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ABSTRACT

BIOELECTROCHEMICAL PRODUCTION OF GRAPHENE OXIDE USING BACTERIA AS

BIOCATALYSTS

The demand for production of graphene oxide (GO), which is a precursor for large-scale
production of graphene, has been increasing due to the broad array of uses of both nanomaterials.
Due to the unique electrical and mechanical properties of these 2D nanomaterials, applications in
composites have shown enhancements by contributing a tunable energetic band gap, high
strength, and high transparency among other features. The tunable band gap of the graphene
derivatives is one of the key properties of these nanomaterials. By varying the size of the
energetic band gap (in eV) between the conduction and valence bands, resistance can be
decreased to promote electron flow in the material lattice. Being able to control the band gap of a
nanomaterial, allows for many applications in batteries, supercapacitors, and semiconductors
being the most promising applications for these nanomaterials. Other applications include
flexible electronics, renewable energy, drug delivery, contaminant removal, sensors, and more.
Unfortunately, large-scale production of graphene using current methods is challenging due to
low yield, impurities, high cost, high energy input, slow production rates, and/or hazardous
chemical reactants and wastes. For this study, the focus was on the bioelectrochemical
production of GO (BEGO) as a novel technology for producing these nanomaterials with low
energy input, inexpensive and non-hazardous reagents at standard conditions, and using
microbes as biocatalysts. The BEGO process consists of a single-chamber microbial

electrosynthesis cell (MES) that uses a graphite rod anode and a cathode (carbon cloth or
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stainless steel) to drive redox reactions. This MES can be operated at low voltage in a three-
electrode (-0.8-1.4V vs. Ag/AgCl), or two-electrode system (~3.1V DC), with bacteria
inoculated in a phosphate media solution.

During this study, the BEGO process was investigated to advance understanding of the
production process and the properties of the BEGO nanomaterial produced. To achieve this, the
objectives established include: 1) developing methods for purifying and quantifying the
nanomaterial during the production process in the complex aqueous-phase reactor matrix, 2)
identifying key physical and chemical properties of the nanomaterial product using various
spectroscopy and microscopy techniques, and 3) analyzing the microbial communities present in
the reactors and in the graphite anode biofilm.

To quantify the BEGO and estimate production rates, different spectrophotometric and
gravimetric methods were used. Ultraviolet-visible spectroscopy (UV-Vis) at 229 nm was found
to be the best method. This wavelength is specific to GO as it corresponds to the 1 — 7w *
transitions of aromatic C-C bonds comprising the majority of the molecule, regardless of the
oxidation state. Different centrifugation and filtration protocols were compared to purify the
BEGO out of the complex matrix. For quantification methods in solution, centrifugation at
10,000 x g for 15 minutes was found to be the most effective method for removal of large
particles and biological material, with BEGO remaining in solution.

For material characterization, various techniques were used to identify the functional
groups present and the morphology of the BEGO sheets. It was found through Fourier transform
infrared spectroscopy (FT-IR) and UV-Vis, that the nanomaterial contained less
carboxyl/carbonyl groups than GO produced by the traditional Hummers’ method. Raman

spectroscopy and thermogravimetric analysis (TGA) showed disorder peaks and weight loss
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events consistent with known GO spectra. Microscopy analysis revealed the BEGO process
yields sheet sizes of a few hundred nm to 1-2 um in lateral dimensions. Transparency and Fast
Fourier transform (FFT) images indicated the BEGO consists of only single-layered to few-
layered structures, which are needed for downstream applications.

The microbial analysis was done on bioreactors with different inocula sources. DNA and
RNA were extracted from both the bulk liquid media and the rod biofilm. At the end of the
operation period, microbial communities in the bioreactors had diverged from the inoculum
source. Microbial communities in the BEGO producing reactors consisted of both aerobic and
anaerobic microorganisms. The most abundant genera on the rod biofilm were the unclassified
Comamonadaceae (10-11%), Hydrogenophaga (9-21%), Methyloversatilis (15-22%), and
Pseudomonas (11-36%) all from the Proteobacteria phylum. These microbial phylotypes may
play a key role in catalyzing BEGO production, enabling this novel and sustainable approach to

nanomaterial synthesis.
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1. INTRODUCTION

Graphene is a two dimensional layer of carbon atoms arranged in a honeycomb lattice
that form graphitic materials through Van der Waals interactions. Graphene sheets are the
building blocks for larger materials including carbon nanotubes, fullerenes, multilayer graphite,
and even diamond [1]. This wonder nanomaterial has gained interest due to its unique physical
and chemical properties. Graphene possesses a high electrical and thermal conductivity (~ 5,000
Wm~1K 1) [2], large theoretical specific surface area (2,630 m?g~1), high Young’s Modulus
(~1.0 TPa) [3], high optical transmittance (~97.7%) [4], remarkably high carrier mobility
(200,000 cm?v~1s~1) [5], high flexibility, and biocompatibility. All of these properties make
graphene an attractive additive in composites in many field including electronics, sensors, energy
storage, contaminant removal, biotechnologies, aecrospace and even fabrics.

1.1 Motivation

Current production methods for graphene have proven to be quite challenging to scale up.
Issues including low yield, impurities, high cost, high energy input, and time-consuming
processes, have driven the need for better production alternatives [6]. Current methods of
graphene production include chemical vapor deposition growth [7], metal ion intercalation [8],
micromechanical peeling [9,10], thermal decomposition of carbides [11], synthesis from
aromatic hydrocarbons [12—14], and reduction from GO [15,16]. The latter manufacturing
technique, reduction from GO, is one of the most promising, scalable, low cost techniques due to
effective graphite exfoliation. Exfoliation (i.e., disruption of the contiguous graphitic aromatic
lattice) is possible via intercalation of oxidizing agents that introduce oxygen containing groups

and defects into the graphite layers [17]. The result is single/few-layered graphene structures



with various oxygen groups attached to the surface. These oxygen groups can be then removed
using different thermal and chemical methods to produce reduced graphene oxide (rGO) or
graphene.

Although GO is valued for its role in the production of graphene, GO is highly valuable
in its own right, capable of enhancing the mechanical and electrical properties in composite
materials. Areas of interest include electronics, sensors, contaminant removal and
biotechnologies [4]. Although GO is easier to produce on a large-scale than graphene, most
chemical methods involve strong acids bases, generate hazardous waste, or are simply time
consuming. Better techniques for GO production that are more environmentally friendly are
necessary to avoid further treatment of hazardous by-products [18]. A new GO production
method involving microbial electrosynthesis (MES) cells has emerged as a potentially cost-
effective and sustainable alternative to traditional techniques [19]. The bioelectrochemical
production of GO (BEGO) process is expected to offer competitive advantages including
substantially reduced production costs due to ambient reactor conditions, minimum consumables,
very low energy consumption, and minimum hazardous waste. Previous work done by Lu et al.
has also shown H; production as a byproduct that can potentially be used to fuel parts of the
process [19]. The BEGO process showed improved GO production in the MES when
Pseudomonas syringae strains were present compared to the counterpart abiotic electrosynthesis
cell. With lower cost materials and the use of microorganisms as biocatalysts, it is expected that
the BEGO process could reduce the overall manufacturing cost while increasing the production
rate of GO.

There is an increasing need for graphene-based materials that needs to be filled with

reliable bulk production techniques. A report by Market Watch reported a compound annual



growth rate (CARG) of 44.4% for a projected $311.2 million by 2022 for graphene based
materials [20]. A different report by Grand View Research projected a CAGR of 38% from 2017
to 2025 forecasts a global graphene market (graphene nanoplatelets and graphene oxide) of
$552.3 million by 2025 [21]. Demand for graphene-based materials is expected to grow
significantly in the next few years and this trend is expected to continue growing once reliable
bulk production becomes available.

1.2 Objectives

This study focused on further developing the BEGO process. Different sources of
microorganisms and electrochemical parameters were explored in order to determine their effects
on the production of BEGO. This process was discovered by Lu et al. [19]. They observed higher
GO production in a single chamber MES under micro-aerobic conditions compared to a sterile
counterpart. Lu et al. hypothesized that microbial communities forming biofilms on reactor
anodes catalyze GO production, perhaps via enzymatic redox reactions. The overarching goal of
the BEGO research at Colorado State University (CSU) is to further develop this new technology
towards achieving a scalable production method that does not produce harmful byproducts and
uses low energy input.

To further understand the BEGO process, different reactor configurations were used to
test the different parameters. Small-scale reactors (SSR) were inoculated with various microbial
sources and run in a three-electrode configuration to understand the impact of different microbial
communities on performance. Large-scale reactors (LSR), 8L each, were then built and run using
one of the three inoculum sources chosen based on the SSR trial to produce higher quantities of
BEGO for downstream testing. The material produced by both the SSR and LSR was

investigated using different microscopy and spectroscopy techniques to gather information about



the BEGO properties. By better understanding the surface chemistry of the BEGO, possible

applications can be targeted by comparing with other GO products currently on the market.

Reduction of the GO was considered by our research collaborators but is only briefly mentioned

in this study. The key objectives of this study were:

1. To measure BEGO production rates using multiple techniques and investigate the impact of
selected operating parameters on rates

2. To identify key physical and chemical properties of the BEGO produced

3. To compare different inocula and identify microorganisms present in both the bulk solution
and the graphite rod biofilm.

Data were generated using either the SSR and/or the LSR, depending on the sample
volumes needed. Results were compared between reactor types and between replicates when
possible. Additionally, due to the novelty of the studied technology, future work and
improvements to the system design and running conditions were suggested to further advance the
BEGO technology.

1.3 Thesis overview

Chapter 2 focuses on background information mainly for GO and rGO nanomaterials.
Key physical and chemical properties are identified along with potential structural models.
History of the discovery of GO and current production methods are described briefly, as well as
their downsides. Characterization techniques used for the GO/rGO are described as well as the
type of information attained with each technique. Knowledge regarding carbon/oxygen ratios,
types of functional groups, sheet dimensions and topography information can be obtained from
the techniques discussed. A detailed section on GO and rGO applications is included with

examples in different fields such as electronics, energy, and biotechnologies. Finally, the BEGO



technology is introduced with background information about MES and their application in redox
reactions. The previous study done by Lu et al. [19] is described as well as the parameters
previously explored and information obtained. The benefits of this new greener alternative that
could increase bulk production are also discussed here.

In Chapter 3, the experimental approach, materials, and methods are described. The
construction of the SSR and the LSR, run as two-electrode and three-electrode configurations, is
explained. Descriptions of the different inoculum sources, inoculation protocols, and operating
conditions are included here. Details regarding voltages, currents, pH, and sampling time points
are documented. A section describing purification methods for BEGO including centrifugation,
and filtration protocols is also included. The characterization techniques and the sampling
methods are described including instrumentation specifications. Finally, protocols and
techniques used for genomic analysis are outlined including sample handling, nucleic acid
extractions, and gene sequencing.

In Chapter 4, results and discussion for each one of the objectives are reported. Section
4.1 focuses on the development of methods to quantify rates of BEGO production (Objective 1).
Different quantification estimation techniques were explored as well as purification methods.
Comparisons between inocula sources, reactor configurations, and controls are described in
detail. Section 4.2 describes the material characterization results in detail compared with
purchased GO standards and literature findings (Objective 2). BEGO produced was inspected for
functional groups, dimensions, purity, and number of layers present. To address this objective,
various microscopy and spectroscopy techniques were used to better understand the properties of

the BEGO. The last section (4.3) reports results from the DNA and RNA analysis (Objective 3).



Comparisons of the communities present in both the bulk phase and the rod biofilm are
described.

Finally, Chapter 5 includes conclusions from the work done, and Chapter 6 covers
suggestions for future work needed to optimize the MES. The goal is to continue increasing the

understanding of the BEGO technology until industrial-scale applications can be achieved.



2. BACKGROUND ON GRAPHENE DERIVATIVES

GO is a two-dimensional carbon nanosheet composed of planar carbon atoms arranged in
a honeycomb structure (see proposed models in Figure 1). Unlike graphene, GO is functionalized
with oxygen groups on its basal plane and edges. These groups result from the production
methods that involve the intercalation of oxygen groups to separate the individual sheets. The
sheets are approximately an atom thick and can range from a few nanometers to several
micrometers in lateral dimensions depending on the production process [22]. GO can be altered
through different mechanisms to become reduced GO (rGO). Because of the different production
technologies available, the physical and chemical properties of GO and rGO are tunable,
allowing these nanomaterials to have a wide range of applications. This tunability is a result of
the variations in purity, oxygen content, number of layers, dimensions, and type of functional
groups present and is highly dependent on the chosen production method [4]. The graphitic
source can also contribute to variations in the GO properties. Since GO is a nonstoichiometric
macromolecule, characterization can be challenging due to the variations of the functionalized
groups. Many different spectroscopy and microscopy techniques are required to understand the
physical and chemical properties of the final product.

Producing pure, single-layered GO, rGO and/or graphene has proven challenging. Most
technologies produce a mixture of multi-layered, few-layered, and single-layered materials.
Single layer nanomaterials are desired as the electronic properties can vary extensively with
additional layers. The one atom thick layers of carbon atoms that are attached by sp? hybridized
bonds have high electron mobility. This high mobility is due to the fact that electrons in the

single-layered graphene-like film are confined to only two dimensions; free electrons move more



easily along the planes than through the planes, giving graphene much higher electron mobility
than multi-layer graphitic materials [23].

GO and graphene derivatives have gained popularity in the market, due to their high
surface area and high thermal and electrical conductivities [24]. Although GO and rGO vary in
properties from graphene due to the interrupted sp” bonds, the oxidized materials have their own
valuable optical, and electrical properties that can be exploited in other fields alone or in
composites [4,22]. In depth analysis of the structures and physical/chemical properties is
necessary to understand and exploit the value of these 2D crystals in today’s technologies [25].

2.1 Physical and chemical properties of GO and rGO
2.1.1 Theoretical structure and stabilities

Different structural models have been proposed depending on the identified oxygen
containing functional groups and C:O ratios of the produced GO (see Figure 1). These models
support understanding of the physical and chemical properties of GO as well as stabilities of the
functional groups. Different degrees of oxidation and number of layers are a result of the choice
of production method. Due to these differences, GO/rGO has tunable properties that can change
with further reduction, exfoliation, and even doping.

The structural models that have been proposed consist mainly on epoxide and hydroxyl
functional groups. Many studies have proposed different possible arrangements of these
functional groups, but most of them agree that it is energetically favorable to have two neighbor
hydroxyl groups present on different sides of the GO plane. It is also favorable to have epoxide
dimers in the same pattern, as electrons have a better flow path in this configuration [26]. The
epoxide and hydroxyl groups distribute closely together, leading to formation of hydrogen bonds.

This arrangement lowers the total energy of the system, which is consistent with previous



theoretical predictions [27-30]. The clusters arrayed in these patterns lower the steric hindrance

and help keep the layer structure from rolling up into nanotubes.

Figure 1: Proposed GO structure models. In order, structures found are the Hofmann model (upper left), the Ruess
model (upper right), the Nakajima-Matsuo model (lower left), and the Sholz-Boehm model (lower right). Pictures
were taken from Wikimedia commons.

Depending on the production process, small holes (or vacancies) due to C-C bond
breakage can be formed on the plane. The carbon bonds are more likely to break during
reduction methods after the thermal annealing processes (rapid heating >2000°C/min) if epoxide
and hydroxyl groups are in close proximity leaving behind these vacancies. The vacancies are
even more predominant in areas with localized motifs of clustered epoxide and/or hydroxyl
groups. In general, having the clusters is thermodynamically stable. These stability trends and
models’ predictions are in accordance with experimental observations [31-33].

As for the thermal stability, GO is usually unstable and can change structure if heated.
During heating, CO, gas can be released from decomposing functional groups at as low as 50°C

depending on the structure [34]. Under thermal treatment adsorbed water and unstable hydroxyl



groups are removed at around 100°C. At around 200°C the more stable functional groups
decompose drastically; no additional significant losses are detected above 800°C. Some
structural models predict functional group coverage to be in between 25% and 75% for stable
structures. During the heat loss events, coverage can be reduced from 75% to as low as 6.25%
(C:O ratio 16:1) [26]. Removal of clustered hydroxyl and epoxy groups can be more difficult
than removal of unclustered groups since the formation of these make the structure more stable
as previously described.

Differences in structural stability can be affected by pH differences in the solvent in
which the GO is being produced. Acid and base exposure can have drastic effects on the GO
structure at elevated temperatures (~40°C), but effects are negligible at lower temperatures
(~10°C) [35]. Some studies have shown treatment after production with bases favoring hydroxyl
group formation whereas treatment with HCI or water favors ether groups. Oxidation of
graphene (or graphite) is an exothermic process. Producing a GO with high surface coverage
with oxygen groups lowers the formation energy, which is energetically preferable [30]. A
higher OH:O ratio increases the stability of the molecule mainly due to increased hydrogen bond
formation. Also, ordered GO has been found to be more stable than amorphous GO [36].

GO has an ambiguous chemical formula that depends on the oxygen functional groups
present. There are a wide range of possible GO structures that vary depending on functional
groups present, their relative abundance, and their arrangements across the planar structure.
These functional groups are found to be mainly present on the sheet edges, and when they are
present over the sheet plane, they are usually evenly distributed (except for clusters) [4].
Typically GO has a C:O ratio of between 4:1 and 2:1 [37], but this ratio varies substantially

among production techniques.
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2.1.2 Mechanical properties
GO and rGO have some key structural, properties including high strength, flexibility and

transparency. These materials are derivatives of graphene, the strongest material ever recorded
with a YM of around 1TPa [3] compared to that of diamond around 1,050 GPa [38]. Unlike
graphene, GO/rGO materials have introduced defects as functional groups creating holes in their
plane that weakens the structure drastically. Some articles have reported a YM for monolayer
rGO of about 250 GPa with a standard deviation of 150 GPa [39—41]. Most of the functionalized
C-C bonds will reshape into the honeycomb structure after reduction, removing the majority of
these defects. Doping of GO/rGO sheets with alkali earth metals, such as Mg** or Ca**, can
enhance their mechanical strength [42]. Factors that can affect the strength of these
nanomaterials include coverage, arrangement, type, and ratio of the functional groups present.
GO sheets are also highly flexible, which makes attractive in applications including bendable
electronics and fabrics [43].

