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Abstract

Wastewater is an abundant renewable source of nutrients such as nitrogen and
phosphorus. However, current recovery methods require large amounts of energy and
chemicals. Consequently, these processes pose economic and environmental burdens
and is therefore often not implemented. Microbial fuel cells (MFC) are one of the bio-
electrochemical wastewater treatment technologies that has potential for nutrient
recovery as it can reduce chemicals cost while at the same time treat the wastewater
and produce electricity. However, there is limited knowledge of the optimum operation
mode of MFCs and the effect of the substrate on nutrient recovery. This study
investigates the efficiency of struvite formation for nutrient recovery in a MFC using
various wastewater substrates, such as, urine, centrate, and greywater (phase 1) and
different operating modes (phase I1). In phase Il of the experimental run the system was
operated by recirculating the treated anolyte to the cathode compartment. The
performance of the 700ml-volume dual-chamber cells was assessed based on electricity
output, organics removal in terms of soluble chemical oxygen demand (sCOD), and
struvite recovery. The highest sSCOD removal efficiency of over 95% was achieved with
the centrate-fed cell. The sCOD removal efficiency increased by 24% from the single
operation (phase 1) to the recirculation stage (phase I1). The highest maximum power
density generated from the urine, centrate, and greywater fed MFCs for phase | were
found to be 1.7, 1.5, and 0.95 mW/cm?, and 1.18, 0.82, and 0.73 mW/cm? for phase I,
respectively. The urine-fed 700ml cell produced the highest struvite precipitate quantity
(1.5g), followed by centrate (1.3g) and greywater (0.3g) in phase I, while the urine
sample yielded 1.7g in phase Il. The highest phosphate recovery efficiencies of over
55% (phase 1) and 20% (phase Il) were found for the cell treating urine, while
efficiencies of other substrates were 36% (for centrate) and 48% (for greywater.
Morphological and chemical analysis of the precipitate formed confirmed that the
nutrients were recovered primarily as struvite. The results of this study verify the

potential for implementing MFCs for nutrient recovery and anolyte recirculation.

Keywords: Bio-electrochemical systems; microbial fuel cell; nutrient recovery;

substrate; operation mode.
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Chapter 1. Introduction

1.1. Overview

Traditional non-renewable energy sources, such as fossil fuels and natural gases, are
being depleted due to excessive consumption. During its use, these fuels undergo
combustion to produce energy leading to the release of carbon dioxide (CO2) and other
harmful greenhouse gases. Despite their crucial function and environmental merits,
conventional wastewater treatment plants (WWTPs), particularly biological processes,
are energy-intensive, consuming approximately 0.75% of the global electricity demand
[1], [2]. The need for sustainable wastewater treatment solutions have promoted the
shift toward energy-neutral/positive methods. Bio-electrochemical systems (BESS),
also known as microbial electrochemical technologies, are emerging techniques that
utilize microbes capable of directly converting the chemical energy of biodegradable
organics in wastewater to electricity. It has been found that using wastewater for energy

production can potentially replace coal, as it can generate an equivalent quantity of
energy [3].

1.1.1. Microbial fuel cell
The microbial fuel cells (MFCs) are a type of BES whereby electrical energy is
produced from the catalytic activity of microbes consuming the organics present in
wastewater [4]. MFCs are considered a renewable energy source and an innovative
wastewater treatment system with no electricity input. The MFC history dates back to
the late 1990s, and since then, the technology has gone through massive developments
and significant upgrades, with power outputs increasing over a thousand-fold [5].
Nevertheless, the MFC technology remains under development and has been actively

investigated and improved towards full-scale applications.

Figure 1-1 shows the working mechanism of an MFC; two electrodes (anode and
cathode) are separated by a membrane, typically a proton exchange membrane (PEM).
An anaerobic oxidation reaction occurs in the anodic chamber resulting in the formation
of an electrogenic biofilm. Such a process drives the forward reaction and facilitates
the release of electrons which travel through an external circuit to the cathode [6]. This
process is achieved via electroactive microorganisms that degrade the organics in the

substrate and extracellularly transfer electrons. The reduction reaction is further
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continued in the anodic chamber, where CO is released, and the produced ions (H)
are conveyed through the PEM to the cathodic compartment. The cathodic reaction
occurs when the H* near the cathode, and the electrons are transferred to the terminal

electron acceptor (O-), which gets reduced to water.

