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Abstract

Bio-electrochemical systems (BES) have been proposed as an emerging technology for
enhancing groundwater remediation and are an interesting alternative for hydrocarbon-
contaminated reducing aquifers where natural attenuation may be slow. BES take advantage of
the ability of exoelectrogenic bacteria to transfer electrons from organic substrates to an
extracellular electron acceptor, such as the anode of a microbial fuel cell (MFC). An electrical
connection between the oxidizing and reducing compartments of the MFC allows reduction of
oxygen at the cathode coupled to the oxidation of the reduced contaminant in the reducing
compartment, accompanied by electricity production. Electricity production has been proposed

as a proxy to monitor the progress of the remediation.

The effects of additional electron donors, like ferrous iron, over the contaminant degradation
efficiency and electricity production in BES have not been thoroughly studied. This research
applied chemical, mineralogical, and microbiological analyses to study the degradation of
naphthalene in a series of MFC experiments. The main objective was to test whether a reactor
inoculated with native microorganisms from a local contaminated aquifer could successfully
remediate naphthalene contamination in a reducing environment where iron was potentially an
electron donor. An additional experiment was developed to address naphthalene sorption to
electrodes and other reactor materials.

The sorption experiment revealed that naphthalene dynamics in the MFC were significantly
affected by sorption/desorption to reactor materials, so interpretation of MFC results required the

consideration of naphthalene sorption and diffusion processes.

The MFC experiments in this study did not find any advantage in providing an electrical
connection between reducing and oxidizing zones of the bioreactors in terms of naphthalene
degradation achieved in the system. However, the former did show the additional benefit of
generating a small current. MFC experiments showed an increased electricity production when

iron was available, however, the experiments with no iron achieved higher removal of



naphthalene. The results from this study suggest that measuring electricity production is no
substitute for direct measurement of contaminant biodegradation, since iron, sulfur, and

naphthalene metabolites were involved in electricity production.



Lay Summary

Microbial fuel cells are devices that typically aim for electricity production using organic
compounds and bacteria. This technology can potentially be applied also to remediate organic
contaminants from groundwater, with the additional benefit of producing small amounts of
electricity. It has been proposed that instead of using expensive tools to track the extent of the
groundwater remediation, the electricity produced by these devices can be monitored. This study
found that dissolved iron present in the contaminated groundwater affects the contaminant
removal and electricity production. Electricity production was linked to both the contaminant
removal as well as the oxidation of inorganic chemicals, so monitoring electricity is not an

adequate tool to track the extent of the remediation in all cases.
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Chapter 1: Introduction
1.1 Overview

Water is a primary resource for life and for several economic and industrial activities that
support economic growth and social development. Groundwater represents roughly a third of the
freshwater withdrawals, however most of the major aquifers are experiencing rapid rates of
depletion (Famiglietti, 2014; Konikow & Kendy, 2005). In addition to the water availability
issue, the quality of groundwater is expected to decrease rapidly during the next decades,

increasing risks to human health, economic development, and ecosystems (WWAP, 2016).

Several industrial and human activities contribute to groundwater pollution: leaching from
agricultural fields, mine piles and landfills, wastewater mismanagement, and industrial spills.
The most common groundwater contaminants include chlorinated hydrocarbons
(trichloroethylene and perchloroethylene), metals, fuel hydrocarbons (benzene, toluene, ethyl-
benzenes, xylene, polycyclic aromatic hydrocarbons, and methyl tertiary butyl ether),
radionuclides, pesticides and nitrates (Appelo & Postma, 2004).

Polycyclic aromatic hydrocarbons (PAHS) are a global environmental issue, they constituted
about 5% of volume of total environmental chemical pollutants in 1991 (Ite & Semple, 2012),
however that number is expected to have increased in the last decades due to the widespread
industrial use of hydrocarbons. PAH contamination is particularly important in urban areas
because PAHSs are potentially carcinogenic and/or mutagenic, and because of their continued
emission, persistence, and mobility in the environment (Cachada et al., 2016). Groundwater PAH
contamination is increasingly a concern for human health because of urban expansion into

previously industrial sites in many rapidly growing cities (e.g. W. Cao et al., 2019) .

In recent years, the in-situ treatment of contaminated groundwater has increased worldwide,
although pump-and-treat approaches are still significant (Majone et al., 2015). For example,
among the US Superfund sites evaluated for remediation between 2015 and 2017, in situ

groundwater treatment was selected as the remediation approach in over half of the sites (US



EPA, 2020). In particular, in situ bioremediation and chemical treatment were selected most
frequently, while the use of pump-and-treat systems continues to decrease since the early 1990s
(US EPA, 2020). Several advantages make bioremediation more attractive than other
remediation techniques: it is relatively inexpensive, it has the potential to eliminate the
contaminant in a permanent way via biochemical transformation or mineralization, and it does

not require the use of chemical or physical treatments (Sturman et al., 1995).

Bioremediation techniques were proposed for the treatment of hydrocarbon-contaminated
groundwater as early as 1989 (Mueller et al., 1989), and has been proved effective in laboratory
experiments, reducing the contaminant to about 10% in controlled conditions (e.g. X. Lu et al.,
2011). However, the success of bioremediation depends on several factors that are difficult to
control: the existence of degrading microorganisms, the availability of electron acceptors and
nutrients, temperature, soil properties, the carbon sources for the microbial community, and
degradation kinetics (Haritash & Kaushik, 2009; Li & Yu, 2015; H. Wang, Luo, et al., 2015). A
proposed way to overcome these difficulties is the use of electrodes in what have been called

bio-electrochemical systems (BES).

Several types of BES have been developed with different applications: Microbial Fuel Cells
(MFCs) mainly focus on electric power generation, but other BES are used to synthesize useful
compounds such as hydrogen, formate, methane or to desalinate water (Santoro et al., 2017 and
references therein). The development of MFCs has focused mostly on optimizing them for
electricity generation but combined applications have arisen in recent decades, such as
wastewater treatment accompanied by electricity production. Wastewater treatment using MFCs
take advantage of their capability to convert chemical energy from organic substrates into

electricity. Similarly, this capability can be used for the remediation of organic contaminants.

The potential of using BES for contaminant degradation while generating electricity and
avoiding the typically high operational costs of more traditional technologies has sparked
scientific research in this field. Most studies involve experiments under strictly controlled
conditions and using only pure culture microbial communities (e.g. Rodrigo et al., 2014).
Although there are some examples of successful field experiments (e.g. L. Lu, Yazdi, et al.,



2014), the widespread application of BES for remediation purposes on site is far from being

possible yet.

The focus of this thesis is to contribute to the scientific knowledge of BES, aiming towards their
application for remediation in reduced aquifers. This research was conducted via benchtop batch

MFC experiments using naphthalene as a model contaminant in iron-rich water.
1.2 Background
1.2.1 Biodegradation of contaminants

Several microorganisms degrade or transform hazardous compounds by using them as an
energy source or co-metabolizing them with alternative energy sources. This way, the
concentration of the contaminant in the environment can be reduced naturally with time, as they
are transformed to innocuous end-products by biochemical redox reactions. Typically, the extent
of this natural biodegradation depends on the toxicity of the contaminant, the bioavailability of
both nutrients and contaminant, and other environmental factors such as redox potential, salinity
and pH (Langwaldt & Puhakka, 2000). Bioremediation consists in stimulating microbial
metabolism by adding nutrients or other chemicals to enhance microbial metabolism. This
approach can be used for the remediation of different types of contaminants such as heavy
metals, polycyclic aromatic hydrocarbons (PAHS), petroleum-derived compounds and even
plastics (Das, 2014).

There may be more than one microbial species involved in the degradation of a compound and
the process sometimes involves syntrophic communities. For example, it has been reported that
one group of bacteria can oxidize naphthalene anaerobically, producing hydrogen, which is in

turn used by a methanogenic consortium to produce methane (Christensen et al., 2004).

The remediation of organic contaminants presents specific challenges, they often become bound
by the soil particles and show reduced bioavailability, thus they become harder to degrade by
microorganisms. Some microorganisms are particularly useful in these circumstances. For

example, members of genus Mycobacterium have lipophilic cell surfaces, making them better



suited to metabolize hydrophobic hydrocarbons. (Bouchez-Naitali et al., 1999; Haritash &
Kaushik, 2009).

The environmental conditions in a contaminated aquifer can also be manipulated to enhance the
microbial activity in what is designated as enhanced in situ bioremediation. This can involve: (1)
bio-stimulation, which consists in the injection of nutrients, oxygen and/or other components to
support microbial activity and growth (Scow & Hicks, 2005), (2) bio-augmentation, which is
based in the addition biocatalysts, generally specific bacteria, fungi, genes or enzymes (Stroo et
al., 2013); and (3) electro-bioremediation, which consists in providing an alternative electron
acceptor in the form of an electrode inserted into the subsurface, thus fostering the oxidation of

the pollutant in zones where oxygen or other electron acceptors are not readily available.

Bio-stimulation works relatively well for the case of limited inorganic nutrients, but it does not
for oxygen, which is limited by solubility (Sturman et al., 1995). Adding oxygen peroxide
appears to work in laboratory experiments, but high concentrations of oxygen peroxide inhibit
microbial metabolism, and determining how much of the added peroxide will end up as available
oxygen in the field is sometimes complicated (Aggarwal et al., 1991). Regarding the use of bio-
augmentation techniques, it has been proven that in some cases the application of native
microorganisms is more efficient than the use of extraneous ones, because native
microorganisms are well adapted to their environment, so their population growth is more rapid,
which guarantees better biodegradation (Zawierucha & Malina, 2006). However, bio-
augmentation may also include the inoculation of genetically modified microorganisms. In this
case, a series of problems can originate, such as not well-known or unpredicted side effects over
the environment and potentially humans, complicated monitoring of the spatial distribution of
microorganisms, and low survival of laboratory bacteria under field conditions (Zawierucha &
Malina, 2006).

1.2.2 Bio-electrochemical systems and biodegradation

Concerns about cost and possible unintended effects of injecting either bacteria or

chemicals into the subsurface often further complicate remediation attempts. In that sense,



electro-bioremediation is particularly appealing because it is a passive technique that can
theoretically be implemented in situ and it does not require addition of chemicals or bacteria.
Furthermore, it may have the advantage of producing electricity while the remediation of the
contaminant takes place.

Bio-electrochemical remediation aims to foster the growth of microbial communities that are
adapted to degrade a certain contaminant by providing an electrode that acts as an additional
electron acceptor. BES take advantage of the ability of some microorganisms to transfer
electrons directly or indirectly to extracellular electron acceptors, such as the anode in an MFC.
They are called exoelectrogenic bacteria. A wide variety of exoelectrogenic species has been
investigated, including several species in the Proteobacteria and Firmicutes phylum (Rabaey et
al., 2004), several Geobacter species (Bond & Lovley, 2003; Reguera & Kashefi, 2019;
Strycharz et al., 2008), Shewanella species (Marsili et al., 2008; Wu et al., 2013; Y. Yang et al.,
2017), Desulfuromonas acetoxidans (Bond et al., 2002), Geoalkalibacter sp (Badalamenti et al.,
2013), Pseudomonas aeruginosa (Venkataraman et al., 2010), Rhodoferax ferrireducens

(Chaudhuri & Lovley, 2003), Rhodobacter capsulatus (Hasan et al., 2015), among others.

Exoelectrogenic bacteria that respire using an electrode as the sole electron acceptor can be used
to harvest electricity from electrode-microorganism interactions in sediments (Tender et al.,
2002), and their potential for remediating contaminated sites have long been recognised (Morris
& Jin, 2007).

Although the electricity production using contaminated water is still far from being practically
useful, there are several examples in which electro-bioremediation has been successful. Electro-
enhanced techniques have been used for the removal of carbon, nitrogen and phosphorous
compounds out of wastewater (Clauwaert et al., 2007; Hua et al., 2019; Pant et al., 2012; Tian &
Yu, 2020), for the remediation of diesel (Mohan & Chandrasekhar, 2011; Morris et al., 2009),
hydrocarbons like phenol, benzene, toluene, phenanthrene and naphthalene (Adelaja et al., 2014;
Daghio et al., 2016; Hedbavna et al., 2016; S.-H. Liu et al., 2018; T. Zhang et al., 2010), azo
dyes (Aulenta et al., 2010; Mu et al., 2009), and for the remediation of metals like manganese,
chromium, lead and nickel (Yan Li, 2015).



Most of the studies of bio-electrochemical systems have been done on Microbial Fuel Cells
(MFCs). MFCs are devices comprised of two separate compartments with different redox
potential. One electrode is placed in each compartment and connected with a conductive wire. In
the anode compartment, the electrons generated by oxidation reactions are transferred to the
anode. Electrons are transferred from the anode to the cathode through the wire and are
subsequently used to reduce the compounds, usually oxygen, in the cathodic compartment. An
electrical current is generated due to the transfer of electrons through the wire from anode to
cathode. The electrical connection between zones with different redox potential drives the
oxidation of reduced compounds by bacteria in the anode chamber, in absence or under limited
abundance of terminal electron acceptors such as oxygen, nitrate or sulfate (Logan et al., 2006;
Morris & Jin, 2012).

Even though electricity generation by MFCs requires carefully controlled physico-chemical
conditions, electricity can also be produced in natural systems. (Bond et al., 2002) showed that
energy can be harvested from marine sediments by burying a graphite electrode into anoxic
sediments and connecting it to another electrode located in overlying aerobic seawater. The study
also showed that inoculating the benzoate-loaded anode compartment of the MFC with
Geobacter metallireducens bacteria resulted in the benzoate oxidation to CO>. In this case, the
authors suggest benzoate oxidation was linked to the activity of the bacteria, which can couple
the oxidation of organic compounds to the reduction of insoluble Fe(l11) oxides. These results
suggest that Geobacter metallireducens can be used for the bioremediation of organic

contaminants and the generation of a current across the circuit (Bond et al., 2002).

There have been efforts to scale-up these kind of reactors for field applications (Ewing et al.,
2014; Sturman et al., 1995), and it is generally believed that the use of in situ bio-electrical
remediation treatment is possible (Sajana et al., 2016). In fact, there are examples of sediment
fuel cells used in situ in marine sediments for energy production (Lowy et al., 2006; Tender et
al., 2002). Even though some in situ applications of BES have been studied, there is still much to

be discovered in this field.



1.2.3 Degradation of hydrocarbons

The biodegradation of hydrocarbons by bacteria can use either oxygen, nitrate, ferric
iron, or sulfate as electron acceptors, although the degradation pathways are different for aerobic
and anaerobic conditions (Grishchenkov et al., 2000). The biodegradation efficiency and rates
depend on several factors such as the chemical structure and concentration of the contaminant,
its interactions with the soil particles, its bioavailability, the acclimation of the microorganisms
to the contaminated environment, and environmental conditions: temperature, pH, moisture,
redox potential and nutrient availability (Ite & Semple, 2012 and references therein). Anaerobic
natural degradation of hydrocarbons requires the availability of terminal electron acceptors such
as nitrate or sulfate and is linked to sulfate-reducing or denitrifying bacteria. The rate of
degradation is subject to the abundance of the electron acceptor, and a deficit in these
compounds results in a decreased rate of biodegradation or complete absence of degradation
(Boopathy, 2004)

For naphthalene, there are several kinds of bacteria that use aerobic degradation pathways
including some species of Acinetobacter, Alcaligenes, Burkholderia, Mycobacterium,
Polaromonas, Pseudomonas, Ralstonia, Rhodococcus, Sphingomonas, and Streptomyce
(Cerniglia, 1992; Seo et al., 2009 and references therein). The anaerobic degradation pathways
are less well understood and considered to be based in slower reactions than aerobic degradation
(Cerniglia, 1992). Although it has been shown that aerobic and anaerobic biodegradation rates

can be equal when the cell density is equal (Dou et al., 2009).

Anaerobic degradation of naphthalene can occur under nitrate (al-Bashir et al., 1990; Dou et al.,
2009; McNally et al., 1998; Mihelcic & Luthy, 1988), sulfate (Meckenstock et al., 2000;
Rothermich et al., 2002; Thierrin et al., 1995; X. Zhang & Young, 1997) and iron-reducing
conditions (Anderson & Lovley, 1999; Kleemann & Meckenstock, 2011; Robinson et al., 2001),
and is also thermodynamically favourable under methanogenic conditions in the presence of
methanogens (Christensen et al., 2004). Some of the microbial species that can perform

naphthalene degradation include some members of Desulfobacteraceae family, Pseudomonas



fluorescens, Pseudomonas putida, and Pseudomonas stutzeri (McNally et al., 1998; Mittal &
Rockne, 2008; Wolfson et al., 2018).

The fact that there is a variety in microbial metabolisms that degrade naphthalene and other
hydrocarbons suggests that bio-electro degradation of hydrocarbons is feasible. The first report
on the capability to produce power using petroleum contaminants as substrate in a MFC
configuration was published by Morris and Jin (2007). Since then, MFCs have been used in
laboratory-scale investigations that show bio-electrochemical remediation of hydrocarbons and
other petroleum derivatives (Adelaja et al., 2014; Daghio et al., 2016; Hedbavna et al., 2016; S.-
H. Liu et al., 2018; L. Lu, Yazdi, et al., 2014; Morris et al., 2009; Rakoczy et al., 2013; X. Wang
etal., 2012; Yan et al., 2012; T. Zhang et al., 2010).

1.3 Research gaps

Even though the use of bio-electrochemical systems for groundwater remediation have gained
more attention in recent years, most of the research is still focused on power production. There
are fewer examples of studies that focus purely on contaminant remediation, and more research
IS necessary before bio-electrochemical remediation can be practical in situ. It is often the case
that contaminated aquifers are under reducing (anoxic) conditions, and ferrous iron or other
electron donors may be available. Some studies address the influence of the inorganic chemical
composition of the water over electricity generation (Q. Liu et al., 2017, 2018; Wei et al., 2013;
Wu et al., 2013), however there is still a lack of knowledge regarding the effect of alternative
electron donors over the electrode-driven contaminant degradation. This research project
contributes to the knowledge in those specific topics to advance towards the use of bio-
electrochemical processes as contaminant degradation strategies, particularly in reducing PAH-

contaminated aquifers.

It has been suggested that inorganic electron donors present in the sediments may be oxidized
preferentially over carbon species at the anode of a SMFC (Song et al., 2011). In a study about
the effects of fuel cell operation over sediments and pore water in the sea floor the authors

conclude that dissolved sulfide may be a direct source of electrons for the fuel cell (Ryckelynck



et al., 2005). Therefore, it is possible that while aiming to oxidize contaminants, the electrode

instead oxidizes organic matter, or aqueous reduced species (Fe*?, Mn*?).

There are few studies that address the effect of the presence of alternative electron donors over
MFC performance (Peng et al., 2012; H. Zhang et al., 2015; Zhou et al., 2014). One study
suggests that if an iron sheet (FeP) is introduced into the reactor corrosion occurs generating
ferrous iron; ferrous iron gets oxidized by the anode, and then the ferric iron ions are reduced by
iron-reducing bacteria, which results in an increased power output of the MFC (H. Zhang et al.,
2015). Therefore, in principle, since the presence of iron enhances the iron reducing microbial
activity, which is linked to the PAH degradation, it should also enhance the degradation rate of

PAHs when MFCs are used for remediation. However, this needs to be experimentally tested.

In most hydrocarbon-contaminated sites a microbial community that can degrade the
contaminant develops naturally, although the biodegradation rate of these types of contaminants
may be very slow. The introduction of an electrode pair into such a system would increase
degradation rates as microorganisms capable of using the electrode as TEA will proliferate.
However, if the microorganisms that performed the degradation using natural electron acceptors
are different from those who perform the electrode reduction, then these two communities may

compete for nutrients, which would be unfavourable for the PAHs degradation.

For field applications of bio-electro remediation, it is necessary to know how the naturally
degrading PAH community changes when the electrode is added, because this change in the
microbial community will likely produce a change in the aquifer geochemistry. Studying the
changes in the microbial community composition as a response to the addition of the electrode
will also give insights into the flexibility of the bacterial community to switch from their original
electron acceptor, Fe(l1l), nitrate, or sulfate, to using the electrode as the sole electron acceptor.
This is important for example to predict what the response will be for different sites with

different initial microbial communities.



1.4 Motivation

This study is motivated by the increasing pressure for remediation of former industrial sites to
accommodate population growth through urban land expansion, a phenomenon that is globally
recurrent (WHO, 2021). In particular, creosote contamination of the reducing aquifer at the Braid
Street site in Coquitlam, British Columbia presents a challenge for urban development. Would it

be possible to use a bio-electrochemical system as remediation approach at this site?

According to Bieber (2003) the creosote contamination at the Braid Street site was originated
from a wood preserving facility that operated at this site in the 1920s. A creosote plume extends
into the aquifer sands up to a depth of approximately 22 m. The contaminants are transported by
groundwater from the source area, 120 m from the shore of the Fraser River, towards a discharge
area at the bottom of the river. In 1996, a pump and treat management plan was put in motion to
address the contamination problem (Golder Associates Limited, 1997).

The main component of the aqueous plume in 1996 was naphthalene, although significant
concentrations of fluorene, phenanthrene, acenaphthene, pyrene, fluoranthene, chrysene,
benzo(a)pyrene, benzo(b)anthracene, and benzo(c)fluoranthene have also been detected (Bieber,
2003; Golder Associates Limited, 1997). A naphthalene degradation rate of 1900 pug/L per year
was determined from microcosm experiments (Bieber, 2003; Lesser, 2000), which is considered
a maximum degradation rate. The degradation of naphthalene was proposed to occur mainly in

the off shore region of the plume by methanogenesis and iron reduction (Anthony, 1998).

The geochemistry of the groundwater in the study site is complex, as it is affected by the
creosote contamination as well as the saline river water that mixes with fresh groundwater.
According to the water chemistry presented by Bianchin et al. (2006) the uncontaminated
groundwater is mainly Ca-HCO3 while the contaminated groundwater would be classified as Ca-
Na-HCOs. The contaminated groundwater contains higher concentrations of methane and

dissolved iron than the background clean groundwater (Table 1.1).
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Table 1.1. Representative groundwater chemistry at the Braid Street site (data from Bianchin et al., 2006).

Background groundwater Groundwater chemistry

Parameter chemistry within naphthalene plume
Average Min  Max  Average Min  Max

Ca 0.52 015 122 0.83 0.16 1.96
Fe 0.18 0 0.78 0.71 0.13 149
K 0.02 0 0.04 0.05 0 0.13
Mg 0.33 012 0.81 0.51 023 1.20
Mn 0.01 0 0.05 0.03 0.01 0.06
Na 0.33 011 0.75 1.07 0.01 10.13
Si 0.10 0.10 0.10 0.77 0.65 0.98
Sr 0 0 0.001 0.001 0 0.004
Cr 0.09 0.03 0.29 0.24 0.06 231
NOs 0.02 0 0.12 0 0 0.005
SO42 0.03 0.00 0.10 0.00 0 0.01
HCO3 2.10 090 4.28 3.43 0.43 10.16
CHs 0.15 0 0.38 0.37 001 1.33
CO2 0.52 0.03 0.65 4.07 093 6.14
02 0.25 0.02 041 0.01 0.01 0.02
pH 7.3 6.7 8 6.4 6.1 6.9

Concentration values reported as mM

The main process occurring in the uncontaminated zone of the reducing aquifer adjacent to the
Fraser River is the reductive dissolution of iron and manganese oxide minerals via organic matter
oxidation, whereas sulfate reduction and methanogenesis are less important but also occur (Jia,
2015). Meanwhile, in the contaminated portion of the aquifer, naphthalene is degraded
anaerobically through biologically-mediated iron reduction and methanogenesis (Bieber, 2003).

Therefore, the main reactions occurring at the site, as proposed by these authors are:

Iron reduction CH,0 + 4Fe(OH); + 7HY - 4Fe*? + HCO3 + 10H,0
Manganese reduction CH,0 + 2Mn0, + 3H* - 2Mn*? + HCO3 + 2H,0
Sulfate reduction CH,0 + %504‘2 - %HS‘ + HCO3 + %H*
Methanogenesis 2CH,0 + H,0 - CH, + HCO3 + H
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Naphthalene degradation by iron reduction

CioHg + 48Fe(OH); — 48Fe*? 4+ 10C03% + 38H,0 + 760H"
Naphthalene degradation by methanogenesis

CioHg + 12H,0 —» 6CH, + 4HCO3 + 4H™

These processes occurring in the anaerobic zone of the natural aquifer affect the water
composition by increasing the dissolved ferrous iron, manganese, sulphide, methane, and
bicarbonate concentrations. The effect of these reactions on the water pH depends on the reaction
rates. The pH will likely increase as these reactions proceed through time due to naphthalene
degradation by iron reduction, and manganese and iron reduction, but this increase in pH will be
buffered by sulfate reduction, especially when saline water enters the system due to the tides
(Bieber, 2003).

