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Lay Abstract

High energy consumption is a main challenge in wastewater treatment. However, a
large amount of energy in wastewater can be recovered and reused. The recovery of energy
from wastewater can reduce energy costs, save resources, and protect the environment.
This research aims to develop novel wastewater treatment technologies to save energy by
recovering nutrients and producing biogas from wastewater. Bioelectrochemical systems
are used to produce hydrogen gas and recover heavy metals from municipal or industrial
wastewater. Electrodialysis systems are applied in ammonia recovery and fertilizer
production. Anaerobic digestion systems are employed to produce methane gas as a
renewable energy source from wasted sludge. These technologies reduce energy
consumption in wastewater treatment and help to establish a new green circular economy

for resource recovery.
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Abstract

High energy consumption in conventional wastewater treatment contributes to a large
amount of greenhouse emissions and causes environmental problems such as acid rain and
climate change. Many technologies, microbial electrolysis cells (MECs), electrodialysis
(ED), and anaerobic digestion (AD), were developed to make wastewater treatment more
efficient and economical. This thesis investigated novel MECs and ED to decrease energy
consumption in wastewater treatment and recover resources from wastewater. In addition,
inhibition of ammonia and acetic acid on high-solid AD was examined in this research.

The multi-electrode stack design was applied in MECs to treat municipal wastewater.
Rapid organic removal and minimized biosolids production were observed in the stacked
MECs. In addition to municipal wastewater treatment, MECs can also recover/remove
heavy metals from industrial wastewater. Various removal/recovery mechanisms of toxic
heavy metals were discussed in this thesis. ED with bipolar membranes (BPMs) was
examined to produce high-purity ammonium sulfate from real wastewater steams. This
examination indicates valuable nutrients resources (e.g., ammonium sulfate) can be
recovered from wastewater and used as land fertilizers for food production. Membrane
scaling problems were also evaluated in ED systems since the formation of inorganic
scalants can affect the efficiency of nutrients recovery significantly. In addition, the
inhibition of ammonia and acetic acid on AD performance was incorporated in a modified
anaerobic digestion model (ADM) for reliable simulation of individual biological reactions

in high-solid AD.
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This research contributes to the body of knowledge by developing wastewater
treatment technologies with less energy consumption and biosolids production. The
reduction of energy consumption and biosolids production can reduce fossil fuel
combustion and waste disposal. Resources, such as ammonia and heavy metals, can be
recovered and reused by using the investigatory technologies. Therefore, with these
developed technologies, wastewater treatment meets the goal of sustainable development

and helps to establish a new green circular economy.
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The first manuscript is presented in Chapter 2. The work was started in June 2016. The
manuscript was submitted in February 2018 and accepted in April 2018. The work was
conducted under the supervision of Dr. Younggy Kim. The manuscript is included in this
thesis as it provided a novel wastewater treatment technology to save energy. My
contributions include:

e Designed and built reactors

e Performed experiments

e Collected and analyzed experimental data
e Wrote the manuscript

The second manuscript is presented in Chapter 3. The work was started in September
2016. The manuscript was submitted in September 2018 and accepted in January 2019.
The work was conducted under the supervision of Dr. Younggy Kim. The manuscript is
included in this thesis as it demonstrated the great wastewater treatability of stack-designed
microbial electrolysis cells. My contributions include:

e Designed and built reactors

e Performed experiments

e Collected and analyzed experimental data
e Wrote the manuscript

The third manuscript is presented in Chapter 4. The work was started in October 2017.
The manuscript was submitted in March 2018 and accepted in March 2019. The work was

conducted under the supervision of Dr. Younggy Kim. The manuscript is included in this
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thesis as it provides a novel technology for heavy metal recovery/removal from wastewater.
My contributions include:

e Reviewed previous studies

e Summarized the mechanisms

e Wrote the manuscript

The fourth manuscript is presented in Chapter 5. The work was started in January 2019.

The manuscript was submitted in June 2020 and accepted in October 2020. The work was
conducted under the supervision of Dr. Younggy Kim. The manuscript is included in this
thesis as it provides a novel technology for nutrients recovery from wastewater. My
contributions include:

e Designed reactors

e Performed experiments

e Collected and analyzed experimental data

e Wrote the manuscript

The fifth manuscript is presented in Chapter 6. The work was started in September

2019. The manuscript was submitted in January 2021. The work was conducted under the
supervision of Dr. Younggy Kim. The manuscript is included in this thesis as it provides a
better understanding of membrane scaling problems. My contributions include:

e Designed and built reactors

e Performed experiments

e Collected and analyzed experimental data

e Wrote the manuscript
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The sixth manuscript is presented in Chapter 7. The work was started in July 2020. The
work was conducted under the supervision of Dr. Younggy Kim. The manuscript is
included in this thesis as it modified the anaerobic digestion model with inhibition
functions. My contributions include:

e Modified anaerobic digestion model and validated the model with experimental
results

e Wrote the manuscript
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1 Introduction

1.1 Overview

High-energy consumption is one of the main challenges in wastewater treatment.
Around 38% of the energy (electricity and natural gas) used by municipalities is consumed
by water and wastewater systems in Ontario, Canada (Environmental Commissioner of
Ontario, 2017). In the United States, electricity consumption in wastewater treatment
accounts for around 3.4% of the total energy produced in the country (Panepinto et al.,
2016). The worldwide wastewater treatment utilized about 1% of the total world energy
consumption (International Energy Agency, 2018). The high energy consumption of
wastewater treatment contributes to a large amount of greenhouse emissions and further
results in climate change. Therefore, novel wastewater treatment technologies with low
energy consumption are needed.

Management and final disposal of wastewater sludge is another key challenge in
wastewater treatment. Stabilization of sludge including thickening, anaerobic digestion,
and dewatering makes wastewater treatment expensive and inefficient. In addition, the
disposal of wastewater sludge including landfilling and incineration can cause land and air
pollution. Thus, efficient sludge treatment or low sludge production is essential to
minimize the adverse environmental effects of sludge disposal.

Excessive nutrients such as nitrogen and phosphorus in treated wastewater can
cause eutrophication in natural water systems. Conventional methods such as chemical

precipitation and nitrification-denitrification consume a large amount of energy and
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increase the cost of wastewater treatment (Huang et al., 2016; Kuai and Verstraete, 1998).
Recently, the demand for ammonium and phosphate that used in fertilizer is increased with
the increasing population (Ye et al., 2020). Considering the high concentration of nutrients
in wastewater, wastewater can be a valuable source to produce land fertilizers to be used

in the agricultural industry.

1.2 Microbial electrolysis cells for municipal wastewater treatment

Microbial electrolysis cells (MECs) can be used to treat wastewater and
simultaneously produce hydrogen gas (Liu et al., 2005; Call and Logan, 2008; Wanger et
al., 2009). In a MEC, organic substrates are oxidized at the bioanode by exoelectrogenic
bacteria while water is reduced to hydrogen gas at the cathode. A small voltage (0.13-1.23
V) needs to be applied in MECs to drive electrode reactions (Logan et al., 2008). The
magnitude of electric current induced in the MECs represents the rate of electrode reactions
(i.e., organics removal and hydrogen gas production). The electric current generation in
MECs fed with acetate is generally high since acetate is used as the primary substrate for
exoelectrogenic microorganisms (Rozendal et al., 2007; Hu et al., 2008; Cheng and Logan.,
2007). However, electric current in MECs fed with real wastewater is low because of the
low conductivity of wastewater (Cusick et al., 2010; Escapa et al., 2012). The low electric
current generation in MECs represents the low rates in both organic removal and hydrogen
gas production, indicating the low wastewater treatment efficiency. Therefore, a modified
design is necessary to improve electric current generation in MECs.

The electric current generation is governed by many factors, such as electrode

materials, electrode size, electrode catalyst, inter-electrode distance, and solution
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conductivity. For instance, the sandwiched electrode assembly MECs minimized the inter-
electrode distance and significantly decreased the internal resistance of MECs (Ghangrekar
et al., 2007; Ahn et al., 2014). The large surface area of electrodes contributed to the high
electric current generation (Lee and Rittmann, 2010; Tartakovsky et al., 2009). The
application of catalytic cathodes or biocathodes is also an effective way to modify the
electric current generation in MECs (Jeremiasse et al., 2010; Yang et al., 2017). Therefore,
a new design of stacked electrodes was proposed and examined in MECs to increase the
electric current and organic removal rates. The repeated stack provided large surface areas
for bacterial growth and the narrow inter-electrode distance contributed to the low
resistance.

In conventional wastewater treatment plants, activated sludge systems produce a
large amount of sludge that needs to be treated. The sludge treatment processes consume a
large amount of energy and make wastewater treatment complicated and inefficient. MECs
are expected to produce a much smaller amount of waste sludge than conventional
activated sludge because of the small yield coefficient (0.02 g-VSS/g-COD) of
exoelectrogenic microorganisms (Wilson and Kim, 2016; Brown et al., 2015). However,
there were limited studies that reported the sludge production or reduction in MECs fed
with real wastewater. Thus, the biosolids production or reduction was estimated in the

newly designed MEC reactors.

1.3 Heavy metal removal/recovery from industrial wastewater

Heavy metal removal/recovery from wastewater has attracted increasing attention

since the accumulation of heavy metal in the environment can cause serious health and
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environmental problems (Galanis et al., 2009; Wu et al., 2012;). For instance, arsenic and
chromium (V1) are carcinogens and can cause death with long-term exposure (Martin and
Griswold, 2009). Due to the potentially toxic and carcinogenic effects of heavy metals,
United States Environmental Protection Agency (US EPA) listed 12 heavy metals as the
priority pollutants. Stringent discharge standards were published for various heavy metals
in wastewater. On the one hand, heavy metals in wastewater need to be removed to avoid
environmental pollution. On the other hand, some heavy metals, such as silver, gold,
copper, and zinc, which have high market values should be recovered from wastewater.
U.S Water Environment Research Foundation reported that $9 thousand — $4 million worth
of silver can be recovered from the daily wastewater (Huang and Ren, 2014).

Many methods, which include membrane filtration, ion exchange, adsorption,
chemical precipitation, photocatalysis, and biosorption, have been developed to
remove/recover heavy metals (Ritchie et al., 2001; Fu and Wang 2011; Kurniawan et al.
2006; He and Chen 2014). Bioelectrochemical systems (BES) have emerged as a novel
technology for heavy metal removal/recovery because of the low energy consumption
(Nancharaiah et al., 2015; Wang and Ren, 2014; Dominguez-Benetton et al., 2018). In BES,
the electrons produced from the substrates are transferred to the anode and then flow to the
cathode. The oxidized heavy metal ions can gain electrons and be reduced to metallic
metals. The reduction potential of heavy metal ions represents the spontaneity of the
reaction. In addition, the precipitation of heavy metal is also possible in BES due to the
high pH near the cathode. To summarize the development of BES in heavy metal

recovery/removal, a comprehensive review that focused on mechanisms of heavy metal
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separation in BES was prepared.

1.4 Electrodialysis systems for ammonia recovery

Ammonia is the main source to cause algal blooms in water systems. The high
concentration of ammonia in water is posing a threat to human health due to toxic fish and
contaminated water. US EPA recommends a chronic criterion magnitude of 1.9 mg TAN/L
at pH 7 and 20°C for a 30-day average duration (US EPA 2013). Canadian Council of
Ministers of the Environment (CCME) requires that the free ammonia concentration in the
freshwater should be lower than 19 pug/L (CCME 2001). To meet the standards of ammonia,
many methods, such as filtration, sedimentation, chemical precipitation, adsorption,
aerobic, and anaerobic have been developed to remove ammonia from wastewater (Karri
etal., 2018).

In conventional wastewater treatment plants, dewatering centrate (i.e., down-
stream wastewater from the dewatering process of digested sludge) that contains high
concentrations of ammonia (~1000 g-N/L) is sent back to the mainstream wastewater
treatment processes (Holloway et al., 2007) and mixed with raw wastewater. The recycled
dewatering centrate contributes to 15-20% of nitrogen load in the influent and further
results in high operating costs. However, dewatering centrate can also be a valuable source
to produce fertilizer (e.g., ammonium sulfate) because of the high concentration of
ammonia. Therefore, an efficient method is needed to recover ammonia from dewatering
centrate.

Electrodialysis (ED) is a type of membrane technology that consists of a series of

cation- and anion-exchange membranes (CEMs and AEMs) between two electrodes
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(Strathmann, 2010; Xu and Huang, 2008). In an ED reactor, anions and cations are
transferred through the ion exchange membranes under an electric field. ED has been used
for more than 50 years to produce potable water from brackish water sources (Strathmann,
2010; Al-Amshawee et al., 2020; Patel et al., 2020; Nguyen et al., 2019). Nowadays, ED
with bipolar membranes (BPMs) has been widely used in the chemical process industry,
wastewater treatment, and food industry (Tian etal., 2019; Lei et al., 2020; Shi et al., 2018).
A conventional ED stack with CEMs and AEMs can separate ammonium from dilute cells
to concentrate cells. However, anions that are concentrated through AEMs affect the purity
of the final products. Thus, an electrodialysis reactor with BPMs and CEMs was proposed
to exclude the effects of anions and produce high purity ammonia sulfate from wastewater
(i.e., dewatering centrate).

A BPM is manufactured by attaching a CEM and an AEM (Strathmann, 2010).
Water is dissociated into protons and hydroxide ions in the interface between CEM and
AEM. The protons and hydroxide ions produced in the interface are separated by CEM and
AEM, thus ED with BPMs (BMED) is widely used to produce an acid and a base from a
relative salt (Herrero-Gonzalez et al., 2020; Achoh et al., 2019; Sun et al., 2017). The
application of BMED in ammonia recovery was also reported (Li et al., 2016). The typical
structure of BMED that consists of CEMs, AEMs, and BPMs (Huang and Xu 2006;
Pourcelly 2002) resulted in high energy consumption. Considering the purity of the final
products and energy consumption of the system, a BMED reactor excluded AEMs were

built to recover ammonia from wastewater.
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1.5 lon-exchange membrane scaling problems

lon-exchange membrane (IEM) scaling problems (i.e., inorganic salt precipitated
deposited on IEM surfaces) can limit the broad application of the ED technology since the
inorganic scalants decrease membrane permeability and reduce membrane life span (Guo
et al., 2012; Brewster et al., 2017). IEM scaling occurs when the ionic product of salts is
higher than the solubility product of salts (Schorr, 2011). In an ED system, concentrated
divalent cations, such as Ca?* and Mg?*, can combine with CO3? and OH" to form scalants.
Various scalants including gypsum, calcium carbonate, and magnesium hydroxide were
observed in ED reactors fed with synthetic wastewater (Asraf-Snir et al., 2016, Andreeva
et al., 2018, Casademont et al., 2007). Serious scaling problems were also detected in the
ED systems for nutrients recovery from wastewater since the concentrations of Ca?* and
Mg?* in the wastewater were relatively high (Ward et al., 2018).

Although many studies reported the formation of scalants in ED systems, limited
studies investigated the membrane damage due to the shape of scalants. For example,
needle-shaped aragonite and struvite (Asraf-Snir et al., 2016; Andritsos et al., 1997; Le
Corre et al., 2005) may pierce the membrane and cause irreversible damage. Therefore, the
shape of scalants especially for magnesium and calcium precipitates should be investigated
to have a better understanding of scaling formation in ED systems. In addition, high-
strength wastewater, such as liquid digestate of municipal and food waste, which
commonly have high concentrations of nutrients is an ideal source for nutrients recovery.
Thus, we also investigated the scaling formation in ED fed with various high-strength

wastewater.



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

1.6 Inhibition in anaerobic digestion

Anaerobic digestion (AD) is an essential wastewater treatment method for energy
recovery and sludge management. In AD processes, organic materials were converted to
methane and carbon dioxide with multiple biological reactions (Mata-Alvarez et al., 2000).
The formation of methane by methanogens (i.e., methanogenesis) is an important indicator
of AD stability (Rajagopal et al., 2013). Many factors, such as pH, inorganic nitrogen,
hydrogen gas, ammonia, and VFAs, govern the performance of methanogenesis in AD
(Chen et al., 2008; Yenigun and Demirel, 2013; Rajagopal et al., 2013). Although many
studies reported the toxicity of ammonia on methanogens, there is still limited
understanding of the inhibition of ammonia on AD especially the inhibition of ammonia
on hydrogenotrophic methanogenesis. In addition, the inhibition of acetic acid on
methanogenesis needs to be investigated since the accumulation of acetic acid can change
pH and affect the methanogenic activity.

Ammonia is an essential nutrient for bacterial growth. Generally, low ammonia
concentration (less than 0.2 g-N/L) is beneficial to AD processes (Liu and Sung, 2002).
The inhibition of ammonia on methane production has been reported in many studies. For
instance, around 50% of methane reduction was observed in the AD when the total
ammonia (TAN) concentration ranged from 1.7 to 14 g-N/L (Bujoczek et al., 2000; Hansen
etal., 1998; Chen et al., 2008). The wide range of TAN concentration can be explained by
the different operation conditions, sludge retention time, and the different properties of

substrates (Chen et al., 2008; Angelidaki and Ahiring, 1994).
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Ammonium ion (NH4") and free ammonia (FAN) (i.e., un-ionized ammonia) are
two forms of inorganic ammonia in water systems. FAN has been regarded as the main
inhibitor for AD because of the high permeability of FAN to bacterial cell membranes
(Mdller et al., 2006). The mechanism of ammonia toxicity in methanogens is currently not
clear. However, ammonia may inhibit the activity of methanogens in two ways: (1)
ammonium ions inhibit the methane production enzymes directly; (2) FAN molecule
diffuses passively into bacterial cells, resulting in the imbalance of proton or insufficiency
of potassium (Gallert et al., 1998, Rajagopal et al., 2013).

The high concentration of volatile fatty acids (VFAs) especially the high
concentration of acetate is the most noticeable result of an unstable AD process. The
accumulation of acetate can decrease pH significantly and further inhibit the activity of
methanogens (Xiao et al., 2013; Wilson et al., 2012; Xu et al., 2014; Fezzani et al., 2010).
However, low VFAs concentrations can also inhibit methane production since VFAs
including butyric acid, propionic acid, valeric acid, and acetic acid contribute to more than
70% of methane production. Among the pathways of methane production, methane
production from acetate (i.e., acetoclastic methanogenesis) is an important step in AD
processes.

Anaerobic digestion model 1 (ADM1) was developed by the International Water
Association (IWA) task group to simulate the AD process (Batstone et al., 2002). The
inhibitions of hydrogen gas, pH, and inorganic nitrogen (as substrate) were expressed by
various functions (non-competitive inhibition, substrate limitation, Empirical). Although

the inhibition of ammonia on acetoclastic methanogens was presented by a non-
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competitive inhibition function in ADM1, the ammonia inhibition on hydrogenotrophic
methanogens was not considered. In addition, the ammonia inhibition of acetic acid (as

inhibitor) and acetate (as substrate) also should be implemented in ADML.

1.7 Research objectives

The research presented in this thesis aims to provide novel wastewater treatment
methods for nutrients recovery and biosolids management with low energy consumption.
Many methods, such as BES, ED, and AD were developed and discussed in this thesis. The
following specific objectives were set to be achieved:

e Chapter 2: to design a stacked electrodes MEC to improve the electric current
generation; to investigate the start-up of the stacked electrodes MEC; to evaluate
the performance of the newly designed MEC under different operating conditions;
to examine two stackable cathode materials.

e Chapter 3: to demonstrate high electric current generation in MECs fed with real
wastewater by using sandwiched electrode stacks; to investigate the effects of
reactor designs and operating conditions on electric current generation; to examine
the wastewater treatability (organic removal rate and biosolids reduction); to study
the energy consumption in stacked electrode MECs.

e Chapter 4: to summarize the previous studies that focus on the heavy metal
separation in BES; to report the fundamentals for separating heavy metal in BES;
to discuss the mechanisms of heavy metal separation in BES.

e Chapter 5: to produce highly concentrated ammonium sulfate from dewatering

centrate by using BMED; to investigate the effects of applied voltage and flow rate
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on the ammonia recovery efficiency; to examine the scaling formation in membrane
stack; evaluate the energy consumption in BMED.

Chapter 6: to investigate the formation of scalants in ED for nutrient recovery; to
study the effects of electric current density on membrane scaling; to examine the
scalants formation in ED fed with municipal and food waste liquid digestate; to
observe the morphology of scalants on IEMs.

Chapter 7: to analyze the inhibition of ammonia and acetic acid on methane
production; to investigate the effects of high pH on the ammonia and acetic acid
inhibition; to modify the ADM1 by adding ammonia and acetic acid inhibition
functions; to analyze the sensitivity of inhibition parameters in the model

simulation.
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2 Scalable Multi-electrode Microbial Electrolysis Cells for

High Electric Current and Rapid Organic Removal

Microbial electrolysis cells (MECs) have been regarded as an environmentally friendly
technology for wastewater treatment since MECs can remove organic materials and
produce hydrogen gas simultaneously. Electric current which represents hydrogen gas
production rate and organic removal rate was low in MECs. Therefore, a multi-electrode
stack design was proposed in MECs to enhance the electric current generation. Many
factors, such as the number of electrode pairs, cathode materials, applied voltage, and flow

rate, were examined in this study to maximize the electric current generation.

The following published journal article is included in this chapter.
e Guo, H., &Kim, Y. (2018). Scalable multi-electrode microbial electrolysis cells
for high electric current and rapid organic removal. Journal of Power

Sources, 391, 67-72.
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Abstract

Microbial electrolysis cells (MECs) can be used to produce hydrogen gas from
wastewater. A novel multi-electrode stack design was proposed and examined under
various operating conditions to maximize electric current in MECs without precious metal
catalysts. For the cathode in the electrode stack, stainless steel mesh generated higher
electric current than activated carbon cloth. The electric current density increased in
proportion to the number of electrode pairs as the maximum current density was 520 A m’
% in MEC-10 (10 electrode pairs), 270 A m3in MEC-5 (5 electrode pairs), and 45 A m™
with a single electrode pair. The stacked MEC was not ideal for fed-batch operation due to
the short inter-electrode distance (~2 mm); consequently, continuous-recycle and -flow
operation resulted in the high electric current generation. During continuous-flow
operation, individual electrodes in MEC-10 and MEC-5 showed a variation in electric
current capacity (0.9-2.7 mA for 0.6 mL min?). The COD (chemical oxygen demand)
removal rate increased from 45.7 to 128.8 mg-COD L h! with increasing flow rate from
0.1 to 0.6 mL min. These findings indicate that the stacked multi-electrode design can

magnify the current generation and COD removal rate in MECs.

Keywords

Bioelectrochemical system; electrode stack; multi-electrode design; COD removal rate;

cathode materials; MEC start-up
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2.1 Introduction

Microbial electrolysis cells (MECs) are an emerging technology to treat wastewater
and simultaneously produce hydrogen gas 2. A MEC reactor consists of an anode and a
cathode. Organic substrates are oxidized by exoelectrogenic bacteria to release electrons
to the anode while water is reduced at the cathode to hydrogen gas. To drive the electrode
reactions, a small voltage (0.13 to 1.23 V) needs to be applied to the MEC; as a result, the
energy recovered as Hz gas is usually much greater than the energy consumed for the
applied voltage 1. In MEC operation, the rate of organic removal and hydrogen gas
production is represented by the magnitude of electric current. There are many factors that
govern the electric current generation in MECs, such as electrode materials, electrode size,
electrode catalysts, inter-electrode distance, and material transport near electrodes, which
is often determined by hydrodynamic conditions. The inter-electrode distance has been
minimized in previous studies by developing the sandwiched electrode assembly that
significantly decreases the internal resistance of bioelectrochemical systems (BES) 1,
The separators such as carbon cloth 71, glass fiber 1 and spacers [ are commonly used
in the sandwiched electrode assembly design. In addition, the specific surface area of
electrodes (electrode surface area per volume of the reactor) also affects the electric current
generation. For instance, a recent study employed bundles of 73,000 graphite fibers in a
0.125 L MEC (specific anode surface area was 2530 m? m™) and demonstrated
substantially high electric current generation at 1470 A m= . However, the bundled
electrode design can hardly be scaled up for practical applications of MECs. In another

study, high current generation (2.82 A m) was demonstrated in a relatively large-scale
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MEC reactor (6.6 L) with a specific anode surface area of 6.1 m?> m=3 [, A maximum
current density of 180 A m= was demonstrated by increasing the specific anode surface
area to 100 m? m™ using carbon felt in MECs [*?1. Carbon cloth was also utilized in MEC
construction to maximize the specific electrode surface area and the resulting current
density was also relatively high at 65.3 A m™ and this current density was higher than that
produced in another MEC with the same electrode materials but reduced specific surface
area from 12 to 6 m? m 2131, The multi-electrode design is an effective way to increase
the specific surface area of electrodes. A multi-electrode MEC with 8 separate electrode
pairs produced a maximum current density of 74 A m™ . However, this MEC design
used graphite fiber brushes as the anodes and thus required a certain reactor space for the
brushes. As a result, the specific surface area was limited to 64 m? m=. Therefore, in this
study, we proposed and examined a new MEC electrode design that satisfies the three key
requirements: high specific surface area; low internal resistance; and easy scalability.
Various anode materials have been examined in the BES, including graphite brushes [14-151,
graphite granules 161, carbon cloth %231 and carbon felt 2217181, Graphite brushes can
provide a large specific surface area for the growth of exoelectrogenic bacteria. Graphite
granules also provide a large surface area and relatively high electric current generation
(66 +2 to 156+ 1 A m?) [28 Unlike graphite brushes or granules, carbon cloth or carbon
felt can substantially decrease the inter-electrode distance without electric short-circuiting
problems. By decreasing the inter-electrode distance, the internal resistance dropped from
580 to 220 Q by using carbon cloth . Porous anode materials were also examined for

BES scale-up ?%-211, However, the highly porous activated carbon materials were found to
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be non-ideal for stacked electrode design compared to carbon cloth materials because of
the potential limitation of substrate transport in the activated carbon pores.

The catalytic capability of the cathode is also an important factor that governs the MEC
operation efficiency. For MEC cathode preparation, biocathodes or biocatalysts #2-2%! are
an alternative way to eliminate the use of expensive Pt catalysts 2. The concept of
biocathode was proposed based on the utilization of a large variety of microorganisms that
can produce hydrogen gas ?°l. The biocathode application resulted in a substantially higher
current generation (3.3 A m) than that in the control MEC (0.3 A m™%; cathode without
biofilms) in a previous study 31, Thus, we examined the biocatalytic effect in our newly
designed MEC reactors.

In this study, a new design of stacked electrodes was proposed and examined in MECs
to improve the electric current generation and organic removal rate. The repeated stack
with narrow inter-electrode distance allowed significantly large specific electrode areas
and low resistance. The stack of multiple electrode pairs can result in slow transport of
reactants and products of the MEC electrode reactions, making the MEC performance
limited by mass transfer. The mass transfer limitation can be reduced by employing
continuous flow operation at a high flow rate. Continuous flow operation is usually
designed for practical applications in wastewater treatment and energy production while
fed-batch operation is widely used for lab-scale MEC studies.

We also examined various MEC operating conditions, such as fed-batch, continuous
flow with effluent recycle, and continuous flow without effluent recycle to optimize the

electric current generation and reactor operation for the stacked MEC design. For
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continuous flow operation, an increased flow rate can reduce the mass transport limitation
for a high electric current generation. At a high flow rate, however, the exoelectrogenic
microorganisms growing on the anode can be washed away. In addition, individual
electrodes in a stacked design can perform differently depending on their location and other
operating conditions, such as flow rate. Since there are no previous studies on the
performance of individual electrodes under continuous flow conditions, we focused on
providing a clear understanding of individual electrode performance in stacked-electrode
MECs. Other specific objectives of this study are to: investigate the start-up of the stacked
electrode MECs; evaluate the performance of the MECs under fed-batch, continuous-
recycle, and continuous-flow operation conditions; examine two stackable cathode
materials (carbon cloth and stainless steel mesh); maximize the electric current generation
and organic removal rate in 3 stacked MECs (1, 5, and 10 electrode pairs); and study the

performance of individual electrodes on electric current generation
2.2 Material and methods

2.2.1 Stacked MEC construction

A polypropylene block with a cylindrical hole (7 cm? in cross-section) was used to
build each MEC reactor. Four MEC reactors were built in this study: one MEC with 10
electrode pairs (MEC-10 as shown in Figures 2.1A and 2.1B); one with 5 electrode pairs
(MEC-5); and two MECs with a single electrode pair. Activated carbon cloth (ACC100,
Evertech Envisafe Ecology, Taiwan) was used as the anode after treating in a surfactant
solution 28], The stainless steel mesh (304 stainless steel, 200 x 200 mesh, McMaster Carr,

USA) was used as the cathode without any precious metal catalysts in MEC-10, MEC-5,
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and one of the MECs with a single electrode pair. For the other MEC with a single electrode
pair, the cathode was the same material as the anode (activated carbon cloth). Two rubber
gaskets and one plastic mesh were sandwiched between the anode and cathode to avoid
potential electric short circuits between the electrodes as previously described 1. The
mean distance between the electrodes as well as between the electrode pairs was 2.8 mm

spaced by the two rubber gaskets. Each electrode pair was operated and monitored

independently.
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Figure 2.1. (A) Schematic diagram of MEC-10 design; (B) Photograph of MEC-10; (C)
Schematic diagram of continuous recycle operation; (D) Schematics for continuous flow

operation.
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The effective volume of MEC-10 and MEC-5 were 40 and 35 mL, respectively. The
volume of the MECs with a single pair of electrodes was 28 mL. The upper and lower parts
of each electrode were cut off by 0.3 cm from the edge to allow water and gas flow,
resulting in 5.42 cm? of the surface area per electrode. Therefore, the specific surface area
for MEC-10 (10 electrode pairs) was 136 m?> m= and 77 m? m for MEC-5 (5 electrode

pairs).