Feedstock C?ga“i‘ Matter
. [CET>

co,

Figure 1-1: Schematic diagram for the working mechanism of microbial fuel cells.

A wide range of substrates can be utilized in the MFC, effectively treating and fueling
the cell [7]. Carbon sources for the MFC microorganisms include municipal
wastewater, sludge from municipal or industrial sources [8], glucose, sucrose [9], and
acetate [4], among others. Equations 1, 2, and 3 are examples of the reactions occurring

in the anodic and cathodic chambers using acetate as a feedstock [10].

Anodic chamber: CH3;COO™ + 2H,0 — 2CO; + NH3+7H" + 8¢” Q)
Cathodic chamber: Oz + 4e” + 4H" — 2H.0 (2)
NH3 + H2O — NH4" + OH (3)

1.1.2. Nutrient recovery
Conventional wastewater treatment has mainly focused on the quality of treated effluent
rather than utilizing the water as a resource, for example, through nutrient recovery.
Research interests have shifted toward investigating potential resource recovery from
wastewater as it is an abundant nutrient source [11]. Municipal wastewaters received at
WWTPs constitute substantial nitrogen (20 to 35 mg/L) [12] and phosphorus (4 to
11mg/L) [13] loads. Considering the high energy content and abundant nutrients and

chemicals, wastewater can be regarded as a valuable renewable source for energy
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harvesting and nutrient recovery. Traditional WWTPs are transitioning to become

resource recovery facilities to promote sustainability in this vital sector [14].

Phosphorus, a substantial element present in wastewater, is typically mined from
phosphate rocks which are a non-renewable resource and is expected to be depleted
over the next century [15]. In addition, the minable phosphorus resources are limited to
specific regions, including China, Morocco, Russia, and the United States, which
account for 75% of the total reserves. The leading cause behind phosphorus depletion
is the increasing demand for fertilizers associated with population growth and the need
to grow more food. Nutrients, such as phosphorus and nitrogen (as ammonium), can be
recovered using struvite (MgNHsPO4-6H20) precipitation. Struvite, also known as
MAP (magnesium, ammonium phosphate), is characterized as a precipitate with low
impurities; hence, it is regarded as a valuable fertilizer. Struvite crystals are initiated by
the nucleation stage, where the combination of ions occurs, followed by the crystal

growth stage [16]. The general reaction occurs according to Equation 4 [17].

Mg?* + NHs* + H,PO#2" + 6H20 — MgNH4PO4 6H20 + nH*; where n =0, 1, or 2 (4)

The formation of struvite is affected by several factors, mainly pH, magnesium to
phosphorus molar ratio, and the presence of competing ions [14]. The nucleation of
MAP depends primarily on the pH, which may reach as high as 11, and the most
favorable pH is in the range of 8-9 [17]. Moreover, nucleation of struvite requires the
presence Mg:N:P = 1:1:1 (equimolar ratios). As a result of the variation of these ions
in wastewater, where Mg is the limiting ion, the addition of reagents to reach the
required molar ratios is imperative for the initiation of struvite nucleation. Typically,
such reagents are added at high dosages to account for competitive ions, such as Ca?*
and AI**, that may react and decrease the final quantity of struvite [16]. The reagents
utilized in this process, i.e., Mg sources such as magnesium chloride and magnesium

oxide, reduce the economic viability of struvite recovery in WWTPs.

Practical application of the struvite precipitation process has been hindered by the high
cost of the chemical buffers required. The use of recovered struvite in agricultural
applications is a promising solution; nevertheless, the application as an economical
fertilizer has not been investigated sufficiently [17]. Recently, very few studies have
examined the use of MFCs to recover nutrients as struvite. The ammonium transported

from the anodic to the cathodic chamber via diffusion process can eliminate the need
16



for buffering agents. It increases the pH in the cathodic compartment providing the

optimum conditions for struvite recovery by increasing the buffering capacity.