Introducing an electrode into the anaerobic sediments will likely have the effect of favouring the
oxidation of naphthalene and/or other reduced species. The reactions that occur in the system
with the electrode will, however, depend on the metabolism and the composition of the microbial
community that will grow using the electrode as electron acceptor. It is possible that the
reactions listed above will continue to occur, however, organic carbon (naphthalene or organic
matter) may also be oxidized using the electrode as electrode acceptor, and therefore Fe*? and
Mn*2would not be produced. The reaction that will oxidize naphthalene will produce acidity as
only the oxidation half reaction occurs at the anode at depth, while the reduction of oxygen will

occur at the cathode, consuming acidity in the shallow part of the aquifer.
Naphthalene oxidation at the anode

CioHg + 30H,0 —» 10HCO3 + 58H™ + 48e~
Oxygen reduction at the cathode

0, + 4H* + 4e~ > 2H,0
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Aqueous Fe*? and Mn*2 could potentially be oxidized directly at the anode or by microbial
activity enhanced by the presence of the electrode, decreasing the concentration of these species.
However, the natural Mn*? oxidation rate is much lower than Fe*? oxidation rate (Jia, 2015), so
it is possible that Mn*2 plays a minor role in the geochemical evolution of the aquifer water.
Whatever the case is, it is important to determine whether naphthalene or Fe*2, Mn*2 and solid
organic matter are preferentially oxidized at the anode, to predict if introducing an electrode will

serve as a remediation approach for the site

Since this system is subject to groundwater flow, the reaction products will be carried away from
the electrode following the groundwater direction. Naphthalene can potentially be carried away
from the anode even after going through it if the oxidation rate at the anode is not sufficiently
high. Therefore, it is important to determine the degradation rate that could be attained at the
anode. Additionally, the groundwater flow will replenish aqueous electron acceptors and provide
nutrients to the microbial community near the anode, likely enhancing the microbial activity,

therefore the degradation rates may increase due to the flow.
1.5 Research objectives

The purpose of this research is to contribute to the scientific knowledge on the feasibility of
enhancing microbial degradation of contaminants in anaerobic aquifers by using bio-

electrochemical systems.

The main objectives are to investigate the controls and mechanisms involved in the bio-
electrochemical degradation of contaminants, and test whether this approach can successfully

remediate PAHs contamination in a reducing environment using native microbial communities.

The hypothesis that providing an electrical connection between the aerobic and anaerobic
compartments of a batch reactor enhances the degradation rate of naphthalene, even in the
presence of other reduced substances such as ferrous iron. This occurs by providing an additional
electron acceptor, the anode, which is used by native anaerobic bacteria in the metabolic

oxidation of naphthalene.
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The research questions addressed in this thesis are:

(1) what is the effect of using electrodes to transfer electrons from reducing to oxidizing zones

on the geochemical evolution of anaerobic, naphthalene-contaminated water?

(2) how is the BES affected by ferrous iron concentration?

(3) what are the dominant geochemical reactions?

(4) how is the naphthalene removal affected by the presence of electrodes and iron?

(5) how does the microbial community respond to the electrical connection between aerobic and
anaerobic zones provided by the electrodes?

(6) what is the effect of the presence of ferrous iron on the final microbial community?

(7) what geochemical processes can be inferred from the final microbial community

composition?

To address these questions, batch bioreactor MFC experiments were constructed mimicking the
deployment of a bio-electrochemical system into a reducing aquifer. Our setup is constituted by a
glass vessel with two chambers, separated horizontally by a permeable silica sand layer, and with
a carbon cloth electrode in each compartment. Glass was selected for the vessel and quartz for
the sand to avoid potential sorption of naphthalene. However, since the carbon cloth is likely to
be a sink for naphthalene sorption, an experiment to determine the extent to which naphthalene

was sorbed to glass, sand and carbon cloth was also carried out.
1.6 MFC experiment design

MFCs typically consist of two physically separated chambers, each containing an electrode,
which are electrically connected (Figure 1.1). The reactor configuration varies, with the separator
frequently being an ion selective membrane (Rossi et al., 2020; Rossi & Logan, 2021), although
other separator materials, such as a salt bridge, have also been used (e.g. Min et al., 2005). The

anode chamber is anaerobic and contains an organic substrate, such as glucose, that
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microorganisms can oxidize to sustain biomass growth, releasing protons and electrons. The
released electrons are collected by the anode and transferred to the cathode where they are used
in the reduction reaction, while the protons migrate through the membrane to the cathode
chamber. The cathodic reaction consumes protons and is usually oxygen reduction. Air-cathodes
where the cathode is directly in contact with air instead of submerged in the catholyte show
better power performance and solves the need to permanently oxygenating the catholyte (Rossi
et al., 2020).

anaerobic aerobic
e*T le'
H+
H+
co, bacteria 0,
H+
H,0
CEleoE
\ anode cathode /
membrane

Figure 1.1. Schematic representation of the configuration and operating principles in a Microbial Fuel Cell.

Carbon-based materials are commonly used for the electrodes. The overall system dynamics
relies on the spontaneity of the cathodic reaction; platinum is the standard catalyst used to drive
the oxygen reduction reaction. Pt-coated carbon cathodes are very common in MFC research,
although activated carbon and iron-nitrogen-doped carbon materials have been tested in the
search for inexpensive alternatives (Cheng et al., 2006; Daniel et al., 2021; Ghasemi et al., 2011;
W. Yang et al., 2020).

For the MFC experiments in this thesis, a simple and inexpensive design was chosen. It was

comprised of vertically stacked anode and cathode chambers, with carbon cloth electrodes. The
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separator material was fine silica sand, and the substrate was naphthalene. This reactor design
aimed to mimic a naphthalene-contaminated aquifer; the anode chamber represents the
lowermost anaerobic part of the aquifer. The anode was electrically connected to the cathode by
a stainless-steel wire. The cathode resides in the cathode chamber, which is open to the
atmosphere and constitutes the aerobic upper part of the aquifer. The reactor vessel was made of
glass to minimize naphthalene sorption. A detailed description of the experimental design is

presented in Chapter 3.
1.7 Organization of the thesis

This thesis has four chapters, with chapters 2 and 3 showing the results and discussion from
laboratory experiments. A list of references is provided at the end of the thesis. Additional
information that was not included within the body of the thesis is provided in the appendices
section. It includes raw and processed data, additional plots, protocols, and details on some of the

methods. The thesis is organized as follows:

— Chapter 1 introduces the research topic and delineates the rationale for this study. It gives a
review the biodegradation of hydrocarbons, typical remediation technologies, and bio-
electrochemical systems. Research gaps are identified, and the study objectives are
articulated.

— Chapter 2 reports the results from a sorption experiment developed to test naphthalene
sorption to the materials used in the MFC experiments.

— Chapter 3 reports the results from the investigation of the performance of a series of MFCs
inoculated with native microbial community; naphthalene degradation, electricity production
and changes in the microbial community composition are evaluated, together with the effects
of ferrous iron availability in the microbial media.

— Chapter 4 highlights the key findings of this research, provides a summary of the limitations
of the experimental approach used, and presents some recommendations for future work in

this research topic.
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Chapter 2: Naphthalene sorption experiment

Like many organic pollutants, the hydrophobic nature of naphthalene results in its
tendency to become sorbed to organic matter in sediments (Appelo & Postma, 2004). Similarly,
synthetic carbonaceous materials, such as carbon nanotubes, also have a tendency to sorb non-
polar organic contaminants such as naphthalene (Chen et al., 2007). Carbon is also the main
constituent in carbon cloth electrodes, which are typically used in MFC reactors. Carbon
electrodes are common mainly because they are relatively inexpensive, and have high electrical
conductivity and surface area. However, MFC experiments in the literature rarely address

sorption to electrode materials, even when the objective is to enhance hydrocarbon removal.

This experiment aims to determine the degree to which naphthalene is sorbed to the
different materials used in the MFC experiments (see Chapter 3:). The materials tested included
glass, quartz sand (Sand, pure, 40-100 mesh, ACROS Organics), carbon cloth (CC6 Plain; Fuel
Cell Earth) and the Fe precipitate that forms when adding FeCl> solution to naphthalene-spiked
media used in the MFC experiments. Table 2.1 summarizes the experimental conditions tested in
the sorption experiment, experiments were done in triplicate; iron was only added to the

experiment testing naphthalene sorption to iron precipitates (S_Fe experiments).

Table 2.1. Experimental conditions tested in the sorption experiments.

Experiment Experiment ID  Media composition
S Bl

Glass vial (blank) S_B2 Naphthalene-spiked media, no iron
S_B3
S S1

Quartz sand S S2 Naphthalene-spiked media, no iron
S_S3
S C1

Carbon cloth S C2 Naphthalene-spiked media, no iron
S_C3
S Fel

Iron precipitates S _Fe2 Naphthalene-spiked media, 1.8 mM Fe
S _Fe3

First, we obtained experimental values of the distribution coefficients for glass, sand, and carbon

cloth. Then we used these experimental values to determine the mass of naphthalene to be sorbed

17



to each material in individual MFC experiments, based on measurements from individual

reactors.
2.1 Method
2.1.1 Sampling and naphthalene measurement

Sorption experiment vessels were batch reactors consisting of 60-mL glass serum vials filled
with naphthalene-spiked media and the sorbent material being tested. Vials were closed with
Teflon septa and aluminum crimp seals (Figure 2.1). Since the availability of a solid surface has
an influence on the sorption process, the sorption experiments aimed at replicating the solid-to-
solution ratio present in the MFC experiments. In the MFC experiment (Chapter 3), the reactors
contained an average of 733 g of sand, 25 cm? electrodes, and a total of 1400 mL of media. The
ratio of sand to media was 0.52 g/mL in the MFC experiment, so 23 g of silica sand and 45 mL
of media were used in the sand sorption experiment. The ratio of carbon cloth to media was
0.018 cm?/mL in the MFC experiment, so in the sorption experiment, 1 cm? carbon cloth pieces
and 55 mL of media were used. In the MFC experiment, 5 mL of 360 mM FeCl; solution was
added to 1 L of media, so 275 uL of 360 mM FeCl» solution was added to 55 mL of media in the
iron precipitate sorption experiment. The naphthalene concentration in the media was 15 mg/L,

the same used in MFC experiments.

Figure 2.1. Naphthalene sorption experiment vessels.

18



Two experiments (for each material) were sampled 3 hours after set-up; the 3-hour time was
chosen because it was the average amount of time between reactor set-up and first sampling in
the MFC experiment. The third experiment (for each material) was sampled 7 days after set-up,
which corresponds to the second sampling event in MFC experiment. Duplicate samples were

taken at each sampling event.

Naphthalene was quantified by gas chromatography—mass spectrometry analysis. A volume of
0.5 mL unfiltered sample was poured into 2 mL Agilent amber glass vials pre-filled with hexane
(2:1 by volume), and vortexed. The hexane supernatant was analyzed for naphthalene with an
Agilent GC 7890A/7000A GC/MS Triple Quad equipped with an Agilent 19091S-433HP-5MS
5% Phenyl Methyl Silox column. The carrier gas was helium, and the temperature program was
40 °C (2 min isothermal), ramp of 20 °C/min to 280 °C for 1 min, 280 °C (isothermal for 15
min). The following MS conditions were used: selected ion monitoring mode (selected mass of

128), ionization energy of 70 eV, source temperature of 230 °C.
2.1.2 GC-MS calibration curve and method precision

To determine the variability of the naphthalene measurement via GC-MS, the calibration curve
was constructed based on five standards and three injections per sample (Table 2.2; Figure 2.2).

Precision was calculated using the relative standard deviation method (RSD), with: %RSD =

%_ X 100, where s is the standard deviation and x is the mean.
Table 2.2. GC-MS calibration curve data
Standard Areal Area 2 Area 3 Average Star_ldgrd % RSD
(ppm) area deviation
0.1 5644 5206 5607 5486 243 4.4
1.0 77754 70135 73998 73963 3810 5.2
5.0 363327 388388 403203 384973 20156 5.2
10.0 763537 876466 892899 844301 70424 8.3
20.0 1367410 1461358 1343454 1390740 62318 45

The average of the calculated RSD for triplicate injections was 5.5%, the highest RSD was 8.3%
for the 10-ppm standard. Overall results are deemed acceptable with good precision in triplicate

samples showing RSD < 10%.
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Figure 2.2, Calibration curve for GC-MS analysis of naphthalene in samples from sorption experiment.

2.1.3 Distribution coefficient determination

The amount of naphthalene sorbed per unit mass of sorbent Q, (mg/g) was calculated using the
equation:

c;i—c.)V
Qe = a-c)V (Eq. 1)

m

Where c; is the initial naphthalene concentration (15 mg/L), c, (mg/L) is the equilibrium
aqueous naphthalene concentration at each time point (measured), V is the volume of media (L),

and m is the mass of sorbent (g).

The distribution coefficient K; (mL/g) was calculated according to:

Ce

Kq = 0. (Eq. 2)

A value of K; was obtained for each sample. Uncertainties in the material mass measurement,

volume of media measurement and naphthalene measurement were included in the calculations.
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2.1.4 Variability determination
Sampling variability

Duplicate samples from each experiment replicate were analyzed to determine the naphthalene
concentration variability due to sampling. For example, for experiment replicate Blank1, we used

samples s-b1-a and s-b1-b for this calculation.

We used %RSD = i %X 100 where s is the standard deviation between samples of the same

replicate experiment, and x the mean of the two duplicate samples.
Experiment variability

To identify the variability between replicates of the same experiment, the 3-hr experiment was
run in duplicate. For example, to determine the variability in the Blank experiment, we used

Blank 1 and Blank2 experiments, both sampled after 3 hours.

For each experiment, the concentration used to calculate the %RSD is the average of the two

samples measured. We used %RSD = i X 100 where s is the standard deviation between

experiment averages, and x the mean of the two replicate experiments.
Combined variability

Three errors were calculated: Measurement Standard Error, Sampling Standard Error and

N

Experiment Standard Error. Standard Errors are calculated using the formula SE = =, where s is

the standard deviation (between injections, samples, or experiments) and n is the number of

replicate injections, samples, or experiments, respectively.

The combined Standard Error is SE, = \/SE% + SEZ + SEZ, with SE,,, the Measurement
Standard Error, SE, the Sampling Standard Error, and SE, the Experiment Standard Error.

Because samples were not analyzed in triplicate but only the standards used for the calibration
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curve, the Measurement Standard Error for each sample was calculated as 8.3% of the measured

naphthalene concentration (i.e. the %RSD obtained for the 10-ppm standard; Table 2.2).
2.1.5 Determination of naphthalene mass sorbed to MFC materials

Based on the experimental K; obtained for each material, we calculated the expected amount of
naphthalene to be sorbed on to these materials in the individual MFC reactors, Q.. Details and
parameter values used in this determination are presented in Appendix B.2. Combining (Eq. 1

and (Eq. 2, and solving for Q, we obtain:

Ci

Qe =

+ (Eq. 3)

IS

1
Kq

With Q. the amount of naphthalene sorbed to the sorbent (mg/g), c; the initial naphthalene
concentration (mg/L) in the MFC media, m the mass of sorbent in the MFC reactor (g), V the
volume of media (L) in the MFC reactor, and K the distribution coefficient obtained from the

sorption experiment for each material (L/g).

The mass of naphthalene sorbed by each material was determined using:
mg
Muaph sorbed [mg] = Mynaterial [g] X Qe [7] (Eq. 4)

With m,,qcerici the mass of the material (glass, sand, electrode), and Q, the amount of

naphthalene sorbed to each material.
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2.2 Results
2.2.1 Naphthalene measurements

Table 2.3 presents dissolved naphthalene measurements obtained for individual samples.

Table 2.3. Dissolved naphthalene concentration measurements for the sorption experiments.
Experiment Sample ID Naph (ppm) Time (days)

Blank1 s-bl-a 115 0.125
Blank1 s-bl-b 14.6 0.125
Blank?2 s-b2-a 13.9 0.125
Blank2 s-b2-b 12.9 0.125
Clothl s-cl-a 13.3 0.125
Clothl s-cl-b 12.7 0.125
Cloth2 s-Cc2-a 13.1 0.125
Cloth2 s-c2-b 11.7 0.125
Fel s-fel-a 12.0 0.125
Fel s-fel-b 11.9 0.125
Fe2 s-fe2-a 10.1 0.125
Fe2 s-fe2-b 135 0.125
Sandl s-sl-a 12.7 0.125
Sandl s-s1-b 13.4 0.125
Sand?2 s-s2-a 12.8 0.125
Sand?2 s-s2-b 13.7 0.125
Blank3 s-b3-a 14.3 7
Blank3 s-b3-b 15.2 7
Cloth3 s-c3-a 13.6 7
Cloth3 s-c3-b 12.6 7
Fe3 s-fe3-a 10.4 7
Fe3 s-fe3-b 14.0 7
Sand3 s-s3-a 11.3 7
Sand3 s-s3-b 11.1 7

2.2.1.1  Variability
Sampling variability

The RSD between duplicate samples from the same experiment was 5.5% in average for the 12

experiments (Table 2.4).



The average sampling %RSD was 9.8% for the Fe experiment, 6.1% for the Blank experiment,
3.8% for the Cloth experiment, and 2.2% for the Sand experiment. The higher variability in the
Fe experiment points to inhomogeneity of the water phase and is likely related to the precipitate
formed by adding FeCl; solution to the media. If naphthalene is adsorbed into this fine
particulate, it is possible that a variable amount of particulate was included in the sample, then

naphthalene could have been extracted into hexane and measured.

Experiment variability

The calculated RSD for replicate experiments was 2.1% or lower (1.2% in average, Table 2.4).
Combined variability

Combined sorption experiment errors are presented in Table 2.5, where SE,, is the Measurement
Standard Error, SE the Sampling Standard Error, SE, the Experiment Standard Error, and SE,
the Combined Standard Error.

The most important source of variability was sampling, pointing to inhomogeneity in the
naphthalene dissolved in the water phase even after crystals are not visible. This is expected due
to the non-polar nature of naphthalene, which inhibits its dissolution in water. The calculated
combined SE fluctuated between 4.8% and 13.0%, with 5 samples having SE > 10%. The
combined SE of the 16 samples for which all three errors were measured, gives an average of 0.8
ppm SE, which corresponds to 6.7% of the average measured naphthalene in each case.
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Table 2.4. Sorption experiment variability.
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Table 2.5. Sorption experiment errors.

Sample  Std dev Std dev SE,, SE SE, SE, SE,
ID sampling experiment (ppm) (ppm) (ppm) (ppm) (%)
s-bl-a 15 0.2 0.6 1.1 0.1 1.2 10.6%
s-b1-b 15 0.2 0.7 1.1 0.1 1.3 8.9%
s-b2-a 0.5 0.2 0.7 0.3 0.1 0.7 5.4%
s-b2-b 05 0.2 0.6 0.3 0.1 0.7 5.5%
s-cl-a 0.3 0.3 0.6 0.2 0.2 0.7 5.2%
s-c1-b 0.3 0.3 0.6 0.2 0.2 0.7 5.3%
s-c2-a 0.7 0.3 0.6 0.5 0.2 0.8 6.3%
s-c2-b 0.7 0.3 0.6 0.5 0.2 0.8 6.6%
s-fel-a 0.1 0.1 0.6 0.0 0.0 0.6 4.8%
s-fel-b 0.1 0.1 0.6 0.0 0.0 0.6 4.8%
s-fe2-a 1.7 0.1 0.5 1.2 0.0 1.3 13.0%
s-fe2-b 1.7 0.1 0.6 1.2 0.0 14 10.2%
s-sl-a 0.3 0.1 0.6 0.2 0.1 0.7 5.2%
s-s1-b 0.3 0.1 0.6 0.2 0.1 0.7 5.2%
s-s2-a 0.4 0.1 0.6 0.3 0.1 0.7 5.4%
s-s2-b 0.4 0.1 0.7 0.3 0.1 0.7 5.3%
s-b3-a 0.5 0.7 0.3 0.8 5.3%
s-b3-b 0.5 0.7 0.3 0.8 5.2%
s-c3-a 0.5 0.7 0.3 0.7 5.4%
s-c3-b 0.5 0.6 0.3 0.7 5.5%
s-fe3-a 1.8 0.5 1.2 1.3 12.9%
s-fe3-b 1.8 0.7 1.2 1.4 10.1%
s-s3-a 0.1 0.5 0.1 0.5 4.8%
s-s3-b 0.1 0.5 0.1 0.5 4.8%

Average = 0.6 0.5 0.1 0.8 6.7%

2.2.2 Distribution coefficients

Table 2.6 presents the experimental distribution coefficients calculated for each one of the
experiments; results are summarized in Figure 2.3. The material that showed the highest
naphthalene sorption per gram was the carbon cloth, followed by the iron precipitate. The quartz

sand and glass vials adsorbed very little of the initial naphthalene in the media.

The experiments sampled after 3 hours and the ones sampled after 7 days showed no systematic
difference in the sorption coefficient across all four experiments, suggesting that the sorption

mechanism is relatively instantaneous.
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Figure 2.3. Sorption experiment results summary. (A) Calculated sorbed naphthalene (mg/g) versus measured
aqueous naphthalene concentration (mg/L) for all sorption experiments. (B) Boxplot of experimental Kq values for
the tested materials.
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Table 2.6. Distribution coefficients calculated from sorption experiment samples.

ISSmpIe Material Material mass (g) Media vol. (mL) %é?::?;ﬁlﬁ somae?jt?gi?r?g/g) K?rr;L?gegce
s-bl-a Blank 576 *= 0.58 4744 + 237 115 + 1.0 0.0029 + 0.0008 025 = 0.07
s-bl-b Blank 576 + 0.58 4744 + 237 146 + 12 0.0003 + 0.0010 0.02 = 0.07
s-b2-a Blank 537 = 054 5094 + 255 139 + 12 0.0011 + 0.0011 0.08 = 0.08
s-b2-b Blank 537 = 054 5094 + 255 129 + 11 0.0019 + 0.0010 015 = 0.08
s-b3-a Blank 537 = 054 5254 + 2.63 143 + 12 0.0007 += 0.0012 0.05 = 0.08
s-b3-b Blank 537 = 054 5254 + 2.63 152 + 13 0 £ 0 0+ 0
s-cl-a Cloth 0.030 + 0.0001 5111 = 256 133 + 1.1 3.0 £ 1.9015 226.4 = 14474
s-cl-b Cloth 0.030 + 0.0001 5111 = 256 127 = 1.1 40 = 18234 3155 + 146.31
s-c2-a Cloth 0.035 + 0.0001 51.60 = 258 131 = 1.1 28 = 1.6429 2144 + 126.49
s-c2-b Cloth 0.035 + 0.0001 51.60 = 258 11.7 = 1.0 49 + 14832 4179 + 131.22
s-c3-a Cloth 0.039 + 0.0001 49.90 = 249 136 £+ 11 1.8 =+ 1.4583 1358 = 108.08
s-c3-b Cloth 0.039 + 0.0001 49.90 = 249 126 £ 1.1 3.1 = 1.3607 2446 = 109.88
s-fel-a Fe 56 + 0.01 5284 + 2.64 120 £ 1.0 0.028 + 0.0095 24 + 082
s-fel-b Fe 56 + 0.01 5284 + 2.64 119 £+ 1.0 0.029 + 0.0094 25 + 082
s-fe2-a Fe 56 + 0.01 5344 + 2.67 101 £ 08 0.047 + 0.0083 46 = 091
s-fe2-b Fe 56 + 0.01 5344 + 2.67 135 £+ 11 0.014 + 0.0107 10 £ 0.80
s-fe3-a Fe 56 + 0.01 51.84 + 2,59 104 £ 09 0.042 + 0.0083 40 =+ 086
s-fe3-b Fe 56 + 0.01 51.84 + 259 140 £ 1.2 0.009 = 0.0107 07 = 0.77
s-sl-a Sand 230 = 0.2 3964 + 1.98 127 £ 11 0.0040 = 0.0018 032 = 0.15
s-s1-b Sand 230 = 0.2 39.64 + 1.98 134 + 11 0.0028 = 0.0019 021 £ 0.15
s-s2-a Sand 230 = 0.2 4349 + 217 128 + 11 0.0041 + 0.0020 032 £ 0.16
s-s2-b Sand 230 = 0.2 4349 + 217 137 £ 11 0.0025 = 0.0022 0.18 £ 0.16
s-s3-a Sand 230 = 0.2 4349 + 217 11.3 £ 09 0.0070 = 0.0018 062 = 0.17
s-s3-b Sand 230 = 0.2 4349 = 217 111 £ 09 0.0074 + 0.0018 066 + 0.17




2.2.3 Naphthalene sorption in MFCs

The mass of naphthalene that is expected to be removed due to sorption to reactor materials in
the MFC experiments was determined based on the mass of each sorbent material in individual
MFC reactors and the experimental Kq (ml/g) for each material (Table 2.7). Individual MFC

reactor specifications and details are presented in Appendix B .

Table 2.7. Total naphthalene mass (mg) sorbed by each material in anode and cathode chambers of MFCs

Reactor Anode champer Cathode chan_1ber
ID By By Byiron Byc. By By Byiron Byec.
glass sand pp. cloth glass sand pp. cloth
ND_a 0.58 0 0.0039 2.73 0.43 3.90 0.0017 2.24
ND_b 0.58 0 0.0038 2.72 0.42 4,00 0.0017 2.23
NF_a 0.57 0 0.0038 2.67 0.41 3.95 0.0017 2.19
NF b 0.57 0 0.0038 2.69 0.42 3.89 0.0017 2.20
BC a 0.57 0 0.0038 2.70 0.42 3.88 0.0017 2.21
BC b 0.57 0 0.0038 2.70 0.42 3.86 0.0017 2.21

In the anode chamber, the main sorbent was the carbon cloth anode, which sorbed 2.7+0.02 mg
(21£0.2 umol). In the cathode chamber, even with a small Kg, the quartz sand constituted an

important sink for naphthalene, sorbing 1.1+0.5 mg (8.7+4.3 umol) of naphthalene.
2.3 Discussion and conclusions

The results obtained for sorption of naphthalene to glass (Blank experiment average, Kq =

0.11+0.09 (ml/g) are in good agreement with the value of Kq = 0.06£0.01 (ml/g), obtained from a

similar experiment testing sorption of naphthalene to borosilicate glass (Qian et al., 2011).

