards and Grbiĺ-

Galiĺ (1994) [159]. 

 

1. Prepare a phosphate buffer (2 mM) by adding 27.2 g of KH2PO4 and 34.8 g of K2HPO4 to 1 L of 

Milli -Q water.  

2. Prepare a trace mineral stock solution by adding 0.1 g of ZnCl, 0.75 g of NiCl2Å6H2O, 0.1 g of 

CuCl2Å2H2O, 0.02 g of Na2SeO3, 0.3 g of H3BO3, 0.1 g of Na2MoO4Å2H2O, 1.0 g of MnCl2Å4H2O, 1.5 

g of CoCl2Å6H2O, 0.1 g of Al2(SO4)3Å18h2O and 1 mL of H2SO4 (to dissolved compounds) to 1 L of 

Milli -Q water.  

3. Prepare a sodium sulfate stock solution by adding 62.5 g of Na2SO4 to 1 L of Milli -Q water.  

4. Prepare a sodium bicarbonate stock solution by adding 20 g of NaHCO3 to 100 mL Milli-Q water.  

5. Prepare an amorphous ferrous sulfide (FeS) stock solution (2 g/L, sulfide). Pre-weigh 6.5 g of (NH4) 

2Fe(SO4) 2Å6H2O and 4 g of Na2SÅ9H2O, and transfer each chemical into separate falcon tubes and 

cap. Repeat twice more. Autoclave 1.5 L of Milli -Q water at 121ºC for 40 minutes to deoxygenate the 

water, then purge with N2 gas at low pressure through a sterile in-line 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 (N2/H2 atmosphere), in addition to three 200 mL centrifuge bottles. Add 167 

mL of anaerobic Milli-Q water to one centrifuge bottle, followed by the contents of one falcon tube 

containing the (NH4) 2Fe (SO4), then add the contents of one falcon tube containing the Na2S (a 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 8,000 × gav. Transport the centrifuge bottles back into the 

glove box and remove the supernatant as waste. Refill the centrifuge bottles with 167 mL of 

anaerobic Milli-Q water and repeat the rinse process 2-3 more times, or until the FeS does not form a 

pellet after centrifuging but instead remains suspended in solution. 

6. Prepare the resazurin redox indicator by adding 1 g of resazurin to 1 L of Milli-Q water.  

 

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 potential photodegradation over time. Autoclave 

the serum bottles containing contents from step 1-4 at 121ºC for 20 to 30 minutes, then purge with N2 

gas for 15 minutes at low pressure through a sterile in-line filter while cooling in an ice bath. Store 

the anaerobic stock solutions at 4 ºC.  

 

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

removed equal volumes of the sterile glove box atmosphere should be passively added back by 

inserting a sterile needle connected to a 0.2 µM syringe filter into the stock bottle septa while inside a 

glove box. 

 

7. Prepare a salt solution by adding 49.75 mg of NH4Cl, 7.01 mg of NaCl, 4.76 mg of MgCl2, 3.96 mg 

of MnCl2 Å4H2O, 8.52 mg of Na2SO4 and 147.02 mg of CaCl2 Å2H2O to 1 L of Milli -Q water.  

8. Autoclave the salt solution at 121ºC for 0.75 to 1 hour to deoxygenate the water, then purge the 

solution in a sealed vessel with N2 gas at low pressure through a sterile in-line filter while cooling in 



 

151 

 

 

an ice bath for 0.5 to 1 hour to ensure the water remains anaerobic (autoclave 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 from the sodium 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 the FeS stock solution (per L of AGW) to the deoxygenated AGW solution using a 

sterilized syringe. Leave 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 DO, ensuring the AGW medium pH is neutral and DO is Ò 0.3 mg/L. 
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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 three hydraulically 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 gate are open to groundwater 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 hydrocarbons (PHCs) within 

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 collected (i.e., 1-2 

cores collected per core extraction location) from the middle experimental research gate are shown from (b) 1.5 to 3 

m below ground surface (bgs), and (c) 3 to 4.5 m bgs. 