2.2.2 Reactor operation

Effluent from existing lab-scale MECs that were originally started with primary
clarifier effluent from a local wastewater treatment plant was used to inoculate the
constructed MECs during the start-up period. Thus, the experiments were conducted with
mixed-culture MECs. The feed solution was prepared with sodium acetate (1 or 2 g L
NaCH3COO) in 25 mM phosphate buffer solution (4.33 g L™ Na,HPO4-7H20; 1.07 g L*
NaH:PO4; 0.16 g L™ NH4CI; 0.065 g L't KCI) with trace minerals and vitamins 281, The
MECs were operated in three different modes: fed batch; continuous recycle; and
continuous flow. For the fed-batch mode, the sodium acetate concentration was 2 g L™ and
the applied voltage (Eap) was 0.6 V using an external power supplier (GPS-1850D; GW
Instek, Taiwan). Each fed-batch cycle lasted approximately 5 days and the fed-batch
operation was repeated over 10 cycles or more for MEC-10 and MEC-5. After the fed-
batch study, each of MEC-10 and MEC-5 was operated in the continuous recycle mode
(Figure 2.1C). The feed solution of 1 g L™ sodium acetate was stored in an external
reservoir (250 mL for MEC-10 and 150 mL for MEC-5) and continuously pumped to the

MEC using a peristaltic pump at 2 mL min™. In the continuous recycle operation, the feed
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solution was continuously recirculated between the reservoir and MEC reactor. Each of the
continuous recycles operation lasted around 3 days and the operation was repeated 4 times
with various Eap conditions (0.8, 0.9, 1.0, and 1.1 V). Note that the various voltage
conditions were examined during continuous recycle operation since electric current
generation during fed-batch operation is limited by mass transfer due to the very short inter-
electrode distance. For the continuous flow operation, MEC-10 and MEC-5 were arranged
in series where the feed solution (1 g L™ sodium acetate) was introduced to MEC-10 and
then into MEC-5 (Figure 2.1D). The serial MEC system was operated at three different
flow rate conditions (0.1, 0.3, 0.6 mL min™) and Eap was consistently 1.1 V. During the
continuous-recycle and —flow operation, the external reservoir was kept in an ice cooler to
minimize microbial activities in the reservoir. Between the reservoir and MEC, a 30-cm

long copper tube was immersed in water to maintain the influent temperature at 22.9 +

0.3°C.

2.2.3 Experimental measurement

A 10-Q resistor was connected to each electrode pair and the voltage drop across the
resistor was monitored every 20 min using a digital multimeter and data acquisition system
(Model 2700, Keithley Instruments, USA). The electric current for all individual electrode
pairs was added and normalized by the effective volume of the MEC reactor to obtain the
volume-based current density.

The COD (chemical oxygen demand) test tubes were used to measure the COD of the
experimental samples (Hach Company, USA). The influent and effluent were analyzed for

pH and conductivity (SevenMulti, Mettler-Toledo International Inc., USA). The influent

30



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

pH was 7.0 and the effluent was also neutral between 7.1 and 7.6. There were no significant

changes in conductivity (4.5 mS cm™) during the MEC operation.

2.2.4 Coulombic efficiency and organic removal rate
The Coulombic efficiency (CE) is the ratio between the number of electrons generated

in the electric current and the total amount of electrons released from COD removal [

83,1

| is the electric current from an individual electrode pair, n is the number of electrode
pairs in the MEC, F is the Faraday’s constant (96485 C mol™), and ACOD is the COD
change between the influent and effluent, and Q is the flow rate of feed solution.

The COD removal rate during the continuous flow operation was calculated by ACOD
divided by hydrolytic retention time (t):

ACOD

COD removal rate = (Eq 2.2)

2.3 Results and discussion

2.3.1 MEC start-up and cathode materials

The reactor start-up for the MEC with a single electrode pair was faster than that for
multi-electrode MEC:s. It took 40-50 days until the consistent peak current was obtained in
MEC-5 and MEC-10 (Figures 2.2A and 2.2B) while the single-paired electrode MEC
reached the consistent peak current shortly after 20 days. The slower start-up for the multi-
electrode MECs can be explained by the longer time required for exoelectrogenic
microorganisms to grow on the large surface areas of the multiple anodes. Even though the
start-up was relatively slow, the peak current density in MEC-10 and MEC-5 during the
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start-up period was usually 40 A m= (Figures 2.2A and 2.2B), which was higher than the
maximum current density of the MEC with single pair after the full enrichment (24 A m™)
(see Appendix, Figure A1A).

Thin electrode materials, such as mesh and cloth, are necessary for the electrode stack
design. For the stacked cathode, stainless steel mesh was found to be more effective for
high electric current generation than activated carbon cloth. The maximum current density
was only 18 A m when activated carbon cloth was used as the cathode (Appendix, Figure
A1B) while it was 24 A m™ with stainless steel mesh as the cathode (Appendix, Figure
Al1A). The stainless steel metal alloy containing nickel is thought to enhance the current
generation as demonstrated in previous studies ?°. The MEC with the activated carbon
cloth cathode showed a rapid drop in the electric current shortly after reaching the peak
current (Appendix, Figure A1B). This trend can be explained by the slow release of H; gas
and OH" ions from the cloth structure of the cathode. Activated carbon materials are
commonly used for biocathodes in bioelectrochemical systems [22-23.25.30-321 ' However, for
the electrode stack design where the electrodes are compactly sandwiched in a small space,
the biocatalytic effect can be compromised by the slow Hz gas removal from the cathode.
Thus, stainless steel mesh is recommended as the cathode for the stacked electrode design

so that H gas can be produced at catalytic sites of stainless steel (e.g., nickel).
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Figure 2.2. Electric current generation during fed-batch operation at Eap of 0.6 V: (A)

MEC-10; (B) MEC-5; The MEC reactors were inoculated at time 0.

2.3.2 Fed-batch MEC operation

The total electric current density showed an almost linear increase with the number of
electrode pairs during the fed-batch operation. The maximum current density was 170 A
m? in MEC-10 (Figure 2.2A) and 92 A m™in MEC-5 (Figure 2.2B). Considering the
relatively low applied voltage (Eap = 0.6 V) and the absence of Pt catalysts on the cathode,
the sandwiched electrode stack design substantially enhanced the current generation in
MECs. The high current generation and the linear increase in the current density can be
explained by the increased electrode surface area. The total anode or cathode area was 54.2
cm? for MEC-10, 27.1 cm? for MEC-5, and 5.42 cm? for MEC with the single paired
electrode MEC.

Comparing electric current generation from individual electrode pairs, the electric
current in electrode pair #10 (the 10th electrode pair from the inlet) in MEC-10 (Appendix,

Figure A2). Electrode pair #10 in MEC-10 generated electric current higher than 1.3 mA
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while the other electrode pairs produced electric current less than 1.2 mA (Appendix,
Figure A2). Consistent results were observed for MEC-5 with 1.2 mA for electrode pair #5
and less than 1 mA for the other electrode pairs (Appendix, Figure A3). These results can
be explained by the large volume of solution (~24 mL) next to electrode pair #10 in MEC-
10 and #5 in MEC-5. This mass transfer limitation can be reduced by flowing the feed
solution continuously through the multi-electrode stack. Thus, the stacked electrode MECs
can produce even higher electric current under continuous recycle or continuous flow

operations.

2.3.3 Continuous recycle operation

The electric current generation was greatly improved for continuous recycle operation
(Figure 2.3). As the feed solution flows through the electrode stack, the organic substrate
(acetate) was easily supplied to the bioanode, allowing the higher current. For the given
flow rate (2 mL min‘t), the mean hydraulic residence time was around 1 min per electrode
pair. The higher current densities with the reduced hydraulic residence time compared to
fed-batch operation imply faster COD removal with reduced mass transfer limitation. The
electric current generation was also sensitively governed by the applied voltage regardless
of the stack size (Figure 2.3). The maximum current density in MEC-10 increased by 33%
from 390 A mto 520 A m for the increasing applied voltage from 0.8 V to 1.1 V (Figure
2.3A). For MEC-5, the increase was much greater by 93% from 145 A m=to 280 A m*
(Figure 2.3B). Thus, the current generation in MEC-10 was less sensitive to the applied

voltage than that in MEC-5. This comparison indicates that increasing the number of
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electrode pairs in MECs is a more effective way to enhance the current generation than

increasing the applied voltage, allowing energy-efficient operation of MECs.
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Figure 2.3. The electric current generation with different applied voltage during the recycle
operation. A: MEC-10; B: MEC-5.

For the continuous recycle operation, the Coulombic efficiency (CE) in MEC-10 was
higher in the range of 81-90% compared to 67-84% in MEC-5 (Figure A4). The higher
electric current density in MEC-10 resulted in a shorter time for substrate utilization
compared to MEC-5 (Figure 2.3), allowing more organic substrates to be utilized by
exoelectrogens at the bioanode. Similarly, the increasing applied voltage from 0.8 t0 1.1 V

gradually increased the CE in both MEC-10 and MEC-5 (Figure A4).

2.3.4 Continuous-flow MEC operation

The electric current density varied over a relatively wide range from 260 to 500 A m™
for MEC-10 and from 110 to 360 A m™ for MEC-5 during continuous-flow operation of
MEC-10 and MEC-5 in series (no recycle) (Figures 2.1D and 2.4). The wide variation in
electric current has been commonly reported in the continuous-flow operation of

bioelectrochemical systems 71333 Even with the substantial variation, the maximum
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current density (506 A m in MEC-10) was consistent with the peak current values during
continuous recycle operation (512 A m? in MEC-10). Thus, the stacked electrode design

can be applied for continuous flow MEC operation either with or without effluent recycle.

0.6 mL/min | 0.3 mL/min 0.1 mL/min

Current density (m/m?3)

[ERY
o
o

1
<

m

O

(8, ]

O T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10 11
Time (d)

Figure 2.4. Electric current generation in the continuous-flow MEC system fed with acetate.

Effects of the flow rate on the electric current generation were not clearly observed
until the flow rate was reduced to 0.1 mL min™t. When the flow rate decreased from 0.6 to
0.3 mL min', the current density of both MEC-10 and MEC-5 was stationary (Figure 2.4).
This negligible change in the current density can be explained by the high COD
concentration of influent (677-711 mg-COD L) (Figure 2.5A), providing sufficient
substrates in the MEC system even with the short retention time. High COD concentration
also was shown in the effluent, which was 503 + 10 mg-COD L at 0.6 mL min™ and 298
+59 mg-COD L™ at 0.3 mL min™ (Figure 2.5A). However, when the flow rate was reduced

to 0.1 mL min, the effluent COD dropped to 148.5 + 18.5 mg-COD L* (Figure 2.5A). As
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a result, the average electric current decreased with a wider variation in electric current

both in MEC-10 and MEC-5.
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Figure 2.5. Operation results of continuous-flow MEC system. A: COD treatment, B:
Columbic efficiency and COD removal rate.

The COD removal increased from 35 to 79% with the decreasing flow rate from 0.6 to
0.1 mL min (Figure 2.5A), because the mean hydraulic retention time increased from 2.1
to 12.5 h. The COD removal rate was 106.8 - 128.8 mg-COD L™ h'* for 0.3 and 0.6 mL
mint while it dropped to 45.7 mg-COD L h for 0.1 mL min (Figure 2.5B). In previous
studies on MEC applications for organic removal, the COD removal rate was 14 - 246 mg
L ht 121434 The COD removal rate was 14 — 21 mg-COD L™ h't in the multi-electrode
continuous flow MEC with 8 separate graphite fiber brush anodes 4. Varying COD
removal rates ranged from 7.6 to 10.8 mg-COD L h were achieved in a single pair
electrode MEC with a working volume of 580 mL 4. In another study, the COD removal
rate was 78-110.5 mg-COD L*h in a MEC with Pt-catalyzed cathode [*2l. Compared with

the reported COD removal rates, the stacked electrode design can substantially improve
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the MEC performance for rapid organic removal rate without using expensive Pt catalysts
or large amounts of electrode materials.

The Coulombic efficiency (CE) was 72.5 + 0.9% for 0.6 mL min™ and 93.6 + 1.3 %
for 0.3 mL min (Figure 2.5B). These results were consistent with previous MECs that the
CE in the range of 80-100% 21, When the flow rate was decreased to 0.1 mL min, the
CE was 140.7 + 14.4% (Figure 2.5B). The mean hydraulic residence time for 0.1 mL min-
1 'was 12.5 h. Hydrogen gas produced at the cathode stayed in the reactor system for a
relatively long time (12.5 h) and as a result, a certain fraction of the produced H> gas was
used as an electron donor by exoelectrogens on the anode, resulting in the high CE above
100% as previously reported . However, the CE values lower than 100% and relatively
high COD removal rates (>100 mg-COD L h) for 0.6 and 0.3 mL min indicate that
potential hydrogen oxidation at the anode was controlled with the reduced hydraulic
retention time (4.2 and 2.1 h). This observation indicates that stacked electrode MECs need
to be operated at a certain flow rate or higher to avoid generating extra electric current by
oxidation of hydrogen gas. In addition, the short resistance time will also help control

methanogenesis reactions at the MEC cathode and contribute to high energy recovery.

2.3.5 Electric current generation of individual electrodes under continuous-flow
operation
Significant variation in the electric current among the individual electrodes was
observed during the continuous flow operation (Table 2.1). For instance, the electric
current in individual electrodes ranged from 0.9 to 2.7 mA for 0.6 mL min™* and similar

variation was found for the lower flow rate conditions (0.3 and 0.1 mL min™). Even with
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the variation, the electrode pair with the lowest electric current always produced at least
60% of the average current of all electrode pairs. This finding indicates that every electrode
pair contributed to the total electric current generation; that is, the MEC performance was
not dependent on only a few healthy electrode pairs. Similar to the fed-batch operation,
electrode pair #10 in MEC-10 and electrode pair #5 in MEC-5 produced the highest electric
current regardless of the flow rate condition because they are located next to the large
volume of solution. This finding implies that the stacked electrode design can be further

improved by slightly increasing the distance between electrode pairs (currently 2.8 mm) to

increase the current generation of individual electrode pairs.

Table 2.1. Electric current generation (mA) for individual electrode pairs during continuous

flow operation of MEC-10 and MEC-5 in series

Reactor Electrode pair 0.6 mL min?  0.3mLmin! 0.1 mL min*
#1 0.98+0.34 1.11+£0.21 1.28+0.24
#2 0.90x0.14 1.04 £0.15 0.98+£0.16
#3 1.60 £0.22 153+£0.12 1.40+£0.21
#4 1.20+£0.17 1.18 £0.08 1.13+£0.15
#5 1.62 £0.25 1.58+0.12 1.43+£0.23

MEC-10 #6 1584026 1554015  1.40+0.26
#7 1.93+£0.17 2.04+0.11 1.94+£0.22
#8 1.58 £0.15 1.49+£0.08 1.40+£0.25
#9 1.59+0.17 154 +£0.10 1.41+£0.30
#10 2.10+0.21 2.20%0.10 1.89+0.42
#1 1.58 £0.18 1.69+£0.13 1.46 £0.33
#2 1.67 £0.23 157+£0.17 1.15+0.45

MEC-5 #3 1.29 £0.23 1.04+£0.21 0.79 £ 032
#4 1.97+£0.16 2.04 £0.09 159 +£0.62
#5 2.61+0.18 2.81 +£0.09 2.04+0.90
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2.4 Conclusions

The electric current generation was almost linearly proportional to the number of
electrode pairs and significantly high electric current densities were achieved. MECs
stacked with a larger number of electrode pairs can achieve the maximum electric capacity
at low applied voltages, minimizing energy requirement for wastewater treatment. The high
COD removal rate up to 128.8 mg-COD L h indicates the strong wastewater treatability
of the stacked MEC design. The higher CE than 100% (~140%) observed at the lowest
flow rate (0.1 mL mint) implies that hydrogen gas was utilized at the anode as previously
reported 4 and the stacked MEC should be operated at a certain flow rate or higher to
avoid the loss of produced hydrogen gas. The electric current generation from individual
electrode pairs was also monitored and we found that all electrodes contributed to the total
electric current but the inter-electrode distance (~2 mm) can be increased for optimized
electrode performance with reduced mass transport limitation. In future studies, the stacked

MEC design can be further improved by optimizing individual electrode sizes.
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3 Stacked Multi-electrode Design of Microbial Electrolysis
Cells for Rapid and Low-sludge Treatment of Municipal

Wastewater

The multi-electrode stack design was demonstrated that can increase the electric current
generation in MECs. However, the wastewater treatment efficiency of the newly designed
MEC was not clear. Therefore, in this study, the stacked design MECs were applied to treat
municipal wastewater with different operating conditions. The organic removal rate,
biosolids production rate, and energy consumption were examined and used to represent

the wastewater treatment efficiency.

The following published journal article is included in this chapter.

e Guo, H.,, & Kim, Y. (2019). Stacked multi-electrode design of microbial
electrolysis cells for rapid and low-sludge treatment of municipal
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Abstract

Microbial electrolysis cells (MECs) can be used for energy recovery and sludge
reduction in wastewater treatment. Electric current density, which represents the rate of
wastewater treatment and Hz production, is not sufficiently high for practical applications
of MECs with real wastewater. Here a sandwiched electrode stack design was proposed
and examined in a continuous-flow MEC system for more than 100 days to demonstrate
enhanced electric current generation with a large number of electrode pairs. For primary
effluent from a municipal wastewater treatment plant, the current density was boosted up
to 190 A/m? with 10 electrode pairs stacked in a MEC. In continuous-flow operation with
two stacked MECs in series, the biochemical oxygen demand (BOD) removal was 90 +
2%, the chemical oxygen demand (COD) removal was 75 + 9%, and the sludge production
was 0.06 g-volatile suspended solids (VSS)/g-COD removal at a hydraulic retention time
of only 0.63 h. The electric energy consumption was low at 0.40 kWh/kg-COD removal
(0.058 kWh/m3-wastewater treated) without Pt catalysts due to the magnified electrode
surface area. The demonstrated results indicate that MECs with the stacked electrode

design can be used for the rapid and sludge-free treatment of domestic wastewater.

Keywords

Microbial electrolysis cells; high electric current; stacked electrode design; primary

clarifier treatment; rapid organic removal; low-sludge wastewater treatment system.
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3.1 Introduction

In conventional wastewater treatment using activated sludge, organic substrates are
oxidized in bioreactors by aerobic microorganisms (1). To maintain aerobic conditions in
the bioreactors, oxygen is provided using aeration systems, such as fine bubble diffusers
or mechanical aerators (2, 3). Aeration systems are responsible for a large amount of energy
consumption in wastewater treatment. In addition to aeration, return activated sludge
pumping also consumes a large amount of electric energy (2, 3). Therefore, high energy
demand is one of the main challenges in municipal wastewater treatment. Another key
challenge in wastewater treatment is the management and final disposal of wastewater
sludge that is collected in sedimentation processes. Stabilization of wastewater sludge
requires additional processes, such as thickening, anaerobic digestion, and dewatering, and
thus makes wastewater treatment expensive and inefficient. In this study, we focused on
demonstrating rapid wastewater treatment with minimized biosolids production as well as
reduced energy consumption.

Microbial electrolysis cells (MECs) can be used for wastewater treatment and
simultaneous energy production (4-7). In a MEC, organic substrates are removed at the
bioanode through an oxidation reaction driven by exoelectrogenic bacteria while hydrogen
gas is produced at the cathode by applying a small electric voltage (>0.13 V) (8-11). The
magnitude of the electric current induced in a MEC represents the rate of the electrode
reactions. Thus, the performance of MECs in terms of removing organics in wastewater
and producing hydrogen gas is directly dependent on the magnitude of electric current. The

current generation in acetate-fed MECs is usually high (12-14) compared to MECs with
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low acetate concentration. As a result, high electric current (e.g., 40-400 A/m3, 12-14, 21)
was feasible because acetate was used as the primary substrate for exoelectrogenic
microorganisms (10). However, electric current is often low if real wastewater is fed in
MECs. It ranged from 7.4 to 42 A/m3 (6, 15-19) and increased up to 60 A/m?® with Pt
catalysts on the cathode (20). The limited electric current generation, especially with
municipal wastewater, indicates that breakthrough improvements are necessary to magnify
electric current generation and such improvements should be scalable for pilot-scale and
continuous-flow operation for practical wastewater treatment and energy recovery using
MECs.

The current generation is proportional to the number of electrode pairs (21) and
governed by various other factors, such as organic loading rate, acetate concentration,
electrode catalysts, and solution conductivity. In MEC operation using real wastewater,
low conductivity is known to be one of limiting factors for the high current generation. The
design of separator electrode assembly was proven to effectively reduce the internal
resistance in MEC and thus allow high electric current (22-24). However, the separator
electrode assembly is not ideal for continuous-flow systems because electrode separator
materials can block the flow of wastewater in the MEC reactor. In this study, we modified
the separator electrode assembly design by using coarse plastic meshes instead of fine
separators, such as glass fiber membrane or filter paper. In addition, a cloth-type anode was
used to reduce the thickness of the sandwiched electrodes to avoid potential electric short-
circuiting. Furthermore, the multi-electrode design was employed in this study to increase

the volume-based electric current. In previous studies, multiple electrodes were applied to
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improve the COD removal efficiency and electric current generation; however, the total
number of electrode pairs was not sufficiently high with 10 anodes and 5 cathodes in a
relatively large reactor (25). In this study, we applied the sandwiched stack design to
increase the number of electrode pairs to 10 in a compact MEC reactor, allowing
substantially high electric current densities. Although this study examined MECs with 5
and 10 electrode pairs, additional electrode pairs can be added in the modulated MEC
design.

In practical wastewater treatment, MECs are expected to produce a much smaller
amount of waste sludge than conventional activated sludge because of the small yield
coefficient (0.02 g-VSS/g-COD) of exoelectrogenic microorganisms (26, 27). In this study,
we also focused on estimating biosolids production in the newly designed MEC reactors
fed with real wastewater. Other specific objectives of this study are to: demonstrate high
electric current generation in MECs continuously fed with real wastewater by using
sandwiched electrode stacks; investigate the effects of various reactor designs and
operation factors, such as wastewater flow rate and organic loading rate on electric current
density; examine the wastewater treatability in terms of the rate of organic removal and
biosolids production; and compare the MEC performance with conventional activated
sludge regarding energy consumption for the treatment of primary clarifier effluent. It
should be emphasized that the main novelty of this study is the lab-scale demonstration of

low-sludge municipal wastewater treatment using the easily scalable electrode-stack MEC.
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3.2 Methods

3.2.1 Stacked MEC construction and start-up

Three MEC reactors were built using polypropylene blocks by drilling a cylindrical
hole (7 cm? in cross-section). The structure of these reactors is same as the structure of our
previous study (21). The liquid volumes of MEC-10 (10 electrode pairs), MEC-5 (5
electrode pairs), and MEC-1 (1 electrode pair) were 40, 35, and 28 mL, respectively. The
anode was activated carbon cloth (ACC100, Evertech Envisafe Ecology, Taiwan) and
pretreated in a surfactant solution (28). The cathode was stainless steel mesh (304 stainless
steel, 200 x 200 mesh, McMaster Carr, USA) without any precious metal catalysts. Each
electrode pair consisted of one carbon cloth piece and one stainless steel mesh piece, which
were sandwiched and separated using two rubber gaskets and one plastic mesh. The
thickness of the two gaskets (i.e., the distance between the anode and cathode) was 2.8 mm.
Each electrode pair was operated independently (i.e., no electrical connections between the
electrode pairs). The feed wastewater flowed in the normal direction to the sandwiched
electrodes (Figure 3.1a). To ensure proper wastewater flow and biogas collection through
the stacked electrode pairs, the upper and lower parts of each electrode (both the anode and
cathode) were cut off by 0.3 cm from the circular edge (Appendix B, Figure B1), resulting
in 5.42 cm? of the total surface area per electrode. A plastic tube was placed on the top of
the polypropylene block for biogas collection (Figure 3.1b). The constructed MECs were
inoculated using effluent from existing MECs and operated using synthetic wastewater for

approximately 3 months (1 g/L sodium acetate in 20 mM PBS buffer with vitamins and
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minerals, 21, 29) before the main part of the experiment was conducted with real

wastewater.
a H, gas
Inlet
h-
Eap
11y
-

Wastewaterfa
Reservoir

Figure 3.1. (a) Schematic of the sandwiched electrode stack; (b) MEC-5; (c) continuous-

flow system with MEC-10 and MEC-5 in series.

3.2.2 MEC operation

The feed wastewater (primary clarifier effluent) was collected from a local wastewater
treatment plant (Woodward Wastewater Treatment Plant, Hamilton, ON, Canada). The
collected wastewater was used immediately in the experiment or stored at 4°C for no longer
than 7 days. The quality parameters of the primary clarifier were measured before feeding
into the systems. MEC-10 and MEC-5 were serially arranged where the wastewater flowed
through MEC-10 and then MEC-5 to achieve the maximum treatability of our MEC

reactors. The MEC system was operated in the continuous-flow mode with 3 different
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flow rates (0.1, 0.2, and 2.0 mL/min). It was operated for 32 days at 0.1 mL/min, 36 days
at 0.2 mL/min, and 32 days at 2.0 mL/min. The feed wastewater reservoir was kept in an
icebox and refilled with fresh wastewater every day under the low flow rate conditions (0.1
and 0.2 mL/min) and filled twice a day at the high flow rate (2 mL/min). Between the
reservoir and MEC-10, a 30-cm long copper tube was submerged in a beaker filled with
water to equilibrate the influent wastewater temperature to the room temperature (22.2 +
0.7°C) (Figure 3.1c). MEC-1 with a single electrode pair was operated in a fed-batch mode
using the same primary clarifier effluent but independently from the continuous operation
of MEC-10 and MEC-5.

The applied voltage (Eap) to each of the electrode pairs was 1.1 V using an external
power supplier (GPS-1850D; GW Instek, Taiwan). The electric current for each electrode
pair was determined by measuring the electric voltage across a 10-Q external resistor. A
digital multimeter and data acquisition system was used to record the voltage every 20 min
(Model 2700, Keithley Instruments, OH). The electric current for individual electrode pairs
was added for all electrode pairs in the reactor and then normalized by the effective volume
of the MEC reactor to obtain volume-based current density. In addition to the volume-
based current density, the area-based current density was also provided using the total

anode surface area of the MEC reactors (54.2 cm? for MEC-10 and 27.1 cm? for MEC-5).

3.2.3 Experimental analysis
The influent and effluent of the serial MEC system were collected every weekday and
analyzed for total suspended solids (TSS), volatile suspended solids (VSS), chemical

oxygen demand (COD), and biochemical oxygen demand (BOD) in accordance with the
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standard method (30). The COD analysis was conducted using commercial COD test tubes
(Method 8000u, Hach Company, USA).

The wastewater treatment plant applied ferric sulfate for phosphorus removal. The high
concentration of ferric ions can be used as the electron acceptors and further contributes to
the COD removal in MECs. Therefore, the influent and effluent samples were also
analyzed to quantify ferric iron in the wastewater. The collected sample (4.5 mL) was
immediately acidified with 1.5 mL 70% nitric acid (v/v) and filtered using a syringe filter
(pore size 0.45 um, polyethersulfone membrane, VWR International, USA). The filtered
sample was analyzed in ICP-OES (Vista Pro, Varian Inc., Australia) to determine iron
concentration.

The wastewater influent and effluent were also analyzed for pH and conductivity
(SevenMulti, Mettler-Toledo International Inc., USA). In MEC-10 and MEC-5, pH of the
wastewater was slightly increased from 6.7 + 0.3 (influent) to 7.3 + 0.2 (effluent) since the
hydroxide ions were produced at the cathode with hydrogen production. The wastewater
conductivity was 1.22 + 0.15 mS/cm and did not change in the MEC experiment. No
additional pre-treatment or modification was conducted to improve the wastewater

treatability.

3.2.4 Coulombic efficiency and energy consumption
The Coulombic efficiency (CE) is the electron-based ratio between the amount of

electric current generated and COD removed (31):

o8l
"~ QFACOD

CE

(Eq 3.1)
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| is the summation of the electric current for all electrode pairs in the MEC, F is the
Faraday’s constant (96485 C/mol), and ACOD is the COD change between the influent and
effluent, and Q is the flow rate of wastewater.