For the sand experiment, where sand composition is 98.8% silica, the obtained Kq = 0.39+0.21
(ml/g) is comparable to values of Kq ranging between 0.08 and 0.8 ml/g, reported on aquifer
sands with low percentages of organic matter (>98% sand and <0.025% organic carbon; Delle
Site, 2001 and references therein). No literature values were found for pure quartz sand or for

carbon cloth.
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Kq estimates did not vary systematically with time, which points to a relatively fast reaction. This
result is in agreement with similar sorption-desorption batch experiments performed in natural

soil samples, where most of the sorption occurred the first 2 hours (Shi et al., 2020).

Difference in the sorption capacity of materials in the cathode and anode chambers will likely
result in a significant concentration gradient between cathode and anode compartments of the
MFC reactors, driving naphthalene diffusion between the anode and cathode chambers.

Therefore, sorption and diffusion need to be addressed to adequately understand naphthalene

dynamics in the MFC experiment.
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Chapter 3: Naphthalene degradation in MFCs inoculated with native

microbial communities
3.1 Introduction

Microbial fuel cells (MFCs) are bio-electrical devices capable of converting chemical energy
into electricity through the oxidation of organic or inorganic compounds (Logan et al., 2006).
Electrons are harvested by the anode via exoelectrogenic microorganisms and transferred to the
cathode where an oxidized compound is reduced. Research on MFCs is mainly focused on
achieving high energy generation (H. Wang, Park, et al., 2015; Wu et al., 2013) although there
are studies exploring the use of bio-electrochemical systems for contaminant remediation
(Adelaja et al., 2014; S.-H. Liu et al., 2018; Nguyen et al., 2016).

The use of bio-electrochemical systems for remediation is based on the idea that anaerobic
microbial degradation of contaminants can be accelerated by providing an alternative electron
acceptor and an external circuit between the contaminated anaerobic zone and an aerobic zone.
The electrode would foster the oxidation of the reduced contaminant, and couple it to the
reduction of a readily available oxidant, such as oxygen, present in the aerobic zone. The
resulting electron flux can then be harvested for bioelectricity or monitored as a proxy for
oxidation rates at depth.

This technique is particularly appealing because it can be applied as a passive in-situ treatment,
especially in the case of reduced contaminants with typically slow anaerobic degradation rates,
such as polycyclic aromatic hydrocarbons (PAHs). PAHs are one of the most common
groundwater contaminants in urban areas and are particularly important because of their toxicity,
continued emission, persistence and mobility in the environment (Cachada et al., 2016). For
example, the naphthalene half-life under aerobic conditions is reported to be 0.5-20 days, while
under anaerobic conditions it is 25-258 days (Howard, 2017). Under anaerobic conditions,
naphthalene oxidation is coupled to the reduction of alternative electron acceptors, like nitrate,

iron oxides, or sulfate (Dou et al., 2009; Kleemann & Meckenstock, 2011; Meckenstock et al.,
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2000), therefore the availability of these compounds can be a limiting factor for the degradation

rate.

Removal of hydrocarbons, such as benzene, toluene and naphthalene, accompanied by electricity
production has been previously demonstrated in MFCs, and the in-situ implementation of this
technology for remediation purposes is promising (Adelaja et al., 2014; Daghio et al., 2016;
Hedbavna et al., 2016; Matturro et al., 2017; Morris & Jin, 2012). However, hydrocarbon-
contaminated aquifers are often under reducing conditions, and other reduced species could be
electrochemically oxidized. In some MFC experiments, oxidation of inorganic compounds such
as sulfide has been observed in addition to hydrocarbon oxidation (Daghio et al., 2016; Rakoczy
et al., 2013), while in others, the purpose is specifically sulfide removal via electrochemical
oxidation (Daghio et al., 2018; Zhao et al., 2008). Ferrous iron, has the potential of being
oxidized at the anode in a MFC achieving complete removal (Cheng et al., 2007).

In this study we developed batch bioreactor experiments to test the degradation of naphthalene
and the possible influence of high concentrations of ferrous iron over naphthalene removal and
energy production. We used naphthalene as a simple model for other hydrocarbons which are
common refractory contaminants in aquifers. Our setup aims to mimic an aquifer with high
ferrous iron concentration in a batch reactor where the anode and cathode are separated by a
permeable sand layer, and the cathode is under aerobic conditions while the anode is under

anoxic conditions.
3.2 Methods
3.2.1 Reactor construction

The bioreactors consisted of two vertically stacked 1-L glass chambers, connected by a threaded
PVC connector (Figure 3.4). The top cylinder contained the cathode, and the bottom the anode.
The cathode chamber contained 10 cm of pure quartz sand (40-100 mesh; ACROS Organics),
separated from the lower anode chamber by a fine mesh (50-um pore size). The anode chamber
was permanently stirred by a Teflon-coated stir bar to eliminate mass-transfer limitations at the

anode. The anodes were plain carbon cloth (CC6 Plain; Fuel Cell Earth), while the cathodes were
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Pt-coated carbon cloth (0.5 mg/cm?2 20% Pt on Carbon Cloth; Fuel Cell Earth). The 5x5 cm?
square electrodes were attached to stainless steel wires with conductive carbon epoxy (AA-
CARB 61; Atom Adhesives). The anode and cathode chambers were filled with naphthalene-
spiked anaerobic media (aqueous solution), inside an anaerobic chamber to ensure anaerobic

conditions.

Sand layer

PVC connector [ ]

CioHs
TR |
77N =
Fe** Fe*® CO
Sampling port &

Figure 3.4. Schematic representation and conceptualization of the two-chamber reactor configuration. The anode
and cathode chambers are separated by a 10-cm layer of quartz sand, and the electrodes are connected to an external
load (1 kQ) through a conductive wire.

The media was prepared after Widdel and Bak (1992), with modified sulfate and iron
concentrations to resemble local iron-rich groundwater. The media was prepared with 1 g/L
NaCl, 0.4 g/L MgCl2:6H20, 0.1 g/L CaCl2-2H-0, 0.6 g/L Na2S0s4, 0.25 NH4Cl, 0.2 g/L KH2POu4,
and 0.5 g/L KCI. After autoclaving, 30 mL of 1M bicarbonate solution, 1 mL of mixed vitamins
solution, vitamin B12, trace elements, selenate-tungstate solutions were aseptically added under
a CO2/N2 atmosphere (20/80). The resulting pH of the media was between 7.3 and 7.4.
Naphthalene (15 mg/L) was dissolved into the prepared media and 5 ml of 360 mM FeCl>
solution was added inside an anaerobic chamber. The media was inoculated with 10 mL/L of

inoculum. The inoculum was prepared by shaking 200 cc of prepared media with 200 cc (~380
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g) of PAH-contaminated fine sands taken from an anaerobic section of the Fraser River aquifer
(River District site, well MW14-05, at 60’ — 65’ depth).

The reactors were assembled and loaded with the anaerobic media and sand inside an anaerobic
chamber (0 ppm O3, 2.1% H>, 97.9% N> atmosphere). Reactors were brought outside the
chamber to run the experiment, so that oxygen was available at the cathode. The final sampling
of anode material and mineral precipitates in the anode chamber was done inside an anaerobic
chamber (4-8 ppm Og, 2.5% H», 97.5% N> atmosphere).

3.2.2 MFC operation

Five conditions were tested (Table 3.1): the base case was an inoculated closed-circuit reactor
with naphthalene and iron in the media; for the no iron experiments no FeCl, was used in the
media; the natural degradation control was an open-circuit reactor; the no naphthalene
experiment did not contain naphthalene; and the abiotic control was not inoculated. All

experiments were performed in duplicate.

Table 3.1. Summary of the conditions tested in MFC experiments.

Experiment Reactor ID Naphthalene Ferrous iron E:;(aiitézlﬁal Inoculation
Base Case BC_a
closed-circuit BC b 0.11 mM 1.8 mM Closed Yes
. NF_a
No iron NE b 0.11 mM - Closed Yes
Natural ND_a
degradation ND_b 0.11 mM 1.8 mM Open Yes
Abiotic 2—% 0.11 mM 1.8 mM Closed No
NN_a
No naphthalene NN b - 1.8 mM Closed Yes

Experiments ran for seven weeks. Ten mL aqueous samples were collected and analyzed to
monitor the geochemical evolution of the reactors. The first samples of solution from the reactors
were collected approximately three hours after reactor set up, after reactor vessels were brought
outside of the anaerobic chamber. Solution samples were collected weekly from the reactors for
five weeks, and the last sample was collected two weeks later. At the end of the experiment,

reactors were disassembled in an anaerobic chamber where anode samples were collected for
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Scanning Electron Microscopy (SEM) analysis and mineral precipitates from the anode chamber
were collected for SEM and X-Ray Diffraction (XRD) analysis.

3.2.3 Chemical analyses

Each 10 mL sample was split for different chemical analyses. Cation and anion samples were
filtered through a 0.22 um PVDF membrane filter. Cation samples were preserved with 2%
HNOs. Major cation and anion concentrations were determined by inductively coupled plasma —
optical emission spectrometry (ICP-OES) and ion chromatography, respectively. For ICP-OES
analysis, a Varian 725-ES Optical Emission Spectrometer was used with external calibration
standards, and scandium as the internal standard. Alkalinity was determined by acidimetric
titration following standard procedures (Rounds, 2012). Anion samples were diluted 1/10 prior to
analysis. Anions (CI-, NOs and SO42") were analyzed using a Dionex ICS 2000 ion
chromatograph; a 20 pL aliquot was injected onto an Ion Pac AS18 anion column (Dionex
Corporation) and then separated by isocratic elution using 35.0 mM potassium hydroxide, a flow

rate of 1.0 mL/min, and column temperature of 30°C.

Naphthalene was quantified by gas chromatography—mass spectrometry analysis. A volume of
0.5 mL unfiltered sample was mixed with hexane (1:1 by volume) and vortexed. The hexane
supernatant was analyzed for naphthalene with an Agilent GC 7890A/7000A GC/MS Triple
Quad equipped with an Agilent 19091S-433HP-5MS 5% Phenyl Methyl Silox column. The
carrier gas was helium, and the temperature program was 40 °C (2 min isothermal), ramp of 20
°C/min to 280 °C for 1 min, 280 °C (isothermal for 15 min). The following MS conditions were
used: selected ion monitoring mode (selected mass of 128), ionization energy of 70 eV, source

temperature of 230 °C.
3.24 SEM imaging

Anode samples were fixed in a 2.5% glutaraldehyde 50 mM sodium cacodylate buffer solution,
washed with distilled de-ionized water, and then dehydrated stepwise in a gradient series of
water/ethanol solutions (30%, 50%, 70%, 90%, 95%, 100% ethanol). The dehydrated samples
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were dried by critical point drying with CO> (Autosamdri 815B-B, Tousimis). Dried samples

were coated with ~20 nm of Pt/Au.

Mineral precipitates present in the anode chamber were also collected at the end of the
experiments for SEM imaging. Samples were collected, decanted and frozen under an anaerobic
environment. They were subsequently freeze dried and coated with carbon prior to SEM

imaging.

Anode and mineral samples were examined using a Philips XL30 electron microscope with a
Bruker Quantax 200 energy-dispersion X-ray microanalysis system. Operating conditions were
15-20 keV accelerating voltage, spot size of 4-5, and working distance of ~10 mm. Secondary
electron (SE) detection was used to obtain topographic images of the surface of the anode
samples and to recognize the morphology microorganisms and mineral phases, and their textural
relationships. Energy-dispersive X-ray spectrometry (EDS) was used to determine the major
elements of individual mineral phases, and backscatter electron detection was used to image

mineral phases in the precipitate samples.
3.2.5 X-Ray diffraction

Samples of mineral precipitates and media were collected from the anode compartment of the
reactor at the end of the experimental run. Wet samples were collected, flash frozen inside the
anaerobic chamber, and subsequently freeze dried in a freeze drier. Dried samples were ground
into fine powder using a corundum mortar and smeared on to a zero-diffraction quartz plate with
ethanol. Step-scan X-ray powder-diffraction data were collected over a range 3-80°26 with
CoKa radiation on a Bruker D8 Advance Bragg-Brentano diffractometer equipped with an Fe
monochromator foil, 0.6 mm (0.3°) divergence slit, incident- and diffracted-beam Soller slits and
a LynxEye-XE detector. The long fine-focus Co X-ray tube was operated at 35 kV and 40 mA,
using a take-off angle of 6°.

Mineral phases were identified using the International Centre for Diffraction Database PDF-4

and Search-Match software by Bruker. Mineral abundances (%) were estimated.
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3.2.6  Electrochemical analysis

The electrode potential was measured every 30 seconds with a Campbell Scientific CR1000 data
logger. The measurements collected over a 30-minute interval were averaged and recorded. The
current was calculated using Ohm's Law: V = I - R, where V [V] is the voltage drop across the
external load, | is the current (A), and R is the external load (1 kQ). Current production was
plotted over time to identify the time to the start of electricity generation, peak current and peak
length. Peak length was calculated as the number of days in which the voltage was above a
voltage threshold. The threshold was calculated as half of the maximum voltage. The current
density (A/cm?) was then calculated by normalizing the current to the cathode area (surface area
25 cm?). The maximum current and duration of the polarization of the reactors was tested to
determine their internal resistance. The polarization curve represents the voltage as a function of
current density. For the test, the resistance was varied stepwise starting at a low resistance and
increasing every 20 minutes. The open circuit voltage (OCV) was measured 1 hr after the open
circuit was established. Then the polarization test was repeated in the same manner for
decreasing resistances, and averages of the obtained values are reported. Polarization tests were

performed during the peak of voltage generation in each reactor.

Power [W] was calculated at each stepas P = I-V = V?2/R. The power curve describes the
power density as a function of the current density. The internal resistance (Rint) Of the reactors

was calculated as the slope of the polarization curve.
3.2.7  Sorption experiment

The degree to which naphthalene is sorbed onto the different materials used in the MFC
experiment was measured in a separate experiment. The glass (used in the MFC reactor vessels),
quartz sand, carbon cloth and the Fe precipitate that forms when adding FeCl; solution to
naphthalene-spiked media were tested in independent experiments. The mass-to-volume ratio of
tested material (sand and cloth) to naphthalene-spiked media matched that of the MFC

experiments. The sorption experiment media and the MFC media were identical in composition,
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except for the iron concentration (Table 3.2); iron was only added to the sorption experiment

testing naphthalene sorption onto iron precipitates (S_Fe experiments).

Table 3.2. Summary of experimental conditions tested in the sorption experiments. Media composition was identical
to that used in the MFC experiments, except iron was only added to the iron precipitates sorption experiment.
Experiment Experiment ID  Media composition
S Bl
Glass vial (blank) S B2 Naphthalene-spiked media, no iron
S B3
S S1
Quartz sand S S2 Naphthalene-spiked media, no iron
S S3
S C1
Carbon cloth S_C2 Naphthalene-spiked media, no iron
S C3
S Fel
Iron precipitates S Fe2 Naphthalene-spiked media, 1.8 mM Fe
S_Fe3

Sorption experiments were done in triplicate, two of the three experiments were sampled 3 hrs
after set-up, matching the first sampling event in the MFC experiment. The third experiment was
sampled 7 days after set-up, matching the second sampling event in MFC experiment.
Experiments were sampled in duplicate in each sampling event. Naphthalene was measured in

these samples as described above.

The amount of naphthalene sorbed was calculated using Q, = W , Where @, is the

naphthalene sorbed per unit mass of sorbent (mg/g), C; is the initial naphthalene concentration
(mg/L), C, is the equilibrium naphthalene concentration measured at each time point (mg/L), V
is the volume of media (L), and m is the mass of sorbent (g). The distribution coefficient K,

(9/L) was calculated according to Q, = K, C,.
3.2.8 Chemical data analysis

Using the experimentally determined distribution coefficients and dissolved naphthalene data,
we determined naphthalene degradation and removal efficiency in the MFCs. We calculated the
naphthalene mass sorbed to the carbon cloth anode at each sampling time point using the Kq of

the carbon cloth. The amount of naphthalene removed from the anode chamber at each time
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point corresponds to the difference between the total naphthalene added to the reactor initially
and the dissolved naphthalene measured at each time point. Naphthalene loss in the anode
chamber can be due to either sorption to the cloth anode, microbial degradation, or diffusion to
the cathode chamber. To account for naphthalene loss (or gain) due to diffusion between cathode
and anode chambers, we first calculated the amount of naphthalene sorbed to the cathode and
sand in the cathode chamber using the initial naphthalene added and the experimental Kq. Then
we calculated the initial dissolved naphthalene in the cathode chamber with a mass balance.
Then, based on the dissolved naphthalene gradient between anode and cathode chamber, a mass

flux was calculated using ] = —D6 i—i , with D the diffusion coefficient of naphthalene (7.5e-06

cm?/s), 8 the sand porosity (0.216), AC the difference between naphthalene measured
concentration in the anode chamber and dissolved naphthalene concentration calculated in the
cathode chamber after sorption to sand and cathode, Ax the sand layer length (0.1 m). Dissolved
naphthalene in the cathode chamber was adjusted trough time by adding or subtracting the mass
flux to the anode and recalculating the naphthalene sorbed to sand and cathode accordingly.

3.2.9 Microbial methods

Inoculum, media, and anode samples were used to characterize the microbial community
composition. Aqueous samples (15 mL of inoculum suspension and 50 mL of reactor media,
collected in triplicate at the end of the experiments) were centrifuged at 10,000 RCF for 20
minutes, then the supernatant was decanted, and the pellets were kept for analysis. Anode
samples (1 cm x 1 cm) we also collected in triplicate, at the end of the experiments. All

microbiological samples were stored frozen at -80 °C until DNA extraction.

DNA was extracted using the Qiagen DNeasy PowerSoil Kit according to the manufacturer’s
protocol. DNA quantity was assessed using the PicoGreen Assay for dSDNA, measured on a
TECAN™ M200 (with excitation set at 480 nm and emission at 520 nm). The V4 region of the
16S rRNA gene was amplified using primers 515F/806R (Apprill et al., 2015; Parada et al.,
2016). The PCR products were amplified using a 25 pL reaction mixture containing 1 puL of
DNA template, 0.2 uM of each primer, 0.2 mM deoxynucleoside triphosphate, 0.4 U of Taq
DNA polymerase, and 2.5 pL 10X PCR buffer to a final concentration of 1.5 mM MgCl.. PCR
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amplification was performed with an initial denaturing step at 94 °C (3 min), followed by 30
cycles of denaturation at 94 °C (30 s), annealing at 55 °C (1 min) and extension at 72 °C (1 min),
followed by a final extension at 72 °C for 10 min. Controls without template DNA were included
to ensure no contamination. PCR product quality was checked using gel electrophoresis of a 1
ML aliquot on a 1.5% agarose gel, using 1 uL /mL SYBER safe DNA gel stain. Amplicon
samples were pooled at equimolar concentrations into a single library using an Invitrogen
SequalPrep kit. Amplicon library was analyzed on an Agilent Bioanalyzer; High Sensitivity DS
DNA assay was used to determine library fragment size and check for integrity. KAPA Library
Quantification Kit was used to determine pooled library concentration. Library pools were
diluted to 4 nM and denatured into single strands using fresh 0.2 N NaOH. The final library was
loaded at a concentration of 8 pM, with an additional PhiX spike-in of 5-20%. Sequencing was
conducted at the University of British Columbia sequencing center (https://sequencing.ubc.ca/).

Sequences were processed using Mothur (www.mothur.org) as described in Schloss et al. (2009).

Sequences were removed if they contained ambiguous characters, had homopolymers longer
than 8 bp and did not align to a reference alignment. Unique sequences and their frequency were
identified for each sample, and a pre-clustering algorithm was used to remove noise sequences
(Schloss et al., 2011). Unique sequences were aligned against a SILVA reference alignment

(http://www.mothur.org/wiki/Silva_reference alignment). Chimeric sequences were checked

using UCHIME 3 (Edgar et al., 2011) and removed from the analysis. Reads were clustered into
OTUs at 97% similarity using OptiClust (Westcott & Schloss, 2017). OTUs were classified
using the SILVA reference taxonomy database (release 138, available at

http://www.mothur.org/wiki/Silva_reference_files). For alpha and beta diversity measures,

samples were subsampled to the lowest coverage depth and calculated in Mothur (Schloss et al.,
2009).

Analysis of molecular variance (AMOVA) was used to determine whether the differences found
in the microbial population between reactors and sample types was statistically significant.
Linear discriminant analysis effect size (LEfSe; Segata et al., 2011) was used to determine
whether there were any OTUs differentially represented in different groups. For the LEfSe the

grouping used considered the whole community (anode and media) between reactor types. The
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threshold for the logarithmic discriminant analysis (LDA) score was 3.0, and for p-values the
threshold was 0.05.

All detected OTUs were paired to known metabolic functions by using the FAPROTAX
database (http://www.loucalab.com/archive/FAPROTAX/) (Louca et al., 2016), which contains

metabolic and other ecologically important functions for cultured strains. Then the relative
abundance of organisms capable of these metabolic functions was mapped for each sample and

reactor type.
3.3 Results
3.3.1 Naphthalene sorption

Table 3.3 summarizes the sorption experiment results. The most significant sorbent for
naphthalene per unit mass was the carbon cloth; the Kq obtained for iron precipitates is two
orders of magnitude smaller, and Kq of the quartz sand is one order or magnitude smaller than
that. The glass vial (blank experiment) represents a minimal sink for sorbed naphthalene. The
experiments sampled after 3 hours and the ones sampled after 7 days showed no systematic
difference in the distribution coefficient, suggesting naphthalene sorption occurs relatively fast.

Table 3.3. Distribution coefficient of reactor materials used in MFC experiments, average and standard deviation
from triplicate experiments.

Sorption Ka Kaq SD
experiment (ml/g) (ml/g)
Blank (glass) 0.11 0.09
Cloth 259 97

Fe precipitates 2.53 1.57
Sand 0.39 0.21

The mass of naphthalene initially removed due to sorption to reactor materials in the MFC
experiments was estimated based on the mass of each sorbent material and the distribution
coefficients Kq (ml/g) obtained experimentally. In the anode chamber, the main sorbent is the
carbon cloth anode, which sorbed 2.7+0.02 mg (21+0.2 umol). In the cathode chamber, even
though the Kq of the quartz sand is small, it constitutes an important sink for naphthalene; sand

sorbed 1.1£0.5 mg (8.7+4.3 umol) of naphthalene.
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In the MFC experiments, the naphthalene measured in the first sample, collected approximately
three hours after reactor-set-up, was generally lower than the amount of naphthalene added to the
media. According to our calculations, this difference is reasonably well explained by sorption of
naphthalene to the anode materials.

3.3.2 Naphthalene removal in MFCs

Aqueous naphthalene concentration in the anode media decreased with time in all reactors
(Figure 3.5A), first rapidly and then more slowly. In all reactors, the first naphthalene
concentration, measured in samples collected three hours after reactor set-up, was lower than
what was initially added to the media, indicating sorption to reactor materials is a relevant
process. Naphthalene concentration in the anode chamber in the closed-circuit BC experiment
decreased from 116 uM initially added to the reactors to 22 uM in BC a, and to 8 uM in BC b,
measured after 48 days. In the natural degradation experiment ND, naphthalene decreased from
118 uM to 18 uM in ND _a, and to 7 uM in ND_b. In the experiment with no iron NF, the
naphthalene concentration decreased from 115 uM to below detection limit in NF_a, and from

116 uM to 3 uM in NF _b.

The total mass of naphthalene degraded in the closed-circuit BC experiment was 92 and 109
umoles for reactors BC_a and BC b, respectively. The degradation achieved in the open-circuit
natural degradation controls was 98 and 111 umoles for reactors ND_a and ND b, respectively.
The reactors with no ferrous iron in the media, NF experiments, show the highest naphthalene
degradation. The total naphthalene degraded was 119 and 115 pmoles for reactors NF_a and
NF_b, respectively. The amount of naphthalene degraded in NF _a is higher that the naphthalene
initially present in the anode chamber, due to diffusion from the cathode chamber. By the end of
the experiment, the estimated net mass transfer of naphthalene was from the cathode chamber to

the anode chamber for all experiments and varied between 4 and 9 pmoles (Figure 3.5B).
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Figure 3.5. Naphthalene evolution in the MFC reactors. (A) Dissolved naphthalene concentration measured in the
anode chamber through time. (B) Total naphthalene mass degraded by the end of the experiment, compared to the
initial naphthalene and total mass transferred from the cathode to anode chamber by diffusion.