2.1.3 Electronic properties

GO sheets are usually insulating due to the sp’ defects that increase electron path

resistance (around ~10'® ohm/sq). GO insulating behavior depends on the degree of coverage
with oxygenated groups [44—46]. These resistances can be lowered by reducing GO into rGO
and recovering the aromatic structure with the increasing fraction of sp2 carbons that favor
electron displacement [47]. Depending on the GO composition and reduction process chosen, the
rGO will reach a threshold where the conductivity cannot be increased any further. It should be
noted that resistances could increase with increasing number of GO layers, due to a decrease in

electron mobility once the free path is extended to three dimensions and electrons scatter.
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The energy band gap of GO/rGO materials can be tuned with the presence of oxygen
groups. The tunable band gap is one of the key properties of these nanomaterials. By varying the
size of the energetic band gap (in eV) between the conduction and valence bands, resistance can
be decreased to promote electron flow in the honeycomb lattice. A large band gap (insulators)
means more resistance for electron flow. By tuning the size of the band gap a material can
behave as an insulator, a conductor or a semiconductor. Graphene by itself has no band gap
which results in a theoretical electron mobility of the speed of light [23]. By adding functional
groups to the surface of graphene, this band gap forms (and increases) allowing GO and rGO to
behave as insulators or semiconductors respectively. Trends show an increase of the band gap
with increase in O:C ratio [48]. Studies have shown that GO is conductive at around 25%
coverage or less, and is an insulator at larger percentages [26].

2.1.4 Optical properties

GO and rGO monolayers are transparent. These materials have high optical transmittance
in the UV range with values recorded as high as 96% at 550 nm [49]. The sheets are
semitransparent for few-layered films and become opaque for multi-layered graphite. Reduction
of GO into rGO can decrease optical transmittance due to the fact that the vacancies and defects
(sp> carbon) abundant in GO allow more photons to pass through [49-51]. This effect can be
ascribed to the increased concentration of m electrons in rGO. Since the reduction process
increases the sp® carbon bonds, the GO light absorption is dominated by n—m* transitions [51].

Other optical properties of GO are its intrinsic fluorescence in the near-infrared (NIR),
visible, and UV regions [50]. While graphene does not display intrinsic fluorescence due to the
lack of energy gap [52], some studies have reported visible photoluminescence [53] and a weak

blue fluorescence around 440 nm [51]. These optical properties can be useful in detection
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applications such as sensors (see section 2.4.1). As with the mechanical and electrical properties
of GO/rGO, these optical properties are also tunable depending on oxygen content and number
of layers. These properties can also be altered by doping or hybridizing with other elements,
polymers or nanomaterials.
2.2 Current Production Technologies

As previously mentioned, graphene can be produced using chemical, mechanical, and
thermal techniques, but one of the most reliable methods for bulk production is formation by
reduction from GO. Most of the popular techniques for GO production (e.g., Hummers’ method)
use strong acids and bases and release toxic gases. Alternatively, GO can be produced at ambient
temperatures by electrochemical exfoliation of graphite using various electrolyte solutions,
voltages and cathode materials [54]. Methods of GO production are introduced in the following
section with their issues and challenges.
2.2.1 History of GO Fabrication and Existing Production Methods

GO can be obtained either by producing graphite oxide and then exfoliating it to obtain
single sheets or by producing graphene and oxidizing directly. Since the production of graphene
is usually the end goal, only the former method is discussed in this study. GO is not a naturally
occurring material. It was discovered in 1859 by Brodie who accidentally synthesized GO by
combining a mixture of KCIO3 with a slurry of graphite in HNOj3 at 60°C during an experiment
designed to analyze the structure of graphite. He found that the overall mass of the product had
increased. Further analysis showed the new material had a formula of C; 19H 9O [55,56]. In
1898, Staudenmaier improved Brodie’s method by adding concentrated H,SO4 as well as
chlorate in multiple aliquots throughout the reaction for a product similar to Brodie’s (C:O ~

2:1), but more practically in a single reaction vessel [57]. In 1958, Hummers and Offerman
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reported the method most commonly used today. Graphite previously treated with NaNOj3 in
concentrated H,SOy4, was reacted with KMnOy to catalyze the reaction producing a brown sludge
that was then treated with water and hydrogen peroxide (H,O;) [4]. Sonication was used to
further separate the individual layers [58]. The chemical production of GO is a simple, relatively
fast process. However, it has the drawback of using harsh acids and bases and generating toxic
gases including NO,, N,O,, and or CIOy; the latter is also an explosive gas [59].

Since the early 1980s, electrochemical production of GO has been researched as a single
step, environmentally friendly approach. These electrosynthesis reactions can be conducted in
aqueous solutions (with acids or surfactants) and non-aqueous solutions (organic or ionic liquids)
under ambient conditions [54]. These processes have the advantage of being fast, inexpensive,
and using less harmful reagents. A constant potential (or current) is usually applied to maintain
the electrochemical conditions constant. This process involves intercalation of cations or anions
to separate individual sheets from the graphite followed by exfoliation. Electrochemical
processes produces GO sheets with fewer defects compared with chemical methods, which allow
for less harsh reduction methods for conversion into rGO. The choice of the electrolyte is crucial
to ensure GO flakes remain in solution and do not aggregate [60]. The electrochemical process
can be run as a two-electrode or three-electrode system with graphite as the working electrode
(WE), or anode, applying a positive potential to drive the oxidation process. This potential can be
optimized to decrease the extent of side reactions that release CO, and O, gases, increasing the
efficiency of the reaction process [61]. This method has potential for large-scale applications if
optimized. Current methods that successfully produce few- to single-layered sheets require at
least one of the following: applied potentials from -15V to 15V, expensive electrodes such as

HOPG (highly ordered pyrolytic graphite) or Pt, and/or acidic electrolyte solutions that require
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proper disposal [54]. Reactions can also be done at relatively low voltage (-2 to 2V) in exchange
for reduced rates, which are not suitable for scale up. There is potential for scaled-up production
using electrochemical systems for better quality GO. Methods using lower voltage, readily
available electrodes, and simple electrolyte solutions can further decrease cost of these processes.
2.2.2  Mechanism of GO production from graphite

GO formation whether chemically or electrochemically produced, follows a similar
mechanism regarding a 3 step process [62]. Ions in solution intercalate into the graphite. This
step is an intermediate step and occurs almost immediately upon introduction of the graphite to
acidic oxidizing medium (often sulfuric acid intercalates in the modified Hummers’ method or in
electrochemical methods using H>SOy in the electrolyte solution). Depending on the solvent, ions
in solution, graphite source, and method chosen, the graphite intercalated compound reaction
rates might vary, but the concept remains the same. During the second step, the intercalated
graphite converts into oxidized graphite oxide with the introduction of an oxidizing agent. This
step occurs at a much slower rate than the first one, taking between hours and days. Finally, the
graphite oxide is exposed to water causing hydrolysis of the covalently bonded ions (i.e.,
sulfates) and loss of the interlayer registry. This process occurs gradually starting on the edges of
the graphite moving to the center until all of the graphitic material has been converted to GO.

Electrochemical methods rely on the anodic oxidation occurring when a positive potential
is applied to a graphite anode. The process promotes the intercalation of anions that lead to the
structural expansion of the graphite during exfoliation [63]. Intercalation of acidic anions has
been reported as the main mechanism for surface blister formation in previous papers using
HOPG as the anode [64,65]. These studies reported hydrolysis resulting in hydroxyl groups

(amongst others) that allow the graphite surface to become of hydrophilic nature. The
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hydrophilic behavior becomes beneficial in DI water as GO is stable in solution making the
reaction favorable to allow exfoliation of the individual flakes [66]. As with chemically produced
GO, the use of sulfuric acid can cause excessive oxidation increasing the resistivity and damage
the sp2 lattice [67]. Electrochemical methods have been found to be faster and to produce GO
containing less defects than the chemically produced methods [68].

2.2.3 Existing Reduction Methods

GO is usually thermally unstable and can be reduced by removing the oxygen groups
attached through thermal, chemical or electrochemical processes. A GO molecule typically has a
C:O ratio between 4:1 and 2:1 depending on the production technique [69]. After reduction, the
C:O ratio can range from 12:1 to 246:1 for the most efficient methods. Reduction can be
achieved thermally through annealing at high temperatures, microwave irradiation, and photon
irradiation, among other methods. Chemical reduction is based on adding reducing agents to
remove the oxygen groups. These methods are usually cheaper than heating because they can be
done at room temperature or with moderate heating [69]. The most widely used reagent for
reduction is hydrazine (N;Hy4) and its derivatives; hydrazine reduction processes result in a rGO
product with a C:O ratio of about 12.5:1. Combinations of both chemical and thermal methods
into multistep reduction processes have also been reported to increase this ratio [70-79].

Some other common reducing agents used include metal hydrides, such as sodium
borohydrate, sodium hydride, and lithium aluminum hydride. These are common reducing agents
used in organic chemistry, but they have the drawback of being reactive with water and thus
other solvents are needed [69]. More recent studies using hydroiodic acid as a reducing agent
have reported higher achieved conductivity than the previously described methods [80,81].

Ascorbic acid (Vitamin C) has also been used as a substitute for hydrazine. It is a more

16



advantageous chemical as it is non-toxic and does not result in aggregation of rGO colloids [82].
Aggregation is a common issue because reduction processes increase hydrophobicity. Other
reducing agents include strong alkaline solutions (sodium/potassium hydroxide), hydroquinone
[83], pyrogallol, hydroxylamine [84], alcohols, iron/aluminum powder, ammonia, hexylamine,
sulfur-containing compounds (NaHSO3, Na;SO3, Na;S,04, NaS,03, Na,S-9H,0, SOCl,, and
SO,), urea, lysozyme, N-methyl-2-pyrrolidinone, poly(norepinephrine), BSA, TiO;
nanoparticles, manganese oxide, and bacteria [85]. Electrochemical removal of the oxygen
containing groups is also possible under standard conditions by exchanging electrons between
the GO and the electrodes [43-46]. All of these alternative methods of reduction are usually not
as effective as hydrazine or sodium borohydrate and produce a material with lower conductivity.

The removal of functional groups can be harmful to the GO structure and cause defects
throughout the reduction process by introducing vacancies. These vacancies mainly occur in
areas of the surface where clustered functional groups are present on the GO as previously
mentioned. These type of defects can drastically worsen the electrical properties of the graphene
sheets by decreasing the path length due to the introduction of scattering centers [31]; therefore
choosing the correct reduction technique is crucial for the desired applications. During the
reduction process, hydroxyl and epoxy groups are the first to be removed before carbonyl
groups, which have a higher energy barrier due to their formation being thermodynamically and
kinetically favorable on GO [86]. sz bonds may reform depending on the functional groups
leaving the plane and their arrangement on the plane.
2.3 Characterization Techniques

Different techniques are needed to identify the different functional groups present, and

the morphology (and topography) of the GO. Spectroscopy techniques used to identify the
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functional groups present include nuclear magnetic resonance (NMR), Fourier transform infrared
spectroscopy (FT-IR), Raman spectroscopy, X-ray photoelectric spectroscopy (XPS), X-ray
absorption near-edge spectroscopy (XANES), ultraviolet-visible spectroscopy (UV-Vis) and
more. These techniques are used to identify concentrations of hydroxyl groups, carbonyl groups,
epoxide groups, methylene defects and their relative abundance [4]. These data provide insights
into the electrical properties (conductor or insulator), the stability in water (hydrophobic or
hydrophilic), the active sites present, the sp*/sp” bond ratios and the C:O ratio (degree of
oxidation).

Microscopy techniques are used to look at the morphology, structure, and number of
layers present on the GO. Transmission electron microscopy (TEM) is a common technique used
to determine the atomic structure of nanomaterials. Images of the crystal lattice and topological
defects are visible, and transparency can be determined compared with carbon films [87]. Areas
with clustered oxygen groups will have higher transparency compared to sp> bonded carbon.
Selected area electron diffraction (SAED) patterns of the TEM images also can be obtained from
a region of the GO film to show that the graphene honeycomb structure is present. Similar
information regarding the GO structure can be obtained using other techniques including atomic
force microscopy (AFM), scanning transmission electron microscopy (STEM), and scanning
tunneling microscopy (STM) [4]. Other useful information obtained from microscopy techniques
includes topography measurements and analysis of the YM, flexibility, elasticity, and
conductivity measurements.

These characterization techniques are also useful for measuring the extent of reduction
after a chemical or thermal process is performed on the GO. The functional groups and C:O

ratios can be observed before and after treatment through these spectroscopy techniques to
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monitor changes. The transparency can also decrease due to sp> bonds being reformed and can be
seen via microscopy techniques. Topography measurements can be done to look at the roughness
and spacing between the layers of the GO/rGO materials to estimate number of sheets.

2.4 Current applications

Oxidized graphene derivatives can vary drastically in their electronic properties as
previously described in section 2.1.3. Because of the variations in band gap size, these
nanomaterials can act as conductors, insulators, and even semiconductors. Doping with different
metals or polymers can change this band gap and further reduction can increase the conductivity
[4]. Because of these tunable properties, there are a wide range of applications for oxidized
graphene derivatives. This chapter, however, is specifically focused on the applications of
oxygenated graphene (GO and rGO). Although one of the largest applications of GO/rGO
materials is the production of graphene, these oxidized nanomaterials can have important
features in other fields. Moreover, the existence of more effective production methods for
GO/rGO, gives these materials an advantage over graphene in some applications.

Other than graphene production, uses for GO and rGO materials include electronics,
opto-electronics, energy storage and conversion, sensors, flexible/bendable thin-films,
composites, coatings, catalysts, pharmaceutical carriers, and water treatment [51]. Demand for
graphene-based materials is expected to grow significantly in the near future [88]. Due to the
increasing need for understanding graphene-based materials and production methods, there has
been a major increase in publications and patents over the past 10 years. As we move forward
with deciphering the methods of production and applications of these wonder materials,

projections for GO/rGO nanomaterials could potentially replace silicon in multimillion dollar
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industries including semiconductors and other nanotechnologies. Applications in various other
fields are described below.
2.4.1 Electronics and optics

The electronic and optical properties of GO/rGO can be changed drastically via different
reduction methods as well as by depositing metals on the sheet surfaces. With these
modifications, GO and rGO can have behave as insulators, semiconductors or semimetals, which
gives them wide ranging applications in the electronics field. Since GO and rGO are transparent,
they have potential applications in areas such as solar cells, organic light-emitting diodes
(LEDs), and displays [45,89-91]. The high flexibility of GO/rGO has made possible the creation
of innovative electronics, such as flexible phones and electrocardiography (EKG) sensing tattoos
[92]. Field-effect transistors (FET) are also an appealing application as pristine graphene
possesses higher electron mobility than silicon semiconductors [6]. Pristine graphene has low
Ion/Iorr ratios due to the finite minimum conductance at zero voltage. By adding oxygen groups
to the sheet surface, an induced and controlled band gap can be introduced to increase the FET
performance at low field emission thresholds [93].

rGO networks could also be used as molecular sensors due to the change of electric
conductance after adsorption of a target molecule. Some molecules have been found to bind onto
the graphitic sp2 domains using weak interactions or bind onto the vacancies and oxygen
functional groups [39]. With the first mechanism of binding, molecules can be recovered using
thermal energy, but the latter interactions are strong, making molecules non-recoverable after
detection. Some of the applications in the optics sector include surface-enhanced Raman
scattering (SERS) [94], fluorescence quenching [95], and modulation of laser intensity [96].

These applications exploit the fluorescence and high transmittance of GO. Combining both
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optical and electronic properties, photovoltaic and LED devices are an appealing use for
transparent conducting GO/rGO composites [79,97].
2.4.2  Energy Conversion and Storage

Renewable energy technologies are in high demand for the purpose of reducing carbon
emissions produced from current fuel sources. Applications as catalysts or mediators in hydrogen
generation are one of the potential uses in alternative renewable energy sources. Functionalized
graphene-based materials have the advantage of having a very large surface area and many active
sites available for catalysis. Other applications include enhancements in batteries and
supercapacitors due to the nanomaterial’s fast charging speed and high charge storage,
characteristics that are stable over a large number of cycles [4].

GO has some interesting characteristics that make it a promising photocatalyst for H,
evolution from water splitting. GO exhibits p-type conductivity because of oxygen’s high
electronegativity compared to carbon. The oxygen groups in GO cause the valence band to
originate from the 2p orbital of oxygen rather than the n orbital of graphene, leading to a larger
band gap [98]. The GO conduction band is mostly attributed to the anti-bonding ©* orbital,
which has a higher energy level than that needed for H, generation [99-102]. One study reported
the use of GO/rGO composites to modify TiO,, a popular photocatalyst with high activity,
chemical inertness, low cost and nontoxicity [103]. A drawback with using TiO, alone is the
backward reactions restricting hydrogen production. Chemically bonded TiO,-GO showed
improvements in the photocatalytic activity for H, production as well as degradation of some
pollutants. Other composites of GO with metal oxides, metal sulfides, metallates and even other
carbon nanomaterials (CNTs) have also shown improvements in their photocatalytic activity.

GO-based materials also can be used as co-catalysts replacing noble metals (Pt, Pd Ru, Ag, etc.)
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loaded on semiconductors to promote water splitting [ 103]. Noble metals are expensive and
harmful to the environment; thus GO-semiconductor hybrids can be a good alternative for
promoting hydrogen evolution [104].

Additionally, physical hydrogen storage is possible for few-layered GO materials. H» has
shown to interact between layers of graphene-based materials. These interactions are highly
dependent on the interlayer spacing. A study done varying the interlayer size of GO and rGO
materials revealed that an optimal interlayer size of 6.3-6.7A was ideal for maximum H, storage
capacity (4.8-5.0 wt%) [105,106]. The functional groups present also improve the H, binding
energy compared to pristine graphene in which interactions are too weak [4]. Composite
materials with GO/rGO are also a good alternative for H, storage by allowing adjustments of the
interlayer space or increasing the effective active sites available [107].

