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Abstract
With a large number of oil deposits in Canada, Alberta oil sands industries are currently
conducting bitumen extraction processes using hot water. In oil sands process water (OSPW)
from these oil sands operations, naphthenic acids (NAs) are identified as one of the primary
sources of acute toxicity and were assessed for their endocrine-disrupting potentials. Hence, the
monitoring of NAs in aqueous environmental matrices is crucial for oil sands-related industries.
Commonly used analytical methods for NAs, such as Fourier transform infrared spectroscopy
and high-performance liquid chromatography, are time-consuming, expensive, and samples must
be sent to an analytical lab for analysis. Therefore, this study aims to develop a microbial
electrochemical biosensor (MXC) for the detection of NAs in water samples. First, experiments
were conducted to develop an optimal calibration method for the MXC biosensor by comparing
different approaches (closed-circuit operation vs. charging-discharging operation) using a single
model NA compound (cyclohexane carboxylic acid). The charging-discharging operation
significantly increased the peak currents by 90-124 folds higher than that observed for closed-
circuit operation. Besides, a strong linear relationship between model NA concentrations and the
peak currents (R? = 0.96) was observed. Second, experiments were conducted to evaluate the
impact of different environmental parameters on biosensor performance. The results revealed
that this MXC biosensor would be sensitive to salinity levels and temperature changes; however,
once calibrated, it can be used for measurement of NA concentrations. The method was further
validated with a complex model NA compound (mixtures of alkylated cyclopentane carboxylic
acid, CNA). Interestingly, enriching the anode biofilm with salt content (1500 mg/L)
significantly reduced the performance of the MXC biosensor applied for CNA detection.

Furthermore, the presence of other organics, such as polycyclic aromatic hydrocarbons (e.g., 2-



methylnaphalene and pyrene) in OSPW, can greatly interfere with the current output produced
by CNA. However, still a linear relationship has been observed between CNA concentrations
and current from the MXC biosensor. Overall, the results of this study demonstrated that with
further development, MXC biosensors could be used as a simple bioanalytical tool for

monitoring NA concentrations in OSPW.
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Chapter 1 — Extended Background on the Oil Sands Naphthenic Acids

1-1. Background and Motivation

Canada’s oil sands are proven to be one of the largest crude oil deposits in the world (Allen, 2008)
with the total volume of recoverable oil stored in northern Alberta oil sands estimated to be 170
billion barrels of bitumen (Zhang et al., 2018). These oil sands resources are approximately
composed of 1-8 weight percent (wt%) water, 6-16 wt% bitumen, and 80-87 wt% sand, silt, and
clay (Kannel & Gan, 2012). During the surface mining operation, the estimates of the production
of oil sands bitumen and heavy oil will be increased to 4 million barrels per day by 2024 in
comparison to 2 million barrels a day in 2014 (Bari & Kindzierski, 2018). In addition,
approximately, 4 m® of tailings are being generated per m® of processed oil sands (Holowenko et
al., 2002; Scott et al., 2008b). The most concerning aspect of Alberta oil sands is the production
of a large volume of oil sands tailings and oil sands process-affected water (OSPW) during the hot
water bitumen extraction process (Benally et al., 2018) by oil sands-related industries (Barrow et

al., 2015; Wu et al., 2019).

Due to Alberta’s zero-discharge regulation, the discharged OSPW is stored in engineered
on-site settling basins, which are widely known as oil sands tailings ponds (Allen, 2008; Xue et
al., 2018) and the part of this OSPW is recycled back into the extraction processes (Wu et al.,
2019). Generally, 2-4 barrels of fresh water are typically required to produce a barrel of bitumen
(Brisbois et al., 2019; Headley et al., 2013b; Zubot, 2010). The freshwater withdrawals can be
reduced by significant recycling of tailings. The recycling back in the extraction processes can be
up to a certain extent, approximately 18 times, and the recycled OSPW should be safely stored
again in the oil sands tailing ponds (Barrow et al., 2015). Despite the recycling of overlying water

into the extraction process, a large volume of OSPW (~170,000 m?) is still being continuously
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accumulated and stored in the tailing ponds (Barrow et al., 2015; Fennell & Arciszewski, 2019;
Redman et al., 2018). Additionally, greater than 1 billion m* of mature fine tailings are expected
to be stored in the oil-sand tailings ponds near the oil sands region of northern Alberta by 2025
(Martin, 2015; Rogers et al., 2002b; Wu et al., 2019). Despite the heavy recycling of OSPW for
reuse in the extraction processes, this growing inventory-volume of tailings ponds (approximately
covering >170 km?) (Martin et al., 2008; Sohrabi et al., 2013; Wiseman et al., 2013; Wu et al.,
2019) necessitate the urgent need for extensive remediation and appropriate monitoring.
Particularly, the presence of various water-soluble organics from bitumen in OSPW poses a
significant threat to the aquatic ecosystem and wildlife (Garcia-Garcia et al., 2011; Hagen et al.,
2014). Numerous studies have confirmed that the toxicity of OSPW is primarily attributed to the
presence of various naphthenic acids (NAs) that are natural components of petroleum (El-Din et
al., 2011; Mahaffey & Dubé, 2016; Pérez-Estrada et al., 2011; Shi et al., 2017). Hence, the
management of these large volumes of the OSPW containing NAs is crucial as one of the major
environmental challenges faced by many oil sands mining companies in Alberta. Ultimately, the
monitoring of OSPW, especially the NAs became essential due to its infiltration into groundwater
and a similar potential influence on the surface water bodies through the OSPW seepage (Fennell

& Arciszewski, 2019; Huang et al., 2018).

1-1.1 Oil sands process-affected water (OSPW)

OSPW frequently contains problematic constituents that require treatment before discharge into
the receiving aquatic ecosystem (Allen, 2008; McQueen et al., 2017). It consists of suspended
solids, various organic compounds, including unrecovered bitumen and hydrocarbons, inorganic
compounds, salts, and trace metals (Allen, 2008; El-Din et al., 2011; Fu et al., 2017; Headley et
al., 2013b; Mahaffey & Dubé, 2016; Xue et al., 2017). Furthermore, the organic compounds
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present in OSPW are mixtures of benzene, humic and fulvic acids, naphthenic acids (NAs),
phenols, and polycyclic aromatic hydrocarbons (PAHs) (Wang et al., 2013). In terms of toxicity,
the presence of various water-soluble organics, such as NAs from bitumen in OSPW induces an
adverse impact (e.g., narcosis, endocrine disruption, immunotoxicity, and carcinogenicity) on both
the aquatic ecosystem and wildlife (Garcia-Garcia et al., 2011; Hagen et al., 2014). Risks of human
health are also have been attributed to the organic fractions of OSPW (Hodson, 2013; Huang et al.,
2016; Kim et al., 2012; Kurek et al., 2013; Zhang et al., 2016). For instance, specific types of NAs
found in OSPW have been determined to be carcinogenic; hence, estrogenic and androgenic
activities of specific NAs and exposure to these NAs can also potentially disrupt the human

reproductive system (Mahaffey & Dubé¢, 2016; Martin, 2015; Pérez-Estrada et al., 2011).

Wu et al. (2019) have stated NAs are contributing to the primary toxicity in OSPW and
they are known to be the most persistent organics. NAs found in OSPW are also known to be
corrosive to the oil sands process equipment, and they will eventually affect the quality of the
extracted crude oil (Clemente & Fedorak, 2005). OSPW mixtures do not encompass NAs only as
constituents of concerns, but also other organic and inorganic matters such as suspended solids,
hydrocarbons, and unrecovered bitumen, salts, trace metals as well as inorganic compounds (EI-
Din et al., 2011; Headley et al., 2013b; Mahaffey & Dubé¢, 2016). However, several studies have
confirmed that the toxicity of OSPW is primarily associated with the presence of various NAs that
are natural components of petroleum (El-Din et al., 2011; Mahaffey & Dub¢, 2016; Pérez-Estrada
et al., 2011; Shi et al., 2015). Moreover, Morandi et al. (2015) have reported that the NA isomer
classes are confirmed to be the most toxic among other isomer classes present in OSPW. Hence,
the characterization of OSPW should be based on salt content, metals, and organic compounds,
which are primarily naphthenic acid fraction compounds (NAFCs) (see Section 1.2) (Crowe et al.,

3



2001; Headley et al., 2009a). In OSPW, various NAs exist as complex heterogeneous mixtures,
with a typical concentration in the range of 20 to 120 mg/L (Pérez-Estrada et al., 2011; Shi et al.,

2015). The general characteristics of OSPW are shown in Table 1.1.



Table 1-1. General Characterization of Oil Sands Process-Affected Water (Zhang, 2016).

Parameter Range
pH 7.8-8.5
Conductivity (uS/cm) 3459 — 4500
Total suspended solids (TSS) (mg/L) 97 -221
Total dissolved solids (TDS) (mg/L) 2477 — 2859
Alkalinity (mg/L) 609.3 -776.9
Chloride (mg/L) 641.0 —715.7
Sulfate (mg/L) 274.7 - 602.6
Sodium (mg/L) 840.6 — 846.7
Potassium (mg/L) 14.7-17.0
Magnesium (mg/L) 8.6 -15.1
Calcium (mg/L) 10.1 -25.3

Organic Parameters

Chemical oxygen demand (COD) (mg/L) 204 - 302.2
Total organic carbon (TOC) (mg/L) 48.3-75.0
Biochemical oxygen demand (BODs) (mg/L) 2.7-3.30
Polycyclic aromatic hydrocarbons 0.01

(PAH) (mg/L)

Total naphthenic acids (NAs) (mg/L) 8.92 -39.2
In some cases, can be up to 130 mg/L

(Grewer et al., 2010)




1-1.2 Naphthenic acids (NAs)

NAs are known as the most problematic among all the contaminants present in OSPW (Xue et al.,
2018). From the surface mining of oil sands, most NAs end up in the tailings-ponds (Wu et al.,
2019) and it has been demonstrated that there are >200,000 different NA species present in oil
sands (Anderson et al., 2012; Rowland et al., 2011a). Approximately, 200 mg of NAs are found
per 1 kg of oil sands (Clemente & Fedorak, 2004), and 15% are partitioned into the OSPW during
extraction processes (Scott et al., 2008b). As discussed in the previous section, NAs can be present
in the surrounding surface waters and groundwaters (e.g., Athabasca river and aquifers) through
potential infiltration (Fennell & Arciszewski, 2019) or naturally in the water, and also by other
industrial activities and natural processes, such as effluent discharge, groundwater mixing, crude
oil spills, or erosion of riverbank oil sands deposits (Headley et al., 2007). The concentrations of
NAs in these water bodies are relatively small in quantities (e.g., <1 mg/L in surface water sources
in the Athabasca oil sands region and 2-5 mg/L in near-surface aquifers (Janfada et al., 2006;
Regional Aquatics Monitoring Program, 2011) compared with the NA concentration found in the
tailings ponds (e.g., total NA concentration as high as 68 mg/L (Allen, 2008) and sometimes, it
can reach up to 130 mg/L in Steam-Assisted Gravity Drainage produced water (Grewer et al.,
2010)). Despite the low concentrations present, the potential seepage of NAs in groundwaters is

still a concern (Wu et al., 2019).

1-1.2.1 NA types, structures, and chemical properties

NAs are identified as a cluster of aliphatic and alicyclic, alkyl-substituted carboxylic acids with a
generalized formula of C,H2n+,Ox (Han et al., 2008; Xue et al., 2018). The carboxylic group is
usually bonded or attached to a side chain instead of to the cycloaliphatic ring (Wu et al., 2019).
The commonly-used term used to describe the compounds present in OSPW is naphthenic acid
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fraction compounds (NAFCs) (Fennell & Arciszewski, 2019), which refers to the sum of classical
NAs (ChH20+-02) (c-NAs), oxidized NAs (oxy-NAs), and S- and N-containing (heteroatoms) NAs,
termed heteroatomic NAs (Headley et al., 2009a; Islam et al., 2015; Meshref et al., 2017; Yue et
al., 2016). Hence, NAFCs are known to be diverse heteroatom compounds in OSPW, which are
expressed as a chemical formula CnH2n+-OxNgS,. The subscript “n” represents the number of
carbons (numbers between 7 to 30) (Zhu et al., 2018), “x” is a representation of the oxygen (e.g.,
equal to two for c-NAs with two oxygen atom; and three or more for oxidized NAs (oxy-NAs)
formed after the oxidation of c-NAs (Huang et al., 2018; Kannel & Gan, 2012; Meshref et al.,
2017)), “Z” is either value of zero or negative even-numbered integer, can be up to -12 (e.g., Z=0
indicates no ring, Z=-2 indicated one ring, Z=-4 indicates two rings, etc.) (Zhu et al., 2018),
representing hydrogen deficiency through the formation of rings or the presence of double bonds

equivalents (DBE), and “B” and *“y” represents nitrogen and sulfur numbers, respectively (Headley

et al., 2013b; Headley et al., 2014; Rogers et al., 2002a).

Furthermore, the molecular weight can be another distinguishing factor for NA structures.
The molecular weights of NA have a general range of 100 to 500 g mol™' (Clemente et al., 2003a;
Clemente et al., 2003b), and sometimes it can be as high as 1200 g mol! (Mohammed & Sorbie,
2009). NAs with low molecular weights include both cyclopentane and cyclohexane carboxylic
acid, and NAs with high molecular weights contain 4 carboxylic acids and 4 to 8 unsaturated rings
(Mohammed & Sorbie, 2009). In OSPW, rings with 5 or 6 carbons are the predominant structures,
contributing to ~95%, and the majority of NAs generally have 2 to 3 rings, meaning Z=-4 and Z=-
6, respectively (Clemente et al., 2003a; Del Rio et al., 2006). Monocyclic acids are the main
structures for other structures of NAs, such as 7 to 12 carbons (Brient et al., 1995). Furthermore,
the majority of the NAs are c-NAs, contributing to ~50% of the acid extractable organic fraction
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(Grewer et al., 2010) with a concentration range of 20 — 120 mg/L (Toor et al., 2013). NAs are
soluble in water at neutral or alkaline pH (e.g., having dissociation constant ranging from ~107 to
10 (Xu et al., 2017)) and their solubility is more influenced by pH than temperature (e.g., NA is

more soluble in water with alkaline pH (Janfada et al., 20006)).

Of note, before the implementations of more sophisticated and advanced analytical
methods, such as high-performance liquid chromatography ultra-resolution mass spectrometry
(HPLC-UHRMS), it was believed that the acid extractable organics in OSPW was primarily
comprised of c-NAs (Scott et al., 2020). However, these acid extractable organics were further
evidenced to contain more complex mixtures and different compounds, such as oxy-NAs and
heteroatomic NAs, other than the c-NAs (Grewer et al., 2010; Headley et al., 2013a; Headley et
al., 2013b). This finding was assisted by enhanced characterization methods like UPLC-UHRMS
(Pereira & Martin, 2015; Pereira et al., 2013). In fact, both c-NAs and some oxy-NAs (O3 and Os-
species) were the dominant species in OSPW, with the O: species still being distinctly the primary
group (Ajaero et al., 2017; Huang et al., 2017; Xue et al., 2017), because the oxy-NAs are likely
the oxidation products of c-NAs through oxidation and biodegradation (Ajaero et al., 2017). More
importantly, the concentrations, compositions, as well as structures of these NAs may change over
time (Pérez-Estrada et al., 2011; Shi et al., 2015) and with the source of crude oil (Wu et al., 2019).

Figure 1.1 below illustrates the general structures of NAs found in OSPW.



Z=0 CH3(CHy), COxH

R
R
Z=-2 \O;(CHZ)mCOXH \‘O\(
CHy) COxH
R (CH,),,COxH R
Z=-4 \(b; (CHZ)mCOXH

" CHy),nCOxH
Z=-6
" CH;)mCOxH
z=-8

R CH2)mC0XH
Z=-10
R CHy),,COxH
Z=-12

Figure 1-1. General structures of NAs for Z=0 to -12. R represents the alkyl groups, m is the

length of the alkyl chain (number of CH> units), x is the number of oxygen atoms where x=2 is

for c-NAs, and x > 3 is for oxy-NAs. Note. This figure was adopted from Islam (2014).



1-1.2.2 NAs and their correlation to biodegradation

Compared to other processes, biodegradation has been known to be the major pathway of the

natural degradation of OSPW NAs (Quagraine et al., 2005; Xue et al., 2018). Hence, it is crucial

to understand the correlation between NAs and biodegradation as well as to engineer biological

processes to enhance the biodegradation of NAs (Xue et al., 2018) to aid both removal and

monitoring processes. When it comes to a correlation between cyclicity and biodegradation of NAs,
multiple studies have observed and agreed that NAs with higher Z numbers were less

biodegradable (Han et al., 2008; Huang et al., 2015; Wang et al., 2013; Xue et al., 2017; Xue et

al., 2016). Scott et al. (2005) also have reported NAs with more branched and complex structures

are harder to degrade compared to the NAs with simpler structures. On the other hand, less cyclic

and acyclic NAs are not only less persistent, but they are also likely more hydrophobic, in which

higher hydrophobicity may further increase the biodegradation (Pourrezaei, 2013). More

importantly, the NAs are the most persistent organic compounds found in OSPW (Wu et al., 2019)

and they are extremely recalcitrant, having an estimated half-life of ~13 years in the tailings ponds

(Han et al., 2009) and difficult to be biodegraded naturally (Scott et al., 2005). Hence, continuous

monitoring of NAs has not become the only significant concern for both the public and the

government but also having appropriate analysis techniques (i.e., the practical analytical procedure)

is crucial.

1-1.2.3 The importance of NA monitoring

The effect of NAs on the environment and human health has been discussed earlier in Section 1.1.
Besides the environmental concerns and the adverse effects of NAs on oil processing, NAs have
been reported as important raw materials in chemical industries. For instance, NAs can be used as
antiseptics, paint drying reagents, additives in petroleum fluids, and many more (Shao et al., 2017).
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Furthermore, salts of naphthenic acid, known as naphthenate salts, can be used as catalysts,
corrosion inhibitors, emulsifiers, dispersants as well as preservatives (Wang et al., 2006). Hence,
NA monitoring is important as it greatly assists in the environment and human health protection,
oil quality improvement, transportation, and refining processes, as well as recovery of valuable

raw materials.

1-1.3 Identification, characterization, and analytical methods of NAs

Environmental monitoring of NAs became important as it is an integral part of sustainable
environmental management in the oil sands industries. Thus, previous research studies on the
identification and quantification of NA compounds in OSPW have drawn the interests of many
oil-sands mining-related companies in Alberta. According to Alberta’s Environmental Protection
and Enhancement Act (EPEA), development of an oil sands project requires submission of
environmental impact assessment reports, where background concentrations of NAs in surface and
ground waters near the proposed mining site must be included. Therefore, in addition to OSPW
samples, oil sands operators are required to routinely monitor NAs in water samples from
surrounding surface freshwater and groundwater wells for a potential OSPW seepage into them

(Fennell & Arciszewski, 2019; Huang et al., 2018).

Many different analytical techniques have been used for characterization and quantification
of the OSPW NAs, such as chemical oxygen demand (COD) (Huang et al., 2015), Fourier
transform infrared spectroscopy (FTIR) (EI-Din et al., 2011; MacKinnon & Boerger, 1986; Rogers
et al., 2002a), gas chromatography coupled with mass-spectrometry (GC-MS) (Holowenko et al.,
2002; Scott et al., 2008a), ultra-performance liquid chromatography coupled with high resolution

mass spectrometry (UPLC/HRMS) (Martin et al., 2010; Sun et al., 2014), ultra-performance liquid
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chromatography time of flight mass spectrometry (UPLC-TOF-MS) (Headley et al., 2016;
Kovalchik et al., 2017; Sun et al., 2014; Wang et al., 2013), Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS) (Ajaero et al., 2017), synchronous fluorescence
spectroscopy (SFS) (Martin et al., 2014), and Orbitrap mass spectrometry (Pereira et al., 2013)
reviewed by Brown et al. (2015), Xue et al. (2018), and Fennell and Arciszewski (2019). Detail
reviews on different analytical methods for NAs can be found elsewhere (Brown & Ulrich, 2015;
Clemente & Fedorak, 2005; Headley et al., 2009b; Hughes et al., 2017; Sun et al., 2014). Due to
the high complexity of the organic matrix in OSPW, currently, no single absolute analytical
method exists for detection and quantification of mining-related NAs and other individual
compounds existing in OSPW (Fennell & Arciszewski, 2019; Headley et al., 2016; Kovalchik et
al., 2017; Xue et al., 2018). Furthermore, most of these commonly-used analytical techniques still
face challenges due to extremely complex distributions of NAs in OSPW. Mainly, the analysis of
NAs with these techniques listed above are expensive, involve time-consuming methodologies,
and are lab-based analyses (Ajaero et al., 2017; Huang et al., 2018; Ripmeester & Duford, 2019).
Some analytical methods, such as GC-MS and FTIR spectroscopy can even lead to
misclassifications of compounds (Hughes et al., 2017; Merlin et al., 2007). For instance, GC-MS
methods are only suitable to quantify the c-NAs with a derivatization method based on its unit
mass resolution (Hughes et al., 2017). Furthermore, GC-MS can also overestimate the total NA
measurement due to its low mass resolution (e.g., the measurement of total NAs may contain other
organic compounds with the same nominal mass that cannot be resolved from NAs) (Hughes et
al., 2017; Kovalchik et al., 2017) Hence, development of a low-cost and fast analytical method
that can be deployed on-site for reliable real-time monitoring of NAs will help to address such

analytical challenges.
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1-1.4 Commonly-used analytical methods of NAs

1-1.4.1 FTIR spectroscopy

Fourier transform infrared (FTIR) spectroscopy is known as the oil sands industry’s standard
quantification method developed by Syncrude Canada Ltd. (Clemente & Fedorak, 2005), which
measures monomer and dimer absorbances associated with the carbonyl group of the carboxylic
acids. For analysis with FTIR, filtered OSPW samples are acidified and extracted with
dichloromethane (DCM); then, absorbances of the monomeric and dimeric forms of the
carboxylic groups are measured after concentrating the acid extractable organics (Brown &
Ulrich, 2015; El-Din et al., 2011). Hence, this process can be quite time-consuming. FTIR
spectroscopy is not specific to individual NAs and it is unable to resolve carbon numbers or Z
families for specific NAs. This is possibly due to the presence of contaminants, such as
polycyclic aromatic hydrocarbons and phthalates contaminating the NA mixtures upon extraction
(Holowenko et al., 2002). Furthermore, the FTIR may trigger inaccurate measurements of NA
concentrations by detecting other organic compounds that are similar in structures, such as fatty
acids in OSPW (Brown & Ulrich, 2015; Brunswick et al., 2016; Fennell & Arciszewski, 2019;
Grewer et al., 2010; Headley et al., 2013b; Headley et al., 2016; Kovalchik et al., 2017; Merlin et
al., 2007). For instance, bias towards higher total NA concentrations measured by FTIR was
widely reported (Han et al., 2009; Hughes et al., 2017); where the FTIR determines the total
acid-extractable fraction (AEF), which includes all -CO, -CHO, and -COOH groups
overestimating the concentrations of NAs (Grewer et al., 2010). However, FTIR may be suitable
for some specific cases, such as evaluating the performance of OSPW treatment systems (Zubot
et al., 2012). In summary, FTIR can quantify OSPW NAs, but it is a time-consuming and lab-

based analysis, which may also lack reliability.
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1-1.4.2 GC-MS

Gas-chromatography-mass spectrometry (GC-MS) is another commonly used analytical method
for NAs detection. GC-MS determines the relative abundance of specific NA isomers in a complex
NA mixture after NA derivatization (e.g., using methylation step to make esters or making tert-
butyldimethylsilyl derivatives of the NAs) (Bowman et al., 2020; Holowenko et al., 2002; John et
al., 1998; Miles et al., 2020). Using GC-MS, the percent composition of each eluting component
within the NAs mixture based on carbon and Z numbers can be obtained (Holowenko et al., 2002).
However, there are several drawbacks of using GC-MS as an analytical method of NAs. GC-MS
1s sensitive and it suffers from few matrix effects, associated with a formation of moieties from
the volatile derivatives, which complicates the mass spectral interpretation, and finally, the method
is time-consuming (Bataineh et al., 2006). GC-MS sometimes has inadequate resolving power and
can include other organics when estimating the total NA concentrations (e.g., overestimating)
(Hughes et al., 2017). Furthermore, it can also overestimate the relative proportions of low
molecular weight (MW) acids (Clemente & Fedorak, 2004). Similar to FTIR, GC-MS is also a
time-consuming and lab-based analysis, which may be unreliable to quantify OSPW NAs,

especially when identifying for an OSPW seepage (Fennell & Arciszewski, 2019).