3.3.3 Geochemical evolution

Dissolved ferrous iron measured immediately after MFC reactor set-up was consistently lower
than the iron added to the media in all experiments, and after the first week of operation
dissolved iron remained at about 0.04 mM in all reactors. The difference initial iron
concentration and the first measurement corresponds to about 1.5 mM. In the first sample
phosphate concentration was about 1.1 mM lower than initially added and remained below 10
uM throughout the experimental run. This is consistent with the precipitation of vivianite
(Fe3(PO4)2 H20), an iron and phosphate mineral that is present in XRD analysis of samples from
all reactors containing iron (Table 3.4). Vivianite is also oversaturated according to speciation
calculations performed in Phreeqc. According to the change in Fe and P, we can estimate that
between 0.5 and 0.55 millimoles (or between 0.22 and 0.24 mg) of vivianite precipitated at the

beginning of the experiments.
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Most of the geochemical parameters monitored during the experiments remain relatively stable.
Alkalinity and pH trends slightly upwards in time in all experiments (Figure 3.7). In experiments
ND and NF, some of the samples analyzed had trace amounts of nitrate (0.01 mM), but it
generally remains below this detection limit. Sulfate concentration tends to increase in BC
reactors. It stays relatively stable at 4.5 mM in ND experiments, with a slight decrease of
0.15mM during the last 28 days of the experiment in ND_b but not in ND_a. Sulfate remains
stable in NF experiments. In NN experiments the trend of sulfate is to slightly decrease from 3.8
mM to reach 3.6 mM.

According to the XRD results, samples collected from the bottom of the anode chamber, which
included aqueous media and solid precipitates, are comprised of phosphate, chloride, and sulfate
minerals (Table 3.4). Halite, sylvite, nahcolite, aphthitalite and struvite were identified, however
these are very soluble minerals likely to have precipitated from the aqueous phase of the sample
during the freeze-drying step of preparation prior to XRD analysis. Vivianite and elemental
sulfur likely correspond to solid phases present in equilibrium with the media. Elemental sulfur
is present is both BC duplicates but only one of the ND and NN duplicate reactors. Vivianite is

present in all the reactors where iron was available in the media (all except NF experiments).
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Figure 3.7. SEM images of anode samples collected at the end of the experiments. (A) BC anode, (B) ND anode,
and (C) NF anode. Mineral precipitates are present in all anodes. EDX analysis indicates mineral precipitates are
mainly composed of P, Fe and Ca.
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Figure 3.7. Geochemical evolution of MFC experiments

According to the SEM-EDX analysis of particles attached to the carbon fibers in the anodes,
most of the particles in BC and NN experiments are mainly composed of P and Fe, in agreement
with the XRD findings. Some particles in these samples also show small concentration of other
elements such as Ca, Na and Mg. In NN anode samples, Fe and P are also the main components
of the precipitates, with occasional minor Mg and Ca content. In NF anode samples, particles
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were composed of P, Al, Si, Ca, K, Na and Mg, occasionally some particles were mainly

composed of S.

Table 3.4. Approximate abundance and mineralogy in samples of solid precipitate, collected at the end of the
experiments, according to XRD analysis.

Mineral BCa BCb NDa NDb NFa NFb NNa NNb
Vivianite, Fe3(PO4)2 8(H20) 4% 46% T7% 62% 18%  66%
Halite, NaCl 30% 24% 18% 15% 45% 39% 42% 14%
Nahcolite, NaHCO3 19% 14% 8% 20% 27% 21%
Aphthitalite, (K,Na)sNa(SO4)2 6% 4% 4% 2% 8% 8% 4%

Struvite, (NH4)MgPO4-6H,0 22%  16%

Sylvite, KCI 3% 4% 1% 3% 2% 4% 8%

Quartz, SiO; 1% 1% 8% 1% 5% 1% 12%
Sulfur, Sg 6% 6% 2% 5%
Corundum, Al;O3 5%
Ankerite-Dolomite,

Ca(Fe?*,Mg,Mn)(COs), — ? ?
CaMg(CO:s),

Amorphous X X X X

“X” indicates the presence of amorphous phases. Unclear mineral identification is indicated with
‘6?’ﬂ

3.3.4 Microbiology

A total of 2,275,704 16S rRNA gene sequences were obtained from 74 out of 75 samples (the
PCR product did not amplify for one of the samples). The number of reads in each sample
ranged between 5,952 and 79,204. A total of 4,154 OTUs were obtained for all samples. High
coverage was achieved in all samples (mean 0.993, range 0.977-0.998), indicating that the

sequencing results are reliable to characterize the true microbial community composition.

The OTUs identified in all samples correspond mainly to Bacteria (83-100%), with few Archaea
present in the samples. The microbial community in the reactor samples is mostly comprised of
Proteobacteria (3.3-97%), Desulfobacterota (0-95%), Bacteroidota (0.1-16%), Firmicutes (0-
16%), Verrucomicrobiota (0-9%), and several other lesser abundant phyla (<1% on average
across reactor samples). The microbial community in the inoculum is similar, comprised mostly
of Proteobacteria (59-65%), Desulfobacterota (6.6-27%), Bacteroidota (5-7.5%),
Verrucomicrobiota (0.95-4.2%), unclassified Bacteria (1.7-3.8%), Acidobacteriota (1.4-2.9%),
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Planctomycetota (0.91-2.7%), and other lesser abundant phyla (<1% on average across inoculum

samples).

Across anode and media samples, the most abundant genera belong to Proteobacteria and
Desulfobacterota phyla (Figure 3.9). Within the Proteobacteria phylum they mainly consist of
unclassified genera of the Pseudomonadaceae family (22%), Immundisolibacter (5.5%), and
Hydrogenophaga (4.2%). The most abundant genera within the Desulfobacterota phylum are
Candidatus Deferrimonas (10.9%%), Geothermobacter (6.2%), and unclassified genera of the
Desulfuromonadaceae order (5.8%). The most abundant genera in the inoculum samples also
belong to the Proteobacteria and Desulfobacterota phyla; Pseudomonas (10.4%), Citrifermentans
(7.4%), Sulfurifustis (3.1%) and Thiobacillus (3.1%) are among the most abundant. Although,
several of the most abundant OTUs belong to unclassified genus of Gammaproteobacteria,
(5.2%), Alphaproteobacteria (4.4%), Bacteria (2.8%), Pseudomonadaceae (2.5%),

Burkholderiales (2.3%), and Desulfuromonadaceae (2.1%).

The microbial community developed in each of the experiments are significantly different
(AMOVA p-value <0.05). Within experiments BC and NF, the anode microbial community
composition is significantly different than that of the media (AMOVA p-values <0.001 and 0.02,
respectively), while there is no significant difference between anode and media microbial
community in ND and NN (AMOVA p-values 0.2 and 0.15, respectively).

LEfSe was used to identify taxonomic differences among the different experiments. BC reactors
were enriched with the anaerobic iron- and electrode-reducer Candidatus Deferrimonas and the
anaerobic elemental sulfur- and iron-reducer Desulfuromonadia (Garrity, Schleifer, et al., 2005;
Waite et al., 2020); both are enriched in anode compared to media samples constituting 46-57%
and 18% of the microbial community of the anodes, respectively. BC experiments were also
enriched with unclassified genus in the Geobacteraceae family. The Geobacteraceae family
includes iron- and electrode-reducing bacteria, as well as monoaromatic hydrocarbon degraders;
Geobacter species is capable of inter species electron transfer and is one of the most studied in
the context of MFCs (Réling, 2014).
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Figure 3.9. Relative abundance of the ten most abundant genera in the microbial community in anode and media
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For the natural degradation control, open-circuit ND experiment, several of the significant taxa
are anaerobic sulfur-reducers, within Desulfosporosinus, Desulfatitalea, and
Desulfovibrionaceae, Desulfocapsaceae (Garrity, Schleifer, et al., 2005; Higashioka et al., 2013;
Kuever, 2014; Robertson et al., 2001; Stackebrandt et al., 2003); the type genus Desulfocapsa
within Desulfocapsaceae is capable of disproportionation of elemental sulfur to sulfide and
sulfate (Janssen et al., 1996). Significant taxa also include fermenters such as Rhodocyclaceae,
Paludibacteraceae, Prolixibacteraceae and Christensenellaceae (Huang et al., 2014; Morotomi et
al., 2012; Ueki et al., 2006; Ormerod et al., 2016). Uncultured members of Rhodocyclaceae,
which includes aromatic compound degraders, sulfur oxidizing chemoautotrophs, methylotrophs
and anaerobic fermenters are also enriched in ND reactors (Oren, 2014). No significant
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difference in the abundance of these taxa in anode compared to media samples was observed in

this group.

In the closed-circuit reactors with no iron, NF, the aerobic hydrogen oxidizer Hydrogenophaga is
the most abundant of the significant taxa; some species in this genus can degrade aromatic
hydrocarbons (Banerjee et al., 2019; Fahy et al., 2008), and one species can generate electricity
via oxidation of hydrogen in a pure culture MFC (Kimura & Okabe, 2013). Most of the enriched
species are aerobic, some facultatively anaerobic, and several are hydrocarbon degraders such as
Immundisolibacter, Pseudorhodoplanes, Parvibaculum, Sphingomonadaceae, and the methane
oxidizer Pedosphaeraceae (Corteselli et al., 2017; Garrity, Schleifer, et al., 2005; Martins et al.,
2010; Rosario-Passapera et al., 2012; Schleheck et al., 2004; Tirandaz et al., 2015).
Immundisolibacter and Hydrogenopahga are more abundant in the media compared to the anode
samples, while Sphingomonadaceae, Desulfuromonadaceae and Chryseobacterium are more

abundant in the anodes than in the media.

In the closed-circuit reactors with no naphthalene, NN, the iron-oxidizers Gallionella and
Ferrovibrio, and the sulfide oxidizer Thiobacillus are among the significant taxa. The iron-
reducer Geothermobacter is also particularly enriched in anode samples compared to media

samples, as well as the sulfur-reducer Desulfurivibrio, to a lesser extent.
3.3.5 Electricity production in MFCs

All reactors produced current 11 to 16 days after set-up, except for the abiotic control (Figure
3.10). Electricity production in the closed-circuit BC experiment (see Table 3.1 for list of
experiments) started 14 days after reactor set-up. The current increased steadily, reaching a
maximum of 0.24 mA on day 17. In NF reactors, where no iron was available in the media,
electricity production started after 14 and 11 days, in the respective duplicate reactors, increasing
exponentially and reaching a maximum current of 0.08 and 0.12 mA on days 20 and 13,
respectively. The duration of the peak was shorter for the BC experiment, with a length of 5
days, compared to the NF reactors, where electricity production lasted for 5 and 10 days in the

duplicate reactors. The NN experiment, where no naphthalene was available, electricity
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production started after 10 days for both duplicate reactors; the current increased slowly,
reaching a first maximum of 0.06 mA and 0.05 mA on days 16 and 14, respectively for each
reactor; the current then decreased until it spiked to an overall maximum of 0.17 mA and 0.43
mA on days 27 and 25, respectively. For NN experiments, the duration of the first peak was 8
and 6 days for the respective duplicates, and the second peak lengths were 4 and 16 days. The
abiotic control, set-up with autoclaved media, did not produce significant voltage, the average

current measurement was 4+6 A and 7+3 pA for the respective duplicate reactors.

The total accumulated electron flux measured in BC experiment was 269 C and 114 C for
reactors BC_a and BC_b, respectively. A total of 65 and 88 C were transferred in the NF_a and
NF_b experiments, respectively; and a total charge of 144 and 634 C in NN_aand NN_b
experiments, respectively. The total electron flux in the NF experiment was lower than that of
the BC experiment. On average, the flux was the highest for the NN experiment, however one of

the duplicates generated a higher flux than BC, and one generating a lower flux.

For the BC experiment, the maximum power output was 4.3 mW/m? of electrode surface area,
and the internal resistance was 0.5 kQ, according to the polarization test (Appendix A ). For the
NN experiment, the maximum power output was 2.6+2.0 mW/m? of electrode surface area and
the internal resistance was 0.7£0.1 kQ. For the NF experiment, the maximum power output was
3.0+1.2 mW/m? of electrode surface area and the internal resistance was 0.5+0.1 kQ. The open
circuit voltage was 340 mV in the BC experiment, 351+9 mV in the NN experiment, and 615 in

the NF experiment.
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Figure 3.10. Electricity production in the MFCs. (A) Current production through time in all reactors. (B)
Accumulated coulomb generation in the MFCs.

3.4 Discussion

There are several biological and chemical reactions expected to occur in the bioreactors,
including: microbial degradation of naphthalene to carbon dioxide via organic metabolites, with
iron oxides or sulfate as electron acceptor; microbial respiration with the anode as electron
acceptor; diffusion of dissolved species between the anode and cathode chambers; sorption of

naphthalene and organic metabolites to the surface of electrodes and mineral precipitation and
dissolution.

First, we will analyze the processes affecting naphthalene, compare the degradation efficiency in

the natural degradation control and the closed-circuit experiments, and analyze the effect of iron.
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Then, we will evaluate the electricity generation in the MFC experiments. And finally, we
present the conceptual model of the system, including all the processes occurring in the

bioreactors.
3.4.1 Naphthalene removal efficiency

The change in naphthalene concentration measured in the media sampled from the anode
chamber does not translate directly to total naphthalene removal via microbial degradation.
Sorption to reactor materials and mass transfer due to diffusion need to be considered. Figure
3.11 depicts the mass of naphthalene stored in aqueous and sorbed form in the anode chamber,
and the mass degraded through time in all experiments, taking into account mass transfer

between anode and cathode chamber.

At the beginning of the experiment, sorption to sand and carbon cloth electrode in the cathode
chamber removed about 25 umol of naphthalene from the media, according to our calculations,
which resulted in a concentration of 0.05 mM. This generated a naphthalene concentration
gradient driving diffusion from the anode chamber (0.11 mM) to the cathode chamber. However,
after one week, naphthalene in the anode chamber had decreased significantly reversing the
gradient, so that naphthalene mass transfer was towards the anode chamber.

Two experiments, BC_b and ND_b, show some naphthalene being degraded in the first
timepoint, which corresponds to the sample taken immediately after experiment set up according
to our calculations., however this is unrealistic and probably due to underestimation of some
processes. In the case of BC_b, the first dissolved naphthalene measurement is significantly
lower than expected, suggesting a sampling, analysis, or experiment set-up error. For ND_b, the
first dissolved naphthalene measurement is reasonable, so we hypothesize that sorption or
diffusion are underestimated, because it is unlikely that the true process removing naphthalene in
the short time between reactor set-up and the first sample is degradation.
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Figure 3.11. Distribution of naphthalene mass in the anode chamber in the different MFC reactors. Aqueous
naphthalene corresponds to dissolved naphthalene weekly measurement. The mass sorbed to the carbon cloth anode
was determined based on the aqueous concentration and the experimental Ky obtained from the sorption experiment.

Degraded naphthalene was determined based on a mass balance and considering diffusion between anode and

cathode chambers.

Dissolved naphthalene decreases with time according to our measurements, and therefore so
does the amount sorbed to the carbon cloth anode, which was calculated based on the

experimentally determined distribution coefficient. After 48 days, most of the naphthalene is
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degraded in all experiments, and a small amount stays sorbed. Overall, the naphthalene
degradation efficiency is highest in NF reactors, removing 103% and 99% of the initial
naphthalene in the anode chamber in NF_a and NF_b respectively. Note that diffusion transfers
naphthalene from the cathode to the anode chamber in all experiments (Figure 3.5B), increasing
the available naphthalene in the anode chamber. In contrast, in the closed-circuit experiments,
the degradation efficiency is lower, achieving 78% and 93% in BC_a and BC_b respectively.
This reveals that the presence of ferrous iron in the media decreases the naphthalene removal
efficiency of the MFC as constructed.

The removal achieved in the natural degradation control is similar to that of the closed-circuit
experiments, with 82 and 94% of the initial naphthalene degraded by the end of the experiment
in ND_a and ND_b respectively. This indicates that the MFC as constructed does not provide

enhance naphthalene removal.
3.4.2  Electricity, redox reactions, and microbial community

The peak electrical current obtained from our MFC experiments varied between 0.12 and 0.43
mA, similar to that of other published works (Wu et al., 2013; Wei et al., 2013; Lee et al., 2014,
Q. Liuetal., 2017; Kumar et al., 2017; Q. Liu et al., 2018; Mancilio et al., 2020). Both the peak
current and the total charge transferred through time was lower in the NF reactors without iron

compared to BC experiments and NN reactors, where iron was available.

The media in the BC, ND and NN reactors contain relatively small amounts of dissolved ferrous
iron (1.8 mM). Because of vivianite precipitation at the beginning of the experiment, the
dissolved iron concentration remained low throughout the experiment in all reactors (about 0.04
mM). The fact that the experiments where iron is available show better electrical performance
compared to those with no iron suggests iron oxidation plays a role in electricity production in
our reactors. Iron oxidation is further supported by the presence of iron reducers and oxidizers in
all the experiments where iron was available, furthermore, the iron-reducers Candidatus
Deferrimonas and Geothermobacter are one of the most abundant taxa in BC and NN

experiments. Since no evidence of iron oxyhydroxides was found in our reactors and dissolved
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iron remained stable throughout the experiment, partial oxidation of vivianite-bound iron is more

likely to have occurred.

The observation of elemental sulfur suggests the possibility of abiotic sulfide oxidation with
Fe(I11) reduction, since elemental sulfur is not formed by sulfate reduction but as an intermediate
of sulfide oxidation (Jgrgensen et al., 2019). Elemental sulfur is absent in NF reactors, where no
iron was available, which supports the idea that elemental sulfur formation occurs via abiotic
Fe(l11) reduction. It is also possible that vivianite-bound Fe(l1) oxidation was slower than the
Fe(l11) reduction coupled to sulfide oxidation, which can be relatively fast (Jargensen et al.,
2019) . Vivianite oxidation has been shown to progress slowly at room temperature, and tends to
stabilize at 50% Fe(lI11) after 300 days under oxidizing conditions (Rouzies & Millet, 1993).

Since it is possible that iron was oxidized by the anode during the experiment, it is important to
analyze the possible effects of both ferrous and ferric iron in the MFC. The effect of ferrous iron
on the electrical performance of MFCs is complex. Electrical performance may be enhanced by
Fe*? because it acts as a redox site in enzymes catalyzing electron transfer and redox reactions
(Z. Luetal., 2015). Small amounts of ferrous iron (100-200 uM) can facilitate biofilm formation
and stimulate the electrochemical activity in MFCs during start-up, but not enhance power output
in the long term (Q. Liu et al., 2017). In their experiment, availability of Fe*? resulted in an
enrichment of exoelectrogenic bacteria in the anode biofilms. However, Fe*? concentrations
higher than 0.9 mM can have a negative effect on the power density in the long-term operation of
the MFC (Wei et al., 2013). Our experimental results are in agreement with the findings by Liu
et al. (2017); the reactors with small amounts of dissolved iron available show increased

electricity generation.

There is evidence that ferric iron enhances electricity generation in MFCs. For example,
increased electricity generation by Shewanella oneidensis was observed in a lactate-fed MFC
when ferric citrate was added to the media (Wu et al., 2013). The mechanism of electricity
enhancement in that experiment was related to the ability of S. oneidensis to synthesise flavins
from the reduction of Fe(l11) oxide, and use them as electron shuttles for transferring electrons to
the anode. Shewanella and Geothrix both have been proposed to secrete electron shuttles to
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promote Fe(l11) reduction (Nevin & Lovley, 2002; Newman & Kolter, 2000), so it is possible
that secretion of electron shuttles by iron reducers, such as Geothrix, which was found in our

experiments, contribute to high electricity generation in BC and NN experiments.

Iron reducers Candidatus Deferrimonas, Geobacter and Ferribacterium, and iron oxidizers, like
Gallionella, were found in BC experiments, suggesting a cycle of iron oxidation and reduction
may be at play in the anode chamber. We hypothesize that ferrous iron was oxidized at the anode
possibly generating electricity, and then ferric iron could be used as electron shuttle, enhancing
electricity production in a similar fashion to S. oneidensis in the study by Wu et al. (2013). This

biotic process would be competing with abiotic iron reduction driven by sulfide oxidation.

BC reactors show an enrichment of Geothrix in the anodes compared to the inoculum. These
genera were not observed to be enriched in the NF reactors. Geothrix are typical of Fe(lll)
reducing environments; some species, such as Geothrix fermentans, can use flavin-based
electron shuttles for electrode and FeOOH respiration (Mehta-Kolte & Bond, 2012). High
electricity production in BC experiments compared to the NF experiment may be related to
secretion of electron shuttles by Geothrix species in a similar way that Shewanella species has
been shown to enhance electricity production (Wu et al., 2013).

The NN experiment also presents both iron-reducers and iron-oxidizers. The iron-reducer
Geothermobacter is particularly enriched in anode compared to media samples and is one of the
taxa that were identified as the most significantly enriches in NN reactors. Other significant taxa
include Thiobacillus and Gallionella. Thiobacillus are typically sulfide-oxidizers but there is one
species that can also oxidize ferrous iron while depositing elemental sulfur outside the cell (Lens,
2009). And Gallionella are typically iron-oxidizers in microaerophilic environments (L. E.-L.
Hallbeck & Pedersen, 2015).

The highest electrical performance was obtained in NN experiments, which contained iron but
not naphthalene. This high electrical performance might be related to the cyclic oxidation and
reduction of sulfur compounds. Although, this cycle may occur in all reactors, NN reactors have

the highest abundance of sulfide oxidizers among all experiments. Sulfide oxidizers in NN
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reactors include mainly Thiothrix and Thiobacillus, which are also significantly more abundant
in NN experiments than in all other experiments. Sulfur reducers such as Syntrophobacter,
Desulfovibrio, Desulfobulbus and Sulfospirilum, are also particularly abundant in anode samples
from NN experiments, further supporting the idea that sulfur redox cycling may be linked to
electricity production. It is possible that with no naphthalene in the media, the environmental

conditions favored the reproduction of sulfur reducers and oxidizers in the NN experiment.

Research on the effect of sulfur in MFCs’ performance has shown sulfate can be converted to
sulfide, which can act as an electron shuttle, and be oxidized to elemental sulfur at the anode,
which can be reduced again to sulfide, or oxidized via the anode back to sulfate (Daghio et al.,
2016; Kumar et al., 2017; Matturro et al., 2017; Rakoczy et al., 2013). In particular, in a MFC
designed for sulfate removal, a pure culture of Desulfovibrio desulfuricans was responsible for
sulfate reduction to sulfide, which was then chemically oxidized at the anode accompanied by
power generation and resulting in elemental sulfur formation in the anode chamber (Zhao et al.,
2008). The presence of Desulfovibrio or other sulfur reducers such as Syntrophobacter,
Desulfomicrobium and Desulfobulbus in our experiments, together with the presence of
elemental sulfur as part of mineral precipitates in the anode chamber suggest a similar

mechanism might contribute to electricity production in all our experiments.

The reason the duplicate NN_a produced significantly more electricity than NN_b may be due to
the particular syntrophic interactions within the microbial community. For example, the higher
abundance of sulfide oxidizer Thiobacillus in NN_b compared to NN_a, may contribute to a

more rapid sulfur cycling and more electricity production.
3.4.3 Conceptual model of the reactor

The MFC reactors constructed in these experiments form a complex system where several
inorganic and biological reactions coexist (Figure 3.12). The microbiological and mineralogical
analyses help elucidate their extent and interactions; however, some processes remain
unexplored. Here we present a summary of these processes and the extent of our understanding

of them.
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Figure 3.12. Schematic representation of the main processes occurring in the MFC reactors (when iron is available).
The solid lines represent biotic and abiotic reactions, the dashed line represents diffusion of naphthalene through the
silica sand layer, and the dotted lines represent sorption and desorption of naphthalene to reactor materials. M refers

to naphthalene metabolites.

(1) Microbial degradation of naphthalene to carbon dioxide via organic metabolites, with iron

oxides or sulfate as electron acceptor:

Naphthalene is likely degraded to intermediate metabolites with iron or sulfate as electron
acceptor. The anode is unlikely to act as electron acceptor for the initial steps of naphthalene

degradation, since no electricity is observed during the first 11-16 days of the experiments, but
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naphthalene concentration decreased further than what can be explained due to sorption and

diffusion during the first and second week of the experiment.

Sulfate is a more likely electron acceptor for naphthalene degradation than iron even in the
reactors where iron was available because no macroscopic or microscopic evidence of iron
oxidation was observed. Anode samples observed under the SEM did not show iron oxides, and
the mineral precipitates observed under naked eye in the bottom of the reactors were green or
black, and not red. However, iron co-precipitated with phosphate as vivianite could be at least
partially oxidized since its color changed from white to green during the experiment. Also, the
abundance of iron oxidizers such as Gallionella and Ferrovibrionales, and iron reducers such as
Geobacter, Deferrimonas, Geothermobacter or Ferribacterium suggest iron redox reactions may

take place at least at a micro-environmental level.
2) Microbial respiration with the anode as electron acceptor:

Electricity generation indicates this process occurs in the reactors, after a lag phase of 11-16
days. This lag phase is an indication of two possible processes: the degradation of naphthalene to
intermediate metabolites and the build-up of electroactive bacteria on the electrode (Hedbavna et
al., 2016; Logan et al., 2006).

Because no current was produced in the reactors while naphthalene concentration decreased,
beyond what is expected due to sorption, during the first 10-14 days of the experiment, it is
likely that naphthalene first degrades to intermediate metabolites. Only then these metabolites,
rather than naphthalene, are oxidized with the anode as electron acceptor, generating electricity.
The oxidation of metabolites rather than the contaminant at the anode has been previously
reported in MFCs, for example, phenol was first fermented to acetate, and acetate was the carbon

source for electricity generation in MFC experiments by Hedbavna et al. (2016).