GO and rGO sheets have also shown potential applications in supercapacitor materials.
These nanomaterials have proven to exhibit pseudocapacitive characteristics even though in
principle they exhibit poor electrical conductivity. Some multilayer GO nanosheets have
exhibited high capacitance retention over time (10,000 cycles) [108]. This pseudocapacitance
behavior suggests the functional groups can serve as separators in supercapacitors composed of
thin film electrodes [109]. The functional groups induce large pseudocapacitance, less
aggregation and good wetting properties [110]. Doping the GO/rGO structure with boron or
nitrogen can also enhance supercapacitor performance by increasing conductivity. Other popular
applications in energy storage for GO/rGO materials are the possible enhancement of electrodes
in batteries. Cathode and anode GO based composite materials have shown superior performance

in batteries including lithium-ion, lithium-sulfur, and lithium-air [111-113].
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2.4.3 Contaminant detection, removal, and conversion

Environmental applications for the adsorption, detection and/or conversion of
contaminants including greenhouse gases, heavy metal ions, and organic species are possible due
the unique surface chemistry of GO materials. Studies have shown few-layered GO has readily
adsorbed CO; in water at low pressure (~5 bar) and N,, CH4, H; at higher pressure (~20 bar)
[114]. Composites of polymer-decorated GO have shown positive effects by increasing the
available surface area and improving the cycle stability for CO; capture [115—-117]. Other
contaminants capable of being removed by GO and its composites include ammonia [118],
acetone [119], formaldehyde [120], H,S [121], SO, [122], CO [123], and NO; [124]. GO has
shown high affinity for heavy metal ions in wastewater, which are harmful to humans, animals
and plants [125]. Highly toxic metals such as Cr(VI) [125], Pb(II) [126], and Hg2+ [127] have
shown an increase in adsorption in GO/rGO decorated polymers and composites. Other research
has shown GO itself is an excellent adsorbent of organic dye pollutants such as methylene blue
[128].

Gas conversion has also been enhanced in GO decorated composite catalysts and
photocatalysts. Some studies have shown these composites capable of reducing CO; into
valuable chemicals (CH4,CH3OH, C;HsOH, HCOOH and CH3;COOH) [129-132]. Apart from
pollutant removal via adsorption and ion selectivity penetration, GO-based materials are also
capable of converting pollutants into less toxic forms, as seen with Cr(IV) conversion into Cr
(IIT) [125]. Conversion of other pollutants present in wastewater through catalytic or
photocatalytic reduction methods using GO composites has been explored as a substitute for
expensive materials (i.e. Pt). Studies have shown catalytic activity in GO or GO-based

composites for the reduction of SO, to SO3 [133], ammonia into primary amides [134] and
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nitrobenzene into N-phenylhydroxylamine and aniline[135], amongst others. Organic dye
decomposition studies using rGO have shown effective catalytic degradation of Orange II [136]
and methylene blue [137].

2.4.4  Biotechnologies

Applications for biofunctionalization, biosensing, enzyme inhibition and drug delivery
are also popular fields of study due to the many active sites available on the GO surface. Due to
its specific elemental composition, GO is a biocompatible material that can interact with other
biomolecules via electrostatic interactions, n-n stacking, and hydrogen bonding [4]. GO can
potentially interact with proteins ,such as horseradish peroxidase and glucose oxidase, for
potential applications in biosensing [138,139]. The GO surface also has been functionalized with
other molecules including hydrogen peroxide (H,0,), B-nicotinamide adenine dinucleotide
(NADH), dopamine, peptides, and cellulose for enhanced biosensor and bioelectrode
applications [140,141]. Some studies have reported affinity between single-stranded DNA
(ssDNA) and GO due to n- & stacking between nucleotide bases and the graphene-like basal
plane. Hydrogen bonding is also possible between the ssDNA and some of the oxygen
containing groups in GO [142]. These complexes can have many applications including
detection of free nucleotide bases.

Some other bioapplications found for GO include the use of its intrinsic fluorescence in
the NIR to UV regions to use as a donor (or acceptor) in the process of fluorescence resonance
energy transfer (FRET) for the detection of rotavirus [143] or DNA [144]. Detection of these
molecules can be done via photoluminescence quenching. Antibody modified GO sheets for the
detection of proteins have also shown some promising advances using inorganic luminescent

quantum dots [145]. Other molecules being studied for detection with GO materials include
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metals and proteinases [4]. Electrochemical biosensors using rGO are promising since they can
mimic the properties of graphene in further reduced materials. Not only can the holes in rGO
facilitate the transport of electrolyte ions, but also the functional groups can accelerate redox
reactions. This is particularly useful in the electron transfer by proteins or enzymes since rGO
materials are biocompatible. These rGO nanocomposites have also shown an increase in stability
and response time [146].
2.5 Challenges and limitations

Development of bulk graphene production technologies is still ongoing. Substantial
resources are being applied to find techniques to produce the most pure material at high rates and
at low cost. Before the isolation of graphene in 2004, 2D crystals were thought to be impossible,
as they were thought to be thermodynamically unstable. Because of the wrinkled structure of
graphene, isolation was made possible using mechanical peeling (“scotch tape method’), which
allowed the production of stable sheets [1]. Since this discovery, a number of patents and papers
have been published regarding production of this wonder material using various techniques.

Unfortunately, the existing production techniques for graphene require high-energy input,
toxic chemicals, or are slow and viable only at a laboratory scale for research purposes. The most
promising method of graphene bulk production available has been reduction from GO. Most
chemical GO production techniques are fast and able to produce large quantities. However, these
techniques have the drawback of producing materials with large defects and holes that cannot
completely recover the sp2 lattice after reduction. Toxic byproducts and reagents need to be
completely removed, which can also be challenging depending on the production method.
Electrochemical production methods have shown to be less harsh on the GO surface, effectively

producing sheets with fewer defects avoiding the use of dangerous reductants and disposal of by-
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products. However, required conditions are non-ideal as the best reported electrochemical
methods still need relatively high voltages, expensive electrodes, or acidic electrolyte solutions.
Environmentally friendly production approaches that also further increase production efficiency,
decrease the amount of energy input, and decrease reagent cost are desired. For these reasons, the
use of MES is an appealing approach to biocatalyze these electrochemical reactions with simpler
electrolyte solutions and with readily available, low-cost electrodes. MES methods have shown
improvements in other fields and can potentially improve GO production by increasing yields
and decreasing cost. Specific features of the BEGO method and the use of MES is introduced in
the next section.

2.6 Bioelectrochemical production of GO (BEGO)

Bioelectrochemical systems (BES) have become desirable in the past decades due to the
use of microorganisms as inexpensive biocatalysts. Microorganisms are capable of driving redox
reactions within an electric field, resulting in substantially higher reaction rates [147,148]. These
microorganisms are capable of oxidizing (or reducing) organic or inorganic substrates to produce
energy in the form of current or hydrogen gas [147]. They are known to transfer electrons via
direct or indirect mechanisms through electron shuttles, which can be supplied exogenously or
endogenously as well as by conduction [149]. Interactions at the electrode surface of typically
immobilized microorganisms have many advantages due to the self-regeneration, substrate
flexibility and higher versatility compared to isolated enzymes, organelles and other catalysts.
They have shown to decrease overpotentials. Some microorganisms have been found to be
capable of oxidizing graphite to GO, by catalyzing the required reaction thus lowering the
chemical and energy requirements of chemical methods [150,151]; however, in solution the

process is too slow to be practical. Abiotic electrochemical methods also have been studied for
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producing GO from graphite [54,152,153], but these methods still require chemical consumption,
produce potential toxic by-products, and are limited to either the starting material being annealed
or a deposited form of graphite. Although both microbial and electrochemical methods have
limitations, by combining both processes a new method of producing GO avoids the use of harsh
chemicals, high energy consumption, or toxic by-products resulting in improved performance of
bioreactors and higher yields [19].

BEGO Advanced Materials, Inc. (BEGO, Hong Kong) has developed a
bioelectrochemical method to produce GO from carbonaceous material known as the “BEGO
process.” Using MES to produce GO is an attractive technology as MES operate under mild
conditions (less hazardous chemistry) and with low energy input, making BEGO a green
approach [154]. A recent MES study showed accelerated production of GO and H, gas under
microaerobic conditions where a biofilm was present on the anode compared to an abiotic
counterpart [19]. Using graphite as an electron donor, some species of Pseudomonas, particularly
P. syringae, were identified to be the most prominent microbial genotype in the graphite biofilm.
The biofilm was identified to be a key factor driving the reaction as the current density of the
system was higher (1.24 A/m2) than for the sterile reactor (0.01 A/m2) under the same
conditions (cathode poised at -0.6 V vs. SHE). Monitoring of BEGO production was done by
conducting current density measurements, dissolved chemical oxygen demand (dCOD) analysis,
final anode degradation mass difference, and gas production of CO; and Ha.

The BEGO process is a new technology and thus knowledge gaps exist regarding the
operation, design, purification, and quantification of the final material. Further research of the
BEGO process could increase production rates of GO, reduce operation time and allow for a

better understanding of the capabilities of this unique material. Advancing knowledge of the
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advantages of the process is necessary to develop competitive methods compared with existing
technologies. Work completed to date suggests that the BEGO process is a promising
technology, with future optimization necessary to supply industrial and commercial markets.
During the study performed at CSU, specifics of the BEGO technology are explored including
developing an estimate of GO production rates, further characterization and purification of the
final material, and understanding the role of themicrobes present using different inoculum

sources.
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3. MATERIALS AND METHODS

For this study, the team at CSU focused on extending knowledge of BEGO production
under different conditions to make improvements to the existing methods. Measuring rates of
production, physical/chemical properties, and comparing inocula were investigated to develop a
better understanding of the mechanism of production and quality of the product. Three
objectives, indicated in sectionl.2, will help BEGO Advanced Materials Inc. target the most
appropriate markets, depending on the characteristics of the nanomaterial. Two designs at
different scales were chosen to run under various conditions to understand scalability. The first
sets of experiments were the small-scale reactors (SSR); the SSR trial was used to compare
inoculum at a small scale to analyze the microbial community impacts. Controls included
reactors inoculated with the same sources, but with no voltage applied to explore the capabilities
of the microorganisms alone. The second sets of reactors were the large-scale reactors (LSR)
used mainly to produce larger quantities of the BEGO for characterization, but also to explore a
different reactor geometry. Abiotic reactors (LSRA) were built as the controls and connected to a
power supply to compare production rates with the biotic reactors (LSRB). Sequencing of the
16S rRNA gene was done on the bioreactors inoculated with different microbial sources.
Variations in inoculum sources, voltage applied, electrode choice, and purification techniques
were some of the operating variables examined throughout the experiments to evaluate their
impact on the BEGO production.

Two trials of each configuration were performed, with successive improvements in
reactor design. The first trial of the SSR reactors (SSR1) was used to adjust the voltage, control

the electrochemistry, and develop methods for quantification of the BEGO. The second trial
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(SSR2) was used to further understand the microbial contribution to GO production with more
replicates. In comparison, two trials of the LSR reactors were also performed with the goal of
improving conditions in the first trial (LSR1) and for high mass production on the second trial
(LSR2). Analysis on reduction technologies was done by our collaborators using microwaving
protocols but is not discussed in detail here. Production methods were examined under the
different parameters chosen using MATLAB, and RStudio analyzing with the Ancova, Tukey,
and t test methods for statistical comparison.
3.1 Reactor set up

For the SSR configuration, twelve 500-mL vacuum flasks with rubber stopper caps were
used for the reactor body. Three holes were drilled in the stoppers to introduce insulated copper
wires to attach the electrodes. For the cathode, a 5-cm by 10-cm carbon cloth was attached to an
alligator clip bound to one of the copper wires. A graphite anode rod (10-cm length and 0.5-cm
diameter) was attached to the other copper wire on the opposite side of the stopper. On day 8 of
the first trial, three more graphite rods were introduced through the same hole, so that anodes
could later be sacrificed for biofilm analysis. The middle hole was used to attach an Ag/AgCl
reference electrode (RE) purchased from BAsi Inc (West Lafayette, IN, USA), as these trials
were built as three-electrode systems. A salt bridge was later introduced (days 204 and 210) to
replace the RE hole and was made out of 2% agar and 0.1M NaCl inside of a Teflon tube.
Conductive glue and heat shrink were used to secure the connections to the wires. A liter gas bag
purchased from EnviroSupply (Irvine, CA, USA) was attached on the side port of each vacuum
flask using vinyl tubing and a tubing adapter. All the pieces were secured using a glue gun,

silicon glue, and epoxy glue as necessary (Figure 2).
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The LSR reactors were 8 liters each. The bodies of the LSR were made out of white
polyvinyl chloride (PVC) pipes of ~62-cm height and 6-inch diameter. DMV female adapters
were placed on the top and bottom of the reactors for sealing. Two 3.5-cm diameter holes were
drilled into the middle section (~26-cm from the bottom) and bottom section (~6-cm from the
bottom) of the reactors to attach PVC valves for sample collection. The cathodes used were
carbon cloth (LSR1) or a 316 stainless steel mesh (LSR2) glued to cover the inner wall of the
PVC. A bundle of 29 graphite rods (height of ~50cm) was hung in the center of the PVC pipe
(see Figure 7); rods were the same length as those used for the SSR but thicker (1-cm of
diameter). Rubber bands were used to secure the rods into bundles. Titanium wires (gauge 22)
were attached to anodes and to the outside of the reactor through holes drilled on top (~52-cm
from the bottom) of the PVC body. Connections were attached to a power supply using insulated
copper wires and alligator clips. A 5-liter Tedlar bag was attached to the top of each reactor for
gas production monitoring. Sealing was done using plumbing tape, PVC glue, silicon glue, and

epoxy glue as necessary (Figure 3).

Figure 2: SSR setup
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Figure 3: LSR setup

3.2 Inoculation and media preparation

Three microbial sources were compared during the first trials. Sludge samples were
collected from the anaerobic digesters at the Drake Water Reclamation facility (Fort Collins,
CO) and the New Belgium Brewery (Fort Collins, CO). A third sample was taken from a natural
pond in the rural areas outside of town (Fort Collins, CO). All three samples were collected
during the fall and stored at 4°C for 2-7 days until inoculation. The inoculation consisted of
10.0-12.5% of the total reactor aqueous volume. The remainder of the reactor was filled with a
media (see Table Al in Appendix A for media recipe) as previously described by Lu et al. [19],
made with previously autoclaved deionized water. Microbial media included trace minerals and
vitamins [155]. The media was flushed with either N, or CO, depending on the reactor

configuration to make it anaerobic.

During the first SSR trial (SSR1), duplicates of the three different inocula were used.
Each reactor had a total volume of 400 mL (40 mL inoculum and 360 mL media) with their

respective controls (12 reactors total). During the second trial (SSR2), only the Drake and New
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Belgium inocula were used in triplicates without controls for a total of 500 mL (50 mL inoculum
and 450 mL media). For the SSR2 trial, half of the inoculation was done with enriched samples
from the SSR1 trials (25 mL) and the other half (25 mL) was fresh inoculum from the original
source described above. Reactors were flushed for 35 minutes with N, before sealing inside of an
anaerobic chamber.

The LSR configurations were inoculated using only the New Belgium sludge; the total
reactor volume was 8 liters (1 L inoculum and 7 L media). Four reactors were built for the first
trial (LSR1): three biotic and one abiotic that did not contain inoculum. For the second trial
(LSR2), ten biotic reactors were built and run until no more GO production was observed. Four
out of the ten reactors were sterilized using bleach to create the abiotic reactors. Due to the large
size of the reactors, 90-minute flushes with CO, were performed through a vinyl tube submerged
through the Tedlar bag port. Sampling was done through the middle PVC valve and reactors
were kept sealed until the end of the run. Reactor naming for each trial, including control
conditions, are shown in Table 1.

Table 1: Reactor ID key

Small-scale reactor (SSR) Large-scale reactor (LSR)
Trial 1 (SSR1) Trial 2 (SSR2) Trial 1 (LSR1) Trial 2 (LSR2)
D1 C_D1 D1 R1 AB R1 ABI1
D2 C_D2 D2 R2 R2 AB2
P1 C_P1 D3 R3 R3 AB3
P2 C_P2 N1 R4 AB4
N1 C_N1 N2 RS
N2 C_N2 N3 R6
R7
RS
R9
R10
D - Inoculum from Drake Water Reclamation Facility anaerobic digester
P - Inoculum from goose pond sediments
N - Inoculum from New Belgium Brewing Co. anaerobic digester
C - Control unconnected reactors
R — Large-scale reactor inoculated with New Belgium Brewing Co. anaerobic digester
AB — Large-scale abiotic reactors (connected)
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3.3 Operating conditions

Initially, the SSR1 reactors were connected to two 4-channel eDAQ quadstats (Colorado
Springs, CO) to control the reactor potentials, but were later switched to an eight-channel
potentiostat (CHI 1030C) from CH instruments Inc. (Bee Cave, TX) on day 113. The switch was
done to achieve better control of set potential and to allow measurement of higher currents (see
Appendix A, Figure A2-A3). Amperometric curves were recorded throughout the entire reactor
lifetime, resetting every two days to avoid equipment overheating. The reactors were originally
set at -0.8V (vs. Ag/AgCl) at the cathode but were later switched to 0.8V (vs. Ag/AgCl) at the
anode on day 22 to control the voltage on the working electrode. On day 182, voltage was
increased up to a final value of 1.4V (vs. Ag/AgCl) during a period of 30 days to promote GO
production as shown in Figure 3. Reactors were covered with foil to avoid algae growth. Every
1-2 weeks, reactors were taken into the anaerobic chamber for sampling, feeding, and refilling
after sampling using the aforementioned media to keep the volume constant. About 5 to 8 mL.
were taken at each sampling event from each reactor and stored in the fridge for future analysis
of BEGO production and characterization. The SSR1 trial ran for a total of 359 days from the
moment it was connected to the first potentiostat. The SSR2 trial ran using the octastat only at
the highest voltage tested with the SSR1 run (1.4 V vs Ag/AgCl), and salt bridges initially in
place. These reactors were built with a sampling port comprised of vinyl tube with a 3-way
stopcock so that sampling could be done on the bench instead of the anaerobic chamber. The

SSR2 reactors ran for a total of 224 days.