The COD-based energy consumption (Wcop) in kWh per kg-COD removed is

calculated by dividing the electric energy consumption by the rate of COD removal as:

(Eq 3.2)

The volume-based energy consumption (W,) in kWh per m® of treated wastewater is
calculated by dividing the total energy consumption by the flow rate during the experiment

as:

3.3 Results and Discussion

3.3.1 Rapid wastewater treatment with high current generation

The multi-electrode MEC showed substantially enhanced electric current generation as
the maximum current density was 190 A/m? or 1.4 A/m? in MEC-10 (MEC of 10 electrode
pairs) with continuously fed real wastewater (Figure 3.2). The maximum current density
in MEC-1 (MEC of 1 electrode pair) was only ~4 A/m? or 0.2 A/m?, which was much
smaller than that in MEC-10. This result indicates that a large number of electrode pairs in
the sandwiched design can significantly enhance the rate of wastewater treatment using
MECs without any precious metal catalysts on the cathode, such as platinum. The current
density in MEC-5 (MEC of 5 electrode pairs) was sensitively affected by the flow rate of

wastewater and varied in a wide range up to 92 A/m3or 1.2 A/m? (Figure 3.2). Note that
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the primary clarifier effluent was fed to MEC-10 and the effluent from MEC-10 was
introduced to MEC-5 during the continuous MEC operation. The low current density at the
low flow rates can be explained by the low organic substrate concentration in the effluent
from MEC-10. For instance, the measured COD concentration in the MEC-10 effluent (i.e.,
influent to MEC-5) was 10.4 mg/L while it was 10.0 mg/L in the MEC-5 effluent at 0.2
mL/min. This negligible COD removal in MEC-5 indicates that the wastewater was
sufficiently treated in MEC-10 and thus MEC-5 did not generate high electric current for
0.2 mL/min (and 0.1 mL/min) due to the low COD concentration. In previous MEC studies
conducted with municipal wastewater, the reported electric current density ranging from
11 to 42 A/m® (15-17) is much lower than the current density results in this study. This
comparison confirms that the stacked electrode design allowed sufficiently high current
generation with primary clarifier effluent. The high current generation can be explained by
the significantly high anode surface area (136 m?m? for MEC-10,77 m?/m?® for MEC-5),

enhancing the rate of the electrode reactions in the small MEC reactors.
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Figure 3.2. Electric current generation in the continuous-flow MEC system fed with

primary clarifier effluent.
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It should be emphasized that the mean hydraulic residence time (HRT) in the system
was 0.63 h at 2 mL/min. Considering the typical residence time of 6-8 h in aeration tanks
of conventional activated sludge systems (1, 2), the new MEC stack design can reduce the
size of wastewater treatment reactors to approximately 10% of typical aeration tanks in

conventional activated sludge for municipal wastewater treatment.

3.3.2 Organic loading rate and electric current

The current density was governed by the organic loading rate (OLR) rather than the
COD concentration as the high OLR resulted in high electric current density (Figure 3.3a).
However, the electric current density was not clearly correlated with the COD
concentration (Figure 3.3b). This finding is consistent with the previous report that the
magnitude of electric current is governed by the OLR rather than other operation factors,
such as substrate concentration and conductivity, especially when real wastewater is used
as the feed for MEC operation (32). Even with significant variations in the influent COD
concentration, the OLR was governed by the flow rate because the average influent COD
was below 150 mg/L (Figure 3.4). For the slow flow rates (0.1 and 0.2 mL/min), the OLR
was smaller than 2 kg-COD/m?®d (0.4 — 0.5 kg-COD/m?®/d at 0.1 mL/min and 0.7 — 1.8 kg-
COD/m?®d at 0.2 mL/min), resulting in low current densities below 40 A/m® (Figure 3.3a).
In addition, there was no significant increase in the current densities when the flow rate
increased from 0.1 to 0.2 mL/min. However, for the high flow rate of 2 mL/min, the current
density increased up to 190 A/m? with the relatively high OLR between 8 and 16 kg-
COD/m?/d (Figure 3.3a). The OLR for the high flow rate was much greater than the typical

OLR in conventional activated sludge systems (usually smaller than 2 kg-COD/m?3/d)
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(2,33), indicating that the stacked MEC design can treat clarified domestic wastewater
faster more efficiently than conventional activated sludge systems. The relatively short
hydraulic residence time in MEC-10 (0.33 h at 2.0 mL/min) did not negatively affect the
electric current generation in MEC-10. This finding indicates that exoelectrogenic bacteria
can rapidly utilize organic substrates in municipal wastewater, allowing very short

hydraulic retention time (i.e., 0.33 h) and thus small MEC reactors for wastewater treatment.

200 200

. 1) 1 (®) o
E ] o % e ]
X 150 + E50 1 o .
E 1 o o < . o 4
G ] o ®° z » °
S - o 2 1 ° o
- 100 + o 100 + o
= ] it ] o
: : °
= =
S 50 + 3 50 } o
Siad ] ° &, 630 o0 o
4 %Q} OO
0 L L A A L A A I 0 v v ' v T v O‘ v v T v ' v v
0 5 10 15 20 0 100 200 300
Organic loading rate (kg-COD/m3/d) COD (mg/L)

Figure 3.3. The electric current density in MEC-10 vs (a) organic loading rate; (b) COD.
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Figure 3.4. The COD concentration of the influent and effluent.
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It should be noted that a gradual decrease was observed in the electric current of MEC-
10 and MEC-5 between 83 and 93 days. This result can be explained by decreased OLR
for the MEC operation. From 83 to 93 days, the OLR decreased from 15.4 to 6.6 kg-
COD/m®/d when the COD concentration of the influent decreased from 214 to 92 mg/L

simultaneously (Figure 3.4).

3.3.3 Wastewater treatability on organic removal

The rate of organic removal was rapid since 75 + 9% of COD was removed in MEC-
10 and MEC-5 for 2 mL/min or the hydraulic residence time (HRT) of 0.63 h. The COD
removal was similar or slightly lower at 64 + 15% and 59 + 11% for the longer HRT
conditions of 12.5 h (0.1 mL/min) and 6.3 h (0.2 mL/min), respectively (Figure 3.5a). The
average current density was 106.4 A/m*® (MEC-10) and 35.0 A/m® (MEC-5) at 2 mL/min
while it was around 23 A/m3 (MEC-10) and 3 A/m?® (MEC-5) at low flow rates (0.1 mL/min
and 0.2 mL/min) (Figure 3.2). The electric current in MECs represents the rate of the
electrode reactions, which are the organic removal at the anode and hydrogen production
at the cathode. Therefore, the higher electric current density contributes to the faster
organic removal. In conventional activated sludge systems, the typical HRT in the aeration
tank is 6 to 8 h with approximate 80% COD removal (2). Considering the rapid COD
removal of the examined MEC system (75% COD removal in 0.63 h), the stacked MEC
design can be used for effective treatment of municipal wastewater. The BOD removal was
high at 90 + 2% with the effluent BOD of 19.4 £ 4.1 mg/L at 2 mL/min. Note that, for real
wastewater without its chemical composition, the BOD-based removal efficiency provides

more reliable organic removal treatability for biological wastewater treatment (1).
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Figure 3.5. Wastewater treatability of the MEC system: (a) COD removal; (b) TSS and

VSS removal.

3.3.4 Wastewater treatability on biosolids reduction

TSS (total suspended solids) and VSS (volatile suspended solids) were reduced
substantially in the continuous-flow MEC system. Nearly complete reduction of biosolids
(>94%) for both VSS and TSS was observed regardless of the flow rate conditions (Figure
3.5b). This observed biosolids removal was much higher than 60% of TSS removal
reported in single-chamber MEC reactors (250 mL) that were fed with domestic
wastewater and the MECs were built with only 1 electrode pair (27). This comparison
indicates that the stacked electrode design is beneficial to minimizing sludge generation.
The apparent yield coefficient measured in this study ranged from 0.01 to 0.06 g-VSS/g-
COD, which is an order of magnitude smaller than the yield coefficient of the other
anaerobic microorganisms (typical 0.1 to 0.6 g-VSS/g-COD) (1, 34, 35). In this study, the

concentration of biosolids in the effluent was 3.67 = 1.25 mg-TSS/L or 2.02 £ 1.21 mg-
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VSS/L at 0.1 mL/min, 2.02 £ 1.21 mg-TSS/L or 1.60 + 0.90 mg-VSS/L at 0.2 mL/min, and
10.36 + 8.06 mg-TSS/L or 6.4 £ 2.76 mg-VSS/L at 2 mL/min (Figure 3.5b). These
consistently low VSS and TSS concentrations imply that the MEC effluent can be
discharged even without secondary clarification. In addition, the enhanced reduction of
biosolids clearly indicates that MECs can dramatically reduce the sludge production in

wastewater treatment as well as the cost for sludge treatment and disposal.

3.3.5 Coulombic efficiency and energy consumption

Coulombic efficiency (CE) varied in a wide range (Figure 3.6). The wide variation of
CE can be explained by the use of real wastewater where its composition, especially the
readily biodegradable portion of COD, changes continuously. A certain degree of
variations in CE has been commonly found in previous studies where the primary clarifier
effluent from wastewater treatment plants was fed in bioelectrochemical systems (15, 16,
36). The CE was 66 + 27% at 0.1 mL/min while it dropped to 22 + 14% at 0.2 mL/min and

20 + 11% at 2 mL/min (Figure 3.6).
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Figure 3.6. Coulombic efficiency during the continuous-flow MEC system operation.
A significant decrease was shown in CE when the flow rate increased from 0.1 mL/min
to 0.2 mL/min. The significant decrease was due to the increase in ACOD (Figure 3.5a)
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and the similar electric current generation at 0.2 mL/min. The CE value was much lower
than the CE of our previous study (>72%) where the reactor was fed with synthetic
wastewater (21). The low CE results indicate other biological reactions in the MEC reactors
can affect CE. When the MEC reactors were disassembled, thick biofilms were found both
on the anode and cathode (Appendix B, Figure B1), indicating that there was a substantial
amount of microorganisms in the system. The observed biomass on the electrodes did not
affect the sludge production during the MEC operation because the sludge production was
consistently low over the course of 3-month operation. The presence of other terminal
electron acceptors such as ferric iron and sulfate can contribute to the COD removal
without electric current generation in MECs (16). In the ICP-OES (inductive coupled
plasma-optical emission spectrometry) analysis, the dissolved iron was detected in the feed
wastewater because the local wastewater treatment plant applied ferric sulfate in the
preliminary treatment for phosphorus removal. Note that many of the known
exoelectrogenic bacteria (Geobacter and Shewanella spp.) can utilize iron as the terminal
electron acceptor (37, 38). In addition, other iron-reducing bacteria are commonly found
in domestic sewer systems (38). However, the concentration of iron in the influent and
effluent decreased from 1.45 mg/L to 0.19 mg/L, which only results in the 0.54 mg/L COD
removal. Thus, the effects of iron ions were negligible. Sulfate can also contribute to
additional COD removal without electric current generation by sulfate reducing bacteria
(39). Sulfate concentration in the wastewater was consistently high at 82-122 mg/L (40),
which can potentially oxidize up to 81 mg/L of COD assuming HS production. In addition,

the methane production in MEC can also result in the low CE.
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The electric energy consumption was as low as 0.40 kWh per kg-COD removed or
0.058 kWh per m® wastewater treated (Appendix B, Figure B2). The low energy
consumption for the MEC operation can be explained by the stacked electrode design with
the reduced inter-electrode distance (2.8 mm) and significantly magnified electrode surface
area with a total of 15 electrode pairs sandwiched in the small reactors. The short inter-
electrode distance contributed to the low inter resistance (229.5 Q cm? based on 1.22
mS/cm and 2.8 mm) and thus resulted in the low voltage drop between the electrodes (3 to
18 mV). Compared to the energy consumption of conventional activated sludge systems
which typically ranged from 0.7 to 2 kWh per kg-COD removed (2), the energy
consumption for MEC operation was much lower. In conclusion, the stacked multi-
electrode MECs can replace the activated sludge system because of the great treatability of
primary clarifier effluent and low energy consumption.

Note that the energy recovered as H. gas production was not included in the energy
requirement calculation because biogas production, including H: gas, was very small. The
small biogas production can be explained by the short hydraulic residence time in the MEC
reactor (37.5 min at 2 mL/min). For the short residence time, tiny H> gas bubbles from the
cathode were flowing with the wastewater rather than separated by gravity in the MEC
reactors. Also, Ha gas is rapidly converted into CH4 in MECs without proper inhibition of
hydrogenotrophic methanogens. According to the Henry’s law constant (769 atm/M) (41),
the examined highest flow rate can carry more methane (606 mg CHa/d) than the maximum
amount of methane that can be produced in the MEC (155 mg CHa/d; 100% conversion of

H> into CH4; 100% Ha production from electric current).
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3.3.6 Individual electrode performance

During the continuous flow operation, the wastewater flowed through 10 independent
electrode pairs serially in MEC-10 and then 5 electrode pairs in MEC-5. The electric
current generation was similar among the multiple electrode pairs (Table 3.1), and this
result was not consistent with our recent study with synthetic wastewater that is considered
to have resulted in a significant variation in the electric current generation among the
electrode pairs (21). The different performances of the reactor with real wastewater and
synthetic wastewater were due to the low readily biodegradable organics concentration of
real wastewater. The slow conversion of biodegradable organics to readily biodegradable
organics in the reactor contributes to the stable electric current results.

Table 3.1. Average electric current (mA) for each electrode pair in MEC-10

Electrode pair 0.1 mL/min 0.2 mL/min 2.0 mL/min
#1 0.11+£0.09 0.08 £ 0.03 0.15+0.08
#2 0.14 £ 0.05 0.09 £ 0.05 0.53+0.19
#3 0.12 £ 0.05 0.10 £ 0.06 0.50 £0.15
#4 0.08 £ 0.03 0.10 £ 0.04 0.54+£0.17
#5 0.08 £ 0.03 0.09 £ 0.04 0.54+0.18
#6 0.08 £ 0.03 0.09 £ 0.05 0.55+0.20
#7 0.08 £ 0.03 0.11+£0.04 0.56 £ 0.20
#8 0.08 £ 0.03 0.09 £ 0.04 0.47 £0.17
#9 0.07 £0.02 0.09 £ 0.04 0.49£0.18
#10 0.07 £0.03 0.08 £ 0.04 0.53+0.22

In addition, the consistent electric current results indicate the operation of the MEC stack
was reliable even though a single reactor was operated. The location of individual electrode

pairs did not affect the current generation except for the first pair from the inlet (electrode
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pair #1). For instance, there was no significant variation in the electric current for electrode
pairs #2 through #10 in MEC-10 (Table 3.1). However, electrode pair #1 generated
noticeably lower electric current compared to the other electrode pairs only at the high flow

rate of 2 mL/min (Table 3.1).

3.4 Conclusions and outlook

The stacked-electrode design demonstrates excellent wastewater treatability with
minimal biosolids production and consistently low COD in the MEC effluent. Even though
the demonstration was achieved in lab-scale experiments, the MEC design is readily
applicable in practical applications as the experiment was conducted with primary clarifier
effluent from a local wastewater treatment plant. The demonstrated MEC design does not
need further scale-up for practical applications. Many MEC reactors with 10-20 electrode
pairs can be used to receive the primary clarifier effluent in parallel just like a modulated
membrane filtration system where individual membrane modules receive feed water in
parallel and operate independently one another. Without further scale-up of the MEC
design, the stacked electrode MECs can be used to treat municipal wastewater with stable

effluent quality and minimal biosolids generation.
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4 Mechanisms of Heavy  Metal Separation in
Bioelectrochemical Systems and Relative Significance of

Precipitation

Bioelectrochemical systems (BES) have emerged as a novel technology for wastewater
treatment and energy production. Recently, BES has attracted more attention in heavy
metal separation from industrial wastewater since heavy metal ions can be reduced to
metallic metals on the cathode in BES. Many papers were published in the last 10 years.
Therefore, a comprehensive review including the fundamentals and mechanisms of heavy
metal separation in BES is meaningful for BES development. Although some researchers
summarized the heavy metal separation efficiency in their review papers, the mechanisms
of heavy metal separation especially the precipitation of heavy metal in BES were not
completely investigated. Thus, we review the mechanism of heavy metal separation with
an emphasis on the precipitation of heavy metals in BES.

The following published book chapter is included in this chapter.

e Guo, H.,, & Kim, Y. (2020). Mechanisms of Heavy Metal Separation in
Bioelectrochemical Systems and Relative Significance of
Precipitation. Microbial Electrochemical Technologies, 128.

The co-author’s contributions include:

e Funding acquisition

e Supervision and technical support

e Manuscript review and revision

71



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

Abstract

Heavy metal pollution is a severe environmental issue. Most heavy metals are toxic
and can threaten human health. Conventional methods such as precipitation and adsorption
have been used to separate heavy metals from aqueous solutions. Due to high energy and
chemical costs of conventional methods, there is a need for new cost-effective and
sustainable technologies to separate heavy metals. Bioelectrochemical systems (BES) have
been reported as an efficient method. To provide a clear understanding of heavy metal
separation in BES, this review summarized previous research work on BES applications
for separating heavy metals and discussed various removal mechanisms including
electrochemical reduction, precipitation, and adsorption. The separation of various heavy
metals, such as cobalt, cadmium, copper, mercury, gold, silver, vanadium, chromium,
nickel, zinc, and selenium, was also discussed. Comparing with previous reviews which
focused on the mechanism of the electrochemical reduction of heavy metal separation in

BES, we emphasize important roles of precipitation in metal separation.

Keywords

Reduction potential; removal efficiency; solubility products; microbial electrolysis cells;

microbial fuel cells.

72



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

4.1 Introduction

Heavy metals are the elements having high atomic weights or high densities (Fergusson
and Erric 1990). Some heavy metals such as copper, iron, mercury, and zinc are important
trace elements in natural waters (Manahan 2017). These heavy metals are essential
nutrients for plants and animals at low levels but toxic at high concentrations. The toxicity
of heavy metals to microorganisms and plants was reported by Giller et al. (1998) and
Nagajyoti et al. (2010). Some heavy metals are of particular concern because of their
toxicities to humans. For instance, cadmium can affect several enzymes and cause kidney
damage and bone disease (Manahan 2017). Exposure to uranium can increase the risk of
cancer (Achparaki et al. 2012). Lead adversely affects the central and peripheral nervous
systems (Hu 20002; Tchounwou et al. 2012). The industrial wastewater from metal plating
facilities, mining operations, and pesticide producing are the main sources of heavy metal
pollution (Srivastava and Majumder 2008; Fu and Wang 2011). Because heavy metals are
non-biodegradable (Kurniawan et al. 2006) and can be accumulated in soils and living
organisms, effective treatments of the waste sources should be conducted. Many methods,
which include chemical precipitation, coagulation-flocculation, flotation, membrane
filtration, ion exchange, electrodialysis, and adsorption, have been developed to separate
heavy metal ions from aqueous solutions (Fu and Wang 2011; Kurniawan et al. 2006; He
and Chen 2014). However, the conventional methods require high energy consumption and
chemical costs. Therefore, an innovative method that can separate heavy metals effectively

and sustainably is in need.
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Bioelectrochemical systems (BES) have emerged as a novel technology for wastewater
treatment and energy production (Rabaey et al. 2010; Wang et al. 2015; EIMekawy et al.
2015). In the literature, BES is used to present both Microbial fuel cells (MFCs) and
microbial electrolysis cells (MECs) (Nancharaiah et al. 2015). MFCs can oxidize the
substrates with current generation (Liu et al. 2005; He et al. 2005; Logan et al. 2006) while
MECs can produce hydrogen gas with a small applied voltage (Call and Logan 2008;
Logan et al. 2008). During the process, the electrons produced from the substrates are
transferred to the anode and flow to the cathode. The oxidized heavy metal ions can gain
the electrons from the cathode and be reduced to metallic metals. This reduction process
makes the separation of heavy metals achievable in BES. Many studies reported the utility
of BES for separating heavy metals. Therefore, in this review, we gave a summary of
previous studies that focus on the heavy metal separation in BES.

Nancharaiah et al. (2015), Wang and Ren (2014), and Dominguez-Benetton et al. (2018)
reviewed the removal and recovery of metals in BES. In the study of Wang and Ren (2014),
the BES were classified into four categories based on the cathode type (abiotic cathode or
biocathode) and reactor type (MEC or MFC). The category of the reactor with bipolar
membranes was added in the study conducted by Nancharaiah et al. (2015). Dominguez-
Benetton et al. (2018) reported a division of BES into four categories based on the
mechanisms for metal transformation and recovery. In these three reviews, the performance
of previous reactors was summarized and the reduction of heavy metal ions was discussed.
However, the precipitation of heavy metal ions, which is possible in BES, was not included

in their study. Some precipitates such as cadmium hydroxide, cadmium carbonate, and
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cobalt hydroxide were detected in previous studies (Colantonio and Kim 2016, Huang et
al. 2015). Thus, in this study, we reviewed the mechanism of heavy metal separation with
an emphasis on the precipitation of metals in BES. In summary, the objectives of this
review are to: summarize the previous studies related to the heavy metal separation in BES;
report the fundamentals for separating heavy metals in BES; discuss the mechanisms that

include reduction, precipitation, and adsorption of heavy metal separation in BES.

4.2 Fundamentals of heavy metal separation wusing microbial

electrochemistry

4.2.1 Reduction potential

In most of microbial electrochemistry systems, organic substrates are oxidized at the
anode to provide the electrons. The electrons flowed from the anode to the cathode where
most of the reduction of heavy metals occurs. The reduction potential represents the
possibility of a chemical species gaining electrons. The typical cathode potential in MFCs
is from 0.1 to 0. 3V vs. SHE (Logan et al. 2006). For the metal ions whose reduction
potential is higher than the typical cathode potential, they can be reduced in MFCs and the
reduction is spontaneous. For instance, the reduction of Co®" to Co?* (1.82 V vs. SHE),
Au®t to Au® (1.00 V vs. SHE), and Cr* to Cr®* (1.33 V vs. SHE) have been reported in
MFCs (Huang et al. 2013; Choi and Hu 2013; Gangadharan and Nambi 2015). The cathode
potential in MECs depends on the applied voltage and varies from -0.25 to -1.5 V (Logan
et al. 2016; Huang et al. 2014; Colantonio and Kim 2016). The broad range of the cathode

potentials makes the heavy metals such as Cd?*, Co?*, and Ni?* whose reduction potential
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is lower than -0.4 V (Table 4.1) reduced in MECs (Wang et al. 2016; Jiang et al. 2014; Qin
etal. 2012;).
Table 4.1. Standard reduction potential of redox couples and theoretical reduction potential

of redox couples when [Mox] =1 mM or 10 pM?

Redox couples Standard (V vs. SHE) 1 mM (V vs. SHE) 10 uM (V vs. SHE)
Co*/Co?* 1.82 1.88° 1.88°
Cré*/Cr3* 1.33 0.39° 0.41°
Au*/AU° 1.00 0.94 0.90

Vo VA 0.991 0.55° 0.55°
Hg?*/Hg® 0.855 0.77 0.71

Ag/Ag° 0.799 0.62 0.51

Fe*/Fe 0.77 0.74° 0.74°
Se**/Se? 0.74 0.29 0.26

Cu®/Cu° 0.34 0.25 0.19

usH/u 0.327 -0.53° -0.53°
Ni#*/Ni° -0.257 -0.34 -0.40
Co*/Co° -0.28 -0.37 -0.43
Cd*/Cd° -0.4 -0.49 -0.55
Zn%*/Zn° -0.76 -0.85 -0.91

a: [Mq]: the concentration of oxidized heavy metals; pH=7; at 20°C
b: Mox = 0.1Meq (the concentration of reduced heavy metals)

The redox potential, which is affected by different conditions such as pH and

temperature, can be calculated using the Nernst equation (Eq 4.1, Sawyer et al. 1994).
E=E'——InQ  Eq4l
In equation 4.1, E is the half-cell redox potential at the operating conditions; E° is the

standard half-cell redox potential; R is the gas constant (8.314 J/K/mol); T is the

temperature (K); n is the number of electrons transferred in the half-cell reaction; F is the
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Faraday constant (9.6485 X 10* C/mol); Q is the reaction quotient. Table 4.1 shows the

theoretical reduction potential of heavy metals with different concentrations at pH 7.

4.2.2 Precipitation

The oxygen reduction in MFCs (Eq 4.2) and the hydrogen production (Eq 4.3) in MECs
can result in the high pH near the cathode (Van Phuong et al. 2011, Van Phuong et al. 2012;
Cusick and Logan 2012). Some heavy metal ions can easily form the precipitation with
hydroxide (OH") at high pH. The equilibrium concentration of the heavy metal ions ([Meq])
can be calculated based on the solubility product (Ksp). Table 4.2 shows the summary of
the pKsp value of hydroxide precipitation and [Meq] at pH 7 and 12.
Table 4.2. Equilibrium concentration (M) of heavy metal ions [Meg] at pH 7 and pH 12

with hydroxide

Reactions pKsp? [Meg] atpH =7 [Meg] at pH =12

Co2+ + 20H-- Co(OH)2 (s) 15.7 1017 1017
Ni2+ + 20H- - Ni(OH)2 (s) 17.2 1032 10132
Cu2+ 4+ 20H-— Cu(OH)2 (s) 20.4 104 107164
Zn2+ + 20H-— Zn(OH); (s) 16.8 1028 10128
Hg2+ + 20H- - Hg(OH): (s) 25.4 10114 10214
Cd2+ 4+ 20H-— Cd(OH)2 (s) 14.3 1003 10103

Ag+ + OH-— AgOH (s) 7.7 1007 1057
Cr3+ + 30H- - Cr(OH); (s) 30.0 10° 10240

a: Werener and Morgan (2012)
From Table 4.2, it can be seen that the formation of some heavy metal hydroxide
precipitation requires a high pH condition. For example, 10°2 M (or 56 mg/L) Cd?**can

dissolve in the solution at pH 7 while only 10*7 M (or 1.12 x 1071° mg/L) can dissolve at
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pH 12. For some other heavy metals such as Cu?*, Hg?*, and Cr®*, the dissolved
concentration is low even at natural pH.
O2+4H" +2¢ — 2H0 Eq4.2
2H +2e— Hy Eq 4.3
Carbonate precipitation is also possible in BES. The oxidation of organics at the anode
can produce bicarbonate (HCO3Y) (Eq 4.4). The HCOg3 can convert to COz% with OH" in
the cathode chamber (Eq 4.5). The concentration of HCO3 and CO3? depend on the pH.
When the concentration of total carbonate (Cr, cos2-) equal to 10 mM, the concentration of
CO3% is 104 M (pH 7) and 102 M (pH 12). With these CO3%, some heavy metals are easy
to form carbonate precipitation. Table 4.3 shows the summary of pKs, of carbonate
precipitation and [Meq] at different pH.

Table 4.3. Equilibrium concentration (M) of heavy metal ions at pH 7 and pH 12 with Cr,

cog2-=10mM
Reactions PR’ ([cogf]H:lg-SA M) ([cofzq e M)

Co2+ + CO32-— CoCO3(s) 10.0 1046 108
Ni2+ + COs% — NiCO; (5) 6.9 1045 109

Cuz* + CO32 - CuCOs (s) 9.6 1042 1075

Zn2+ + C0O32-— ZnCO;3 (s) 10 1046 1089

Hg2+ + O3> > HgCOs (s) 16.1 10107 10141

Cd2t + CO32 — CdCO3(s) 13.7 1083 10117

2Ag* + COs> > Ag,CO3 (s) 11.1 102% 10455

a: Werener and Morgan (2012)
From the Table 4.3, it can be seen that some heavy metal ions such as Ni* and Ag* require

a higher pH or higher Cr cos.- to form the carbonate precipitation. Some heavy metal ions
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such as Cd?* and Hg?* can easily form the precipitation even with the low concentration at
neutral pH.

Organics — HCO3 "+ ¢ Eq4.4

HCO; +OH — CO3;*+H,O Eq4.5

4.3 Mechanisms of heavy metal separation in BES

4.3.1 Overview

Reduction, precipitation, and adsorption have been reported as the three mechanisms
for heavy metal separation in BES (Table 4.4). The heavy metal ions can be reduced at the
cathode (Figure 4.1A). They can also be reduced at the anode by the microorganisms
(Figure 4.1B). Figure 4.1C shows the formation of hydroxide precipitation of heavy metals.
In addition, the heavy metal ions can also combine with the carbonate to form the carbonate
precipitation (Figure 4.1D). The adsorption by the electrode or biosorption by the

microorganisms contributes to the heavy metal separation in BES as well.