3 to 4.5 m bgs 1.5 to 3 m bgs (b) 
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Figure B.2: Temporal changes in the (a, e) aqueous and solid phase toluene concentrations (T(aq) and T(s)) (green and black 

filled squares, respectively); (b, f) aqueous sulfate (SO4
2-

(aq)) (black filled circles) and sulfide (HS-
(aq)) (yellow filled circles) 

concentrations; (c, g) total inorganic carbon (TIC) (purple filled circles) and gaseous methane concentration (CH4(g)) (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 single-solute (toluene-only) (a-d) KC and (e-h) 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, e) aqueous phase benzene, toluene and o-xylene (BTX) (B,T,X(aq)) (red 

filled triangles [B], green filled squares [T] and blue filled circles [X]) and solid phase BTX (B,T,X(s)) (black filled 

triangles [B], squares [T] and circles [X]) concentrations; (b, f) aqueous sulfate (SO4
2-

(aq)) (black filled circles) and 

sulfide (HS-
(aq)) (yellow filled circles) concentrations; (c, g) total inorganic carbon (TIC) (purple filled circles) and 

gaseous methane concentration (CH4(g)) (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) (a-d) KC and (e-h) 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.4: Temporal changes in the (a) aqueous and solid phase toluene (T(aq) and T(s)) (green and black filled 

squares, respectively), and (e) aqueous phase benzene, toluene and o-xylene (BTX) (B,T,X(aq)) (red filled triangles 

[B], green filled squares [T] and blue filled circles [X]) and solid phase BTX (B,T,X(s)) (black filled triangles [B], 

squares [T] and circles [X]) concentrations; (b, f) aqueous sulfate (SO4
2-

(aq)) (black filled circles) and sulfide (HS-
(aq)) 

(yellow filled circles) concentrations; (c, g) total inorganic carbon (TIC) (purple filled circles) and gaseous methane 

concentration (CH4(g)) (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) (a-d) 

KC and (e-h) 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.5: Temporal changes in dissolved oxygen (DO) (light green filled circles), pH (pink filled circles) and the oxidation 

reduction potential (ORP) (dark blue filled circles) for the single-solute (toluene-only) (a) BA-PC, (b) BA+PAC, (c) BA-

PC+EA and (d) BA+PAC+EA microcosms; and the multi-solute (benzene, toluene and o-xylene [BTX]) (e) BA-PC, (f) 

BA+PAC, (g) BA-PC+EA and (h) BA+PAC+EA microcosms. Each timepoint represents the average of three values and the 

error bars are ± 1 standard deviation. 
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Figure B.6: Total mass during high-resolution monitoring for single-solute (a-b) toluene, and multi-solute (c-d) benzene, (e-f) toluene and (g-h) o-xylene in the 

BA-PC+EA (top panel) and BA+PAC+EA (bottom panel) microcosms. 
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Figure B.7: Change in total mass of toluene within the (a) single-solute (toluene-only) and (b) multi-solute solute (benzene, 

toluene and o-xylene [BTX]) BA-PC+EA (green lines and filled symbols) and BA+PAC+EA (black lines and filled 

symbols) microcosms. The sampling day corresponding to each data point are shown as labels. Data were fit with a straight 

line to estimate zero-order rate constants (see Table B.10) from the slope (K = - slope).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.8: Aqueous (Caq) 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, neglecting three data points that are more representative of single-

solute conditions and shown as unfilled triangles. The standard deviation of triplicate measurements is represented as ± 

error bars on each data point. The Freundlich sorption equilibrium isotherm for single-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: Presumed ferrous sulfide (FeS) precipitation in the (a) BA-PC+EA microcosms (i.e., 138-275 mg/L 

SO4
2-) on Day 278 and 319 for single- or multi-solute microcosms, respectively, relative to (b) microcosms without 

electron acceptor (EA) amendments (i.e., 10-20 mg/L SO4
2-).
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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 to 39º in direction 

N40ºE to N53ºE 

[139] 

[135] 

Depth to water table Ó 1 m bgs (fluctuates seasonally) 