The LSR1 reactors were originally poised at 8V, but later voltage was lowered down to

3V as shown in Figure A6 (Appendix A), using a DC power source with multiple attachments
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(Eventek KPS305D). The LSR2 trial was poised only at 3V using individual power adapters
from RadioShack (#2731121, Fort Worth, TX). Voltage and current were monitored every 1-2
days using a multimeter by Mastech group LLC (MASTECH MS8261, Brea, CA). The LSR1
trial had to be restarted multiple times due to leaks that caused delays in GO production due to
dilutions with new media, and reactors being out of commission (data nor reported). The LSR2
reactors underwent a leak test before inoculation and media introduction thus allowing constant
volumes throughout the experiment. The 10 biotic reactors on this second trial ran for a period of
105 days and 4 abiotic reactors ran for 108 days until disconnected. The bodies of the first three
reactors of the LSR2 trial (R1-R3) were recycled from trial 1 with the old cathodes which caused
variations in production rates; thus data for those were not reported. These three reactors (R1-
R3) and the AB reactor from the LSR1 trial were bleached and cathode replaced for a 316
stainless steel mesh to create the abiotic reactors for the LSR2 trial.
3.4 BEGO purification techniques

Purification techniques were necessary to minimize BEGO contamination with ions,
organics, and large suspended solids. Various protocols involving centrifugation and filtration
were tested to remove suspended solids before BEGO quantification and characterization. Liquid
samples (5-10 mL) collected from the reactors were centrifuged in 15-mL falcon tubes at
velocities of 3,000-10,000 RPM (revolutions per minute) for 10, 20 or 30 minutes to optimize
solids removal. During different centrifugation trials, UV-Vis was used to test the supernatant of
each run. After 8,000 RPM (7441.4 x g) for 15 minutes, there was no obvious change in the UV-
Vis absorbance. DNA extraction kits for centrifuging cells use a protocol at 10,000 x g to collect
cells at the bottom of the tube (pellet). Thus, 15 minutes at 10,000 x g was chosen as the best

centrifugation protocol to ensure the biomass was removed. Centrifugation was done in a Sorvall

35



Legend XTR (Thermo Fisher Scientific, Waltham, MA) centrifuge with a F15S-8x50C rotor at
room temperature. The centrifugation technique was used for liquid sample analysis including
UV-Vis, dCOD, and BEGO deposition on substrates for microscopy analysis.

Filtration protocols were set up by Membrane Development Specialists (MDS,
Escondido, CA) and then replicated at CSU. For the membrane selection process, see the BEGO
characterization section 4.2. Collection of BEGO was performed using a two-step protocol.
Liquid samples were processed at CSU using a vacuum bench filtration system with 47 mm filter
holders and max processing volume of 250-mL. Large solids and sediments were removed using
a 5-um woven polyester filter cloth (coarse filter) in a pre-filtration step. A 0.5-um hydrophilic
Teflon membrane (BEGO collection membrane) was then used to collect the BEGO flakes. This
method was used on the SSR1 reactors after they were terminated to process the total volume
and estimate yields. The bottom 20% of the reactor volume needed dilutions prior to filtration
due to sedimentation of the inoculum solids or aggregates that caused rapid clogging of the
coarse filters. The upper liquid in the reactors (upper 80% volume) had almost no large solids
and passed through the coarse filter with minor to no clogging. The BEGO solids on the Teflon
membrane were scraped off using a spatula and collected for analysis with FT-IR and TGA.
During the SSR2 trial, the filtration protocol was also used for UV-Vis quantification using the
permeate of the coarse filtration step during the first 100 days (see Figure B8-B9).
Lyophilization protocols were also considered for BEGO collection, but this method was
discarded due to high concentration of salts interfering with downstream analysis.

3.5 Detection and characterization
For BEGO quantification, UV-Vis, dCOD, and total organic carbon (TOC) were used to

track production over time. Material balance techniques using graphite mass losses from the start
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to the end of reactor operation were used as an additional means of estimating BEGO production
rates. The BEGO collection filter was also weighed before and after filtration to estimate yields.
Dilutions of purchased GO samples of known concentration were done in deionized (DI) water
and used in the aforementioned methods (UV-Vis, dCOD, and TOC) to create calibration curves
for quantification of unknowns. UV-Vis spectroscopy was done by scanning spectra between
210nm and 800nm in a UV-Cuvette micro (12.5x12.5x45 mm) by BRAND (Wertheim, Baden-
Wiirttemberg, Germany) using an Agilent 8453 UV-Visible spectrophotometer (Santa Clara,
CA). Concentrations of BEGO were measured based on a peak at wavelength 229 nm (1 — © *
transitions of aromatic C-C) and a shoulder at 300 nm (n — m * transitions of the carbonyl
groups C=0) [19]. Sample dilutions were prepared to have absorbance readings below 2
absorbance units (AU) to be within the accurate linear range of the instrument. Dilutions were
done using media if dilutions were lower than 1:10, or DI water if higher. dCOD was measured
using high range COD digestion vials #2125915 by HACH (Loveland, CO) on a DR 3900
spectrometer, also by HACH. For this assay, centrifuged samples were also filtered prior
detection using a 0.2-um membrane syringe filter and diluted 1:3 in DI water to preserve sample
volume. In the Lu et al. study [19], 0.1-um filters were used to collect the BEGO therefore 0.2-
um should be above the collection range. This filtering step was necessary to remove microbial
contributions to the COD that could affect the detected values. Later data showed that 0.2-pum
was a small enough pore size to capture the larger BEGO particles thus resulting in an
underestimate of the BEGO produced (see section 4.1.1.1). For TOC analysis, the centrifuged
samples were diluted 1:20 in DI water for a total volume of 20 mL in autosampler glass vials.
TOC was measured using a TOC-VCSH analyzer by Shimadzu (Nakagyo, Kyoto, Japan).

Calibration standards were prepared from purchased GO produced using the Hummers’ method
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purchased from Sigma Aldrich (2 mg/mL, St. Louis, MO) and Graphenea (4 mg/mL, Donostia,
Gipuzkoa, Spain). For quantification using mass balance techniques, the change in mass was
divided by the reactor volume and number of days during the BEGO production phase (see
section on analysis and on quantification methods 4.1.1 for description).

For characterization analysis, the XPS used was a PE-5800 X-ray (Eden Prairie, MN) by
depositing material from centrifuged liquid samples on a silica substrate previously sputtered
with gold (2 nm thick) and left to air dry. FT-IR was done in a Nicolet iS-50 by Thermo
Scientific (Waltham, MA) on solid samples collected from the filtering protocol solids to obtain
transmittance spectra. Raman was analyzed with an Olympus IX73 microscope (Center Valley,
PA) with a 532 nm Ondax THz Raman system (Monrovia, CA) and Horiba iHR550 spectrometer
(Piscataway, NJ) using a 10x objective and 8mW power. This analysis was done on centrifuged
liquid drops deposited on glass slides and left to air dry. TEM was done on a JEOL JEM-2100F
(St-Hubert, QC, Canada) performed first on the centrifuged samples, and later using solids from
the BEGO filtering protocol in DI water; this was done due to surfactant-like molecules, seen in
the TEM images in the former purification method that needed to be removed for proper
imaging. These samples were deposited on a lacey carbon substrate. The samples for AFM
(Bruker BioScope Resolve, Billerica, MA) analysis were purified using the centrifugation
protocol and deposited on mica substrates at a concentrations near 1 ppm. Imaging was done
using the SCANASYST-AIR probe at a scan rate of 1 Hz. TGA (TA TGA Q500, New Castle,
DE) was done on BEGO solids collected from the filtering protocol under nitrogen gas, to
monitor mass losses. ICP-MS (Perkin Elmer NexION350D, Waltham, MA) was performed on
centrifuged liquid samples for analysis on ion contaminants. Finally, gas chromatography (GC)

on the gas bag contents was performed using a HP 6890 GC (Hewlett-Packard, Palo Alto, CA)
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equipped with a thermal conductivity detector (TCD) and a RT-Q-Bond column (Restek
Corporation, Bellefonte, PA). NMR was also performed but not repeated due to low detection
limits and expensive equipment usage fees.

3.6 Sequencing

The SSR1 reactors were opened for DNA and RNA extractions on day 32 and days
231/233 in an anaerobic chamber. 25 mL were collected from the bulk media using sterile 50-mL
falcon tubes for DNA, and 50-mL autoclaved Nalgene bottles for RNA both placed on ice. Bulk
media samples were spun down at 4°C for 25 minutes at 10,000 x g to collect a pellet, discarding
the supernatant. Biofilm samples were collected from the graphite rods using two different
protocols. Scraping of the biofilm was attempted using sterile scoops but due to time constraints
and low yield, rods were instead cut off the wire and placed inside of sterile 15-mL falcon tubes.
The sacrificed rods were submerged in media for DNA processing, or in the preservation
solution LifeGuard by MoBio (Carlsbad, CA) for RNA. The sacrificed rods were replaced to
preserve the electrochemical conditions, and for the second round of extractions, only the rods
present in the reactors since startup were sampled. The 15-mL falcon tubes with the rods were
briefly vortexed to remove biofilm biomass and centrifuged at the previously mentioned
parameters to collect a pellet. Supernatant was discarded.

To isolate the nucleic acids, the DNA isolation kit (PowerSoil) purchased from MoBio
(Carlsbad, CA) and the RNA isolation kit (RiboPure, bacteria) purchased from Ambion (Foster
City, CA) were used on day 32. Later extractions (days 231/233) were done with Qiagen
(Valencia, CA) kits using the PowerSoil isolation for DNA Samples and the PowerBiofilm
isolation for RNA. Co-extracted DNA was removed from the RNA samples using the Turbo

DNA-free kit from Ambion (Foster City, CA). Reverse transcription (RT) was done on the RNA
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samples using the Superscript IV RT protocol from Invitrogen (Carlsbad, CA) to obtain
complementary DNA (cDNA). Nucleic acid concentrations and purity (data not shown) were
measured using a Take3 plate on a Synergy HT spectrophotometer by BioTek (Winooski, VT),
or a Nanodrop 2000c by Thermo Scientific (Waltham, MA). Samples were sent out for
sequencing at RTL Genomics (Lubbock, TX) or run at the CSU sequencing core (Fort Collins,

CO).
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4. RESULTS AND DISCUSSION

To advance understanding of the BEGO production process, three main objectives were
selected as indicated in Chapter 1:

1. Measure BEGO production rates using multiple techniques and investigate the impact of
selected operating parameters on rates,

2. Identify key physical and chemical properties of the BEGO produced,

3. Compare different inocula and identify microorganisms present both in the bulk solution and
the graphite rod biofilm.

At the beginning of this project, no methods were available to quantify the rate of BEGO
production over time, other than estimates measuring dCOD changes and electron balance [19].
dCOD is not specific to BEGO making it an unreliable parameter for predicting BEGO
concentrations. Our goal was to develop a quantification technique specific to BEGO and apply
this technique to measure rate constants as a function of other operating parameters. As part of
the technique development, BEGO purification methods were developed and refined to remove
contaminants to avoid quantifying them, and thus potentially over-predicting BEGO production
[54]. The purified BEGO was then analyzed using different characterization techniques to
understand the physical and chemical properties of the product. Understanding the nature of the
final product provides insight into the best applications and reduction protocols (i.e., to rGO), if
necessary. Finally, a detailed analysis of microbial communities was done on the bulk solution
and on the rod biofilm for different reactor configurations at various time points. Microbial

community structure was analyzed via 16S rRNA gene amplicon sequencing to identify the
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microorganisms that were present and active, and provide information on their functional
capabilities.

This chapter is divided into three main sections. The first section (4.1) focuses on
experimenting with different quantitative techniques to determine rates and yields for BEGO
production. Section 4.2 focuses on BEGO characterization via different microscopy and
spectroscopy techniques to understand physical and chemical properties of the BEGO. For this
analysis, purchased GO produced by Hummers’ method and literature studies were used as
standards for comparison. Analysis of purity, number of layers, dimensions, functional groups
and oxidation degree is also presented in this section (and in Appendix E). Lastly, section 4.3
reports and discusses microbial community characterization results on DNA and RNA done on
the bulk and rod biofilm of the SSR1 reactors and controls, at the beginning and the end of
operation (data for LSR2 in Appendix F).

4.1 Measuring rates of production

BEGO production was monitored for the SSR trials using reactors were naming

depending on the inoculum used as shown in Table 1 (see section 3.2), with their respective

controls. The LSR trials were inoculated using only the New Belgium bacteria and were run in

triplicate for Trial 1 with 1 control, and with 7 replicates and 4 controls in Trial 2 (R1-R2

excluded here). Note that the controls for the SSR and LSR trials are different, as the SSR “C”

controls are not connected to a power supply but contain microbes, and the LSR “AB” controls

are connected to a power supply but are sterile. In depth analysis focused mainly on the SSR1

and LSR2 trials. Results can be found for SSR2 and LSR1 in Appendices A and D but are

discussed here only briefly.
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4.1.1 Analysis of quantification methods

Calculations of the production rates were constrained to the time period when production
was observed (production phase). Most of the trials (except for the SSR1 and LSRA?2) showed
no delay and production was calculated from when reactors were first connected. Delay in the
SSR1 was due to low voltage but delay in the LSRA2 trial was due to a lag period. The
production period ended once no more increase in production was detected with the
quantification methods used. Each trial had a different production period that was affected by
changes in the parameters and the design. Production rates reported in this chapter were
calculated by fitting concentration data and dividing by the production period time (in days) and
reactor volume (in L). Information on production periods and rate constants calculated can be
found in Figure 4, Figure 6, and Appendix D.
4.1.1.1 The dCOD method

The first BEGO quantification method used dCOD measured over time, as previously
done in Lu et al. [19]. Appendix D (Figure D1) shows the calculated BEGO concentrations based
on dCOD plotted as a function of time. Production was measured from days 175 to 294 (119
days), due to improvements in parameters on previous days that were necessary to start
production (see section 4.1.4 for more details). Rates reported for the Drake reactors (D) were of
3.4 and 19.9 mg/Lday, for the Pond reactors (P) rates were of 11.5 and 16.3 mg/Lday, and for
one of the New Belgium (N) reactors the rate was 22.8 mg/Lday. Reactor N2 showed no BEGO
production most likely due to a defective channel on the potentiostat and high salt content. The P
reactors had the most consistent duplicates during the SSR1 trial. The dCOD method was found
to be nonspecific to BEGO, as other organic molecules are detected. This includes organic acids

(and other organic molecules in suspension) that are suspected to be produced as pH drop was
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observed (Figure A4), and as suggested by Lu et al. This method can be useful for understanding
trends in production behavior but is not a representative quantification technique of actual
BEGO. However, due to the extra filtration step using a 0.2-um filter, the detected
concentrations were actually lower than expected most likely due to larger BEGO particles
captured on the filter and not quantified in solution.
4.1.1.2 The UV-Vis method

Due to the shortcomings of the previously used dCOD method, a UV-Vis method was
developed as a cheaper and more accurate BEGO quantification technique. No kits or reagents
were necessary, and quantification was more specific due to the use of selective absorbance
peaks at 229 nm and 300 nm. Results are shown for SSR1 in Figure 4 including a summary table
of the calculated rates for each reactor. Data were collected from day 175 to day 294 (119 days),
same as with the dCOD method since data points were the same. It can be seen that the 229 nm
method yields higher concentration than the 300 nm method (and higher than the dCOD). The
characterization section 4.2.1 explains how the BEGO produced has lower carbonyl groups thus
a relatively smaller shoulder at 300 nm than the purchased GO standards produced using
Hummers’ method (see Figure E1-E6 for comparison). This is an important characteristic of the
BEGQO as it appears to be a material with less carbonyl/carboxyl stable functional groups than the
standard GO. This characteristic explains the lower detection at the 300 nm peak compared to the
229 nm. Due to the BEGO material being mostly carbon atoms arranged in a honeycomb
structure, the 229 nm peak proved to be more reliable and was chosen as the most accurate
quantification technique. Calculated rates of production for the D reactors were of 8.1 and 35.2

mg/Lday, for the P reactors rates were of 16.1 and 21.7 mg/Lday, and one value for the N
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reactors was 52.8 mg/Lday. For the SSR1 trial, there was no statistical difference in rates

between the three different inoculum tested.
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P1 21.7 14.3 0.995 0.503
P2 16.1 9.6 0.714 0.408
N1 52.8 37.5 0.898 0.905
N2 0 0 0.023 0.002

Figure 4: Production rates for BEGO production phase using the UV-Vis method on the 229 peak (top) and the 300
peak (bottom) from day 175 to day 294 for the SSR1 reactors

During the SSR2 trial, two purification techniques were tested as explained in the
methods section 3.4 for UV-Vis quantification. The centrifuged liquid as done in the other trials,

and the permeate of the coarse filtration. Results are shown in Figure D2 (Appendix D) where
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only the D and N inocula were tested in triplicates. For the 229 nm peak method, the D reactor
rates ranged from 6.2 to 40.7 mg/Lday using the centrifugation protocol and from 9.7 to 39.7
mg/Lday using the two-step filtration. The N reactor rates ranged from 11.9 to 21 mg/Lday, and
from 13.4 to 22.3 mg/Lday using the same methods, respectively. N3 showed no production as
channel 6 of the potentiostat was shown to be malfunctioning (same with N2 in trial 1). Due to
the close agreement from both methods (i.e., centrifugation and filtration), centrifugation was
continued for the rest of the experiments for simplicity and time efficiency. A statistical analysis
using the Ancova and Tukey method showed no significant difference between the inocula either
on SSR1 or SSR2 trials with p values between 0.4 and 0. .8.