1-1.4.3 FTICR-MS and SFS

Fourier transform ion cyclotron resonance-mass spectrometry (FTICR-MS) is another analytical
method for NAs with an enhanced mass accuracy and resolution compared to other analytical
techniques; giving better performance in the mass assignments (Ajaero et al., 2017; Barrow et al.,
2003). FTICR-MS operates based on a cyclotron (e.g., a type of particle accelerator), where the
electrons are captured in orbits by a strong magnetic field, while being accelerated by an applied
voltage field; then, the cyclotron frequency is related to m/z (Mellon, 2003). Regarding the NA
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detection, the FTICR-MS is known to provide identification of individual NAs (Barrow et al.,
2004). Synchronous fluorescence spectroscopy (SFS) also has been utilized for the monitoring of
NAs (Kavanagh et al., 2009). SFS is suitable for multicomponent analysis, which produces spectra
through simultaneous scanning of the excitation and the emission monochromators of a
spectrofluorimeter, with a fixed wavelength difference between them. However, similar to the
common analytical methods, all of these methods are time-consuming (e.g., sample preparations,
transportation of samples), expensive (e.g., using high-resolution spectrometry, very large in size),
and lab-based analyses, which are not available for on-site quantification of OSPW NAs (Ajaero

et al., 2017; Huang et al., 2018; Ripmeester & Duford, 2019; Zubarev & Makarov, 2013).

1-1.4.4 UPLC/QTOF-MS and Orbitrap-MS

Up to date, in contrast to the analytical methods mentioned above, ultra-high performance liquid
chromatography-quadrupole time-of-flight mass spectrometry (UHPLC/QTOF-MS) and Orbitrap-
mass spectrometry (Orbitrap-MS) have been recognized as the typical approaches in many
chemical fingerprinting and toxicological studies (Frank et al., 2014; Hughes et al., 2017).
UHPLC/QTOF-MS analysis is a high-resolution analytical method that combines high specificity,
sensitivity, and quantitative capabilities, which can detect transformation products. In the case of
analyzing model NA compounds such as cyclohexane carboxylic acid (CHA), the transformation
intermediate compounds and by-products can be detected in liquid chromatography-mass
spectrometry (LCMS) setup (Abdalrhman et al., 2020; Drzewicz et al., 2010). It is worth noting
that UHPLC/QTOF-MS separates NAs based on their carbon numbers, degree of cyclization, and
the extent of alkyl branching; therefore, providing increased analytical sensitivity with additional
specificity (Bataineh et al., 2006). However, a complete quantification UHPLC/QTOF-MS method
for NAs is not available in the meantime due to the lack of standard compounds for individual NA
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in OSPW. Given this fact, the various NA compounds can display variations in sensitivity within
mass spectrometry detection (Huang et al., 2019; Sun et al., 2014). Instead, the Orbitrap-MS has
been implemented for the characterization of OSPW NAs (Headley et al., 2013b; Hughes et al.,
2017). Orbitrap-MS is an ion trap mass analyzer, in which, the image current from the trapped ions
is detected and converted to a mass spectrum using the Fourier transform of the frequency signal
(Hecht et al., 2006; Zubarev & Makarov, 2013); hence, providing very high-resolution mass
spectrum (Hu et al., 2005). Specifically, the Orbitrap-MS uses electrodes and radial electric fields
to circulate the injected ions, where the outer electrodes are used as receiver plates to generate
image current (e.g., meaning it relies on the mass-to-charge ratio, m/z) (Hecht et al., 2006; Zubarev
& Makarov, 2013). More importantly, the Orbitrap-MS delivers highly-sensitive analysis (e.g.,
allowing very accurate measurement of mass) to a level similar to FTICR-MS with low cost (e.g.,
10 cm or a size of a coin, very small in size), and simple in operation and maintenance (e.g.,

indestructible, very long-life time) (Hecht et al., 2006; Zubarev & Makarov, 2013).

With regards to NA detection, these two techniques are very advantageous as they can
specifically distinguish the c-NAs from other compounds, such as heteroatoms, bicyclic acids,
aromatics as well as oxygenated acids (Barrow et al., 2015; Grewer et al., 2010; Headley et al.,
2009b; Kovalchik et al., 2017; Lengger et al., 2015; Rowland et al., 2014; Rowland et al., 2011a;
Rowland et al., 2011b; Rowland et al., 2011c; Wilde et al., 2015). However, precise identification
of NA structures is still not possible due to the complicated OSPW matrix in addition to being a

lab-based analysis involving an expensive high-resolution spectrometry and sample preparation.
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1-1.4.5 Sensor-based analytical methods of NAs

To date, there have been significant efforts to develop sensor-based techniques for on-site
quantification of NAs concentrations. For instance, Taschuk et al. (2010) developed a prototype
of a sensor (8.5 kg in weight) combining ultraviolet light-emitting diodes and a charge-coupled
device spectrometer that can measure NA concentration below 10 mg/L. A similar attempt by Kaur
et al. (2013) while they developed a disposable peptide-based sensor that can detect NAs at low
concentration (~5 mg/L) using a fluorescence-based competitive binding method. De Corby (2013)
integrated a micro-spectrometer into a silicon-based optofluidic sensor for the detection of NAs.
Interestingly, all these approaches primarily focus on fluorescence characterization of NAs
deploying spectrometer, which is still expensive and requires external energy input. Furthermore,
these methods are not suitable for real-time monitoring of NAs. Therefore, the development of a
sensor for online detection and in other reclamation systems, such as constructed wetlands, end pit
lakes, etc., could be the current underdevelopment efforts, dedication, and commitment by oil
sands companies. Implementation of an efficient and effective-early warning system is crucial to
trace the existence, and to mitigate the impact of contamination, which guarantees the public health

as well as the water environmental security (Liu et al., 2016).

1-1.5 Overview of NA monitoring and potential solutions to analytical challenges

As demonstrated by Frank et al. (2014), applying multiple methods is also common; and using
different ionization methods has also gained attraction recently in environmental measurements
(Headley et al., 2016). Despite these novel developments of more sophisticated approaches and
methods for OSPW NAs, major challenges, such as lack of a single standard method for NA
measurement and absence of reference materials, are still unsolved issues (Tanna et al., 2019).
Moreover, they are not widely available in commercial labs, requiring high-skilled hands (e.g.,
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specialized to operate) and interpretation of results is more challenging compared to low-resolution

analytical techniques (Hughes et al., 2017).

Therefore, it is anticipated that the development of a low-cost and fast analytical method
for on-site quantification and monitoring of NAs will help to address these analytical challenges.
Recently, the development of microbial electrochemical biosensors (MXC biosensors) for
organic contaminants or toxicants monitoring has received significant momentum (Chung et al.,
2020; Jiang et al., 2018; Sun et al., 2015). MXC biosensors produce an electrical signal in
response to the presence of a target contaminant; the electrical signal can be correlated to the
concentration of the contaminant (Adekunle, 2018; Jiang et al., 2018; Kim et al., 2007; Sun et
al., 2015). MXC biosensor can be operated in self-powered mode, and its size can be fabricated

to a plL-scale to reduce fabrication costs (Xiao et al., 2020; Yang et al., 2016).

1-2. Specific Objectives

This research focuses on the detection of OSPW NAs using MXC biosensor. The demonstrations
of preliminary MXC-biosensor proof-of-concept tests by Dr. Dhar’s research group have been
successful (Barua et al., 2018a; Barua et al., 2018b). The currents produced from the oxidation of
model NAs were correlated to the concentrations of model NAs. Therefore, further research is
warranted to bring this biosensor a step forward towards field-scale application. The specific

objectives of my research are:

1) To develop a quick and reliable method for calibration of MXC biosensor for the
detection of NA for a practical field-scale application.
2) To understand the interactions between multiple NAs and environmental

parameters.
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3) To understand the effects of other organics, such as polycyclic aromatic

hydrocarbons present in OSPW on MXC biosensor’s response.

Initially, the optimal calibration method for this MXC biosensor was developed by comparing
various calibration methods in terms of quickness, precision, and reproducibility. With the
developed calibration method, the effects of various environmental conditions on MXC
biosensor's performance were investigated. Furthermore, the impacts of commercial NAs (e.g.,
mixtures of different NAs) and polycyclic aromatic hydrocarbons (e.g., which are other organics
found in OSPW) on the biosensor performance was investigated, which is necessary before
implementing the MXC biosensors for NA detections in real OSPW. Ultimately, the outcomes
from these proposed research objectives can demonstrate that the development of MXC-
biosensor could enable fast, reliable, and on-site measurements of NA concentrations in real

OSPW.

1-3. Thesis Outline

This thesis is divided into five chapters. Chapter 1 highlights the extended background and
motivation of the topic under investigation and summarizes the specific objectives of the
proposed research. Chapter 2 presents a comprehensive literature review (in an article format)
related to the proposed research (MXC biosensors for the detection of recalcitrant environmental
contaminants similarly structured to NAs). Chapters 3, and 4 present the findings from this
thesis research in article format. Chapter 5 summarizes the results with their scientific and

engineering implications and provides recommendations for future research.
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Chapter 2 — A review and roadmap for developing microbial electrochemical cell-based

biosensors for recalcitrant environmental contaminants, emphasis on aromatic compounds

This chapter contains an extensive review of literature introducing the concept of a
microbial electrochemical cell-based (MXC) biosensor and its applications for the detection of
recalcitrant and persistent toxicants (e.g., oil, phenolic compounds, hydrocarbons, etc.) with
emphasis on aromatic compounds, which are similar in chemical structures/compositions

compared with naphthenic acids.

A version of this chapter currently under review in Chemical Engineering Journal

(manuscript number: CEJ-D-20-20198).
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2-1. Introduction

The microbial electrochemical cells (MXCs) are unique biosystems that use electroactive bacteria
as biocatalysts to convert the chemical energy in organic matters into bioenergy, such as bio-
electricity in microbial fuel cell (MFC) (Logan, 2008), bio-hydrogen in microbial electrolysis cell
(MEC) (Logan et al., 2008; Wagner et al., 2009), bio-methane in microbial electrolysis cell assisted
anaerobic digester (MEC-AD) (Huang et al., 2020; Zakaria & Dhar, 2019), and water desalination
in microbial desalination cell (MDC) (Al-Mamun et al., 2018; Jafary et al., 2020). MXCs have
also been implemented for the applications of nutrient recovery (Barua et al., 2019; Zou et al.,
2017) and production of chemicals, such as hydrogen peroxide (Chung et al., 2020b; Rozendal et
al., 2009) from waste and wastewater. Due to the extensive studies since the early 2000s, several
studies have been implemented for scaling up the energy-generating MXCs (Dhar et al., 2016;
Heidrich et al., 2014; Liang et al., 2018; Sim et al., 2018a). However, MXCs still face challenges,
in the design and configuration of the reactor such as determination of an optimal electrode spacing.
This requires further investigations before their implementations in full-scale applications and

commercialization (Heidrich et al., 2014; Sim et al., 2018a; Zakaria & Dhar, 2019).

Despite these research gaps and scale-up challenges, the MXCs have shown great
potentials and interests as a biosensing tool over other energy and resource recovery applications.
Over the last decades, the MXC biosensors have been demonstrated to be a feasible approach for
rapid monitoring of water quality parameters, such as biochemical oxygen demand (BOD) (Guo
& Liu, 2020), chemical oxygen demand (COD) (Jia et al., 2017), microbial activities (Tront et al.,
2008), single organic substrates, such as acetate (Tront et al., 2008), and presence of toxicants,
such as formaldehyde (Jiang et al., 2018a) and heavy metals (Yi et al., 2019a). Furthermore, MXC
biosensors for organic contaminants or toxicants monitoring have emerged due to various
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advantages over conventional biosensors and other analytical tools (Do et al., 2020; Peixoto et al.,
2011; Stein et al., 2012b; Sun et al., 2015; Yang et al., 2016). For instance, MXC biosensors do
not require a transducer to translate biological response to a quantitative electrical signal, which is
crucial for traditional biosensors that use enzymes, antibody, and pigment molecules as bioreceptor.
Due to the unique metabolic features of electroactive bacteria (EAB), MXC biosensors can be
operated in an intermittent mode, where the EAB can survive for several days (e.g., ~11 days)
despite the lack of substrate (Ruiz et al., 2015). This feature can allow us to use the MXC biosensor
as a portable biosensor. Moreover, their deployment in MFC mode can provide a ‘self-powered’
operation (Davila et al., 2011; Sun et al., 2015), which further simplifies their management and
maintenance. MXC biosensors can also be manufactured to microliter scales (Xiao et al., 2020b;
Xu et al., 2015; Yang et al.,, 2016), significantly lowing the fabrication costs. A detailed
comparison with other analytical methods is described in the literature (Chu et al., 2020). Due to
these attractive features, MXC biosensors have already been commercialized for water quality

monitoring (Jiang et al., 2018b).

Among various environmental contaminants, aromatic compounds are considered as
recalcitrant and the most persistent in the environment (Seo et al., 2009). Aromatic compounds are
classified as organic compounds containing one or more aromatic rings, such as benzene rings
(Seo et al., 2009), which include polycyclic aromatic hydrocarbons (PAHs), alkylated PAH
derivatives, heterocyclic compounds containing one or more N, S, or O atoms within the aromatic
ring, and many more (Ahad et al., 2020). These aromatic compounds are also ubiquitous (Wallace
et al., 2020) and recalcitrant (Zhang et al., 2020a). More importantly, some of these aromatic
compounds have been confirmed to be carcinogenic (e.g., PAH) (Menzie et al., 1992) and highly-
toxic (e.g., heterocyclic compounds derived from crude oils and shale oils) (Tsuda et al., 1982)
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ever since back in the 1900s. Therefore, the detection of these aromatic compounds became critical
to protect the environment (e.g., aquatic species including fish and invertebrates and wildlife) as
well as the public health (e.g., severe symptoms and bioaccumulation effects) from their potential
exposures (Pv et al., 2020; Wallace et al., 2020). Many expensive and time-consuming analytical
instruments and tools (e.g., mass-spectrometry- and chromatography-based) have been widely
implemented for the detection of such aromatic compounds and other recalcitrant contaminants,
often with the requirement of highly skillful hands and samples’ pre-treatment and preparation
(Ahmad et al., 2019; Do et al., 2020; Zhang et al., 2019). Nonetheless, despite their high-quality
performances (e.g., high sensitivity and selectivity), they still face a major limitation of being lab-
based analysis, which is unsuitable for in situ field applications. Therefore, the development of a
rapid and inexpensive in situ monitoring methods for these toxicants is crucial for minimizing

environmental risks.

In recent years, extensive research activities conducted on the biosensors based on the
principle of MXC (Davila et al., 2011; Sun et al., 2015; Zhou et al., 2017a). Previous studies also
demonstrated that MXC-based biosensors could be a promising bioanalytical tool for next-
generation environmental monitoring of various recalcitrant and persistent contaminants,
including aromatic compounds (Chouler & Di Lorenzo, 2019; Chung et al., 2020a; Dai et al., 2019;
Kim et al., 2007; Liu et al., 2014). Multiple recent review articles have been published for
supporting the applications of MXCs for monitoring water quality parameters (e.g., COD, BOD),
chemical and biological toxicants (Do et al., 2020; Jiang et al., 2018b; Sun et al., 2015; Zhou et
al., 2017a). Bioelectrochemical degradations (e.g., using MFCs and MECs) of aromatic

compounds have been discussed earlier (Yang et al., 2020). Moreover, the applications of MXC
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biosensors for aromatic compounds have been investigated in a few studies (discussed in details

later).

To the best of the author’s knowledge, there are no related review articles mainly focusing
on detecting recalcitrant environmental contaminants, such as aromatic compounds (e.g., phenols
and their derivatives), pesticides, formaldehyde, heavy metals, etc. using MXC biosensors. Hence,
this review article provides a comprehensive review of published reports on detecting recalcitrant
contaminants, especially the aromatic compounds using MXC biosensors, including their
challenges and prospects. We critically reviewed and discussed the detection of various types of
recalcitrant contaminants, especially the aromatic compounds using MXC biosensors, along with
various performance metrics, operating conditions, and calibration methods. Moreover, we
discussed the challenges and prospects of MXC biosensors on the detection of the toxicants

mentioned above.

2-2. Biosensing mechanisms in MXCs

Unlike many other applications of MXCs, the MXC biosensors do not focus on producing high
current densities, but instead, they focus on changes in the electrical signal (i.e., current, voltage)
under various concentrations of target analytes (Jiang et al., 2018b). In a typical MXC biosensor,
the biofilm of specialized bacteria, called electroactive bacteria (EAB), serves as the sensing and
transducing element (Sun et al., 2015; Zhou et al., 2017a). The presence or change in the
concentration of target analytes (i.e., contaminants) in water would affect their metabolic activities,
such as substrate oxidation rates and subsequent electron transfer rates, and ultimately, the
electrical response (e.g., current, voltage) (Chung et al., 2020a; Dai et al., 2019; Sun et al., 2015).

Figure 2-1 illustrates different biosensing pathways for an MXC biosensor.
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Figure 2-1. Potential pathways of MXC biosensing mechanism emphasizing on the main pathway, the anode dosage, such as MFC

and MEC biosensor modes
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The typical MXC biosensors, organic analytes are dosed to the anode chamber. Once
the organic analytes enter the anode chamber, anaerobic or facultative EAB produces the
electrons via microbial oxidation; then, the released electrons are further transferred to the
anode electrode by a process called extracellular electron transport (Jiang et al., 2014; Lovley
& Nevin, 2011). Then, the electrons further move from anode to the cathode through an
external circuit driven by the potential gradient between the two electrodes (Sun et al., 2015).
Thus, MXC biosensors produce an electrical signal output, such as voltage and current as a
function of the oxidation rate of organic analytes (Kaur et al., 2013; Zhou et al., 2017a). The
levels of electrical signals generated will depend on the concentration of the organic analytes;
thus, the electrical signal can be correlated to the concentrations of organic contaminant (Kaur
et al.,, 2013; Zhou et al., 2017a). Moreover, the signal outputs from MXCs proportionally
increases or decreases in response to the concentration of organic matters and toxicants (e.g.,
inhibition of microbial activities occurs when toxicant concentrations exceed a specified value
(Kim et al., 2007)), respectively (Adekunle, 2018; Sonawane et al., 2020; Sun et al., 2015;
Zhou et al., 2017a). In the case of inorganic contaminants, such as heavy metals, additional
carbon sources are added to drive the anodic microbial oxidation, which are required as part of
the MXC biosensing mechanism (Table 2-1). Detailed explanations regarding the main MXC
biosensing mechanism (e.g., bioanode sensing) and signal processing (e.g., inhibition ratio) can
be found elsewhere (Adekunle, 2018; Jiang et al., 2018b; Sonawane et al., 2020; Sun et al.,

2015; Zhou et al., 2017a).
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Table 2-1. The construction and performance of MXC biosensor for detection of aromatic compounds, recalcitrant and persistent toxicants.