Electricity production in the blank experiment where no naphthalene was available (NN reactors)
suggests redox cycling of inorganic species likely contributes significantly to electricity

production.
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(4) Electron transfer from the anode to the cathode via the electrical circuit, generating

electricity:

It is clear from the voltage measurements in the closed-circuit experiments that the anode acted
as electron acceptor for oxidation reactions in the lower chamber, and the electron transfer
occurred via the wire to the cathode in the upper chamber. Reduction of oxygen in the cathode

chamber was paired to the oxidation in the anode chamber but was not actively monitored.
(5) Sorption of naphthalene and organic metabolites to the surface of electrodes:

Sorption experiment results indicate that the difference between the naphthalene initially added
to the reactors and the first measurement can be reasonably well explained by sorption of
naphthalene, mainly to the carbon cloth electrodes, but also to the quartz sand in the cathode

chamber.

In the cathode chamber, an average of 25 pmoles are sorbed to the carbon cloth anode, which
constitutes 18% of the initial naphthalene available in the anode chamber. The distribution
between aqueous and sorbed naphthalene however was dynamic, responding to changes in the
aqueous concentration due to naphthalene degradation and to diffusion between the anode and
cathode chambers. By the end of the experiments, in average, only 0.1% of the initial
naphthalene remained sorbed in the anode chamber, and 0.4% of the initial naphthalene in the

cathode chamber.
(6) Diffusion of dissolved species between the anode and cathode chambers:

The difference in the sorption capacity between the materials in the anode and cathode chambers
generated concentration gradients that drove naphthalene diffusion towards the cathode chamber
initially. However, after a week, the sharp decrease in naphthalene concentration in the anode
chamber reversed the gradient, which resulted in some reactors degrading more naphthalene than
what was initially available in the anode chamber by the end of the experiment.
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(7) Mineral precipitation and dissolution:

Vivianite precipitation occurred in all reactors containing iron. We observed colloidal
precipitates after the addition of iron to the reactor media during experiment set-up.
Geochemical simulations indicate vivianite supersaturation in the media used, and XRD analysis
detected vivianite in the precipitates collected from the anode chamber at the end of the
experiments. Vivianite precipitation removed dissolved iron from in the anode chamber; iron
dropped from 1.8 mM initially added to 0.3 mM in the first sample, immediately after set-up and
was maintained below 10 uM throughout the experimental run. Vivianite dissolution and
precipitation kinetics further complicates the iron mass balance in the reactors, since we do not
have data about the variation of the mass of vivianite in the reactor through time. It is possible
that vivianite was partially oxidized during the course of the experiment, however, its
composition is at most 50% Fe(l11) (Rouzies & Millet, 1993). At higher values of Fe(lll),
vivianite shows a different XRD pattern, either amorphous or that of metavivianite (Chiba et al.,
2020; Miot et al., 2009).

The presence of elemental sulfur in both BC experiments as well as in ND_b and NN_a but not
in NF reactors, where no iron was available suggests abiotic sulfide oxidation with Fe(ll1)

reduction .
3.5 Conclusions

This study presents insights on the effects of the availability of reduced species, such as ferrous
iron, over the feasibility of using bio-electrochemical systems for the remediation of reduced
contaminants like naphthalene. Increased electricity production was obtained in the reactors were
iron was available, compared to the experiments where it was not, both in terms of the total
electron flux and the maximum voltage measured. However, in terms degradation efficiency, the
experiment with no iron achieved higher removal of naphthalene, compared to the experiment
where iron was available. The mechanism by which ferrous iron hinders naphthalene removal in
these experiments is not immediately obvious. We hypothesize that the overall oxidation

capacity of the anode could be used to oxidize iron instead of the target contaminant.
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Additionally, microbial community composition and competing metabolic processes may favor

inorganic redox reactions over naphthalene degradation.

In our closed-circuit MFC experiments, iron, sulfate, and naphthalene metabolites were likely
involved in electricity production. Therefore, only measuring electricity production is no
substitute for direct measurement of contaminant biodegradation if this technology is deployed in

the field when there are additional electron donors like ferrous iron present in the aquifer.
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Chapter 4: Conclusions and recommendations

This project investigated the mechanisms and controls involved in the bio-electrochemical
degradation of naphthalene in an MFC. The principal aim of this research was to test whether a
bio-electrical system inoculated with a native microbial community could successfully remediate
naphthalene contamination in a reducing environment where iron was potentially an electron
donor. Batch bioreactor experiments were constructed and monitored for 49 days, including two
experiments where iron and naphthalene were available, two no-iron experiments with
naphthalene, two no-naphthalene controls, two natural degradation controls, and two abiotic
controls. All experiments except the natural degradation control were closed-circuit experiments,
where the electrodes in the reducing and oxidizing zones of the reactor were connected by a
conductive wire and a 1 kQ resistor. The monitoring of the experiments consisted in regular
sampling and chemical analysis of water from the anodic compartment and continuous
measurement of electrical current across the resistor. Mineralogical analysis of solid precipitates
from the anode compartment, and microbiological characterization of the microbial community

in anodes and media were performed at the end of the experiments.

A sorption experiment was also developed to properly address the possibility of naphthalene
sorption to electrodes and other MFC reactor materials. Distribution coefficients were obtained
for: (1) glass, used in the MFC reactor vessels; (2) silica sand, used as permeable separator
between the reducing and the oxidizing compartments of the MFC; and (3) carbon cloth, used as

electrode material.
4.1 Key findings

The carbon cloth electrodes exhibited the highest sorption per unit mass of all the
materials tested. The silica sand used in our MFCs showed a small degree of affinity for
naphthalene per unit mass. However, given the large sand mass present in the reactors, sorption
of naphthalene by sand was even more significant than sorption by the carbon cloth electrodes in
our experimental design. These results highlight the importance of addressing the influence of

sorption to the materials used in BES, especially when carbon cloth is used for the electrodes.
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This is relevant in the MFC research field, especially when these systems are tested as
remediation devices for hydrocarbon contamination, however, hydrocarbon sorption is rarely

addressed in scientific reports of such systems.

Sorption of naphthalene to the silica sand used as permeable separator between anode and
cathode chamber in our MFC experimental design resulted in marked naphthalene concentration
gradient. This gradient drove a diffusive flux in the direction of the anode chamber initially,
however, naphthalene degradation in the anode chamber resulted in a shift in the gradient
direction during the experimental run. The effects of sorption and the diffusion process had to be

accounted for to properly evaluate naphthalene degradation and removal efficiency in the MFCs.

The MFC experiments presented here did not find any advantage in providing an electrical
connection between reducing and oxidizing zones of the bioreactors in terms of naphthalene
degradation achieved in the system. Both the closed-circuit experiment and the open-circuit
natural degradation control achieved similar naphthalene removal efficiency; however, the

former did demonstrate the additional benefit of generating a small current.

Electricity was produced in all the closed-circuit experiments but not in the abiotic control.
Therefore, the additional electron acceptor provided by the anode in the reducing zone of the
bioreactor was indeed utilized by electro-active bacteria to oxidize compounds present in the
media. The fact that electricity production started several days after inoculation suggests that
there is an adaptation period necessary before bacterial electron transfer begins and/or
naphthalene was not utilized directly by exoelectrogenic bacteria, instead it was first degraded to

simpler metabolites.

A higher total electricity produced in the experiments where both naphthalene and iron were
available compared to the no-iron control suggests that both iron and naphthalene were oxidized
at the anode. Interestingly, the highest electricity was generated in one of the reactors where iron
but no naphthalene was available. This, added to the occurrence of elemental sulfur and sulfur
reducing and oxidizing bacteria, suggests that given an appropriate microbial community

composition, sulfur redox reactions are also an important process in the bio-reactors. Moreover,
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microbial reduction of inorganic compounds, combined with oxidation of the product of these

reactions may fuel electricity production in the MFCs.

The electrical current produced in BES used for remediating hydrocarbon-contaminated soils has
been proposed as proxy for monitoring the extent of the remediation (L. Lu, Huggins, et al.,
2014; Mao et al., 2016). However, in our MFC experiments naphthalene metabolites, as well as
inorganic components such as iron and sulfur were likely involved in electricity production. Our
results imply that when additional electron donors like ferrous iron are present in a contaminated
aquifer, measuring electricity production in the BES is no substitute for direct measurement of

contaminant biodegradation

In terms of naphthalene removal, the highest was achieved in the closed-circuit experiment
where no iron was available. Ferrous iron in the media decreases the naphthalene removal
efficiency of the MFC as constructed. This indicates that likely part of the oxidation potential of
the electrode was used to oxidize inorganic compounds, which is not the target of the BES
aiming for hydrocarbon remediation. Possibly, iron is oxidized and reduced in the anode
chamber in a cycle powered by iron reducers like Candidatus Deferrimonas and
Geothermobacter, one of the most abundant taxa, and iron oxidizers like Gallionella and

Ferrovibrio.

As is expected in any laboratory experiment, the microbial community composition in the
reactor’s final samples was significantly different than the inoculum. The final closed-circuit
experiments were enriched in anaerobic iron- and electrode-reducer Candidatus Deferrimonas
and anaerobic elemental sulfur- and iron-reducer bacteria in the Desulfuromonadia class. Both
taxa were enriched in the anodes compared to the media. The base case MFC experiments were
also enriched with unclassified genera in the Geobacteraceae family, which includes iron- and
electrode-reducing bacteria. In contrast, the inoculum was dominated by uncultured or
unclassified genera in alpha- and gammaproteobacteria, as well as the ferric iron reducers
Citrifermantans and the sulfur oxidizer Sulfurifustis (Kojima et al., 2015; Straub & Buchholz-
Cleven, 2001; Waite et al., 2020). A shift in the microbial community composition towards

genera that were better adapted to the environment provided in the reactors was observed.
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The microbial community was also affected by the availability of iron in the bioreactors, the
abundance of iron oxidizers in all reactors where iron was available was similar to that of the

inoculum. Few iron bacteria were identified in the no-iron control.

Because we used a well buffered media, the effects of both naphthalene degradation and the
electrical connection between anode and cathode chambers on the were relatively small. No
important changes in pH or alkalinity in the media were observed. However, elemental sulfur
precipitation was observed. Elemental sulfur precipitation is a potentially important process,
since mineral precipitation could result in the isolation of the electrically conductive anode from
the media, hindering the electron transfer between bacteria and the electrode and threatening the

long-term performance of the BES.
4.2 Limitations and recommendations

Naphthalene was selected as the model contaminant for this study because it is a relatively
simple hydrocarbon, and its biodegradation has been well documented in the scientific literature.
Naphthalene is also one of the main contaminants in former industrial sites currently being
developed for urban use, like in the Braid Street Site, the field site motivating this study.
However, the hydrophobic nature and poor solubility of naphthalene, and its ability to sorb onto

some materials added practical challenges to the experiment design and operation.

Iron removal from the aqueous phase due to vivianite precipitation prevented accurately tracking
the effects of ferrous iron concentration on naphthalene degradation and electricity production.
Vivianite formation was triggered by relatively high phosphate and iron concentrations.
Phosphate was used as a pH buffer in the media, following standard procedures, however, using

other buffers that do not interact with iron would simplify ferrous iron dynamics in the system.

The iron redox cycle hypothesis presented in this thesis involves the partial oxidation of
vivianite-bound ferrous iron, since no evidence of iron oxyhydroxides was found. To confirm
this idea, it would be appropriate to accurate measure the oxidation states of iron via X-ray

absorption spectroscopy.
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We used 16S rRNA gene sequences analysis to determine the taxonomic composition of the
microbial community and make broad inferences about potential metabolic functions. Many of
the OTUs identified in the inoculum and reactor samples have not yet been cultivated, and
limited metabolic information was available. Additionally, we identified taxa only at the genus
level; a taxonomic classification at the species and strain levels would provide more detailed

information about potential metabolism of the microbial community.

Moreover, a functional gene approach would be more effective than the taxonomic
characterization to study more definitively the metabolic functions and interactions within the
microbial communities in our reactors. The quantification of key genes such as the ones
encoding naphthalene degradation, extracellular electron transfer, and sulfur and iron reduction
and oxidation would be particularly important. A metatranscriptomic approach with RNA
sequencing would be even better suited to address questions around microbial activity (Shakya et
al., 2019).

In this study, sampling was done at the end of the experiments, and so the microbial community
composition obtained for anode and media samples is more representative of late stage in the
experiment, when electric current production was in decline or completely inexistent. Sampling
at different operational stages would allow for a better understanding of microbial community
dynamics. Changes liked to electricity production and naphthalene and iron concentration
changes are of particular interest. However, because sampling collection is destructive, sampling
at different stages would require multiple replicates of the same experiment, and given the
variability observed in this study between duplicates of the same experiment, variability among

replicates would need to be carefully considered.

A natural next step in this research would be to use the insights from these batch experiments to
draw conclusions about practical implications for the remediation of hydrocarbons in high-iron
groundwater through geochemical modelling. Some research questions that could be addressed
could include: (1) what would be the effect of the in-situ application of an up-scaled MFC
system over aquifer geochemistry and contaminant transport? And (2) would this be an effective

alternative remediation strategy?
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Appendices

Appendix A — MFC Supplementary Information

Appendix A includes all supplementary information from Chapter 3.

A.l SEM data

Figure A.1.1. SEM images of anode samples collected at the end of the experiments. (A) BC anode, (B) ND anode,
and (C) NF anode. Mineral precipitates are present in all anodes. EDX analysis indicates mineral precipitates are
mainly composed of P, Fe and Ca

Figure A.1.2. SEM images showing bacteria attached to carbon cloth anode filaments. (A) BC_b anode, (B) NN_a
anode
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Table A.1.1. Normalized elemental mass (%) from SEM-EDX analysis of anode samples collected at the end of experiments. Spectrum denotes reactor IDs.

Spectrum C O] Na Mg Al Si P S Cl K Ca Ti Fe Pd

BC-al17 19.31 41.02 0.75 0.84 0.00 0.00 6.47 0.00 0.00 0.00 231 0.00 29.29 0.00
BC-al18 15.08 4369 305 135 0.00 0.00 6.07 0.00 0.00 0.00 342 0.00 27.34 0.00
BC-al1l19 0.00 51.14 0.00 1.01 0.00 0.00 9.39 0.00 0.00 0.92 459 0.00 3295 0.00
BC-a1l16 12.54 3867 135 095 0.00 0.00 7.07 0.00 0.00 0.00 285 0.00 36.57 0.00
BC-al15 67.70 3230 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
BC-a113 67.47 2151 0.00 0.00 0.00 0.00 2.13 0.00 0.00 0.00 0.00 0.00 8.89 0.00
BC-a1l14. 37.16 2897 0.00 0.00 0.82 4.67 5.08 0.00 0.00 0.00 261 0.00 20.68 0.00
BC-a1l12. 16.72 4362 123 0.00 0.00 0.00 6.93 0.00 0.00 051 290 0.00 28.08 0.00
BC-a231 11.01 3166 000 169 0.00 0.00 10.02 0.00 0.00 0.00 1.13 0.00 44.49 0.00
BC-a2 30 19.53 4157 040 047 0.00 0.00 7.17 0.00 0.00 0.83 263 0.00 27.40 0.00
BC-a2 29 21.74 4329 104 086 0.00 0.00 6.55 0.00 0.00 0.00 210 0.00 24.43 0.00
BC-a228 23.70 4134 049 0.00 0.00 0.00 6.94 0.00 0.00 081 258 0.00 24.15 0.00
BC-b122 39.30 39.03 050 0.00 0.00 0.00 3.71 0.00 0.00 0.00 181 0.00 15.66 0.00
BC-b 123 24.50 28.75 085 113 0.00 0.00 8.19 0.00 0.00 0.00 3.60 0.00 3297 0.00
BC-b121 24.40 4350 131 054 0.00 0.00 6.35 0.00 0.00 0.00 280 0.00 21.09 0.00
BC-b120 25.69 3961 118 0.83 053 0.00 6.50 0.00 0.00 0.67 236 0.00 22.62 0.00
BC-b227 3541 3768 0.00 0.00 0.00 0.00 3.77 0.00 0.00 059 134 0.00 2121 0.00
BC-b 2 26 15.76 4525 147 1.02 0.00 0.00 7.36 0.00 0.00 0.00 1.36 0.00 27.77 0.00
BC-b 225 22.54 2692 154 117 0.00 0.00 7.66 0.00 0.00 0.00 311 0.00 37.06 0.00
BC-b 2 24 20.82 40.18 129 0.64 0.00 0.00 5.94 0.00 0.00 0.00 3.10 0.00 28.03 0.00
NN-a1l6 16.32 8.48 0.00 0.00 0.00 0.00 2.00 0.00 0.00 0.00 4372 0.00 2948 0.00
NN-al1l5 90.40 9.60 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NN-a 14 51.72 3280 0.00 0.00 0.00 0.00 2.34 0.00 0.00 0.00 0.82 0.00 1232 0.00
NN-a 13 13.26 4196 121 133 0.00 0.00 8.66 0.00 0.00 093 331 0.00 29.36 0.00
NN-a 12 15.30 3253 112 0.97 0.00 0.00 9.84 0.00 0.00 140 397 0.00 34.86 0.00
NN-al1l 10.87 39.17 144 0.97 0.00 0.00 8.57 0.00 0.00 141 407 0.00 3352 0.00
NN-b19 14.30 4569 167 094 0.00 0.00 7.14 0.00 0.00 1.04 3.68 0.00 2554 0.00
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Spectrum C O] Na Mg Al Si P S Cl K Ca Ti Fe Pd
NN-b 111 100.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
NN-b 110 26.80 4183 089 052 0.00 0.00 491 0.00 0.00 092 352 0.00 20.60 0.00
NN-b 2 34 20.66 4531 105 0.74 0.00 0.00 6.03 0.00 0.00 0.84 246 0.00 2292 0.00
NN-b 2 33 13.77 4770 218 056 0.00 0.00 8.26 0.00 0.00 047 0.73 0.00 26.33 0.00
NN-b 2 32 8.86 4343 247 0.70 0.00 0.00 1061 0.00 0.00 033 131 0.00 3229 0.00
ND-b 1 38.41 3572 000 0.62 0.00 0.00 5.53 0.00 0.00 0.00 0.21 0.00 19,51 0.00
ND-b 2 31.01 4035 0.00 0.78 0.00 0.00 6.73 0.00 0.00 0.00 0.22 0.00 2091 0.00
ND-b 3 26.11 9.15 0.00 1.09 0.00 0.00 1401 0.00 0.00 0.00 0.00 0.00 49.65 0.00
ND-b 4 36.94 4116 0.00 0.57 0.00 0.00 5.18 0.00 0.00 0.00 0.25 0.00 15.89 0.00
ND-b 5 30.16 4450 0.00 0.62 0.00 0.00 6.37 0.00 0.00 0.00 0.25 0.00 18.10 0.00
ND-b 6 39.26 3890 000 052 0.00 0.00 541 0.00 0.00 0.00 0.00 0.00 1591 0.00
ND-b 7 47.78 3266 000 0.62 0.00 0.00 4.37 0.00 0.00 0.00 0.19 0.00 1438 0.00
NF-b 10 54.62 2926 086 068 1.04 2.47 2.72 0.00 0.00 057 197 0.00 581 0.00
NF-b 11 18.11 4458 124 090 4.36 7.26 4.30 0.00 021 288 418 0.00 10.33 1.65
NF-b 12 31.63 3065 0.77 100 3.45 5.86 4.35 0.00 0.00 206 4.75 0.89 1459 0.00
NF-b 13 75.75 5.06 0.00 0.00 0.36 0.59 0.00 1.89 0.00 0.00 0.00 0.00 0.99 0.00
NF-b 14 55.32 2954 098 047 141 2.84 1.86 0.00 0.00 057 179 0.00 521 0.00
NF-b 15 34.84 3763 130 119 239 4.46 2.71 0.00 0.00 116 3.25 0.00 1019 0.88
NF-b 16 17.66 2624 089 125 5.07 1590 6.17 021 0.00 225 5387 0.00 1741 1.07
NF-b 17 34.85 3828 091 054 212 3.10 2.59 0.00 0.00 150 3.99 0.00 9.0 2.02
NF-b 18 30.50 3760 104 1.03 2.28 4.70 3.14 0.00 0.00 150 3.65 0.00 1257 1.09
NF-b 19 31.01 3365 118 080 7.56 3.76 4.29 0.00 0.00 125 384 0.00 1099 044
NF-b 20 0.00 4043 220 1.09 1116 1244 3.97 0.00 0.00 272 522 0.00 1719 242
NF-b 8 51.70 2349 051 072 136 2.62 3.36 0.00 0.00 150 3.28 0.00 1147 O
NF-b 9 52.70 1164 0.00 0.00 0.32 2.17 0.00 352 051 0.00 0.00 0.00 0.00 0
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A2

XRD data - diffractograms
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A3

Polarization tests

Polarization tests were performed on the reactors to determine internal resistance. The test was

performed when current production was highest. External load changes were done in 15-min

steps, the last measurement was considered for calculations. Loads used were: 200 Q, 470 Q, 1
kQ, 2.2 kQ, 4.7 kQ, 10 kQ, 47 kQ, 100 kQ. The open circuit voltage (OCV) was measured after

1 hr of disconnecting the electrodes. The test was done for increasing and decreasing loads.
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A.4  Sorption experiment plots
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Figure A.4.1. Experimental sorption distribution coefficients for reactor materials according to sorption
experiments. (A) Distribution coefficient versus measured naphthalene; error bars for the x-axis correspond to RSD
calculated from triplicate IPC-MS measurements; error bars in the y-axis correspond to the calculated standard
deviation of Kg. (B) Boxplot comparing of the distribution coefficient, Kd, determined for each experiment.
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A5

Microbial data and plots

Table A.5.1. Coverage data for microbiological samples

Reactor_type Reactor_ID Sample _type Sample ID SEQ ID Coverage
inoculum NN_in inoculum NN _in CONI_2 3 0.988257
inoculum BC in inoculum BC in CONI_2 4  0.990891
inoculum ND_NF_in  inoculum ND _NF_in CONI_2 2 0.991369
BC BC b anode BC b a2 CONI_21 0.99406
BC BC b anode BC b a3 CONI_22 0.994317
BC BC b anode BC b al CONI_19 0.994864
BC BC a anode BC a a3 CONI_20 0.995251
BC BC a anode BC a al CONI_17 0.996203
BC BC a anode BC_a_a2 CONI_18 0.996739
BC BC b media BC_ b ml CONIL_13 0.990206
BC BC a media BC_a ml CONI_11 0.991087
BC BC_ a media BC_a m2 CONI_12 0.99125
BC BC_ a media BC_a m3 CONI_14 0.992325
BC BC b media BC_b m3 CONI_15 0.994017
BC BC b media BC_ b m2 CONI_16 0.995871
ND ND_b anode ND_b a2 CONI_3 5 0.99061
ND ND_b anode ND_b a3 CONI_3 6 0.991624
ND ND_b anode ND b al CONI_3 4 0.991633
ND ND_a anode ND_a_a2 CONI_3 2 0.994188
ND ND_a anode ND_a_al CONI_3 1 0.994377
ND ND_a anode ND_a a3 CONI_3 3 0.996252
ND ND_b media ND b m2 CONI_4 0.994885
ND ND_b media ND b m3 CONI_5 0.99536
ND ND_b media ND b ml1 CONIL3 0.995431
ND ND_a media ND_a ml CONI_1 0.996775
ND ND_a media ND_a m2 CONI_2 0.998177
NF NF_b anode NF_b_a2 CONI_3 11 0.993358
NF NF_b anode NF_b_al CONI_3 10 0.994135
NF NF_a anode NF_a a3 CONI_3 9 0.994676
NF NF_b anode NF_b_a3 CONI_3 12 0.995854
NF NF_a anode NF_a al CONI_3 7 0.997022
NF NF_a anode NF_a a2 CONI_3 8 0.997109
NF NF_a media NF_a m2  CONIL_7 0.980734
NF NF_b media NF_ b m2  CONI_10 0.993703
NF NF_b media NF_ b ml CONILY9 0.993989
NF NF_b media NF_b m3 CONI_3 13 0.994488
NF NF_a media NF_aml CONILG6 0.995846
NF NF_a media NF_a m3 CONIL8 0.996564
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Reactor_type Reactor_ID Sample_type Sample_ID SEQ_ID Coverage
NN NN_b anode NN_b a2 CONI_27 0.977319
NN NN_b anode NN_b a3 CONI_28 0.985851
NN NN_b anode NN_b al CONI_26 0.994169
NN NN_a anode NN_a a2 CONI_24 0.994628
NN NN_a anode NN_a al CONI_23 0.995564
NN NN_a anode NN_a a3 CONI_25 0.995602
NN NN_b media NN_b m3 CONI_3 19 0.993041
NN NN_b media NN_b ml CONI_3 17 0.993948
NN NN_a media NN_a m3 CONI_3 16 0.994164
NN NN_b media NN_b m2 CONI_3 18 0.994184
NN NN_a media NN_a m2 CONI_3 15 0.994957
5001
interval
— 003
- hai
400+ .
> === lci
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-Ug) Reactor_ID
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100 NN_
NN_b
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Figure A.5.1. Rarefaction curves rarefied 97%-OTU 16S rRNA gene amplicon data for each sample.
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Table A.5.2. AMOVA results comparing total population (anode and media) between experiments BC-ND, BC-NF and BC-NN.