A B
e Sred M red € Rred
Son Mox Ror
Anode Cathode Cathode
C D
€_ Seed M(OH),(s) Mox S e rganic Moxf)
x M ed M,(CO,),(s) +—=— Mred
OH
S HCO5
- H200r O, £ OH €07
3
Anode Cathode Anode Cathode

Figure 4.1. Mechanisms of heavy metal separation in BES. A. reduction at the cathode; B.

reduction at the anode; C. precipitation with OH; D. precipitation with CO3?",
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Table 4.4. The summary of heavy metal separation in BES

Heavy Concentration Reactor mode Removal efficiency Mechanisms Reference
metals (mM)
. Cathodic reduction Colantonio and Kim
-010 )
0.1 MEC 71-91%in 48 Precipitation, (2016)
: 0.45-1.8 MFC 89-93% in 60 h Cathodic reduction Choi et al. (2014)
Cadmium
2+ - -
Cd 0.45 MEC 39-479% inah  Cathodicreduction, 0 ool (2016)
Adsorption
10-10" pM o i Cathodic reduction, :
0.02 MM MEC 69% in 168 h biosorption Colantonio et al. (2016)
Co** o Cathodic reduction, ,
0.847 MEC 92% in6h Adsorption Jiang et al. (2014)
LiCoO2(s) and i o Cathodic reduction,
((égg)?:)tr Co" 034 MFC-MEC 88%in6h Adsorption Huang et al. (2014)
Co*) LiCoO2(s) MFC 62-70% in 48 h Cathodic reduction Huang et al. (2013)
Co** o Cathodic reduction,
0.36 MFC 93%in6h Precipitation Huang et al. (2015)
15.6 MFC ~100% in 168 h CatEOd'F reduction, 4iine et al. (2010)
recipitation
Copper 0.79-100 MFC >99% in 144h Cathodic reduction Tao et al. (2011a)
2+
(Cu™) 31.25 MFC 90% in 24 h Cathodic reduction Rodenas et al. (2015)
0-100 MFC 70%in 144~ Cathodicreduction, .o o1 0011p)

Precipitation
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94,313 MFC 92% in 480 h Cathodic reduction Tao et al. (2011c)
%gﬂﬁ’%r Cu(NH3)s* MFC 84%in 8 h Cathodic reduction  Zhang et al. (2012)
5-15 MFC 98%in 24 h Cathodic reduction Wu et al. (2018)
'E'Kﬁ‘;')e 0.85-17 MEC 33-99% in 19.8 h Cathgg;%;;ﬂ‘;f}”"”’ Qin et al. 2012
'\?I‘flrg%”;y 0.125-0.5 MEC >94% in 5 h Catg?ggicpzfst‘i*ggo”’ Wang et al. (2011)
o o1 we  lowmun  Cledesten s
0.46-1.84 MFC >98% in 8 h Cathodic reduction Choi and Cui (2012)
?"A{\éf)r O;A:gglscz):’og MFC 95% in35h Cathodic reduction Tao et al. (2012)
9.26 MFC ~100% in21h Cathodic reduction Wang et.al (2013)
9.8 MFC 25.3% in 72 h Cathodic reduction Zhang et al. (2009)
Vanadiu 4-8 MFC ~100% in 168 h Cathodic reduction Qiuetal. (2017)
(\%*) 4.9,9.8 MFC 67.9% in 240 h Cathodic reduction Zhang et al. (2010)
4.9-19.6 MFC 26.1%in72h Cathodic reduction Zhang et al. (2010)
éinr;‘i) 0.23-0.63 MEC 17%-99% in 48 h Precipitation Tang et.al (2016)
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Cathodic reduction,

. 1.54-12.3 MEC 60%-99% in 23 h CL Modin et al. (2017)
Zinc Precipitation
(Zn?) o Precipitation. Abourached et al.
0.2-0.5 MFC 94-99% in 48 h Biosorption (2014)
Si§:4'+lj)m 0-5.1 MFC ~99% Bio-reduction Catal et al. (2009)
0.96-9.6 MFC 99.5% in 25 h Cathodic reduction Li et al. (2008)
0.48-3.84 MFC ~100% in 150 h Cathodic reduction Wang et al. (2008)
. : : Gangadharan and
- ~ 0,
1.44-5.77 MFC 100% in 48 h Cathodic reduction Nambi (2015)
0.5 MFC 97%in 26 h Cathodic reduction Li et al. (2009)
1.8-19.2 MFC 19.2-100% in14 ¢ CAthodic reduction, oo 01 (2017)
. Precipitation
Chromiu Cathodic reduction
m 0.76 MFC >80%% in 4 h JL ’ Huang et al. (2011)
6+
(Cr") precipitation
0.38-0.77 MFC ~100% in 7 h Cathodic reduction Huang et al. (2010)
0.42-1.2 MFC ~100%in120h  cathodicreduction, . ok et al. (2009)
precipitation
0.19-0.57 MFC 975%in4.5h Cathodic reduction Shi et al. (2017)
~100% or 42.5% Chemical reduction, .
0.19 MFC in3.5h Cathodic reduction Liuetal. (2011)
0-2.88 MFC 65.60%in3h  chemicalreduction, ool 2017)

Cathodic reduction
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4.3.2 Cobalt

Cobalt can be found in some minerals and most cobalt is produced as a by-product of
nickel refining. Cobalt has many industrial and medical applications. It is widely used in
lithium-ion batteries where the cathode is made by lithium cobalt oxide (LiCoO3). Various
technologies such as ion exchange, chemical precipitation, and solvent extraction have
been used to recover cobalt (Marafi and Stanislaus 2008). BES was also proposed to
separate the cobalt from aqueous solutions.

Cobalt can be reduced at the cathode in BES. The reduction of Co®" to Co?* at the
cathode is spontaneous since the redox potential of Co®*"/ Co?* couple is high (1.81 V vs.
SHE). In the work conducted by Huang et al. (2013), the Co®* from insoluble LiCoO2 (s)
was reduced to the soluble Co?*in two chambers MFCs (Eq 4.6). The recovery efficiencies
from 62.5% to 70.5% were achieved under different conditions such as initial pH and
external resistor with 48 hours of operation (Table 4.4). To further recover the cobalt, the
soluble Co?* needs to be reduced to insoluble Co® (Eq 4.7). This reduction demands an
external power supply due to the low redox potential of Co?*/ Co° (-0.232 V SHE). The
reduction of Co?* to Co®was enhanced by using biocathode in the study of Huang et al.
(2014) and Jiang et al. (2014). In addition, the applied voltage can affect the reduction of
Co?* and a higher applied voltage condition results in a higher reduction rate. However,
when the applied voltage was larger than 0.5 V, more electrons were provided for hydrogen
evolution instead of cobalt reduction. Therefore, the optimal applied voltage of Co?*
reduction was 0.3 to 0.5 V (Jiang et al. 2014). A self-drive system that the LiCoO2/ Co?*

MFC was used to provide the energy for the Co?*/Co® MEC was proposed by Huang et al.
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(2014). In their study, 46 £ 2 mg/L * h of cobalt leaching rate was achieved in the MFC
when 7 £ 0 mg/L « h cobalt reduction rate was shown in the MEC. The overall cobalt yield

was 0.15 £ 0.01 g Co/ g Co.
LiCoOx(s) + 4H"+ e — Li"+ Co* + 2H,0O Eq 4.6
Co*" +2¢—Co Eq4.7

Co?* can be separated by precipitation in BES as well. Co?" ions can easily combine
with OH- and COs?" to form the precipitation of Co(OH); and Co(CO)s because of the low
Ksp (Table 4.2 and Table 4.3). Huang et al. (2015) reported that 93.3% of cobalt was
removed by Co(OH). precipitation in MFCs with 6 h operation. The cobalt precipitation
was formed on bacterial surfaces, which demonstrated the contribution of the oxygen-
reducing biocathode. There was no Co(CO)s formed in these MECs because the cation
exchange membrane limited the transfer of HCO3 between the anode chamber and cathode
chamber. However, the precipitation of Co(CO)z in BES without the membrane is possible.
It can be seen from Table 4.3 that only 10%® M Co?* (1.5 mg-Co/L) can dissolve in the
water with Ct, cose- of 10 mM at pH 7. The concentration decreases to 108 M (0.59 pg-
Co/L) at pH 12.

The mechanism of adsorption has been reported by Huang et al. (2014) and Jiang et al.
(2014). 46.1% and 27% of cobalt were removed under open circuit conditions in their

studies.

4.3.3 Cadmium
Cadmium is toxic and has been listed as a group-B1 carcinogen element by the US

Environment Protection Agency (EPA, Purkayastha et al. 2014). The sources of cadmium
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in the environment include coal combustion, iron and steel production, usage of NiCd
batteries, and electroplating. A number of technologies such as precipitation, coagulation,
and membrane filtration have been applied to remove cadmium (Purkayastha et al. 2014).
BES was also used to separate cadmium from aqueous solutions.

Cadmium removal in BES can be achieved by the cathodic reduction (Eq 4.8). The
reduction of Cd?* to Cd° requires an external power supply because of the low redox
potential of Cd?*/Cd° (-0.403V vs. SHE). Choi et al. (2014) used Cr®* a cathodic reactant
to remove Cd?* in an MFC. 94.5 % of Cd?* was removed with 60 hours of operation in the
study. An enhanced reduction rate was reported in the study of Wang et al. (2016) by using
the deposited Cu cathodes. Cd?* removal rates in the MECs with deposited Cu (4.96-5.86
mg/L « h with different cathode materials) were 1.8-4.2 times higher than that in the MECs
without deposited Cu (1.18-3.26 mg/L * h).

Cd**+2¢e—Cd Eq4.38

Precipitation of cadmium hydroxide (Cd(OH)2) and cadmium carbonate (CdCQOs3) were
reported by Colantonio and Kim (2016). They found that the precipitation was responsible
for more than 60% of cadmium removal under the applied voltage of 0.4 V in a single
chamber MEC. To avoid the dissociation of Cd(OH). and CdCQOs, sufficient amounts of
substrates were suggested to feed to the reactor in their study. From Table 4.2 and 4.3, 10
83 M Cd?* (0.56 ug-Cd/L) can result in the formation of CdCO3s while Cd(OH). can be
formed with 1003 M Cd?* (56 mg-Cd/L) at pH 7. At pH 12, the equilibrium concentration

of Cd?* decrease to 1071%3 M (5.6x10° pug/L).
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In addition, the separation of cadmium by biosorption at the anode was demonstrated
in an MFC by Abourached et al. (2014). The precipitation process of Cd?* on the cathode
is difficult when oxygen exists in the MFC because the standard redox potential of Cd?" is
much lower than O2. However, more than 89% of cadmium was removed in the study of
Abourached et al. (2014) by using the air-cathode-MFCs. This result can be explained by
the biosorption of Cd?* at the anode. The performance of the MFC was affected by the
initial cadmium concentration. The maximum tolerable concentration of cadmium was 200
MM in MFCs. Cadmium removal by anode biosorption was also reported in MECs with
low cadmium concentration in the study conducted by Colantonio et al. (2016). In their
study, 59.3%, 6.3%, and 4.4% of cadmium were removed by anode biosorption with

different initial Cd?* concentrations.

4.3.4 Copper

Copper is an essential element to living organisms because it is a key constituent of the
respiratory enzyme complex. However, a high dose of copper is toxic to all life forms.
Copper commonly exists in the effluent from electronics plating, wire drawing, copper
polishing, and paint. (Zamani et al. 2007). Numerous treatment technologies, which
include adsorption, biosorption, and co-precipitation with calcium carbonate, are available
for copper removal and recovery (Aston et al. 2010; Khosravi and Alamdari 2009).

Copper can be separated by reduction at the cathode in BES. The reduction of Cu?* to
Cu® at the cathode occurs spontaneously because of the positive standard redox potential
of Cu?*/Cu® couple (0.337 V vs. SHE). There are two major ways for the reduction of Cu?*:

Cu?* is directly reduced to Cu° at the cathode (Eq 4.9); Cu?*  first reduced to Cu2O and
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then Cu,0 is reduced to Cu® (Eq 4.10 and 4.11). Although the standard reduction potential
of Cu?*/Cu® (0.337 V vs. SHE) is higher than that of Cu?*/Cu,0 (0.207 V vs. SHE), the
reduction of Cu?* to Cu20 is more favorable when pH > 4.7 based on the Nernst equations
(Tao et al. 2011a). Both metallic copper Cu® and cuprous oxide (Cu.0) appeared on the
cathode in studies conducted by Tao et al. (2011a) and Wu et al. (2018). The formation of
Cu20 can be governed by pH. It was shown that only metallic Cu was formed on the
cathode by controlling the pH < 3 in the study of Heijne et al. (2010) and Rodenas et al.
(2015). In addition to the pH, the formation of Cu.O can be controlled by providing enough
electrons (substrates) since the formation of Cu requires 1 more electron than the formation
of Cu20 (Tao et al. 2011c).
Cu*"+2e =Cu(s) Eq4.9
2Cu*" + 2H,0 + 2¢" = Cu,0 + 2H* Eq 4.10
Cu0 +2H" +2e=2Cu+H,0 Eq4.11

Apart from Cu?*, some copper complexes can also be reduced at the cathode. For
instance, ammonia-copper complexes (Cu(NHs)42*) were fed to a dual-chamber MFC in
the study of Zhang et al. (2012). The reduction of Cu(NH3)4* can be achieved in two ways:
Cu?* that released from Cu(NHs)+?>* was reduced to Cu or CuO directly; Cu(NHs)s?*
accepted an electron to form Cu(NHs3)s" and then Cu(NHs)4* deposited as Cu or Cuz0 on
the cathode. These two ways were affected by the pH. Cu(NHs)4?* was dissociated to Cu?*
at pH < 5.34 while it was reduced to Cu(NHs)s" at pH > 8.83. In the study conducted by
Zhang et al. (2012), 84% of copper was removed with the initial concentration of 350 mg-

Cu/L at pH 3.0 after 8 h.
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Copper can also be separated by precipitation in BES because of the low Ks, of
Cu(OH); and CuCOs (Table 4.2 and 4.3). For instance, 10%4 M Cu?* (25.5 pg-Cu/L) can
result in the formation of Cu(OH). at pH 7. In addition, the formation of insoluble copper

complex brochantite (CuSOs4 = 3Cu(OH)2, Eq 4.12) also contributed to the separation of

Cu?*. This complex was detected on the cathode in the studies of Tao et al. (2011a, 2011b).
Brochantite can be formed at the high initial Cu?* concentration (~6400 mg/L). With the
high concentration of Cu?*, low removal efficiencies of 18.6% and 28.1 % were shown in
a dual-chamber MFC and a membrane-free MFC respectively (Tao et al. 2011a, Tao et al.
2011b). The precipitation of copper sulfide was also observed in the study of Miran et al.
(2017).
4Cu** + 6H,0 + SO4> = CuSO4 * 3Cu(OH),+ 6H" Eq 4.12
The mechanism of anode biosorption was reported by Tao et al. (2011a). In the study,

the Cu?* concentration in the anode chamber decreased from 5.3 mg/L to 0.17 mg/L.

435 Mercury

Mercury is harmful and toxic to human beings. The major sources of mercury
contamination include dental practice wastes, fertilizers, pulp paper wastes, and coal
combustors used in electricity generation (Baeyens et al. 2016; Bender 2008; Morimoto et
al. 2005). Many technologies such as activated carbon adsorption, ion exchange, and
precipitation have been used to remove mercury (Monteagudo and Ortiz 2000; Hutchison
et al. 2008).

Similar to cobalt and cadmium, the separation of Hg?* was also achieved in BES. The

reduction of Hg?* to Hg® in BES is spontaneous since the Hg?*/Hg® couple has a high redox
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potential (0.851 V vs. SHE). The reduction at the cathode has two ways: Hg?* was reduced
to Hg? directly (Eq 4.13); Hg?" was reduced to Hg,?* first, then Hg2?* was reduced to Hg°
(Eq 4.14 and 4.15). In the study of Wang et al. (2011), the removal efficiency larger than
94% was achieved under different conditions (e.g., initial pH, initial Hg concentration).

Hg>* +2¢— Hg ()  (0.851 Vvs. SHE) Eq4.13
2Hg?" +2e — Hgx*" (1)  (0.911 V vs. SHE) Eq 4.14
Hg,*" +2¢"— 2Hg (I)  (0.796 V vs. SHE) Eq4.15

Precipitation also contributed to the separation of Hg?* since Hg2Cl, was detected on
the cathode in the study of Wang et al. (2011). There were no Hg(OH)2 and HgCO3 formed
in the system because of the low initial pH. However, the precipitation of these two
precipitates is possible in BES because of the low K, of Hg(OH). and HgCOs (Table 4.2
and 4.3). For instance, less than 10%7 M Cu?* (4x 107 pg-Hg/L) can dissolve in the
solution at pH 7. The mechanism of precipitation of Hg(OH). and HgCOs can be

investigated in future studies.

436 Gold

Gold is widely used in the electronics industry because of its great electrical
conductivity and outstanding corrosion resistance. Gold is commonly present in leach
solutions and electroplating wastes (Flores and Okeefe 1995). Many methods such as ion-
exchange and biosorption can be used to separate gold from wastewater (Gomes et al. 2001;
Das 2010).

Gold ions (Au®") can deposit on the cathode by reducing Au®* in BES (Eq 4.16). The

transfer of electrons from the cathode to Au®* is spontaneous because of the high standard
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redox potential of Au®*/Au® (1.002 V vs. SHE). Choi and Hu (2013) reported that 99.89%
of gold was recovered in a cubical dual-chamber MFC with 12 hours. pH and initial Au®*
concentration can affect the removal efficiency.
AuCly +3e = Au(s) +4ClI" Eq4.16
Au** is likely to form precipitates of Au(OH)s at the high pH conditions allowing the
separation of gold. In the study of Choi and Hu (2013), the power density of MFC
decreased from 1.37 to 0.78 W/m? with the pH increasing from 2 to 5. The low current

density was due to the low conductivity of the catholyte with the Au(OH)s formation.

4.3.7 Silver

Silver is widely used in jewelry, electronics, and photographic industries. It is a
precious metal and only exists in nature with limited amounts. High concentrations of some
silver compounds are toxic to aquatic life (Naddy et al. 2007). Several methods such as ion
exchange, chemical reduction, and electrolysis are available to recover or remove silver
from aqueous solutions (Blondeau and Veron 2010).

Separation of Ag* can be achieved by reducing Ag*to Ag® at the cathode in BES. The
reduction of Ag* to Ag is spontaneous because of the high redox potential of Ag*/Ag®
(0.799V vs. SHE, Eq 4.17). In the study of Choi and Cui (2012), more than 98% of silver
was recovered in the MFC with different initial concentrations of AgNO3 (50 to 200 mg/L)
in 8 h. High removal efficiencies (>89%) were shown in using MFCs that started with 1
mM AgNO3 (170 mg/L) with pH ranging from 2 to 6.6 (Tao et al. 2012). In addition to
AgNOs3, some silver complex compounds such as silver thiosulfate([AgS203]) and

diamine silver ([Ag(NHz)2"]) were used as cathodic solutions in the studies of Tao et al.
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(2012) and Wang et al. (2013). The slower removal rates (95% in 35 h and 99.9% in 21 h,
Table 4.4) were shown for complexes reduction since the redox potentials of [AgS203]/Ag
(0) (0.25 V vs. SHE) and [Ag(NHz3)2")/ Ag° (0.373 V vs. SHE) were lower (Eq 4.18, 4.19,
and 4.20) than that of Ag*/Ag°. Through the SEM-EDS analysis, Ag® crystals were shown
on the cathode. A small fraction of Ag>S was also detected at pH 4.0 and 6.5 with [AgS203]
reduction (Eq 4.19).
Ag'+e =Ag(s) Eq4.17
[AgS203] +e =Ag(s) + S203° Eq4.18
[AgS:05] + 8¢+ 6 H = 2Ag:S(s) + 3H0 +35,05” Eq 4.19
[Ag(NH3)2]"+e = Ag(s) +2NH3 Eq4.20

The precipitation of Ag2COs and AgOH requires high pH conditions. At pH 7, the
solubility of Ag* is 1028 M (152 mg-Ag/L) and 10°7 M (21.5 g-Ag/L) with COz* and
OH’, respectively. Therefore, the formation of Ag.COz and AgOH is difficult at pH 7. The
solubility of Ag* is smaller than 10> M (0.2 mg-Ag/L) at pH 12. The low solubility makes
the formation of Ag2COs and AgOH possible. There were no previous BES related to the
results of AgOH or Ag.COs precipitation. The precipitation can be investigated in the

future as a potential method to separate silver in BES.

4.3.8 Vanadium

Vanadium is the main pollutant found in wastewater from vanadium mining and
vanadium pentoxide (V20s) production (Bauer et al. 2000). Most of the vanadium is used
as a steel additive and vanadium-steel alloys for tools, piston rods, and armor plates.

Vanadium is a trace element in living organisms. However, some vanadium compounds
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are harmful to people and sometimes can be fatal. V°* is more toxic than V*#* which is
insoluble at high pH (neutral or alkaline pH). Therefore, the reduction of V°* to V*#* is an
applicable method to remove or recover vanadium from aqueous solutions.

The reduction of V°* to V** is spontaneous because the V**/V** couple has a high
positive redox potential (0.991 V vs. SHE, Eq 4.21). The removal efficiency ranged from
25 to 100% was achieved in previous studies (Table 4.4, Zhang et al. 2009; Zhang et al.
2012; Zhang et al. 2010, Qiu et al. 2017). The color of cathodic electrolyte changed from
yellow brow to sky-blue during the reduction process of V°* to V**. To separate V** from

cathodic solution, the pH of the cathodic electrolyte was adjusted to 6 by using NHz « H20.

During the pH increasing process, the color changed from sky-blue to dark grey due to the
re-oxidization of some V#*. Both Cr®* and V°* were reduced in the study of Zhang et al.
(2012), which contributed to a better MFC performance. The recovery of Cré* and V°* can
be separated since chromium was mainly deposited on the cathode surface while vanadium
stayed in the catholyte. The vanadium can be removed later by increasing the pH.
VO +e +2H"=VO* + H,O Eq4.21

4.3.9 Chromium

The main sources of hexavalent chromium in the environment are from electroplating,
leather tanning, and wood product processes (Jadhav et al. 2012). Methods such as
chemical precipitation, ion exchange, membrane filtration, and biosorption have been
developed to treat chromium in aqueous solutions (Kurniawan et al. 2006; Quintelas et

al.2006). Cr(I11) is the form of chromium with less toxicity and less solubility comparing
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with Cr(VI). Thus, the reduction of Cr(\V1) to Cr(lll) is regarded as a safe and efficient
process for Cr(VI) removal.

The reduction of Cr(VI) is achievable at the cathode of MFCs since the redox potential
of Cr(VI)/Cr(I11) couple is high (1.33 V vs. SHE, Eq 4.22). There are three different ways
for Cr(V1) reduction at the cathode: Cr(V1) is reduced at the abiotic cathode directly; Cr(\V1)
is reduced by microorganisms at the biocathode; the cathode products such as H2Oz can
also reduce Cr(VI). 99.5% of Cr(VI) was removed in a dual-chamber MFC with abiotic
cathode after 25 h treatment in the study of Li et al. (2008). The removal efficiency was
affected by the pH and initial concentration of Cr(VI). The similar removal efficiency was
shown in previous studies of Wang et al. (2008) and Gangadharan and Nambi (2015). The
cathode materials also affect the reduction rates at the cathode. Li et al. (2009) improved
the reduction rates and power generation by using the rutile-coated cathode. In addition,
various removal efficiencies (19.2-100%) were shown in MFCs feed with chromium
wastewater (Kim et al. 2017).

Cr207% + 4e + 8H" = Cr,03 + 4H,0  Eq 4.22

The reduction of Cr(VI1) was also investigated in several MFCs with biocathode. In
these MFCs, the cathode chambers were inoculated with various mediums, which include
healthy MFC effluent (Huang et al. 2011a), primary clarifier effluent (Huang et al. 2011b),
Cr(V1) reducing bacteria cultures from Cr(V1) contaminated soil (Huang et al. 2010), and
a mixture of denitrifying and anaerobic mixed cultures (Tandukar et al. 2009). The removal

efficiencies of Cr(V1) ranged from 60-100% (i.e., 0.46 to 20.4 mg/VSS - h) in these MFCs.

In addition to the inoculated mediums, many other factors can also affect the removal
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efficiency of Cr(VI) in MFCs. For instance, Huang et al. (2010) evaluated the effects of
different biocathode materials, i.e., graphite fibers, graphite felt, and graphite granules. The
highest removal efficiency of 90.2% was achieved in the MFC with graphite fibers. The
removal efficiency of 97.5% within 4.5 h was achieved in the study of Shi et al. (2017) by
using the natural pyrrhotite-coated cathode. The effects of pH and initial concentration of
Cr(VI) were studied by Huang et al. (2011b) and Huang et al. (2010). In addition, Liu et al.
(2011) evaluated the effects of different inoculums for the anode on Cr(VI) removal
efficiency. Among the MFCs that inoculated with Shewanella decolorationis S12,
Klebsiella pneumonia L17, and anaerobic activated sludge, the MFC inoculated with
anaerobic activated sludge had the best performance with 97% Cr(VI) removal efficiency
after 3 h operation.

Cr(VI) can also be reduced by hydrogen peroxide which was produced at the cathode
with oxygen reduction (Eq 4.23). The mechanism was demonstrated in the study of Liu et
al. (2011) with an air-bubbling-cathode MFC and a nitrogen-bubbling-cathode MFC.
Complete reduction of Cr(VI) was achieved in the air-bubbling-cathode MFC after 4 h of
operation while only 42.5% of Cr(VI) was reduced in the MFC without air. The faster
removal rate of Cr(VI) with the air-bubbling-cathode MFC can be explained by the
production of H2O2 which was electrochemically generated via the reaction of O reduction
(Eq 4.24). After adding H2O3, the increased Cr(\V1) removal rates of the nitrogen-bubbling-
cathode MFC indicated the contribution of H20,. Similar to H20,, Fe** was used as an
electron shuttle mediator to enhance the reduction of Cr(VI) in the study of Wang et al.

(2017).
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O,+2H" +2¢— H,0, Eq4.23
2HCrOs + 3H,0; + 8H" = 2Cr**+ 8H,0 + 30, Eq4.24
After reduction, Cr(l11) ions can easily combine with OH" to form the precipitates in
BES (Table 4.2). Cr(OH)3z was detected in many previous studies (Tandukar et al. 2009,
Kim et al. 2017, Huang et al. 2011a). The formation of Cr(OH)3z was highly pH-dependent

and it was usually generated at pH from 6.5 to 10.

4.3.10 Nickel

Nickel is the 5th most common element on the earth. The dominant use of nickel is the
production of ferronickel for stainless steel (Reck et al. 2008). It is also widely used for
producing batteries, alloy steels, and non-ferrous alloys. A high dose of nickel can cause
various pathological effects such as kidney diseases, lung fibrosis, and even cancer in
humans (Denkhaus and Salnikow 2002). Various technologies, including chemical
precipitation, ion exchange, membrane filtration, and adsorption, were investigated for
nickel recovery and removal (Papadopoulos et al. 2004; Chen et al. 2009; Landaburu-
Aguirre et al. 2012).

BES can also be used to separate nickel from aqueous solutions by reducing Ni%* to
Ni°. Direct reduction of soluble Ni?* to metal Ni° at the cathode requires an external power
supply because of the negative standard redox potential (-0.25 V vs. SHE) (Eq 4.25). Ni%*
recovery from a nickel sulfate solution was studied in a MEC with different applied
voltages from 0.5 V to 1.1 V (Qin et al. 2012). The maximum removal efficiency of 67
5.3% was achieved under the applied voltage of 1.1 V. The pH and initial Ni**

concentration can affect the performance of MEC. 87% of Ni?* was removed in the single
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test with the initial concentration of 530 mg-Ni?*/L when the MEC was fed with artificial
acid mine drainage in the study of Luo et al. (2014). For the mixed metal (nickel, copper,
and iron) test, copper was deposited on the cathode first, followed by nickel and ferric.
Ni%* +2¢— Ni Eq4.25

Precipitation is the potential mechanism of nickel separation in BES although it has not
been reported in previous studies. The precipitation of Ni(OH). and NiCOs requires high
pH conditions. At pH 7, 10-*2 M Ni?* (37 mg/L) can dissolve in the water based on the Kgp
of Ni(OH). (Table 4.2). The high solubility of 10> M Ni?* (1.86 g/L) was shown for
NiCOs because of the high Ksp. At pH 12, the negligible amount of Ni?* (10232 M Ni?* or
104 ug/L) can dissolve in the water because of the formation of Ni(OH)..

Adsorption at the cathode also contributes to the nickel removal, which was proved by
Qinetal. (2012). The nickel removal efficiency of 9 + 0.1 % was achieved in a MEC under

open-circuit conditions.

4.3.11 Zinc

Zinc is an essential trace element for living things, but it can be carcinogenic in excess.
Various technologies, which include ion exchange, precipitation, and adsorption are used
to remove or recover zinc from aqueous solutions (Alyiz et al. 2009; Chen et al. 2011).

Direct reduction of zinc at the cathode in a BES system requires an external power
supply because of the low standard redox potential (-0.764 vs. SHE) (Eq 4.26). The
reduction of zinc at the cathode was investigated in a MEC using sodium acetate as the
substrate (Modin et al. 2017). 60-99% of zinc was removed with different operating

conditions such as initial zinc concentration and catholyte type. The removal efficiency can
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be affected by the hydrogen generation since Zn?* was reduced at the cathode potential of
-1.0 V which was close to the potential when hydrogen generation occurred.
Zn**+2¢ —7Zn EQ4.26

The separation of zinc by precipitation of Zn(OH)2 and ZnS has been reported in
previous studies (Modin et al.2017; Teng et al. 2016; Abourached et al. 2014). The
formation of Zn(OH). contributed to the majority removal of zinc in the study of Teng et
al. (2016) since the reduction of Zn?* was difficult at the cathode when sulfide existed in
the system. Up to 99% of Zn?* was removed with the initial concentration ranged from 10
to 40 mg-Zn/L. This result is consistent with the study of Abourached et al. (2014) that up
to 99% of Zn?* was removed by the precipitation of ZnS with the initial concentration
ranged from 13 to 32.5 mg-Zn/L. In addition, the formation of ZnCOs3 is possible in BES
because of the low Ksp. At pH 7, 104% M Zn?* (1.4 mg/L) can result in the precipitation of
ZnCO3 while 108 M Zn?* (0.56 pg/L) can result in the precipitation at pH 12.

Zinc also can be separated from aqueous solution by biosorption at the anode. In the
study of Abourached et al. (2014), the removal of zinc was studied in an air cathode MFC.
When the oxygen existed in the system, Zn?* was difficult to reduce because of the low
standard redox potential (-0.764 V vs. SHE). However, more than 94% of zinc was
removed in this MFC and this high removal efficiency was due to the biosorption at the
anode. In addition, the lower removal efficiency was shown in the autoclave MFC with
non-living microbial cells, which indicated that the microorganisms played an important

role in zinc removal in MFCs.
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4.3.12 Selenium

Selenium is an essential trace element for some species, but large amounts of selenium
are toxic. Selenium is used in various industrial products and processes, such as pigments,
electronics, photoelectric cells, and glass manufacturing. Current methods for removing
selenium include precipitation, adsorption, ion exchange, and reduction (Twidwell et al.
1999).

The separation of selenium was studied in the single-chamber MFCs by reducing Se**
to Se®. Se** can be reduced spontaneously since the redox potential of Se**/Se? is +0.41 V
vs. SHE. However, there was no current generated when the MFC was converted from
aerobic condition to anaerobic condition in the study of Catal et al. (2009). This result
indicated that oxygen was reduced on the cathode while the reduction of Se** to Se® was
caused by the respiring microorganisms at the anode. 99% of 50 mg/L selenite was
removed in 48 h with acetate as the substrate. Also, 99% of 200 mg/L selenite was removed
in 72 h with glucose as the substrate. In addition, Lee et al. (2007) and Banuelos et al.
(2013) illustrated that Shewanella species, well known for their capability to generate

current in MFCs, can use selenite as the electron acceptor.