Although this technique seems to be the most specific and later results show it is
consistent with the material balance method using the filtering protocol (see the yields section
4.1.1.4, Table 2) there are some limitations. For example, the GO calibration standards had a
higher concentration of carbonyl groups than BEGO as discussed subsequently. As described in
chapter 1 section 2.1.4 on material optics, having more functional groups usually means higher
transmittance due to the disrupted sp” lattice. This could have an effect on the accuracy of our
method. UV-Vis photon detection can also vary by the number of layers present in each flake
due to scattering. Mourdikoudis et al. reported studies on nanomaterial characterization and
detection that agree on the fact that one technology is not enough to accurately understand the
properties of nanomaterials [156] . There are some issues and limitations for each analytical
approach; thus, by combining them they can complement each other. Particle size distribution
using SAXS (Small-angle X-ray scattering), and WAXS (Wide-angle X-ray scattering) with UV-
Vis is one of the proposed methods of detection (i.e., SAXS/WAXS/UV-Vis), which could be

explored in future studies with BEGO.
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4.1.1.3 Graphite rod mass balance method

Lastly, BEGO production was estimated by weighing the final graphite rods and
subtracting the difference from new unused rods. The unused rods weighed around 5.470 g each
(21.882 g for four rods in the system) whereas the final rods ranged from 1.957 g to 5.770 g per
rod. Pictures of rods from each reactor next to two unused rod were visually compared (Figure
5). Some of the rods looked as if they had degraded extensively (e.g., P1) whereas some of the
rods showed little to no degradation (e.g., D2). A calculated rate value based on mass loss for
one of the other D reactors (D1) was 222.48 mg/Lday. D2 had no degradation thus production
calculated was 0 mg/mlLday. The P reactors had values of 147.48 mg/Lday for P1, and 257.77
mg/Lday for P2. One of the N reactors (N1) had a value of 212.39 mg/L.day and values for N2
were not reported. These values are an overestimate of the BEGO produced because this
approach implies that 100% of the graphite was converted into BEGO. Due to the heterogeneity
of the production process, it is possible that some of the graphite was converted into multi-
layered graphene oxide (graphite oxide) and precipitate. It is also possible that some unreacted
graphite may have simply been shaven or broken off the rods throughout the process. The anode
in reactor D2 showed no weight loss, despite measureable BEGO in the aqueous reactor phase
via the UV method. It is possible that a biofilm on the rod surface contributed to the weight of
the rods after the trials thus no difference was detected between the unused and reacted rods. It is
also possible that due to a magnetic stir bar introduced in the reactors for homogeneous sample
collection, some rods might have broken off due to the excessive force. One thing to note by
looking at trends of production is the fact that the P reactors yielded a higher production rate
from this method compared to the other methods that favored N1 and DI1. There are some

explanations for these discrepancies discussed in sections 4.1.1.4 and 4.1.4 .

47



B

Figure 5: Rods from each one of the SSR1 reactors (except for N2) next to two unused rods in each picture.

4.1.1.4 Yields
Table 2 Summarizes the mass of BEGO produced calculated in the SSR1 trial using

different protocols for each reactor (excluding N2). The calculated mass loss method reported an
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overestimate of BEGO produced as stated in the previous section 4.1.1.3. The UV-Vis method at
229 nm shown in column three is the calculated BEGO produced based on the day with the
highest concentration detected. The third and fourth methods (columns 3 and 4 in Table 3)
reported values measured at the end of the experiment, based on BEGO collected via the two-
step filtration protocol. The third method (column 4) values were obtained from weighing the
Teflon membrane (BEGO collection filter) and the fourth method (column 5) was estimated by
measuring the UV-Vis at 229 nm of the permeate before and after the BEGO filtration. By
subtracting the concentrations measured before and after filtration, we can estimate the mass of
BEGO solids on the membrane found in the third method thus compare the 229 nm UV-Vis

method with the filtering material balance method.

Table 2: Yield of BEGO produced using different methods of quantification

BEGO yields [g]
. . Difference of permeate UV-
Reactor | Rod mass UV-Vis a 22.9 i on Weighed Teflon Vis at 229 nm from the two-
day with highest membranes at the end of .
ID losses . . step filtration protocol at the
production detected the experiment .
end of the experiment
D1 19 1.608 0.1189 0.899
D2 0* 1.075 0.1018 0.198
P1 12.27 1.073 0.0364 0*
P2 7.02 0.861 0.0473 0.037
N1 10.11 2.606 0.1058 0.113

*In two cases calculated yields were negative, so their yields were reported as zero.

For most of the techniques used (except rod mass losses), the D1 and N1 reactors showed
consistently higher yield than the P1, P2, and D2 reactors. The rod mass losses method produced
calculated yields about one order of magnitude higher than the other methods. Although the P
reactors showed the largest yield (for P1) using the mass losses method (see Figure 5 for visual

comparison), analysis on the coarse filter membranes showed that the P reactors also contained
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the largest amount of large solids (see Figure BS, in Appendix B). The coarse filter had a large
pore size (5 um), such that collected solids are mostly aggregates, sediments from the sludge,
and chunks of crumbled graphite and not BEGO. Due to stir bars being introduced into the
reactors for homogenization for sampling, it is possible that with high speed they could have
broken the graphite core. These two reactors also showed less color change in the suspended
liquid (Figure B4) at the end of the experiment compared to the other working reactors (D1, D2
and N1). Due to low rates in the P reactors and possible aggregation, this inoculum was chosen
not to be used during the SSR2 trial.

The last two methods for yield calculations were very close in agreement with each other
(mainly for the P and N reactors), suggesting the UV-Vis 229 nm method is reliable. These two
methods yielded low material most likely due to the Teflon membranes having a large pore size
(0.5-um), that does not capture all of the BEGO (see Appendix B Figure B6-B7). This was
visible in the color of the permeate of both filtrations (see Figure B7). A dark color in the
permeate of the BEGO filtration indicated not all of the material was captured in the membrane.
Therefore, these two yield measurements are an underestimate of the BEGO produced. Due to
the clogging of the coarse membranes, there is also a chance some of the BEGO did not flow
through and stuck to the coarse membrane thus adding to the underestimate of the two-filtration
method. The concept of the two filtration system is good but a better system and membrane are
sizes are necessary to accurately quantify all of the BEGO.

Aggregation was also a possibility occurring in the reactors after the last increase in
detection was perceived. Raw data (Figure B2) indicated that after some period of time (after day
294), detected concentrations started decreasing in all of the reactors. This trend was also visible

in all of the other trials (SSR2, LSR1, and LSR2). If the BEGO produced started aggregating,
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there is a possibility these aggregates sediment and were collected in the coarse filter (or
centrifuge out) and were not detected. The nature of these aggregates if any is out of the scope of
this thesis; however, samples were saved for future analysis. The aggregation issue is discussed
further in section the performance section 4.1.4. A summary of the calculated rates including the
LSR2 data are shown in the next section on Table 3. Analysis on trial LSR2 is discussed in the
next section for better comparison.
4.1.2 Biotic vs Abiotic

The LSR trials consisted of experiments comparing large-scale reactors using the New
Belgium inoculum, and abiotic controls with only media as described in the methods section 3.
During the second trial, 10 biotic reactors (LSRB2) were run in parallel but only reactors R4
through R10 were analyzed. This was due to the fact that reactors R1 through R3 had been
recycled from trial 1 and showed different trends compared to the other seven due to the different
cathode material. The abiotic reactors (LSRA2) were built from the sterilized recycled bodies of
R1, R2, R3, and AB from trial 1, and ran after the LSRB2 were terminated to reuse the power
supplies. Results using the 229 nm UV-Vis method and the rod mass losses are described below.
4.1.2.1 Comparing BEGO rates using the UV-Vis method

The purpose of the LSR reactors was to produce the BEGO at a larger scale using a
tubular geometry and to collect larger volume samples for characterization. As previously
mentioned in the methods section, leak tests on the LSR2 trial allowed for better sealing of the
reactors and constant volumes. This made the LSR2 reactors have more stable behavior between
replicates compared to the LSR1 trial (see Figure B11-B13 in Appendix B to compare data).

Concentrations over time are shown in Figure 6 for the biotic reactors (LSRB2) and for

the abiotic reactors (LSRA2) using the 229 nm UV-Vis method only. Similar results are shown
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in Appendix B Figure B13 using the 300 nm wavelength. The average production of the LSRB2
reactors was 0.096 g/L.day and production for the LSRA2 was 0.154 g/L.day (0.085 g/Lday and
0.145 g/Lday with the 300 nm method). The LSR2B reactors show a linear increase in BEGO for
the first 34 days, consistent in all replicates. On day 50, concentrations start decreasing at
different rates for all replicates; thus, different time periods were necessary to capture the
production phase only. The LSRA2 reactors have a lag phase of around 26 days not seen in the
LSRB2 reactors. Production was not detected until sampling day 38, after which BEGO
production commenced, at what appeared to be a faster rate than the LSRB2 reactors. However,
based on a t test on the data obtained comparing biotic and abiotic reactors, there was no
significant difference between the production rates for the biotic and abiotic reactors (p value =
0.187).

The variation in the defined production phase time among LSRB2 reactors can most
likely be attributed to the graphite rods depleting at different rates. As these rod bundles degrade,
there is less surface area to react with and the reaction starts slowing down (see Figure B12-B13
for complete data). If the rod falls before complete depletion, there is no more production
detected. The time period of the GO production between replicates was consistent in the LSR2A
trial (~42 days with a ~26 day lag). By contrast, some inconsistencies were observed for the
abiotic reactor rates; AB2 has a much lower production rate than AB1, AB3, and AB4. Potential
explanations for these differences in rates will be discussed in the next sections 4.1.2.2 where rod
degradation is analyzed in detail. Differences in rates were also directly related to differences in
current production (Figure A7). When current decreased, the BEGO production decreased. Once

the current hit 0 mA, no more BEGO production was observed.
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Figure 6: BEGO concentrations using UV-Vis method at wavelength 229 nm for the biotic reactors (top) and the
abiotic reactors (bottom) for the LSR2

4.1.2.2 Analysis of yields from rod degradation

Rod degradation analysis on reactors was done at the end of their lifetime similarly to the
SSR1 rod mass loss analysis (see Figure 7 and Figure C4). An average of 65.2% degradation was
found in the LSRB2 reactors and an average of 53.6% in the LSRA?2. For LSR reactors, the top
section of the bundles around 10-14 cm on the LSRB2 and around 10-17 cm for the LSRA2,
were not submerged in the media. The differences in submerged surface area of rods may have

affected BEGO yields, since only the graphite submerged played a role in the bioelectrochemical
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production process. For some of the reactors (R4, R5, R9 and AB2) the graphite bundle detached
from the anode connection early in the process and reactors were excluded from the statistical
analysis as they were found to be outliers. The average production rates removing the outliers
were 0.115 g/Lday for the biotic reactors and 0.159 g/Lday for the abiotic reactors. These are

much more consistent with the UV-Vis data than the results from the SSR1 trial.

Figure 8: Rods R4-R10 before and after lifetime for LSR2

4.1.3 Reported rates of production

A summary of production rates and reactor conditions are shown in Table 3. Lag phases
were reported for the LSRA2 reactors. SSR1 had a delay in production but this was due to low
voltage applied and not due to a lag in production. The different methods explored were

compared with the previous study done by Lu et al. (first two rows). Looking at the BEGO
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calculated from the dCOD method, the results from Lu et al. are similar to the results we found
in the SSR reactors on the upper limit ranges. We used a dCOD to BEGO conversion formula to
relate their produced COD during the entire time the reactors were connected (140 days) to our
results. The BEGO Lu et al. reported in their supplementary information section was calculated
from filtering with membranes of pore size 0.1-um. Their calculated BEGO production was
higher than our calculated BEGO using the same method. They adjusted their weighed filter
mass by normalizing with the volume processed (100-mL) for a period of 31 days. They ran their
reactors in a semi-batch mode replenishing the entire media volume 4 times during the entire
experiment (140 days total). The 31 day period they used in their calculations was during the
third new media replenish period. In our study, we ran our reactors in a batch mode and used a
0.5-um membrane to collect the BEGO. We also processed the entire volume of the reactor
instead of one portion (Lu et al., only processed 100 mL but their reactors were 220 mL). At the
time, we chose 0.5-um membranes thinking these might be good enough to capture all of the
BEGO as was suggested looking at the permeate data (see section 4.2 for more details) but there
is a chance some of the smaller BEGO molecules did not stuck to the filter as we expected. We
also added a coarse membrane step that Lu et al. did not do for removing large particles. They
instead centrifuged to remove solids (at 2,500 RPM, time unspecified) and then filtered the
supernatant. It is possible that by changing the solid removal step to a coarse filter membrane, we
might have lost some of our BEGO that stuck to this first membrane due to clogging. In our
purification tests, 2,500 RPM was found to be too slow for all of the solids to completely settle
out of solution; therefore it is possible that Lu et al. overestimated their BEGO produced.
Without additional information (centrifuge model (g forces), or centrifugation times), this cannot

be determined with certainty.
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Comparing our methods with each other, the highest production was given by the
weighed rods method and the lowest by the weighed filters followed by the dCOD method. It
was expected for the dCOD method to be an overestimate of BEGO production due to other
organic molecules being detected, but analysis showed this method actually resulted in lower
rates than the UV-Vis methods. It was determined that due to the extra filtration step (0.2-um
pores) used to in the dCOD samples method larger BEGO particles were captured thus resulting
in an underestimate of the BEGO in solution. In most cases (except for the LSRA2), the UV-Vis
method reported higher BEGO concentrations at the 229 nm peak than the 300nm peak. During
the LSR2 trial these differences in BEGO detected methods were less far apart, but averages still
favored the 229 nm peak (see section 4.1.2.1 for reported averages). The production rates of the
abiotic reactors appear to be higher, but analysis showed no statistical differences between both
biotic and abiotic reactors (p value = 0.187). Although the abiotic reactors do appear to have
higher production rates, they also have a delay in production of around 26 days before BEGO
was detected on day 38. It is possible that these reactors were not as sterile as we anticipated and
that a biofilm started forming in the rod surface, which might also explain the lag followed by a
production phase. Further analysis on the abiotic media and rods is necessary to make
conclusions regarding whether microbes ultimately colonized these reactors.

4.1.4 Performance

Some operational issues caused our BEGO production to be lower than expected. Other
than possible underestimations due to non-optimized filter pore sizes affecting the BEGO
detected, run parameters also affected the biology and electrochemistry causing lower rates of

production. By making improvements in our design, operation conditions, and purification
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protocols in our first trials, we were able to improve performance overall in the second trials that allowed for better understanding of

the process once uncertainties in parameters were removed. Below some of the performance issues and improvements that could affect

the yields and production rates are discussed.

Table 3: Summary of reactor conditions and estimated production rate constants

Reactor parameters BEGO production [g/L.day]
volume | o culum and source |  Flectrochemical dcoDp | 229 UV-vis | 300 Uv-vis | Weighed | rodmass | .
[L] conditions filters ** losses
Anaerobic sludge from | Cathode (WE) poised
ES ES ES
0.22 brewery diguster 0.6V ve. SHE 0.036 N/A N/A 0.388 N/A none
Cathode (WE) poised
ES ES ES
0.22 None at -0.6 V vs. SHE 0 N/A N/A 0.08 N/A none
Anaerobic sludge from .

0.4-0.5 | municipal wastewater | 14 (WEYpoisedat 1 553 6 550 | 0.006-0.041 | 0.006-0.029 | 0.008-0.0185 0.22 none

. +1.6 V vs. SHE
digester
Pond sediments (>10 .