Note CEM (cation-exchange membrane), AEM (anion-exchange membrane), I[EM (ion-exchange membrane)

Sensed Detection Other Sources Inoculum Working Volume Electrode Type: Electron Type Chamber Operating Condition Time Signal Signal Outputs References
Analyte Limit, Added Sources (mL): Anode (left) Acceptor Type = (min) Pr ing — "
Linear Anode (left) Cathode (right) Temp pH Oll):[ra:itmg Response, [control Initial Final
Range Cathode (right) (°C) ode Exposure mode]
AROMATIC COMPOUNDS
BTEX 50 mg/L Glucose E. coli 126 Carbon Titanium - MFC Single - - - 5 Current Refer to the (Santoro et
(Toluene) (1.5% wiw) felt wire coil [Constant literature al., 2016)
Potential]
Hydrocarbons 0.04 - 1% Glucose Microalgae 60 60 Carbon Carbon 02 MFC Dual with - - Semi- - Voltage Refer to the (Nandimand
gasoline (30 - 500 (C. vulgaris), cloth cloth CEM continuous [External literature alam &
) mg COD/L) Anaerobic Resistance] Gude, 2019)
sludge
Naphthenic 40 —200 mg - Mature fine 80 40 Carbon Stainless- - MXC Dual with Room 8.1 Batch 220 Current Refer to the (Chung et
acid COD/L tailings fiber steel AEM temp. + [Constant literature al., 2020a)
(CHA model) mesh 0.2 Potential]
Oil 0.5-3.0 Acetate Anoxic sludge 100 50 Carbon Carbon 02 MFC Dual 249+ - Batch 103.5 - Voltage 0mV -37.5 - (Dai et al.,
(engine oil) mL/ (720 mg/L) cloth fiber 1.6 729.0 [External -118.1 2019)
100 mL Resistance] mV
PCB 1.0 mg/L Glucose- Activated - - - - - MFC Dual 35.0 7.0 Semi- - Inhibition Inhibition Ratio = (Kim et al.,
glutamic acid, sludge + continuous ratio, 38% 2007)
Glucose 0.2 Columbic
(150 mg yield
BOD/L) [External
Resi 1
Pesticide 0.05 ppm Acetate Anaerobic 0.128 Carbon Carbon 02 MFC Single 10 - 40 6.3 Continuous 30 Sensitivity, 1.39 ppm'em? (Chouler &
(Atrazine) (0.1 =200 mM) sludge cloth cloth - Current Di Lorenzo,
12. [External 2019)
5 Resistance]
0.5 uM BG11, sunlight Synechocystis - Carbon Pt wire - Photo- - 220+ Batch - Photocurrent, 91% + 4% (Tucci et al.,
(Diuron) (-) PCC6803 nanotube MXC 2.0 Inhibition ratio 2019)
sensor [Constant
10 M Potential] 76% = 7%
(Atrazine)
0.5-10puM Photocurrent 203% + 3%
(Paraquat) [Constant
Potential]
PNP 9 mg/L - Pseudomonas 240 240 Carbon Carbon KCN MFC Dual with 30.0 7.8 Batch 30 Voltage Maximum voltage (Chen et al.,
monteilii felt felt CEM [External (mV) = 2016)
LZU-3 Resistance] 0.0.7508(PNP,
mg/L) +40.4735
4-NP 10-150 Glucose MEFC effluent 10 Carbon Pt gas 02 MFC Single - - Semi- - Current Refer to the (Spurr et al.,
mg/L glutamic acid cloth diffusion continuous density literature 2020)
(600 mg/L) electrode [External
Resistance]
RECALCITRANT AND PERSISTENT TOXICANTS
Azide 0.02 mM Lactate Primary - - - - MFC Single 35.0 - Continuous 24 Current Refer to the (Ahn &
(900 mg/L) wastewater [Constant literature Schroder,
Potential] 2015)
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BE 627 ng/mL - Domestic 6 Carbon Carbon [0} MFC Single 320+ 9.0 Batch - Power, 16 mW/m?, (Catal et al.,
(real urine) wastewater cloth cloth 2.0 Current 0.15 A/m? 2019)
density
[External
Resi 1
BE 100 ng/mL Acetate Domestic 6 Carbon Carbon [0} MFC Single 320+ 7.4 Batch - Power, 96 mW/m?, (Catal et al.,
(synthetic (979 mg/L) wastewater cloth cloth 2.0 Current 0.37 A/m? 2019)
urine) density
[External
Resi 1
Cyanide 10.4 mg/L Lactate Primary WW - - - - MFC Single 35.0 - Continuous 24 Current Refer to the (Ahn &
(900 mg/L) [Constant literature Schroder,
Potential] 2015)
Diazinon 1.0 mg/L Glucose- Activated - - - - MFC Dual 35.0 7.0 Semi- - Inhibition 28% (Kim et al.,
glutamic acid, sludge + continuous Ratio [External 2007)
Glucose 0.2 Resistance]
(150 mg
BOD/L)
Formaldehyde 0.0005% Acetate - 7 7 - Gas 02 MFC Dual - - Continuous - Current 0.011 mA (Jiang et al.,
(liquid form) (720 mg/L) diffusion [External 2018a)
electrode Resistance]
0.0005% Acetate MEC effluent 7 7 Graphite Graphite 02 Bioan Dual with 250+ - Continuous NA Sensitivity, 34-55 (Jiang et al.,
(590 mg/L) felt felt ode CEM 1.0 Current mA%'em™ 2017b)
MFC [Constant
Bicath Potential] 7.4-675
ode mA%'em™
MFC
0.00148% - Lake 56 Carbon Platinum - MFC Single 25.0+ - Batch - Response ratio 1600 — 5000 (Liao et al.,
sediment fiber plate 1.0 [Constant A %!'m? 2018)
brushes Potential]
0.001 — Yeast extract S. oneidensis 0.14 Carbon Air- O MFC Dual with 30 - Continuous 80> Current Refer to the (Yang et al,,
0.1% (5g/L) cloth cathode CEM [Constant literature 2016)
Potential]
0.01% Acetate Geobacter 180 Carbon Graphite - MFC Single - - - - Columbic Refer to the (Lietal.,
(1180 mg/L) sulfurreducens paper rod yield literature 2016)
[Constant
Potential]
0.01% Lactate S. oneidensis 120 Graphite Platinum - MFC Single 30.0+ - - 582 Current Refer to the (Wang et al.,
(200 mM) rod 1.0 [Constant literature 2013)
Potential]
0.1% - - 100 Chitosan-coated multi- 02 MFC Single - 7.5 - 10 -200 Current 0.6 pA (Chouler et
layered electrode (with an + [-1 (-0.021 pA/min) al., 2018)
(cellulose fiber, edge 0.1
carbon nanofibers, and connector
raphite powder) )
0.1% Acetate Geobacter 0.144 0.144 Photolithograhpy, DRIE - MFC Dual with - 7.0 - - Power, Refer to the (Davila et
(-) sulfurreducens coated with Ti/Ni/Au CEM Voltage literature al., 2011)
[Fixed Current]
1 mg/L CO2 Soil, sludge 100 Graphite Pt spiral 02 MXC Single 28.0+ 7.8 Batch - Current Refer to the (Prévoteau
(10% v/v) rod wires 2 + [ literature etal., 2019)
0.2
Formaldehyde ~35 ppm Acetate - 7 7 - Gas 02 MFC Dual - Continuous 60 Inhibition ratio 27% (20 ppm (Jiang et al.,
(gas form) (720 mg/L) diffusion [External formaldehyde), 2018a)
electrode Resistance] 45.8% (35 ppm
formaldehyde)
HEAVY METALS
As 0.33 mg/L Yeast extract, E. cloacae - - Carbon Pt-coated 02 MFC Dual with - - - - Polarization Refer to the (Rasmussen
tryptone felt carbon CEM [Open Circuit] literature & Minteer,
(5000, 10000 cloth 2015)
mg/L)
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3 mg/L Lactate Mutant 100 Graphite Graphite Fe- MFC Single - - Continuous 120 Current Current (UA) = (Webster et
(1800 mg/L) S. oneidensis rod rod CeHsO [Const.am 0.29(Aresenic al., 2014)
Potential] - 4
uL) +10.42
As** 3.45 mg/L Yeast extract, E. cloacae - - Carbon Pt-coated [07) MFC Dual with - - - - Polarization Refer to the (Rasmussen
tryptone felt carbon CEM [Open Circuit] literature & Minteer,
(5000, 10000 cloth 2015)
mg/L)
Cd* 0.001 mg/L Acetate MEFC effluent 2 Carbon Carbon 02 MFC Single 20.0 + - Continuous 6 Current Refer to the (Di Lorenzo
(11.8-590 cloth cloth 3.0 [External literature etal., 2014)
mg/L) Resistance]
0.5 mg/L CsHisN204S S. loihica PV-4 50 50 Carbon Pt-loaded - MFC Dual with 25.0 - Continuous 30 Columbic 171.1 mC/2400s (Yietal,
(7200 mg/) clot carbon CEM yield 2019b)
paper [Constant
Potential]
Columbic 232.0 mC/2400s
yield [External
Resistance]
1.0 mg/L Glucose Cultured 14.1 14.1 Titanium Titanium KsFe MFC Dual with - - Batch - Inhibition 28.4% (Yuetal,
(1g/L) sludge, medium wire wire (CN)s CEM absorbance 2020)
solution [External
Resistance]
1.5 mg/L Acetate Acetate-fed 13 25 Carbon Carbon 02 MFC Dual with 25.0+ - Continuous 60 Inhibition ratio 22.8% (Yietal,
(59 mg/L) MEFC effluent cloth paper CEM 0.5 [External 2019a)
Resistance]
2 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0 7.0 Batch - Inhibition ratio 9.29% (Yuetal,
(1000 mg/L) sludge felt felt CEM 1.0 [External 2017)
Resistance]
Co** 1.0 mg/L Glucose Cultured 14.1 14.1 Titanium Titanium KsFe MFC Dual with - - Batch - Inhibition 11.0% (Yuetal.,
(1g/L) sludge, medium wire wire (CN)s CEM absorbance 2020)
solution [External
Resistance]
Cr¥* 2 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0+ 7.0 Batch - Inhibition ratio 1.95% (Yuetal,
(1000 mg/L) sludge felt felt CEM 1.0 [External 2017)
Resistance]
Cré* 1 mg/L Acetate Wastewater 30 Carbon Carbon 02 MFC Single - - - NA Voltage -350 — -298 (Liu et al.,
(200 mg/L) cloth cloth [External -398 mV 2014)
Resistance] mV
1 mg/L CO2 Soil, sludge 100 Graphite Pt spiral 02 MXC Single 28.0+ 7.8 Batch 1 Current Refer to the (Prévoteau
(10% v/v) rod wires 2 + [ literature etal., 2019)
0.2
2.4 mg/L Glucose P. veronii 2E 60 Carbon Air- 02 MFC Single - 7.0 Contunous - Sensitivity 0.31+0.02 (Lazzarini
(20 mM) felt breathing [External nA/cm? Behrmann et
activated Resistance] /mg Cr (VI)/L al., 2020)
carbon
2.5 mg/L - E.aestuarii 170 170 Graphite Graphite Cré* MFC Dual with 30.0 7.0 Batch 15-30 Power density 98.3 mW/m? (Wuetal.,
YC211 felt felt CEM [External (maximum; others 2017)
Resistance] NA)
Voltage Voltage (mV) =
[External 517.15 -
Resistance] 2.3265(Cr®* mg/L)
(for 2.5 — 60 mg/L
range)
10 mg/L Acetate - 30 Carbon 4-layer- 02 MFC Single - - Batch 8-120 Power 0.35 0.08 (Xu et al.,
(250 mg ink- PTFE, Pt- [External mW mW 2016)
COD/L) coated coated Resistance]
filter carbon
paper cloth

38




10 mg/L Wastewater WW fed- MFC 0.2 Carbon Carbon - MFC - - - - 6180 Voltage 0.18V 0.04 V (Xuetal,
() effluent ink ink [External 2015b)
Resistance]
Cu? 0.01 mg/L Acetate Primary WW 70 50 Graphite Graphite KsFe- Plankt Dual Room 6.8 Continuous 120 Current NA (Patil et al.,
(88 mg/L) rod rod (CN)s onic with temp. [External 2010)
MFC CEM Resistance]
0.3 -100 Acetate MEC effluent 14 14 Graphite Graphite KsFe- MFC Dual with 23.0+ - Continuous <60 - 960 Inhibition ratio 0-5%(1h) (Xing et al.,
mg/L (1gL) felt felt (CN)s CEM 3.0 [External 60 — 80% (20 h) 2020)
Resistance]
1 mg/L Glucose Cultured 14.1 14.1 Titanium Titanium KsFe MFC Dual with - - Batch - Inhibition 66.6% (Yuetal,
(1gL) sludge, medium wire wire (CN)s CEM absorbance 2020)
solution [External
Resistance]
1-6mg/L - Luminescent 15 15 Carbon Pt sheet [07) MXC Dual Room - - - Current, Refer to the (Qietal,
bacteria felt temp. Optical signal literature 2019)
(Vibrio [Constant
fischeri) Potential]
2 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0+ 7.0 Batch - Inhibition ratio 12.56% (Yuetal,
(1000 mg/L) sludge felt felt CEM 1.0 [Constant 2017)
Potential]
2 mg/L Acetate Acetate-fed 6.7 28 Graphite Carbon- - MFC Dual with 30.0 - - 120 Current 0.76 — 1.55 mA (Jiang et al.,
(590 mg/L) MEFC effluent felt fiber CEM 1.0 [Constant (flow-through) 2015)
brush Potential] 0.02 - 0.06 mA
(flow-by)
2-6mg/L Acetate Acetate-fed 1.4 per 28 Graphite Carbon 02 MFC Dual with 250+ - Batch 5-25 Inhibition ratio Inhibition ratio (Jiang et al.,
(295 mg/L) MEC effluent chamb felt fiber CEM 1.0 [External (%)= 2017¢)
er Resistance] 18.04(Cu?*, mg/L)
—19.35
5 mg/L Domestic DWW 28 28 Carbon Carbon [(0)3 MFC Dual - - Continuous > 120 Voltage 60% (Shen et al.,
‘wastewater cloth cloth with [External 2013)
(300 — 400 mg CEM Resistance]
COD/L)
>6 mg/L Acetate Primary WW 120 Graphite Graphite KsFe- MFC Single Room 6.8 Continuous 120 Current Refer to the (Patil et al.,
(590 mg/L) rod rod (CN)s temp. [Constant literature 2010)
Potential]
85 mg/L Acetate MFC effluent 33 33 - - KsFe- MFC Dual with 30.0 7.0 Continuous <50 Current 69.8%, 44.4%, (Stein et al.,
(29.5-1180 (CN)s, CEM change 15.8% 2010)
mg/L) K4Fe- [Constant (anode potential,
(CN)s Potential] respectively)
300 mg/L Acetate DWW 432 Carbon Pt-loaded 02 MFC Single Room 7.0 Continuous 120 Current 65% 15% (Tan etal.,
(500 mg cloth carbon with temp. + [External 2018)
COD/L) cloth CEM 0.2 Resistance]
Fe?* 167.5 mg/L Acetate, Natural mud 96 96 Graphite rod, graphite 02 MFC Dual 250+ 7.0 Batch - Current Refer to the (Tran et al.,
Lactate granules 3.0 [External literature 2015)
(472153 Resistance]
mg/L)
400 mg/L Acetate Anaerobic 50 Carbon Mn-based 02 MFC Single 23.0 7.0- Continuous - Current Refer to the (Adekunle et
(108 mg/L) sludge felt catalyzed 7.5 [External literature al., 2019)
carbon E4 Resistance]
Carbon - MEC
paper
with Ni
Fe3* 2.8 mg/L Acetate Geobacter 180 Carbon Graphite Fe- MFC Single - - - - Columbic Refer to the (Lietal.,
(1180 mg/L) sulfurreducens paper rod CeHsO yield literature 2016)
[Constant
Potential]
8 mg/L Acetate DWW 30 Non- 4-layer ()3 MFC Single - - - NA Voltage -350 —-398 mV (Liuetal.,
(200 mg/L) PTFE PTFE/Pt- [External 2014)
treated coated Resistance]
carbon carbon
cloth cloth
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Hg*' 0.5 mg/L CO2 Mix of soil and 100 Graphite Pt spiral [0} MXC Single 28.0 = 7.8 Batch 1 Current Refer to the (Prévoteau
(10% v/v) sludge rod wires 2 + [-] literature etal., 2019)
0.2
1.0 mg/L Lactate S. loihica PV-4 20 40 Carbon Pt loaded - MFC Dual with 250+ - Continuous ~30 Sensitivity 52.3% (Yietal,
(1 mM) cloth carbon with CEM 0.5 [External 2020)
paper baffles Resistance]
1.0 mg/L Glucose- Activated - - - - - MFC Dual 35.0 7.0 Semi- - Inhibition IR = 28% (Kim et al.,
glutamic acid, sludge + continuous ratio, CY =NA 2007)
Glucose 0.2 Columbic
(150 mg yield
BOD/L) [External
Resistance]
1.5 mg/L Acetate - 28 28 Carbon Carbon [(0)3 SAB- Dual with 25.0+ - Continuous 30 Current Refer to the (Zhao et al.,
(59 mg/L, cloth cloth MFC CEM 0.5 [External literature 2019)
118 mg/L) Resistance]
2.0 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0 7.0 Batch - Inhibition ratio 13.99% (Yuetal,
(1000 mg/L) sludge felt felt CEM 1.0 [External 2017)
Resistance]
Mg?* 100 mg/L Acetate Anaerobic 50 Carbon Mn-based O MFC Single 23.0 7.0- Continuous - Current Refer to the (Adekunle et
(108 mg/L) sludge felt catalyzed 7.5 [External literature al., 2019)
carbon E4 Resistance]
Carbon - MEC
paper
with Ni
Niz* 10 mg/L - MEFC effluent - - Non- Non- - MFC Dual with - - Continuous 120 Polarization Refer to the (Stein et al.,
porous porous CEM [Constant literature 2012a)
graphite graphite Potential]
plate plate
13.2 mg/L - MEFC effluent - - Various - - MFC Dual with 30.0 - Continuous 120 Current Refer to the (Stein et al.,
graphite various [Constant literature 2012¢)
types IEM Potential]
20 mg/L Wastewater WW fed-MFC 0.2 Carbon Carbon - Memb Single - - - 6-180 Voltage 0.18V 0.15V (Xuetal.,
(-) effluent ink ink rane- [External 2015b)
based Resistance]
MFC
Pb** 0.1-12 Acetate MWW 28 Carbon - 0> MFC Single - - Semi- - Inhibition ratio ~100% (Lietal,
mg/L (300 mg/L) felt, continuous [External 2019)
Indium Resistance]
tin oxide
1.0 mg/L Glucose- Activated - - - - - MFC Dual 35.0 7.0 Semi- - Inhibition ratio Inhibition ratio = (Kim et al.,
glutamic acid, sludge + continuous [External 46% 2007)
Glucose 0.2 Resistance]
(150 mg
BOD/L)
1.0 mg/L Glucose Cultured 14.1 14.1 Titanium Titanium KsFe MFC Dual with - - Batch - Inhibition 33.8% (Yuetal.,
(1g/L) sludge, medium wire wire (CN)s CEM absorbance 2020)
solution [External
Resi 1
1.5 mg/L Acetate Acetate-fed 13 25 Carbon Carbon 02 MFC Dual with 250+ - Continuous 60 Inhibition ratio 21.8% (Yietal,
(59 mg/L) MFC effluent cloth paper CEM 0.5 [External 2019a)
Rt
2.0 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0 7.0 Batch - Inhibition ratio 5.59% (Yuetal.,
(1000 mg/L) sludge felt felt CEM 1.0 [External 2017)
Resistance]
>10 mg/L CO Soil, sludge 100 Graphite Pt spiral ()3 MXC Single 28.0 + 7.8 Batch - Current Refer to the (Prévoteau
(10% v/v) rod wires 2 + [ literature etal., 2019)
0.2
Zn?* 0400 pM Synthetic E. Coli BL21 240 240 Carbon Carbon KsFe- MFC Dual with 37.0 9.0 Batch - Voltage 160 — 342 mV (Khan et al.,
‘wastewater felt felt (CN)s CEM [External 2020)
() Resistance]
2.0 mg/L Glucose Anaerobic 14.13 21.2 Graphite Graphite KCN MFC Dual with 30.0 7.0 Batch - Inhibition ratio 8.81% (Yuetal,
(1000 mg/L) sludge felt felt CEM 1.0 [External 2017)
Resi 1
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As shown in Figure 2-1, there are other biosensing pathways for the MXC biosensor. For
instance, luminescent bacteria can also be used as the anodic biosensing element (Qi et al., 2019).
In response to the target analytes, luminescent bacteria produce electrons as well as photons. Thus,
both electrical and optical signal outputs can be simultaneously generated with luminescent
bacteria. Moreover, the use of luminescent bacteria as the cathodic biosensing element (e.g., as an
electron acceptor) was also successful in producing optical signals (Qi et al., 2019). The use of a
cathode chamber for toxicant monitoring has recently gained interest due to its several benefits,
such as improved system robustness due to protection of anode biofilm (Dai et al., 2019), ability
to handle both aerobic and anaerobic conditions (Jiang et al., 2018a), and enhanced sensitivity
(Jiang et al., 2017b; Liao et al., 2018). Besides, cathode-based sensing can be accomplished in
abiotic (Dai et al., 2019) or biotic conditions (Jiang et al., 2017b). Especially, for biotic mode,
electrotrophic (e.g., electron-accepting) heterotrophic or autotrophic bacteria are used as
biocatalysts for O>-reducing processes, which can be inhibited by the presence of toxicants (e.g.,
formaldehyde), resulting in the decreased signal outputs (Jiang et al., 2018a; Jiang et al., 2017b).
For abiotic cathode sensing mode, the presence of toxicants can eventually cover the cathode
electrode, leading to the change in signal outputs and potentials due to suppression of cathodic
reduction (Dai et al., 2019). In addition, MXC biosensors can provide quick qualitative monitoring
of organics and toxicants using the combination of both anode and cathode. For instance, a specific
cathode electrode, such as Prussian Blue electrode, can change color (e.g., blue to transparent by
Fe-reduction) in response to the number of electrons transferred from the anode to facilitate a quick
qualitative monitoring method (Yu et al., 2020). Hence, when the injected toxicants inhibit the
microbial activities in the anode, the reduction reaction of Fe (III) to Fe (II) is decreased, and there

will not be a significant color change (vice versa for the organic matter). More in-depth discussions
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on other sensing pathways of MXC biosensors are elucidated later in Section 2-4.2.5. Given such
multiple demonstrated biosensing pathways by MXC biosensors, this evidence their high

potentials for the detection of aromatic compounds.

2-3. MXC biosensor for monitoring of aromatic compounds and other recalcitrant, persistent,
and ubiquitous environmental pollutants

Most of the analytical methods used for detecting recalcitrant contaminants like aromatic
compounds are expensive and time-consuming due to the requirement of samples pre-treatment
and preparation (Ahmad et al., 2019; Peixoto et al., 2011; Ripmeester & Duford, 2019; Zhang et
al., 2019). To address such challenges, studies have explored MXC biosensor as an alternative.
For instance, MXC biosensors have been applied to recalcitrant aromatic compounds, such as
hydrocarbons (Nandimandalam & Gude, 2019), oil (Dai et al., 2019), mining-related naphthenic
acids (Chung et al., 2020a), polychlorinated biphenyls (Kim et al., 2007), pesticides (Chouler &
Di Lorenzo, 2019), phenolic compounds (Chen et al., 2016; Spurr et al., 2020), and toluene
(Santoro et al., 2016). Studies also have confirmed the capability of MXC biosensors on other
recalcitrant contaminants, such as heavy metals, surfactants, toxic volatile organic compounds

(VOCs), and many more (Table 2-1).