Ground surface to 1.5 m bgs (varies with time) 

[137] 

[138] 

Groundwater temperature 10ºC (varies from 6 to 15ºC seasonally) [135, 237] 

Porosity 0.38 

0.33 

[137] 

[135] 

Specific storage 0.001 m-1 [238] 

Hydraulic gradient 0.003 

0.0043 

[137] 

[136] 

Aquifer depth  9 m bgs  [135, 136] 

Aquifer groundwater velocity 0.091 m/day [135] 

Aquifer hydraulic conductivity 3×10-5 to 5×10-5 m/s 

6×10-6 to 2×10-4 m/s (mean 9.75×10-5 m/s) 

5×10-5 to 1×10-4 m/s (mean 7×10-5 m/s) 

[137] 

[136] 

[135, 238] 

Aquitard depth  9 to 17 m bgs [237] 

Aquitard hydraulic conductivity 1.12×10-10 to 5.39×10-10 m/s (mean of 2.4×1010 m/s) [237]  

Aquitard Darcy flux 3.3 mm/year [237]  

Longitudinal dispersivity 0.08 m 

0.06 to 0.43 m (mean 0.36 m)  

[239] 

[240] 

Traverse horizontal dispersivity 0.03 m 

0.039 m 

[239] 

[240] 

Vertical dispersion coefficient 10×10ī10 m2/s [239] 

Grain size 

Median grain size (d50) 

0.070 to 0.69 mm 

0.15 mm 

[135] 

[238] 

Dry bulk density 1.76 g/cm3 

1.81 g/cm3 

[137] 

[135] 

Solid density 2.71 g/cm3 [135] 

Specific surface area  0.6 to 1.6 m2/g (mean 0.8 m2/g) [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% chlorite [135] 

Dissolved organic carbon  2.4 to 6.4 mg/L 

< 0.7 mg/L 

[140] 

[135] 

pH 7.3 to 7.9 [135] 

Calcium (Ca2+) 50 to 110 mg/L [242, 135, 138] 

Magnesium (Mg2+) 2.4 to 6.1 mg/L [242, 135, 138] 

Sodium (Na+) 0.9 to 2.0 mg/L [242, 135, 138] 

Potassium (K+) 0.1 to 1.2 mg/L [242, 135, 138] 

Calcium carbonate (CaCO3) 100 to 250 mg/L [242, 135, 138] 

Chloride (Cl-) 1 to 3 mg/L [242, 135, 138] 

Sulfate (SO4-) 10 to 30 mg/L [242, 135, 138] 

Nitrate (NO3-) < 0.6 to 6 mg/L [242, 135, 138] 

Iron (Fe2+) < 0.004 to 2.8 mg/L [242] 

Manganese (Mn) < 0.04 to 0.3 < mg/L [242] 

Total dissolved solids (TDS) 380 to 500 mg/L [242, 135, 138] 

Dissolved oxygen (DO) 0 to 8.5 mg/L [135, 138] 
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Table B.2: Details of the single-solute (toluene-only) and multi-solute (benzene, toluene and o-xylene [BTX]) microcosm experiments. 

Notes: 

1. BS was autoclaved three times on three consecutive days (121ºC) and amended with 2.5 mL (2.71 g/100 mL) of mercuric chloride and 0.45 mL (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, SC, BA-PC and BA+PAC microcosms was representative of background sulfate concentration within the Borden aquifer 

(Table B.1), and the target sulfate concentration in BA-PC+EA and BA+PAC+EA microcosms was representative of electron acceptor (EA) amended conditions. 

5. The higher target sulfate concentration of 275 mg/L was used during all dosing events, with the expectation of the dosing event at the start of the high-resolution sampling 

period which was reduced by half to a target sulfate concentration of 138 mg/L.   