Comparator groups BC-ND BC-NF BC-NN

Among | Within Total Among | Within Total Among | Within Total
SS 3.52199 | 0.637275 | 4.15927 | 3.70171 | 3.77226 | 7.47396 | 3.05294 | 2.61484 | 5.66779
df 1 21 22 1 22 23 1 21 22
MS 3.52199 | 0.0303464 3.70171 | 0.171466 3.05294 | 0.124516
Fs 116.06 21.59 24.52
p-value <0.001* <0.001* <0.001*

Table A.5.3. AMOVA results comparing total population (anode and media) between experiments ND-NF, ND-NN and NF-NN.

Comparator groups ND-NF ND-NN NF-NN

Among | Within Total Among | Within Total Among | Within Total
SS 3.32179 | 3.43228 | 6.75407 | 0.74142 | 2.27487 | 3.01629 | 2.44967 | 5.40985 | 7.85952
df 1 21 22 1 20 21 1 21 22
MS 3.32179 | 0.163442 0.74142 | 0.113743 2.44967 | 0.257612
Fs 20.32 6.52 9.51
p-value <0.001* <0.001* <0.001*

Table A.5.4. AMOVA results: comparison between anode and media within reactor types. BC and ND reactors.

Comparator groups

SS
df
MS

Fs
p-value

anode BC-media BC anode_ND-media ND

Among | Within Total Among Within Total
0.339549 | 0.149077 | 0.488626 | 0.0268885 | 0.12176 0.148649
1 10 11 1 9 10
0.339549 | 0.0149077 0.0268885 | 0.0135289

22.78 1.99

<0.001* 0.202
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Table A.5.5. AMOVA results: comparison between anode and media within reactor types. NF and NN reactors.

Comparator groups

SS
df
MS

Fs
p-value

Comparator groups

SS
df
MS

Fs
p-value

anode NF-media NF anode NN-media NN

Among | Within Total Among Within Total
0.90515 | 2.37848 3.28363 | 0.606723 | 1.5195 2.12622
1 10 11 1 9 10
0.90515 | 0.237848 0.606723 | 0.168833

3.81 3.59

0.020 0.150

Table A.5.6. AMOVA results: comparison anode to anode between reactor types

anode_BC-anode ND

anode_BC-anode NF

anode_BC-anode NN

Among | Within Total Among | Within Total Among | Within Total
2.34296 | 0.183494 2.52645 | 2.18534 | 1.44402 3.62936 | 1.9233 | 1.5247 3.448
1 10 11 1 10 11 1 10 11
2.34296 | 0.0183494 2.18534 | 0.144402 1.9233 | 0.15247

127.69 15.13 12.61

0.002 <0.001* 0.001

Table A.5.7. AMOVA results: comparison anode to anode between reactor types

Comparator groups

SS
df

media_BC-media_ND

media BC-media_ NF

media_BC-media NN

MS

Fs

p-value

Among | Within Total Among Within Total Among | Within Total
1.33693 | 0.0873435 1.42427 | 2.11086 | 1.08354 3.1944 | 1.41463 | 0.143874 | 1.5585
1 9 10 1 10 11 1 9 10
1.33693 | 0.00970483 2.11086 | 0.108354 1.41463 | 0.015986

137.76 19.48 88.49

0.002 <0.001* 0.002
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Table A.5.8. Putative metabolism and description of taxa that are differentially represented in each reactor type according to LEfSe analysis (LDA > 3.0).

Reactor OTU

Taxa

Description

References

BC

BC

BC
BC

ND

ND

ND

ND

ND

ND

ND

ND

ND

Otu0002

Otu0010

Otu0056
Otu0100

Otu0001

Otu0012

Otu0021

Otu0018

Otu0013

Otu0046

Otu0049

Otu0096

Otu0138

Candidatus Deferrimonas

Desulfuromonadia class
(unclassified order)

Edaphobaculum
Simplicispira

Pseudomonadaceae family
(unclassified genus)

Desulfovibrionaceae family
(unclassified genus)

Rhodocyclaceae family
(uncultured)

Erysipelothrix

Prolixibacteraceae family
(uncultured)

Desulfocapsaceae family
(unclassified genus)

Desulfosporosinus

Desulfatitalea

Paludibacteraceae family
(unclassified)

Iron reducing bacteria. Type species Deferrimonas soudanensis is a metal-
and electrode-respiring bacterium from anoxic deep subsurface brine. Can
form syntrophic associations with other bacteria (such as methanogens;
Rotaru et al., 2015)

Strictly anaerobic; can reduce ferric iron and elemental sulfur to ferrous iron
and sulfide

strictly aerobic bacterium from soil

denitrification; facultative anaerobe

Aerobic chemoorganotroph having respiratory metabolism with oxygen as
terminal electron acceptor, some species fix nitrogen, some degrade
aromatic hydrocarbons

anaerobe; incomplete oxidation of organic susbtrates to acetate; reduces
sulfate to sulfide

includes aromatic compound degraders, sulfur oxidizing chemoauthotrops,
methylotrops, anaerobic fermenters

human pathogen

Genus Prolixibacter bellariivorans is facultative anaerobe, can ferment
sugars, isolated from a fuel cell; genus Prolixibacter denitrificans is iron-
corroding, facultative aerobic, nitrate-reducing isolated from crude oil.

type genus Desulfocapsa are strictly anaerobic, capable of
disproportionation of elemental sulfur to sulfide and sulfate

Genus: Sulfate and thiosulfate are reduced to sulfide in the presence of
lactate, pyruvate and other carbon sources and electron donors. Incomplete
oxidation of organic compounds to acetate occurs. Fumarate is sometimes
used as a carbon and energy source for sulfate reduction. Nitrate is
sometimes reduced to nitrite; Desulfosporosinus meridiei sp. nov., a sulfate-
reducing bacterium isolated from BTEX-contaminated groundwater.
Mesophilic, sulfate-reducing bacteria; can use sulfate and thiosulfate as
electron acceptors.

Paludibacter genus: Strictly anaerobic. Fermentation of sugars to produce
acetate, propionate and succinate

(Badalamenti et al.,
2016; Waite et al.,
2020)

(Garrity, Schleifer, et
al., 2005; Waite et al.,
2020)

(M. Caoetal., 2017)
(Siddiqi et al., 2020)

(Garrity, Brenner, et
al., 2005)

(Garrity, Schleifer, et
al., 2005; Kuever,
2014)

(Oren, 2014)

(Q. Wang & Riley,
2015)

(Huang et al., 2014;
lino et al., 2015)

(Janssen et al., 1996)

(Robertson et al.,
2001; Stackebrandt et
al., 2003)

(Higashioka et al.,
2013)

(Ormerod et al., 2016;
Ueki et al., 2006)
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Reactor OTU

Taxa

Description

References

Aerobic bacteria; can grow on limited number of organic acids.

(Corteselli et al.,

NF Otu0006 Immundisolibacter Immundisolibacter cernigliae gen. nov., sp. nov., can grow on high- 2017)
molecular-weight polycyclic aromatic hydrocarbon
NF Otu0008 Hydrogenophaga Aerobic; oxidize H, and use CO; as carbon source g(IBagr(;gg)Schlelfer, et
. . . - (Nicholson et al.,
NE Otu0017 Chryseobacterium Aerobic chemoorganotroph. Most species do not reduce nitrate or nitrite, 2020: Vandamme et
and most do not produce H,S al., 1994)
Type species Parvibaculum lavamentivorans gen. nov., sp. hov. is an aerobic
heterotrophic bacterium that can degrade the commercial surfactant linear (Rosario-Passapera et
NF Otu0014 Parvibaculum alkylbenzenesulfonate, can also grow with acetate and octane; Parvibaculum al., 2012; Schleheck et
hydrocarboniclasticum grows aerobically in artificial seawater with n- al., 2004)
alkanes as sole carbon and energy sources
NE OtL0035 Physicphaeraceae family Facultatively anaerobic bacteria; Physicphaera mikurensis sp. can reduce (Fukunaga et al.,
(genus SM1A02) nitrate to nitrite 2009)
Family is metabolically and ecologically diverse, it includes aerobes,
NE OtL0039 Rhodocyclaceae family anaerobes and facultative anaerobes utilizing a number of electron acceptors  (Garrity, Schleifer, et
(unclassified) (chlorate, perchlorate, Fe(lll), nitrate, nitrite), fermentative bacteria, and al., 2005)
nitrogen-fixing bacteria.
NE Otu0051  Planctopirus 'I_'ype species P_Ianctomyce_s limnophilus is aerobic, reported to perform (Hirsch & Muller,
dissimilatory nitrate reduction. 1985)
Flavobacteriaceae family The family includes aerobic, and microaerobic to anaerobic bacteria, (Bernardet et al.,
NF Otu0084 s
(unclassified) chemoorganotrophs, some degrade cellullose, some are pathogens 2002)
. . L . . (Chinetal., 2001;
NE Ot0086  Opitutus Fa_lcultatlvely anaerobic. Mt_ata}bollsm is both fermentative and respiratory. Tegtmeier et al.,
Nitrate can be reduced to nitrite 2018)
Desulfuromonadia class are strictly anaerobic, play important roles in (Garrity, Brenner, et
NE Otu0108 Desulfuromonadaceae family organic matter degradation and are involved in syntrophic associations with  al., 2005; Greene,
(unclassified) methanogens and phototrophic green sulfur bacteria; some can reduce ferric ~ 2014; Waite et al.,
iron and elemental sulfur to ferrous iron and sulfide 2020)
Eerrovibrionales order Ferrovibrio genus are facultative anaerobes, can grow coupling oxidation of
NF Otu0068 Fe(I) with reduction of nitrate, with accumulation of Fe(l11) oxides on the (Sorokina et al., 2012)

(unclassified family)

cell surface
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Reactor OTU

Taxa

Description

References

NF

NF

NF

NF

NF

NF

NN

NN

NN

NN

NN

Otu0085

Otu0097

Otu0082

Otu0121

Otu0112

Otu0144

Otu0003

Otu0020

Otu0026

Otu0015

Otu0024

Pseudorhodoplanes

Acetobacteraceae family
(uncultured)

Sphingomonadaceae family
(unclassified genus)

Paracaedibacteraceae family
(uncultured)

Reyranellaceae family
(uncultured)

Pedosphaeraceae family
(unclassified genus)

Geothermobacter

Desulfosporosinus

Thiobacillus

Desulfurivibrio

Thiobacillus

Facultatively anaerobic, the type species Pseudorhodoplanes sinuspersici
was isolated from an oil-contaminated site and can use pyruvate, yeast
extract and tryptone as carbon sources

aerobic, acetic acid bacteria (can oxidize ethanol to acetic acid aerobically),
some can further oxidize the produced acetic acid to CO..

Genus Sphingomonas is strict aerobe, some species can degrade dibenzo-p-
dioxin (DD), dibenzofuran (DF), buphenyl, or aromatic hydrocarbons
(including naphthalene sulfonic acids)

Obligate intracellular bacteria that colonize a wide range of eukaryotic hosts

Reyranellaceae family, the type genus Reyranella massiliensis gen. nov., sp.
nov. is a microaerophillic bacteria capable of nitrate reduction

Metane oxidizing microorganism potentially coupled to oxygen reduction,
found in bioreactors under microaerophilic conditions. Methane oxidation
coupled to iron reduction has also been proposed

Mesophilic and thermophilic, strictly anaerobic bacteria growth by coupling
the oxidation of acetate, pyruvate, dl-malate, glutamate, propionate,
butyrate, ethanol, and methanol to the reduction of Fe(lll) and nitrate.
Geothermobacter hydrogeniphilus sp. can grow with H; as primary electron
donor, CO- as carbon source and Fe(l1l) as terminal electron acceptor, and
can also use S° and sulfate as electron acceptors (among other compounds).
Genus: Sulfate and thiosulfate are reduced to sulfide in the presence of
lactate, pyruvate and other carbon sources and electron donors. Incomplete
oxidation of organic compounds to acetate occurs. Fumarate is sometimes
used as a carbon and energy source for sulfate reduction. Nitrate is
sometimes reduced to nitrite; Desulfosporosinus meridiei sp. nov., a sulfate-
reducing bacterium isolated from BTEX-contaminated groundwater.
Sulfide oxidizer; one Fe(Il) oxidizer,deposit S° all species grow aerobically,
some species also grow anaerobically

Obligately anaerobic with respiratory metabolism. Utilizes sulfur
compounds, but not sulfate, as electron acceptor, and short-chain fatty acids
and hydrogen as electron donors

Sulfide oxidizer; one Fe(ll) oxidizer,deposit S° All species grow
aerobically, some species also grow anaerobically

(Tirandaz et al., 2015)

(Garrity, Schleifer, et
al., 2005)

(Garrity, Schleifer, et
al., 2005)

(Hess et al., 2016)

(Hordt et al., 2020;
Pagnier et al., 2011)

(Martins et al., 2010)

(Kashefi et al., 2003;
Pérez-Rodriguez et
al., 2021)

(Robertson et al.,
2001; Stackebrandt et
al., 2003)

(Lens, 2009)

(Sorokin et al., 2008)

(Lens, 2009)
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Reactor OTU Taxa Description References
Microaerophillic, and facultatively anaerobic, Fe(l11) oxidizing bacteria, (L. Hallbeck et al
NN Otu0025 Gallionella capable of chemolototrophic growth with CO; as sole carbon source and 19'93) B
mixotrophic metabolism
Prolixibacteraceae famil Genus Prolixibacter bellariivorans is facultative anaerobe, can ferment (Huang et al., 2014;
NN Otu0044 y sugars, isolated from a fuel cell; genus Prolixibacter denitrificans is iron- : g . ’
(uncultured) . . S S . lino et al., 2015)
corroding, facultative aerobic, nitrate-reducing isolated from crude oil.
. . Type genus is Ignavibacterium, a strictly anaerobic, moderately (lino et al., 2010;
Ignavibacteriales order o o . . .
NN Otu0042 i thermophilic, neutrophilic and obligately heterotrophic bacteria. Can grow Podosokorskaya et al.,
(unclassified) . ’
fermentatively, cannot grow phototrophically 2013)
Comamonadaceae family includes common soil and water microorganisms.
Some genera in this family: Comamonas, Rhodoferax, Acidovorax and
Comamonadaceae famil Hydrogenophaga. Chemoorganotrophic or chemolithotrophic with Hy, or
NN Otu0043 - y CO;, oxidation. Oxidative metabolism, using O as a terminal electron (Willems et al., 1991)
(unclassified) i . ;
acceptor; some species can also use nitrates. They use few carbohydrates,
but can use a wide variety of organic acids, including amino acids as carbon
source.
NN Otu0023 Candidatus Paracaedibacter Obligate intracellular bacteria that colonize a wide range of eukaryotic hosts  (Hess et al., 2016)
. L . . . (Abraham et al., 1999;
NN Otu0036 Brevundimonas Aerobic with a respiratory type of metabolism; never fermentative Segers et al., 1994)
Gammaproteobacteria (genus i
NN Otu0066 Ga0077536) unclassified genus
Methylopila genus is an aerobic chemoorganotrophic and facultatively
methylotrophicc bacteria. Methylopila capsulata type genus uses methanol, (Doronina et al
NN Otu0063 Methylopilaceae MM2 me th ylated amines, but anol, ethanol, glycerol, maltose, sucrose, L- 1998) B
arabinose, D-fructose, D-glucose, succinate, fumarate, pyruvate as carbon
sources
Facultatively anaerobic, neutrophilic Fe(Il)-oxidizing bacterium, capable of
organotrophic, lithoheterotrophic and mixotrophic growth with Fe(ll) as (Dahal & Kim, 2018:
NN Otu0038 Ferrovibrio electron donor. Can couple oxidation of Fe(ll) to reduction of nitrate, or of Sorokina et al ’ 2012’)
N20 to N2, as well as with O2 as an electron acceptor under microaerobic B
conditions.
NN Otu0088 Bacteroidota phylum Unclassified genus within Bacteroidota phylum

(unclassified)
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Otu0003_Geothermobacter 1
Otu0020_Desulfosporosinus
Otu0026_Thiobacillus 1
Otu0015_Desulfurivibrio 1
Otu0024_Thiobacillus 1

Otu0025_Gallionella 1

Otu0044_uncultured 1
Otu0030_PHOS-HE36_ge 1
Otu0042_Ignavibacteriales_unclassified 1
0Otu0043_Comamonadaceae_unclassified 1
Otu0023_Candidatus_Paracaedibacter
Otu0036_Brevundimonas 1
Otu0066_Ga0077536_ge 1

Otu0063_MM2 1

Otu0038_Ferrovibrio
Otu0088_Bacteroidota_unclassified 1
Otu0006_Immundisolibacter 1
Otu0008_Hydrogenophaga 1
Otu0017_Chryseobacterium 1
Otu0014_Parvibaculum 1

Otu0035_SM1A02 1
Otu0039_Rhodocyclaceae_unclassified 1
Otu0051_Planctopirus
Otu0084_Flavobacteriaceae_unclassified
Otu0086_Opitutus 1
Otu0108_Desulfuromonadaceae_unclassified
Otu0068_Ferrovibrionales_fa_unclassified 1
Otu0085_Pseudorhodoplanes 1
Otu0097_uncultured 1
Otu0082_Sphingomonadaceae_unclassified
Otu0121_uncultured 1

Otu0112_uncultured 1
Otu0144_Pedosphaeraceae_ge 1
Otu0001_Pseudomonadaceae_unclassified
Otu0012_Desulfovibrionaceae_unclassified
Otu0021_uncultured 1
Otu0018_Erysipelothrix 1
Otu0013_uncultured 1
Otu0046_Desulfocapsaceae_ge 1
Otu0049_Desulfosporosinus
Otu0096_Desulfatitalea 1
Otu0138_Paludibacteraceae_unclassified 1
Otu0002_Candidatus_Deferrimonas
Otu0010_Desulfuromonadia_or_unclassified 1
Otu0056_Edaphobaculum 1
Otu0100_Simplicispira

OTU_genus

Figure A.5.2. Effect size (LDA) for the significant taxa per group (reactor type) from LEfSe analysis.
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Figure A.5.3. Relative abundance of OTUs differentially represented in NF reactors according to LEfSe analysis.
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Figure A.5.4. Relative abundance of OTUs differentially represented in ND reactors according to LEfSe analysis.
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Figure A.5.5. Relative abundance of OTUs differentially represented in NN reactors according to LEfSe analysis.
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Figure A.5.6. Relative abundance of OTUs differentially represented in BC reactors according to LEfSe analysis.
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Figure A.5.7. Relative abundance of OTUs differentially represented in the inoculum according to LEfSe analysis.
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Appendix B — Sorption Experiment Supplementary Information

Appendix B includes additional experimental data and analysis from the naphthalene sorption

experiment presented in Chapter2.

B.1  Sorption experiment protocol
Prepare materials for sorption tests
— OQutside the anaerobic chamber, add 3x 21 mg of dry quartz sand to 3x glass serum vials.
Record sand weight and label them “S S1-3”.
— Outside the anaerobic chamber, add a 1x1 cm? pieces of carbon cloth to each one of (3)
60 mL glass serum vials. Record cloth weight and label them “S_C1-3”.
— Label vials “S_Fel-3” and measure tare weight
— Prepare 3x empty glass serum vials for blanks. Label “S B1-3”. Measure tare weight.
2. Prepare basal media (as in MFC experiments)
— Dissolve salts one by one in 970 mL of MQ.
— Prepare 100 mL of sodium bicarbonate solution 1 mM.
— Autoclave bicarbonate buffer and media and replace headspace in bottles with N2 and
N2/CO- respectively.
3. Bring media to anaerobic chamber and dissolve naphthalene.
— Add 15 mg of naphthalene to media and leave stirring for 2-3 days on a hot plate set to
warm.
— Leave stirring for 2-3 days until crystals are no longer visible
4. Prepare FeCl; solution
— Bring 50 mL DI to de-air inside the anaerobic chamber. Leave the bottle in for 2-3 days.
— Add 2.2815 g of dry FeCl> to the 50 ml de aired water, crimp seal.
5. Finalize preparing the media
— Add 30 mL of sodium bicarbonate buffer 1 mM to the naphthalene-spiked media inside
the anaerobic chamber

— Take a sample for pH, close sample with parafilm
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Before starting the experiments

— Take a first set of samples from the media for naphthalene analysis (initial naphthalene)

— Using a 1000 uL pipette with a glass tip, sample 2 mL into an Agilent amber glass vial.
Take duplicate samples and fill with no headspace.

. Add naphthalene-spiked media to sorption test vials.

— Add 55 mL of naphthalene-spiked media to blank vials. Crimp seal with Teflon septa.

— Add 45 mL of naphthalene-spiked media to vials with sand. Crimp seal with Teflon
septa.

— Add 55 mL of naphthalene-spiked media to vials with cloth. Crimp seal with Teflon
septa.

— Add 55 mL of naphthalene-spiked media to FeCl. vials, add 280 ul of 360 mM FeCl>
solution using a 1 mL syringe. Crimp seal with Teflon septa.

— Leave all experiments for 3 hrs, shake every 15 min.

. Take a set of samples for naphthalene analysis after 3 hrs (average time from set up to

sampling in the MFC experiments)

— Bring out experiments 1 and 2

— Weight experiments and record weights

— Sample experiments: using a de-crimper, open the experiment vials, sample 500 uL from
the experiment vial using a glass pipette tip. When sampling Fe experiment sample
supernatant avoiding the decanted precipitate.

— Pour sample into amber glass vial (pre-filled with 500 uL of hexane). Vortex sample vials
and store in freezer.

. Take a sample from the third experiment after 7 days

— Bring experiments out of the anaerobic chamber

— Weight experiments and record weight.

— Using a 1000 pL pipette with a glass tip, sample 500 pL from the remaining experiment
vials for into an Agilent amber glass vial.

— Add 500 pL of hexane, vortex and store in the freezer.
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B.2  Naphthalene sorption for individual MFC reactors — calculations

Because the actual initial naphthalene concentration and quartz sand height was slightly different
for each reactor, the determination of the amount of naphthalene adsorbed into reactor materials

involved individual measurements.

The amount of naphthalene adsorbed to each material Q, (mg/g) depends on: C; the initial
naphthalene concentration (mg/L) in the media (variable between reactors), m the mass of
sorbent (g, with variable values for each material), V the volume of media (L, constant), and K,
the distribution coefficient obtained from the sorption experiment (L/g; a different value for each

material).

First, the mass of sorbent was calculated for each material in the reactor, and because the mass is
different in the anode chamber and cathode chamber, different values for the mass was

considered in each case.

The mass of glass in both the anode and the cathode chamber were:
Mgyiass anode [g] =362g

Mgyiass cathode [g] =272g

The mass of the carbon cloth of both anode and cathode was the same and was calculated based
on the average mass, m,,., measured for the 1 cm? pieces tested in the sorption experiment and

considering the area of the electrodes used in the MFC reactors, a.
g
Mype = 0.034 [W]
a=>5Xx5[cm?].

g

Mejlectrodes [g] =a [sz] X Maye [W
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The mass of iron precipitate was estimated assuming all the iron present in the media

precipitated. The iron concentration in the MFC reactors was [Fe] = 1.8 mM, the molecular

weight of iron is MW, = 55.85 g/mol, and the volume of media corresponds to V,.,gmper - The

volume of media is V.4 = 1 L for the anode chamber, and V,4:n04e = 0.45 L for the cathode

chamber. The mass of iron precipitate was calculated using:

mmol ( 1 mol

Mpe pp. [g] = [Fe] L 1000 mmol

g
) Vchamber(l’) X MWFe [ﬁ]

Sand was only present in the cathode chamber, but it varied slightly between reactors. First, the

volume occupied by quartz sand was calculated based on the height of the sand column, H, and

the vessel radius, r:

Veanalcm®] = H[cm] x mr? [cm?]

Then, the volume of solids was calculated using a measured porosity of 6 = 0.22.

Vsolids[cm3] = (1-6) Vsana [Cm3]

The mass of sand was calculated using this volume of solids and the density of quartz p = 2.65

[g/cm®].

Table B.2.1 specifies the individual parameter values used for each MFC reactor, and Table

B.2.2 shows the calculated naphthalene sorbed to MFC reactor materials per unit gram.

Table B.2.1. Mass of sand calculated for each reactor based on its individual measurements

Reactor ID  Sand height ~ Volume filled ~ Sand mass Initial naph.
(cm) with sand (cm?®) ) (mg/L)

ND_a 11.0 744 1538 15.2
ND_b 11.8 801 1656 15.1
NF_a 12.0 815 1685 14.8
NF_b 11.4 772 1595 14.9
NN_a 11.4 774 1599 0.0
NN_b 11.2 760 1571 0.0
BC a 11.2 760 1571 15.0
BC b 11.1 753 1557 14.9
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Table B.2.2. Amount of naphthalene sorbed to each material per unit gram*.

Anode chamber Cathode chamber

Kaglass Kgsand Kqiron Kac.cloth | Kgglass Kgsand Kgironpp Kqc. cloth

Reactor  (L/9) (L/9) pp (L/g) (L/g) (L/g) (L/g) (L/9) (L/9)
ID 0.00011  0.00039 0.00253 0.259 | 0.00011  0.00039 0.00253 0.259
Qcglass  Qesand Qeiron Qec.cloth | Qeglass Qesand Qcironpp Qc.cloth

(mglg)  (mg/g) pp(mglg)  (mg/g) (mglg)  (mg/g) (mg/g) (mg/g)
ND_a 0.0016 0 0.038 3.22 0.0016 0.0025 0.038 2.63
ND_b 0.0016 0 0.038 3.21 0.0016 0.0024 0.038 2.63
NF_a 0.0016 0 0.037 3.14 0.0015 0.0023 0.037 257
NF_b 0.0016 0 0.038 3.16 0.0015 0.0024 0.038 2.59
BC a 0.0016 0 0.038 3.18 0.0015 0.0025 0.038 2.60
BC b 0.0016 0 0.038 3.17 0.0015 0.0025 0.038 2.60

*Top row shows the distribution coefficient for each material (average from sorption experiments).