1.2.  Problem ldentification

The advancement of the MFC technology for wastewater treatment toward
commercialization has been restricted despite three decades of ongoing research and
experimental work. The full-scale application of the MFC is a challenge mainly due to
the costly components and relatively low electricity output. Moreover, many research
studies investigated the treatment of simple substrates, e.g., acetate or wastewater, using
MFCs; nevertheless, the varying characteristics of the latter have produced an unstable
power supply. Nutrient-rich wastewaters have been rarely studied and compared in the
MFC literature. Furthermore, to successfully implement field-scale MFCs, further
research is required to emphasize the sustainable attribute of the MFCs as WWTP
operators are shifting toward resource recovery and value-added materials. Limited
research has been performed on the nutrient recovery mechanisms using MFCs. In
particular, few studies have investigated the potential of MFC for nutrient recovery as
struvite crystals. To date, there is no consensus over optimum MFC configuration for

the recovery of struvite.

1.3.  Thesis Objectives

Based on the outlined knowledge gap, this study aims to investigate the performance
of MFCs in struvite recovery, organic treatment, and electricity harvesting from various

substrates. The specific objectives of the present study are to:

= Investigate the treatment efficiency and electricity generation of a modular, dual-
chamber MFC using different substrates, i.e., urine, centrate, and greywater.

= Study the potential struvite recovery from MFCs through different operating
modes, i.e., batch single-stage and sequencing two-stage (using recirculated
anolyte) modes.

= Assess the effect of urine as feedstock on struvite nucleation and recovery.

1.4. Research Contribution

The present research aims to fill a critical gap in the literature by studying different

operating modes of the MFC for nutrient recovery while maintaining stable energy
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output and treatment efficiency. A novel sequencing configuration of an MFC treating
wastewater and recovering struvite is proposed and evaluated. Moreover, a key
contribution of this work is to assess and compare the performance of MFCs with
nutrient-rich substrates that have not been studied in the literature. The outcomes of this
research intend to develop an understanding of nutrient recovery in the form of struvite
from MFCs and identify an optimum operating mode toward maximizing the

sustainability and economic benefits of the technology.

1.5.  Thesis Organization

The thesis dissertation is organized as follows:
Chapter 2: Background and Literature Review

This chapter includes a review of previous work on the MFC and its tested operation
mechanisms and substrates, in addition to the nutrient recovery, using conventional
methods and MFCs.

Chapter 3: Methodology

The experimental framework, operating conditions, measurements, and analytical tests

are thoroughly described in this chapter.
Chapter 4: Experimental Setup

This chapter includes the assembled experimental setup with details of the specific

MFC unit design, configuration, cell components, and used materials.
Chapter 5: Results and Analysis

The chapter presents the substrate characterization results and all experimental findings
pertaining to the MFC treatment and electricity generation. Moreover, the experimental
results of struvite recovery are thoroughly discussed. Lastly, the effect of different cell

operating modes and substrates on struvite recovery are analyzed.
Chapter 6: Conclusion and Future Work

This chapter summarizes the findings and conclusions drawn from the thesis work, as
well as future recommendations to improve the MFC technology toward sustainable

implementation.
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Chapter 2. Background and Literature Review

This chapter covers the literature on MFC technology, including the different
implemented configurations, operating modes, and utilized substrates for energy
harvesting and treatment efficiency. Moreover, recent advances in nutrient recovery, in
particular struvite precipitation, using MFC are also summarized; finally, a discussion
of the limitations associated with current nutrient recovery technologies is also

addressed.

2.1.  Microbial Fuel Cell

2.1.1. Electrode material
A typical design of an MFC includes an anode, cathode, and membrane, which can be
constructed using different materials, as summarized in Table 2-1. Electrode materials
are continuously developed to account for the limitations in the currently used
materials. Mostly, carbon-based materials are relatively more expensive, while other
materials, such as stainless, steel, and graphite rods, are limited by their relatively small
surface area [19]. Several studies tested the performance improvement of MFC in terms
of electrochemical activity when using catalysts, such as metals (e.g., palladium (Pd),
platinum (Pt)) and compounds ((manganese dioxide (MnO2) and iron(ll)
phthalocyanine (FePC)) [20]-[23]. Carbon electrode materials deposited with Pt
catalyst were found to have relatively higher power density and maintained stable
operation of the MFC when compared to other catalysts. Moreover, the effect of
waterproofing has been reported to increase the long-term stability of MFC in terms of
power output using polymers such as polytetrafluoroethylene (PTFE). Moreover, to
prevent short-circuits between electrodes and separate chemical reactions in addition to
transfer of ions between the anodic and cathodic compartments [24]. Furthermore, the
membrane serves as a barrier to inhibit crossover between the anode and the cathode
and a barrier that prevents electron acceptor (i.e., oxygen) transfer from the cathodic
compartment to the anode. In MFCs, PEMs are the most commonly used separator due
to their moderately high conductivity toward cations and low internal resistance [25].
Several examples of PEM are shown in Table 2-1. Nevertheless, Nafion, manufactured
by DuPont, is the most widely used PEM, which is characterized by the high

conductivity.
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Table 2-1: Common materials used in the components of a microbial fuel cell.