Microcosm type 

 

Acronym Artificial 

groundwater (AGW) 

volume (mL) 

Biocide and 

sterilization 1 

Borden sand 

(BS) (mL [g]) 2 

Powdered activated 

carbon (PAC) mass 

(mg) 3 

Sulfate stock 

concentration 

(mg/L) 4 

Toluene or benzene, 

toluene and o-xylene 

(BTX) concentration 

(mg/L) 

Number of triplicate 

bottle sets (number 

of microcosm 

bottles) 

Single-solute (toluene-only) 

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

Killed control + powdered activated carbon KC+PAC  175 ṉ 45 (81.5) 15 10-20 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 8 (24) 

Bioactive-positive control + electron acceptor BA-PC+EA  175 - 45 (81.5) - 138-275 5  20 8 (24) 

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

Bioactive + powdered activated carbon + 

electron acceptor  

BA+PAC+EA 175 - 45 (81.5) 15 138-275 5 20 8 (24) 

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

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

Killed control + powdered activated carbon  KC+PAC  175 ṉ 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 acceptor BA-PC+EA  175 - 45 (81.5) - 138-275 5 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 + 

electron acceptor 

BA+PAC+EA 175 - 45 (81.5) 15 138-275 5 20:20:20 8 (24) 
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Table B.3: Predicted partitioning of toluene (single-solute) or benzene, toluene and o-xylene (BTX) (multi-solute) in PAC amended microcosms dosed with 4 

µL or 12 µL of pure phase toluene or BTX (4 µL per solute), respectively.  
Chemical properties (sorbate and sorbent): Toluene 

(single-solute) 

Benzene 

(multi -solute) 

Toluene 

(multi -solute) 

o-xylene 

(multi -solute) 

Henryôs constant (ὑ ) [-] 1 0.274  0.225 0.274 0.221 

Density (ɟ) [
А

] 2 0.867  0.878 0.867 0.88 

Soil-water partitioning coefficient (ὑ ) [mL/g] 3 0.09125 0.01996 0.09125 0.1996 

Freundlich constant (ὑ ) [(  n] 88.19 36.10 88.19 131.76 

Freundlich constant (ὲ ) [-] 0.42  0.48 0.42  0.37 

Improved simplified ideal adsorption solution (ISIAS) constant (ὥ) - 1.42 1.43 1.08 

Equilibrated aqueous concentration:     

ὅ  [ ] 4 4.9  17.2 11.5 5.2 

Equilibrated solid concentration:     

Single-solute sorption capacity, ή  [ ] = (ὑ ὅ  171.91  - - - 

Multi -solute sorption capacity, ή  [ ] = [
В

 

В

В  

ὅ
В

В
В

ὅ
В В

 

- 24.79 88.73 166.55 

Microcosm material volume or mass:     

V(g) [mL]  30  30  30  30  
V(aq) [mL] 175  175  175  175  

mBS [g] 68.5 68.5 68.5 68.5 

mPAC [mg] 15  15  15  15  

Equilibrium mass partitioned to each phase:     

ὓ [mg] = ὅ  
 
 ὑ    0.040 0.12 0.095 0.034 

ὓ  [mg] = ὅ  
 
  0.86  3.01 2.01 0.91 

ὓ  [mg] = ά    ὑ   
0.031  0.024 0.072 0.071 

ὓ  [mg] = ή  
 
  2.58  0.37 1.33 2.50 

ὓ  [mg] = ὓ  + ὓ  + ὓ  + ὓ  3.51  3.52 3.51 3.51 

Initial aqueous concentration (before PAC addition):     

ὅ  [ ] = 
 
  20.04  20.12 20.06 20.08 

Pure phase addition:     

Vp [µL]  = 
  
  4.05  4.01 4.05 3.99 

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

Primer name Target 16S rRNA sequence Primer Sequence 5'-3' Expected amplicon 

size (bp) 

Annealing 

temperature (°C) 

Reference(s) 

926f_modified Bacteria, Archaea and 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-T GGGGAGCAAATCCGAGAAAG 191 59 [248] 

Dsp_1494r GAATCTCGAGTCGGTTACCTC 

Pep_87f Peptococcaceae sp. DGG-X TTGGATGTCAGATAGTGGCG 142 65 [248] 

Pep_228r GCGATTTGCATCGCCTTTCTAC 
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Table B.5: Sampling (long-term repetitive sampling [LT-RS], long-term sacrificial sampling [LT-SS] or high-resolution sacrificial sampling [HR-SS]) or 

amendment (i.e., powdered activated carbon [PAC]; toluene [T]; benzene, toluene and o-xylene [BTX]; toluene and o-xylene [TX]; or sulfate [SO4
2-]) days for the 

single-solute (toluene-only) or multi-solute (BTX) microcosms.  
  