4.4 Conclusions

BES shows great efficiency for separating heavy metals from aqueous solutions. Many
factors govern the removal efficiency, such as the operation time, pH, initial concentration,
and cathode potential (MFC) or applied voltage (MEC). The mechanism of cathodic
reduction has been demonstrated for metal separations in many previous studies. In

addition, the mechanism of precipitation can also contribute to the metal separation in BES
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since some heavy metals are easy to form precipitates with OH™ or COs%. For instance,
Hg?*, Cu®*, Au®*, Cd?*, and Cr®" can form the precipitants even at neutral pH with low
metal ion concentration. Some heavy metals such as Co?*, Ni?*, Zn?*, and Ag* require a
high pH condition. Thus, it is still possible for the metals to form precipitants near the BES
cathode since the oxygen reduction in MFC and hydrogen production in MEC can result
in high pH conditions near the BES cathode. The mechanism of precipitation has been
investigated in some previous studies, but more future studies are needed to understand

this mechanism.

4.5 Future perspectives

There were many previous studies focused heavily on the reduction mechanism of the
heavy metal separation in BES. However, a few studies discussed the mechanism of the
precipitation. The electrode reactions such as hydroxide production at the cathode and
carbonate production at the anode enhance the separation of heavy metal by precipitation.
Therefore, we suggested that future studies should investigate the mechanism of

precipitation for heavy metal separation in BES.
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5 Ammonium Sulfate Production from Wastewater and Low-
grade Sulfuric Acid Using Bipolar- and Cation-exchange

Membranes

The ammonia concentration in the dewatering centrate is significantly high. On the one
hand, ammonia needs to be removed since high ammonia concentration in water can cause
algal blooms. On the other hand, ammonia products (e.g., ammonium sulfate) are widely
used as fertilizers for food products. Therefore, we proposed a novel technology to recover
ammonia from municipal wastewater and produce high-purity ammonium sulfate as final
products. An electrodialysis reactor with bipolar membranes (BMPs) and cation exchange
membranes (CEMSs) but without anion exchange membranes (AEMSs) was built in this
study. Various operating conditions, such as applied voltage and linear velocity, were
examined to maximize the ammonia recovery rate. Energy consumption was evaluated and

compared with other ammonia production methods.

The following published journal article is included in this chapter.
e Guo, H., Yuan, P., Pavlovic, V., Barber, J., & Kim, Y. (2021). Ammonium
sulfate production from wastewater and low-grade sulfuric acid using bipolar-

and cation-exchange membranes. Journal of Cleaner Production, 285, 124888.
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technical support; manuscript review and revision.
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Abstract

Conventional electrodialysis can be used to recover ammonia from dewatering centrate
(i.e., down-stream wastewater from digested sludge dewatering). However, ionic
impurities of the recovered ammonia solution are still a limiting factor for broad
applications of ion-exchange membranes (IEMs) in wastewater treatment and resource
recovery. In this study, an electrodialysis stack with bipolar membranes (BPMs) and cation
exchange membranes (CEMSs) but without anion exchange membranes (AEMS) was
examined under various operation conditions to demonstrate high-purity ammonium
sulfate production using low-grade sulfuric acid and dewatering centrate. Two significant
benefits of removing AEMs from the bipolar membrane electrodialysis (BMED) are no
more membrane fouling problems on AEMs and complete exclusion of impurity anions
(e.g., chloride ions) in the recovered ammonium sulfate solution. A higher applied voltage
condition (30 V over 7 pairs of CEM and BPM) resulted in a substantially high ammonia
recovery (88.4%) and concentration (4.34 g-N/L) in 90 min. The ammonia recovery and
concentration were also improved by increasing the flow rate through the BMED stack.
The lowest electric energy consumption in the membrane stack was 9.6 kWh/kg-N,
indicating energy efficient production of high-purity ammonium sulfate from wastewater.
The amount of divalent cation scales accumulated in the BMED stack was linearly
proportional to the average electric current, implying that the scaling problem can be
controlled by reducing the applied voltage. Even with the scale accumulation, the electric

current generation (i.e., separation performance) was hardly affected during the experiment.
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These findings demonstrated the strong potential of AEM-lacking BMED for practical

ammonia separation from wastewater with reduced impurities.
Keywords

Bipolar membrane, Electrodialysis, Ammonia recovery, Clean-in-place (CIP), Membrane

fouling, Divalent cation scaling

5.1 Introduction

The ammonia concentration in dewatering centrate (down-stream wastewater from
dewatering process of digested sludge) is significantly high (often 2000 mg-N/L or higher)
(Holloway et al., 2007; Galvagno et al., 2016) because of the breakdown of proteins during
anaerobic digestion. In conventional wastewater treatment plants, dewatering centrate is
usually sent back to the mainstream wastewater treatment processes and mixed with raw
wastewater. As a result, dewatering centrate contributes to 15 — 20% of influent nitrogen
load (Flux et al., 2002). The high nitrogen load leads to high operating costs (e.g., intensive
aeration and high return sludge pumping) and poor water quality of the final effluent. In
most developed countries, including Canada, treated wastewater effluents are strictly
regulated for nearly complete removal of ammonia and organic nitrogen (CCME 2001).
Several new methods, such as SHARON, anammox, and struvite precipitation (Mulder et
al., 2001; Flux et al., 2002; Strous et al., 1997; Huang et al., 2016), are under development
for the removal or recovery of ammonia from dewatering centrate. However, these methods
have various challenges, such as long sludge retention time, low recovery efficiency, and

a large amount of chemical consumption.
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Electrodialysis (ED) has been investigated and examined for ammonia recovery from
wastewater (Mondor et al., 2008; Ippersiel et al., 2012; Ward et al., 2018). A conventional
ED stack, consisting of cation-exchange membranes (CEMs) and anion-exchange
membranes (AEMSs), can achieve ionic separation from the dilute to concentrate cells. In
previous studies, significantly high ammonia concentration (> 14 g-N/L) was demonstrated
using swine manure (Mondor et al., 2008; Ippersiel et al., 2012). A pilot ED system
achieved 7.1 g-N/L of ammonia recovery from centrate (Ward et al., 2018). These results
indicated that ED can be used to recover ammonia efficiently from wastewater. However,
fouling of IEMs especially AEMs is one of the common problems in ED application (Lee
et al., 2002a; Lee et al., 2002b; Ruiz et al., 2007; and Lee et al., 2008; Choi et al., 2016).
In addition, anions, such as CI" and HCOgs", are also concentrated through AEMS in
conventional ED systems. Such impurity anions reduce the commercial value of the
concentrated ammonia solution and thus require further treatment to make it a readily
applicable ammonia product. In this study, bipolar membranes (BPMs) were proposed to
replace AEMs in an ED system so that serious membrane fouling problems and unwanted
anions can be excluded. Thus, a high purity ammonia solution can be produced from
wastewater (e.g., dewatering centrate).

A BPM is manufactured by chemically attaching a CEM and an AEM (Simon, 1993;
Bauer et al., 1988). At the interface between the CEM and AEM, water is dissociated into
protons (H™) and hydroxyl ions (OH") under a sufficiently strong electrical field. Thus,
bipolar membrane electrodialysis (BMED) has been regarded as an efficient tool for acid

and base production (Pourcelly, 2002; Audinos, 1997; Cherif et al., 1997; Paleologou et
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al., 1997; Huang and Xu, 2006; Zhang et al., 2011; Ye et al., 2015; Tran et al., 2015; Sun
et al., 2017; Lei et al., 2020; Marta et al., 2020; Melnikov et al., 2020; Yao et al., 2019;
Heinonen et al., 2020; Herrero-Gonzalez et al., 2020a; Herrero-Gonzalez et al., 2020b;
Kumar et al., 2019). BMED also has been applied in wastewater treatment (Tian et al.,
2019; Linetal., 2019; Gao et al., 2020). Applications of BMED in ammonia recovery from
simulated wastewater were reported (Li et al., 2016; Shi et al., 2018; van Linden et al.,
2020). However, BMED operation requires relatively high electric energy consumption for
water dissociation compared to conventional ED (Strathmann, 2004). The energy
consumption in a two-cell BMED (BPMs with AEMs or CEMs) is lower than that in a
three-cell BMED (BPMs, CEMs, and AEMSs) (Xu and Yang, 2002; Li et al., 2016). In
addition, organic anions in dewatering centrate (e.g., conjugate base anions of organic acids)
are relatively low in concentration after proper digestion; thus, it is difficult to concentrate
them to a sufficiently high concentration for commercial uses. Inorganic anions in
dewatering centrate are mostly chloride and bicarbonate ions while phosphate is usually
low (Yuan and Kim, 2017). Since acid recovery from dewatering centrate is not meaningful,
we removed the acid cells by removing AEMs from a BMED stack. An additional benefit
of removing the acid cells is very low pH conditions in the feed cells where dewatering
centrate flows through in the BMED stack. As a result, inorganic scaling and organic
fouling can be effectively controlled in the feed cells.

Among various ammonia products, ammonium sulfate has broad industrial demand and
high market values. For instance, approximately 2 million tons of ammonium sulfate are

demanded in the United States per year (Chou et al., 2005). Ammonium sulfate is also
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known to have a high commercial value as one ton of granular ammonium sulfate ranges
from $75 to $130 (Chou et al., 2005). Ammonium sulfate is usually produced by mixing
ammonia and sulfuric acid or produced as a coke oven by-product (Weston et al., 2000).
These methods are expensive because of high energy consumption and a large amount of
chemical demand. Thus, in this study, we focused on recovering ammonia from dewatering
centrate in the form of ammonium sulfate using low-grade sulfuric acid solutions (< 0.1 M
H2S04).

The applied voltage is an important operation factor that governs the performance of
ED separation, including BMED stacks. High applied voltages enhance the rate of
separation of ions and accelerate the rate of water dissociation. In addition, the high flow
rate can reduce the mass transfer limitation (Walker et al., 2014; Kim et al., 2011) and thus
contribute to the rapid transfer of ions. Therefore, we investigated various applied voltage
and flow rate conditions to optimize and accelerate ammonium sulfate production using an
AEM-lacking BMED system (ED with BPMs and CEMSs). Scaling is a challenge in the
application of IEM systems for water and wastewater treatment (Gryta, 2009; Warsinger
et al., 2015). Common divalent cations in dewatering centrate, such as Ca?* and Mg?*, can
form precipitates with COs?, SO4%, or OH". These precipitates cause serious scaling
problems on IEMs and reduce the energy and separation efficiencies of the ED systems.
The effects of scaling on the performance of an ED system with long-term operations were
reported in a previous study (De Paepe et al., 2018). Thus, clean-in-place (CIP) is essential
for ED operation to restore IEM performance. NaOH and NaCl solutions are common

cleaning solutions for removing organic foulants (Mikhaylin and Bazinet, 2016; Mondor
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et al., 2009; Pronk et al., 2007) while acid reagents (such as HCI and citric acid) can be
used to remove both inorganic scalants and organic foulants (Mikhaylin and Bazinet, 2016;
Guo et al., 2015; Talebi et al., 2019; Wang et al., 2011; Mondor et al., 2019; Pronk et al.,
2007). Therefore, a two-step CIP was employed using NaCl and HCI in this study, and we
analyzed the cleaning solutions after CIP for Ca?* and Mg?* to investigate the effects of the

applied voltage and flow rate on scaling control.
5.2 Material and methods

5.2.1 BMED construction

Two polypropylene blocks were used to build the BMED reactor. The BMED stack
consisting of 7 pairs of CEM (CR67, SUEZ Water Technologies & Solutions, Canada) and
BPM (made of AR103 and CR61, SUEZ Water Technologies & Solutions, Canada) was
sandwiched between the anode and cathode (Figure 5.1A). The anode and cathode were
platinum plates coated with titanium. The main characteristics of ion-exchange membranes
(IEMs) were shown in Table 5.1. A silicone spacer with non-tortuous plastic mesh (36.7
cm? of open area, 0.08 cm of thickness) was placed between membranes (Appendix, Figure
C1). The thin inter-membrane distance, which reduced the resistance for ionic separation,
was maintained since the thickness of the spacer was around 1 mm. An AEM (AR 204,
SUEZ Water Technologies & Solutions, Canada) was placed next to the cathode while an
extra CEM (CR67, SUEZ Water Technologies & Solutions, Canada) was placed to the
anode. These two membranes prevent the transfer of ions from the feed cells to the

electrode rinse cells (Figure 5.1A).
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Figure 5.1. Schematic of (A) the BMED stack and (B) the operating system.

Table 5.1. IEM characteristics

CR67 AR204 BPM
Thickness (mm) 0.6 0.5 11
Burst strength (kPa) 1034.2 1034.2 > 2206.3
orecge iy o 221 224 -
Resistivity? (Q-cm?) 10.0 7.0 -
Transport number® 95% 82% -
pH operation range 1-14 <10 1-14
Maximum current density 100 100 100

(mA/cm?)

& Resistivity in 10 mM NaCl

b Transport number at 0.5 N NaCl: 1 N NaCl
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5.2.2 BMED operation

Dewatering centrate was collected from the local wastewater treatment plant and stored
at 4°C for no longer than 2 weeks. The main characteristics of the dewatering centrate were
shown in Table 5.2. During the operation, dewatering centrate (1.0 L) was used as the feed
solution. Sodium sulfate (100 mM Na>SOs, VWR International, Canada) was used as the
electrode rinse reagent (0.5 L). The base solution was initially prepared with 0.2 L (20%
of the feed volume) of low-grade sulfuric acid (0.09 M, pH of 1.65 + 0.05, Thermo Fisher
Scientific, USA). The BMED system was operated for 2 hours in the continuous-recycle
mode where dewatering centrate feed, electrode rinse, and the base solution were
recirculated between the BMED reactor and the reservoirs using peristaltic pumps (Figure
5.1B). The feed solution (dewatering centrate) and base solution (low-grade sulfuric acid)
were operated at three different flow rates (60, 120, and 180 mL/min or linear velocities of
0.47, 0.93, and 1.40 cm/s, respectively) while the electrode rinse was operated at 90
mL/min (4.90 cm/s). Two different applied voltages of 20 and 30 V were applied to the
BMED system by using an external power supplier (Model 9201, BK Precision, USA).
The electric current of the BMED stack was monitored and recorded every 10 seconds
using a digital multimeter and data acquisition system (34970A, Agilent Technologies,
USA) and then normalized by the effective area of the membrane (36.7 cm?) to obtain the
area-based current density. It should be noted that the constructed BMED was operated
using dewatering centrate and deionized water at various flow rates and applied voltages

before the operation with dewatering centrate and sulfuric acid.
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Table 5.2. Dewatering centrate characteristics (n = 4)

Component Average + standard deviation
NHs-N 1.19+0.03 g/L
Ca** 120.66 + 3.46 mg/L
Mg?* 81.66 + 2.42 mg/L
K* 101.58 = 4.24 mg/L
Na* 275.21 + 7.66 mg/L
Conductivity 10.38 £ 0.05 mS/cm
pH 7.63 £0.08

Divalent cations, such as Ca?* and Mg?*, can form precipitates in the base cells. A two-
step CIP was conducted with two cleaning reagents: 5% (w/w) sodium chloride (0.2 L
NaCl, VWR International, Canada); and 5% (w/w) hydrochloric acid (0.2 L HCI, VWR
International, Canada) by following the guidance of the manufacturer after each
experiment. The feed, base, and electrode rinse solutions were operated independently with
0.2 L NaCl for 1.5 hours first and then operated with 0.2 L HCI for the other 1.5 hours. The
feed and base pumps were operated at 180 mL/min while the electrode rinse flowed at 90

mL/min during CIP. Also, the flow direction was changed every 45 min during CIP.

5.2.3 Single CEM and AEM unit

The voltage loss at each cell pair (Ecp) was evaluated from the overall applied voltage
of the BMED system (Eoveran) and the voltage loss at the electrodes and electrode
membranes (Eelectrode) (EQ 5.1). To determine Eelectrode, @ Single CEM and AEM unit was
designed by removing the CEM and BPM stack from BMED system (Appendix, Figure

C2A). The experiment was operated with 1 L of dewatering centrate and 0.5 L of 2100 mM
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Na>SO4. These solutions were circulated at the same linear velocity as the feed flow and
electrode rinse flow during the BMED operation. The applied voltage of the single unit
ranged from 2 to 7 V. The electric current was linearly proportional to Eeiectrode (Appendix,

Figure C2B).

Eep (Vcell pair) = =2 (g 5,1)

5.2.4 Experimental measurement

Samples from the base (1 mL), feed (5 mL), and electrode rinse (5 mL) were collected
from the reservoirs at 0, 15, 30, 60, and 120 min. These samples were analyzed for
ammonia concentration by using commercial ammonia test vials (Method 10205, Hach
Company, USA). Apart from the NH4", the collected samples were analyzed by inductive
coupled plasma-optical emission spectrometry (ICP-OES, Vista Pro, Varian Inc., Australia)
to quantify the concentration of cations (Ca?*, Mg?*, Na*, and K*). Before the analysis, the
collected samples were acidified with 70% nitric acid (w/w) and filtered using syringe
filters (pore size 0.45 um, polyethersulfone membrane, VWR International, USA). The
cleaning solutions after each CIP were collected and analyzed in ICP-OES for Ca®* and
Mg?* to quantify the scaling problem in the BMED stack and the cleaning efficiency of
CIP. In addition, the pH and conductivity of the feed and base solutions were analyzed and

recorded (Orion Versa Star Pro, Thermo Fisher Scientific, USA).

5.2.5 Ammonia recovery, current efficiency, and energy consumption
The ammonia recovery is the ratio between the ammonia mass in the base solution and

the initial ammonia mass in the feed solution (Eq 5.2):
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(Ce(t)Va(t)-CsoVBo)
CroVFo

Ammonia recovery= (Eq 5.2)

Cgo(g/L) and Cg(t) (g/L) are the concentration of the ammonia in the base solution at
time 0 and t (s), Ve (L) and Vg(t) (L) are the volumes of the base solution at time 0 and t
(), Cro (g/L) is the concentration of the ammonia in the feed solution at time 0, and Ve
(L) is the initial volume of the feed solution.

The current efficiency based on ammonia removal (CEnns*) is the ratio between the
amount of ammonium that was separated from the feed to the base and the number of

electrons that were generated from electric current (Eq 5.3):

F(Cr(t)Vr(t)-CroVEo0)

CEnpgt=
NH4 Ny LAt

(Eq 5.3)

Cr(t) (M) is the concentration of the ammonia in the feed solution at time t (s), Vr(t)
(L) is the volume of the feed solution at time t (s), F is the Faraday’s constant (96485
C/mol), n is the number of cell units (repeated units of CEM and BPM, n =7), It (A) is the
electric current at t (S), and At is the time interval for recording the electric current (At =
10s).

The energy consumption (kWh/kg-N) of the membrane stack was calculated based on

Eq5.4:

x (Eoverall' Eelectrode) l:At
3600 (Ca(t)Va(t)-CroVro)

Energy consumption = (Eq 5.4)

Note that the pumping energy was not included because ED is not a pressurized
membrane system and thus the energy cost for pumping is relatively low compared to the

energy requirement for voltage applications (Strathmann, 2004).
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The solubility index (SI) was given by the log of the ratio between the ion activity

product (IAP) and the solubility constant (Ksp) (Davis and Masten, 2013):
SI = log2X  (Eq5.5)
Ksp
If Sl is positive, then the solution is supersaturated (i.e., precipitates are likely formed).

5.3 Results and discussion

5.3.1 Effects of applied voltage on ammonia recovery

The ammonia recovery and maximum ammonia concentration in the base solution
increased with the increasing applied voltage (Figures 5.2A and 5.2B). The maximum
ammonia recovery was 88.4% at 30 V while it was 69.8% at 20 V (Figure 5.2A). This
result is consistent with the previous study where high electric current densities (Figure
5.2C) enhanced the transport of ions and thus increased the concentration of the base
solution (Li et al., 2016). Ammonia was concentrated by a factor of 3.1 at 20 V (from 1.176
+ 0.012 to 3.623 £ 0.025 g-N/L) while the concentration factor was even higher at 3.7 for
the 30 V application (from 1.170 £ 0.003 to 4.345 £ 0.002 g-N/L) (Figure 5.2B). The
concentration factors were lower than the volume ratio (5) of the feed and base reservoirs
due to the ammonia loss and increased ammonia concentration gradient (Figure 5.2B).
Because of the small volume of the base reservoir (i.e., 1/5 of the feed reservoir), the
ammonia concentration gradient was substantial, resulting in the decreased ammonia

recovery rate (i.e., decreased slope) (Figure 5.2A).
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Figure 5.2. Effects of the applied voltage on (A) ammonia recovery, (B) ammonia
concentration in the feed and base reservoirs, and (C) electric current density.

The electric current decreased gradually in the early stage of the BMED operation and

then increased steadily (Figure 5.2C). The change of the electric current can be explained

by the variable conductivity of the feed and base solution (Appendix, Figure C3). The
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conductivity in the feed reservoirs decreased gradually in the early stage of the experiment
because of the separation of NH4". Meanwhile, the conductivity of the base reservoir
dropped sharply because hydroxide ions from BPMs consumed protons from sulfuric acid.
In the late stage of the experiment, the conductivity of the feed reservoir increased steadily
(Appendix, Figure C3) since the production of H" was more dominant than NH4" removal.
The conductivity in the base reservoir was stationary due to the slow ammonia recovery.
Therefore, the electric current density increased gradually in the late stage of BMED
operation (Figure 5.2C). Eclectrode Of the system was 4.85 V (Eoveran = 20 V) and 6.42 V
(Eoveran = 20 V) since the average current was 0.49 A (20 V) and 0.83 A (30 V) (Appendix,
Figure C2B). Thus, E¢p at 20 V and 30 V was 2.16 and 3.37 V/cell pair (Eq 5.1),
respectively. It should be noted that the electric current density in the BMED (12-32
mA/cm?, Figure 5.2C) was much smaller than the maximum allowable electric current
density for the BPMs (100 mA/cm?, Table 5.1). Therefore, the bipolar membrane did not
limit the overall performance of the BMED operation (Krol et al., 2001; Aritomi et al.,
1996).

The higher applied voltage resulted in the lower CEnng* (Appendix, Figure C4A). This
result can be explained by the accelerated separation of other cations such as H* and K* at
the high applied voltage (30 V). At 30 V, more H* was produced (lower pH in the feed
chamber as shown in Appendix, Figure C4B) because of the accelerated water splitting.
The high concentration of H* enhanced the transfer of H*, resulting in the lower CEnng4*.
Also, the increased ammonia concentration gradient across the CEMs (Figure 5.2B)

resulted in the decreased CEnngs* (Appendix, Figure C4A). The CEnng* decreased from 86%
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(15 min) to 28% (120 min) at 20 V. The demonstrated CEnnst (Appendix, Figure C4A)
was lower than the CEs in previous BMED systems feed with salt solution or pretreated
wastewater (> 80%) (Tran et al., 2015, Li et al., 2015). The low CEnn,* in this study can
be explained by the separation of other cations, such as H" and K",

CEnng+ was 64% (30 min) at 30 V for 60% ammonia recovery (Figure 5.2B and

Appendix, Figure C4A). Assuming an example full-scale BMED stack with 500 cell pairs
under typical operation conditions (an effective membrane area of 0.96 m?; electric current
density of 100 A/m?) (Strathmann, 2010; Porter, 1989; Baker, 2012; Pawlowski, 2014;
Tsiakis and Papageorgiou, 2005), the ammonia separation rate is expected to be 16 kg-N/h.
Assuming that the same dewatering centrate (Table 5.1) is treated in the full-scale BMED
system, the ammonia loading rate will be 108 kg-N/hr (for an assumed flow rate of 90
mé/hr in full-scale ED systems, Tsiakis and Papageorgiou, 2005). Therefore, the
dewatering centrate needs to be treated in 4 BMED stacks in series to achieve 60%
ammonia recovery in a full-scale BMED system. This sample calculation indicates high
feasibility of BMED applications in high-purity ammonia production from dewatering

centrate or high-nutrient wastewater streams.

5.3.2  Ammonia loss by volatilization

It should be emphasized that the maximum ammonia concentration in the base reservoir
was observed at 90 min and the ammonia concentration decreased from 4.345 + 0.002 to
3.938 £ 0.114 g-N/L after 90 min for 30 V (Figure 5.2B). This decreased ammonia
concentration can be explained by the ammonia loss by volatilization from the base
reservoir. During the operation, the substantially high pH (up to 10) of the base solution
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(Appendix, Figure C4B) resulted in more than 50% of un-ionized ammonia existed in
aqueous solutions. In addition, the high ammonia concentration (Figure 5.2B) in the base
solution likely contributed to the volatilization of ammonia from the base reservoir. During
the operation, the strong smell of ammonia gas also indicated the volatilization of ammonia.
Note that ammonia loss from the base to electrode rinse was not feasible because of the
AEM located next to the cathode in the BMED stack design (Figure 5.1A). Furthermore,
the ammonia concentration in the electrode rinse was always smaller than 0.01 g/L at the
end of the operation, indicating that the negligible amount of ammonia was transferred to
the electrode rinse solution. Thus, the majority of the ammonia loss can be explained by
volatilization from the base reservoir. For instance, at the end of the experiments, 5.2% of

ammonia was lost for the operation at 30 V and 180 mL/min.

5.3.3 Effects of flow rate or linear velocity on ammonia recovery

The higher flow rate (i.e., water flow velocity in the BMED stack) resulted in the higher
ammonia recovery (Figure 5.3A). The highest ammonia recovery of 88.4% was observed
at the flow rate of 180 mL/min (water flow velocity of 1.40 cm/s) while the ammonia
recovery was 76.1% at 120 mL/min (0.93 cm/s) and 68.7% at 60 mL/min (0.47 cm/s)
(Figure 5.3A). The maximum ammonia concentration in the base reservoir was 4.345 +
0.002 g-N/L (180 mL/min), which was higher than 3.813 + 0.064 g-N/L at 120 mL/min
and 3.703 £ 0.004 g-N/L at 60 mL/min (Figure 5.3B). The high electric current density at

the high flow rate (Figure 5.3C) was consistent with the high ammonia
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Figure 5.3. The effects of flow rate (i.e., linear velocity in the BMED stack) on (A)
ammonia recovery, (B) ammonia concentration in the feed and base chamber, and (C)
electric current density.

recovery results (Figure 5.3A). The increased electric current density can be explained by

the decreased mass-transfer limitation near the membrane surfaces. This result was
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consistent with previous studies where a high flow rate increased the degree of mixing
conditions and further increased the electric current (Walker et al., 2014; Kim et al., 2011).

It should be noted that the increase in the ammonia recovery was significant when the
flow rate increased from 60 to 120 mL/min for the first 60 min (Figure5.3A). However,
there was a subtle increase in the ammonia recovery when the flow rate increased from 120
to 180 mL/min. Therefore, a further increase in the flow rate above 180 mL/min (1.40 cm/s)
was not expected to improve ammonia recovery using the BMED system. The ammonia
volatilization also resulted in the decrease in ammonia concentration (Figure 5.3B). 18.7 %
of ammonia was lost at 60 mL/min while 13.3% and 5.2% of ammonia were lost at 120
and 180 mL/min, respectively.

It was found that the examined flow rate conditions did not have significant effects on
CEnns* (Appendix, Figure C5) while the applied voltage directly affected CEnna*
(Appendix, Figure C4A). This result indicated that the increased electric current by
increasing the flow rate is directly contributed by the increased ammonia separation.
However, the high voltage conditions not only enhanced the ammonia separation but also

accelerated the production of H* and OH" at the bipolar membranes.

5.3.4 Competing cations in ammonia removal
The high applied voltage application (30 V) in the BMED system resulted in enhanced

removal of cations (Figures 5.4A and 5.4B).
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The highest removal efficiency was observed for K* at 30V (Figures 5.4A and 5.4B). For
30 V application, 99.7% of K* was separated from the feed and transferred into the base at
the end of the operation (Figure 5.4B and Table 5.3). The rapid removal (i.e. large slope)
of K™ can be explained by the high equivalent ionic conductivity (Table 5.3). The removal
of NH4" was slower than the removal of K* (Figures 5.4A, 5.4B, and Table 5.3) although
the equivalent ionic conductivities of NH4" and K* were close (Table 5.3). This result

indicated that the high ammonia concentration gradient between the base and feed cells
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slowed down the ammonia separation in the BMED stack. The high ammonia
concentration gradient also resulted in the lowest removal efficiency of NH4* at 20 V.
Comparing removal efficiency of all cations at 20 V, the removal efficiency of NH4* was
lower than 88% while the other cations were higher than 92% (Figure 5.4A). The removal
efficiency of Ca?* and Mg?* was similar (Figures 5.4A and 5.4B) because of the close
equivalent ionic conductivity (Table 5.3). In addition, the removal efficiency of cations
was significantly improved by increasing the applied voltage, especially in the early stage
of BMED operation. The removal efficiency of NHs" was 55.8% at 20 V (Figure 5.4A)
while that was 72.6% at 30 V in the first 30 min (Figure 5.4B). The results for K*, Mg?*,
and Ca?* removal were consistent with the results of NH4* removal that more than 70% of
cations were removed at 30 V while less than 60% of cations were removed at 20 V. The
removal efficiency of Na* did not include in the discussion since the feed cells received the
Na* from the electrode rinse cells.