04-0.5 | cm below sediment | A10de (WEYpoisedat | 14 616 | 0.016-0.022 | 0.010-0.014 | 0.003-0.002 | 0.147-0.26 | none

+1.6 V vs. SHE
surface

0.4-0.5 | Anacrobic sludge from | Anode (WE) poised at 0.023 0.012-0.053 | 0.010-0.037 0.008 0.21 none
brewery digester +1.6 V vs. SHE

8 Anaerobic sludge from | Direct current applied N/A 0.078-0.102 | 0.067-0.099 N/A 0.080-0.159 | none

brewery digester to electrodes (3V)
8 None DittegECEt el N/A 0.031-0.175 | 0.028-0.181 N/A 0.009-0.198 | 26
to electrodes (3V) days

*Results from Lu et al. (2015)

**Filters used to collect BEGO in Lu et al. study were 0.1-um and in this study were 0.5-um

During the first reactor trial (SSR1), a delay in production was seen until after 121 days (see Appendix B Figure B1-B2),
depending on the detection method used. Some operational parameters (i.e., defective quadstats, RE leaks, and low voltage being

applied) were changed between days 121 and 202 when BEGO production started being detected. The two quadstats originally used
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were not able to display large currents or keep the voltage constant thus reactors were switched
on day 114 to one octastat that was more reliable. A short increase in production was seen in the
dCOD data on day 147 (Appendix B), followed by a larger increase after day 176. On day 175,
maintenance was done on the REs due to electrolyte solution leaking into the reactors. Due to the
long experimental runs (224 to 359 days), RE contamination was an issue; therefore, salt bridges
were introduced on days 204 and 210. Another contributor to the production increase was
voltage adjustments done to account for overpotentials larger than expected. To predict the
overpotential of a system, CV analysis is usually conducted on the MES, but to avoid disturbing
the microbial communities, this step was not done in our experiments and conditions were poised
based on Lu et al. Figure A3 in Appendix A shows the voltage conditions over time with an
increase from 0.82 V (vs Ag/AgCl) to 1.4V (vs Ag/AgCl) from day 181 to day 212. Around this
time, the reactors started showing significant BEGO production. A combination of these changes
to the reactor operating conditions led to the increase in production and allowed for better
performance of the SSR2 reactors that were built and operated at the best conditions from the
SSR1 trial. During the SSR2 trial, we saw no delay in production. Although the SSR2 reactors
did improve compared to the SSR1, it was found that the reactor geometry was not optimal or
stable due to the way the carbon clothes were affixed to the side of the flask. It was also found
later in the experiments that channel 6 on the octastat was not displaying the correct voltage and
found to be defective. This might have caused the N2 reactor in the SSR1 trial and the N3 reactor
in the SSR2 trial to underperform. Future experiments at a small-scale with controlled electrode
spacing and poised voltage from the beginning of the experiment is necessary to keep replicates

reliable.
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4.2 BEGO characterization

During the LSRI1 trials, purification techniques were developed to concentrate BEGO
flakes for analysis of solids. Samples also were sent to Larry Lien at MDS for purification via
membrane filtration. Liquid samples from the R1 and R2 reactors (2-L each) revealed that
BEGO sizes varied extensively (data not shown); thus, a series of filtration tests were done to
determine the optimal molecular weight cut-off (MWCO). During this analysis, it was visibly
established that the BEGO could be captured using anywhere from 500 to 10,000 MWCO. Only
“clear” color permeate was achieved with 500 MWCO (nanofiltration around 0.001-um). After
doing UV-Vis analysis on the permeate of different membranes tested, low detection at the 229
nm indicated BEGO was collected on the membrane surface at a higher range of MWCO filters.
Considering achievable flow rates, membrane efficiency, and permeate data, a 0.5-um
(microfiltration between 0.03 and 10-um collects between 100,000 and 1000,000 MWCO)
Teflon membrane was chosen to concentrate the BEGO. This process was replicated at CSU
with the process described in methods section 3.4. Analysis on the R2 samples collected on the
membrane is shown below. Other results from the SSR1 and LSR2 samples are also shown.
More data can be found in Appendix E.
4.2.1 UV-Vis

UV-Vis scan data using wavelength ranges from 210 nm to 800 nm are shown in Figure
9. Spectra show trends consistent with literature data for GO [156,157] and with the purchased
GO sample (see Figure E1 in Appendix E). The UV-Vis spectra for this analysis were originally
collected by scrapping the material from the surface of the BEGO filter and suspending it in DI
water (see results in Figure E2). Complete dissolution was not achieved with manual mixing;

thus, sonication was thought to be necessary to further analyze these samples. It was decided not
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to test these samples thus to remain consistent with the rates data, the centrifuged samples were
analyzed here instead. Serial dilutions were necessary to be under the quantification threshold
(~2 AU) that the instrument allowed for smooth peaks. Large dilutions were necessary (~1:200)
once the reactors were a few weeks into the production phase. Looking at the UV-Vis spectrum
it can be seen that the BEGO has low signals at the 300 nm peak, which indicates little to no
presence of carbonyl/carboxyl functional groups. This might indicate BEGO does not have as
many active sites present but has potential for reduction into rGO. Since it has fewer defects,
there is a better chance for the recovery of sp” carbon for applications in electronics. More data

can be found in Appendix E for other trials.

R1 ata 1:100 dilution
R2 at a 1:144 dilution
R3 ata 1:48 dilution

Absorbance (AL
=]
oo
I

%

200 300 4DID 5EIID BEIIEI T-'EIIEI Wavelength |,"nm)I
Figure 9: UV-Vis scans from wavelength 210 nm to 800nm for the LSR1 reactors. Dilutions in DI water were
necessary for smooth curves below 2 AU. The samples shown are taken from reactors on day 97

4.2.2 FT-IR

FT-IR results showed peaks consistent with GO functional group spectra (Figure 10).
From left to right, a broad peak appears around 3200 cm ', which corresponds to hydroxyl O-H
(alcohol, phenol) groups attached to the graphene. Small C-H stretches appear at wavelengths of
3000 cm ' and 2850 cm™ ' (alkenyl, alkyl) and are most frequently due to unsaturated
compounds. These C-H peaks are small and could be attributed to sp3 defects, in theory

concentrated mainly around the edges [4]. A small shoulder located around 1720 cm™'
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corresponds to the signal for C=0 stretching of carbonyl and/or carboxyl functional groups. A
shoulder around 1620 cm ' and larger peak at 1550 cm ' next to it correspond to C=C aromatic
ring stretches and C-OH bending, respectively. One peak around 1400 cm ' is associated to the
O-H bending vibrations in C-OH bonds. Lastly, the signals around 1220 cm ' and 1040 cm™
correspond to C-O stretching vibrations of C-OH (alkoxy) or C-O-C (epoxy) functional groups.
Samples match analysis found in the literature for GO produced with other techniques with a few

minor differences in peak transmittance that vary depending on the production method

[19,163,164].
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Figure 10: FT-IR spectrum from R2 reactor from LSR1

4.2.3 TGA

The TGA was done on the powdered samples from the scraped membranes in the LSR1
trial. TGA showed two main weight loss events consistent with GO behavior (Figure 11). The
first event happens around a temperature range of 25- 100 °C where 11-15% of the original
weight is lost most likely due to water molecules adsorbed to the BEGO leaving the sample and

hydroxyl groups being removed. The second event occurs around 200°C and it is attributed to
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labile functional groups leaving the material. This weight loss is close to 25% of the original
mass and results in the production of gases such as CO, CO,, and steam. After 400°C the weight
loss rate slows down which can explained by the removal of more stable functional groups
(C=0). More extreme treatments are necessary to remove all functional groups and reform sp”

bonds. These two main events and weight loss percentages are consistent with studies done on

GO [165,166] .
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Figure 11: TGA analysis on powder R2 samples from LSR1

4.2.4 Raman

The Raman spectra analysis of LSR1 samples showed two bands of interest (Figure 12,
top). The G-band at 1583 cm™' represents the planar configuration of sp? bonded carbon, and the
D-band at 1300 cm ' represents expression of the E, g Vibration mode of sp? carbon atoms. The
D-band is present in a carbon sample as an indicator of “disorder” present in the carbon
molecules. The spectra of a pure graphite sample is characterized by organized C=C bonds

expressing a narrow G-band and no D-band [167,168]. The Raman of the BEGO samples shows
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a large D-band with visibly Ip/Ig ratio greater than 1 consistent with GO data. This is expected
due to the large amount of functional groups present and sp’ defects. The LSR2 images for the
biotic reactors Figure 12, bottom) show the same behavior as the preliminary trials with the
intensities almost 3X higher, which decreased noise from the spectrometer as it can be noted
from the smoother plot. Higher signal is also an indicative of higher concentrations as the

samples were not diluted for these assays and LSR2 had shown better performance than LSR1

trials.
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Figure 12: Raman spectrum of LSR1 (top) and LSR2 (bottom) at the end of their lifetime.
4.2.5 TEM

Finally, microscopy analysis done on samples from the SSR1 trials suggests few-layered

structure materials. The exact number of layers or whether the layers are attached of just sitting
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on top of each other was not analyzed. Images from the D1 sample of the SSR1 reactors are
shown including the fast Fourier transform (FFT) to visualize the geometric characteristics of a
spatial domain (Figure 13). Structures found in the SSR1 samples ranged from a few nm in
lateral size, to around 5 pm. Different transparencies shown on the TEM image indicate changes
between numbers of layers stacked on top of each other. This is common in single/few-layered
structures compared to multilayered structures (graphite) that become opaque and differences in
layers deposited are no longer visibly distinguishable. One way to visualize that layers are
stacked (and not bonded) on top of each other is by looking at the FFT images. Hexagonal
structures are present and at least 4 different hexagonal patterns are apparent in the single image.
If there was only one flake of GO in the image shown, only one hexagonal pattern would be
apparent in the FFT. Recall that increasing the oxidation of the BEGO increases the transparency
of samples as they become easily exfoliated into monolayers (or few layers) [4,169,170].

The images showed wavy structures, which is common for single to few-layered
graphene due to the unstable van der Waals forces [171] and in the GO due to functional groups
present. Graphite structures under TEM show rigid, darker structures because of the presence of
stable multiple layers [172]. Some of the structures found also exhibited dim edges which are
thought to be the most oxidized part of the GO structures (data not shown). Other structures
appeared to be too weak to sustain the beam and were destroyed during visualizing. Single layer
structures might be too sensitive to the beam voltage, which is why few layers were easier to

identify. More TEM images can be found in Appendix E (Figure E9-E13).

64



Figure 13: TEM images (left) and FFT (right) for D1 samples from SSR1

The key properties of BEGO found indicate exfoliation into few-layers was successful
but further analysis is required to measure the exact spacing between sheets as well as surface
areas. The data indicates the material produced is indeed GO with large disorder ratio (Ip/Ig
visible in Raman). The type of functional groups present might vary with inoculum (see Figure
E7-E9). The carbonyl/carboxyl functional groups, unlike the purchased GO produced from
Hummers’ method, are detected at a lower concentration (from FT-IR and UV-Vis data). These
groups are very stable and have value in biosensing applications, but the lack of these means the
BEGQO is probably easier to reduce thus having more appeal in rGO applications and possibly for

producing graphene flakes. More characterization results can be found in Appendix E.

4.3 Microbial analysis via 16S rRNA Gene Sequencing

The microbial analysis was done to be able to identify the key microbial communities in
the different inoculum sources to be able to have a better understanding of the role of these
microbes. A taxonomy study was done using DNA and RNA extracted from the SSR1 trial at the

beginning and end of the reactor lifetime. DNA analysis provided information on the type of
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microorganisms present and their functional capabilities, while RNA analysis provides
information on which microorganisms are active. Gene sequencing of the 16S rRNA gene was
performed to identify abundant microorganisms in each MES reactor. Data obtained are
presented as percent abundance of microbial phyla/genera at different percent abundance cut-offs
for easier visual analysis. For the first set of extractions (on day 32), both the connected and the
control reactors were compared sampling from the bulk liquid solution, and the rod biofilm. A
second set of extractions (days 231 and 233) were performed on the connected reactors alone.
Due to the extensive number of samples sequenced, a key code chart is shown in Table 4
describing the naming arrangement.

The most abundant communities found both in the bulk and rod biofilm consisted of
aerobic, facultative, and anaerobic bacteria. Since water splitting was occurring inside of the
reactors, O, production at the anode lead to the environment not being fully anaerobic. RNA
extractions were difficult due to low yield; thus only a few samples were sequenced per
extraction date. Rod sample collection on day 32 was difficult due to low biofilm visibly present,
and nucleic acid yields were also low. In depth analysis on the samples collected on DNA and
RNA extractions for both the bulk (B) and rod biofilm (R) are discussed below.

Table 4: Key code for DNA/RNA figures

Sample name key code
st Control (disconnected) or
1” Letter Reactor type potentiostat (connected) Cor N/A
2™ [ etter Tnoculum type Drake sludge, New Belgium sludge, D.NorP
or pond sample

3" Letter Duplicate number First or second lor2

4™ Letter Sample type Rod biofilm or bulk media RorB

5" Letter Nucleic acid type RNA or DNA RNA or N/A
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4.3.1 Phylum Level

Results of the phylum classification at a 1% abundance cut-off on days 32 and 231/233,
are shown in Figure 14. The first 11 samples on day 32 are the disconnected controls (C); these
showed the least amount of variation between duplicates as expected since conditions were
consistent. The most abundant phyla present in all the reactors on day 32 were the
Proteobacteria, followed by Bacteroidetes, Thermotogae, Spirochaete, Firmicutes,
Cloacimonetes, and Actinobacteria.

For the connected reactors,the New Belgium inoculum (N) showed the largest variety of
phyla in the DNA bulk samples (NB), having the largest abundance of Thermotogae,
Spirochaete, and Cloacimonetes (>10%). The Thermotogae, Spirochaete, and Actinobacteria
phyla in the N bulk DNA increased in abundance with the applied electrochemical conditions
compared to the control samples (CNB). On the other hand, all of the other inocula samples
showed only some of the previously mention phyla in the N samples, at about 5% or lower
abundance having less variety of communities. The Drake inoculum bulk samples (CDB and
DB) for DNA and RNA samples appeared to have the largest population of Bacteroidetes (43-
73%) compared to the other inocula. The pond inoculum bulk samples of the connected reactors
(PB) showed a significant increase of Tenericutes (2.8-3.7%), Spirochaete (3.0-5.2%), and
Cyanobacteria (1.6-8.2%), with the applied electrochemical conditions compared to the controls
(CPB) that have these at less than 1% for both DNA and RNA samples. As for the extractions
from the rod biofilm, samples obtained from all of the reactors generally showed much more
prominent Proteobacteria communities (84.5-99.7%) than any of the other samples.

Extractions done on days 231/233 showed higher variations between replicates that do

not show trends between the same reactors from duplicates compared to day 32 (See Figure 14,
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Figure 14: SSR1 sequencing results at a phylum classification with 1% microbial cutoff on day 32 (top) and days
231//233 (bottom)
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bottom). Chloroflexi phylum becomes abundant in all of the reactors, especially in the bulk of
the D2B and N1B reactors with abundances of almost 15%. The N2 reactors conserved the
community variability seen on day 32. Thermotogae were enriched showing around 30%
abundance in the rod DNA samples. In contrast, for the replicate N1, these phyla decreased
showing less than 3% abundance of the Thermotogae phylum, and no detected Spirochaete or
Cloacimonetes in both bulk and rod DNA/RNA samples (PN1B, PN1R, and PN1B-RNA).
Patterns noted in all of the reactors were the decreasing abundances in Bacteroidetes
communities (highest on day 32 was 72% compared to the highest on days 231/233 of 30%)
excluding the N2 samples. Proteobacteria remained the most prominent microbial group in all
DNA/RNA samples excluding N2. N2 had the smallest abundance of Proteobacteria, and the
least variation from day 32 communities. These trends suggest that the underperforming reactor
N2, which had high salt, did not produce communities that supported GO production compared
with the other reactors that were more similar to each other at the phyla level.
4.3.2 Genus Level

At the genus level, a 1% cut-off resulted into too many genera to display visually; thus a
5% cutoff was chosen instead (See Figure 15 and Figure 16). Extractions on day 32 (Figure 15)
showed that the control replicates of the same inoculum source had similar communities to each
other mainly in the bulk samples. The CDB samples contained high percentages of Bacteroidetes
(unknown/unclassified). The CNB/CNR reactors contained high percentages of Arcobacter (7-
13% in the rods and 43-50% in the bulk samples), followed by Mesotoga, Comamonas,
Candidatus Cloacimonas, and Pseudomonas (>5%). The CPB reactors contained mostly
Sulfuricurvum (31-63%) followed by unknown Bacteroidetes, Comamonas, and Aeromonas

(>5%). DNA analysis on the rod samples showed that Pseudomonas and Comamonas were the
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most prominent genera in of the control reactors, except for CP2 which contained mostly
Marinobacter at over 70% abundance. No RNA samples were extracted from the control
reactors.

The connected reactors on day 32 showed much larger variability in between replicates in
the bulk samples compared to the control reactors. The DB reactors showed similar communities
on the control CDB, except for the increase in Pantoea (36%) abundance in D2B. These
similarities in the D genera abundances from both control and connected reactors are mainly due
to the fact that the prominent communities are either unknown or unclassified; therefore,
conclusions cannot be made about the similarities (or differences) between reactors. The NB
showed much more variety than CNB with enriched communities of Candidatus Cloacimonas,
Mesotoga, Sphaerochaeta, Bacteroidales (unknown), Bacteroidetes (unknown) greater than 5%
at least for one of the two replicates. Compared with the CNB controls, the NB also showed no
significant presence of Arcobacter or Commamonas (<= 5%). The PB reactors also had more
variability compared to the controls CPB with enrichment of Bacteroidetes (unknown),
Ochrobactrum, Shinella, Desulfobacola, Campylobacteraceae (unclassified) greater than 5% but
decreasing Sulfuricurvum (<8%) for at least one of the replicates. Looking at the rod biofilm
DNA samples, communities consistently show that the Pantoea genus is the most abundant by a
large margin (77-96%) regardless of the inoculum used.

In general, general, RNA samples looked very similar to the DNA counterpart of the
same reactor. The bulk RNA of the connected D samples (DB-RNA) showed high abundance of
unknown Bacteroidetes (41-46%), like in the DNA extractions. However, unlike the DNA, the
DB-RNA sample also showed some increasing abundance of Methylomonas above 5%. RNA

samples for the N reactor replicates (PNB-RNA) were very different from each other. PN1B-
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Figure 15: SSR1 sequencing results at a genus classification with 5% microbial cutoff on day 32
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Figure 16: SSR1 sequencing results at a genus classification with 5% microbial cut-off on days 231/233 for the
connected reactors only

RNA is mostly similar to the DNA sample from the same reactor with enrichment of
Dechlorospirillum, Comamonas (> 5%), and decreasing Candidatus Cloacimonas, Mesotoga,
Sphaerochaeta (< 1%). On the other hand, the replicate N2B-RNA, looked nothing like the DNA
sample of the same reactor. This reactor has higher abundance of Gemmobacter, Sulfuricurvum,
Methylomonas, and Pseudomonas (>5%) but none of the prominent genera in the DNA bulk
mentioned before (below detection limit). Lastly, the RNA of the bulk in the P reactors (PB-
RNA) showed similar results to the DNA analysis, except for larger communities of Nodularia
(7.4%) that enriched in reactor P2. As for rod biofilm, only one sample was sequenced for

reactor N1. The communities in N1IR-RNA were very similar to the bulk RNA of the same
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reactor with larger concentrations of Marinobacter and Ochrobactrum (5%), but no
Dechlorospirillum detected.

Genera analysis on days 231 and 233 is shown in Figure 16. Like with the phylum level
data, replicates of the same inoculum showed no similarities. Since populations varied
extensively between the reactors, only communities representing 10% or more in abundance
were analyzed. For bulk DNA samples only, the D1B reactor showed abundance of Azospirillum
(22%), whereas D2B showed Dehalococcoides and Bacteroidetes (vadinHA17_ge) at around
10%. The N1B reactor showed abundance of Pseudomonas at 34%, and both Dehalococcoides
and Comamonadaceae (unclassified) at around 10%. The replicate N2B showed abundances of
Mesotoga (16%) and some unclassified Cloacimonetes (10%). The P1B reactor contained mostly
Acetobacterium (15%) and some Sulfurospirillum (11%) and the replicate P2B did not contain
amounts of a single genus at a 10% or above abundance.