Component Material Reference
Graphite; graphite felt; carbon paper; carbon cloth; carbon [10], [19], [26],

Anode / cathode felt; glassy carbon; carbon brush; stainless steel [27]

Membrane Nafion; polyethylene; Ultrex [8],[16],[21],[22]

2.1.2. Configuration
The design of a conventional MFC reactor can be a single-chamber, double-
compartment, or an up-scaled version of these two configurations by increasing the
compartment size or by cell stacking [28]. Single-chamber MFCs are configured by
placing the anodic electrode on one side of the chamber, and the cathode is kept apart
from the anode and exposed to air [29]. While single-chamber MFCs have been found
to be more straightforward in terms of operation and scale-up, lab-scale experiments
are commonly conducted using dual-chamber MFCs. Nawaz et al. [30] designed a dual-
chamber with graphite rods for electrode materials to treat wastewater produced by the
beverage industry [30]. Operating the MFC reactor revealed treatment efficiency of
84% based on chemical oxygen demand (COD) removal and a power output per unit
volume of 15 W/m3. Jiang et al. [31] constructed a single compartment air-cathode
MFC using carbon-based electrodes [31]. The study intended to achieve a stable power
output and eliminate precipitate accumulation on the cathode surface by utilizing a
sponge electrolyte to separate the anode and cathode. The examined MFC configuration

was able to maintain a power output of 100W/m?.

Multiple studies explored the performance of large-scale MFCs. The concept of large-
scale MFCs is based on enlarging the dimensions of a single MFC reactor, including
all its main anode and cathode components. Most of the reviewed literature developed
single-chamber MFC systems with a rectangular design, as they entail simpler designs
and are a cost-effective option compared to other alternatives. Fewer dual-chamber

setups were tested under continuous-flow mode and included mostly up-flow reactors.

The tested rectangular-shaped MFCs had a relatively satisfying power output and
treatment efficiency when compared to the tubular design based on the reviewed
literature. A study that operated 1.6 L MFC constantly for three months yielded a
maximum power output of 22 W/m? (695 mW/m?) beside 90% removal efficiency of

acetate [32]. A comparable outcome was revealed by another study operating an MFC
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continuously for 212 days which had achieved a relatively low maximum surface power
density (Pdmax) of 4 mW/m? [33]. Moreover, Hiegemann et al. continuously operated
the MFC system for nine months which was reported to achieve a COD removal
efficiency of 67% and a maximum power output of 82 mW/m? [34]. Another study
continuously operated a 1L MFC system for 70 days while maintaining a neutral pH
[35]. The power density output ranged from 2 to 10 W/m? and achieved 81% COD
removal efficiency. The MFC performance in terms of electricity output and treatment
efficiency was hindered due to the accumulated biomass on the anode. A large-scale
tubular air-cathode MFC was conducted in a semi-continuous flow mode with a vast
anode volume of 45 L [36]. A low power output of 110 mW/m? was reported, with a

relatively low COD removal efficiency of 21.7%.

The literature has also covered the continuous flow stacked MFC with a volume
exceeding 1L towards electricity improvement. Liang et al. [37] stacked fifty 20-L
MFC units in order to construct a 1000-L MFC reactor [37]. Such assembly allows
achieving a COD removal rate of 80% and volumetric Pdmax of 125 W/m?. High
external resistance was found to impact the energy recovered from the system
significantly. Another study stacked four 5-L bipolar flat plate cells for 34 days [38].
Poor MFC performance was reported as a result of a potential reversal in the cathode,
membrane bending, and oxygen reduction rate. Nevertheless, lowering the pH of the
cathode, positioning the membrane to inhibit movement, increasing the flow rate, and
improving the oxygen concentration enhanced the cathode performance and produced
a volumetric power density of 144 W/m3. Another MFC with six 12-L cell stack
modules experiment was operated continuously for six months, reaching a volumetric
Pdmax Of 42.1 W/m?® [39]. Two separate configurations were examined: (1) independent
circuit connection (each cell connected with a separate resistor) and (2) parallel circuit
connection (multiple units connected to a single resistor). The former setup was
considered outstanding, as the current reversal caused a lower power density in the last.
This finding was similar to another study utilizing a six-cell anaerobic baffled MFC
stack [40]. The range of the maximum power density in both series and parallel was
between 200 mW/m? and 270 mW/m?, on the other hand, the individual unit produced
267 mW/m?. This observation concluded that the connection type does not influence