Table 5.3. Equivalent ionic conductivity of major cations in dewatering centrate (adapted

from Weast et al., 1988) and the removal efficiency of cations at 30 V and 180 mL/min

ions (10" mZAS mol) Removal efficiency (%)
15min 30min 60 min 90 min 120 min
NH,* 73.50 34.5 72.6 86.5 87.4 89.8
K* 73.48 46.5 82.8 95.1 96.7 99.8
Ca? 59.47 36.5 72.9 84.0 88.0 91.3
Mg** 53.00 35.0 72.6 63.2 86.8 90.3

The high flow rate resulted in the high removal efficiency for all ions (Figures 5.4B,

5.4C, and 5.4D). The highest removal efficiency was observed for K* and more than 90%
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of K™ was removed at the end of the operation regardless of the flow rate (Figures 5.4B,
5.4C, and 5.4D). The NH4" removal efficiency increased from 84.6% to 89.7% when the
flow rate increased from 60 mL/min to 120 mL/min (Figures 5.4C and 5.4D). However,
there was a subtle increase (0.1%) in NH4* removal when the flow rate increased from 120
to 180 mL/min (Figures 5.4B and 5.4C). Similar trends were observed for the removal of
Ca?" and Mg?* (Figures 5.4B, 5.4C, and 5.4D). The removal efficiency increased by 5.9%
(84.7% at 60 mL/min, 90.6% at 120 mL/min) and 0.7% (91.3% at 180 mL/min) for Ca?*
while that increased by 4.2% (85.5% at 60 mL/min, 89.7% at 120 mL/min) and 0.6% (90.3%
at 180 mL/min) for Mg?* (Figures 5.4B, 5.4C, and 5.4D).

The BMED stack design without AEMs played an important role in increasing the
purity of the ammonia product. Anions, such as CI" and HCO3', were excluded in the
ammonium sulfate solution. The non-ideal transfer of anions through CEMs was negligible
since the transport number for the CEMs was 95% at 0.5 N NaCl to 1 N NaCl (Table 5.1).

In addition, the concentration of anions in the dewatering centrate was lower than 0.5 N.

5.3.5 Scaling control in BMED operation

The amount of divalent cation scales accumulated in the BMED system was linearly
proportional to the average electric current (Figure 5.5). The high electric current
contributed to a sharp concentration gradient by concentration polarization in the boundary
layer on the base side of the CEM (Strathmann, 2004). As a result, the higher ionic
concentration at the CEM surface with a higher electric current induced a greater amount
of precipitates on the CEM. In addition, the high electric current produced more hydroxide

in the base cell (Appendix, Figure C4B), resulting in substantially intensified scale
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formation. In the ICP-OES analysis results, 82.6 - 91.8% of Ca?* and 62.6 - 76.0% of Mg?*
(compared with the mass of Ca?* and Mg?* in the feed dewatering centrate) were
precipitated during the BMED operation (Appendix, Table C1 and C2). Among these
precipitates, 48.0 - 59.4% of Ca?* and 36.3 - 43.9% of Mg?* were observed in the cleaning
solution after the post-operation CIP (Appendix, Table C1 and C2). These results indicated
that half of Ca?* and Mg?* precipitates were accumulated in the membrane stack when half
of the precipitates were deposited in the base reservoir. It should be emphasized that the
scales hardly affected the separation performance since the electric current density was

stable (Figures 5.2C and 5.3C).
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Figure 5.5. The mass of Ca** and Mg?* in the cleaning solution with different current
density. (13.3 mA/cm? under 20 V and 180 mL/min; 18.2 mA/cm? under 30 V and 60
mL/min; 20.7 mA/cm? under 30 V and 120 mL/min; and 22.7 mA/cm? under 30 V and 180

mL/min).
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The formation of precipitates resulted in the low concentration of Ca?* and Mg?* in the

base aqueous solution (Figures 5.6A and 5.6B).
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Figure 5.6. The concentration of aqueous phase cations in the base reservoir: (A) Ca?* and
(B) Mg*".

The base solution in the reservoir became cloudy during the BMED operation, indicating
the formation of the precipitates. The dominant precipitates in the base solution were
CaSO0s4,s) and Mg(OH),s) according to SI for potential precipitates (Table 5.4). This
theoretical prediction was also consistent with the ICP-OES analysis results of the CIP
solution (Figure 5.6). The base chamber was initially prepared with 90 mM H2SO4. The
low pH (< 4) (Appendix, Figure C4B) and low divalent cations concentration prevented
the formation of precipitates in the early stage of the BMED operation (0 - 30 min). Along
with the pH increase after 30 min, the formation of precipitates (CaSQOas,s)) resulted in a
significant decrease in the concentration of Ca?* (Figure 5.6). The decrease in Mg?*
concentration was slower than the decrease in Ca?* concentration. The slower decrease in
Mg?* concentration indicated that Mg(OH)2,) precipitation occurred in the later stage (i.e.,

60 min or later) while CaSOg,s) precipitation was dominant in the early stage of the BMED
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operation (i.e., 30 - 60 min) (Figure 5.6). It should be noted that even with tens of the
repeated experiments for various experimental conditions that resulted in serious scaling
problems, noticeable membrane damages or failures (e.g., punctured membranes) were not
observed.

Table 5.4. The solubility indices for the main compounds in the base solution®.

Compounds Log(Ksp)® Log(IAP)° Sl

Mg(OH)2.¢ —11.0 —10.3 0.7

Ca(OH)z,) —5.3 —10.3 —5.0
CaSO0a4,s) —4.6 —3.3 13

2 The main cations in the base were only OH" and SO4? without AEMSs in the BMED stack.
b Davis and Masten, 2013.
¢ pH = 10, [SO4*] = 90 mM, [Mg*"] and [Ca?*] were the maximum concentration in the

base solution (from Figure 5.6).

5.3.6 Electric energy consumption

The electric energy consumption of the membrane stack for ammonia recovery was
calculated using Eq 5.4 and it was ranged from 9.6 to 24.2 kwWh/kg-N for the examined
experimental conditions (Figure 5.7). The electric energy consumption of the membrane
stack decreased with the increasing flow rate (Figure 5.7), indicating that high flow rate
conditions are more beneficial for energy-efficient ammonia production using BMED.
Although the high applied voltage generally resulted in the high electric energy
consumption, the electric energy consumption of the membrane stack relatively insensitive
to the applied voltage for the relatively high ammonia recovery of 70% (Figure 5.7). For

the low ammonia recovery (50% and 60%), the energy consumption was much smaller for
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20 V compared to 30 V (Figure 5.7). However, the BMED operation time at 20 V was 2.5
times that of 30 V (Figure 5.2A). In addition, the stack energy consumption for the high
ammonia recovery (70%) was much higher than the energy consumption for the low
ammonia recovery (50% and 60% recoveries). This result can be explained by the low
ammonia recovery rate because of the low ammonia concentration in feed solution in the
late stage of the experiment (Figures 5.2 and 5.3). Therefore, considering the energy
consumption, ammonia recovery, and ammonia separation rate, 30 V, 180 mL/min, and 60

min operating time is the optimal operating conditions for the examined BMED system.
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Figure 5.7. The electric energy requirement for ammonia recovery under different
operating conditions for ammonium sulfate production. For the 30 V applications, Ec, was
3.4 V/cell pair while Ec¢p was 2.2 V/cell pair for the 20 V application. For the 120 min
experiment, 70% ammonia recovery was not achieved for 30 V - 60 mL/min.
The electric energy consumption of the membrane stack for the recommended

conditions (60% ammonia recovery, 30 V, and 180 mL/min) was 15.0 kWh/kg-N (Figure
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5.7). This electric energy consumption is smaller than the electric energy consumption in
previous studies (Table 5.5). Although a lower energy consumption of 4.9 kWh/kg-N was
reported in a pilot-scale ED system (Table 5.5) (Ward et al., 2018), impurities of the
ammonia product (inorganic anions, such as CI") were not considered in the study. Also,
the use of conventional ED with CEMs and AEMs allowed lower energy consumption
compared to BMED; however, AEM fouling problems and unwanted anions (e.g., Cl- and
organic anions) are still remained as challenges in conventional ED applications.

Table 5.5. Reported energy requirements for ammonia production and recovery

Energy consumption

Methods (kWh/kg-N) References
Lietal., 2016
BMED with CEM and AEM 5-30 van Linden et al., 2020
Shi et al., 2018
Maurer et al., 2003
Ammonia stripping 25-44 Morales et al., 2013
Antonini et al., 2011
. e Maurer et al., 2003
Struvite precipitation 28-120 Cao et al., 2019
. Desloover et al., 2012
Electrochemical cell 13-26 Kuntke et al., 2017
. i Appl, 1999;
Steam reforming 8-22 Rafiqul et al., 2005
Ward et al., 2018
ED 2-25 Van et al., 2019
Pan et al., 2020
Razon 2013;
Haber-Bosch >1 Rouwenhorst et al, 2019
BMED with CEM 15 This study

Considering the high purity of the produced ammonium sulfate, BMED can also be
compared with the Haber-Bosch process that has a high energy consumption (usually > 11

kWh/kg-N) (Razon 2013; Rouwenhorst et al, 2019). The Haber-Bosch ammonia synthesis
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process is wildly used in industry to produce ammonia by fixing 130 million tons of
nitrogen per year (Patil et al., 2015). However, with serious challenges, such as high energy
consumption for hydrogen production and greenhouse gas emission (Baltrusaitis, 2017),
the Haber-Bosch process is not considered as a sustainable method for ammonia production.
It should be emphasized that there was no additional chemical consumption for pH
adjustment or no toxic byproduct chemical creation during the BMED process. Also, the
used dewatering centrate as the feed to BMED system did not need an extra pretreatment
(e.g., filtration) because AEMs, that are vulnerable to organic fouling, were excluded in
the examined BMED stack design (except for the electrode rinse cell). In addition, if the
ammonia concentration in the feed is higher with other wastewater streams (e.g., source-
separated human urine, liquid portion of food waste digestate), the energy requirement per
nitrogen production using BMED can significantly be reduced, implying the strong
potential of BMED for broad applications for high purity ammonia production.

The pumping energy is negligible because BMED is not a pressurized membrane
system and thus the electric energy consumption will be dominant for BMED applications
(Strathmann, 2004). It should be noted that the flow velocity in the BMED was much lower
than the flow velocity for full-scale ED systems (Tsiakis and Papageorgiou, 2005).
Therefore, the energy consumption will be lower for full-scale BMED. In addition, the cost
for using BPMs is comparable to the cost for using IEMs since BPMs are manufactured by
chemically attaching a CEM and an AEM (Simon, 1993; Bauer et al., 1988). Considering
the market price for ammonium sulfate ranged from $75 to $130 (Chou et al., 2005), the

BMED is an economical technology for resource recovery in wastewater treatment.
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5.4 Conclusions

BMED with BPMs and CEMs (but without AEMs) was examined for efficient and
rapid production of high-purity ammonia sulfate from dewatering centrate wastewater. The
removal of AEMs in the BMED system simplified the IEM stack design, reduced the
energy consumption, enhanced the ammonia recovery, increased the purity of ammonium
sulfate by excluding anions, minimize the fouling on IEMs, and shortened the operation
time. The ammonia recovery was enhanced by increasing the applied voltage and the flow
rate. However, the increased applied voltage and flow rate also resulted in the raised
electric energy consumption. CEnna® decreased with the increasing applied voltage while
CEnna* was not significantly affected by the flow rate. It was found that the separation of
NH4* was slower than the separation of K+ because of the high concentration gradient of
NH4* across the CEMs. However, ammonium sulfate was the main compound in the base
chamber due to the high initial ammonia concentration (compared with other cations). The
decreased concentration of Ca?* and Mg?* in the base reservoir indicated the formation of
precipitants, such as CaSOas,) and Mg(OH)2,s), implying that a regular BMED stack
cleaning is necessary. Pretreatment of dewatering centrate such as remove divalent cations
using ion-exchange resins can be considered and examined in future studies to control the
scaling problem. Compared to the energy consumption in the conventional ED system, the
energy consumption in the BMED system was relatively high. However, high energy
consumption is inevitable in BMED for water dissociation to generate H" and OH" while
production of ammonium sulfate from wastewater is a highly feasible method for practical

IEM applications in nutrient separation from wastewater. Therefore, ammonium sulfate

141



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

production using wastewater and low-grade sulfuric acid will reduce the nutrient discharge
into natural water systems with sustainable ammonia supplies to various industries, helping

to establish a new green circular economy for resource recovery in wastewater treatment.
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6 Membrane Scaling in Electrodialysis for Nutrients

Separation from High-strength Wastewater

Electrodialysis (ED) has been regarded as an emerging technology to recover nutrients
from wastewater. High-strength wastewater such as food processing wastewater is an ideal
source for nutrients recovery since it contains a high concentration of ammonia. However,
divalent cations such as calcium and magnesium ions in high-strength wastewater can form
various precipitates during ED operation. The formation of inorganic scalants (i.e.,
membrane scaling) can limit the broad applications of ED because inorganic scalants can
cause high energy consumption and reduce the life span of membranes. Therefore, in this
study, we investigated the calcium and magnesium scale formation in a lab-scale ED
reactor fed with high-strength wastewater. Different operating conditions, such as applied

voltage and the type of membranes, were examined in the study.

e Guo, H., & Kim, Y. (under review). Membrane Scaling in Electrodialysis for
Nutrients Separation from High-strength Wastewater. Environmental
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Abstract

Membrane scaling problems can limit broad applications of electrodialysis (ED) for
nutrients recovery from wastewater. In this study, we investigated the calcium and
magnesium scale precipitation on ion-exchange membranes (IEMs) using a lab-scale ED
reactor. Two high-strength wastewater streams, including municipal waste (MW) liquid
digestate and food waste (FW) liquid digestate, were fed into the ED reactor. For the
operation with MW liquid digestate, the cumulative Ca?* loss increased with the increasing
electric current while the electric current conditions did not affect the cumulative Mg?* loss.
After 8-h operation, 60.1% of Ca?* and 39.0% of Mg?* in the MW liquid digestate were
lost in the form of precipitates. Observed scalants on cation-exchange membranes (CEMS)
were vaterite, amorphous calcium carbonate (ACC), and struvite while ACC was not found
on anion-exchange membranes (AEMs). Observed scalants of calcium carbonate with MW
liquid digestate (vaterite and ACC) were different from scalants (calcite) found with
synthetic solutions. Among these scalants, struvite was formed as sharp (needle-shaped)
crystals that can potentially damage the IEM. The gradual loss of Mg?* was observed with
FW liquid digestate because of high PO4> concentration, indicating the formation of
struvite. The membrane with high selectivity for divalent ions resulted in the rapid decrease
in electric current, implying serious membrane scaling on IEMs. These findings
demonstrated that the membrane scaling problems by calcium and magnesium

precipitation are ubiquitous in ED for nutrients recovery from wastewater.
Keywords
Calcium and magnesium scaling; electrodialysis for nutrients recovery; liquid digestate;
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shapes of scalants; struvite; membrane selectivity

6.1 Introduction

Electrodialysis (ED) is a membrane separation process where ions are transferred
through the ion exchange membranes (IEMs) by an electric field between two electrodes
(Strathmann, 2004; Moran, 2018). ED has been widely applied in brackish water
desalination (Al-Amshawee et al., 2020; Mei et al., 2020; Xu et al., 2018; Patel et al., 2020;
Nguyen et al., 2019), wastewater treatment (Lafi et al., 2018; Chao and Liang, 2008;
Benvenuti et al., 2014), and food processing (Mondor et al., 2012, Wang et al., 2019).
Recently, ED has been regarded as an emerging technology to recover nutrients from
wastewater (Ward et al., 2018; Wang et al., 2017; Liu et al., 2017; Ye et al., 2019; Shi et
al., 2018; Ippersiel et al., 2012). For instance, 7.1 g/L NH4-N was recovered from the
municipal centrate wastewater using a pilot-scale ED system (Ward et al., 2018).
Substantially high levels of ammonia separation (up to 21.4 g-N/L) were achieved using
bipolar membrane ED reactors that were fed with pig manures (Shi et al., 2018; Ippersiel
et al., 2012). These studies demonstrated the high feasibility of ED in nutrients recovery
from wastewater.

Membrane scaling problems (i.e., inorganic salt precipitates deposited on IEM surfaces)
can limit broad applications of the ED technology since the inorganic scalants cause
substantially high energy consumption in ED operation as well as permanent IEM damages
(Phuntsho et al., 2014; Brewster et al., 2017; Li et al., 2015). Membrane scaling is triggered
in ED systems when the feed wastewater contains divalent cations such as Mg?*, and Ca?*

(Andreeva et al., 2018). In previous studies, various IEM scaling precipitates, including
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gypsum (CaS04-2H,0), calcium carbonate (CaCOs), and magnesium hydroxide
(Mg(OH)>), were observed in ED reactors that were fed with synthetic solutions (Asraf-
Sniretal., 2016, Andreeva et al., 2018, Bazinet and Araya-Farias, 2005, Casademont et al.,
2007). The relatively high concentration of Mg?* and Ca?' coupled with abundant
carbonate species in liquid digestate after anaerobic digestion can lead to serious scale
formation for nutrients recovery using ED systems (Ward et al., 2018; Brewster et al.,
2017). As a result, a mechanistic model was developed to predict scale formation in
electrodialytic nutrients recovery from liquid digestate (Brewster et al., 2017). However,
the effects of operation conditions on scalants formation were not systematically
investigated for high-strength wastewater treatment using ED. Therefore, in this study, we
focused on various aspects of IEM scaling problems in ED fed with two high-strength
wastewater streams: municipal waste (MW) liquid digestate (dewatering centrate after
anaerobic digestion); and food waste (FW) liquid digestate (the liquid portion after
dewatering of anaerobically digested food waste).

Calcium carbonate, gypsum, and struvite are common scalants in wastewater treatment
using ED systems (Ward et al., 2018; Brewster et al., 2017; Asraf-Snir et al., 2016). The
formation of scalants on IEMs surfaces increases the electrical resistance and decreases the
permselectivity of IEMs (Mikhaylin and Bazinet, 2016). The scalants also can cause
physical damages to the membrane because of the sharp edge (e.g., needle-shaped
aragonite, struvite, and gypsum) (Asraf-Snir et al., 2016; Andritsos et al., 1997; Le Corre
et al., 2005; Cusick and Logan, 2012). Therefore, in this study, we investigated the shape

of scalants especially for magnesium and calcium precipitates in ED for nutrients recovery.
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In an ED reactor, the separation rate of ions is governed by the electric current density
(ipekgi et al., 2020; Bunani et al., 2017). A high separation rate of ions contributes to a
rapid increase in the ions concentration in the concentrate cell and likely to result in more
serious scaling problems. Therefore, we investigated the effects of electric current density
on membrane scaling in the ED system. Other specific objectives of this study are to:
examine the calcium and magnesium precipitation with the MW and FW liquid digestates;
investigate the effects of membrane selectivity on precipitation of calcium and magnesium;

study the morphology of scalants on IEMs.
6.2 Materials and methods

6.2.1 Reactor construction
The ED reactor was constructed using polypropylene blocks with a cylindrical chamber

(7 cm? in cross-section). Two pieces of stainless steel mesh (2 cm X 2 cm; 304 stainless
steel, 200X 200 mesh, McMaster Carr, USA) were used as the anode and cathode. The

anode and cathode were separated by 2 CEMs and 2 AEMs, creating an anode cell (15 mL),
a feed cell next to the anode (Feed Cell-A, 25 mL), a concentrate cell (3 mL), a feed cell
next to the cathode (Feed Cell-C, 25 mL), and a cathode cell (15 mL) (Figure 6.1). Two
types of IEMs were used in the ED reactor: CR 67 and AR 908 (SUEZ Water Technologies
& Solutions, Canada); Selemion CMV and Selemion AMV (Asahi Glass, Japan) (Table

6.1).
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Figure 6.1. Schematic arrangement of CEMs and AEMs for enhanced scale formation in
ED.

Table 6.1. IEM characteristics

Selemion Selemion

CR67 AR908 CMV AMV
Thickness (mm) 0.6 0.6 0.1 0.1
Burst strength (kPa) 827.3 827.3 200 250

lon-exchange capacity a b
(meg/dry gram resin) >23 >20 >22 >19
Resistivity (Q2-cm?) 5.5 7.0° 2.0¢ 2.0¢
Transport number © 0.94 0.94 0.97 0.95

& Miyoshi et al., 1992; Verbanck et al., 2006.
b1 e et al., 2009.

¢ In 10 mM NaCl.

4 In 500 mM NacCl.

¢ t-Na+. t-Cl-.
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6.2.2 Feed wastewater and reactor operation

The Feed cell -A and -C were fed with the MW liquid digestate or the FW liquid
digestate (Table 6.2). The MW liquid digestate was collected from the local wastewater
treatment plant (Hamilton, Canada) and stored at 4°C for no longer than 2 weeks. The FW
liquid digestate was collected from StormFisher Environmental Ltd (London, Canada) and
centrifuged at 8000 rpm for 5 minutes. High ammonia concentration was observed in the
MW and FW liquid digestate (Table 6.2). The concentration of Ca?* in the MW and FW
liquid digestates was similar while Mg?* concentration in the FW liquid digestate was
lower than that in the MW liquid digestate (Table 6.2). The anolyte was prepared with 100
mM NazSO4 and 100 mM NaOH while the catholyte was started with 100 mM NaCl and
100 mM HCI. The alkaline and acid solutions were used to avoid significant changes in
pH. The concentrate cell was filled with 10 mM NaCl.
Table 6.2. The main characteristics of the MW liquid digestate and FW liquid digestate

(average + standard deviation, n =3)

component MW liquid digestate FW liquid digestate

NHz-N 64.4 £ 8.6 mM 157.7+ 0.8 mM
Ca** 35+0.1mM 2.6 £+ 0.03 mM
Mg?* 3.3+£0.3mM 0.4+£0.03mM
PO/ 0.1+£0.01 mMm 48+15mM

Soluble COD 457 £ 29 mg/L 3215 + 714 mg/L

pH 8.2+0.1 8.2+0.03
Conductivity 7.7 0.8 mS/cm 22.8 £ 1.5 mS/cm
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The reactor was operated under batch mode to investigate the effects of electric current
density, feed sources, and types of membranes on the formation of precipitates (Table 6.3).
The solutions in the Feed Cell-A and -C were replaced every 2 hours when the applied
voltage was 8 and 12 V. A frequent change (every 1 hour) of feed solutions was applied
for the high applied voltage (16 V) to ensure sufficient ions separation from the feed cell
into the concentrate cell. The electrode rinse solutions were replaced every 1 hour for all
tests while the concentrate cell solutions were maintained throughout the experiment.
Three different applied voltages were provided by an external power supplier (Model 9201,
BK Precision, USA). The electric current of the ED reactor was measured and recorded
every 1 minute by using a digital multimeter and data acquisition system (34970A, Agilent
Technologies, USA). Then the electric current was normalized by the effective area of
membranes (7 cm?). The average current density ranged from 5.1 to 16.9 mA/cm? depends
on the feed sources and IEMs (Table 6.3). All the tests were operated at room temperature

(22.4 + 0.3°C).

6.2.3 Experiment measurement

Samples from the concentrate cell were collected every 2 hours (test 1 and 2, Table 6.3)
or every 1 hour (test 3-6; Table 6.3). These samples were analyzed by inductive coupled
plasma-optical emission spectrometry (ICP-OES, Vista Pro, Varian Inc., Australia) to
measure the concentration of Ca?* and Mg?*. Before the ICP-OES analysis, the collected
samples were acidified using 70% nitric acid (w/w) and filtered with syringe filters (pore
size 0.45 um, polyethersulfone membrane, VWR International, USA). The ammonia

concentration in the collected samples was analyzed by using commercial ammonia test
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vials (Method 10205, Hach Company, USA). Apart from the concentrate samples, the feed
solutions (initial and final solutions of each batch) of test-1 and -2 (Table 6.3) were also
collected and analyzed by ICP-OES to observe the separation rate of Ca?* and Mg?* in the
feed cell. The pH and conductivity of all the solutions (electrode rinse, feed, and
concentrate) were analyzed and recorded (Orion Versa Star Pro, Thermo Fisher Scientific,
USA). In addition, the precipitated crystals on the membrane from test 3 (Table 6.3) were
analyzed in scanning electron microscopy and energy-dispersive X-ray spectroscopy
(SEM-EDS, JEOL JSM-6610LV, Japan) to study the morphology and elements of the
crystals.

Table 6.3. Operation conditions in the ED system

Applied Average Overation
voltage  current density Feed source t!ome (h) IEM
(V) (mA/cm?)
Test 1 8 51+£05 MW liquid digestate 8
Test 2 12 7610 MW liquid digestate 8
N CR 67/AR 908

Test 3 16 106 +0.6 MW liquid digestate 6
Test 4 16 169+1.6 FW liquid digestate 6
Test5 16 9.6+0.9 MW liquid digestate 6 Selemion
Test 6 16 6.7 +2.3 FW liquid digestate 6 CMV/AMV

6.3 Results and discussions

6.3.1 Precipitates formation in the concentrate cell with different applied voltage
A high electric current density resulted in a rapid increase in Ca?* concentration in the
concentrate cell during the early stage of the experiment (Figure 6.2a). The rapid increase
in Ca?* concentration can be explained by the enhanced Ca?* separation through the CEM
from Feed Cell-A (Figure 6.2a). However, the concentration of concentrate Ca?* decreased

gradually after 4 h for 5.1 mA/cm? and 2 h for 7.6 mA/cm? (Figure 6.2a). Considering the
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continued Ca?* separation from Feed Cell-A (Figure 6.2a), the decrease in the concentrate
Ca?" concentration can only be explained by the formation of calcium precipitates in the
concentrate cell (e.g., CaCOs) as carbonate and bicarbonate anions were transported from
Feed Cell-C. When the reactors were disassembled after the 8 h experiment, white powders
were observed on IEM surfaces (Appendix, Figure D1), indicating the active formation of

inorganic precipitates (including CaCOz) during the reactor operation.
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Figure 6.2. (a) Concentration of calcium in the concentrate cell and the Feed Cell-A; (b)
cumulative calcium loss (no fill label: the amount of calcium loss; solid fill label: the

percentage of calcium loss).
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In addition, the calcium loss (i.e., the cumulative mass of Ca?* removed from Feed Cell-
A minus the mass of Ca?* remaining in the concentrate cell) increased linearly with the ED
operating time (Figure 6.2b). Note that the Feed Cell-A and -C were replaced every 2 h by
fresh wastewater while the concentrate cell was maintained throughout the experiment. At
the end of the 8 h experiment, 50.0% (5.1 mA/cm?) and 60.1 % (7.6 mA/cm?) of the total
Ca?" provided in the feed digestate was lost in the form of calcium precipitates (Figure
6.2b), indicating serious precipitation and scaling challenges in ED applications for
nutrients separation from wastewater.

The Mg?* concentration in the concentrate cell increased gradually with the maximum
concentration of ~20 mM (Figure 6.3a). High electric current density contributed to the
high concentrate Mg?* concentration (Figure 6.3a). However, the high concentrate Mg?*
concentration limited the separation rate of Mg?* from Feed Cell-A, resulting in a similar
remaining Mg?* concentration in Feed Cell-A for 5.1 and 7.6 mA/cm? (Figure 6.3a). For
7.6 mA/cm?, a slight decrease in the concentrate Mg?* concentration was observed (Figure
6.3a), indicating the potential formation of magnesium precipitates in the concentrate cell.
Two expected magnesium precipitates in the concentrate cell were struvite and magnesium
hydroxide (Table 6.4). Considering the neutral to slightly basic pH in the concentrate cell
(pH 7.6 - 8.5), the hydroxide concentration was not sufficient to induce the formation of
magnesium hydroxide. The solubility index for the magnesium hydroxide in the
concentrate cell was -1.7 for pH 8.5, indicating the magnesium hydroxide was not
precipitated in the concentrate cell. Therefore, the Mg?* loss can be explained by struvite

precipitation in the concentrate cell.
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Figure 6.3. (a) Concentration of magnesium in the concentrate cell and the Feed Cell-A;
(b) cumulative magnesium loss (no fill label: the amount of magnesium loss; solid fill label:
the percentage of magnesium loss).

Table 6.4. The solubility constant (pKsp) for the main potential precipitates in the

concentrate cell

Mineral Chemical formula PKsp
Calcite CaCOs 8.5%
Aragonite CaCQOs3 8.32
Vaterite CaCOs 7.9°
Struvite MgNH4PO4-6H,0 13.3°
Brucite Mg(OH) 11.0¢

& \Walker et.al., 2014
b Ohlinger et.al., 1998
¢ Davis, 2004
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Another interesting finding is the negligible differences in the cumulative Mg?* loss
between 5.1 and 7.6 mA/cm? (~40% of the total Mg?* provided in the feed digestate as
shown in Figure 6.3b). The almost identical results in the cumulative Mg?* loss can be
explained by the limited amount of struvite precipitation. In the MW liquid digestate, the
relatively low phosphate concentration (0.1 mM PO4* vs. 3.3 mM Mg?* and 64.4 mM NH4*

as shown in Table 6.2) and the competitive separation (e.g., CI- or HCOz3") are considered

to limit the rate of struvite precipitation in the reactor.

6.3.2 Precipitation with the FW liquid digestate

The average electric current density for the FW liquid digestate (16.9 + 1.6 mA/cm?,
Table 6.3) was much higher than that with the MW liquid digestate (10.6 + 0.6 mA/cm?,
Table 6.3) because of the high conductivity of the FW liquid digestate (Table 6.2). Even
with the high average electric current density, the separation of divalent cations (Ca?* and
Mg?*) was slower with the FW liquid digestate (Figures 6.4a and 6.4b) mainly due to the
lower initial Ca?* and Mg?* concentration in the FW liquid digestate compared to the MW
liquid digestate (Table 6.2). Even with the lower concentration of Ca?* and Mg?* in the
concentrate, gradual decreases in the concentrate Ca?* and Mg?* concentration were also
observed in the later stage of the experiment for the FW liquid digestate (Figures 6.4a and
6.4b). This finding implied the formation of calcium and magnesium occurring in the

concentrate cell.
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Figure 6.4. Concentration of (a) calcium and (b) magnesium in the concentrate cell with
different feed sources.