The rod extractions on days 231 and 233, unlike on day 32, showed no clear trends
between reactors and do not have the Pantoea genus at the cut-off abundance percentage. The
Pantoea genus is categorized as facultative anaerobic bacteria from the Proteobacteria phylum
[173]. A research study on antimicrobial activity of graphene-based perioceutics showed
inhibitory activity of GO materials in some bacterial strains including the Pantoea spp. It is
possible that as the BEGO concentration increased, this genus was inhibited until no more
detection could be observed [169]. Extractions for both D rod samples showed abundance of
unclassified Comamonadaceae (10-11%), and Hydrogenophaga (9-21%), with D2 also showing
high abundance of Methyloversatilis at a 22%. N1R showed mostly Pseudomonas abundance

(20%), whereas N2R contains mostly unclassified Mesotoga (30%). Finally, P1R shows the
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largest community of Pseudomonas at a 36%, which were also present in P2R at a lower
percentage (11%), with the highest abundance being the Methyloversatilis genus at a 15%.

Three RNA samples were sequenced due to low yield in the other reactors. Two bulk
RNA samples from the N1 and N2 reactors showed a significant amount of unclassified
Rhizobiales (9-21%), but only N2 showed significant abundance of Azospirillum and
Pseudomonadaceae (unclassified) around 10%. The single rod RNA sample sequenced from N2
also showed Pseudomonas as the most prominent genus at 16% abundance.

Looking at the genus data of the most prominent microorganisms at the anode (graphite
rod biofilm) for days 231/233 some conclusions regarding microbial communities in the
bioreactors can be made. There are aerobic, anaerobic and facultative microorganisms in the
system, despite the MES being considered anaerobic. Voltages applied at the anode were high
enough to split water resulting in local oxygen production, explaining the presence of aerobes.
Pseudomonas, which was the most abundant genus on days 231/233 in the rod biofilm, are
generally considered aerobic (in some cases anaerobic using nitrate as electron acceptor) [170].
This genus was also the most abundant in the Lu et al. study [19]. In their study, P. syringae was
the most abundant species; although there is no information available suggesting this species can
carry out any bioelectrochemical processes of extracellular electron transfer. Some other strains
of Pseudomonas, specifically P. aeruginosa [171] and P. alcaliphila [177], have been shown to
excrete mediators to transfer electrons to the anode. Other genus-level communities found in
days 231/233 include Hydrogenophaga, Methyloversatilis and Mesotoga. Hydrogenophaga are
aerobic bacteria capable of using the oxidation of H, as an energy source and CO; as a carbon
source. Oxidative carbohydrate metabolism occurs, with oxygen as the terminal electron

acceptor [173]. Due to water splitting present in our reactor (GC analysis not shown), we had
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CO,, O,, and H; gas present in our reactors. These molecules can play an important role as they
are metabolized by microorganisms present and can alter communities depending on their
abundance. The role of these molecules to understanding the redox reactions occurring and their
effect on microbial communities was beyond the scope of this study.

All of the prominent genera mentioned are in the Proteobacteria phyla, except for the
Mesotoga, which is of the Thermotogae phylum. The Mesotoga genus was found in high
abundance in the N2 reactor, which had the most variety at the phylum level. The N2 reactor is
also the bioreactor that underperformed in BEGO production. This might indicate that the
Mesotoga abundances are a result of the unique conditions in this reactor (high salt content) and
might not be an important microbial genotype in the reactors for biocatalysis of BEGO. Further
analysis, possibly at the strain level (e.g., via metagemonic sequencing) could potentially give us
more information regarding the biocatalytic capabilities of the microbial communities found

throughout this study.
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5. CONCLUSIONS

Estimation of BEGO production rates using the UV-Vis method at 229 nm was shown to
be a useful quantification approach. This wavelength is specific to GO as it corresponds to the &
— 7 * transitions of aromatic C-C bonds comprising the majority of the molecule, regardless of
the oxidation state. This method was corroborated with a parallel study using yields from
membrane collection protocols (see section 4.1.1.4). To be able to collect all of the BEGO in
powder form, membranes with smaller MWCO are necessary. To purify the samples for analysis,
the centrifugation protocol at 10,000 x g for 15 minutes proved to be reliable for quantifying
BEGO in solution. Better filtering methods might be necessary (smaller MWCO membranes) to
be able to characterize our material under the most sensitive techniques (i.e. TEM, XPS).

The nanomaterial characterized was found to have less carboxyl/carbonyl groups
compared to the GO produced by the traditional Hummers’ method. This is useful information
when attempting reducing methods as harsh reducing agents might not be necessary. Lower
carboxyl/carbonyl groups indicate less active sites for biocatalyst applications, but also means
better conductivity for the large market of graphene-based technologies in electronics.
Characterization analysis also revealed the BEGO process yielded sheet sizes of a few hundred
nm to 1-2 um in lateral dimensions. Transparency and Fast Fourier transform (FFT) images
indicate the BEGO consists of only single-layered to few-layered structures, which are more
valuable for downstream applications.

The microbial analysis done on bioreactors showed large divergence from the original
inoculum sources and among the reactor replicates. Microbial communities in the BEGO

producing reactors consisted of both aerobic and anaerobic microorganisms. The most abundant
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genera on the rod biofilm were the Comamonadaceae (10-11%), Hydrogenophaga (9-21%),
Methyloversatilis (15-22%), and Pseudomonas (11-36%), all from the Proteobacteria phylum.
Further analysis of the potential enzymatic characteristics of these microbial genotypes is

necessary to understand the role they play in catalyzing the BEGO process.
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6. FUTURE WORK

Due to the novelty of the BEGO method, the nanomaterial present in the complex matrix
needs to be fully understood to be able to properly purify samples before analysis. Evaluating the
precision of the UV-Vis method with respect to the standards is crucial to be able to properly
quantify the BEGO process in the future and target the appropriate market. Since our BEGO has
characteristics that are different from the Hummers’ method GO, understanding these differences
with respect to the UV-Vis analysis is important to properly calibrate our concentrations. The
BEGO process might have an effect on the sheet sizes produced compared to the purchased GO
using from the Hummers’ method. Differences in sheet sizes could affect the spectra data
collected with respect to our calibration standards. Further microscopic analysis and particle size
distribution analysis comparing sheet dimensions of our BEGO and the standards used during
calibration could be done to improve the detection method. Complete analysis can be achieved
with a thorough AFM imaging and topography analysis on the standards and samples as well as
SAXS/WAXS [156]. A complete AFM analysis can also be useful when understanding the
number of layers present on the BEGO for electronic application purposes. Recall that with
multilayer flakes, the material becomes less conductive.

Current electrochemical methods have reported monolayer production of GO within
hours [52]. These methods are at a smaller scale and have been reported using higher voltages
than the BEGO process. The BEGO process rates observed in this study might be slower, but
there are many factors affecting the rates including voltage applied, reactor size, graphite form,
electrode/electrolyte choice, and electrode spacing that can be further optimized. The BEGO

process in this study currently takes between 48 and 111 days of active production before
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concentrations peak (see section 4.1.4). Lu et al. reported rates of production for 31 days that
were higher than the electrochemical method (see Table 3). There is a benefit from having
microbes in the system. Whether these improvements are caused by unique microbial
communities on the rod (or even in the bulk) or if just the presence of a biofilm is enough to

decrease the overpotential should be investigated.

Improvements can be made to decrease the operation time and increase yield. Increasing
the production rates (decreasing production time) could be achieved by decreasing the spacing
between electrodes, and distributing the current more evenly between them. One option could be
to connect the power supply to opposite ends of the electrodes; this might ensure current travels
throughout the reactor length avoiding weak points in the electrodes where electron transfer is
favored.

To avoid the aggregation issues hypothesized, design improvements can also be made.
Salt content (NaCl and KCI) could be decreased by adding and constantly maintaining the vycor
frit tips on the salt bridges (and REs) in the three-electrode configurations. Studying the effects
of decreasing the presence of key ions in our recipe, mainly Na* since a phosphate buffer is the
largest portion of the total volume (see Table 1), can provide information regarding where the
threshold is until BEGO starts aggregating. These key ions have a strong correlation with GO
aggregation and should be monitored closely. Having high salt concentration is usually favorable
for electrochemical systems; thus analysis on the proper concentrations that can optimize both
the BEGO solubility and the redox chemistry are necessary. Another hypothesis regarding
decreasing BEGO concentrations was the possibility of reduction occurring in the bulk phase
decreasing the hydrophilic behavior of the BEGO. One previous study on the reducing properties

of certain bacteria suggested that some microbes can degrade GO, restoring the graphitic mineral
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form [174]. Analysis on the biofilm at the cathode might provide insight regarding whether the
communities present can use organic compounds as terminal electron acceptors

The role of this biofilm should be studied thoroughly if we want to determine the
mechanism for BEGO production. It is currently unknown if BEGO is produced by specific
microbes with specific enzymes, or if just the physical presence a biofilm is enough to affect the
overpotential. Doing full metagenomics can help understand the capabilities of the
microorganisms and look at trends between communities. Key microbes can be isolated and
enriched in the bioreactors for proteomics analysis. Looking at the enzymatic properties of the
hypothesized key microbes can be a breakthrough and help potentially biocatalyze other MES
systems that operate under similar conditions. Understanding the role of the microbes in the
anode (and/or cathode) interphase could also help understanding the mechanism as to if and how
the key bacteria may metabolize the graphite and possibly the CO,, H,, and/or O,_ If a
mechanism is discovered we can potentially create a model in which we can alter the important
parameters and predict changes in the BEGO process.

Finally, BEGO can be reduced into rGO for wider downstream applications. Our research
collaborators tested using microwaving protocols (data not shown), but methods have not been
fully developed for scale-up. Previous studies have shown low C:O ratio (4:1) achieved with the
microwaving reduction method whereas typical values for rGO are usually around 12.5:1 [20].
Methods including the use of reducing agents such as Vitamin C, electrochemical reduction
(possibly bioelectrochemical), and wild carrot roots, have reported more efficient green
approaches that increase the C:O ratio to a range of 11.9 to 23.9 C:O. Hydrazine, which is
considered the most efficient GO reducing agent (see section 2.2.3), is a hazardous chemical;

since our focus is on environmentally sustainable approaches, the previously mentioned methods
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might be more suitable. The electric properties of the rGO can then be measured to widen the

market applications of the BEGO in electronics.
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APPENDIX A: EXPERIMENTAL CONDITIONS

Experiment SSR1: Small-scale reactors - trial 1

Table A1: Media recipe

Figure A2: Current over time for SSR1

Figure A3: Voltage over time for SSR1

Figure A4: pH over time for SSR1
Experiment SSR2: Small-scale reactors - trial 2
Figure AS: Current over time for SSR2. Poised at 1.4V
Experiment LSR1: Large-scale reactors - trial 1
Figure A6: Currents (top) and voltages (bottom) for the LSR1 over time. Lines represent
changes in operating voltage as indicated on the bottom plot
Experiment LSR2: Large-scale reactors - trial 2
Figure A7: Currents over time for LSR2B (top) and LSR2A (bottom) at ~3.1V DC. On
day 25 R6 was emptied and restarted on day 57 (blue line)
Figure A8: Voltage variations over time for LSR2B (top) and LSR2A (bottom)

Figure A9: pH over time for LSR2 for Biotic (top) and Abiotic (bottom) at ~3.1V DC
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Table A1: Media recipe

Media contents (1L)
Main contents

Glucose 0.36 g
Na2HPO4*7H20 8.65 g
NaH2PO4*H20 2.45 g
NH4Cl 031 g
KCl 013 g
Trace mineral solution 1 mL
Trace vitamin solution 1 mL

Trace mineral solution (1L in DI water)

Dissolve nitrilotriacetic acid with KOH to
pH 6.5; then proceed to add minerals.

nitriloacetic acid 15 g/L
MgSO4 1463 gL
MnSO4*H20 404  g/L
NaCl 10 g/L
FeSO4*7H20 1 g/L
CoSO4*7TH20 1.81  g/L
CaCI2*2H20 1 g/L
ZnSO4*7TH20 178 g/L
CuS04*5H20 0.1 g/L
AIK(S04)2*12H20 0.18 gL
Na2MoO4*2H20 0.1 g/L
KOH until pH 6.5
Trace vitamin solution (1L in DI water)
biotin 2 mg/L
folic acid 2 mg/L
pyridoxine hydrochoride 10 mg/L
thiamine hydrochloride 5 mglL
riboflavin 5 mg/L
nicotinic acid 5 mg/L
DL-calcium pantothenate 5 mg/L
Vitamin B12 0.1  mg/L
p-aminobenzoic acid 5 mg/L
lipoic acid 5 mglL
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Experiment SSR1: Small-scale reactors - trial 1
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Figure A2: Current over time for SSR1
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Figure A4: pH over time for SSR1
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Experiment SSR2: Small-scale reactors - trial 2
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Experiment LSR1: Large-scale reactors - trial 1
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Figure A6: Currents (top) and voltages (bottom) for the LSR1 over time. Lines represent changes in operating voltage as indicated on the bottom plot

100



Experiment LSR2: Large-scale reactors - trial 2
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Figure A7: Currents over time for LSR2B (top) and LSR2A (bottom) at ~3.1V DC. On day 25 R6 was emptied and restarted on day 57 (blue line)
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APPENDIX B: OTHER RESULTS AND SUPPLEMENTARY WORK

Experiment SSR1: Small-scale reactors - trial 1
Figure B1: BEGO concentrations over time using dCOD measurements for SSR1
Figure B2: BEGO concentrations using UV-Vis method at 229 nm (top) and 300 nm
(bottom) for SSR1. After reactors were terminated on day 360, the two step-filtration
protocol was conducted in the entire volume. On day 440 measurements of the permeate
of the coarse filtration were performed and on day 450 measurements of the BEGO
collection filter permeate were done
Figure B3: Total organic carbon (top) and inorganic carbon (bottom) measurements for
SSR1
Figure B4: Reactor contents divided by upper half of the reactor volume (suspended
liquid) and lower half of reactor volume (sludge and aggregates) for the SSR1 trial
excluding N2
Figure BS: Solids on the coarse filter for all of the SSR1. These were done in separate
trials to avoid clogging of the membrane
Figure B6: One Teflon membrane from each reactor with BEGO collected. This step was
done multiple times to avoid clogging of the membrane
Figure B7: Permeate of the coarse filtration (C) next to the permeate of the BEGO
collection filtration (B) for each reactor

Experiment SSR2: Small-scale reactors - trial 2
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Figure B8: BEGO concentrations using UV-Vis method at 229 nm for the Drake (top)
and New Belgium (bottom) inoculated reactors. Samples were purified using the
centrifugation (C) and filtration (F) protocols for the SSR2
Figure B9: BEGO concentrations using UV-Vis method at 300 nm for the Drake (top)
and New Belgium (bottom) inoculated reactors. Samples were purified using the
centrifugation (C) and filtration (F) protocols for the SSR2

Experiment LSR1: Large-scale reactors - trial 1
Figure B10: BEGO concentrations over time using dCOD data for LSR1
Figure B11: BEGO concentrations over time using UV-Vis data at wavelength 229 (top)
and 300 (bottom) for LSR1

Experiment LSR2: Large-scale reactors - trial 2
Figure B12: BEGO concentration over time calculated using the UV-Vis method at
wavelength 229 nm for the LSR2A (top) and LSR2B (bottom). Reactor R6 was
terminated on day 24 for BEGO harvesting and restarted on day 57 with new media.
Reactor R4 was terminated on day 67 due to current decreasing to zero and rod samples
were needed for surface chemistry analysis. All of the other reactors reached zero current
at different rates (Figure A7) and were terminated on day 105 for the LSR2B and day 108
for the LSR2A
Figure B13: BEGO concentration over time calculated using the UV-Vis method at
wavelength 300nm for the LSRB (top) and LSRA (bottom). Reactor R6 was terminated
on day 24 for BEGO harvesting and restarted on day 57 with new media. Reactor R4 was

terminated on day 67 due to current decreasing to zero and rod samples were needed for
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surface chemistry analysis. All of the other reactors reached zero current at different rates

(Figure A7) and were terminated on day 105 for the LSR2B and day 108 for the LSR2A
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Experiment SSR1: Small-scale reactors - trial 1
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Figure B1: BEGO concentrations over time using dCOD measurements for SSR1
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Figure B2: BEGO concentrations using UV-Vis method at 229 nm (top) and 300 nm (bottom) for SSR1. After
reactors were terminated on day 360, the two step-filtration protocol was conducted in the entire volume. On day
440 measurements of the permeate of the coarse filtration were performed and on day 450 measurements of the
BEGO collection filter permeate were done
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Figure B3: Total organic carbon (top) and inorganic carbon (bottom) measurements for SSR1
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Figure B4: Reactor contents divided by upper half of the reactor volume (suspended liquid) and lower half of
reactor volume (sludge and aggregates) for the SSR1 trial excluding N2
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Figure B6: One Teflon membrane from each reactor with BEGO collected. This step was done multiple times to
avoid clogging of the membrane