2-3.1 MXC biosensors for aromatic compounds

2-3.1.1 BTEX

BTEX, a short form for benzene, toluene, ethylbenzene, and xylene, is classified as mono-aromatic
hydrocarbons, which is produced from a variety of oil derivatives including gasoline (Weelink et
al., 2010; Xue et al.,, 2018). Compared to other crude oil compounds, such as aliphatic

hydrocarbons, BTEX has a high solubility in water (1600 - 1750 mg/L, 500 mg/L, ~150 mg/L, and
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~150 mg/L for benzene, toluene, ethylbenzene, and xylene, respectively), which typically accounts

for ~90% of the dissolved contaminants in groundwater (Palma et al., 2018).

Before the applications of MXC biosensor on BTEX, studies have confirmed the
degradation of BTEX in traditional MXCs targeting their microbial oxidation and subsequent
electrons recovery (Daghio et al., 2018; Zhang et al., 2018). Furthermore, Friman et al. (2012)
have confirmed that EAB (e.g., Pseudomonas putida F1) could use toluene as the sole carbon and
energy source to generate current using a MEC. Based on the authors’ knowledge, Santoro et al.
(2016) first proposed the detection of toluene (e.g., one of BTEX) using MXC biosensor. In their
study, toluene was introduced to the anode biofilm enriched with E. Coli. After the current was
stabilized without any toluene at 17 h mark, the changes in current output caused by different
toluene concentrations (e.g., 50 — 1000 mg/LL and >1000 mg/L) were observed. Toluene
concentration, as low as 50 mg/L was detected within a 5-min interval. On the other hand, at a
very high concentration of toluene (>1,000 mg/L), the anode biofilm was permanently damaged,
suggesting the need for alternative approaches to detect high concentrations of toluene. Moreover,
their study did not explicitly reveal the applicability of MXC biosensor on BTEX, as their findings
were more on the VOC determination (e.g., combined effect of simultaneous addition of two VOCs
and the corresponding synergistic effect). However, more studies are still warranted to further

confirm the applicability of MXC biosensors for other BTEX compounds.

2-3.1.2 Naphthenic acids
Out of various hydrocarbon contaminants present in the oil sands process affected water (OSPW)
and tailings porewater, naphthenic acids (NAs) have been identified as one of the primary sources

of acute toxicity (El-Din et al., 2011; Mahaffey & Dubé¢, 2016). These oil sands NAs are partially
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aromatic (Abdalrhman et al., 2019), and their toxicity and recalcitrance pose a significant threat to
the aquatic ecosystem and wildlife (El-Din et al., 2011; Mahaffey & Dubé¢, 2016). After the
bitumen extraction processes, OSPW containing various NAs is stored in engineered on-site basins,
known as oil sand tailings ponds (Allen, 2008). However, potential seepage of OSPW into the
surrounding water bodies, such as groundwater and surface water (Fennell & Arciszewski, 2019),
substantiated the importance of oil sands NA monitoring. Commonly used analytical tools for the
detection of NAs include Fourier transform infrared (FTIR) spectroscopy, gas chromatography-
mass spectrometry (GC-MS), and high-performance liquid chromatography (HPLC) (Fennell &
Arciszewski, 2019; Ripmeester & Duford, 2019). However, these methods are expensive, require
time-consuming sample preparation. Also, samples must be taken to an analytical laboratory for
quantification and characterization (Ripmeester & Duford, 2019). Before the implementation of
an MXC biosensor, a few studies have confirmed NA degradation using MXCs (Choi & Liu, 2014;
Jiang et al., 2013). Recently, Chung et al. (2020a) have investigated the first attempt of the
detection of a model NA compound (cyclohexane carboxylic acid) in water samples using a dual-
chamber MXC biosensor. In their study, the model NA compound was injected into the anode
chamber, which was enriched with oil sands matured fine tailings. Their MXC biosensor, first,
faced challenges due to low peak current output (pA) and low precision (R? = 0.64) under the
closed-circuit operation. However, when the charging-discharging operation was applied, the peak
currents significantly increased to a milli-ampere scale with high precision (R? = 0.96). NA was
successfully detected in a short time (<3 h) with a low detection limit (40 mg COD/L). However,
further research is required to reveal more insights about the feasibility of MXC biosensors

regarding complicated water matrices such as real OSPW.
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2-3.1.3 Crude Oil and hydrocarbons

The monitoring of crude oil and hydrocarbons in environmental samples became significantly
crucial due to the growing concerns regarding the environmental damages caused by accidental
leakage during processing, storing, and transportation of petroleum products (Dai et al., 2019;
Nandimandalam & Gude, 2019). Aromatic hydrocarbons in leaked oil are known to be persistent
in the environment (Jha et al., 2008), which induces adverse impacts on the soil ecosystem and
wildlife as well as threatening human health (Cheng et al., 2016; Gmurek et al., 2017). A release
of even small quantities of hydrocarbons can still have long-lasting impacts on the environment
(Brown et al., 2017; Willie et al., 2017). Various analytical methods, employing physical
properties (e.g., pressure, sound wave, flow, temperature) (Bown et al., 1987) and monitoring tools
(e.g., visible, infrared, ultraviolet, laser-acoustic, laser-fluorescence) (Fingas, 2016) have been
implemented for oil detection. However, these methods suffered from high cost (Fingas & Brown,
2005) and performance interference due to various weather conditions (Fingas & Brown, 2014;

Zhang, 1997).

In response to these challenges, the MXC biosensors have been explored to detect oil and
hydrocarbons. The applicability of MXCs on oil and hydrocarbons has been investigated by
multiple previous studies (Liu et al., 2019; Morris et al., 2009; Zhao et al., 2019a), showing
promising results. Dai et al. (2019) first implemented an upward open-channel (UOC) MFC
biosensor for the detection of oil. The authors introduced engine oil into the cathode chamber of
the UOC-MFC biosensor and allowed the oil to cover the surface of the cathode electrode. Then,
the drop in the potential and power density resulting from the inhibition of cathodic oxygen
reduction reaction by the oil layer was examined. Their approach could detect the engine oil
concentration as low as 0.5 mL (per 100 mL of electrolyte solution; the details of electrolyte
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solution is described in their literature). Despite the presence of other compounds like heavy metals
in the oil samples, the results showed great potential. The separation between two chambers in
their UOC-MFC biosensor could ensure robustness and stability of anode biofilm (no exposure to

oil), and the rapid (~2.3 h) recovery of abiotic cathode after the oil shock events.

Nandimandalam and Gude (2019) have compared the feasibility of using both anode and
cathode biofilms for biosensing hydrocarbons. Both anode (enriched with anaerobic sludge) and
cathode (enriched with microalgae) biofilms were exposed to various concentrations of the
gasoline (simulated hydrocarbons) for a comparison. When the hydrocarbons were dosed to the
anode, the inhibition of anode biofilm led to a reduction in the output voltages. Similarly, the
growth of microalgae biocathode was inhibited when the gasoline was introduced in the cathode
chamber. Their study showed that both anode and cathode could be used as sensing elements to
quantify the hydrocarbons in the range between 0.04 — 1% v/v, which further suggested the

potential applicability of MXC biosensors for petroleum-related products.

2-3.1.4 Pesticides

Pesticides are widely used to control pests in agricultural developing countries like China (Zhao
et al., 2018). Many of these pesticides are known to be toxic with high solubility (Lin et al., 2020)
and recalcitrance (Zhang et al., 2020a), resulting in high COD, and low BOD in the pesticide-
contaminated water bodies (Garcia-Mancha et al., 2017). Hence, the biological treatment of
pesticide wastewater usually needs a long retention time as well as specific functional groups of
microbes (Geed et al., 2017). With some of the pesticides (e.g., triazines derivative pesticides and
chlorinated pesticides) being aromatic and persistent in the environment (Bilal et al., 2019;

Gongalves-Filho et al., 2020; Zhang et al., 2020b), the implementation of a rapid early-warning
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system for pesticides detection/monitoring in water and wastewater are crucial to support the

environmental management.

Analytical techniques, such as GC-MS, have been implemented to trace pesticides (Lin et
al., 2020); however, they cannot provide a rapid field monitoring of pesticides in water matrices.
Up to date, various MXCs have been applied to the treatment of pesticide wastewater,
demonstrating their applicability (Cao et al., 2017; Lin et al., 2020). A recent study has confirmed
the MXC’s biosensing application on detecting pesticides using a single-chambered miniature (128
uL) MFC enriched with anaerobic sludge (Chouler & Di Lorenzo, 2019). A model pesticide,
atrazine, was detected in synthetic wastewater containing acetate based on the drop in current
output. After 30 minutes of exposure time, atrazine concentration as low as 0.05 ppm was detected.
Their MXC biosensor system was able to recover in a short time frame (e.g., 44 min). Moreover,
a photo-bioelectrochemical sensor was also developed for the detection of various pesticides
(Tucci et al., 2019). Similar to current output by conventional MXC biosensors, photocurrent was
used as the indicator, where an increase or a decrease in photocurrent determined the presence of
pesticides. In their study, three different pesticides (e.g., diuron, atrazine, and paraquat) were
compared based on the changes in photocurrent. Diuron at a very low concentration (0.5 pM)
significantly inhibited the biosensor system (e.g., achieving the inhibition ratio of 91%), whereas
a high concentration of atrazine (10 pM) was not as sensitive (inhibition ratio = 76%). In contrast,
paraquat (0.5 — 10 uM) increased the photocurrent output by ~2 folds. Hence, this study clearly
demonstrated that the sensitivity and signal output of MXC biosensors, such as in photo-
bioelectrochemical sensor, can significantly vary depending on the types of pesticides.
Nonetheless, with more involvement of in-depth future studies, MXC biosensors can potentially
be used for the monitoring of various types of pesticides.
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2-3.1.5 Phenolic compounds

Phenolic compounds have been widely adopted in many industries, such as explosives, fertilizers,
paints, plastics, textiles, rubbers, among others (Raza et al., 2019). Phenols are considered as
aromatic compounds (Jun et al., 2019; Raza et al., 2019). Exposures to phenols and their
derivatives even at low concentrations pose significant threats to the wildlife and aquatic living
organisms (Gmurek et al., 2017; Jun et al., 2019) and human health causing cancer and leading to
severe symptoms, such as respiratory and lung problems, and damage to the immune system
(Busca et al., 2008; Gami et al., 2014). The phenolic compounds are further known to be
recalcitrant and persistent, especially they are refractory to conventional water treatment (Brandao
et al.,, 2013). Therefore, monitoring phenols and their derivatives in water samples became

important to further protect the environment and human health.

Similar to other aromatic compounds, commonly-used analytical methods, such as
ultraviolet spectrometry, GC, and HPLC (Chauhan et al., 2000; Yao et al., 1991), for phenolic
compounds have several analytical limitations (Raut et al., 2012) as discussed earlier. To address
these challenges, various investigations were conducted to trace phenolic compounds using MXC
biosensors (Chen et al., 2016; Spurr et al., 2020). Previous studies have confirmed the
biodegradation of phenols using MXCs (Shen et al., 2012; Zhu & Ni, 2009). Following those
studies, Chen et al. (2016) have developed an aerobic bioanode MFC biosensor to monitor p-
nitrophenol (PNP). This MFC biosensor was able to rapidly detect PNP in 30 min and its
concentrations as low as 9 mg/L in wastewater. Specifically, in their study, the pure culture PNP-
degrading aerobic EAB (Pseudomonas monteilii LZU-3) was used to form an anode biofilm, and
they were able to produce voltage using PNP as a sole substrate. Similarly, Spurr et al. (2020) were
also successful in detecting 4-nitrophenol using MFC biosensors. In their study, three MFC
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biosensors were operated in a series, where they highlighted selective monitoring of 4-nitrophenol
in wastewaters containing other organic matters. In conclusion, these two recent studies have

demonstrated the feasibility of in situ selective monitoring of phenolic compounds.

2-3.1.6 PCBs

Natural degradation of polychlorinated biphenyls (PCBs) is often a challenge as biodegradation
processes involving plants and bacteria are very slow or even can be prevented due to the absence
of a terminal electron acceptor (Wu et al., 2019b). PCBs are identified as one of the persistent
organic pollutants due to their low biodegradation and bioaccumulation. PCBs can accumulate in
soils and sediments, posing a significant adverse impact on the environment due to their toxicity
to living organisms and human health (e.g., carcinogenic) (Reddy et al., 2019; Zeng et al., 2013;
Zhang et al., 2019). Therefore, the development of a novel in situ monitoring method for PCBs in

water bodies, such as groundwater and surface water, is required.

A wide variety of techniques (e.g., GC-MS and extraction methods) have been developed
for the detection of PCBs, but they encountered many limitations, such as requirement of skilled
personnel, time-consuming analysis, high costs (Ahmad et al., 2019; Zhang et al., 2019). Based on
an extensive and thorough review of literature, Kim et al. (2007) presented the first study to apply
MXC biosensor for the detection of PCBs. In their study, PCBs were added to the simulated
wastewater and fed to the anode chamber of a dual-chamber MFC biosensor, which was inoculated
with activated sludge. Then, they observed the inhibition ratio obtained from the MXC biosensor’s
operation with PCBs. Their inhibition ratio (e.g., [CYNormal — CY Toxic]/CYNormal) Was determined
by calculating the columbic yields (CY) from pre- and post-toxic events, where the columbic yield

is a sum of integration of peak currents over time. Higher concentrations of toxicants will suppress
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the anodic microbial activities, which will aggravate the inhibition ratio. Furthermore, the use of
inhibition ratio can be beneficial over other signal outputs, such as current and voltage for toxicant
detection. It provides a single-term value, which reflects on the MXC biosensor inhibition caused
by toxicants. The MFC biosensor developed by the authors could detect PCB concentration (1
mg/L) within one hour, indicated by an inhibition ratio (38%). Their study led to more applications

of MXCs on PCBs, such as bioremediation (Hennebel et al., 2011; Wu et al., 2019b).

2-3.2 Other recalcitrant contaminants

Besides above-mentioned contaminants (mostly aromatic compounds), studies have
correspondingly reported the applications of MXC biosensors for other recalcitrant pollutants,
which include azide (Ahn & Schrdder, 2015), cyanide (Ahn & Schroder, 2015), diazinon (Kim et
al., 2007), formaldehyde (Chouler et al., 2018; Jiang et al., 2018a; Liao et al., 2018), various metal
ions (Yietal., 2019a; Yietal., 2019b; Yu et al., 2020), and urine (Catal et al., 2019) (see Table 2-
1). Many of these toxicants, such as heavy metals and formaldehyde are considered as highly-toxic,
recalcitrant and persistent, which can induce a significant adverse impact on both environment and

human health (Na et al., 2019; Zhang et al., 2020b).

MXC applications to these toxicants, such as heavy metals, were validated by previous
studies (Ali et al., 2020; Colantonio & Kim, 2016). Based on previous studies, MXC biosensors
can be applied for rapid identification (e.g., 1 min), quantification (Prévoteau et al., 2019), as well
as sensitive monitoring (e.g., detecting the target analyte to a very low limit) of heavy metal
concentrations (~1 pg/L) (Adekunle et al., 2019b; Di Lorenzo et al., 2014). Similarly, the detection
of formaldehyde concentrations as low as 5 ppm (0.0005 %) (Jiang et al., 2018a) in a short time

(e.g., 10 min) (Chouler et al., 2018) was also feasible using MXC biosensors. Thus, MXC
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biosensors also have tremendous potential for the detection of these recalcitrant toxicants. More
fundamentals and discussions regarding the applications of MXC biosensors on these recalcitrant,
persistent, and ubiquitous toxicants and pollutants can be found in the literature (Chu et al., 2020;

Jiang et al., 2018b; Zhou et al., 2017a).

2-4. Challenges and roadmap for future development

Based on the discussions in the previous sections (2-1 to 2-3), MXC biosensors have potential to
provide a rapid in sifu monitoring of the aromatic compounds and other recalcitrant contaminants.
However, there are still some analytical challenges faced by MXC biosensors that must be

addressed before they can be further implemented for field applications.

Specifically, recalcitrant pollutants like aromatic compounds may lead to low electrical
output and the potential for longer response time due to the complexity of the analyte structures.
Furthermore, improving the sensitivity of the MXC biosensor is one of the important factors to
attain accurate interpretation of the data during environmental monitoring (Adekunle, 2018). There
are also uncertainties in the selection for an optimal MXC biosensor (e.g., MFC vs. MEC, different
configurations, types of operations, etc.) as there are many pros and cons associated with each type
of MXC biosensor for different types of toxicants and pollutants. More importantly, the selective
monitoring of target analytes with MXC biosensors is still an unresolved issue. Thus, the above-
mentioned concerns about MXC biosensors necessitate more research to further enhance the
performance (e.g., sensitivity and selectivity) and to avoid any masking of valuable information
(e.g., cases of false positive-alarm). Therefore, in this section, challenges, recommendations, and
future outlooks associated with applications of MXC biosensors on recalcitrant and toxicants with

the emphasis on aromatic compounds are thoroughly discussed.
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2-4.1 MFC vs. MEC biosensors: Which mode should be selected for recalcitrant pollutants?

The selection of MXC type is critical for detecting recalcitrant contaminants due to more analytical
challenges over the monitoring of readily biodegradable organics or typical water quality
parameters, such as acetate and BOD. MXC biosensors can be largely classified into two types: (i)
MFC-based biosensor; and (ii) MEC-based biosensor. Briefly, MFC biosensors are autonomous
due to the usage of oxygen as the terminal electron acceptor, which does not require an external
power supply to operate. On the other hand, MEC biosensors require an additional power supply
in the form of applied voltage or potential. Up to date, both MFC (>40 studies) and MEC (~20
studies) biosensors have been extensively used to detect various recalcitrant contaminants,
including aromatics (Table 1). However, it is still unknown which type of MXC biosensor is touted

as a better biosensing tool for the aforementioned toxicants.

MXC biosensors can be operated with an external resistance (MFC mode) or the constant
potential/voltage (MEC mode). The use of a fixed external resistance (MFC mode) is advantageous
due to its low cost and simplicity (Adekunle, 2018). However, the use of MFC biosensors may
lead to poor signal stability due to the changes in electrode potentials, resulting in potential false
positives (Stein et al., 2010). Alternatively, MEC can facilitate a much more stable background
signal and better sensitivity than MFC mode (Adekunle, 2018; Jiang et al., 2015; Shen et al., 2013).
Concerning the selection between two configurations, two recent studies have compared MFC and
MEC biosensors. For readily biodegradable organics, such as volatile fatty acids (VFAs) in
anaerobic digesters, Wu et al. (2019a) stated MEC biosensors had shown higher accuracy with a
short response time than MFC biosensors. However, in the same year, Adekunle et al. (2019a)
have proposed a contradicting result. They found that the MFC biosensor is more suitable for both
organic and inorganic compounds, such as acetate, ammonium, and metal sulfates, than the MEC
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biosensor. The MFC biosensor showed a faster response time, higher sensitivity, and faster
recovery time after the toxic spike events. However, currently, no studies have systematically
investigated MFC vs. MEC biosensors for detecting recalcitrant compounds reviewed in this
article. Therefore, more comprehensive studies are required for the selection of an optimum MXC

biosensor configuration for recalcitrant compounds.

Notably, the selection between MFC and MEC biosensors is critical due to their effects on
the stability, sensitivity, recovery time as well as biosensor’s operation. MFC mode does not
require a power supply or potentiostat, significantly reducing operating costs. Notably, compared
to potentiostat mode, it allows an exemption of using a miniaturized reference electrode, which is
often difficult to maintain when constructing miniaturized MXC biosensors (Jiang et al., 2018b).
However, the MFC biosensors face poor signal stability (Adekunle, 2018) as the electrical signal
is affected by both the anodic and cathodic conditions, leading to potential false warnings (Jiang
et al., 2018b; Yang et al., 2016). For instance, the anode potential will change when the toxicants
are introduced to EAB; thus, ultimately altering the background signals of the MFC biosensor.
Nevertheless, maintaining a constant cathode condition during the operation is also often a
challenge (Jiang et al., 2018b). To overcome such issues, MEC mode using the potentiostat will
be necessary, or alternatively, the usage of a lower external resistance can be another option. For
instance, several studies have suggested a lower resistance can significantly increase the MFC’s
sensitivity, such as an increase in power output (Stein et al., 2012b) can be achieved by controlling
EAB growth and maturing of the biofilm (Do et al., 2020). However, MEC vs. MFC mode with
lower external resistance has not been studied for monitoring of recalcitrant contaminants,

including aromatics.
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In MFC mode, the leakage of oxygen (i.e., diffusion through a membrane/separator) from
the cathode to the anode chamber can lower coulombic efficiency and subsequently the biosensor’s
signal output (Do et al., 2020). Many studies have applied air-cathode MFC biosensors for
recalcitrant contaminants (Table 1). When the oxygen molecules intrude from cathode to anode,
the growth of aerobic heterotrophic bacteria in the anode biofilm is stimulated (Feng et al., 2013;
Xiao et al., 2020a). Furthermore, these diffused oxygens may hinder the growth of obligate
anaerobes or even results in a loss of entire obligate anaerobic microbial consortia (Feng et al.,
2013; Liu et al., 2011b). To overcome this drawback, Ayyaru and Dharmalingam (2014)
investigated an MFC equipped with sulfonated polyether ketone (SPEEK) membrane for BOD
biosensing application. Their study showed a 62.5% higher sensing range as well as lower oxygen
permeability with the SPEEK membrane compared with the MFC utilizing the standard Nafion
proton exchange membrane. This finding highlighted the potential to improve the performance of
the air-cathode MFC biosensor, which should be investigated for the detection of aromatics and
other recalcitrant toxicants. Alternatively, MEC biosensors can be another option over the air-
cathode MFC biosensors to completely eliminate this issue. Given these facts, MEC biosensors
are more robust to environmental interruptions, mainly due to the use of potentiostat or power
supply (Adekunle, 2018; Wu et al., 2019a) to further assist in the stable environmental monitoring
of recalcitrant contaminants. However, still, the remote powering of MEC biosensors would be

challenging for potential field deployment.

2-4.2 Design and operation of MXC biosensors: an outlook for recalcitrant contaminants
Figure 2-2 illustrates different environmental, operating, and design parameters affecting the MXC
biosensor’s performance as well as their process optimization when the biosensors are
implemented for the detection of various recalcitrant contaminants, including aromatics.
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2-4.2.1 Significance of design and scales

Several factors, such as differences in designs and scales, can affect MXC biosensor’s signal
output and sensitivity. First, MXC biosensors can be operated under single- or multi-chamber
(mostly dual-chamber) configurations with the presence of ion-exchange membranes. Depending
on the monitoring types and purposes, both single- and multi-chamber MXC biosensors can be
implemented. Design of a membrane-less single-chamber MXC biosensor was found to be better
than the multi-chamber design due to the higher power output, faster response, low construction
costs, improved sensitivity as well as simplicity in miniaturization, reducing the capital cost
(Davila et al., 2011; Yang et al., 2013; Zhang et al., 2014). Despite the benefits of using a single-
chamber, several studies have used multi-chamber biosensors (see Table 1). Particularly, a multi-
chamber design can protect the anode biofilm from highly-toxic compounds, such as oil (Dai et
al., 2019). Also, the use of cathode as a sensing element can provide selective monitoring of a

target recalcitrant compound without disturbing anode biofilm (Jin et al., 2017; Sun et al., 2019b).