The concentrate Mg?* concentration started decreasing only at 2.6 mM for the FW
liquid digestate (Figure 6.4b) while it increased above 20 mM with the MW liquid digestate
(Figure 6.4b). The low Mg?* concentration for the FW liquid digestate can be explained by
the high phosphate concentration in the FW liquid digestate (Table 6.2). The molar
concentration ratio between Mg?* and PO4* for the FW liquid digestate was 1:12 while the
ratio for the MW liquid digestate was 33:1 (Table 6.2). Thus, the struvite precipitation was
limited by Mg?* for the FW liquid digestate while it was limited by PO4*concentration for
the MW liquid digestate. These observations clearly indicated that IEM scaling problems
by calcium and magnesium precipitation can be ubiquitous for ED nutrient separation from

wastewater.

6.3.3 Precipitation with different IEMs
The application of CMV contributed to better separation of the divalent cations (Ca?*

and Mg?*) compared to CR 67 (Figures 6.5a and 6.5b) while similar electric current
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densities were observed with the MW liquid digestate between CMV and CR 67 (Figure
6.5¢). This result is consistent with previous studies where CMV highly favors divalent
cations over monovalent cations (Van der Bruggen et al., 2004; Kim and Lawler, 2011;
Dong et al., 2020). As CR 67 is less selective for divalent cations, consistently higher
ammonia concentration was observed in the concentrate with CR 67 compared to CMV
(Appendix, Figure D2, and Figures 6.5a, 6.5b). Thus, we recommend that CR 67 for
ammonia separation from wastewater while CMV is recommended in separation process
for water softening or groundwater desalination.

While the electric current density was similar between CMV/AMYV and CR 67/AR 908
for the MW liquid digestate, CR 67/AR 908 resulted in a much higher electric current
density for FW liquid digestate (Figure 6.5c). For the FW liquid digestate, one important
difference from the MW liquid digestate is the soluble COD (3215 + 714 mg/L for FW
liquid digestate vs. 457 + 29 mg/L for MW liquid digestate as shown in Table 6.2). This
substantially high COD of the FW liquid digestate triggered serious organic fouling on the
CMV/AMV membranes, resulting in the rapid decrease in the electric current density from
13.8 to 4.6 mA/cm? (Figure 6.5c). On the other hand, the electric current density for CR
67/AR 908 was maintained high between 14.4 to 21.7 mA/cm? over the 6-h operation.
Based on these experimental results, CR 67 and AR 908 can be applied for efficient

ammonia separation from high-strength wastewater with reduced organic fouling problems.
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Figure 6.5. Concentration of (a) calcium and (b) magnesium in the concentrate cell with

different membranes and feed sources; (c) the electric current density of the ED system.
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6.3.4 SEM-EDS analysis

The majority of IEM scalants were found to be calcium carbonate in the SEM-EDS
analysis (Figure 6.6). Two types of calcium carbonate crystals (amorphous powders and
spherical solid) were found on the CEM surfaces (Figure 6.6a) while only spherical
calcium carbonate precipitates were formed on the AEM surfaces (Figures 6.6b).
Amorphous calcium carbonate (ACC) is a metastable precursor for crystalline calcium
carbonate polymorphs (Ogino et al., 1987; Rodriguez-Blanco et al., 2012; Bots et al., 2012).
Thus, ACC is rapidly transformed into more stable anhydrous polymorphs for calcium
carbonate (i.e., calcite, vaterite, and aragonite) (Ogino et al., 1987). However, this
transformation is inhibited and thus slowed with a presence of magnesium ions that
increase the stability of ACC (Rodriguez-Blanco et al., 2012; Loste et al., 2003). The large
amount of ACC on the CEM surface (i.e., amorphous small and cloudy particles in Figure
6.6a) can be explained by the high magnesium concentration near the CEM surface (Figure
6.4b) because Mg?* was continuously supplied from Feed Cell-A through the CEM. On the
other hand, ACC was not found on the AEM surface (Figure 6.6b), supporting the role of
Mg?* in increasing ACC stability (Rodriguez-Blanco et al., 2012; Loste et al., 2003). It
should be noted that Mg?* concentration is negligible on the surface of an AEM because
high positive fixed charges effectively repel multi-valent cations from the surface

(Strathmann, 2004).
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Figure 6.6. SEM-EDS images of SUEZ membranes after 6 h operation with the MW liquid
digestate at 10.6 mA/cm?. (a) CEM, 50 um; (b) AEM, 50 um; (c) CEM mapping; (d) AEM
mapping. (Orange arrow: ACC; yellow arrow: struvite; Red arrow: vaterite).

There are three major anhydrous polymorphs for calcium carbonate: calcite; vaterite;
and aragonite. Among these, calcite is thermodynamically most stable with rhombohedral
structure (Andritsos et al., 1997; Sev¢ik et al., 2018; Tzotzi et al., 2007). Vaterite
commonly has 3 different crystalline structures: rough-surfaced spheroids; cauliflower-
surfaced spheroids; and disk-shaped particles (Andritsos et al., 1997). Aragonite crystals
are known to form needle-shaped and sharp agglomerates (Andritsos et al., 1997).

According to the SEM images, the relatively large spherical calcium carbonate precipitates
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(10 — 50 um in diameter) were identified as vaterite crystals (Figures 6.6a and 6.6b). Thus,
vaterite and ACC were found on the IEM surface when the MW liquid digestate was used
for nutrient separation. However, when the MW liquid digestate was replaced by a
synthetic salt solution (10 mM CaClz in Feed Cell-A and 10 mM Na.COs in Feed Cell-C),
only calcite (rhombohedral calcium carbonate) was observed on IEM surfaces (Appendix,
Figure D3). This inconsistency in the observed CaCOs scalants on IEMs clearly indicates
that experimental results with synthetic solutions cannot present scaling problems in real
ED applications for nutrient separation from wastewater.

In the SEM-EDS analysis, struvite was found to be the only magnesium precipitate
both on the CEM and AEM surfaces (Figure 6.6). Compared to the calcium precipitates,
the visible amount of struvite crystals was relatively minor (Figures 6.6a and 6.6b) even
though the molar concentration of Mg?* was similar to that of Ca?* (Table 6.2). In the SEM
images, needle-shaped struvite was observed on the IEM surfaces (Figures 6.6a and 6.6b).
This typical needle-shaped struvite was also observed in previous studies (Le Corre et al.,
2005; Cusick and Logan, 2012). In addition, the struvite crystals on the CEM surface were
larger than those on the AEM surface (Figures 6.6a and 6.6b) since the high calcium
concentration near the CEM surface contributed to the rapid agglomeration of struvite
particles (Le Corre et al., 2005). Considering the sharp struvite can puncture membranes
and cause irreversible damages to the membranes, the formation of struvite needs to be

controlled in membrane systems.
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6.4 Conclusions

Inorganic scale precipitation with Ca?* and Mg?* was investigated using a lab-scale ED
reactor fed with the MW and FW liquid digestates. Serious CaCOs3 precipitation was
observed for both the MW and FW liquid digestates. The magnesium precipitation was
limited by the phosphate concentration for the MW liquid digestate while the magnesium
scale precipitation was limited by Mg?* concentration for the FW liquid digestate. However,
even with the low concentration of Mg?* or phosphate, the significant precipitation of
magnesium was observed on IEMs, indicating the IEM scaling problems are ubiquitous in
ED applications for nutrients recovery. In the SEM-EDS analysis, vaterite and struvite
crystals were found on the CEM and AEM surfaces while ACC crystals were only observed
on the CEM surface. Although the amount of struvite was relatively minor compared to
the amount of vaterite and ACC, the struvite formation needs to be controlled in the ED
since the needle-shaped struvite can puncture the IEMs. For the ED fed with synthetic
solutions, calcite was observed on IEMs, indicating the experimental results with synthetic
solutions can not present scaling problems in practical ED applications for nutrients
separation from wastewater. In addition, the CEM with high selectivity to divalent cations
works well with the MW liquid digestate (low soluble COD). However, a significant
decrease in the electric current was observed when the ED reactor was operated with the
FW liquid digestate (high soluble COD). Therefore, the CEM with high selectivity to
divalent cations is not recommended to apply in high-strength wastewater such as FW

liquid digestate.
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7 Modeling Ammonia and Acetic Acid Inhibition on
Mesophilic Anaerobic Digestion Fed with Thickened Waste

Activated Sludge

Anaerobic digestion (AD) in wastewater treatment is essential for sludge stabilization
and biosolids reduction. Many factors, such as ammonia, volatile fatty acids (VFA), and
pH, are regarded as inhibitors in AD processes. Although many studies reported the toxicity
of ammonia on methanogens, there is still limited understanding on the inhibition of
ammonia on hydrogenotrophic methanogenesis. In addition, the inhibition of acetic acid
on methanogenesis was not investigated in previous studies. Therefore, we investigated the
effects of high concentrations of ammonia and acetic acid on AD performance through
biogas methane production tests. A modified AD model with various inhibition functions

was built to translate lab-scale experimental results on methane production.

This paper is prepared for future journal publication.
e Guo, H., Fernandes, S., and Kim, Y. Modeling Ammonia and Acetic Acid
inhibition on Mesophilic Anaerobic Digestion Fed with thickened Waste

Activated Sludge

The co-author’s contributions include:
Sarah Fernades: experiments operation, data collection.

Younggy Kim: supervision, technical support, funding acquisition, manuscript revision.

180



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

Abstract

Anaerobic digestion (AD) has been regarded as an environmental-friendly technology
to treat wastewater and produce renewable energy. Inhibition of ammonia, volatile fatty
acids (VFAs), and pH have been investigated and modelled in AD. However, limited
studies presented ammonia inhibition on hydrogenotrophic methanogenesis. In addition,
the inhibition of acetic acid (the most common VFA product during AD processes) on
methane production was not considered in many AD studies. Therefore, in this study, we
investigated the inhibition of high ammonia concentrations and acetate concentrations on
AD through biochemical methane potential (BMP) tests. The results indicated that the AD
fed with thickened waste activated sludge (TWAS) could be tolerated up to 6.8 g-N/L of
total ammonia (TAN). The high initial pH (~8.8) increased the concentration of free
ammonia (FAN) and significantly decreased methane production. The methane production
in the BMP tests with 0 and 20 g-COD/L of additional acetate was similar. However, more
than 50% of methane was reduced when the additional acetate concentration increased to
40 g-COD/L. A modified anaerobic digestion model (ADM) with various inhibition
functions was proposed to simulate the inhibition of ammonia and acetic acid on
methanogenesis. The acetate uptake rate in ADM was introduced by a Haldane function.
In addition, sensitivity analysis was conducted to quantify the degree of inhibitions of free

ammonia, acetate, and acetic acid on individual microbial activities in the ADM.
Keywords

Anaerobic digestion model; Non-competitive inhibition; Haldane inhibition; Threshold
inhibition; Relative sensitivity
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7.1 Introduction

Anaerobic digestion (AD) is an essential wastewater treatment method for energy
recovery and sludge management [1]. AD that involves multi-step biological processes (i.e.,
hydrolysis, acidogenesis, and methanogenesis) can degrade organic matters and convert
them into renewable energy sources (biogas of methane and carbon dioxide) [1][2][3].
Acetoclastic and hydrogenotrophic methanogenesis play important roles in methane
production and thus have been regarded as essential indicators of AD stability [2][4][5].
Many inhibitors, such as ammonia [5][6][7][8], sulfide [9][10], volatile fatty acids (VFAS)
[11][12], heavy metals [13], and nanomaterials [14], can affect methanogens activities and
cause AD failures. Among these inhibitors, ammonia, whose concentration is usually high
in municipal and food waste sludge [15], has attracted more attention due to significant
inhibition [5].

Ammonia is an essential nutrient for bacteria growth. However, a high concentration
of ammonia is toxic to methanogens since ammonia can change intracellular pH or inhibit
the methane synthesizing enzyme directly [16][17][18]. Diffusion of ammonia into
bacterial cells causes proton imbalance or potassium deficiency [16][17][18]. Free
ammonia (FAN) and ammonium (NH4") are two forms of ammonia in aqueous solutions.
FAN is more toxic than NH4* for methanogens because of the high permeability of FAN
to bacterial cell membranes [19]. The concentration of total ammonia (TAN) that ranged
from 1.4 to 15 g-N/L (concentration of FAN was in the range of 0.03 to 1.4 g-N/L) resulted
in 50% to 100% inhibition on methane production under different operating conditions

[6][8][20][21][22][23]. Through the analysis of methanogenic populations, acetoclastic
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methanogens seem to be more sensitive to FAN than hydrogenotrophic methanogens
[24][25][26]. However, hydrogenotrophic methanogenesis was the main pathway for
methane production in high FAN levels [25][27].

VFAs (i.e., propionic, butyric, valeric, and acetic acid) are intermediate products during
AD processes. The accumulation of VFAs especially acetic acid indicates the instability of
AD. The reasonable VFA concentration in a stable AD system should be in the range of 50
to 250 mg/L [12]. However, the concentration of VFA in the AD fed with kitchen wastes
could be increased to 18 g/L [28]. The widely accepted mechanisms for VFA inhibition
are the activity loss of enzymes and the inhibition of bacterial cell activity due to significant
pH changes [29][30][31]. Among the four VFAs in AD, acetic acid is the main VFA
product during hydrolysis and acidogenesis processes [32]. Although many studies
reported the inhibition of total VFAs (TVFA) on AD [28][33], limited studies investigated
the inhibition of acetic acid on methane production especially the AD fed with thickened
waste activated sludge (TWAS). Therefore, we focused on investigating the inhibition of
acetic acid on AD in this study.

Inhibition models that represent the response of methane production for inhibitors have
been developed based on many inhibition experiments [34]. Un-competitive and non-
competitive inhibition functions have been used to model ammonia inhibition on AD [35].
Ammonia affects the overall uptake rate and affinity of the substrate in un-competitive
inhibition functions [35][36] while ammonia linearly affects the biomass growth rate (or
substrate uptake rate) in the non-competitive inhibition functions [37][38][39]. Non-

competitive inhibition of FAN was involved in Anaerobic Digestion Model No.1 (ADM1)
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[39]. However, the ADML1 only considered the inhibition of FAN on acetoclastic
methanogenesis. In fact, hydrogenotrophic methanogenesis is the leading pathway for
methane production when FAN concentrations are high [25][27]. The hydrogenotrophic
methanogens  (especially Methanobacterium congolense and  Methanoculleus
thermautotophicus) are sensitive to the ammonia concentration under mesophilic
conditions [40][41]. Therefore, this study aims to modify the ammonia inhibition functions
in ADM1 by introducing the FAN inhibition functions for hydrogenotrophic
methanogenesis. Methane production in AD with a high concentration of TAN was
evaluated.

High concentrations of VFAs especially the accumulation of acetic acid showed serious
inhibition on the activity of methanogens [28][31][42][43][44]. However, the acetic acid
inhibition on AD was not considered in the original ADML1 [39]. In previous studies, a non-
competitive function was added into ADM1 to simulate the inhibition of TVFAs on
methanogenesis [45][46]. The effects of acetic acid on the degradation of propionic and
butyric acid were also introduced using non-competitive functions in a modified ADM1
[41]. Many studies demonstrated that a threshold inhibition is more suitable to simulate
methane production with different concentrations of inhibitors [41][47][48]. Therefore, the
acetic acid inhibitions on acetoclastic and hydrogenotrophic methanogenesis were
introduced by threshold inhibition functions in the modified ADM1. Since acetate is an
important substrate for acetoclastic methanogenesis, the uptake rate of acetate was modeled
by Haldane inhibition which is frequently used to represent methanogenesis

reactions[49][50].
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The main objectives of this study are to: investigate the effects of high concentrations
of ammonia and acetate on methane production; modify the ADM1 by introducing various
inhibition functions; calibrate model parameters for inhibition functions; examine the

sensitivity of individual model parameters.

7.2 Methods and Materials

7.2.1 Experimental methods

The biochemical methane potential (BMP) tests were performed with batch AD
reactors. The lab-scale AD reactors were built using 160 mL glass bottles and operated at
a mesophilic temperature of 37.5 °C in a shaking incubator (700L Stackable Incubated 126
Shaker, Eppendorf, USA) for 28 d. TWAS collected from the local wastewater treatment
plant (Woodward Avenue Wastewater treatment plant, Hamilton, Ontario, Canada) was
used as the substrate for the AD reactors. The solids concentration (42.7 = 7.4 g/L of total
suspended solids, TSS) was observed in TWAS (Table 7.1).

Table 7.1. The main characteristics of the TWAS (average + standard deviation, n =4)

Component TWAS Seed sludge
NHs-N 0.30+£0.03g/L 2.45+0.39¢g/L
Total Suspended Solids (TSS) 42.7+7.4g/L 32.3+55¢/L
Volatile Suspended Solids (VSS) 31.8+5.09/L 19.0+2.8¢g/L

Total Chemical Oxygen Demand (TCOD) 50.5+ 7.4 g/L 27.0+0.9¢g/L
Soluble Chemical Oxygen Demand
(Soluble COD)

Conductivity 3.7x0.2mS/cm 15.7 +1.1 mS/cm
pH 6.6+0.3 7.7+0.1

51+0.7 g/L 1.4+0.2g/L

185



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

The total sludge volume in AD reactors was 90 mL which consists of 70 mL TWAS and
20 mL seed sludge (Table 7.1). The seed sludge was collected from a lab-scale inoculum
reactor that was fed with TWAS for 10 months (sludge retention time of 21 d) at 37.5 °C.
The seed sludge and TWAS were both purged with nitrogen gas before feeding into the
AD reactors.

The BMP tests were performed with various concentrations of TAN and acetate (Table
7.2). Ammonium chloride (NH4Cl, VWR international, Canada) and ammonium hydroxide
(NH4+OH, VWR international, Canada) were used as TAN sources while sodium acetate
(CH3COONa-3H20, VWR international, Canada) was used as acetate source. The effects
of TAN concentrations on AD performance were estimated by comparing the experimental
results of the BMP tests under two different additional TAN concentrations (0 and 4 g-
N/L). The initial pH of the BMP tests was controlled by changing the concentration ratio
of NH4Cl and NH4OH. NH4Cl was the only TAN source for the BMP tests with neutral
pH (ranged from 7.24 to 7.34 as shown in Appendix, Table E1) while the 4 g-N/L of TAN
in the BMP tests with high initial pH (ranged from 8.78 to 8.89 as shown in Appendix,
Table E1) was supplied by NH4ClI (90%) and NH4OH (10%). To investigate the inhibition
of acetate on AD, sodium acetate was added to AD reactors, resulting in the additional
acetate concentration of 0, 20, 40 g-COD/L in the BMP tests. In summary, 9 BMP tests
(Table 7.2) were completed with three different ammonia conditions (0 g-N/L with neutral
pH; 4 g-N/L with neutral pH; 4 g-N/L with high pH) and three different acetate

concentrations (0, 20, 40 g-COD/L).
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Table 7.2. Experimental conditions of BMP tests

Additional acetate— 0 g-COD/L 20 g-COD/L 40 g-COD/L
Additional TAN | (0COD) (20COD) (40COD)
0 g-N/L 0COD |ON 20COD | ON 40COD | ON

4 g-N/L as NH4Cl 0COD |4N-NPH  20COD | 4N-NPH  40COD | 4N-NPH

4 g-N/L as
NH4Cl and NH4OH 0COD |4N-HPH  20COD | 4N-HPH  40COD | 4N-HPH

7.2.2 Experimental measurement

The headspace biogas from AD reactors was collected and analyzed every two days.
The biogas volume was measured using gas-tight syringes (50 mL, Dyna Medical
Corporation, Canada). The fraction of carbon dioxide and methane was analyzed with
nitrogen gas using a thermal conductivity detector — gas chromatograph (TCD-GC) (SRl
8610C, SRI Instruments, USA). The TCD-GC used a molecular sieve column (ShinCarbon
ST 19808, Restek, USA) with helium as the carrier gas. Initial biogas analysis with the
TCD-GC confirmed that nitrogen was the only gas present in the first few minutes of the
BMP tests since the feed sludge was purged by nitrogen for 1-3 minutes.

The initial and final pH of the sludge was measured (Orion Versa Star Pro, Thermo
Fisher Scientific, USA) and recorded (Appendix, Table E1). The pH in the BMP tests of
ON and 4N-NpH increased from 7.3 to 7.7 while the pH in the BMP tests of 4N-HpH
decreased from 8.8 to 7.7 after 28 d (Appendix, Table E1). The TAN concentrations in the
initial and final sludge were analyzed by using commercial ammonia test vials (Method
10,205, Hach Company, USA). More than 1.5 g-N/L of TAN was produced during the

BMP tests (Appendix, Table E1). The total solids (TS, 51.2 £ 1.7 g/L) and volatile solids
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(VS, 26.2 £ 6.7 g/L) were measured in accordance with the standard method [51]. The
methane yield in the BMP tests was normalized by the volatile solids (VS) concentration

(26.2 g/L).
7.3 Model development

7.3.1 FAN inhibition on methanogenesis

In the original ADM1, the ammonia inhibition on acetoclastic methanogenesis was
introduced by a non-competitive inhibition function (Eq 7.1) [39]. However, the effects of
ammonia on hydrogenotrophic methanogenesis were not considered. Previous studies
indicated that hydrogenotrophic methanogenesis dominates methane production when
FAN concentrations were high [25][27]. Therefore, a non-competitive inhibition function
was added in the modified ADM to show the effects of FAN concentration on

hydrogenotrophic methanogens (Eq 7.2).

1
Iy, xac = SN Eq7.1
+ KINH3,Xac

1
INH3,Xh2 = 1+SNH3 Eq7.2
KINH3,Xh;

Inp, xac and Iyy, xn, denote the inhibition degree of FAN on acetoclastic and
hydrogenotrophic methanogenesis, respectively. The value of 1 stands for no inhibition

while the value around 0 represents complete inhibition. Sy, is the concentration of FAN.
Kinw, xac and Kiyp, xn2 are the FAN concentrations that cause 0.5 inhibition. The values

of Kinu, xac and Kiyp, xne N€ed to be calibrated in this study.
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7.3.2 Haldane kinetics for acetate inhibition on acetoclastic methanogenesis
The uptake rate of acetate was introduced by Haldane kinetics (Eq 7.3) which is

frequently used to represent the acetate inhibition on acetoclastic methanogenesis [49][50].

s
Rate of uptake of aetate = kg, = Xacly, Eq7.3
Ksact Sac+ AC/KIAC,Xac

Sac is the concentration of acetate. k,. is the maximum specific acetoclastic
methanogenesis rate. K, is the half-saturation value for acetoclastic methanogenesis
(Appendix, Table E2). K;4c xqc IS the inhibition constant causes half inhibition and the

value of K;4¢ xqc N€eds to be determined in this study.

7.3.3 Acetic acid inhibition on methanogenesis

Threshold functions have been used to simulate methane production with different
concentrations of inhibitors [41][47][48]. In this study, threshold inhibition functions were
introduced in an ADM to represent the effects of the concentration of acetic acid on

acetoclastic methanogenesis and hydrogenotrophic methanogenesis (Eq 7.4 and 7.5).

1 HAC < HACpn
_ 2
IHac_xac = p+ea(M) Eq 7.4
-~ HAC > HACqx
1 HAC < HACyhin)
_ ] 2
Tnac xnz = q+eb(HAZfax7f§%;Iin,) Eq7.5
ey HAC > HAC g

Inac xac and Iy 4po indicate the inhibition degree of acetic acid on acetoclastic
methanogenesis. HAC,,;,, and HAC,,,;,,, are the acetic acid concentrations where inhibition

starts. The maximum inhibition is reached when the acetic acid concentration is equal to

189



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

HAC,,,4, and HAC,,,,,. The values of p and g determine the maximum inhibition. The

maximum inhibition is ﬁ for acetoclastic methanogenesis and # for hydrogenotrophic

methanogenesis. The exponent a or b provides a progressive increase in inhibition when

the concentration of acetic acid is higher than the lower limit.

7.3.4 ADM validation

A non-steady-state ADM with inhibition functions of FAN, acetic acid, and acetate was
built based on ADML1 [39]. Kinetic rate expressions including 19 reactions and 21
biological components of the ADM were listed in Appendix, Table E2. Kinetic coefficients
were slightly changed from the original ADM1 model [39] with minor adjustments to the
mesophilic temperature of 37.5 °C (Appendix, Table E3). Some fractions including the
acetate from sugars, hydrogen from sugars, acetate from amino acids, and hydrogen from
amino acids were modified to represent the contribution of hydrogenotrophic
methanogenesis to methane production (Appendix, Table E3).

The numerical model ADM was implemented using the visual basic application (VBA)
and solved implicitly using fixed-point iterations. The initial concentrations of the 21
biological components in TWAS (Appendix, Table E4) were obtained from the
characterization of TWAS (Table 7.1) and the previous studies that used similar substrates
[52][53][54]. The initial values of TWAS were used in a steady-state ADM 1 (21 d of
sludge retention time) to simulate the concentration of biological components in the seed
sludge (Appendix, Table E4). The initial concentration used in the ADM was obtained
from 28.6% of concentrations in the seed sludge (20 ml/70 mL) and 71.4% of
concentrations in TWAS (50 mL/70 mL). Linear changes of pH and ammonia were
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assumed in the model based on the experimental measurements (as shown in Appendix,

Table E1).

7.3.5 Sensitivity analysis
To compare the sensitivity of parameters during the experimental period, the average

relative sensitivity of individual parameters is calculated based on Eq 7.6 and 7.7 [55][56].

an aJ’(k)XL)
. Py s ko
average relative sensitivity = +y(") Eq7.6

dy(k) _ y(k,0+A0)-y(k,6—A0)

00 2A6 Eq7.7

y is the simulation result of methane production at k which represents the time when
the biogas was measured during experiments. n is the total number of measurements in
experiments. 6 is the parameter in inhibition functions. A6 is used to study the sensitivity

of y to 8. A@ is equal to 0.016 in this study.
7.4 Results and discussions

7.4.1 Model calibration with experimental results

The ADM reliably simulated the effects of FAN, acetate, and acetic acid on methane
yield (Figures 7.1a, 7.1b, 7.1c). In the ADM, the small values of K;yp, xq. (1.8 MM) and
Kinw, xn, (0.65 mM) (Table 7.3) indicated the significant inhibition of FAN on acetoclastic

and hydrogenotrophic methanogenesis.
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Figure 7.1. Methane yield from BMP tests and model simulation: (a) without additional

acetate; (b) with 20 g-CODI/L of acetate; (c) with 40 g-CODI/L of acetate.
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Table 7.3. Parameter values in inhibition functions

Type Inhibition Functions
FAN inhibition on Xac Kiny,xac = 1.8 mM
FAN inhibition on X2 Kinuyxn, = 0.065 mM
Acetate inhibition on Xac Kiacxac =859 COD/L
a=-045

p=04
HAC,;, = 38mg/L
HAC 0 = 100 mg/L
b =-0.45
q =0.15
HACin, = 40 mg/L
HAC,0y = 90 mg/L

Acetic acid inhibition on Xac

Acetic acid inhibition on Xu2

The large value of Kiacxac (85 g COD/L as shown in Table 7.3) was applied in Haldane
inhibition functions to represent the substrate (i.e., acetate) inhibition. The acetic acid
inhibition on acetoclastic methanogenesis starts from 38 mg/L of acetic acid while it starts
from 40 mg/L of acetic acid for hydrogenotrophic methanogenesis (Table 7.3). Maximum
inhibition is observed on the methanogenesis when the acetic acid concentration is higher
than 100 mg/L for acetoclastic methanogenesis and 90 mg/L for hydrogenotrophic
methanogenesis, respectively. Constant p (0.4 for acetoclastic methanogenesis as shown in
Table 7.3) and q (0.15 for hydrogenotrophic methanogenesis as shown in Table 7.3)
determine the maximum inhibition (0.29 for acetoclastic methanogenesis while 0.13 for
hydrogenotrophic methanogenesis). The exponent -4.5 (Table 7.3) provides acceleration
in inhibition.

The experimental and simulation results were consistent in showing that the methane
yield was reduced more than 10% when the TAN concentration increased from 1 (TAN in

the initial sludge as shown in Appendix, Table E1) to 5 g-N/L (initial 1 g-N/L and
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additional 4 g-N/L) without additional acetate (Figure 7.1a). The slight decrease in methane
yield indicated that 5 g-N/L TAN could be tolerated for TWAS with a pH around 7.55
(Appendix, Table E1). Similar results were observed in a previous study that a TAN
concentration of 5980 mg/L resulted in 27% biogas reduction with a pH of 7.43 [57]. The
reduction of methane yield raised to 90% when the initial pH increased from 7.27 to 8.85
(Appendix, Table E1 and Figure 7.1a). The significant methane reduction can be explained
by the sharp increase in the FAN concentration (less than 0.1 g-N/L for neutral pH while
more than 2 g-N/L for high pH as shown in Appendix, Figure E1) with high pH. In the
early stage of the anaerobic digestion process (0 to 10 d), more than 50% of methane
reduction was observed in both experimental and model simulation results (Figure 7.1a).
The significant decrease in the methane reduction was due to the high inhibition of
hydrogenotrophic methanogenesis which was presented by the low value of Kinnz xh2
(0.065 mM) in the ADM. The methane reduction decreased with increasing sludge
retention time (Figure 7.1a), indicating that methanogens need time to adapt to the severe
conditions. This result was consistent with a previous study that high sludge retention time
helps an AD system to tolerate relatively high TAN concentration [5].