Figure B7: Permeate of the coarse filtration (C) next to the permeate of the BEGO collection filtration (B) for éach
reactor. Some of these were diluted to allow faster flow through the filters and avoid clogging
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Experiment SSR2: Small-scale reactors - trial 2
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Figure B8: BEGO concentrations using UV-Vis method at 229 nm for the Drake (top) and New Belgium (bottom)
inoculated reactors. Samples were purified using the centrifugation (C) and filtration (F) protocols for the SSR2
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inoculated reactors. Samples were purified using the centrifugation (C) and filtration (F) protocols for the SSR2
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Experiment LSR1: Large-scale reactors - trial 1
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Figure B10: BEGO concentrations over time using dCOD data for LSR1
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Figure B11: BEGO concentrations over time using UV-Vis data at wavelength 229 (top) and 300 (bottom) for
LSR1
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Experiment LSR2: Large-scale reactors - trial 2
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Figure B12: BEGO concentration over time calculated using the UV-Vis method at wavelength 229 nm for the
LSR2A (top) and LSR2B (bottom). Reactor R6 was terminated on day 24 for BEGO harvesting and restarted on day
57 with new media. Reactor R4 was terminated on day 67 due to current decreasing to zero and rod samples were
needed for surface chemistry analysis. All of the other reactors reached zero current at different rates (Figure A7)
and were terminated on day 105 for the LSR2B and day 108 for the LSR2A
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Figure B13: BEGO concentration over time calculated using the UV-Vis method at wavelength 300nm for the
LSRB (top) and LSRA (bottom). Reactor R6 was terminated on day 24 for BEGO harvesting and restarted on day
57 with new media. Reactor R4 was terminated on day 67 due to current decreasing to zero and rod samples were
needed for surface chemistry analysis. All of the other reactors reached zero current at different rates (Figure A7)
and were terminated on day 105 for the LSR2B and day 108 for the LSR2A
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APPENDIX C: PROGRESS PHOTOS

Figure C1: D reactors for SSR1 trial on day 20 (left) and day 317 (right). 1) D1 connected. 2)
D2 connected. 3) CD1 disconnected 4) CD2 disconnected

Figure C2: P reactors for SSR1 trial on day 20 (left) and day 317 (right). 1) P1 connected. 2) P2
connected. 3) CP1 disconnected 4) CP2 disconnected

Figure C3: N reactors for SSR1 trial on day 20 (left) and day 317 (right). 1) N1 connected. 2)
N2 connected. 3) CN1 disconnected 4) CN2 disconnected. Photo for N2 after operation was
taken on day 294 due to the reactor being terminated early

Figure C4: Rods AB1, AB2, AB3, and AB4 after lifetime for LSR2
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Figure C1: D reactors for SSR1 trial on day 20 (left) and day 317 (right). 1) D1 connected. 2) D2 connected. 3)
CD1 disconnected 4) CD2 disconnected
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Figure C2: P reactors for SSR1 trial on day 20 (left) and day 31-7.“(rght). 1) P1 connected. 2) P2 connected. 3) CP1
disconnected 4) CP2 disconnected
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Figure C3: N reactors for SSR1 trial on day 20 (left) and day 3:17 (right)ml) Nl connected. 2) N2 connected. 3)
CNI disconnected 4) CN2 disconnected. Photo for N2 after operation was taken on day 294 due to the reactor being
terminated early
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Figure C4: Rods AB1, AB2, AB3, and AB4 after lifetime for LSR2
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APPENDIX D: PRODUCTION RATES

Experiment SSR1: Small-scale reactors - trial 1
Figure D1: Rate constant for BEGO production phase using the dCOD method from day
176 to day 286
Experiment SSR2: Small-scale reactors - trial 2
Figure D2: BEGO concentrations using UV-Vis method at 229 nm (top) and 300 nm
(bottom) for the Drake (D) and New Belgium (N) inoculated reactors. Samples were
purified using the centrifugation (C) and filtration (F) protocols for the SSR2
Experiment LSR2: Large-scale reactors - trial 2
Figure D3: BEGO concentrations using UV-Vis method for the biotic reactors (left) and

the abiotic reactors (right) using the 300 nm UV-Vis method for the LSR2
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Experiment SSR1: Small-scale reactors - trial 1
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Production rate
Reactor [mg/Lday] R2 value
D1 19.9 0.855
D2 3.4 0.208
P1 16.3 0.680
P2 11.5 0.539
N1 22.8 0.844
N2 ~0 ~0

Figure D1: Rate constant for BEGO production phase using the dCOD method from day 176 to day 286
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Experiment SSR2: Small-scale reactors - trial 2
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Time [days] Time [days]
Reactor Production rate [mg/Lday] R’ value
C229 | F229 | €300 | F300 | C229 | F229 | C300 | F300
D1 40.7 39.7 28.9 28.4 0.943 0.975 0.990 0.878
D2 25.3 26.1 21.2 21.1 0.800 0.875 0.831 0.683
D3 6.2 9.7 5.9 11.6 0.940 0.814 0.967 0.027
N1 11.9 13.4 9.8 13.1 0.690 0.800 0.978 0.727
N2 21 22.3 14.3 17.1 0.783 0.739 0.895 0.833
N3 0 0 0 0 0.248 0.409 0.755 0.461

Figure D2: BEGO concentrations using UV-Vis method at 229 nm (top) and 300 nm (bottom) for the Drake (D) and New Belgium (N) inoculated reactors.
Samples were purified using the centrifugation (C) and filtration (F) protocols for the SSR2
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Experiment LSR2: Large-scale reactors - trial 2

A4

></ ¢ AB1
2 *

N

W AB2

//}/ AB3
: = RY cl) Mﬁi./ .J ase

~ 0

N W R U1 OO N

[uny

Concentration [mg/mL]
3

Concentration [mg/mL]

o
.

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 , i, 0 5 10 15 20 25 30 35 40 .45 50 55 60 65 70 75 80 85
Time [days] ime [czllaysf
Production rate [mg/Lday]
Reactor 300 R? Lag Reactor 300 R? Lag
[days] [days]
R4 98.7 0.980 0 ABI1 140.8 | 0.983 26
RS 66.9 0.992 0 AB2 28.1 | 0.837 26
R6 94.2 0.932 0 AB3 112.6 | 0.940 26
R7 91.1 0.938 0 AB4 180.9 | 0.935 26
R8 80.8 0.969 0
R9 72.1 0.988 0
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Figure D3: BEGO concentrations using UV-Vis method for the biotic reactors (left) and the abiotic reactors (right) using the 300 nm UV-Vis method for the
LSR2
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APPENDIX E: CHARACTERIZATION

UV-Vis

FT-IR

TEM

Figure E1: GO Sigma Aldrich standard UV-Vis scan at different concentrations in
mg/mL

Figure E2: UV-Vis of BEGO from scrapped membranes of the R2 reactor from the
LSR1 trial at different dilutions in DI water using mixing

Figure E3: UV-Vis scans of the SSR1 reactors on day 217 with dilutions in DI water
Figure E4: UV-Vis scans of the SSR2 reactors on day 98 purified using centrifugation
(top) and filtration (bottom) protocols at dilutions in DI water

Figure ES: UV-Vis scans of the LSRB2 reactors on day 70 (top) and day 105 (bottom) at
dilutions in DI water

Figure E6: UV-Vis scans of the LSRA2 reactors on day 92 with dilutions in DI water

Figure E7: FT-IR spectrum of the SSR1 trial compared with a GO standard.
Concentration in each sample varies affecting absorbance. Data collected early on the
experiment on day 115

Figure E8: FT-IR spectrum of the SSR1 trial at the end of the trial. Samples collected
using the two-filtration system with solids in the BEGO membrane. Concentrations of the

solids were low thus the low in absorbance

Figure E9: TEM images and FFT for the D1 (top) and D2 samples

Figure E10: TEM images and FFT for the P1 (top) and P2 samples
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Figure E11: TEM images and FFT for the N1 sample
Figure E12: TEM image 11.4x10.6nm (left), and a FFT image of the section for sample
taken from R2 reactor from LSR1
AFM
Figure E13: High senor 3D image of the R9 reactor diluted sample of the LSR2 trial
Figure E14: Step analysis on the R9 diluted sample from the LSR2 trial
XPS
Figure E15: XPS samples inside of instrument on silica substrate (left), with samples
later on top of a coating of gold to avoid contaminants from substrate in the XPS
spectrum (right)
Figure E16: Survey scan of a D1 sample from SSR1
Figure E17: HR scan of carbon peak of Carbon HR peak data exported into CasaXPS of
1) D1 sample, peak height: ~35%10-2 CPS 10-1. 2) D2 sample, peak height: ~120*10-1
CPS 10-1 3) P1 sample, peak height: ~120*10-1 CPS 10-1 4) P2 sample, peak height:
~22*%10-2 CPS 10-1 5) N1 sample, peak height. Screenshots directly from XPS imaging
Figure E18: HRES spectrum for C1 data with possible functional group distribution
ICP-MS
Table E19: Key code of ICP-MS samples
Figure E20: ICP-MS concentration of metals in the media at different concentration
threshold
Figure E21: ICP-MS concentration of metals in the media in the SSR2 reactors at

different concentration threshold
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Figure E22: ICP-MS concentration of metals in the media in the SSR2 reactors at a trace
concentration threshold
Conductivity in solution
Table E23: Conductivity of DI water, media and purchased GO standards
Table E24: Conductivity of the SSR1 bulk solutions on day 245

Table E25: Conductivity of the LSR1 bulk solutions on day 54
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Figure E1: GO Sigma Aldrich standard UV-Vis scan at different concentrations in mg/mL
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D1 ata 1:24 dilution
D2 ata 1:24 dilution
P1 ata 1:24 dilution
P2 ata 1:24 dilution
N1 ata 1:24 dilution
N2 at a 1:24 dilution

Figure E3: UV-Vis scans of the SSR1 reactors on day 217 with dilutions in DI water

D1C at a 1:100 dilution
D2C at a 1:100 dilution
D3C at a 1:20 dilution
N1C at a 1:20 dilution
N2C at a 1:20 dilution
N3C no dilution

D1F at a 1:100 dilution
D2F at a 1:100 dilution
D3F at a 1:40 dilution
N1F at a 1:100 dilution
N2F at a 1:100 dilution
N3F at a 1:2 dilution

Figure E4: UV-Vis scans of the SSR2 reactors on day 98 purified using centrifugation (top) and filtration (bottom)
protocols at dilutions in DI water
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R4 at 1:200 dilution
R5 at 1:200 dilution
R6 at 1:200 dilution
R7 at 1:200 dilution
R8 at 1:200 dilution
\ R9 at 1:200 dilution

R5 at 1:200 dilution
R6 at 1:200 dilution
R7 at 1:200 dilution
R8 at 1:200 dilution
R9 at 1:200 dilution
R10 at 1:200 dilution

Figure E5: UV-Vis scans of the LSRB2 reactors on day 70 (top) and day 105 (bottom) at dilutions in DI water

AB1 at 1:200 dilution
AB2 at 1:200 dilution
AB3 at 1:200 dilution
AB4 at 1:200 dilution

Figure E6: UV-Vis scans of the LSRA2 reactors on day 92 with dilutions in DI water
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FT-IR
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Figure E7: FT-IR spectrum of the SSR1 trial compared with a GO standard. Concentration in each sample varies
affecting absorbance. Data collected early on the experiment on day 115
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Figure E8: FT-IR spectrum of the SSR1 trial at the end of the trial. Samples collected using the two-filtration
system with solids in the BEGO membrane. Concentrations of the solids were low thus the low in absorbance
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TEM

- e 3 OIS

Figure E9: TEM images and FFT for the D1 (top) and D2 samples
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Figure E11: TEM images and FFT for the N1 sample
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and a FFT image of the section for sample taken from R2 reactor from

b}

TEM image 11.4x10.6nm (left)

.
.

Figure E12

LSRI1

AFM

High senor 3D image of the R9 reactor diluted sample of the LSR2 trial

Figure E13
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Figure E14: Step analysis on the R9 diluted sample from the LSR?2 trial
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XPS

Figure E15: XPS samples inside of instrument on silica substrate (left), with samples later on top of a coating of
gold to avoid contaminants from substrate in the XPS spectrum (right)
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Figure E16: Survey scan of a D1 sample from SSR1
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' STD GO

Figure E17: HR scan of carbon peak of Carbon HR peak data exported into CasaXPS of 1) D1 sample, peak height:
~35%10-2 CPS 10-1. 2) D2 sample, peak height: ~120%¥10-1 CPS 10-1 3) P1 sample, peak height: ~120*10-1 CPS
10-1 4) P2 sample, peak height: ~22*10-2 CPS 10-1 5) N1 sample, peak height. Screenshots directly from XPS
imaging
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Figure E18: HRES spectrum for C1 data with possible functional group distribution. Samples taken from R1 (top, left), R2 (top, right), R3 (bottom, left) of the
LSRI trial
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ICP-MS

Table E19: Key code of ICP-MS samples

Sample ID
Blanked in 2% HNO3
M Media alone
Blanked in 2% HNO3 + 100uL media
D1 D1 potentiostat SSR2
NI N1 potentiostat SSR2
N3 N3 potentiostat SSR2
5E+10 - 2E+11 5E+5 - 5E+10 9E+2 - S5E+5 50-900
2E+11 3500000 120000 ————— 800
1.8E+11 700
3000000 100000
1.6E+11
= p 600 mCa
w® 2500000
.2.‘1'4E+11 80000 H Fe
5 mMg 500
S 1.26+11 ms mCo
& mNg 2000000 - —— mcl
S 1p1 60000 - 400 mCu
g 1500000 — Z
8 8e+10 T 300 en
< 40000 Br
g 6E+10 1000000 - —— H Mn
= 200 m Mo
4E+10
20000
500000 100 m Xe
2E+10
0 0 0 0
M M M M

25

20

15

10

Figure E20: ICP-MS concentration of metals in the media at different concentration threshold
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Figure E21: ICP-MS concentration of metals in the media in the SSR2 reactors at different concentration threshold
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Figure E22: ICP-MS concentration of metals in the media in the SSR2 reactors at a trace concentration threshold

All of the reactor have very large salts concentrations (Na, K, Cl) possibly coming from leaks from the salt bridges (SE+10 - 2E+11
uL scale). These salts are more prominent in N3 which had been performing poorly from the beginning and showed the least detected
BEGO production. All samples contain significant Si and Ca but only D1 and N1 have Cu at the 9E+2 - SE+5 scale. At the same
scale, D1 also has the largest amount of Fe.

At the 500-900 uL scale, both replicates of N show significant Br and Rb. All of the reactors contain B, V, Ni, and Ifollowed by B, Ni,
Rb, V and I. D1 has a much larger concentration of Al and some traces of other metals not present in the N reactors at this scale such
as La, Ce, Nd, and Th. N1 does have some Al at this scale bit N3 does not.

At the trace scale (1-50 uL), D1 shows a much richer mineral pool (N3 the least rich) with elements such as Cr, Mo and Pr as well as a
much diluted amount of Rb compared to the N replicates in the scale before. Smaller amounts include Ba, Y, Bi, U, Sn, Rh, Nb, Dy,
Ge, Tb from highest, to lowest concentrations (14.5-1.14ug/L). D1 and N1 have Zr, Sm, Gd, and Hf as well as As which is at a lower
concentration compared to N3 in the scale before. N1 and N3 have smaller concentrations of La, Ce, Nd, W, and Th compared to D1
from the scale before. D1 and N3 contain Pb, D1 at a much larger concentration. N1 is the only reactor that has Nd, and N3 the only
one that has Se. All reactors contain Li, Sc, Sr, and Ag.
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Conductivity in solution

Table E23: Conductivity of DI water, media and purchased GO standards

Standard solutions
Reactor Conductivity [uS/cm]

DI water 0.87

NG media 6.74
Pure GO (2mg/mL) 193.8
Pure GO (0.2mg/mL) 70.4
Pure GO (0.4mg/mL) 22.4
graphite (2mg/mL) 10.1
graphite oxide (2mg/mL) 12.07

Table E24: Conductivity of the SSR1 bulk solutions on day 245

SSR1
Reactor  Conductivity [uS/cm]

D1 5.84
D2 6.02
P1 7.3

P2 6.56
N1 6.85
N2 7.81

Table E25: Conductivity of the LSR1 bulk solutions on day 54

LSR1
Reactor Conductivity [uS/cm]
R1 6
R2 5.7
R3 6
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APPENDIX F: MICROBIAL ANALYSIS

Figure F1: Relationships between collected samples of the SSR1 reactor microbial data from
day 32

Figure F2: Microbial distributions between the most abundant communities per sample
technique regardless of the inoculum source. Analysis was conducted on extractions done on day
32

Figure F3: LSR2 sequencing results at a phyla classification with 1% microbial cut-off at the
end of the experiment

Figure F4: LSR2 sequencing results at a genus classification with 5% microbial cut-off at the

end of the experiment
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Figure F1: Relationships between collected samples of the SSR1 reactor microbial data from day 32
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BULK-DNA |BULK-RNA |[ROD-DNA |ROD-RNA
X

Unknown (Porphyromonadaceae)
Unclassified (Bacteroidales)
Unknown (Bacteroidales)
Unclassified (Bacteroidetes)
Unknown (Bacteroidetes)
Candidatus Cloacimonas
Ochrobactrum
Shinella
Comamonas
Desulfobacula
Unclassified (Campylobacteraceae)
Sulfuricurvum
Pantoea
Sphaerochaeta
Mesotoga
Unknown

X X X X X X X X X X X X X X X X
xX X X X X

Nodularia

Unknown (Peptostreptococcaceae)
Unknown (Rhizobiales)
Gemmobacter
Dechlorospirillum
Methylomonas
Pseudomonas X
Leucobacter X

X X X X X X X

Marinobacter X

Figure F2: Microbial distributions between the most abundant communities per sample technique regardless of the
inoculum source. Analysis was conducted on extractions done on day 32

149



Percent abundance [%]

100

90 Zixibacteria
Thermotogae
80 W Synergistetes

W Spirochaetes

70 M Proteobacteria

M Planctomycetes

60 ® Omnitrophicaeota

B Firmicutes

50 B Euryarchaeota

B Epsilonbacteraeota
40 B Deinococcus-Thermus
W Deferribacteres

30 B Cyanobacteria

B Cloacimonetes

20
B Chloroflexi
Bacteroidetes
10
B Armatimonadetes
B Actinobacteria
0
W Acidobacteria

Figure F3: LSR2 sequencing results at a phyla classification with 1% microbial cut-off at the end of the experiment
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Figure F4: LSR2 sequencing results at a genus classification with 5% microbial cut-off at the end of the experiment
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