Furthermore, the reactor size, mainly the anode volume, can significantly affect the MXC
biosensor’s sensitivity (Ahn & Schrdder, 2015; Davila et al., 2011; Yang et al., 2016). As shown
in Table 1, various working volumes were used, ranging from milliliter to microliter scales. Davila
et al. (2011) and Di Lorenzo et al. (2014) have reported that smaller-scale (milliliter scales) MXC
biosensors result in an enhanced sensitivity (e.g., higher power densities) compared to a larger
scale (microliter scales) MXC biosensor. Moon et al. (2004) also have found the response time
can substantially be shortened (e.g., from 36 min to 5 min) by decreasing the anodic working
volume from 25 mL to 5 mL. Constructing a small scale MXC biosensor can provide a significant
reduction in capital cost. For example, it can be fabricated as small as 1.8 pL (Xiao et al., 2020b).
However, Uria et al. (2012) have reported that an excessively small anode compartment can be
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difficult to fabricate. Also, a miniaturized anode chamber can affect the effective areca of the ion-
exchange membrane and the ratio between anode to cathode, deteriorating the MXC biosensor’s

performance (Yi et al., 2020).

A few studies reported that 3D printing could be used for precise and low-cost fabrication
of reactor bodies for miniaturized MXC biosensors (Di Lorenzo et al., 2014; Lopez-Hincapié et
al., 2020; Theodosiou et al., 2020). For instance, Di Lorenzo et al. (2014) developed a 3D printed
miniaturized MFC biosensor (anode volume of 2 cm?) that could provide rapid detection of COD
(30-132 minutes) compared to earlier studies utilizing MFC biosensors with relatively larger anode
volumes (2.8 vs. 12.6-73 cm?®). Furthermore, their biosensor showed adequate sensitivity to
cadmium as a model toxicant compound (detection range of 1-50 pg/L with 12 minutes response
time). To date, 3D printing was mostly used to fabricate the body of MXC biosensors (Di Lorenzo
et al., 2014; Lopez-Hincapié et al., 2020; Theodosiou et al., 2020). However, a few recent studies
demonstrated that 3D printing could be used for manufacturing of other components of MXCs,
such as electrodes and membranes (Bian et al., 2018a; Bian et al., 2018b; Philamore et al., 2015;
You et al., 2017; Zhou et al., 2017b). Notably, fabrication of porous anode electrode with 3D
printing followed by surface modification (e.g., via carbonization, modification with metals) could
generate higher voltage compared to conventional electrode materials, such as carbon cloth and
copper mesh (Bian et al., 2018a; Bian et al., 2018b). Interestingly, a most recent study by Freyman
et al. (2020) demonstrated 3D printing of bioanode by mixing printing ink and model EAB
(Shewanella Oneidensis MR-1), which could produce a stable current for almost 93 hours. Such
an innovative approach can considerably reduce biofilm development for biosensing applications.
Thus, 3D printing of electrodes should be further explored for enhancing the sensitivity and
portability of MXC biosensors for recalcitrant compounds monitoring.
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However, micro-scale or miniaturized MXC biosensors are often vulnerable to the invasion
of bubbles because they can even be sensitive to the tiny air bubbles (e.g., micro-bubbles) (Fraiwan
et al., 2013). For instance, the performance of MXC biosensors can be reduced by 33% and
resulting in a longer recovery time (>4 days) (Fraiwan et al., 2013). Despite these flaws faced by
micro-scale MXC biosensors, they still perform better as biosensors (Davila et al., 2011; Di
Lorenzo et al., 2014). For instance, issues regarding microbubble intrusion can be resolved by
introducing air-bubble traps (Liu et al., 2011a; Sung & Shuler, 2009). Without interfering with the
sensor’s functionality, Yang et al. (2016) have demonstrated the prevention of micro-air bubbles
by integrating a microscale air bubble trap with an MFC biosensor. With such preventive
approaches, smaller-scale MXC biosensors should be further investigated for recalcitrant
compounds. Many studies have utilized various configurations and sizes of MXC biosensors for
the detection of recalcitrant contaminants, including various aromatic compounds (see Table 1). It
was apparent that microliter scale membrane-less single-chamber MXC biosensors equipped with
baffles in the anode may provide superior performance over other designs (Davila et al., 2011;

Xiao et al., 2020b; Yang et al., 2013; Yi et al., 2020; Zhang et al., 2014).

Studies also have shown the importance of the effective flow, such as velocity distribution
at the anode surface (Kim et al., 2014), on the performance of MXC biosensors (Massaglia et al.,
2017; Yi et al., 2020). Thus, optimizing the shape of the anode chamber, including various inlet
and outlet settings, can potentially increase the biosensor’s performance and sensitivity (Massaglia
etal.,2017; Yietal., 2020). This can be attributed to the significant influence of the anode chamber
configuration on the fluid dynamic characteristics (Logan et al., 2015). For instance, Massaglia et
al. (2017) have reported higher sensitivity and more rapid response using a drop-like shape anode
compartment over the squared shape due to having a larger percentage of the effective exposed
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area, illustrated by computational fluid dynamics. Furthermore, Jiang et al. (2015) also have
reported higher sensitivity (e.g., ~15 — 41 times) for Cu (II) ion detection using the flow-through
electrode over a flow-by electrode as the mass transport of Cu (II) ions was enhanced, highlighting
the importance of anode hydrodynamics on the sensor’s performance. More recently, Yi et al.
(2020) have investigated the anodic flow field and hydrodynamic characteristics of MFC biosensor
by comparing two different anode configurations; for instance, the presence vs. absence of baffles.
In their study, the orthogonal anode design (with baffles) exhibited higher voltage output (42 -
52.3%) due to the reduction in the dead zone (e.g., the region where the flow velocity is < 5% of
the maximum velocity; Vesvikar and Al-Dahhan (2005)) by 14% and due to the improved flow
velocity at electrode surface (by 334.6%) and its uniformity (by 24.8%) compared with the original

design.

2-4.2.2 Electrochemical operation: closed circuit vs. charging-discharging operation

In presence of recalcitrant contaminants, MXC biosensors generate low signal output. Thus,
increasing the sensitivity of MXC biosensor is important for the detection of such compounds
(Chung et al., 2020a). Another critical factor that significantly influences MXC biosensor
sensitivity would be the mode of electrochemical operation. To date, most studies have used
closed-circuit operation, where the electrons were continuously being transferred from anode to
cathode, for the detection of contaminants via continuous monitoring of electrical signal (see Table
2-1). Nonetheless, Jiang et al. (2017a) introduced an alternation of external resistor connection and
disconnection (e.g., transient-state connection mode) in an MFC biosensor, where the sensitivity
was significantly increased by up to 247% for heavy metals than the control biosensor constantly
connected with the external resistor. Their study also concluded that the external resistance
connection phase could be better for monitoring the organic matter, while the disconnection phase
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of external resistance can be more suitable for toxicity monitoring. For instance, the output voltage
produced by an external resistance disconnection rapidly reached saturation for organic matter,
making the biosensor unable to differentiate different concentrations of organics; thus, the use of
external resistance connection was better for organic monitoring due to the enhanced sensitivity.
However, the output voltage obtained using external resistance disconnection resulted in a higher
signal output during toxicity monitoring. Hence, these previous studies indicated that the changes
in electrochemical operation methods could substantially impact the MXC biosensor’s

performance.

Moreover, recently, the implementation of charging-discharging operation has gained
interest mainly due to enhanced sensitivity, faster response time, and lower energy input compared
with the MXCs operated under continuous closed-circuit operation (Chung et al., 2020a; Sim et
al., 2018b; Zakaria & Dhar, 2020). Charging-discharging operation is a process of alternating an
open-circuit (electron charging) and a closed-circuit (electron discharging) operation, where the
electrons are accumulated onto the anode electrode, then rapidly transferred to the cathode,
creating a transient peak current (Chung et al., 2020a; Sim et al., 2018b). Based on the authors’
knowledge, Sim et al. (2018b) first applied charging-discharging operation for BOD monitoring
in wastewater samples, where the BOD concentrations were rapidly measured (e.g., 2 min). With
this validation, Chung et al. (2020a) have successfully detected a model NA compound using
charging-discharging cycles (an alternation between open-circuit and closed-circuit) using an
MXC biosensor. In their study, the use of charging-discharging cycles substantially enhanced the
sensitivity (e.g., increase in current output from microampere to milliampere range). Also, it led

to faster response time (< 3.5 h) over the closed-circuit operation, highlighting the significance of
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optimizing electrochemical operation method for the detection of recalcitrant contaminants like

aromatic naphthenic acid.

2-4.2.3 Implications of anode biofilm composition and morphology

Another key factor that can substantially affect the overall performance of MXC biosensor
is the community composition and morphology of anodic microbial consortia (Li et al., 2019;
Prévoteau et al., 2019; Xiao et al., 2020a). Anode biofilm activity can be affected by the electrode
types, inoculum, nutrients, presence of non-EAB like aerobic bacteria, concentrations and
complexity of substrate, and toxicity levels. These factors will ultimately influence the signal

output of MXC biosensors (Li et al., 2019; Xiao et al., 2020a; Yi et al., 2018).

Although the enrichment of EAB on the anode is known to be critical for bioanode-based
sensing in MXC biosensors, EAB may need syntrophic partners (e.g., fermentative bacteria) for
generating an electrical signal from aromatic compounds (e.g., naphthenic acids) (Chung et al.,
2020a). A recent review by Do et al. (2020) also has suggested future studies of MXC biosensors
should reflect more on the selection of effective EAB that is capable of metabolizing various types
of organic substances. For instance, Qi et al. (2019) have shown enhanced sensitivity as well as
faster response time using an MXC biosensor enriched with luminescent bacteria (Vibrio fischeri)

over the common types of EAB, such as Geobacter species for the detection of Cu (II).

Li et al. (2019) have reported 3.9 times higher sensitivity using indium tin oxide (ITO)
electrode over carbon felt electrode for the detection of Pb>* as a toxicant. This was attributed to
the differences in biofilm morphologies. The biofilm grown on carbon felt electrode was non-
uniform and thick. In contrast, relatively uniform and thin biofilm grown on the ITO electrode

facilitated efficient toxicant exposure within the biofilm (Li et al., 2019). Thus, tailoring biofilm
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morphology by selecting an optimum electrode material should be considered for anode-based
monitoring of recalcitrant compounds. Regarding the effects of different inoculum, Yi et al. (2018)
have compared two different inoculums (e.g., Shewanella loihica PV-4, pure culture vs. mixed
culture MFC effluent) on biosensor’s sensitivity. In their study, the MFC biosensor enriched with
a mixed culture has resulted in higher voltage output than the one enriched with pure culture for
organic compound detection. Nevertheless, the pure culture produced higher sensitivity for toxicity
compound monitoring due to lower extracellular polymeric substances (EPS) content in biofilms;

toxicants could easily diffuse within the loose biofilm (i.e., less EPS content).

2-4.2.4 Toxicity level and exposure time

The toxicity level of recalcitrant analytes like aromatic compounds can be another factor
of concern. Santoro et al. (2016) have confirmed that more toxic VOCs (e.g., toluene and n-
cyclohexyl-pyrrolidone) led to higher inhibition of anode biofilm in MXC biosensor compared
with other lower toxic VOCs (e.g., butanol, 1-methyl-2-pyrrolidone, n,n-dimethylacetamide,
dimethyl sulfide, n-methyl succinimide, cyclopentanone). Additionally, this study further
compared the effects of individual and combined toxicity on the biosensor’s performance. For
instance, the combined effect of simultaneous addition of two VOCs (e.g., toluene and n-
cyclohexyl-pyrrolidone) showed a synergistic effect (e.g., greater inhibition than the sum of
individual toxicities on MXC biosensor performance) at low concentrations (e.g., <2,000 mg/L),
but the combined toxicity was lower than the sum of individual toxicities at high concentrations
(e.g., 2,000 — 10,000 mg/L). In most cases, aromatic compounds are highly toxic. Hence, the time
for incubation in the presence of toxicity can also significantly alter the anode biofilm and
subsequently influence biosensor performance (Do et al., 2020). A longer toxicant exposure will
be riskier for the anode biofilm (e.g., biofilm recovery and stabilizing baseline), resulting in a
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higher inhibition ratio. Therefore, identifying the optimal exposure time is crucial for the toxicity

biosensors (Yang et al., 2018).

2-4.2.5 Impact of pH, anode potential, and overpotential on baseline current

Maintaining a stable anodic condition in MXC biosensors is critical because environmental factors,
such as anode potential and pH, can substantially impact the overpotential toward the measured
current and the baseline current as well as the biosensing pathway (Do et al., 2020). A baseline
current, known as the constant current output, is required to prevent false positive-alarms caused
by changes in anode potential and pH than a toxicant present in the anolyte (Do et al., 2020). Thus,
the pH and the overpotential control became essential parts of producing and maintaining a stable
baseline current in MXC biosensors (Modin & Wilén, 2012; Stein et al., 2010). Controlling the
anode potential in an MXC biosensor can simply be achieved by using a potentiostat. In some
aquatic environments, such as groundwater, containing a majority of the aromatic compounds and
other recalcitrant contaminants, may have a low buffering capacity with a risk of acidification due

to the geochemical conditions (Mossmark et al., 2008).

To maintain a stable pH, Modin and Wilén (2012) have utilized a membrane-less MXC
biosensor to eliminate the pH gradient between the anode and the cathode. However, the pH
gradient within the anode biofilm still remains as one of the unresolved issues in the operation of
MXCs (Dhar et al., 2017; Torres et al., 2008). Thus, it would be challenging to deploy MXC
biosensors for monitoring water quality parameters in low buffer-capacity wastewaters, containing
many different types of aromatic compounds. Thus, further studies should evaluate the anodic
parameters and their impacts on the performance of MXC biosensor applied to aromatic

compounds and other recalcitrant contaminants.
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2-4.2.6 Cathode as a sensing element

The toxicity monitoring with anodic EAB has several limitations, such as (1) requirement of
biodegradable organics to produce signal output; (2) variations in the organic substrate below
saturation level may result in alteration of baseline current and ultimately imply false-positive
toxicity; (3) hindered performance via protons accumulation due to the low buffer content in a
water sample; (4) irreversible inhibition of anode biofilm by toxic compounds (Prévoteau et al.,
2019; Xiao et al., 2020a; Zeng et al., 2016). Therefore, such challenges may restrict the
applicability of using the anode biofilm as a biosensing element. Therefore, the approach of using
cathode as the sensing element in MXC biosensors has received significant momentum (Dai et al.,
2019; Jiang et al., 2018a; Jiang et al., 2017b; Liao et al., 2018) (see Table 1). For instance, Dai et
al. (2019) have successfully monitored aromatic hydrocarbons (e.g., engine oil) by dosing analytes
into the abiotic cathode compartment. Thus, using an abiotic cathode as a sensing element can

eliminate the toxicity contact with the anode biofilm (Dai et al., 2019).

Moreover, biocathode can also serve as a biosensing element (Jiang et al., 2018a). For
instance, studies have highlighted the advantages of using biocathode over the anode biofilm. It
can help prevent signal interferences because cathode biofilms hold a diverse redox potential
depending on the biosensing mechanisms (i.e., electrochemical and/or biochemical reaction
pathways) and ions flow direction (Jafary et al., 2015; Si et al., 2015). Biocathode is not only
limited to anaerobic conditions. It can be used in various environmental conditions, such as aerobic
and anoxic environments, for toxicity monitoring (e.g., formaldehyde) (Jiang et al., 2018a).
Furthermore, biocathode can be combined with the gas diffusion electrode to detect both the liquid
and gas phase of toxicants (Jiang et al., 2018a). Liao et al. (2018) also have successfully detected
formaldehyde using a novel autotrophic biocathode as the sensing element. This study further
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highlighted that the autotrophic phylum (e.g., Nitrospirae) contributed to the highest responsivity
compared to other species (e.g., anaerobic heterotrophs in anode biofilm), in which biocathode can

be more promising for specific toxicity monitoring over the anode biofilm.

Jiang et al. (2017b) studied bioanode vs. biocathode as a biosensing element for toxicity
monitoring. Their study has shown that the detection of lower concentrations of formaldehyde was
not suitable using bioanode because of its low sensitivity and unsuccessful in background signal
recovery due to washing out of soluble electron carriers, such as the endogenous shuttle during the
continuous flow of water sample. On the other hand, detection of the lower concentrations of
formaldehyde was possible due to the production of high background signal using biocathode as a
sensing element. Similarly, Prévoteau et al. (2019) have introduced O>-reducing electroautotrophic
bacteria on the cathode to detect heavy metals (e.g., mercury (II), chromium (VI), and lead (II))
and formaldehyde. Their study demonstrated that the electroautotrophs in the cathode were grown
in tap water, and they survived for at least 8 months as well as having a response time as short as

1 min, showing the potentials for a rapid and robust method to detect toxicants.

However, Qi et al. (2019) have found a better performance of the bioanode than the
biocathode using luminescent bacteria (Vibrio fischeri) in MXC biosensors. Their study
highlighted that the luminescent biofilm in the cathode was not able to produce synchronous
optical and electrical signals. This was due to the requirement of both organic matters and
dissolved oxygen by the luminescent bacteria as an electron acceptor for both current and optical
signal generation. Thus, more studies are still required to evaluate the benefits of using the cathode
as the sensing element over the anode biofilm for the applications of aromatic compounds. As

discussed earlier, the monitoring process of aromatic compounds with an anode as a sensing

65



element can be challenging and inconvenient. Therefore, despite a study by Qi et al. (2019), using
the cathode as the sensing element should still be considered in future research for the detection of

recalcitrant and persistent environmental contaminants, including aromatic compounds.

Nonetheless, the cathode could play a complementary role to further improve MXC
biosensor performance, where anode still served as the biosensing element. For instance,
Nandimandalam and Gude (2019) have introduced microalgae in the cathode chamber to enhance
the biosensor’s sensitivity by promoting electron transfer processes as the microalgae produce in
situ oxygen (an extra electron acceptor) (Arana & Gude, 2018; Kokabian et al., 2018). In response
to more convenient on-line monitoring, Yu et al. (2020) have proposed an MFC biosensor to detect
heavy metals through visual color change of Prussian Blue (PB) cathode, which represents a simple
qualitative method for the on-line monitoring of toxicants. For instance, the PB electrode can
change in color depending on the absence or presence of toxicants in the anode. When the organic
matter without any toxicants is introduced to the anode, microbial oxidation occurs and the
reduction of Fe (III) to Fe (II) in PB, turning the PB color transparent. However, when the toxicants
are dosed, the microbial activities are inhibited, which the reduction of Fe (III) to Fe (II) is also
limited, resulting in less decoloration. Figure 2-3 illustrates the working principle of the MXC
biosensor using a PB as a cathode electrode. Furthermore, the PB has an appropriate reduction
initiation potential of 0.4 V (bioanode potential of MFC biosensor is approximately -0.2 V),
making the MFC biosensor self-charging and still autonomous by creating a sufficient potential
gradient. The benefit of this study is that the approach of using PB cathode as a sensing element
can be used for quick qualitative monitoring of toxicants. Moreover, relying on visual color change
can alleviate the requirement of a Data Acquisition (DAQ) system for the monitoring of electrical
response, which can sometimes be challenging for field applications. Hence, the use of the PB
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electrode on biosensing applications can lead to the development of MXC biosensor applications
for more convenient on-line monitoring of recalcitrant toxicants, where quantitative measurement

1s not critical.
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2-4.3 Significance of complex water matrices on selectivity

Selectivity in biosensors represents the ability of a bioreceptor to detect a specific analyte in a
sample containing contaminants and other admixtures; thus, selectivity can be considered as a
critical factor towards developing MXC biosensors (Nikhil et al., 2016). Although MXC
biosensors have shown tremendous potentials, it is still uncertain whether MXC biosensors can
perform selective detection of specific recalcitrant compounds (Do et al., 2020; Spurr et al., 2020).
During the monitoring process, a drop in signal outputs can be due to various reasons, such as
lowering organic content (e.g., BOD), toxicants, growth of aerobic bacteria, nutrient limitations,
and many more (Spurr et al., 2020; Xiao et al., 2020a). Thus, the MXC biosensor may not clearly
distinguish the exact reason for the changes in signal output (Spurr et al., 2020). For instance, if
the MXC biosensor is fed with a water/wastewater sample containing a various mixture of
toxicants, it would be questionable whether it is possible to quantify and characterize individual
toxicants or target analyte (e.g., detecting copper ions in a mixture of heavy metals) present in a

given water matrix (Do et al., 2020).