electricity generation, and a particular unit can acquire a high-power density.
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More studies were focused on studying the connection type of the stack (individual,
series, or parallel) and its influence on the overall performance. For individual against
series connections, a study compared the overall performance of individual cells with
in-series stacked systems shown in Figure 2-1 [41]. Single cells in the 20- and 40-unit
produced a Pdmax 0f 79 mW/m? and 4.2 mW/m?, respectively, approximately 93% and
99% higher than the series connection, which can be attributed to the high internal
resistance. For individual and parallel connections, a study stated that tubular reactors
outperformed individual MFCs when connected in parallel [42]. This behavior was
based on reduced organic content along the reactor, causing an increased over-potential
when connected in parallel. Rahimnejad et al. [43] explored the performance of a 4-cell
stacked MFC operated for three days [43]. In the case of individual MFCs, Pdmax was
490 mW/m?, although a 75% increase was observed in Pdmax (2,003 mW/m?) for the

parallel connection stack.
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Figure 2-1: Schematic of stacked microbial fuel cells in a) series [41] and b) parallel connections.

2.1.3. Influence of substrate type
The substrate supporting the MFC cell was considered as a crucial operational
parameter affecting the power production rate. A vast set of substrates, ranging from
simple compounds to complex organic mixtures, were utilized in the literature.
Although simple substrates were found to be effective for instant results, substrates
containing complex organic matter support the growth of the diverse microbial

community. The majority of the revised studies used acetate to fuel the MFC, with
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fluctuations in results. Acetate is a simple substrate used to benchmark various cell
elements, designs, and operating conditions [44]. When applied as feed, acetate could
generate a 24% higher Pdmax than domestic wastewater, ranging between 286 m\W/m?
and 218 mW/m?, respectively [45]. Besides, power generation of up to 308 W/m? and
COD removal efficiency of up to 99% were obtained using sodium acetate [32], [46].
Furthermore, the Pdmax generated by the acetate substrate was 29% higher than that of
glucose, 39% higher than dextran, 15% higher than starch, and 11% higher than
butyrate [45]. However, in the same experiment, the MFC cell attained the lowest COD
removal efficiency when acetate was used at the level of 8% compared with the other
substrates (32, 10, 22, and 26% for glucose, butyrate, dextran, and starch, respectively).
Another study evaluated the performance of fermentable glucose and glycerol and non-
fermentable as acetate and lactate substrates and stated that glycerol affords the best
results [47]. It was concluded that fermentable substrates promote the biodiversity and
growth of the cathodic community, leading to improved overall process performance.
Synthetic wastewater was found to be the second most employed substrate due to its
consistency and flexibility in controlling its strength, pH, and conductivity [48].

Many studies have also used domestic wastewater to examine the actual operating
parameters. A study compared the MFC performance with synthetic and municipal
wastewaters, recording a Pdmax of 125 W/m?® when synthetic wastewater was used [37].
Nevertheless, in the case of municipal sewage, a remarkable increase in internal
resistance was detected, and the cell yielded fluctuating results ranging between 7 W/m?®
and 60 W/m3. Another finding was reported by Yu et al. [49], who obtained much lower
power outputs ranging between 116 mW/m? -149 mW/m? with domestic wastewater
compared with that in synthetic wastewater, ranging between 191 mW/m? -754 mW/m?
[49]. The obtained lower power production was likely attributed to the change in ionic
strength and microbial community [50]. In the same study, the volumetric Pdmax
generated by pig slurry-spiked feed was 62% greater than synthetic wastewater ranging
between 5623 mW/m?® and 2138 mW/m?, respectively [51].