The amount of naphthalene adsorbed by each material in anode and cathode chamber was

determined using:

myg
Myaph sorbed [mg] = Mypaterial [g] X Qe material [?]

To estimate the variability of the naphthalene sorbed to different materials due to errors in the K
determination, three values were used: the average experimental K, an upper bound of K; =
K4 ave + SD, and a lower bound of K; = K qve — SD, with SD the standard deviation. Table

B.2.3 and Table B.2.4 present the naphthalene mass sorbed to each material between all MFCs.

Table B.2.3. Sensitivity analysis of the sorbed naphthalene estimate to Kg variability. Anode chamber.
Average naphthalene (mg) sorbed by material (ave Kq)
Byglass Bysand Byironpp By c.cloth
Average 0.57338 0 0.00381 2.70
SD 4.72E-03 0 3.13E-05 2.22E-02
Lower bound for naphthalene (mg) sorbed by material (Kq - SD)
Byglass Bysand Byironpp Byc.cloth

Average 1.01544 0 0.00617 3.48
SD 8.36E-03 0 507E-05  2.86E-02
Upper bound naphthalene (mg) sorbed by material (Kq + SD)

Byglass Bysand Byironpp Byc.cloth
Average 0.10241 0 0.00145 1.81
SD 8.43E-04 0 119E-05  1.49E-02
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Table B.2.4. Sensitivity analysis of the sorbed naphthalene estimate to Kq variability. Cathode chamber.
Average naphthalene (mg) sorbed by material (ave Kq)

By glass By sand By ironpp Byc.cloth

Average 0.420 3.91 0.001713 2.21
SD 3.46E-03 4.82E-02 1.41E-05 1.82E-02
Lower bound for naphthalene (mg) sorbed by material (Kq - SD)
By glass By sand By ironpp Byc.cloth

Average 0.730 4.58 0.002775 2.71
SD 6.01E-03 4.52E-02 2.28E-05 2.23E-02

Upper bound naphthalene (mg) sorbed by material (Kq + SD)

By glass By sand By ironpp Byc.cloth

Average 0.077 2.65 0.000652 1.58
SD 6.30E-04 4.70E-02 5.36E-06 1.30E-02
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Appendix C — Details on Analytical Chemistry Methods
Appendix C includes analytical chemistry method details and data from the MFC experiments.
C.1  Naphthalene measurements from MFC experiments

Naphthalene measurement in MFC samples was performed in the same way as in the sorption
experiment. Calibration curves with five points were typically used. Duplicate samples were
analyzed to provide an estimate of errors. The average from duplicate samples is reported as the

final concentration. See Chapter 2 for an example of calibration curve.

Table C.1.1. Naphthalene data from MFC experiments.
Sample ID Reactor ID Day Naph (ppm) Naph error (ppm)

ND_a 190711 ND_a 0 13.19 NA
ND_b 190711 ND_b 0 10.78 NA
NF_a190711 NF_a 0 12.51 NA
NF_b 190711 NF_b 0 13.91 NA
ND_a 190718 ND_a 7 4.01 NA
ND_b 190718 ND_b 7 4.66 NA
NF_a190718 NF_a 7 3.55 NA
NF_b 190718 NF_b 7 3.80 NA
ND_a 190725 ND_a 14 3.52 NA
ND_b 190725 ND_b 14 3.27 NA
NF_a190725 NF_a 14 2.51 NA
NF_b 190725 NF_b 14 2.99 NA
ND_a 190801 ND_a 21 3.22 NA
ND_b 190801 ND_b 21 2.63 NA
NF_a190801 NF_a 21 1.52 NA
NF_b 190801 NF_b 21 2.61 NA
ND_a 190808 ND_a 28 3.01 NA
ND_b 190808 ND_b 28 2.20 NA
NF_a 190808 NF_a 28 0.73 NA
NF_b 190808 NF_b 28 2.10 NA
ND_a 190815 ND_a 35 2.90 NA
ND_b 190815 ND_b 35 1.94 NA
NF_a190815 NF_a 35 0.02 NA
NF_b 190815 NF_b 35 1.64 NA
ND_a 190828 ND_a 48 2.38 0.18
ND_b 190828 ND_b 48 1.02 0.07
NF_a190828 NF_a 48 0.00 0.0008
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Sample ID Reactor ID Day Naph (ppm) Naph error (ppm)
NF_b 190828 NF_b 48 0.45 0.003
NN_a 191119 NN_a 0 NA NA
NN_b 191119 NN_b 0 NA NA
NN_a 191126 NN_a 7 NA NA
NN_b 191126 NN_b 7 NA NA
NN_a 191203 NN_a 14 NA NA
NN_b 191203 NN_b 14 NA NA
BC_a 191203 BC_a 0 14.42 NA
BC_b 191203 BC_b 0 5.50 NA
NN_a 191210 NN_a 21 NA NA
NN_b 191210 NN_b 21 NA NA
BC_a191210 BC_a 7 7.19 NA
BC_b 191210 BC_b 7 3.65 NA
BC_a191217 BC_a 14 5.13 0.18
BC_b 191217 BC_b 14 2.93 0.10
NN_a 191217 NN_a 28 NA NA
NN_b 191217 NN_b 28 NA NA
NN_a 191224 NN_a 35 NA NA
NN_b 191224 NN_b 35 NA NA
BC_a191224 BC_a 21 3.94 NA
BC_b 191224 BC_b 21 2.15 NA
BC_a191231 BC_a 28 3.50 NA
BC_b 191231 BC_b 28 1.78 NA
NN_a 200107 NN_a 49 NA NA
NN_b 200107 NN_b 49 NA NA
BC_a 200107 BC_a 35 3.48 NA
BC_b 200107 BC_b 35 1.79 NA
BC_a200121 BC_a 49 291 NA
BC b 200121 BC_ b 49 1.09 NA
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C.2  Alkalinity measurement

Alkalinity measurements were done according to the protocols in (Rounds, 2012). Alkalinity was
determined by analyzing acidimetric-titration data with the Gran function plot method.
Subsamples were filtered and poured into a glass graduated cylinder immediately after
collection. Time, initial pH, sample volume and temperature were recorded. Sulfuric acid was
added in small increments to the sample, and the pH was measured. Gran function F1 was
calculated using F1 = (V, + V) (107PH), where Vj, is the initial sample volume and V; the total
volume of acid titrant added. Then the bicarbonate equivalence point was determined by

extrapolating a straight line through the data in the region beyond the equivalence point.

B(mL)xCq(™2 . .
me") =" ( ),Where B is the volume of titrant

L
L vsmbX ()

Alkalinity was calculated using Alk (

added from the initial pH to the bicarbonate equivalence point, C, is the acid normality, and V; is

the volume of the sample.

Titrant used was sulfuric acid approximately 0.18N. The solution was prepared by adding 0.5
mL concentrated HSO4 to approximately 95 mL of fresh distilled deionized water. After mixing
thoroughly, the solution was topped up with deionized water to the 100 mL mark. The normality
of the titrant was checked before titrating samples, and re-standardized values were used for the
alkalinity calculations.

Standardization of sulfuric acid was done by titrating the acid with fresh 0.01639N sodium
carbonate solution and determining the equivalence point of the titration using the inflection
point method. Standard solution of 0.01639N sodium carbonate (Na.CO3) was prepared by
drying 1.0 gram (g) of Na.COs at 150°C for 2 hours, cooling in a desiccator; adding 0.8686 g of
dried and cooled Na2COsto a 1 L volumetric flask and diluting to the 1 L mark with distilled de-

ionized water.

0.01639%2

Acid normality was calculated using C, (%) = (25mlL) ( Va(mL)L ) where 25 mL is the volume

of sodium bicarbonate standard solution, and 1, is the volume of sulfuric acid added to reach the
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equivalence point. As a check, acid normality was also calculated using the Gran function

method.

Sulfuric acid standardization example

Table C.2.1. Sulfuric acid standardization data record sheet example.

Date
Sample vol

Ca=
Ve=

Na,CO3 N =

19-Dec-19
5.0698

0.1490

0.5575

Na.CO; weight =

Na,COz; MW =

mL

ml

0.01639

0.8689 ¢
105.989 g/mol

Table C.2.2. Sulfuric acid standardization data, pH, acid added, Gran function F1 and slope values for example.

acid added

acid added

acid added

Gran fn.

delta

delta

(uL) total (uL)  total (mL) F1 pH mL ApH/AmL

11.04 0 0 0 0
9.74 200 200 0.2 3.64E-11 1.3 0.2 6.5
7.31 100 300 0.3 1.47E-08 2.43 0.1 24.3
6.46 100 400 0.4 1.39E-07 0.85 0.1 8.5
6.05 68 468 0.468 4.17E-07 0.41 0.068 6.0
5.77 32 500 0.5 8.49E-07 0.28 0.032 8.8
3.84 50 550 0.55 7.95E-05 1.93 0.05 38.6
3.36 20 570 0.57 0.000249 0.48 0.02 24.0
3.16 20 590 0.59 0.000408 0.2 0.02 10.0
2.95 30 620 0.62 0.000696 0.21 0.03 7.0
2.81 30 650 0.65 0.001007 0.14 0.03 4.7
2.68 30 680 0.68 0.001421 0.13 0.03 4.3
2.57 40 720 0.72 0.001938 0.11 0.04 2.8
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Figure C.2.1. Alkalinity titration plot for sulfuric acid solution standardization example. pH and slope of the pH
curve vs total acid added.
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Figure C.2.2. Alkalinity titration Gran function F1 vs total acid added, for sulfuric acid standardization example.
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Alkalinity titration example

Table C.2.3. Alkalinity titration data record sheet example.

Sample ID NN_b 191224
Date 24-Dec-19
Start time 9:45
pH; 7.46
Sample vol. 3.2424
Titrant N 0.1490
T 22
Alkalinity= 235
B= 0.512
Trend line parameters (y=mx+b)
m= 0.0973
b= -0.0499

mL

°C
meq/L

Table C.2.4. Alkalinity titration data record, pH, acid added and Gran function F1 values, for sample NN_b 191224

oH acid added acidadded acid added Gran fn
(uL) total (nL) total (mL) F1

7.46 0 0 0 1.12E-07
6.42 200 200 0.2 1.31E-06
6.07 100 300 0.3 3.02E-06
5.92 50 350 0.35 4.32E-06

57 50 400 0.4 7.27E-06
5.39 50 450 0.45 1.5E-05
4.69 50 500 0.5 7.64E-05
3.64 20 520 0.52 0.000862
3.18 20 540 0.54 0.002499
291 20 560 0.56 0.004678

2.7 30 590 0.59 0.007647
2.53 40 630 0.63 0.011428
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Figure C.2.3. Alkalinity titration Gran function F1 vs total acid added, for sample NN_b 191224,

Alkalinity data for MFC experiments

Table C.2.5. Alkalinity and pH data for all MFC experiment samples.

Sample ID Reactor ID pH Alk (meqg/L)

B3 ND_a 190711 ND_a 7.41 25.10
B3 ND_a 190718 ND_a 7.44 25.23
B3 ND_a 190725 ND_a 7.49 24.93
B3 ND_a 190801 ND_a 7.54 25.89
B3 ND_a 190808 ND_a 7.6 25.71
B3 ND_a 190815 ND_a 7.58 25.19
B3 ND_a 190828 ND_a 7.67 25.88
B3ND_a190828 d ND_a 7.65 25.63
B3 ND_a 190828 ND_a 7.66 25.75
B3 ND_b 190711 ND_b 7.48 25.26
B3 ND_b 190718 ND_b 7.48 24.91
B3 ND_b 190725 ND_b 7.53 24.97
B3 ND_b 190801 ND_b 7.59 25.10
B3 ND_b 190808 ND_b 7.62 24.93
B3 ND_b 190815 ND_b 7.66 26.94
B3 ND_b 190828 ND_b 7.65 24.42
B3ND_b 190828 d ND_b 7.67 24.47
B3 ND_b 190828 ND_b 7.66 24.45
B3 NF_a 190711 NF_a 7.57 27.61
B3 NF_a 190718 NF a 7.65 27.83
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Sample ID Reactor ID pH  Alk (meg/L)
B3 NF_a 190725 NF_a 7.71 28.07
B3 NF_a 190801 NF_a 7.67 27.97
B3 NF_a 190808 NF_a 7.68 27.56
B3 NF_a 190815 NF_a 7.63 28.54
B3 NF_a 190828 NF_a 7.71 27.06
B3 NF_a 190828 d NF_a 7.69 27.73
B3 NF_a 190828 NF_a 7.7 27.39
B3 NF_b 190711 NF_b 7.64 27.74
B3 NF_b 190718 NF_b 7.65 28.34
B3 NF_b 190725 NF_b 7.66 28.61
B3 NF_b 190801 NF_b 7.6 27.81
B3 NF_b 190808 NF_b 7.69 27.12
B3 NF_b 190815 NF_b 7.68 29.12
B3 NF_b 190828 NF_b 7.72 26.83
B3 NF_b 190828 d NF_b 7.72 27.80
B3 NF_b 190828 NF_b 7.72 27.31
B3 NN_a 191119 NN_a 7.32 23.58
B3 NN_a 191126 NN_a 7.34 23.34
B3 NN_a 191203 NN_a 7.35 23.99
B3 NN_a 191210 NN_a 7.32 23.84
B3 NN_a 191217 NN_a 7.24 22.98
B3 NN_a 191224 NN_a 7.2 22.31
B3 NN_a 200107 NN_a 7.3 22.40
B3 NN_b 191119 NN_b 7.4 22.36
B3 NN_b 191126 NN_b 7.37 23.28
B3 NN_b 191203 NN_b 7.39 23.94
B3 NN_b 191210 NN_b 7.35 23.50
B3 NN_b 191217 NN_b 7.4 23.48
B3 NN_b 191224 NN_b 7.46 23.55
B3 NN_b 200107 NN_b 7.62 23.31
B3 BC_a 191203 BC_a 7.35 24.02
B3 BC_a 191210 BC_a 7.31 25.50
B3 BC_a 191217 BC_a 7.46 24.60
B3 BC_a 191224 BC_a 7.26 23.73
B3 BC_a 191231 BC_a 7.26 23.77
B3 BC_a 200107 BC_a 7.32 23.52
B3 BC_a 200121 BC_a 7.38 24.86
B3 BC_b 191203 BC b 7.35 24.02
B3 BC_b 191210 BC b 7.33 25.15
B3 BC_b 191217 BC b 7.42 25.25
B3 BC b 191224 BC b 7.35 25.95
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C.3

Sample ID Reactor ID pH  Alk (meg/L)

B3 BC_b 191231 BC_b 7.31 24.71
B3 BC_b 200107 BC_ b 7.38 24.38
B3 BC_b 200121 BC b 7.45 27.66

Cation measurements

Cation data processing method

To determine the Limit of Detection and Limit of Quantitation (LOD and LOQ):

Calculate the internal standard recovery factor.
ISTD recovery = ISTD counts in sample/ ISTD counts in blank (internal standard was Sc).

This is done for the 3 standards of lowest concentration. Sc 335 (nm) was the wavelength
used.
Correct the 3 lower standards intensities by the ISTD recovery factor (recalculate intensities).

Calculate the sensitivity factor (counts/ppm) using the low concentration standards
Sensitivity (counts/ppm) = slope(corrected std. intensities, std. known concentrations)
** For K, in some analysis rounds, the intensity of the 2 lowest standards was not linear, so

standards 3-5 were used to determine the sensitivity.

Calculate LOD and LOQ for each element and each wavelength
LOD[counts] = Blank intensity + 3*SD(Blank intensity)

LOQ[counts] = Blank intensity + 10*SD(Blank intensity)
Convert the LOD and LOQ from counts to ppm by dividing by the sensitivity

Table C.3.1. Internal standard (ISTD) recovery factor for the three lowest standards. Example from one
cation analysis round. Different standards were used for sulfur (S) and all the other elements analyzed (ME,
multi element standard)

Standard 1 Standard 2  Standard 3

ISTD recovery = 0.999430 1.008921 1.021301
Standard 1  Standard 2  Standard 3

Conc. ME (ppm) 0.099 0.502 1.01

Conc. S (ppm) 0.095 0.485 0.96
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Table C.3.2. Raw and corrected intensity data for cation analysis. Example from one analysis round.

Element

Raw data (intensities)

Intensities corrected by ISTD recovery

Blank Blank (SD) Standard 1  Standard 2 Standard 3 | Standard 1 Standard 2 Standard 3
Al 236.705 9.572 1.46 15.88 43.56 81.36 15.9 43.9 83.1
Al 394.401 33.246 3.23 73.18 277.7 522.2 73.1 280.2 533.3
Al 396.152 21.325 10.92 213 934.5 1836 212.9 942.8 1875.1
Ca 318.127 29.214 2.69 62.49 93.21 145.8 62.5 94.0 148.9
Ca 393.366 1116.269 6.47 15740 63330 121100 15731.0 63895.0 123679.5
Ca 422.673 27.736 12.83 2914 1152 2223 291.2 1162.3 2270.4
Co 237.863 6.039 1.25 60.4 280.8 562.5 60.4 283.3 574.5
Co 238.892 5.932 2.04 68.2 327 652 68.2 329.9 665.9
Cu 224.700 3.900 2.11 22.27 86.34 164.7 22.3 87.1 168.2
Cu 327.395 9.282 1.47 276.4 1364 2724 276.2 1376.2 2782.0
Fe 238.204 11.568 4.39 156.3 744.3 1490 156.2 750.9 1521.7
Fe 239.563 5.026 2.58 30.16 139.5 282.1 30.1 140.7 288.1
K 769.897 2696.991 40.44 2672 2706 2813 2670.5 2730.1 2872.9
Mg 280.270 10.634 1.44 658 3219 6452 657.6 3247.7 6589.4
Mg 285.213 6.820 0.59 228.9 1087 2174 228.8 1096.7 2220.3
Mn 257.610 8.273 0.74 1018 5076 10150 1017.4 5121.3 10366.2
Mn 293.931 8.769 1.80 226.9 1110 2221 226.8 1119.9 2268.3
Mo 201.512 2.293 2.38 14.38 64.68 120.5 14.4 65.3 123.1
Mo 204.598 2.296 1.16 20.18 83.88 167.9 20.2 84.6 171.5
Na 588.995 2338.745 122.41 3257 5366 7547 3255.1 5413.9 7707.8
Na 589.592 52.886 16.34 644 2331 4290 643.6 2351.8 4381.4
Ni 222.486 6.782 3.44 21.56 98.55 187.3 21.5 99.4 191.3
Ni 230.299 3.116 0.76 47.44 227.5 451.2 47.4 229.5 460.8
S 180.669 4.575 0.74 8.44 20.48 35.79 8.4 20.7 36.6
S 181.972 4.341 2.33 7.953 22.55 39.69 7.9 22.8 40.5
S 182.562 3.211 1.98 4.401 7.71 12.95 4.4 7.8 13.2
Si 250.690 13.940 0.70 28.64 86.92 171.1 28.6 87.7 174.7
Si 251.432 9.696 1.75 16.09 42.3 77.84 16.1 42.7 79.5
Si 288.158 42.700 8.43 79.68 249.3 460.1 79.6 251.5 469.9
Sr 216.596 3.967 1.35 32.29 156 306.6 32.3 157.4 313.1
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Element

Raw data (intensities)

Intensities corrected by ISTD recovery

Blank Blank (SD)  Standard 1  Standard 2 Standard 3 | Standard 1  Standard 2 Standard 3
Sr 407.771 103.458 8.56 20970 104200 210900 20958.1 105129.6 215392.3
Sr 460.733 479.527 1.63 671.5 1382 2247 671.1 1394.3 2294.9
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Table C.3.3. Sensitivity, LOD and LOQ for elements and wavelengths corrected by ISTD recovery factor. Example.
Sensitivity LOD LOD LOQ LOQ

Element

counts/ppm counts  ppm counts  ppm
Al 236.705 74 14 0.19 24 0.33
Al 394.401 505 43 0.09 66 0.13
Al 396.152 1825 54 0.03 130 0.07
Ca 318.127 95 37 0.39 56 0.59
Ca 393.366 118460 1136 0.01 1181 0.01
Ca 422.673 2173 66 0.03 156 0.07
Co 237.863 565 10 0.02 19 0.03
Co 238.892 656 12 0.02 26 0.04
Cu 224.700 160 10 0.06 25 0.16
Cu 327.395 2751 14 0.00 24 0.01
Fe 238.204 1500 25 0.02 55 0.04
Fe 239.563 283 13 0.05 31 0.11
K 769.897 225 2818 12.54 3101 13.80
Mg 280.270 6514 15 0.00 25 0.00
Mg 285.213 2187 9 0.00 13 0.01
Mn 257.610 10265 11 0.00 16 0.00
Mn 293.931 2242 14 0.01 27 0.01
Mo 201.512 119 9 0.08 26 0.22
Mo 204.598 166 6 0.03 14 0.08
Na 588.995 4872 2706 0.56 3563 0.73
Na 589.592 4098 102 0.02 216 0.05
Ni 222.486 186 17 0.09 41 0.22
Ni 230.299 454 5 0.01 11 0.02
S 180.669 31 7 0.22 12 0.39
$181.972 36 11 0.32 28 0.77
S 182.562 10 9 0.94 23 2.37
Si 250.690 161 16 0.10 21 0.13
Si 251.432 70 15 0.21 27 0.39
Si 288.158 428 68 0.16 127 0.30
Sr 216.596 308 8 0.03 18 0.06
Sr407.771 213584 129 0.00 189 0.00
Sr 460.733 1782 484 0.27 496 0.28

To calculate final concentrations, data below the LOD were removed, and %RSD was calculated
between all wavelengths for each element. The average concentration value between all element
wavelengths was used as the final concentration, providing RSD < 5%. After checking %RSD
for Na wavelengths it was decided that the 589 Na wavelength had interferences and Na 588 was
used for the final concentration. Measurements were corrected for dilution using the dilution

factor (DF) determined at the time of sampling or diluting samples prior to analysis.
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Table C.3.4. Concentrations of standards used in the example analysis round.

Sample ID Ca Fe K Mg Na S Si

Blank <0.4 <0.05 <125 <0.004 <0.6 <0.94 <0.2
Standard 1 <0.4 <0.11 <12.5 0.1 <0.6 <0.94 <0.2
Standard 2 <0.6 0.5 <12.5 0.5 <0.6 <0.94 0.5
Standard 3 1.0 1.0 <125 1.0 1.0 <2.37 1.0
Standard 4 25 2.5 <125 2.5 25 2.5 2.5
Standard 5 5.0 5.0 <125 5.0 5.0 4.9 5.0
Standard 6 10.2 10.2 <125 10.2 10.2 9.7 10.2
Standard 7 254 25.4 254 25.4 25.4 24.6 254
Standard 8 50.6 50.6 50.6 50.6 50.6 48.9 50.6
Standard 9 75.3 75.3 75.3 75.3 75.3 75.3
Standard 10 100.0 100.0 100.0 100.0 100.0 100.0

Table C.3.5. Final cation concentrations for samples analyzed in the example round.

Sample ID Ca Fe K Mg Na S Si
ND_a 190815 29.5 1.2 344.3 47.6 1220.8 134.3 2.1
ND_b 190815 28.8 1.3 341.3 46.8 1228.6 136.3 2.1
NF_a 190815 30.3 <0.05 340.5 51.2 1230.3 138.7 2.6
NF_b 190815 30.5 <0.05 345.1 51.8 1237.1 141.1 2.3
ND_a 190828 dupl 29.4 0.9 342.0 47.7 1228.5 135.1 2.7
ND_a 190828 _dup2 30.2 1.0 346.3 48.4 1240.2 137.2 2.8
ND_b 190828 dupl 28.2 1.2 340.9 46.9 1224.2 137.0 2.6
ND_b 190828 dup2 28.1 1.2 336.9 46.7 1215.6 136.9 2.7
NF_a 190828 dupl 30.5 <0.05 339.3 51.7 1237.2 140.7 3.4
NF_a 190828_dup?2 30.3 <0.05 337.6 51.3 1238.1 139.6 34
NF_b 190828 dupl 29.6 <0.05 339.3 50.6 1212.2 138.1 2.9
NF_b 190828 dup2 30.7 <0.05 350.0 51.9 1249.3 141.6 2.9
ND_a 190815 d10 26.6 <0.11 2994 42.1 1156.9 118.3 <0.4
ND_b 190815 d10 26.1 <0.11 292.7 41.4 1157.6 120.4 <0.4
NF_a 190815 _d10 275 <0.05 292.6 45.3 1167.0 122.8 <0.4
NF_b 190815 d10 27.0 <0.05 299.6 45.4 1169.4 123.5 <0.4
ND_a 190828 dupl_d10 27.0 <0.11 299.8 42.8 1176.4 119.4 <0.4
ND_a 190828 dup2_d10 27.0 <0.11 306.7 42.8 11735 120.9 <0.4
ND_b 190828 dupl _d10 25.3 <0.11 294.2 41.3 1152.0 119.6 <0.4
ND_b 190828 dup2_d10 25.7 <0.11 300.1 41.4 1154.0 120.8 <0.4
NF_a 190828 dupl_di10 27.1 <0.05 294.4 454 11735 123.6 <0.4
NF_a 190828 dup2_d10 27.3 <0.05 292.7 45.5 1171.6 123.0 <0.4
NF_b 190828 dupl d10 27.2 <0.05 298.4 45.6 1170.3 123.1 <0.4
NF b 190828 dup2 d10 27.2 <0.05 303.6 45.7 1173.1 124.3 <0.4

“_dup” samples correspond to duplicates.
“_d10” denotes diluted samples; concentrations reported incorporate dilution factor correction.
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C4

Anion measurements

Seven standard solutions were prepared from a 1 mM multi-anion stock solution (F-, CI-, NO?Z,
NOs", SO4%, S203%, PO4>) for each analysis round (0, 3, 10, 30, 100, 300, 1000 pmol/L

standards were used). Check samples (50 umol/L) were used to determine measurement errors.