Day Toluene Day Benzene, toluene and o-xylene (BTX) 

0 T: All microcosms except SC 0 BTX: All microcosms except SC 

 SO4
2-: 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
2-: BA-PC+EA and BA+PAC+EA microcosms 

   LT-SS: Triplicate bottle set 2 (timepoint 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+EA microcosms   

  112 SO4
2-: BA+PAC+EA microcosms only 

121 LT-SS: Triplicate bottle set 4 (timepoint 6)   

128 SO4
2-: BA-PC+EA and BA+PAC+EA microcosms 128 LT-SS: Triplicate bottle set 4 (timepoint 6) 

149 SO4
2-: BA-PC+EA and BA+PAC+EA microcosms   

  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 5 (timepoint 8)   

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

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

   SO4
2-: 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   

 SO4
2-: BA-PC+EA and BA+PAC+EA microcosms   

 HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 11)   
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Day Toluene Day Benzene, toluene and o-xylene (BTX) 

  273 LT-RS: Triplicate bottle set 7 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 11) 

274 LT-RS: Triplicate bottle set 7 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 11) 

HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 12 

  

278 HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 13)   

283 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 14)   

288 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 15)   

292 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 16)   

303 LT-SS: Triplicate bottle set 7 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 12) 

  

  309 LT-SS: Triplicate bottle set 7 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 12) 

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

SO4
2-: BA-PC+EA and BA+PAC+EA microcosms 

HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 11) 

  315 HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 12) 

  319 HR-SS: Triplicate bottle set 7 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 13) 

  324 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 14) 

  333 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 15) 

336 LT-RS: Triplicate bottle set 8 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 13) 

  

  338 LT-RS: Triplicate bottle set 8 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 13) 

  350 HR-SS: Triplicate bottle set 8 (BA-PC+EA and BA+PAC+EA microcosms only) (timepoint 16) 

366 LT-SS: Triplicate bottle set 8 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 14) 

  

  372 LT-SS: Triplicate bottle set 8 (KC, KC+PAC, SC, BA-PC and BA+PAC microcosms only) 

(timepoint 14) 
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Table B.6: Average abundance of total bacteria, total archaea, Deltaproteobacteria, Desulfosporosinus sp.and Peptococcaceae sp. (± standard error) generated 

from quantitative polymerase chain reaction (qPCR) analysis for the single-solute (toluene-only) and multi-solute (benzene, toluene and o-xylene [BTX]) KC, 

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

 

 

 

Table B.7: Electron donors, electron acceptors and chemical reactions associated with sulfate reduction coupled to benzene, toluene or o-xylene (BTX) 

oxidation.  
Electron donor Electron acceptor Chemical reaction ȹ G (kJ/ mol) 

Benzene Sulfate C6H6 + 3 H2O + 3.75 SO4
2- Ÿ 6 HCO3

 + 1.88 H2S + 1.88 HS + 0.38 H+ -200 1 

Toluene Sulfate C7H8 + 4.5 SO4
2- + 3 H2O Ÿ 7 HCO3

- + 2.25 HS- + 2.25 H2S + 0.25 H+ -54.7 2 

Xylene Sulfate C8H10 + 5.25 SO4
2- + 3 H2O Ÿ 8 HCO3

- + 2.625 HS- + 2.625 H2S + 0.125 H+ -63.8 2 
Notes: 1. [249] and 2. [54]. 

 Abundance (copies/g) 

 Total Bacteria Total Archaea Deltaproteobacteria Desulfosporosinus sp. Peptococcaceae sp. 