2.2.  Nutrient Removal and Recovery

2.2.1. Conventional technologies
Struvite recovery is essential to mitigate eutrophication caused by phosphorus

accumulation in water bodies and provide a renewable resource of phosphorus and
23



other nutrients, as discussed earlier. Considering the emerging trend towards utilizing
sustainable and renewable resources, research efforts have been focused on
investigating struvite recovery technologies. Different methods and techniques were
being used for phosphorus removal. Chemical precipitation by adding metals such as
iron and alum-phosphorus precipitate are popular phosphorus removal techniques [52].
Continuous stirring tanks were the most used for phosphorus recovery as struvite

crystals [17]on a lab scale.

Stirred tank reactors are characterized by a simple configuration that facilitates control
of the experiment. The reactor is equipped with a mixer for creating a homogenous
media and aiding in nucleation and growth via enhancing the transfer of ions of the
struvite crystals [28]. Moreover, struvite shape is affected by mixing conditions;
turbulent solutions create irregularly shaped crystals [17]. Several studies selected the
optimum mixing speed to opt for high struvite formation. Taylor et al. [29] observed an
increase in struvite formation by 30% when the mixing rate was increased (160 rpm to
240 rpm). Fouling on mixer blades was detected at lower mixing speeds which reduces
the crystal quality [53], and at rates higher than 500 rpm, the growth of struvite crystals
is inhibited [54]. Energy consumption for stirring the solution was a limitation of the
system. Therefore, several modifications were attempted to replace conventional
mixers. An airlift system was operated in continuous mode, which resulted in 98%
phosphate removal from formed struvite crystals [55]. Saidou et al. [56] utilized air
bubbling for mixing the system and studied the effect of air flowrate on struvite
formation in the reactor. The findings revealed that 10 L/min to 25 L/min achieved the
highest struvite crystal formation, and beyond that range, struvite crystallization was

inhibited, and operation costs increased.

Although chemical precipitation facilitates high struvite formation and phosphorus
removal, nevertheless it has several limitations: increase of additive ions as a result of
adding metals [57], high cost of chemical reagents, an increase of sludge [58], low
purity of final product, and overall instability of the process [59]. Herna and Garrido-
baserba [60] asserted that most operation costs were attributed to added chemicals and
inappropriate selection of magnesium source for struvite formation. Other utilized
technologies for phosphorus removal as struvite crystals include fluidized bed reactor

(chemical precipitation), ion exchange methods (i.e., adsorption), and BES. MFC
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system, a type of BES technology, provides optimum conditions for struvite formation,
particularly pH conditions [61]. Therefore, the recovery of phosphorus using microbial
fuel cells is an emerging technology. Moreover, several pilot-scale and full-scale
struvite recovery systems have also been implemented such as such as the Pearl in
Ostara, AirPrex , and PHOSPAQ are widely used [62]. The Ostara nutrient recovery
system (shown in Figure 2-2) utilizes chemical doses, fluidization energy, and loading
rate control to achieve struvite crystallization via an up-flow fluidized bed. The limiting
element, which is Mg, is added in the form of magnesium chloride (MgCl,) while the
pH is controlled by the addition of NaOH. The Ostara technology runs by mean of the
Pearl process as shown in Figure 2-2 obtained from [62]. The Ostara process has been
widely implemented and was reported to achieve 90% P removal and an average of
28% removal of nitrogen [62]-[64].
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Figure 2-2: Schematic of the Ostara pearl process plant adopted from [62].

The Airpex was developed with the aim of Phosphorus recovery using a Continuous
stirred-tank reactor (CSTR) where struvite precipitation experiments are conducted
[65]. The pH adjustment is undertaken by air stripping, and MgCl is used as a
magnesium source. An aerated zone in the middle of the reactor lifts sludge upward by
air bubbles, and in the outer part of the reactor, the sludge settles after reaching the
surface (tranquil zone). Moreover, the precipitated struvite is continuously removed
from the bottom of the CSTR. The Process diagram of Airprex is illustrated in Figure
2-3, which is adopted from [62]. In Germany and the Netherlands, this technology has
been reported to remove 80-90% of phosphorus from sludge digestate in full-scale

operations.
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Figure 2-3: Schematic of the Airprex struvite recovery plant adopted from [62].