Many studies, including the recent ones, only have dosed analytes to MXC biosensors
individually, not as a mixture, and lack information regarding the individual concentration of
toxicants (Adekunle et al., 2019a; Xing et al., 2020; Yu et al., 2020). For instance, Yu et al. (2017)
have explored various heavy metals, but in their study, each heavy metal was dosed separately,
lacking to show selectivity in MXC biosensor. On the other hand, Adekunle et al. (2019b) have
tested a mixture of heavy metals in mining rock drainage water, but their study only showed the
correlation of total heavy metal concentration, lacking information on the correlation of individual

heavy metal concentrations present in mining rock drainage to the signal output.
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Previous studies have focused on enhancing the selectivity in MXC biosensors. Spurr et al.
(2020) have operated three MFC biosensors in a series that can clearly distinguish the current drop
caused by a decrease in BOD or a presence of toxicants. When the water sample containing BOD
entered the system, the first MFC biosensor produced a higher current than the second and the
third ones due to the substrate degradation during each stage. However, when the water sample
containing toxicants (4-nitrophenol) was introduced, all three biosensors were exhibiting hindered
performance, in which selective monitoring of 4-nitrophenol was feasible. Figure 2-4 shows a
conceptual schematic of selective monitoring using MXC biosensors operated in-series. However,

a modular design would be necessary to deploy such an idea in the field.
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To further enhance the selectivity of MXC biosensors, Sun et al. (2019a) and Jin et al.
(2016) have proposed three-chamber MXC biosensors (along with using cathode chamber of MXC
biosensor (Jin et al., 2017)) to ensure target analyte selectivity. In their studies, anaerobic digester
(AD) effluent, containing VFAs and other complex organics (e.g., proteins and lipids), was dosed
to the additional chamber (or cathode chamber) separated by ion-exchange membranes (See Figure
2-5a, c¢). This way, VFAs can be completely separated from other complex organics and hence,
can be selectively detected. However, these studies still were not able to identify individual VFAs
(e.g., acetate), which is feasible in other analytical tools, such as GC-MS. To address this issue,
Sun et al. (2019b) have investigated a dual-chamber MFC biosensor, in which the anode biofilm
was enriched with acetate as the sole carbon source, to selectively detect acetate. Similar to the
above studies, the AD effluents were injected into the cathode chamber and allowed only VFAs to
pass through the anion-exchange membrane towards the anode, but the key point was in the
matured EAB biofilm enriched with the only acetate, where the interference from other VFAs was
very limited. Thus, their study selectively detected acetate from other VFAs, highlighting the
importance of the anode biofilm enrichment process. The ion exchange membrane separation and
selective monitoring for aromatic compounds or mixtures are yet to be demonstrated using MXC
biosensors (see Figures 2-4 and -5 b, d). However, previous studies demonstrated ion exchange
membrane separation of aromatic compounds (Goering et al., 2000; Sungpet et al., 2002),
suggesting the potentials to perform selective monitoring using ion-exchange membranes in MXC
biosensors. Hence, further research would be needed to assess the feasibility of incorporating such

an approach in MXC biosensors.
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As highlighted by Sun et al. (2019b), microbial communities or biofilms enrichment processes can
affect the selectivity of MXC biosensor. Do et al. (2020) have suggested using MXC biosensors
with pure culture over mixed culture biofilms to increase the selectivity. For instance, Chen et al.
(2016) successfully performed the selective monitoring of PNP in wastewater samples containing
other aromatic compounds and metal ions using an anode biofilm enriched with pure culture
(Pseudomonas monteilii 1L.ZU-3). However, on-line monitoring of complex organic contaminants
like aromatic compounds using a single strain is still challenging as the microbial oxidation of
complex compounds often requires syntrophy of mixed cultures (see Table 1). Additionally, as
discussed in Section 2-4.2.3 and the literature Yi et al. (2018), an increase in the selectivity using
pure cultures may result in a decrease in the sensitivity. Therefore, more investigations are required

to support the relationship between the bacterial consortia and the selectivity of MXC biosensor.

Due to the above challenges, future studies should pay attention to improving the MXC
biosensor’s selectivity because various wastewater and water samples contain many different
organic and inorganic compounds/toxicants, not only containing the target analyte. Especially, in
some water bodies, like groundwater, they can contain mixtures of aromatic compounds (Jensen
et al., 1988) and various toxicants, including heavy metals (Adekunle et al., 2019b). Thus, for
instance, if the MXC biosensor was used to monitor this groundwater matrix, it would not be
possible to justify whether the signal output was altered by either aromatic compounds or heavy
metals. Therefore, it would be useful to investigate how to substantially improve selectivity in

MXC biosensors that are applied to mixtures of various aromatic compounds and other toxicants.
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2-4.4 Field applicability of MXC biosensor

To date, the field applicability of MXC biosensors for recalcitrant organic compounds have rarely
been investigated. A few studies demonstrated field application of MFC biosensors for monitoring
water quality parameters (e.g., COD) (Feng & Harper Jr, 2013; Velasquez-Orta et al., 2017) mainly
due to their autonomous and self-powered properties. For instance, MFC biosensors can be
operated for up to 10-11 days without any carbon sources (Ruiz et al., 2015). MFC biosensors
were capable of measuring water quality parameters for field samples (Feng & Harper Jr, 2013),
as well as in situ monitoring of water bodies, such as shallow and deep groundwaters (e.g.,
electrodes can be embedded in the soil sediment) (Velasquez-Orta et al., 2017). Compared to MFC
biosensors, the field applicability of MEC biosensors remains uncertain, mainly due to the energy
requirement in the form of applied voltage/potential. However, for remote powering of MEC
biosensors, MEC and MFC biosensors can be combined. For instance, Adekunle (2018) has
developed an integrated biosensor configuration, MFC, and MEC biosensor connected in a series,
where an MFC acted as a biobattery, which served as a power source for the MEC biosensor
operation. In their previous studies, MFCs have been optimized to produce a stable power
production over a fairly long period (>9 months) (Adekunle et al., 2017) as well as ensuring the
maximum power generation during > 1-year operation (Adekunle et al., 2019c). Even though
previous studies primarily focused on water quality parameters monitoring, such lessons learned
as well as techniques developed from these studies can be valuable for further development of

MXC biosensors for recalcitrant compounds.

Alleviating the discrepancy between field and lab performance of MXC biosensor was also
reported in the literature (Feng & Harper Jr, 2013). Compared to the lab-scale sensor, irregular and
relatively lower electrical signals were generated during field monitoring of water quality
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parameters (Feng & Harper Jr, 2013). The authors addressed this challenge by developing artificial
neural networks (ANN) model trained with lab and field data. It was then implemented to generate
ANN-derived correlations and R? values related to influent characteristics (e.g., COD concertation)
for a different data set. Their study demonstrated that ANN could accurately predict COD
concentration for field samples. Recently ANN model was also implemented to predict optimum
design parameters for MXCs (e.g., anode angle, inlet flow rate, and flow direction, etc.) (de
Ramoén-Fernandez et al., 2020; Jaeel et al., 2016). A few recent studies showed that advanced
machine learning models could help to predict microbial communities and feed substrates for
MFCs (Cai et al., 2019; Lesnik & Liu, 2017). Therefore, advanced machine learning methods
should be considered in developing smart MXC biosensors, such as optimizing biosensor design
and predicting the interference of various environmental factors on biosensor’s performance for
field applications. Notably, the optimization of the design and operating parameters for MXC
biosensors can be time-consuming. Combining machine learning with 3D printing can provide
unique opportunities in reducing the time lag for innovation in predicting biosensor performance,
understanding the relative importance of various design parameters, and ultimately an optimized

design (Fig. 2-6).
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2-5. Conclusions

This paper highlights the applications of MXC biosensors for various recalcitrant environmental
pollutants. Previous studies have confirmed that MXC biosensors can provide simple and rapid
detection of different recalcitrant contaminants, including aromatic compounds and their
derivatives. The results of earlier studies suggested that MXC biosensors could address many
challenges associated with conventional lab-based analytical methods. Though the results were
promising, MXC biosensors have been tested in laboratory settings. Thus, further research is
warranted to make a compelling case for their field deployment as a practical detection technique
for recalcitrant contaminants, including aromatics. In this article, a number of research gaps were
highlighted for further research. Notably, it became apparent that the field-application may present
a particular challenge in terms of selectivity when biosensors are exposed to complex
environmental matrices. This article outlines previous efforts to overcome such challenges
encountered during the detection of readily biodegradable substrates and typical water quality
parameters and provides perspectives on how these strategies can be adopted for recalcitrant
pollutants. Based on the appraisal of previous studies, we propose that future research focus on the
miniaturization of design and fabrication with 3D printing technologies to achieve better
sensitivity from MXC biosensors. Furthermore, for facilitating field application, the integration of
machine learning should be considered for the smart biosensing of complex recalcitrant
contaminants. Thus, with the support of more future studies, MEC biosensors can potentially be
deployed on-site as an efficient and affordable system/technique for monitoring aromatics and

other recalcitrant toxic compounds in the field.
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Chapter 3 — Microbial Electrochemical Biosensor for a Rapid Detection of a Naphthenic

Acid Model Compound in Water Samples

From the literature review in the previous chapter, it is evident that MXC biosensor can
be applied to detect aromatic compounds. Hence, the applicability of MXC biosensor on a single
model naphthenic acid compound (cyclohexane carboxylic acid) was first investigated.
Specifically, an optimal operating method (e.g., calibration) was determined for the identification
of a model compound. In addition, different environmental parameters (e.g., salinity and

temperature) were examined to partially mimic the conditions of real OSPW.

A version of this chapter was published in Journal of Electroanalytical Chemistry (2020);

873: 114405.
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3-1. Introduction

Canada (Alberta)’s oil sands are proven to be one of the largest oil deposits in the world (Allen,
2008). The oil sands mining operation in Northern Alberta produces a large volume of oil sands
process-affected water (OSPW) through their hot water bitumen extraction process (Barrow et
al., 2015). OSPW consists of suspended solids, various complex organic compounds, including
unrecovered bitumen and hydrocarbons, inorganic compounds, salts, and trace metals (EI-Din et
al., 2011; Mahaffey & Dubé¢, 2016). Due to Alberta’s “zero-discharge” policy, OSPW is stored
in engineered on-site settling basins, which are widely known as oil sands tailing ponds (Allen,
2008). Currently, >1 billion m* of OSPW are stored in tailing ponds in the oil sands region of
Northern Alberta (Martin, 2015). Management of this large volume of OSPW is one of the major
environmental challenges faced by oil sands mining companies (Allen, 2008). Particularly, the
presence of various water-soluble organics from bitumen in OSPW poses a significant threat to
the aquatic ecosystem and wildlife (McQueen et al., 2017). Numerous studies have confirmed
that the toxicity of OSPW is primarily attributed to the presence of various naphthenic acids
(NAs) that are natural components of petroleum (EI-Din et al., 2011; Mahaffey & Dubé¢, 2016).
Due to these environmental-threatening features, there is a growing concern over NAs intrusion
into the surrounding surface and groundwater, which can result in a subsequent adverse impact
on the aquatic ecosystem and environment. Numerous studies also revealed the estrogenic and
androgenic activity of these NAs and suggested that exposure to these NAs can potentially
disrupt the human reproductive system (Leclair et al., 2015; Reinardy et al., 2013). Hence, NA
concentrations have been routinely monitored in OSPW and surface waters (Ripmeester &

Duford, 2019; Ross et al., 2012).
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The monitoring of NAs in water samples is the major analytical challenge faced by oil-
mining companies. Currently, no single absolute analytical method exists for the detection and
quantification of mining-related NAs (Headley et al., 2016). Commonly used analytical methods
for NAs include Fourier transform infrared spectroscopy, gas chromatography-mass
spectrometry, and high-performance liquid chromatography (Headley et al., 2016). However, the
analysis of NAs with these methods is time-consuming and expensive, and samples need to be
sent to an analytical laboratory (Ripmeester & Duford, 2019). Hence, the development of a low-
cost, fast, and on-site analytical method for rapid detection and quantification of NAs will help to

address these analytical challenges.

In recent years, microbial electrochemical cells (MXCs) biosensors have demonstrated great
potential to be the next generation real-time environmental monitoring tool (Davila et al., 2011;
Kaur et al., 2013; Yu et al., 2017). To briefly describe the working principle of MXC biosensors,
biofilms of electroactive bacteria serve as the biorecognition element on the anode (Sun et al.,
2015). The electrons released via microbial oxidation of organic analytes are transferred to the
intermediate redox carriers; then, they are further transferred to the anode electrode through the
extracellular electron transfer (EET) process (Lovley & Nevin, 2011). Finally, electrons move to
the cathode through an external circuit driven by the potential gradient between the two
electrodes. Thus, MXC biosensors can continuously generate electrical signals in response to the
presence of targeted organic analytes; and usually, levels of produced electrical signals depend
on the concentrations of organic electron donors (Kaur et al., 2013). Also, MXC biosensors’ size
can be manipulated to a miniature scale (i.e., pL) (Davila et al., 2011) to lower the fabrication
costs. Therefore, MXC biosensors have been extensively studied for monitoring microbial
activities, organics, and other contaminants in various wastewater treatment systems (Sun et al.,
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2015). Previous studies have confirmed anaerobic biodegradation of OSPW; however, the
complete biodegradation was a pitfall (Choi & Liu, 2014; Jiang et al., 2013; Labrada & Nemati,
2017). Rather than targetting OSPW treatments, MXCs can better serve as a biosensing tool for
detecting NA concentrations in OSPW. To date, no studies have investigated the feasibility of

measuring NAs concentrations with MXC biosensors.

The present study, thus, evaluates the applicability of MXC biosensor for quantification of
NA concentration in water samples. Firstly, we investigated whether steady currents generated
by an MXC biosensor could be linearly correlated with corresponding NA concentrations.
Secondly, we optimized a calibration method to further improve analytical performance in terms
of precision, time-efficiency, sensitivity, and reproducibility. Finally, we explored the effects of
salinity levels and water temperature on the sensitivity of the biosensor. We also characterized
the bacterial communities to get more insights into the biosensing mechanism. To the best of
authors’ knowledge, this work is first to prove that MXC biosensor could be applied for the

detection of NAs concentrations.

3-2. Materials and Methods

3-2.1 Microbial electrochemical biosensor

A dual-chamber MXC biosensor was constructed with plexiglass. The biosensor consisted of an
anode and a cathode separated by an anion exchange membrane (AMI-7001, Membranes
International Inc., USA). High-density carbon fibers (2293-A, 24A Carbon Fiber, Fibre Glast
Development Corp., Ohio, USA) integrated with a stainless-steel frame with a surface area of
122.57 cm? was used as the anode and a stainless-steel mesh (T304, McMaster-Carr, USA) was

used as the cathode (see Fig. 3-1a).
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Figure 3-1. Schematic diagram showing (a) configuration of microbial electrochemical

biosensor, and (b) charging-discharging operation of microbial electrochemical biosensor.
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The cathode chamber was filled with tap water and the anode chamber was filled with an NA-
containing media. Since this study is in a developing stage, decently larger working volumes of
the anode (80 mL) and the cathode (40 mL) were selected. The anode chamber was equipped
with an Ag/AgCl reference electrode (MF-2052, Bioanalytical System Inc., USA), which was <
1 cm away from the anode electrode. During the experiment, anode potential was set at -0.2 V
vs. standard hydrogen electrode (SHE) by a potentiostat system (Squidstat Prime, Admiral
Instruments, Arizona, USA). The anolyte was stirred at 250 rpm with a magnetic stirrer. During
the entire operating period, the substrate medium was injected into the anode chamber under
anaerobic conditions. Also, the extended gas outlet tubes from both chambers were placed in a

jar filled with tap water.

Previous studies already have demonstrated the biodegradation of OSPW with MXCs,
which were inoculated with matured fine tailings (MFT) deposits from oil sands tailings
reservoir (Choi & Liu, 2014; Jiang et al., 2013). Therefore, the biosensor was inoculated with
pre-enriched biofilms collected from a mother MXC reactor that was originally inoculated with
MFT from oil sands tailings pond located in Northern Alberta and fed with a mixture of acetate
and various model naphthenic acids. NA is a mixture of different cyclopentyl and cyclohexyl
carboxylic acids (Han et al., 2008); and of note, cyclohexane carboxylic acid (CcH11CO2H)
(CHA) has frequently been used as a model NA for investigation of various fundamental aspects
in OSPW related studies (Afzal et al., 2012; Drzewicz et al., 2012). Therefore, CHA (CAS: 98-
89-5, New Jersey, USA) was chosen as a model NA to explore the biosensing capability of this
MXC. During the inoculation of the biosensor, the composition of the substrate medium was (per
L of deionized water) 131.25 mg C¢H11CO2H (CHA), 588 mg NaHCO3 (sodium bicarbonate),
and trace minerals. The detailed composition of the trace minerals can be found in the literature
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(Dhar et al., 2013). The typical pH values in OSPW ranged from 7.8 to 8.5 (Zhang, 2016); hence,
the average pH value of 8.1+0.2 was maintained throughout the experiments. After reaching
steady-state current in repetitive fed-batch cycles, experiments were performed for biosensor
calibration and studying the effects of salinity levels and different temperatures on biosensor’s
sensitivity. All the experimental runs were performed in a batch mode. Before each experimental
run, the anolyte was completely evacuated from the anode chamber and washed with 500 mL-
mineral of media lacking any CHA with a peristaltic pump operated at a flow rate of 311.4
mL/min to remove any residual organics from the previous cycle. At the end of each
experimental cycle, the anode chamber was fed with CHA medium containing 300 mg COD/L
for >12 hours to ensure that the current and the anode biofilm could be fully recovered before the

next experimental cycle.

3-2.2 Experiments

Initially, calibration of the biosensor was performed with different CHA concentrations (50, 100,
150, 200, and 250 as mg COD/L) and a fixed bicarbonate buffer concentration of 7 mmol/L for
comparing two different calibration methods: a) closed-circuit (CC) operation, and b) charging-
discharging (CD) operation. A type of buffer and its concentration were selected based on the
literature (EI-Din et al., 2011; Wang et al., 2016a). For both approaches, after feeding CHA, the
biosensor was operated for 3 hours to reach steady-currents. In the first approach, the biosensor
was operated under a CC mode, where the current is continuously being generated. When the
steady-current was reached within 3 hours under the CC operation, maximum currents were
recorded. Then, a calibration curve was established based on the maximum currents for different

concentrations of CHA.
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In the second approach, the operation of biosensor under a CD mode was implemented,
where an open-circuit (electron charging) and a closed-circuit (electron discharging) operation
were alternated using the potentiostat (see Fig. 3-1b). During an open-circuit operation, the
electroactive microbes oxidize organic matters and accumulate captured electrons in the anode
biofilms (Sim et al., 2018). When the system switched to a closed-circuit mode, the accumulated
electrons from the anode biofilms are rapidly discharged, and transient peak currents are
produced. According to Sim et al., (Sim et al., 2018), charging interval of 5-min (with 1-min
discharging interval) resulted in the best MXC performance (i.e., R>=0.99) compared to other
charging intervals (vs. 1, 15, 30, and 40-min) for a complex organic substrate (i.e., municipal
wastewater). We performed some preliminary experiments with different charging times (1, 5,
and 15 minutes) to determine the appropriate charging time for our biosensor system (See
Supporting Information). To avoid any interferences with other parameters, such as substrate
limitation condition and salinity, CHA concentration of 300 mg COD/L was used with no
addition of salinity. Briefly describing, 1-min charging time resulted in the lowest peak current
(7.74£0.44 mA vs. 21.4940.53 mA and 21.83+0.59 mA, which was ~3 times less than the
maximum currents produced from 5-min and 15-min charging time). The peak current produced
from 15-min charging time was similar to the peak current produced from 5-min charging time
(See Supplementary). Also, it was evident that 1-min would be adequate for discharging biofilm
for all conditions. Therefore, the selected charging (open-circuit) and discharging (close-circuit)
times were 5 minutes and 1 minute, respectively. The currents were recorded at every 0.5
seconds using the potentiostat. The CD operation was repeated 20 times to ensure the
reproducibility of results. Note that transient peak current is the maximum current produced

during a charging-discharging cycle (see Fig. 1b), and the average of these transient peak
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currents was used as the electrical signal in response to CHA concentration. Then, similar to the
first approach, a calibration curve was established between the average transient peak currents

and CHA concentrations for a comparison.

To study the effects of different salinity levels (0 - 3000 mg/L), the biosensor was
operated for 180 minutes under the CC mode to allow the start of oxidation followed by an 18-
minute CD operation. Salinity ranges were selected based on OSPW’s salinity values (335 -
2881 mg/L) reported in the literature (Pouliot et al., 2013). Since sodium and chloride ions have
been identified as the major source of salinity in OSPW (Zhang, 2016), NaCl was used to
represent salinity in this study. In terms of selecting different temperatures, Larrosa-Guerrero et
al., (2010) have reported the differences in current outputs of the MXCs working between 20 to
35°C were almost negligible. However, they have found MXCs operating below 15°C
significantly reduced the current outputs (28.77 mA/m? to 1.71 mA/m?). Therefore, the effects of
different temperatures (13.5+0.3°C and room temperature, 20+£1°C were selected) on the
sensitivity of biosensor were also investigated under both moderate (500 mg NaCl/L) and
extreme (3000 mg NaCl/L) salinity levels. For experiments at 13.5°C, the temperature was
maintained using ice packs. Considering that typical alkalinity of OSPW ranges from 600 to 800
mg/L (6 to 8 mmol/L) as CaCOs (El-Din et al., 2011; Wang et al., 2016a), the bicarbonate buffer
concentration was always fixed at 7 mmol/L. For studying the effect of different salinity levels

and temperature, we performed CD cycles in triplicate.

3-2.3 Analytical methods
Chemical oxygen demand (COD) concentrations were measured using HACH reagent kits

(HACH, Loveland, Co, USA). Conductivity and pH were measured using an electrical
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conductivity/temperature meter (Extech EC100, ITM Instruments INC., Edmonton, AB, Canada)
and a benchtop pH meter (Accumet AR15, Fisher Scientific, Pittsburgh, PA, USA), respectively.
The current outputs generated by the biosensor were recorded every 5 min during a CC operation
and 0.5 seconds during a CD operation using the potentiostat and the data were stored on a
desktop PC. Microbial community analysis for pre-enriched biofilms was performed using 16S
rRNA gene sequencing. The detailed protocol of DNA extraction and microbial community

characterization in the literature (2018) was used in this study.

3-2.4 Statistical analysis
P-values were calculated using Tukey Pairwise Comparisons at 95% Confidence in Minitab 19.
This statistical analysis was applied to the salinity and temperature tests under the charging-

discharging mode.

3-3. Results and discussion

3-3.1 Characterization of the microbial community
Fig. 3-2 shows the bacterial community distribution of pre-enriched biofilms at phylum and

genus levels.