Samples were diluted 1:100 to match the range of standard solutions. The analysis batch

included three blanks, an initial calibration check (set of standards), the sample batch with a 50

check umol/L sample somewhere in the middle, a rinse, a blank, and a final calibration check

(set of standards). Errors were calculated using duplicate samples. Values blow LOD and LOQ

were removed, and data was corrected for dilution before reporting final concentrations.

Table C.4.1. Raw concentration data for anion samples. Example.

CIr NOs SO2 PO,*
Sample # DF pmol/L umolalL pmoilL umo4I/L

Standard 0 n.a. 165.5712  10385.5228 8023.5261
Standard 0 n.a. n.a. n.a. 5.8134
Standard 0 n.a. 8.208 2.0656 n.a.

Standard 3 umol/L 3.388 10.0137 7.981 2.2672
Standard 10 pmol/L 9.7843 10.295 145712 11.0794
Standard 30 pmol/L 30.3514 24.1669 31.2486 28.6037
Standard 100 pmol/L 95.743 97.5109 96.6929 93.0635
Standard 300 umol/L 298.6334 289.7692 293.8354 293.992
Standard 1000 umol/L 999.7624 992.9721 991.7885 991.6845
Standard 0 n.a. n.a. 0.7526 1.8915
Standard 0 n.a. n.a. n.a. 2.2125
NN_a 191126 0.00877 316.3174 n.a. 33.9375 3.7245
NN_a 191203 0.00872 319.7811 n.a. 33.9259 3.4103
NN_a 191210 0.00901 324.0115 n.a. 34.0032 3.3054
NN_a 191217 0.009 335.5678 n.a. 34.7012 3.2623
NN_a 191217 d 0.00899 331.6662 n.a. 34.131 2.7995
NN_a 191224 0.00898 331.85 n.a. 33.1446 2.9031
NN_a 200107 0.00903 328.177 0.0671 33.9823 2.4895
NN_b 191126 0.00879 319.7279 0.7149 33.6375 2.515
NN_b 191203 0.00872 325.6958 0.3217 33.0575 2.2771
NN_b 191210 0.009 328.5587 0.3455 33.5617 2.7742
NN_b 191217 0.00898 319.3934 0.5737 33.1556 2.0912
NN_b 191217 d 0.00897 328.7835 n.a. 33.3264 2.542
NN_b 191224 0.009 328.0886 n.a. 32.3139 2.5329
NN b 200107 0.00899 324.6703 0.316 32.9384 2.033
Check sample 50 uM 1 48.2188 47.1434 46.8163 42.496
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CIr NOs SO.2 PO,
Sample # DF pmol/L umolle pmo‘i/L pmo4I/L

BC ¢ 191203 0.00858 295.3146 0.5042 29.9798 2.07
BC ¢ 191210 0.00879 316.1648 1.5825 31.9683 1.7729
BC ¢ 191217 0.00898 324.6764 2.1642 32.5985 2.1509
BC ¢ 191217 d 0.00902 328.2569 0.8533 32.7154 2.1843
BC ¢ 191224 0.00897 322.6857 1.208 32.5672 2.3146
BC ¢ 191231 0.009 327.7243 0.8989 32.6181 2.2512
BC ¢ 200107 0.00897 321.1046 0.3376 32.0498 2.302
BC ¢ 200121 0.00899 3449966 n.a. 34.9108 2.3815
BC d 191203 0.00873 310.0337 n.a. 32.038 2.3698
BC d 191210 0.00899 319.3429 n.a. 33.109 2.4302
BC d 191217 0.00897 319.3972 n.a. 31.861 2.3169
BC d 191217 d 0.009 320.3944 n.a. 31.8463 2.458
BC d 191224 0.009 323.3337 n.a. 32.8811 2.349
BC d 191231 0.00898 320.2429 n.a. 33.5749 2.3917
BC d 200107 0.00898 323.0921 n.a. 33.8353 2.4017
BC d 200121 0.00897 339.2131 n.a. 34.9243 2.2512
NN_a 191119 0.01 352.0749 n.a. 35.0392 4.3593
NN b 191119 0.01 352.3204 n.a. 35.7546 4.2359
rinse n.a. n.a. n.a. n.a.

Blank 0.9965 0.9395 n.a. 2.4038
Standard 0 0.9972 0.4387 n.a. 2.398
Standard 3 pmol/L 3.5054 3.8698 1.0671 4.2701
Standard 10 umol/L 11.2592 10.2933 13.8509 10.4807
Standard 30 umol/L 30.9409 30.0104 32.0099 27.1314
Standard 100 umol/L 97.6852 99.6485 98.8544 96.2657
Standard 300 umol/L 299.7476 301.5009 303.9215 303.7792
Standard 1000 pmol/L 1001.3286 1010.0761 1009.1386 1010.1619
Standard 0 15961 n.a. n.a. 3.8846
Standard 0 1.2771 n.a. n.a. 2.8339
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Appendix D — MFC Experiments Set-up Protocol

Appendix D includes additional methods for MFC experiments: media preparation details, media

compositions, and reactor set-up instructions.
D.1  MFC microbial media preparation

1. Prepare basal media according to recipe

Modified Basal Media 1 L media*
Distilled water 1 L
NaCl 1 g
MgCl2-6H20 0.4 g
CaClz-2H,0 0.1 g
Na;SO4** 0.6 g**
NH,4CI 0.25 g
KH2PO4 0.2 g
KCI 0.5 g

**Sulfate content was modified from original recipe to resemble Kidd 2 site (using less than

Widdel and Bak)

— Add salts one by one to less than 1 L water, top up to 967 mL (*) to have space for 30

mL of bicarbonate buffer and 3 mL of vitamins and trace elements.

2. Prepare trace element mixture and selenite-tungstate solution

Non-chelated trace element mixture

Distilled water 987 ml

HCI (25% = 7.7 M) 12.5 ml 100 mM
FeSO4-7H.0* 2100 mg 7.5 mM
H3BOs 30 mg 0.5 mM
MnCl;-4H,0 100 mg 0.5 mM
CoCl,-6H.0 190 mg 0.8 mM
NiCl2-6H.0 24 mg 0.1 mM
CuCl,-2H20 2 mg 001 mM
ZnS0,4-7TH,O0* 144 mg 0.5 mM
Na,Mo0Q4-2H,0 36 mg 015 mM
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Prepare bicarbonate buffer 1 M in a 500 mL bottle with rubber stoppers

Bicarbonate buffer solution

Distilled water 250 ml
NaHCO; 21000 mg 9999 mM

— Measure and add NaHCOg to the bottle, then add DI water. Do not mix. Seal with rubber
stopper and crimp seal and flush the headspace with N2/CO2 gas mix (this is to prevent
water with bicarbonate to equilibrate with atmospheric CO).

. Autoclave media, bicarbonate buffer solution and glass wool filter for gas station.

— Use Liquid 3 cycle. While autoclaving, flush gas lines in gas station with N2 and turn on
the heat in the graphite O scrubber.

Replace headspace in media bottles with N2 gas (CO/N: for bicarbonate solution) and let

cool.

— Put media bottles on stir plates at about 1000 rpm.

— First, pierce septa with a 22-gauge needle (black) to evacuate steam.

— Then pierce septa with an 18-gauge (pink) needle attached to an Acrodisk to flush with
N2 gas. Flush with gas for 5 min.

— 20 seconds before the time is over remove black needle to over pressurize the headspace
in the bottle a little to help prevent atmospheric oxygen ingress after the bottle cools
down completely.

— Let media cool down completely before doing the additions

— Close gas tanks.

Prepare vitamin mixture (ImL per L)

Vitamin mixture

Sodium phosphate buffer (A0mM;pH7.1) 100 ml
4-Aminobenzoic acid 4 mg
D(+)-Biotin 1 mg
Nicotinic acid 10 mg
Calcium D(+)-panthothenate 5 mg
Pyridoxine dihydrochloride 15 mg
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7.

8.

Prepare B12 vitamin solution (ImL per L)

Vitamin B12 solution

Distilled water 100 mL
Cyanocobalamin 5 mg

Additions

Put bottles on stir plates and pierce septa with a black and pink needle (out and in lines). While
flushing with N2/CO2 gas mix (through Acrodisk), add:

— Add 1 mL of vitamin mix (through Acrodisk)

— Add 1 mL of vitamin B12 solution (t through Acrodisk)

— Add 1 mL of trace element mix solution (through Acrodisk)
— Add 1 mL of selenite-tungstate solution (through Acrodisk)
— Add 30 mL of bicarbonate buffer 1 M (sterile)

Note: for additions through Acrodisk, draw 2.5 ml into syringe, put Acrodisk on, flush Acrodisk

with 0.5 ml of solution, then add 1 ml to each of the stirring flushing bottles.

10.

Sub sample 10 mL and check pH in all bottles

— Set up a small flushing station with a bottle connected to a back flow catcher and the
oxygen scrubber connected to the N2/CO- gas line

— Flush syringe 3 times with N2/CO;

— The fourth time, draw 10 mL of gas, put on a 22-gauge black needle, and flush it with the
gas

— Puncture the media bottle stopper, inject the gas

— Invert the bottle and draw 10 ml of sample

— Pour sample into small beaker and read pH

Prepare FeCl, solution

FeCl; solution 360 mM

De-aired distilled water 100 mL
FeCl, 4563 mg
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This is done inside the anaerobic chamber, check chamber status O2 = 0 ppm.

11. Add 5 ml of 360 mM Fe2Cl solution through an Acrodisk to each 1L media bottle inside the
anaerobic chamber
12. Sample bottles and adjust pH
13. Add naphthalene to media bottles.
14. Remove rubber septa from bottles, add 15 mg of naphthalene and re-cap with a purple plastic
cap
15. Stir bottles for 2-3 days to allow low-solubility naphthalene to dissolve
16. Prepare inoculum
— Flush a rubber stoppered media bottle with N gas
— Add 200 cc sediments to it and re-flush it (record the mass of sediments added for
reference)
— Bring inside the anaerobic chamber
— Aseptically add 200 cc of prepared media (from the extra one prepared) to the bottle with
sediments (with a sterile syringe and needles through the stoppers in each bottle)
— Shake water and sediments, and let settle horizontally
— Take a 15 ml sample of the inoculum for DNA analysis, centrifuge this sample at 10000
rcf (= 8819 rpm) for 20 min, decant water and store pellet at -20°C.

17. Draw 10 cc of supernatant and inoculate media bottles
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D.2

o g ~ w

8.
9.

Reactor set up instructions

Assemble reactors.

Autoclave the sand (Dry30 cycle) and bring into the anaerobic chamber for 2-3 days to

de-air

Bring inside the chamber: Reactor vessels, glass rod, parafilm

Check chamber status

Add 1L media to reactor, use glass rod to help get the water to the anode chamber
Add 400 ml more of media and let the sand settle through the water in the cathode
chamber

Seal top of reactor with parafilm and bring outside the anaerobic chamber

Sample anode chamber water initial conditions

Put in the cathode, and solder resistance to the wire

10. Connect wire to datalogger
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D.3  Microbial media composition

Table D.3.1 shows the chemical composition of the media used in the MFCs, calculated based on

the salt additions specified in Chapter 3.

Table D.3.1. MFC microbial media composition.
Concentration

Element or compound

mM mg/L
Naphthalene 0.1 15
Na 55.6 1279
Cl 374 1327
Mg 2.0 48
Ca 0.7 27
SO42 42 406
NH,* 4.7 84
K 82 327
PO,4? 15 141
Fe 1.8 101
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Appendix E — Naphthalene Mass Distribution in MFC Reactors

Appendix E includes data associated with Figure 3.11, and the determination of the mass

distribution of naphthalene in anode chamber of the MFC experiments. Aqueous naphthalene
corresponds to dissolved naphthalene, from weekly samples measured via GC-MS. The mass
sorbed to the carbon cloth anode was determined based on the agueous concentration and the

experimental Kq of the carbon cloth, obtained from the sorption experiment. Degraded

naphthalene was determined based on a mass balance and considering diffusion between anode

and cathode chambers.
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Table E.1. Naphthalene concentration or mass sorbed to MFC components according to calculations or measurements. BC experiments.

anode anode  sorbed  sorbed sorbed sorbed sorbed sorbed cathode
Re‘l"‘lgtor Day Chamber chamber anode  anode sand sand cathode cathode chamber

(mg/L) (mM) (mg) (mmol) (mg) (mmol) (mg) (mmol) (mg/L)
BC a 0 14.97 1.17E-01 270 2.11E-02 1.10 8.56E-03 213 1.66E-02 6.91
BC a 0.1 1442 1.12E-01 3.17 2.48E-02 0.62 4.85E-03 153 1.19E-02 6.93
BC a 6.9 7.19 5.61E-02 158 1.24E-02 0.71 5.54E-03 1.74 1.36E-02 7.92
BC a 13.9 5.31 4.14E-02 1.17  9.12E-03 0.70 5.47E-03 1.72  1.34E-02 7.82
BC a 20.7 3.94 3.07E-02 0.87 6.77E-03 0.67 5.24E-03 1.65 1.29E-02 7.48
BC a 21.7 3,50 2.73E-02 0.77 6.01E-03 0.63  4.90E-03 1.54 1.20E-02 7.00
BC a 34.9 348 2.72E-02 0.77 5.98E-03 0.58 4.56E-03 1.43  1.12E-02 6.51
BC a 48.8 291 2.27E-02 0.64 5.00E-03 0.51 3.99E-03 1.25 9.78E-03 5.70
BC b 0.0 14,95 1.17E-01 270 2.10E-02 1.10 8.55E-03 212 1.66E-02 6.90
BC b 0.1 5,50 4.29E-02 1.21  9.45E-03 0.62 4.85E-03 152 1.19E-02 6.92
BC b 6.9 3.65 2.85E-02 0.80 6.27E-03 0.60 4.71E-03 1.48 1.16E-02 6.74
BC b 13.9 2.84 2.21E-02 0.62 4.87E-03 0.57 4.42E-03 1.39 1.08E-02 6.32
BC b 20.8 2.15 1.68E-02 0.47 3.70E-03 0.52 4.10E-03 1.29 1.01E-02 5.85
BC b 21.7 1.78 1.39E-02 0.39 3.06E-03 0.48 3.74E-03 1.18 9.19E-03 5.35
BC b 34.9 1.79 1.39E-02 0.39 3.07E-03 0.44 3.39E-03 1.07 8.33E-03 4.85
BC b 48.8 1.09 8.53E-03 0.24  1.88E-03 0.36 2.82E-03 0.89 6.91E-03 4.03
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Table E.2. Naphthalene concentration or mass sorbed to MFC components according to calculations or measurements. ND experiments.

Reactor anode anode  sorbed  sorbed sorbed sorbed sorbed sorbed cathode
1D Day chamber chamber anode  anode sand sand cathode cathode  chamber

(mg/L) (mM) (mg) (mmol) (mg) (mmol) (mg) (mmol) (mg/L)
ND a 0.0 15.15 1.18E-01 273 2.13E-02 1.11 8.66E-03 2.15 1.68E-02 7.00
ND a 0.1 13.19 1.03E-01 290 2.26E-02 0.63 4.91E-03 154 1.21E-02 7.02
ND a 6.8 4.01 3.13E-02 0.88 6.88E-03 0.70 5.47E-03 1.72  1.34E-02 7.82
ND a 13.7 3.52 2.74E-02 0.77 6.04E-03 0.66 5.11E-03 1.61 1.25E-02 7.31
ND a 20.8 3.22 251E-02 0.71 5.53E-03 0.61 4.75E-03 1.49 1.17E-02 6.78
ND a 21.7 3.01 2.35E-02 0.66 5.18E-03 0.57 4.41E-03 1.39 1.08E-02 6.31
ND a 34.7 290 2.27E-02 0.64 4.99E-03 0.53 4.10E-03 1.29 1.01E-02 5.86
ND a 47.7 2.38 1.86E-02 0.52 4.09E-03 0.46 3.58E-03 1.13 8.78E-03 5.11
ND b 0.1 10.78 8.41E-02 2.37 1.85E-02 0.63 4.89E-03 1.54 1.20E-02 6.99
ND b 6.8 466 3.64E-02 1.03 8.01E-03 0.67 5.24E-03 1.65 1.29E-02 7.49
ND b 13.7 3.27 2.55E-02 0.72 5.61E-03 0.64 4.97E-03 156 1.22E-02 7.11
ND b 20.8 2.63 2.05E-02 0.58 4.52E-03 0.59 4.60E-03 1.45 1.13E-02 6.58
ND b 21.7 2.20 1.72E-02 0.48 3.78E-03 0.54 4.23E-03 1.33  1.04E-02 6.05
ND b 34.8 1.94 1.51E-02 0.43 3.33E-03 0.50 3.86E-03 1.22  9.48E-03 5.52
ND b 47.7 1.02 7.93E-03 0.22 1.75E-03 041 3.23E-03 1.02  7.94E-03 4.62
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Table E.3. Naphtalene concentration or mass sorbed to MFC components according to calculations or measurements. NF experiments

Reactor anode anode  sorbed  sorbed sorbed sorbed sorbed sorbed cathode
1D Day chamber chamber anode  anode sand sand cathode cathode  chamber

(mg/L) (mM) (mg) (mmol) (mg) (mmol) (mg) (mmol) (mg/L)
NF_a 0.0 14.78 1.15E-01 2.67 2.08E-02 1.08 8.45E-03 2.10 1.64E-02 6.83
NF_a 0.1 1251 9.76E-02 2.75 2.15E-02 0.61 4.79E-03 151 1.18E-02 6.85
NF_a 6.8 3.55 2.77E-02 0.78 6.10E-03 0.68 5.31E-03 1.67 1.30E-02 7.58
NF_a 13.8 251 1.96E-02 0.55 4.32E-03 0.63 4.92E-03 155 1.21E-02 7.03
NF_a 20.8 1.52 1.19E-02 0.34 2.62E-03 0.58 4.50E-03 1.41  1.10E-02 6.42
NF_a 21.7 0.73 5.73E-03 0.16 1.26E-03 0.52 4.03E-03 1.27  9.90E-03 5.76
NF_a 34.8 0.02 1.85E-04 0.01 4.07E-05 0.46  3.55E-03 1.12 8.71E-03 5.07
NF a 47.7 0.00 3.38E-05 0.00 7.44E-06 0.34 2.66E-03 0.84 6.53E-03 3.80
NF b 0.0 14.89 1.16E-01 2.69 2.10E-02 1.09 8.51E-03 211 1.65E-02 6.88
NF b 0.1 13.91 1.09E-01 3.06 2.39E-02 0.62 4.83E-03 152 1.18E-02 6.90
NF b 6.8 3.80 2.96E-02 0.84 6.52E-03 0.70 5.46E-03 1.72  1.34E-02 7.81
NF b 13.7 2.99 2.34E-02 0.66 5.14E-03 0.65 5.09E-03 1.60 1.25E-02 7.27
NF b 20.7 2.61 2.03E-02 0.57 4.48E-03 0.60 4.68E-03 1.47  1.15E-02 6.69
NF b 21.7 2.10 1.64E-02 0.46 3.60E-03 0.55 4.29E-03 1.35 1.05E-02 6.13
NF b 34.8 1.64 1.28E-02 0.36 2.82E-03 0.50 3.91E-03 1.23  9.59E-03 5.58
NF b 47.8 0.45 3.48E-03 0.10 7.66E-04 041 3.21E-03 1.01 7.88E-03 4,59
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Table E.4. Naphthalene mass diffused, degraded and removed from MFC according to calculations. BC experiments.

Reactor diffused  diffused removed removed degraded degraded
ID (mg) (mmol) (mmol) (%) (mmol) (%)

BC_a 0.1 0.008  6.11E-05  4.28E-03 3.7%

BC_a 6.9 0.394  3.07E-03  6.07E-02 51.9%  4.52E-02 38.7%
BC_a 13.9 -0.039  -3.06E-04  7.53E-02 64.5%  6.65E-02 57.0%
BC_a 20.7 -0.134  -1.04E-03  8.60E-02 73.7%  8.03E-02 68.8%
BC_a 27.7 -0.192  -1.50E-03  8.94E-02 76.6%  8.49E-02 72.7%
BC_a 34.9 -0.196  -1.53E-03  8.96E-02 76.7%  8.51E-02 72.9%
BC a 48.8 -0.326  -2.54E-03  9.40E-02 80.5%  9.16E-02 78.4%
BC_b 0.1 0.008  6.10E-05  7.37E-02 63.2%  6.42E-02 55.0%
BC_b 6.9 -0.075 -5.84E-04  8.81E-02 75.6%  8.24E-02 70.7%
BC_b 13.9 -0.168 -1.31E-03  9.45E-02 81.0%  9.09E-02 78.0%
BC_b 20.8 -0.186  -1.45E-03  9.98E-02 85.6%  9.76E-02 83.7%
BC_b 27.7 -0.200 -1.56E-03  1.03E-01 88.1%  1.01E-01 86.8%
BC_b 34.9 -0.200 -1.56E-03  1.03E-01 88.0%  1.01E-01 86.7%
BC b 48.8 -0.330 -257E-03  1.08E-01 92.7%  1.09e-01 93.3%
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Table E.5. Naphthalene mass diffused, degraded and removed from MFC according to calculations. ND experiments.

Reactor Day diffused  diffused removed removed degraded degraded
ID (mg) (mmol) (mmol) (%) (mmol) (%)

ND_a 0.1 0.008 6.18E-05  1.53E-02 13.0%

ND_a 6.8 0.321  2.51E-03  8.69E-02 73.5%  7.75E-02 65.6%
ND_a 13.7 -0.205 -1.60E-03  9.08E-02 76.8%  8.63E-02 73.0%
ND_a 20.8 -0.209  -1.63E-03  9.31E-02 78.8%  8.92E-02 75.5%
ND_a 27.7 -0.191  -1.49E-03  9.47E-02 80.1%  9.10E-02 77.0%
ND_a 34.7 -0.180 -1.41E-03  9.55E-02 80.8%  9.20E-02 77.8%
ND a 47.7 -0.298  -2.32E-03  9.96E-02 84.3%  9.79E-02 82.8%
ND_b 0.1 0.008 6.16E-05  3.37E-02 28.6%  1.51E-02 12.8%
ND_b 6.8 0.197  154E-03  8.14E-02 69.1%  7.19E-02 61.0%
ND_b 13.7 -0.152  -1.19E-03  9.23E-02 78.4%  8.79E-02 74.6%
ND_b 20.8 -0.211  -1.64E-03  9.73E-02 82.6%  9.44E-02 80.2%
ND_b 27.7 -0.212  -1.66E-03  1.01E-01 85.4%  9.85E-02 83.6%
ND_b 34.8 -0.211  -1.65E-03  1.03E-01 87.2%  1.01E-01 85.7%
ND_b 47.7 -0.360 -2.81E-03  1.10E-01 93.3%  1.11E-01 94.2%

154



Table E.6. Naphthalene mass diffused, degraded and removed from MFC according to calculations. NF experiments.

Reactor Day diffused  diffused removed removed degraded degraded
ID (mg) (mmol) (mmol) (%) (mmol) (%)

NF_a 0.1 0.008  6.03E-05 1.77E-02 15.4%

NF_a 6.8 0.295  2.30E-03  8.77E-02 76.0%  7.93E-02 68.7%
NF_a 13.8 -0.220  -1.71E-03  9.57E-02 83.0%  9.31E-02 80.7%
NF_a 20.8 -0.244  -1.90E-03  1.03E-01 89.7%  1.03E-01 89.1%
NF_a 27.7 -0.265 -2.07E-03  1.10E-01 95.0%  1.10E-01 95.7%
NF_a 34.8 -0.276 ~ -2.15E-03  1.15E-01 99.8%  1.17E-01 101.7%
NF_a 47.7 -0.509 -3.98E-03  1.15E-01 100.0%  1.19E-01 103.4%
NF_b 0.1 0.008  6.08E-05  7.65E-03 6.6%

NF_b 6.8 0.365  2.85E-03  8.65E-02 745%  7.72E-02 66.4%
NF_b 13.7 -0.216  -1.69E-03  9.28E-02 79.9%  8.93E-02 76.9%
NF_b 20.7 -0.232  -1.81E-03  9.58E-02 82.5%  9.32E-02 80.2%
NF_b 27.7 -0.222  -1.73E-03  9.98E-02 85.9%  9.79E-02 84.3%
NF_b 34.8 -0.221  -1.73E-03  1.03E-01 89.0%  1.02E-01 88.0%
NF b 47.8 -0.398  -3.11E-03  1.13E-01 97.0%  1.15E-01 99.0%
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