Microcosm type Average Standard 

error 

Average Standard 

error 

Average Standard 

error 

Average Standard 

error 

Average Standard 

error 

 Single-solute (toluene-only) 

Background 7.20 × 10+6  4.47 × 10+4  9.59 × 10+1  7.20 × 10+4  9.36 × 10+2  

KC 1.39 × 10+5 1.48 × 10+4 3.45 × 10+3 8.74 × 10+2   8.03 × 10+2 4.02 × 10+2   

KC+PAC 1.54 × 10+5 1.39 × 10+4 4.04 × 10+3 8.36 × 10+2   8.94 × 10+2 4.48 × 10+2   

SC 2.44 × 10+6 3.35 × 10+5 1.70 × 10+6 6.33 × 10+5   2.08 × 10+3 7.00 × 10+2   

BA-PC 1.11 × 10+5 1.95 × 10+4 1.60 × 10+3 1.60 × 10+3   6.93 × 10+2 3.99 × 10+2   

BA+PAC 6.36 × 10+6 1.11 × 10+6 2.67 × 10+6 1.36 × 10+6   3.53 × 10+3 1.87 × 10+3   

BA-PC+EA 1.15 × 10+7  4.09 × 10+5    1.08 × 10+4    

BA+PAC+EA 6.00 × 10+6  5.02 × 10+5    8.76 × 10+3    

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

Background 3.12 × 10+6  3.38 × 10+4  4.70 × 10+1  2.60 × 10+4    

KC 1.22 × 10+5 3.05 × 10+4 4.74 × 10+3 1.26 × 10+3 9.80 × 10+2 5.72 × 10+2 0.00 × 10+0 0.00 × 10+0 1.55 × 10+3 1.11 × 10+2 

KC+PAC 1.52 × 10+5 1.40 × 10+3 2.53 × 10+3 1.24 × 10+3 0.00 × 10+0 0.00 × 10+0 4.80 × 10+2 3.53 × 10+2 3.96 × 10+3 2.11 × 10+3 

SC 3.42 × 10+6 1.26 × 10+6 2.05 × 10+6 9.43 × 10+5 1.85 × 10+3 9.47 × 10+2 1.05 × 10+4 4.95 × 10+3 9.74 × 10+3 4.65 × 10+3 

BA-PC 1.31 × 10+5 3.14 × 10+4 7.83 × 10+3 2.79 × 10+3 6.46 × 10+1 5.80 × 10+1 2.82 × 10+1 2.82 × 10+1 3.20 × 10+3 1.06 × 10+3 

BA+PAC 3.17 × 10+6 1.25 × 10+6 1.79 × 10+6 8.76 × 10+5 7.49 × 10+2 6.06 × 10+2 1.04 × 10+4 1.72 × 10+3 1.37 × 10+4 1.18 × 10+4 

BA-PC+EA 2.71 × 10+7  4.30 × 10+5  2.11 × 10+3  6.11 × 10+6  2.49 × 10+3  

BA+PAC+EA 2.28 × 10+7  1.86 × 10+6  7.33 × 10+2  3.58 × 10+6  1.72 × 10+3  



167 

 

Table B.8: Mass of benzene, toluene or o-xylene in the aqueous (ὓ ), gas (ὓ ) and solid (ὓ ) phases, and the total mass (ὓ ) of each solute from the  

the sum of the mass in each phase for all microcosm types and sampling times. 

  Mass (mg) 

  Benzene Toluene o-Xylene 

 Sample 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

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-

toluene 
2     2.78 0.28       

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 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

BA-PC-

toluene 

2     3.28 0.19 0.029 3.50     

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-

toluene 
2     3.16 0.32 0.001 3.48     

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 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

BA-PC+EA-

toluene 

2     3.05 0.17 0.011 3.24     

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

-toluene 

2     3.13 0.31 0.014 3.46     

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     
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  Mass (mg) 

  Benzene Toluene o-Xylene 

 Sample 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

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-

BTX 
2 3.23 0.27   3.16 0.32   2.75 0.23   

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 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

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   2.91 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-