101



(b)

OBacteroidetes
OFirmicutes
OProteobacteria
O Other

ORhizobium

O Acidovorax

O Simplicispira

O Comamonadaceae
ORhodocyclaceae; Uncultured
ORhodocyclaceae; Other
O Betaproteobacteria

O Geobacter

O Acinetobacter
OPseudomonas

@ Other

Figure 3-2. The relative abundance of bacterial communities at (a) phylum, and (b) genus level.
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At the phylum level, bacterial species in pre-enriched biofilms were primarily dominated by
Proteobacteria (96%), while Firmicutes (1%) and Bacteroidetes (1%) were detected in relatively
minor abundances (Fig. 3-2a). At the genus level, Pseudomonas was the most dominant (75%),
followed by Acidovorax (4%), Comamonadaceae (3%), and Simplicispira (3%), all of them
belong to phylum Proteobacteria (Fig. 3-2b). Members of Geobacter, Rhizobium, Acinetobacter
genera comprised a relatively small portion of the microbial community. Pseudomonas and
Acidovorax species have been reported to be indigenous microbes residing in oil sands tailings
ponds (Yu et al., 2018). Notably, certain Pseudomonas species have been reported to be capable
of degrading both model and commercial NA compounds from solution (Yu et al., 2018).
Interestingly, Pseudomonas species are also frequently detected in anode biofilms in MXCs, and
well known as electroactive bacteria for their EET capability (Boon et al., 2008; Yang et al.,
2018). They can oxidize various organic compounds, which can be coupled with the reduction of
insoluble electron acceptors. Pseudomonas can also produce conductive nanowires to facilitate
EET (Maruthupandy et al., 2015). However, the abundance of Geobacter sp., the most well-
known electroactive bacteria, was very low. Previous studies suggested that Acidovorax,
Comamonadaceae, Simplicispira, and Acinetobacter might be capable of generating an electrical
current in MXCs (Mei et al., 2017; Sciarria et al., 2019; Timmers et al., 2012), while there was
no substantial evidence on their EET capability. Thus, our results suggest a possible syntrophic
partnership between CHA-degrading (Pseudomonas) and electroactive microbes (e.g.;
Acidovorax). Considering the dominance of Pseudomonas species in biofilms as well as their
capability of degrading NA compounds and facilitating EET, they might have played a dual role

in biosensing CHA.
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3-3.2 Calibration of biosensor

3-3.2.1 Continuous closed-circuit operation

Initially, the calibration of the sensor was performed based on the current generation under
continuous CC operation. The detailed results provided in the Supplementary Information. The
current generated immediately without any lag phase after the addition of the fresh CHA medium
and reached a steady-state within 3 hours. The current generation at different CHA
concentrations exhibited random and scattered trends, where inconsistencies were found when
locating for the steady currents. For instance, steady currents produced from 50 and 100 mg
COD/L of CHA were found between 1-2 hours, whereas 150, 200, and 250 mg COD/L showed
the steady currents after 2.5 hours. The steady currents produced from 50, 100, 150, 200, and 250
mg COD/L of CHA were 0.15340.007, 0.154+0.004, 0.169+0.004, 0.197+0.003, and
0.177+0.002 mA, respectively. A corresponding calibration curve was constructed based on the
steady currents from the CC operation (see Supplementary Information). In general, the steady
currents produced from the CC operation did not demonstrate a clear linear relationship with the
CHA concentrations (coefficient of determination, R>=0.64). Thus, a satisfactory calibration
curve could not be obtained from the continuous CC operation. Thus, our first calibration method
had suggested that the CC operation of MXC may not be the best suitable to measure different
CHA concentrations in aqueous solution. For instance, the measurement of analyte
concentrations in MXC biosensor would depend on the difference in steady currents; hence,
larger output currents are required for better sensitivity and higher precision of analysis. During
CC operation, steady currents from this biosensor varied within a small range (0.153-0.197 mA)
for different CHA concentrations. A previous study also reported low current (<0.3 mA)

generation during biodegradation of a cyclic NA model compound (trans- 4-methyl-1-
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cyclohexane carboxylic acid) (Labrada & Nemati, 2017). Furthermore, oxidation of complex
organic compounds in wastewater would require syntrophic interactions between fermentative
and electroactive microbes, which could also lead to lower electrical response as well as
fluctuations in electrical response from MXCs at different substrate concentrations (Gao et al.,
2017; Sim et al., 2018). Alternatively, due to the capacitive nature of bioanode, MXCs could
produce substantially higher output currents under consecutive open and closed-circuit
alternation operation (i.e., CD mode) (Wang et al., 2016b). Hence, we further investigated
whether such an approach could be used to enhance the sensitivity of MXC biosensor for CHA

concentrations detection.

3-3.2.2 Charging-discharging operation
Fig. 3-3a-e shows the generation of current at different CHA concentrations under repetitive CD

cycles.
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Figure 3-3. a-e) Current profile (mA) versus time (hr) under charging-discharging cycles of CHA oxidation after a 3-hour standing
period; f) Calibration curve of average transient peak currents from charging-discharging cycles (mA) versus CHA concentration
(mg COD/L).
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The transient peak currents were produced during discharging cycles; yielded a similar trend for
each CHA concentration. The average transient peak currents produced from 50, 100, 150, 200,
and 250 mg COD/L of CHA were 13.1£0.80, 15.5+0.82, 17.9+0.66, 20.9+0.99, and 21.2+0.97
mA, respectively. Thus, following the increase of CHA concentration, the average peak currents
increased and saturated at a high CHA concentration >200 mg COD/L. The difference in the
transient peak currents for 200 and 250 mg COD/L was almost negligible (p-value=0.976),
indicating substrate saturation of microbial metabolism. The transient peak currents produced
from the CD operation resulted in a linear relationship between CHA concentrations and the
peak currents (R?=0.96) (Fig. 3-3f). Transient peak currents were approximately two order
magnitudes higher than that observed during CC operation. Thus, the CD operation ultimately
led to the high precision calibration of the biosensor. In a previous study, Sim et al. (2018)
suggested that cumulative coulombs (i.e., accumulated charge during open circuit) from CD
operation of an MXC biosensor could be correlated with 5-d biochemical oxygen demand
(BOD:s) concentrations in complex wastewater like domestic sewage. While our results
suggested that transient peak currents generated from CD operation could be directly used for

measuring CHA concentrations in aqueous solution.

For a practical field-scale application, a biosensor should be able to provide a quick
measurement of NA concentrations. For this purpose, we compared calibration curves based on
the average peak currents from different CD times of 18, 60, 90, and 120 minutes (see
Supplementary Information). Interestingly, the calibration plots obtained from different CD
times were comparable (see Supplementary Information). Also, larger CD times (i.e., 60-120
minutes) showed significant fluctuations as the transient peak currents were increasing and
decreasing. Such fluctuations could be attributed to differences between kinetic features of
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fermentative and electroactive microbes, which warrant further investigation. Nonetheless, an

18-minute CD operation time, which was quick and stable, was adopted for further experiments.

3-3.3 Impact of environmental parameters on the sensitivity of the biosensor

3-3.3.1 Effects of salinity

Fig. 3-4a shows calibration plots obtained at different salinity levels.
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Figure 3-4. Calibration curves constructed using 18-min charging-discharging operation a) CHA concentration vs. current at
different salinity levels with fixed bicarbonate concentration of 7 mM (at 20°C); b) CHA concentration vs. current constructed by

lowering temperature to 13.5°C at two different salinity conditions.
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The detailed results from CD operation under different salinity levels can be found in the
Supplementary Information. As shown in Figure 4-4a, an increase in salinity levels led to
increased transient peak currents. For instance, at 40 mg COD/L of CHA, the increase in salinity
level from 0 to 3000 mg NaCl/L considerably increased the transient peak currents from
21.62+0.26 to 31.89+0.59 mA (p-value=0.017, see Supplementary Information). This might
result from the increased solution conductivity (see Supplementary Information) at high salinity
levels, which can facilitate anodic electron transport due to enhanced counter ions transport at
lowered internal resistance (Tremouli et al., 2017). In contrast, switching to extreme salinity
level (3000 mg NaCl/L) at high CHA concentrations (150 and 200 mg COD/L) led to very little
changes in transient peak currents as the substrate saturation of microbial metabolism had been
reached. Nonetheless, calibration curves at different salinity levels showed linear relationships
between the CHA concentrations and transient peak currents (R?>=0.87-0.98), suggesting that
MXC biosensor can be applied under wide salinity levels (335 - 2881 mg/L) reported for OSPW
(Pouliot et al., 2013). As recently summarized by Grattieri and Minteer (Grattieri & Minteer,
2018), previous studies have demonstrated enhanced current output from MXCs by increasing
salinity content to a certain level (Huang et al., 2010; Liu et al., 2005). However, a high salinity
level (e.g., ~80 g/L NaCl), could inhibit anodic microbial communities and decrease
performance of MXCs (Huang et al., 2010; Miller & Oremland, 2008)). In this study, the
biosensor was not adversely impacted by introducing the highest salinity content reported for
OSPW. However, the differences in slopes in linear regression equations indicated that the

biosensor would be very sensitive to changes in salinity levels. Especially, for low CHA
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concentration measurement, salinity effects need to be carefully considered for biosensor

calibration.

3-3.3.2 Effects of lowering the temperature

The bioanode kinetics are known to be highly sensitive to temperature changes (Rousseau et al.,
2020); therefore, the sensitivity of biosensor was examined by decreasing the temperature from
20°C to 13.5°C at low and extreme salinity conditions. Figure 4-4b shows calibration curves
developed at 13.5°C under different salinity levels (500 and 3000 mg/L). The decrease in
temperature led to a noticeable reduction in the transient peak currents. At moderate salinity
level (500 mg/L), the average transient peak current significantly dropped from 24.31+0.25 mA
(20°C) to 9.32+0.04 mA (13.5°C) at a low CHA concentration of 40 mg COD/L (p-
value=0.016). Also, differences in the transient peak currents decreased with the decreasing
CHA concentrations (p-value=0.019). For example, the differences in the transient peak currents
between 20°C and 13.5°C was 18.52 mA (31.87-13.35 mA) for 200 mg COD/L, while the
difference was 14.99 mA (24.31-9.32 mA) for 40 mg COD/L. Several studies reported
detrimental effects of high salinity levels on MEC performance and further suggested that
maintaining an optimum salinity would be critical for bioanode kinetics (Camacho et al., 2017;
Tremouli et al., 2017). As discussed earlier, at 20°C, the increase in salinity levels led to an
increase in transient peak currents from the biosensor, particularly at low CHA concentrations.
However, at 13.5°C, the increase in salinity levels had a detrimental effect on the produced
transient peak currents. At extreme salinity conditions, a slight decrease in transient peak
currents was found for CHA concentrations of 80, 150, and 200 mg COD/L and interestingly, a

significant decrease in transient peak currents was found for CHA concentration of 40 mg
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COD/L. For instance, for CHA concentrations of 80 - 200 mg COD/L, the transient peak currents
only droped from 13.35 to 11.34 mA at the most, however, the transient peak currents dropped
from 9.32 to 1.34 mA for CHA concentration of 40 mg COD/L (see Supplementary
Information). In general, the increase in salinity can decrease internal resistance in MECs
(Jannelli et al., 2017; Lefebvre et al., 2012), while the decrease in temperature can increase
internal resistance (Larrosa-Guerrero et al., 2010; Li et al., 2013). Specifically, in Figure 4-4b,
lowering the temperature played a significant role at an extreme salinity condition at a low
substrate concentration (i.e., 40 mg COD/L). This result is maybe due to exposing the
electroactive bacteria to an over-excessive salinity level, and low substrate concentration and low
temperature, in which, an unfavorable metabolic condition for these bacteria was established.
However, further in-depth research will be needed to understand the complex interactions among
salinity, temperature, and NA concentrations. Overall, our results suggested that the anode
biofilms enriched at 20°C would be susceptible to a complex interaction between salinity and

temperature.

3-3.4 Significance of results

Our results demonstrated that the MXC biosensor could be further developed for the rapid
detection of naphthenic acid compounds. The existing methods available for analysis of mining-
related NAs are time-intensive and expensive. The development of MXC-biosensor can provide
a cost-effective solution for real-time monitoring of NAs, which will partially alleviate the need
for off-site analysis of a large number of samples by oil sands producer companies. Additionally,
MXC biosensors can be used for the early detection of OSPW seepage into surface and

groundwater. All these aspects are also significant from an economic standpoint, as early
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detection of NAs release to the environment can significantly reduce the cost of restoring
environmental quality. Although our preliminary experiment used synthetic water samples
containing only CHA as a carbon source, there are other organic compounds, including
hydrocarbons, BTEX (benzene, toluene, ethylbenzene, and xylene), and phenols, present in
OSPW (Zhang, 2016). Therefore, the next phase of this study will focus on understanding the
interactions among various naphthenic acid compounds, other organic compounds/toxicants,

various environmental parameters, and their impact on the sensitivity of the MXC biosensor.

3-4. Conclusions

Herein, an MXC biosensor is proposed for the quantification of NAs concentration in OSPW. A
typical concentration-dependent electrical response (R*=0.64) to a model NA compound (i.e.,
CHA) was observed under the CC operation of the biosensor for <3 hours, suggesting an
excellent potential for rapid measurement of NAs concentrations. The CD operation of biosensor
provided enhanced sensitivity and high precision calibration (R?=0.96) for CHA concentration
measurement. Furthermore, the results highlighted that changes in salinity levels and water
temperature could potentially interfere with the biosensor response. In short, the results obtained
from this study demonstrated an initial proof-of-concept of MXC biosensor’s applicability for
the rapid quantification of NAs in OSPW. For further development, the detection of NAs in real
OSPW, long-term stability, and interference of various environmental parameters and conditions

will be explored in future research.
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Chapter 4 — Impact of salt and polycyclic aromatic hydrocarbons on the response of a

microbial electrochemical biosensor applied for a mixture of naphthenic acids

The applicability of MXC biosensor on a model naphthenic acid was proven in Chapter
3. However, there are many different species of naphthenic acids along with other organic
compounds, such as polycyclic aromatic hydrocarbons present in real OSPW. Hence, this study
evaluates the applicability of MXC biosensors on the mixtures of naphthenic acids (known as the
commercial naphthenic acid). Long-term exposures to salinity on the anode biofilm and the
overall performance of MXC biosensor was also investigated. Furthermore, we examine the

effect of polycyclic aromatic hydrocarbons on the biosensor’s response.

This paper is being prepared for submission to a peer-reviewed journal.
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4-1. Introduction

Alberta (Canada) holds one of the largest oil sands deposits across the globe (Allen, 2008). Due to
such available and recoverable oil in Northern Alberta, the oil sands industries are currently
conducting surface mining operations and producing a large volume of oil sands process-affected
water (OSPW) via their hot water bitumen extraction process (Barrow et al., 2015). This OSPW
contains various organic and inorganic compounds, such as suspended solids, various complex
organic compounds, unrecovered bitumen and hydrocarbons, salts, and trace metals (EI-Din et al.,
2011; Mahaffey & Dubé, 2016). Because of the “zero-discharge” policy regulated by the Province
of Alberta, OSPW is stored in engineered on-site settling basins called “oil sands tailing ponds”
(Allen, 2008). To date, approximately 1 billion m* of OSPW are stored in the oil sands tailing
ponds in Northern Alberta (Martin, 2015). Hence, the management of this large volume of OSPW
is important and became one of the major environmental challenges faced by oil sands-related
industries (Allen, 2008). Especially, the presence of various water-soluble organics in OSPW

adversely affects the aquatic ecosystem and wildlife (McQueen et al., 2017).

Previous studies also have confirmed that the OSPW toxicity is associated with the presence
of various naphthenic acids (NAs) that are natural components of petroleum (El-Din et al., 2011;
Mabhaffey & Dubé, 2016). More importantly, the potential NA intrusion from the oil sands tailings
ponds into the surrounding water bodies (e.g., surface water and groundwater) became a major
concern due to potential ecological risks (Fennell & Arciszewski, 2019). Many studies revealed
the androgenic and estrogenic activities of the NAs and suggested that exposures to NAs can result

in severe human health impacts, such as disrupting the human reproductive system (Leclair et al.,
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2015; Reinardy et al., 2013). Therefore, NA concentrations have been routinely monitored in
various water matrices, such as in OSPW and both surface and ground waters (Fennell &
Arciszewski, 2019; Ripmeester & Duford, 2019; Ross et al., 2012). However, there are several
drawbacks when using commonly-used analytical techniques (e.g., Fourier transform infrared
spectroscopy, gas chromatography-mass spectrometry, high-performance liquid chromatography)
(Headley et al., 2016) for field measurements of NAs. These commonly-used analytical methods
are known to be time-consuming, expensive, and samples need to be sent to an analytical
laboratory (Ripmeester & Duford, 2019). Also, no single absolute analytical method exists for the
detection and quantification of mining-related NAs (Headley et al., 2016). Hence, the
implementation of a low-cost, fast, and on-site analytical method for rapid detection and

quantification of NAs will greatly address such analytical challenges.

To date, microbial electrochemical cell (MXC)-based biosensors have demonstrated great
potential to be the next-generation real-time environmental monitoring tool (Davila et al., 2011;
Kaur et al., 2013; Yu et al., 2017). Thus, MXC biosensors can be a suitable option for the
determination of NA concentrations in OSPW. The MXC biosensors rely on using anode or
cathode biofilms of electroactive bacteria, which serve as the biorecognition element (Sun et al.,
2015). The electrons produced from microbial oxidation of organic analytes are transferred to the
intermediate redox carriers and then, they further move to the anode electrode by the extracellular
electron transfer process (Lovley & Nevin, 2011). The electrons are finally carried to the terminal
electron acceptor (e.g., cathode) through an external circuit driven by the potential gradient
between the two electrodes. Thus, MXC biosensors can continuously produce electrical signals in

response to the presence of targeted organic analytes, where the levels of produced electrical
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signals depend on the concentrations of organic electron donors (Kaur et al., 2013). Further details
on the basic mechanism and fundamentals of MXC biosensors’ operation can be found elsewhere
(Adekunle, 2018; Do et al., 2020; Jiang et al., 2018; Sun et al., 2015; Zhou et al., 2017). Also,
MXC biosensors’ size can be miniaturized as small as pL-scales (Davila et al., 2011; Xiao et al.,
2020), which is greatly beneficial for fabrication costs. Due to such advantages, MXC biosensors
have been extensively studied for monitoring microbial activities, organics, and other

contaminants in various water matrices (Do et al., 2020; Jiang et al., 2018; Sun et al., 2015).

Regarding the degradation of NAs under anaerobic conditions, a few studies have investigated
the NAs degradation in MXCs (Choi & Liu, 2014; Jiang et al., 2013; Labrada & Nemati, 2017).
However, the complete biodegradation of NAs and high current generation from MXCs was not
achievable. Instead, rather than targetting OSPW treatment, MXCs can be more suitable as a
biosensing tool for quantifying NA concentrations. Our previous study has revealed the
applicability of MXC biosensors on a single model NA compound (cyclohexane carboxylic acid)
(Chung et al., 2020). However, because OSPW does not only contain a single NA compound and
it also contains other organic matters, such as polycyclic aromatic hydrocarbons (PAHs) (Folwell
et al., 2016a; Siddique et al., 2006). Therefore, further investigation on the effect of NA mixture
and PAHs on the performance of MXC biosensor are required to bring this idea to step forward

towards field applications.

Therefore, this study evaluates the applicability of the MXC biosensor for the quantification
of NA mixture in water samples. Also, the present study reveals how PAHs interfere with the
signal output. We first confirmed whether the MXC biosensor could produce stable signal output

when the commercial NAs (a mixture of NAs; referred to as ‘CNA’ in this chapter) are dosed, in
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terms of precision, time-efficiency, sensitivity, and reproducibility, similar to our previous study
(Chung et al., 2020). Secondly, we introduced different salt content and observed the effect on the
MXC biosensor applied for the NA mixture. Finally, we explored the effects of different PAH
concentrations and how they interfere with the MXC biosensor’s current output. To the best of the
authors’ knowledge, this work is the first to prove that MXC biosensor could be applied for the

detection of commercial NA mixture under a complex water matrix (e.g., presence of PAHs).

4-2. Materials and Methods

4-2.1 Microbial electrochemical biosensor

A dual-chamber plexiglass-fabricated MXC biosensor was used in this study. The biosensor
consisted of an anode and a cathode (filled with tap water) separated by an anion exchange
membrane (AMI-7001, Membranes International Inc., USA). The anode chamber was filled with
a medium containing NA mixture (or CNA) and PAHs depending on the targeted results and
experiments. High-density carbon fibers (2293-A, 24A Carbon Fiber, Fibre Glast Development
Corp., Ohio, USA) integrated with a stainless-steel frame with a surface area of 122.57 cm? and a
stainless-steel mesh (T304, McMaster-Carr, USA) were used as the anode and the cathode,
respectively. Because this MXC biosensor is still in a developing stage, fairly larger working
volumes of an anode (80 mL) and a cathode (40 mL) were selected to eliminate the issues of
microbubble interference, which are experienced by small scales MXCs (e.g., uL) (Fraiwan et al.,
2013; Yang et al., 2016). An Ag/AgCl reference electrode (MF-2052, Bioanalytical System Inc.,
USA) was used in this study and it was placed < 1 cm away from the anode electrode. Throughout
the entire experiment, anode potential was poised at -0.2 V vs. standard hydrogen electrode (SHE)

using a potentiostat system (Squidstat Prime, Admiral Instruments, Arizona, USA). The anolyte
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was continuously mixed at a rate of 250 rpm using a magnetic mixer. Finally, we ensured that the
anode chamber was operated under an anaerobic environment by purging nitrogen gas, and the
extended gas outlet tubes from both chambers were placed in a jar filled with tap water to avoid

further intrusions of oxygen molecules.

The MXC biosensor was initially inoculated with pre-enriched biofilms collected from a
mother MXC reactor that was originally inoculated with matured fine tailings (MFT) from oil
sands tailings pond located in Northern Alberta and fed with a mixture of acetate and various
model naphthenic acids (e.g., cyclohexane carboxylic acid, cyclohexane butyric acid, cyclopentane
carboxylic acid, etc.). After completion of our previous study (Chung et al., 2020), the MXC
biosensor was fed with CNA (petroleum product, a mixture of alkylated cyclopentane carboxylic
acids, C1oH1302, Lot #: BCBS3204V, Aldrich Chemistry) containing medium for ~6 months until
it reaches a steady-state (e.g., produce a stable current). The detailed composition of the trace
minerals used in the medium can be found in the literature (Dhar et al., 2013). The average pH
value of 8.1+0.2 was maintained throughout the experiments, which falls into the typical OSPW
pH range (e.g., 7.8 — 8.5) (Zhang, 2016). After reaching steady-state current in repetitive fed-batch
cycles, experiments were performed for biosensor calibration and studying the effects of salinity
levels and PAHs on biosensor’s sensitivity. All the experimental runs were performed in a batch
mode. The cleaning of the anode chamber and recovery of anode biofilm were done through a
methodology similar to the literature (e.g., only the carbon source was replaced with CNA) (Chung

et al., 2020). All other details can be found in our previous study (Chung et al., 2020).