A slight increase in the methane yield was observed when the concentration of
additional acetate increased from 0 g-COD/L to 20 g-COD/L with 1 g-N/L of TAN (initial
TAN in the sludge as shown in Appendix, Table E1) (Figures 7.1a and 7.1b). The slight
increase can be explained by the substantial substrate of acetate in 20 g-COD/L. The
substrate (i.e., acetate) inhibition in 20 g-COD/L was maintained at ~0.8 (1 means no

inhibition) while the fully consumed acetate contributed to the complete acetate inhibition
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(around 0) in 0 g-COD/L after 11 d (Appendix, Figures E2a and E2b). There was no acetic
acid inhibition in 0 g-COD/L since the concentration of acetic acid was lower than 10 mg/L
during 28 d (Appendix, Figures E3a, E4a, E5a). The concentration of acetic acid in 20 g-
CODI/L was in the range of 10 to 58 mg/L, resulting in ~30% acetic acid inhibition on
acetoclastic methanogenesis and ~40% inhibition on hydrogenotrophic methanogenesis
during the early stage of the AD process (Figure 7.1b, Appendix, Figures E3b, E4b, E5b).
It should be noted that the maximum methane yield rate in 20 g-COD/L (0.049 g-COD/g-
VS/d) was around half of that in 0 g-COD/L (0.09 g-COD/ g-VS/d). This result was
consistent with a previous study that 20 g-COD/L of acetate resulted in 50% inhibition in
maximum methane yield rate [58].

Compared to the methane yield in 0 and 20 g-COD/L with 1 g-N/L, the methane yield
in 40 g-COD/L with 1 g-N/L was much lower (around 40% as shown in Figure 7.1c). The
lower methane concentration can be explained by the severe inhibition of methanogenesis
due to the high concentration of acetic acid and acetate (Appendix, Figures E2c, E3c, E4c,
and E5c). It should be noted that a slight increase was observed in methane yield in 40 g-
COD/L with 1 g-N/L during the late stage of the BMP tests (Figure 7.1c). This result
indicates that a longer retention time can help the AD system to tolerate severely high
acetate concentration (40 g-COD/L).

FAN was the dominant inhibitor when the acetate concentration was lower than 20 g-
CODI/L since the similar methane yield was detected in both 0 g-COD/L with 5 g-N/L and
20 g-COD/L with 5 g-N/L under neutral pH (Figures 7.1a and 7.1b). For the high pH

conditions, acetic acid inhibition was negligible while the FAN inhibition was complete
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(Appendix, Figures E1, and E2). High acetate concentration (40 g-COD/L) reduced the
utilization rate of acetate (Figure 7.1c and Appendix, Figure E2c) while acetic acid inhibits
the activity of methanogens during the early stage of the AD process (Appendix, Figures

E4c, and E5c).

7.4.2 Effects of pH on model simulation

FAN inhibition was sensitive to the pH and TAN concentration (Figure 7.2).
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Figure 7.2. Inhibition degree with pH and different concentration of TAN (1 means
complete inhibition): (a) Inns xac; (0) INH3_xh2.

More than 50% inhibition was observed in both acetoclastic and hydrogenotrophic
methanogenesis when the pH was higher than 8 with the TAN concentration of 0.1 g-N/L.
This result indicated that neutral pH in the AD is necessary to maintain the activity of
methanogens. FAN inhibition was mainly determined by the TAN concentration when the
pH was lower than 7.5 (Figure 7.2) since less than 5% of TAN existed as un-ionized
ammonia (i.e., FAN) at neutral pH. For the BMP tests in this study, the pH was in the range
of 7.1 to 8.9 while the TAN concentration ranged from 1.0 to 8.5 g-N/L (Appendix, Table

E1). Therefore, the inhibition degree for acetoclastic methanogenesis was higher than 0.50
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(or less than 0.50 for Iyp, xqc) While the inhibition degree for hydrogenotrophic
methanogenesis was higher than 0.73 (or less than 0.27 forlyy, xx,) (Figure 7.2). The high
FAN inhibition on hydrogenotrophic methanogenesis resulted in the slow methane yield
rate in the early stage of the AD process (Figure 7.1).

Acetic acid inhibition was extremely sensitive to pH and acetate concentrations. There
was no acetic acid inhibition on methanogenesis when the pH was higher than 7.8 and the
acetate concentration varied from 0 to 60 g-COD/L (Figure 7.3). However, the maximum
inhibition was reached in both acetoclastic and hydrogenotrophic methanogenesis with
only 5 g-COD/L of acetate when the pH is lower than 6.6 (Figure 7.3). For the pH in the
range of 7 to 7.5, the AC concentration of 19-58 g-COD/L and 15-36 g-CODI/L resulted in

the maximum acetic acid inhibition on acetoclastic methanogenesis and hydrogenotrophic

methanogenesis, respectively.

(a)

Inhibition degree(1-IHac,Xh2)

sac (g CODIL) Inhibition degree(1-IHac,Xac)

sac (g CODIL)

Figure 7.3. Inhibition degree with pH and different concentrations of AC (1 means
complete inhibition): (@) 1- IHac_ xac; (B) 1- IHac xh2.

The methane yield was sensitive to the pH conditions (Figures 7.4).
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Figure 7.4. Model simulation results under different conditions. (a) 0 g AC-COD/L and 2
g TAN-N/L; (b) 0g AC-COD/L and 4 g TAN-N/L; (c) 20g AC-COD/L and 2 g TAN-N/L;
(d) 20g AC-COD/L and 4 g TAN-N/L; (e) 40g AC-COD/L and 2 g TAN-N/L; (f) 40g AC-

CODJ/L and 4 g TAN-N/L.
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High pH resulted in low methane yield when the TAN concentration was 2 and 4 g-N/L
without additional acetate (Figures 7.4a and 7.4b). The low methane yield can be explained
by the severe FAN inhibition at high pH (Figure 7.2). For 20 g-COD/L of additional acetate,
the methane yield at pH 7 decreased significantly because of the high acetic acid inhibition
(Figures 7.3, 7.4c, and 7.4d). In addition, the maximum methane yield was achieved at pH
7.5 due to the relatively low inhibition of acetic acid (compared to the inhibition at pH 7)
and FAN (compared to the inhibition at pH 8). Conversely, the minimum methane yield
was observed at pH 7.5 when the concentration of additional acetate increased to 40 g-
CODI/L (Figures 7.4e and 7.4f). The sharp decrease in the methane yield at pH 7.5 was due
to the significant increase in the acetic acid inhibition (Iyys x4 decreased from ~0.99 to
~0.50 while Iyy3 xn, decreased from ~0.98 to ~0.30). It should be noted that acetate is also
an inhibitor for methane yield since acetate is the substrate of acetoclastic methanogens.
Therefore, high methane yield was observed at pH 7.5 with 20 g-COD/L of acetate and 2

g TAN-N/L because of the substantial substrate.

7.4.3 Sensitivity analysis

The relative sensitivity of K;yp, xac and K;yu, xn, Were increased with increasing pH
when the pH was lower than 9 (Figure 7.5a). The increased sensitivity can be explained by
the enhanced FAN inhibition at high pH. For the low pH (6 and 7), higher sensitivity was
shown in K;yp. xqc cOMpared to the sensitivity of K;yy, xn,. This result is consistent with
previous studies where acetoclastic methanogens were found to be more sensitive to FAN
than hydrogenotrophic methanogens [24][25][26]. A higher sensitivity of Ky, xn, Was

observed at pH 8, indicating the hydrogenotrophic dominants methane yield with high FAN
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levels [25][27]. Similar sensitivity was observed at Ky, xac and K;yp, xn, With a pH of 9

due to the almost complete inhibition of acetoclastic and hydrogenotrophic methanogenesis.

1.0 1.0

@ @KINII3 Xac F BKINH3 Xac
0.8 f OKINH3 Xh? 08 OKINH3 Xh2
0.6 | 06

04 | 04 F

Relative sensitivity

02 f 02 F
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00 r s KN -, . - . .
pH=6 pH=7 pH=8 pH=9 2g-NL 4¢g-NL 6g-NL 8gN/L

Figure 7.5. The relative sensitivity of Kiyy, xac and Kinn, xn,at (&) various pH with TAN
of 4 g-N/L and (b) different TAN concentrations with pH of 7.

The relative sensitivity of K;yy, xac and K;yp, xn, Were linearly proportional to the
concentration of TAN (Figure 7.5b). Higher TAN concentration resulted in higher relative
sensitivity, implying that methane yield was more sensitive to FAN inhibition at high FAN
levels. It should be noted that a significant increase was observed in the relative sensitivity
of Kinw, xac and Kiyp, xn, When pH increased from 7 to 8. A gradual rise was shown in
the relative sensitivity of Kiyu,xac and Kinm,xn, When the concentration of TAN
increased from 4 to 8 g-N/L. Therefore, pH control is a more efficient method to maintain
AD performance compared to TAN removal.

HACnmax is the most sensitive parameter in the acetic acid inhibition functions (Figure
7.6a). For an AD with a high concentration of acetate (40 g-COD/L for Figure 7.6a), the

acetic acid concentration usually maintained between the concentration of 50% inhibition
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and HACnmax. Therefore, HACnax (i.e., the acetic acid concentration at which the inhibition
is nearly complete) dominated the acetic acid inhibition. The change in HACmax contributed
to a substantial sensitive simulation result. It should be noted that acetic acid inhibition is
extremely sensitive to pH. For a low pH (around 6), acetic acid inhibition is almost
complete regardless of the acetate concentration (Figure 7.3). Therefore, the model
simulation results were only sensitive to p and g (i.e., parameters determine the maximum
inhibition of acetic acid) at low pH conditions.
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a(b) HACmin HACmax p(q) 10g/. 20g/.  30g/l. 40g/L

Figure 7.6. The relative sensitivity of (a) parameters in acetic acid inhibition functions
(pH=7.5, the average pH of experimental sludge) and (b) Kjacxac at different acetate
concentrations (pH=7.5).

The model simulation results were not sensitive to the Haldane inhibition since the
relative sensitivity of Kjac xac Was lower than 0.2 (Figure 7.6b). The relative sensitivity of
KiacxacWas decreased with increasing acetate concentrations (Figure 7.6b). Considering
the large value of Kiacxac (85 g-COD/L), the acetate concentration was regarded as a
substrate instead of an inhibitor because of the relatively low acetate concentration (10-40

g/L). Therefore, the increased acetate concentration provided substantial substrates for
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methane yield, reducing the effects of K¢ xac Changes on simulation results (Appendix,
Figure E6). The insensitive Haldane inhibition indicated that methanogens can tolerate a

high concentration of acetate.

7.5 Conclusions

This study presented the inhibition of ammonia and acetate on AD performance for
methane production. Ammonia was found to have a minor negative impact on methane
production at neutral pH with a relatively high concentration. There was no significant
decrease in methane production until the additional acetate concentration increased to a
substantially high level. The ADM with ammonia and acetic acid inhibition functions
reliably simulated the experimental results. Inhibition functions including non-competitive
inhibition of ammonia on methanogenesis, threshold inhibition of acetic acid on
methanogenesis, and Haldane inhibition of acetate on the substrate uptake rate were
implemented in the ADM. Methane production was sensitive to the pH based on the model
simulation results. FAN was the main inhibitor at high pH while acetic acid was the
dominant inhibitor at low pH. Low concentrations of acetate limited methane production
by decreasing the acetate uptake rate. The relative sensitivity of Kixy, xac and King, xn,
were increased with increasing pH and TAN concentrations, indicating methanogens are
sensitive to the change in pH and TAN concentration. Haldane inhibition was not sensitive
to the acetate concentration, implying methanogens can tolerate a high concentration of
acetate. Acetic acid inhibition was very sensitive to pH and HACnmax is the most sensitive
parameter in acetic acid inhibition function at the pH of 7.5. Since the methane production

was sensitive to the pH and TAN concentration, more frequent measurements for pH and
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TAN are suggested in future AD studies.
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8 Conclusions and future work

This thesis presented novel methods to treat wastewater with low energy consumption.
Nutrients recovery and biosolids reduction are the two main goals in this study.
Bioelectrochemical systems (BES), electrodialysis (ED), and anaerobic digestion (AD)

were applied to treat wastewater with different aspects.

8.1 Chapter 2: multi-electrode design in microbial electrolysis cells

The multi-electrode stack design successfully enhanced the electric current generation
in microbial electrolysis cells (MECs). The electric current generation was linearly
proportional to the number of electrode pairs. However, a longer start-up time was required
for multi-electrode MECs. Compared to the electric current in MECs with activated carbon
cloth cathodes, the electric current in MECs with stainless steel mesh cathodes was higher.
High applied voltage and flow rate contributed to high electric current. A substantially high
COD removal rate was achieved in stacked MECs, implying the strong wastewater
treatability of the stacked MEC.

It was founded that all electrodes contributed to the total electric current generation in
MECs. The short inter-electrode distance in stacked MECs reduced the resistance of
systems but limited mass transport. Therefore, the effects of inter-electrode distance on
electric current generation in stacked MECs should be investigated in future studies. In
addition, the stacked MEC design can be further improved by optimizing individual

electrode sizes.
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8.2 Chapter 3: MECs for municipal wastewater treatment

The multi-electrode MECs demonstrated excellent wastewater treatability with rapid
organic removal and minimized biosolids production. The electric current in the MEC with
10 pairs of electrodes was ~50 times higher than the electric current in the MEC with single
pair of electrodes. Besides the number of electrodes, the electric current was also governed
by the organic loading rate (OLR) and the high OLR resulted in the high electric current.
Compared to the energy consumption in conventional activated sludge systems, the energy
consumption in MECs was much lower. Considering the minimal biosolids production and
consistently low COD in the MEC effluent, the stacked electrode MEC can be applied to
replace the activated sludge systems and treat municipal wastewater efficiently.

The hydrogen gas production was very small in the stacked MECs because of the short
residence time and conversion of hydrogen gas into methane gas. Therefore, the inter-
electrode distance in MECs or the volume of the gas chamber can be increased to improve
biogas production in future studies. In addition, the number of electrode pairs of stacked
MECs was limited to 10 in this study. Stacked MECs with a large number of electrode

pairs (50 to 100) can be built in future studies to improve wastewater treatment efficiency.

8.3 Chapter 4: BES for heavy metals removal/recovery

BES shows great efficiency for heavy metal removal/recovery. May factors, such as
pH, operation time, cathode potential, and initial concentration of heavy metal, affect the
performance of BES for heavy metal removal/recovery. Cathodic reduction, precipitation,
and adsorption have been reported as three main mechanisms. In BES, heavy metal ions

can be reduced and recovered at the cathode. The spontaneity of reduction is determined
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by the reduction potential of the heavy metal ions and the cathode potential. The
precipitation of heavy metal is also possible since the oxygen reduction in microbial fuel
cells (MFCs) and the hydrogen production in MECs contribute to a high pH near the
cathode. In addition, heavy metal also can be removed by electrode adsorption or
microorganisms biosorption.

Although many studies presented the removal/recovery efficiency of heavy metal in
BES, most of the studies focused on the mechanisms of reduction. Therefore, we suggested
that future studies should investigate the mechanism of precipitation of heavy metal

removal/recovery in BES.

8.4 Chapter 5: ammonia recovery from dewatering centrate

Bipolar membrane electrodialysis (BMED) (only with bipolar membranes-BPMs
and cation exchange membranes-CEMs) efficiently produced high-purity ammonium
sulfate from dewatering centrate. The production rate of ammonium sulfate (i.e., ammonia
recovery rate) increased with increasing applied voltage and flow rate (or linear velocity).
Although the high applied voltage and flow rate resulted in high electric energy
consumption, the electric energy consumption in the BMED was lower than the electric
energy consumption in traditional methods (e.g., ammonia stripping, struvite precipitation,
and steam reforming) for ammonia recovery. It was found that the separation of ammonium
was slower than the separation of potassium. However, ammonium sulfate was still the
main compound in the base stream because of the high initial concentration of ammonia in
the dewatering centrate. The calcium and magnesium in the base stream can result in the

formation of precipitants, such as calcium sulfate and magnesium hydroxide. These
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precipitates on membranes can increase energy consumption and affect the permeability of
membranes. Therefore, a regular BMED stack cleaning with acids is necessary to maintain
BMED performance. Considering the low energy consumption and rapid ammonia
recovery in BMED, BMED is a green and sustainable technology for wastewater treatment.

BMED system was only operated for a short time (several hours) in this study, and
frequent BMED stack cleaning was performed after every single test. To investigate the
stability of BMED performance, long-time operations without stack cleaning should be
performed in future studies. In addition, the effects of electro-osmosis or osmosis on
ammonia recovery should also be investigated. BMED can also be scaled up with more

membranes to improve ammonia recovery efficiency.

8.5 Chapter 6: lon exchange membrane scaling problems

lon exchange membrane (IEM) scaling problems are ubiquitous in ED applications for
nutrients recovery. Serious calcium precipitation was observed in a lab-scale ED reactor
fed with the food waste (FW) and municipal waste (MW) liquid digestate because of the
high concentration of carbonate in the FW and MW liquid digestate. Struvite is one of the
common magnesium precipitates during wastewater treatment processes. In the ED fed
with the FW and MW liquid digestate, the magnesium precipitation was limited by the
phosphate concentration for the MW liquid digestate while it was limited by magnesium
concentration for the FW liquid digestate. Through the scanning electron microscope (SEM)
analysis, different polymorphs of calcium carbonate were observed on AEM and CEM.
Vaterite and ACC crystals were observed on the CEM while vaterite was found on the

AEM. Compared to the amount of calcium carbonate, the amount of struvite on IEMs was
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relatively minor. However, the struvite formation needs to be controlled in ED applications
since the needle-shaped struvite can cause irreversible damage to IEMs. It was founded
that calcite was the only precipitate on IEMs when the ED fed with synthetic solutions,
implying the experimental results with synthetic solutions can not present scaling problems
in practical ED applications. In addition, the application of CR 67 contributed to the high
ammonia recovery while the application of CMV contributed to the high recovery of
divalent cations. Therefore, we recommend that CR 67 for ammonia separation from
wastewater while CMV is recommended in separation processes for water softening.

All the tests were examined under batch operation in this study. A continuous-flow
ED system should be built in the future to simulate the industrial ED application for
wastewater treatment. Although the shape of scalants on IEM were analyzed by SEM, the
effects of IEM scaling on membrane performance should be evaluated by measuring

membrane permeability and resistance.

8.6 Chapter 7: ammonia and acetic acid inhibition in AD

Ammonia and acetic acid inhibitions in AD with high solids sludge were
investigated in this study. A relatively high total ammonia (TAN) concentration was found
to have a minor negative impact on methane production at neutral pH. A high concentration
of acetic acid resulted in serious methane production inhibition since the accumulation of
acetic acid can change intracellular pH significantly. A modified anaerobic digestion model
(ADM) with inhibition functions of free ammonia (FAN) (simple inhibition), acetate
(Haldane inhibition), and acetic acid (threshold inhibition) reliably simulated the

experimental results. The simulated results were extremely sensitive to pH. For the low pH,

213



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

acetic acid was the main inhibitor while FAN was the dominant inhibitor at high pH. The
sensitivity analysis was conducted to quantify the degree of inhibitions by free ammonia,
acetate, and acetic acid on individual microbial activities in the modified ADM. Between
pH of 6 and 8, the relative sensitivity of ammonia inhibition increased with increasing pH
while the relative sensitivity of acetic acid inhibition changed a lot.

Linear changes were assumed for pH and TAN concentration in the ADM. However,
reactions, such as proteins and lipids degradation, affect pH and TAN concentration
significantly during the AD processes. Therefore, the pH and TAN concentration should
be measured more frequently in future AD experiments. For the sensitivity analysis, the
selected time points may significantly affect the average relative sensitivity results (non-
steady state model). Thus, the weighted average sensitivity or sensitivity on methane
production rate can be used in future study to compare the sensitivity of each parameter. In
addition, the effects of inhibitors on acetoclastic and hydrogenotrophic methanogenesis

should be evaluated by analyzing coenzyme activities and microbial community.
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Appendix A: Supplementary information for Chapter 2

Scalable multi-electrode microbial electrolysis cells for high electric current and

rapid organic removal
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Figure Al. Electric current generation during fed-batch operation at Eap of 0.6 V for MECs

with single electrode pair: (A) Stainless steel mesh cathode; and (B) Activated carbon cloth

cathode.
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Figure A2. Electric current generation from individual electrode pairs in MEC-10.
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Figure A3. Electric current generation from individual electrode pairs in MEC-5.
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Appendix B: Supplementary information for Chapter 3

Stacked multi-electrode design of microbial electrolysis cells for rapid and low-sludge

treatment of municipal wastewater

Figure B1. (a) Cathode and (b) bioanode after ~3 months of MEC operation with primary
clarifier effluent.
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Figure B2. Electric energy consumption for continuous-flow MEC system operation.
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Appendix C: Supplementary information for Chapter 5

Ammonium sulfate production from wastewater and low-grade sulfuric acid using

bipolar- and cation-exchange membranes

Figure C1. The photo of a plastic spacer with non-tortuous mesh.
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Figure C2. (A) Schematic of the single CEM and AEM unit; (B) the average electric current
of the single CEM and AEM unit at various applied voltages.

219



Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

A\(A) 20V - Feed =20V - Base
. -0-30V - Feed --30V - Base

D[P
D
=

Conductivity (mS/cm)
N
o

o

30 ~ 60 90 120
Time (min)

o

Figure C3. The conductivity of the feed and base reservoir at different applied voltage.

100 12
A) =20V e300V | (B) +20V-Feed  +20V-Base
A -8-30V - Feed --30V - Base
80 - 10 - o 2
;\o‘ | 4
N 8 i
360 - ‘
(]
f B0
240 ]
s
O 20 A 2
lf
0 T T T T T T T O T T T T T T T
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

Figure C4. (A) The current efficiencies and (B) pH at different applied voltage.
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Figure C5. The current efficiency at different flow rates.

Table C1. The mass of Ca?* (mg) in the feed, base, and CIP solution

Feed-initial Feed-end Base-end CIP solution
30 V -180 mL/min 119.40 10.26 2.10 71.03
30V -120 mL/min 116.50 10.79 1.82 65.25
30V -60 mL/min 124.46 18.74 2.88 64.30
20V -180 mL/min 122.27 7.92 2.05 58.70

Table C2. The mass of Mg?* (mg) in the feed, base, and CIP solution

Feed-initial Feed-end Base-end CIP solution
30V -180 mL/min 80.29 7.70 11.59 43.86
30V -120 mL/min 79.01 8.04 12.42 42.98
30V -60 mL/min 84.23 12.08 18.45 35.70
20V -180 mL/min 83.09 6.72 24.35 30.20
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Appendix D: Supplementary information for Chapter 6

Membrane Scaling in Electrodialysis for Nutrients Separation from High-strength

Wastewater

Figure D1. Cation-exchange membrane after 8 hours of ED operation 7.6 mA/cm? with

domestic wastewater dewatering centrate.
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Figure D2. Ammonia concentration in the concentrate cell with different feed sources and

membranes.
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Figure D3. Membrane scalants from synthetic solution (not real wastewater) after ED

operation.
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Appendix E: Supplementary information for Chapter 7

Modeling Ammonia and Acetic Acid Inhibition on Mesophilic Anaerobic Digestion

Fed with Thickened Waste Activated Sludge

Table E1. Initial and final experimental conditions (n=2 for 0 and 20 g-COD/L, n=1 for 40

g-CODI/L)
Additional Inhibitors (g/L) PHinitial PHfinal NH3-Ninitial (Mg/L) NH3-Nfinal (Mg/L)

0 COD ON NpH 7.27+0.31 7.57 £0.07 1002 £ 280 2900 = 141
0 COD 4N NpH 7.11+0.24 7.55+0.05 5002 = 280 6755 + 1562
0 COD 4N HpH 8.85+0.01 7.60+£0.10 5002 + 280 8585 + 318
20 COD ON NpH 7.32+0.24 7.98£0.10 1002 £ 280 3175 £ 417
20 COD 4N NpH 7.35+0.22 7.56 £0.08 5002 + 280 6440 = 318
20 COD 4N HpH 8.78 £ 0.05 7.69 £ 0.05 5002 £ 280 8000 = 14
40 COD 4N NpH 7.34 7.75 1200 3310

40 COD 4N NpH 7.24 7.70 5200 7590

40 COD 4N HpH 8.89 7.90 5200 8370
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Table E3. Kinetic parameters, rates and stoichiometric coefficients used in mathematical

model for a temperature of 37.5 °C.

Model parameter Symbol Value Unit
First order decay rate of degraders, beta-oxidizers, Koo 0.022 gt
methanogens
First order composite disintegration rate Kais 0.545 d+?
First order hydrolysis rate Khyd 10.00 d+?
Monod Max. specific sugar utilization rate Ksu 31.29 d+?
Monod Max. specific amino acid utilization rate Kaa 52.15 d?
Monod Max. specific long-chain fatty acid utilization rate Kra 6.40 d+?
Monod Max. specific valerate and butyrate utilization rate Kea 21.02 d+?
Monod Max. specific propionate utilization rate Kpro 13.73 d?
Monod Max. specific acetoclastic methanogenesis rate Kac 9.10 d+?
Monod Max. specific hydrogenotrophic methanogenesis rate Kn2 35.00 d+?
Half-saturation value for sugar utilization Kssu 544.90 mg-COD L™
Half-saturation value for amino acid utilization Ksaa 300.00 mg-COD L
Half-saturation value for fatty acid utilization Ksfa 400.00 mg-COD L
Half-saturation value for valerate and butyrate utilization Ks.ca 217.96 mg-COD L
Half-saturation value for propionate utilization Kspro 114.59 mg-COD L
Half-saturation value fo_r _aceftoclastlc methanogenesis Ks.c 163.47 mg-COD L
utilization
Half-saturation value for hyc_irogenotrophlc methanogenesis Ks o 0.0089 mg-COD L
utilization
Yield of fermenters on sugar Ysu 0.10 g-COD g-COD?*
Yield of fermenters on amino acids Yaa 0.08 g-COD g-COD?*
Yield of beta-oxidizers on long-chain fatty acids Yta 0.06 g-COD g-COD?*
Yield of beta-oxidizers on valerate and butyrate Y 0.06 g-COD g-COD?*
Yield of beta-oxidizers on propionate Yoro 0.04 g-COD g-COD'*!
Yield of acetoclastic methanogens on acetic acid Yac 0.05 g-COD g-COD*
Yield of hydrogenotrophic methanogens on hydrogen Yh2 0.06 g-COD g-COD*
Fraction of particulate inert from composites fxixe 0.30 -
Fraction of carbohydrates from composites fenxe 0.20 -
Fraction of proteins from composites forxe 0.20 -
Fraction of lipids from composites fixc 0.30 -
Fraction of fatty acids from lipids frali 0.95 -
Fraction of hydrogen from sugars fho.su 0.30 -
Fraction of butyrate from sugars fou,su 0.13 -
Fraction of propionate from sugars forosu 0.27 -
Fraction of acetate from sugars facsu 0.30 -
Fraction of hydrogen from amino acids fho,aa 0.22 -
Fraction of valerate from amino acids fuaaa 0.23 -
Fraction of butyrate from amino acids fhu,aa 0.26 -
Fraction of propionate from amino acids foroaa 0.05 -
Fraction of acetate from amino acids fac,aa 0.24 -
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Table E4. Initial composition of TWAS, seed sludge, and ADM simulation

Model parameter Symbol (gT(\:IE/)g?L) (g_ggeg L) ADM
Composites Xc 1400 210 1060
Particulate Inerts Xi 12780 13381 12952
Carbohydrates XcH 4000 21 2863
Proteins Xpr 14000 69 10020
Lipids X 4000 22 2863
Sugar fermenters Xsu 10 410 124
Amino acid fermenters Xaa 10 863 254
Long-chain fatty acid beta-oxidizers Xra 10 183 59
Valerate and butyrate beta-oxidizers Xca 10 344 106
Propionate beta-oxidizers Xpro 10 121 42
Acetoclastic methanogens Xac 10 466 140
Hydrogenotrophic methanogens X2 10 261 82
Sugars Ssu 1200 12 861
Amino acids Saa 1200 5 859
Long-chain fatty acids Ska 10 90 33
Valerate Sva 250 12 182
Butyrate Ssu 250 14 182
Propionate Spro 250 14 182
Acetate Sac 250 450 307
Hydrogen gas Sh2 0 0 0
Methane gas ScHa 0 0 0
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Figure E1. Model simulation results for FAN concentration: (a) without addition acetate;

(b) with 20 g-COD/L acetate; (c) with 40 g-COD/L acetate.

228



AC inhibition

Figure

08

06

04

02

0

1]

Ph.D. Thesis — Hui Guo; McMaster University - Civil Engineering

(2) (b) (©
3
. 08 e 5 [
0.6 0.6
04 04
! 02 0.2
« IN'NpH model
SN NpH model
+ SN HpH model %
T T T T T T 0 s 0 T T T T T T
4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28
Time (d) Time (d) Time (d)

E2. Model simulation results for AC (substrate) inhibition: (a) without addition

acetate; (b) with 20 g-CODI/L acetate; (c) with 40 g-COD/L acetate.
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Figure E3. Model simulation results for HAC concentration: (a) without addition acetate;
(b) with 20 g-COD/L acetate; (c) with 40 g-COD/L acetate.
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Figure E4. Model simulation results for HAC inhibition on acetoclastic methanogenesis:

(a) without addition acetate; (b) with 20 g-COD/L acetate; (c) with 40 g-COD/L acetate.
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Figure E5. Model simulation results for HAC inhibition on hydrogenotrophic

methanogenesis: (a) without addition acetate; (b) with 20 g-COD/L acetate; (c) with 40 g-

CODI/L acetate.
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Figure E6. The relative sensitivity of parameters in acetic acid inhibition functions at pH

of 7 with 4 g-N/L of TAN and 40 g-COD/L of acetate.
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