BTX 
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 

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 

Day 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

Aqueous 

(ὓ ) 

Gas 

(ὓ ) 

Solid 

(ὓ ) 

Total 

(ὓ ) 

BA-PC+EA-

BTX 
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 

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

-BTX 
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 

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   2.31 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.9: Relative abundance of bacteria and archaea (Ó 4% for any amplicon sequencing variant [ASV] detected) generated from 16S ribosomal ribonucleic 

acid (rRNA) next generation sequencing (NGS) for the single-solute (toluene-only) and multi-solute (benzene, toluene and o-xylene [BTX]) SC, BA-PC, 

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 background conditions.  

Taxonomic designation Relative abundance (%) 

      Background SC BA-PC BA+PAC BA-

PC+EA 

BA+PAC

+EA 

Domain Phylum Class Order Family Genus  A B C A B C A B C C C 

Single-solute (toluene-only) 

Bacteria Actinobacteriota Coriobacteriia    9.45 11.15 5.63 8.94 12.32 11.23 12.42 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 34.51 

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 1.51 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 o-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.10: Zero-order biodegradation rate constants for toluene in the single-solute (toluene-only) and multi-

solute (benzene, toluene and o-xylene [BTX]) BA-PC+EA and BA+PAC+EA microcosms during high-

resolution monitoring.  

 

 

 

 

 

 

 

Table B.11: Theoretical and measured mole ratios between toluene and sulfate, and sulfate and sulfide during 

high-resolution monitoring.   

  C7H8:SO4
2- SO4

2-:H2S and HS- 

  Theoretical Measured Theoretical Measured 

Single-solute 

(toluene) 

BA-PC+EA 4.5 4.47 1 0.88 

BA+PAC+EA 4.5 4.14 1 1.08 

Multi -solute 

(toluene) 

BA-PC+EA 4.5 4.74 1 1.08 

BA+PAC+EA 4.5 4.58 1 1.5 

 

Rate constant (mg/day) ± Confidence interval 

Single-solute (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 



 

175 

 

 

Appendix C: Supplementary material for Chapter 4 

 

Appendix C.1: Ideal breakthrough time estimation 

 

To estimate the ideal breakthrough time for solute i, ὸ  (days), (i.e., 50% PAC saturation) for columns 

with PAC zones, Equation C.1 [250, 251] was used as defined below 
 

ὸ  
       

  
         (Equation C.1) 

 

where 

ή  = equilibrium solid phase sorption capacity of the PAC for solute i (mg/g) 

Ὢ  = fraction of PAC (-) 

 = bulk density of Borden sand (g/cm3)  

ὠ  = volume of the PAC zone (cm3) 

ὅ  = initial aqueous phase concentration of a solute i (mg/L) 

Q = flow rate (L/day)  

 

The ή  was estimated using the single-solute Freundlich model parameters or multi-solute improved 

simplified ideal adsorption solution (ISIAS) competition factors listed in Table 2.2, the Ὢ  is listed in 

Table C.1 for each column, the ὠ  and Q are listed in Table C.2 for each column, and the  is listed 

in Table B.1 [135].  
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Figure C.1: Image of the column benchtop experimental set-up, including: (1) 10 L Tedlar bags with anaerobic artificial groundwater (AGW); (2) 25 mm stainless steel (SS) filter 

folder; (3) peristaltic pump; (4) 1.6 mm SS tubing; (5) 100 mL glass sampling syringes attached to 2-way nylon stopcocks and 17-gauge stainless steel needles inserted into the 

influent sampling ports of 3-way SS ball valves, and positioned vertically on a plexiglass stand (temporary set-up for influent sample collection; syringe removal and ball valve 

readjustment redirects AGW flow into the column); (6) packed columns (37 cm length, 3.75 cm inner diameter) with Borden sand (BS) and a homogenized PAC zone (0.5% w/w); 

(7) 3-way SS ball valve for effluent sample collection (requiring the same temporary set-up as shown for influent sample collection, described in [5]); and (8) 1 L Erlenmeyer flask 

for effluent waste collection.
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