123



4-2.2 Experiments

Initially, the calibration of the biosensor was performed with different CNA concentrations (10 —
80 mg COD/L) with a fixed bicarbonate buffer concentration of 7 mmol/L. A type of buffer and
its concentration were selected based on the literature (El-Din et al., 2011; Wang et al., 2016). The
optimal calibration method, the charging-discharging (CD) cycles were chosen based on the results
from our previous study (Chung et al., 2020). Briefly describing the CD cycle, it operates based
on the alternation between an open-circuit (electron charging) and a closed-circuit (electron
discharging). First, the MXC biosensor is operated using an open-circuit operation, where the
electroactive bacteria (EAB) oxidize organic matter and accumulate captured electrons in the
anode biofilms (Sim et al., 2018). Then, the system is switched to a closed-circuit mode, where
the accumulated electrons from the anode biofilms are rapidly discharged and create a transient
peak current (per CD cycle). Justification of selecting a charging time of 5-min and a discharging
time of 1-min is discussed in the literature (Chung et al., 2020) and the standing period of >1.5 h
was chosen based on our result (see Supplementary Information). Then, a calibration curve was
established between the average transient peak currents and CNA concentrations. The closed-
circuit operation was implemented to rapidly observe the effect of different salt content.
Throughout the entire experiment, we performed CD cycles in triplicate. The same approach was
used during the experiments observing the effects of different salinity levels and PAHs. A small
amount of acetate medium (25 mM) (10 — 20 mL) was used for the recovery process whenever the
MXC biosensor was greatly inhibited (e.g., producing significantly low stable current output, <0.5

mA) (see Supplementary Information).
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To study the effects of different salinity levels (0 — 1500 mg/L), the biosensor (with NA
mixture) was first operated for >3 h under the closed-circuit operation to observe the differences
in maximum current output. After a long-term (>10 batch cycles) exposure to 1500 mg/L of salt
content, the MXC biosensor was greatly inhibited (e.g., significantly low stable current output (<
0.5 mA) with a long start of oxidation period (>1.25 h)) (Fig. 1a). Hence, we did not investigate
salinity higher than 1500 mg/L to avoid permanent damage to the anode biofilm. Since sodium
and chloride ions have been identified as the major source of salinity in OSPW (Zhang, 2016),
NaCl was used to represent salinity in this study. After all, a calibration curve (with the

introduction of salinity) has been constructed using the method described above for a comparison.

To observe the effects of PAHs, 2-methylnaphalene (2-MN) and pyrene were chosen as
the model compounds to represent the total PAH content in OSPW (Folwell et al., 2016a; Folwell
et al., 2016b). BTEX (benzene, toluene, ethylbenzene, and xylene), short- and long-chained
alkanes were excluded for our experiment because BTEX can be easily volatilized, and short and
long-chained alkanes can be degraded under methanogenic conditions in OSPW (Folwell et al.,
2016a; Siddique et al., 2006). Based on our analysis and aforementioned literature, a concentration
of 120 mg COD/L for 2-MN and pyrene, and a range of 30 — 240 mg COD/L of CNA was selected
to partially mimic the real OSPW scenario. Due to such low solubility of pyrene in water, only 30
mg COD/L was identified as a soluble form. Hence, 30 mg COD/L of pyrene was used for this

test. After all, calibration curves (control and PAH conditions) were constructed for comparison.

The details of experimental methodology are illustrated in Fig. 4-1.
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Figure 4-1. Descriptions of the methodology of the experiments using commercial NA (a mixture of NAs) as a carbon source: a)
MXC biosensor operated with presence of salt content under closed-circuit mode; b) MXC biosensor operated with presence of salt
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content under charging-discharging mode; c) MXC biosensor operated with presence of PAHs under charging-discharging mode; d) a
flowchart describing the pathways of current production (e.g., closed-circuit operation in Fig. 4-1a and charging discharging operation

in Fig. 4-1b,c).
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4-2.3 Analytical methods

Chemical oxygen demand (COD) concentrations were measured using HACH reagent kits (HACH,
Loveland, Co, USA). Conductivity and pH were measured using an electrical
conductivity/temperature meter (Extech EC100, ITM Instruments INC., Edmonton, AB, Canada)
and a benchtop pH meter (Accumet AR15, Fisher Scientific, Pittsburgh, PA, USA), respectively.
The current outputs generated by the biosensor were recorded every 0.5 seconds during a CD

operation using the potentiostat and the data were stored on a desktop PC.

4-3. Results and discussion

4-3.1 Current productions from commercial NAs in presence of various salinity levels

Current generation from the MXC biosensor using CNA as a carbon source under closed-circuit
(CC, methodology described in Fig. 4-1a) mode and the constructed calibration curve from CD
operations (methodology described in Fig. 4-1b) are shown in Fig. 4-2 (individual CD operation
is provided in Supplementary Information). The MXC biosensor was operated for >3 h to observe
the impact of different salinity levels (0 — 1500 mg/L) using the closed-circuit operation to rapidly
observe the effects (Fig. 4-2a). As described in Fig. 1a, the maximum current output significantly
decreased from 256.0+£1.8 pA (control) to 112.7£3.8 (300 mg/L), 90.5+£1.6 (500 mg/L), 82.8+0.5
(1000 mg/L), and 45.6+0.6 (1500 mg/L) pnA when different salt contents were introduced. This
was contradicting our previous findings using a single model NA compound (cyclohexane
carboxylic acid) as a carbon source described in Chung et al. (2020). The hypothesis behind this
is discussed later. After introducing a salt content of 1500 mg/L, the MXC biosensor was greatly
inhibited demonstrated by a significantly low maximum current generation (e.g., 45.6+0.6 nA) as

well as a relatively longer start of oxidation period (>1.25 h). Thus, to eliminate permanent damage
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to the anode biofilm, increasing salinity level beyond >1500 mg/L was avoided unlike our previous

study with a single model NA compound (Chung et al., 2020).

To amplify the impact of salinity on the response of MXC biosensor applied for NA
mixture, the biosensor was enriched with the lowest possible salt content (e.g., 1500 mg/L) chosen
from our results from closed-circuit operation (Fig. 4-2a). After a complete enrichment (e.g., when
both maximum current and stable current are identical >3 batch cycles) with 1500 mg/L salinity
level, CD operations have been implemented after >1.5 h of the standing period (described in

Supplementary Information).

130



<]
e’
c-

15 ~
300 -
3. 200 - é 10 - ’
= = y=01265x-0.1974
2 = R2=0.9902 . _ _
=t 100 A L ¢ Before Enrichment with Salt
@) E 5 4 Content
@) After Enrichment with 1500
0 ' L ' e y=0.0669x +0.1864  mg/L Salt
0 1 2 3 o R® = 0.8585
T. (h) 0 > T 1
Hme 0 40 80
—O0mg/L —300 mg/L —500 mg/L Commercial NA Concentration
1000 mg/L— 1500 mg/L (mg COD/L)
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As shown in Fig. 4-2b, two calibration curves were constructed from two different conditions: (i)
before enrichment with salt content (e.g., control, no introduction of salt content during the
enrichment); and (i1) after enrichment with salt content (e.g., long-term exposures to salt where the
salt content was only dosed during the enrichment process, not during the construction of a
calibration curve). The average transient peak currents for the control were 1.22+0.04, 2.34+0.03,
4.18+0.06, and 10.24+0.36 mA for CNA concentrations of 10, 20, 40, and 80 mg COD/L,
respectively. On the other hand, the average transient peak currents dropped to 0+0, 1.92+0.11,
4.14+0.06, and 4.91+0.08 mA for 10, 20, 40, and 80 mg COD/L (CNA concentrations),
respectively, when the MXC biosensor was enriched with a salt content of 1500 mg/L. The
calibration curve from the control test results (Fig. 4-2b) indicated that the MXC biosensor can be
applied for the detection of NA mixture as low as 10 mg COD/L and potentially, lower NA
concentrations after further adjustment. Additionally, a very strong linear relationship was found
between the concentration of CNA and the current output from CD operations (e.g., R? = 0.99).
However, when the MXC biosensor was exposed to salt content for a long time (>10 batch cycles),
the performance of the MXC biosensor was greatly hindered. Compared with the control (e.g., no
salt dosage), the sensitivity decreased shown by the reduction in the detection range (e.g., 10 — 80
mg COD/L to 20 — 40 mg COD/L), meaning the biosensor was unable to provide readings lower
than 20 mg COD/L and higher than 40 mg COD/L. This was confirmed by the no current output
when 10 mg COD/L of CNA was dosed and the saturation (e.g., no change in current output) after

dosing >40 mg COD/L of CNA.

As described in a review article (Grattieri & Minteer, 2018), many studies have shown

higher current generation from MXCs by aggravating the salinity level to a certain concentration
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(Huang et al., 2010; Liu et al., 2005) including our previous study (Chung et al., 2020). This is
potentially due to the increase in solution conductivity at higher salinity levels, which can facilitate
anodic electron transport due to enhanced counter ions transport at lowered internal resistance
described in literature (Chung et al., 2020; Tremouli et al., 2017). On the other hand, a fairly high
salt content (e.g., ~80 g/L NaCl, meaning high osmotic concentrations) could inhibit anodic
microbial communities and decrease the performance of MXCs (Huang et al., 2010; Miller &
Oremland, 2008). The inhibition of an anode biofilm can potentially be due to the dehydration,
where the water exits the cellular membrane resulting in cell death (Grattieri & Minteer, 2018;
Mille et al., 2002). In addition, the when bioreactor system, such as MXCs has a long-term
exposure to a salt content, halophilic microbes (e.g., halotolerant bacteria) can grow (Grattieri &
Minteer, 2018) and potentially compete with the EABs for COD in our MXC biosensor. For
instance, Arulazhagan and Vasudevan (2011) reported that halotolerant bacteria are capable of
reducing 66% of total COD and degrading >88% of PAHs (e.g., naphthalene, etc.) in their study.
Thus, the non-electroactive halotolerant bacteria can potentially grow in our MXC biosensor,
which may have contributed to the degradation of CNAs (e.g., similar structures to PAHs),
decreasing the available organics (e.g., CNAs) for EABs to transfer electrons (Fig. 4-1b). Hence,
these could be the reason why our biosensor was adversely impacted by introducing the salinity
content (300 — 1500 mg/L, within the salinity range reported for OSPW). However, further
microbial analysis would be needed to confirm this. Nonetheless, the result indicated that the
biosensor could potentially be inhibited when detecting the NA mixture in a mild-saline water

matrix.
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4-3.2 Recovery of the biosensor from long term exposures to salt

After the CNA experiments with long-term exposure (>10 batch cycles) to a high salinity level
(1500 mg/L), we performed a recovery of the biosensor using acetate (e.g., multiple batch cycles
until steady-state is reached) (see Supplementary Information). Fig. 4-3a illustrates the duplicate
results of CC operation with CNA (300 mg COD/L) after the recovery of the biosensor (long-term

exposure to salts) with acetate medium.
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As illustrated in Fig. 4-3a, 100% recovery of the MXC biosensor was not possible. The maximum
current and the stable current before the long-term exposures to 1500 mg/L salt were 260.4+5.0
and 201.9+1.7 pA, respectively. However, after the recovery of the biosensor after long-term
exposures to the salt content, both maximum current and stable current did not recover to the
original state (140.0+1.0 and 120.7£1.0 pA, respectively). Additionally, the recovered MXC
biosensor was further inhibited (red curve in Fig. 4-3a) when it was exposed to low COD
concentrations (e.g., dosing <60 mg COD/L during the construction of a calibration curve in Fig.
4-3b). Furthermore, when the calibration curve was established after the recovery process, the
sensitivity (e.g., current output) of the biosensor significantly dropped indicated by the decrease
in the linear slope (the indication of current output) from 0.1265x to 0.0251x (Fig. 4-3b). The
average transient peak currents were 1.02+0.02, 1.62+0.17, 3.14+0.14, and 6.13+0.15 mA for 30,
60, 120, and 240 mg COD/L after the recovery with acetate medium. Similar to the discussion in
section 3.1, this finding indicated that the long-term exposures to a salt content could lead to
irreversible inhibition of anode biofilm, and ultimately hindering the overall performance of the
biosensor applied to the NA mixture. Therefore, the elimination of the salt content from the water
matrix containing the NA mixture can potentially increase the sensitivity of the MXC biosensor.
Also, looking into the analysis of microbial communities will be required to fully understand the

reasons behind why the biosensor is hindered by long-term exposures to salt content.

4-3.2 Polycyclic aromatic hydrocarbons and their effects on current output
Fig. 4-4 illustrates the impact of different model PAH compounds on the MXC’s current output
(methodology is described in Fig. 4-1¢). To only observe the effect of PAHs on the response of

the biosensor applied for the detection of CNA, salt contents were not introduced in this experiment.
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Figure 4-4. A graph illustrating the interference of model PAH compounds on the response of

MXC biosensor operated with CNA as a carbon source.

Overall, both 2-MN and pyrene negatively impacted MXC biosensor’s performance. Starting with
2-MN (120 mg COD/L), the average transient peak currents were 0.04+0, 0.25+0.05, 2.32+0.18,
and 3.4040.16 mA for 30, 60, 120, and 240 mg COD/L of CNA concentrations, respectively, which
were significantly less than the transient peak currents produced from control environment.
Especially, the biosensor was not able to produce high currents when <60 mg COD/L CNA was
dosed. However, the biosensor was capable of producing reasonable current outputs at higher
concentrations of CNA (>120 mg COD/L). Thus, the effect of adding 2-MN was more severe at
lower concentrations. On the other hand, pyrene (soluble COD of 30 mg/L) had a less detrimental
effect compared with the results from 2-MN. This is potentially due to the low solubility of pyrene
in water, giving significantly lower COD concentrations. However, similar to 2-MN, the
introduction of pyrene led to a decrease in the average transient peak currents (e.g., 0.03%0.0,

0.89+0.19, 2.70+0.24, and 5.40+0.38 for CNA concentrations of 30, 60, 120, and 240 mg COD/L).
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Hence, both PAH model compounds can greatly interfere with the signal output of the NA-
detecting MXC biosensor. To improve the performance of this MXC biosensor, higher charging

times can potentially be utilized in the future to achieve higher sensitivity.

4-4. Conclusions

An MXC biosensor was proposed in this study to investigate the impact of salinity and PAHs in
water samples containing a commercial naphthenic acid (CNA). Overall, the MXC biosensor
operated using CNA as a carbon source under CD mode still showed a very strong linear
relationship (R = 0.99 — 0.998 for control, R* = 0.86 — 0.99) even with the interferences caused
by salinity and PAHs. In contrast to our previous study (with a single model compound),
introducing salinity along with a mixture of NAs led to a decrease in current output, which implies
that the anodic biofilm was inhibited. In addition, long-term exposures (e.g., >10 batch cycles) to
salt content can partially inhibit the anode biofilm, in which, the background currents (e.g., original
current) cannot fully-recover to the original state even with the recovery. Hence, more in-depth
and comprehensive analysis, such as microbial community analysis, is required to fully understand
the effect of salinity on NA-detecting MXC biosensors operated with a mixture of complex NAs.
The model PAH compounds (2-MN and pyrene) had a detrimental effect on MXC biosensor’s
response. Especially, fairly high PAH concentration (120 mg COD/L) can significantly reduce the
biosensor’s sensitivity and current output (e.g., from 1.02 to 0.04 mA for CNA concentration of
30 mg COD/L and from 6.13 to 3.40 for CNA concentration of 240 mg COD/L). Therefore,
modification in the calibration method (e.g., increasing the charging time) is required to further
increase the MXC biosensor’s sensitivity during its operations with the NA mixture. Ultimately,

the results obtained from this study demonstrated that with further improvements, the MXC
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biosensor can be applied for NA mixture in OSPW. For further development, the detection of NAs
in real OSPW, including a more in-depth and comprehensive study (e.g., microbial communities),

will be examined in future research.
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Chapter 5 — Conclusions and Recommendations

5-1. Conclusions

Major findings and highlights from this thesis research are summarized below:

Overall, the detection and monitoring of NAs using an MXC biosensor was accomplished
in this thesis study. The applicability of MXC biosensor on NAs has been verified using
both single and complex model compounds (CHA, commercial NAs).

The charging-discharging operation was determined to be the optimal calibration method
over the closed-circuit operation for the detection of CHA. Under the continuous closed-
circuit operation of MXC biosensor, electrical responses (peak currents) were fairly
proportional (R? = 0.64) to the CHA concentrations ranging from 50 to 250 mg COD/L.
However, the charging-discharging operation of biosensor significantly increased the
peak currents by 90—124 folds higher than that observed for continuous closed-circuit
operation. Besides, a linear relationship between model NA concentrations and the peak
currents (R? = 0.96) was observed.

The biosensor would be sensitive to salinity levels and temperature changes. For CHA,
lowering the temperature (from room temperature to 13.5 °C) significantly decreased the
current output (e.g., 24.31 £ 0.25 mA to 9.32 + 0.04 mA). On the other hand, the current
output increased with increasing the salinity levels. The salinity content was found to be
more effective (e.g., more noticeable differences in the current output) in lower
concentrations of CHA (e.g., 40 — 80 mg COD/L). However, once the biosensor is

calibrated, it can be used for the measurement of model NA concentrations.
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The current produced from commercial NAs (mixtures of alkylated cyclopentane
carboxylic acid) is generally lower than the current produced from CHA using a
charging-discharging time of 6 min after a stable current period.

Long-term exposures (e.g., >10 batch cycles) of the salt content (e.g., NaCl) led to a
decrease in the background currents (e.g., peak and stable currents), which implies partial
inhibition of anode biofilm. Also, the background currents were not recoverable (e.g.,
after >5 cycles) even with the addition of acetate. After the long exposure of salt content,
the detection limit was narrowed (e.g., 20 — 40 mg COD/L), in which, the MXC
biosensor was unable to provide sensitive monitoring of commercial NAs below 20 mg
COD/L and above 40 mg COD/L.

PAHs (e.g., pyrene and 2-methylnaphthalene) can also greatly interfere with the current

output and decrease the performance of MXC biosensor applied to CNA detection.

5-2. Recommendations

The results of this study demonstrated that with further development, MXC biosensors could be
used as a simple bioanalytical tool for monitoring NA concentrations in OSPW. However,
several challenges and drawbacks still have to be addressed before implementing the biosensor

for field measurement of NAs. The recommendations for future studies are as follows:

The applicability of MXC biosensor on real OSPW must be verified using real OSPW. A
complex water matrix of OSPW (e.g., presence of other organic and inorganic

compounds) may greatly interfere with the current output produced by only NAs.
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Introducing the salt content in the anolyte can significantly increase the current output
during the biosensor operation. On the other hand, it can be detrimental to the anode
biofilm in a long term. Hence, introducing a microbial desalination cell (MDC) to
eliminate the salt content and allow the biosensor to solely focus on the detection of NAs.
Successful research studies of such will bring this biosensor a step forward towards field-
scale application.

A comprehensive analysis of microbial communities should be implemented to clearly
understand the effects of environmental parameters (e.g., salinity) and why they
positively or negatively influence the current output of the MXC biosensor.

The current output as a single signal processing may limit its application to selective
monitoring of NAs. For instance, a certain current output does not mean a certain type of
NA species is detected. Hence, developing a method for selective monitoring in the MXC
biosensor is great of interest.

Increasing sensitivity with commercial NAs determination should also be revisited. For
instance, utilizing higher charging time should be further investigated to increase the
current output produced by commercial NAs.

Developing a method to reduce the time to stabilize the current output (e.g., enhance the
bio-oxidation of NAs). For instance, using readily-biodegradable organics, such as
acetate to produce the background current output can be a viable option. However, a
decrease in sensitivity can be a trade-off. In this way, the MXC biosensor can be operated
under continuous flow mode, where the NA concentrations can be measured every few
minutes (e.g., <5 minutes).
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Appendix
Supplementary Information: Figures

Chapter 3 — SI Figures
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Figure S-1. a) Current profile (mA) versus time (hr) under a closed-circuit operation for the

oxidation of CHA; b) Calibration curve of average currents from closed-circuit operations (mA)
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versus CHA concentration (mg COD/L). Note steady current regions (changes in current less
than 0.005 mA) were different among different CHA concentrations (e.g., 50 mg COD/L:
between 1- and 1.5-hour mark. 100 mg COD/L: at ~3-hour mark. 150 mg COD/L: at ~2.5-hour

mark. 200 mg COD/L >: between 2.5 and 3-hour mark).
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Figure S-2. Experimental results of different charging times for this MXC biosensor system a) 1
minute; b) 5 minutes; ¢) 15 minutes, with CHA concentrations of 300 mg COD/L, bicarbonate

concentrations of 7 mmol/L, and 0 mg/L of salinity.
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a) 18-minute Charging-Discharing Time b) 60-minute Charging-Discharging Time
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Figure S-3. Calibration curves constructed using charging-discharging operations for a) 18-

minute; b) 60-minute; ¢) 90-minute; d) 120-minute charging-discharging time.
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Figure S-4. CHA Charging-discharging curves produced from different salinity levels (0 — 3000 mg/L).
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Figure S-5. CHA Charging-discharging curves produced from lowering temperature under a

moderate (500 mg/L) and an extreme salinity (3000 mg/L) condition.
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Chapter 4 — SI Figures
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Figure S-6. Example of a commercial NAs batch cycle showing a stable current at >1.5 hours

after a complete enrichment using commercial NAs as sole carbon source.
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Figure S-7. Charging-discharging curves produced from before enrichment using salt content
(control) and after enrichment using salt content (1500 mg/L) using commercial NAs (10 — 80

mg COD/L) as carbon source.
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Figure S-8. Recovery of MXC biosensor after long-term exposures (salinity enrichment) of salt

content using 10mL Acetate (25 mM).
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Figure S-9. Charging-discharging curves produced from PAHs (2-MN, 120 mg COD/L and

pyrene, 30 mg COD/L) using commercial NAs (30 — 240 mg COD/L) as carbon source.
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Supplementary Information: Tables

Chapter 3 — SI Tables

Table S-1. Data of the conductivity values for MFC-biosensor operated in 18-min charging-

discharging operation with 7 mmol/L bicarbonate buffer concentration and different NaCl levels.

Conductivity (mS/cm)

Salinity level (NaCl concentration)

CHA Concentration 0 mg/L 500 mg/L 1000 mg/L

2000 mg/L 3000 mg/L

40 mg COD/L 0.76 1.76 2.71 4.53 6.32
80 mg COD/L 0.75 1.73 2.69 4.46 6.31
150 mg COD/L 0.74 1.69 2.55 4.51 6.13
200 mg COD/L 0.74 1.71 2.60 4.47 6.12
Table S-2. Data of the p-values for salinity and temperature tests.
Experiments p-values Significant?
(if p-values < 0.05)
Different Salinity Level (0-3000 mg/L) at 20°C 0.017 Yes
Temperature 13.5°C 0.33 No
(moderate, 500 mg/L vs. extreme, 3000 mg/L salinity)
Temperature 20.0°C 0.0053 Yes
(moderate, 500 mg/L vs. extreme, 3000 mg/L salinity)
500 mg NaCl/L Salinity (13.5°C vs. 20°C) 0.049 Yes
3000 mg NaCl/L Salinity (13.5°C vs. 20°C) 0.28 No

172