The PHOSPAQ technology is a full-scale plant for struvite recovery based in the
Netherlands [66]. An aerated reactor is utilized where the pH is controlled at 8, and
magnesium oxide (MgO) is added. A hydrocyclone and a press screw are used to gather
the struvite from the bottom of the reactor, as shown in Figure 2-4. The PHOSPAQ
technology has been implemented in the United Kingdom (UK), where it was found
that P recovery reached 85% [62].
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Figure 2-4: Schematic of the PHOSPAQ working mechanism adopted from [66].

2.2.2. Microbial fuel cells
The implementation of nutrient recovery in conventional wastewater treatment shall

improve the sustainability of modern treatment techniques. Nutrient recovery using
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MFCs has been explored widely in the literature using various substrates, as
summarized in Table 2-. Various studies performed such a system under batch
operating mode. Pepé Sciarria et al. [67] studied the energy and Phosphorus recovery
of MFC from digestate. The system generated 14.2 W/m?® and showed up to 90%
phosphorus recovery when seawater bitterns were added and 44.7% COD removal
efficiency [67]. Sharma and Mutnuri[68] assessed the performance of MFCs using
urine in terms of energy generation and nutrients recovery. The results revealed that the
system could potentially generate 0.68 W/m? and contribute to 70.0%, 50.0%, 54.3%,
and 94.2% removal efficiencies for COD, NH4*-N, NOs,, and orthophosphate,
respectively [68]. Orner et al. [69] also evaluated the feasibility of power generation
and struvite precipitation of MFCs using side stream effluent of a wastewater treatment
plant. The results found that the process can remove up to 53% of total nitrogen,
produce 0.3W/m?, and remove COD at 45%-53% based on operating conditions [69].
Fischer et al. [70] attempted recovery of orthophosphate from digested sludge which
typically dissolves in high concentrations (80 mg/L —300 mg/L) upon the AD process.
A two-chamber MFC was used for the recovery of orthophosphate in the form of
struvite, where 82% was recovered with a power output of 3.1 uW [70]. Also, [71]-
[74] performed MFCs in batches to evaluate the biological treatment of synthetic
wastewater. Almatouq and Babatunde [71] concluded that the system could achieve up
to 192 mW/m? power density, 90% COD removal, and 84% total phosphorus
precipitation. Almatouq and Babatunde [72] obtained a slightly higher power density
of 198 mW/m? and 38% phosphorus recovery. Similarly, Happe et al. [73] recovered
34.8% of phosphorus using MFC. Tao et al. [58] reported a maximum ammonia and
phosphate recovery of 70.2 and 92.8%, respectively, for both single and dual-chamber

MPFCs, with different power intensities of 560 mW/m? and 528 mW/m?, respectively.

Other studies operated MFCs under different flow modes. Kim et al. [75] studied the
efficiency of electricity generation and nutrient recovery (struvite) from a hybrid system
containing multiple consequential MFCs, a struvite precipitation reactor, and a
sedimentation tank. The study utilized synthetic wastewater as a substrate that was
continuously fed into the system. The COD and total phosphate (TP) removal efficiency
were obtained as 70 and 95% removal efficiency, respectively, with a power output of
2 mW [75]. Ye et al. [76] investigated the nutrient recovery potential of a double-

chamber MFC under various operation modes, different aeration conditions, and using
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multiple types of separators. The results showed that maximum recovery of nitrogen at
98.8% can be achieved when a forward osmosis separator is used. In comparison, a
cation exchange membrane separator can yield a maximum phosphorus recovery of
94.9%. Moreover, the maximum voltage of 386.4 mV, 641.4 mV, and 591.9 mV can
be generated from the MFCs operating under batch, self-circulation, and single-
continuous modes, respectively [76]. Merino-Jimenez et al. [77] showed struvite
recovery up to 94% containing magnesium ammonium phosphate and magnesium
potassium phosphate crystals from a continuous flow of urine to an MFC with a total
maximum power yield of 2.1 mW [77]. Similarly, You et al. [61] examined the
feasibility of treating urine using MFCs under continuous operating mode. The results
showed a potential phosphate recovery of 82%, along with COD removal and maximum
power density of 20% and 14.3 mW/m?® [61].

Few studies tested out the MFC efficiency in recovering phosphorus in the form of
struvite are summarized in Table 2-2. Kim et al. [75] examined the efficiency of a
hybrid reactor (MFC and a sedimentation tank) to generate electricity as well as recover
struvite from synthetic wastewater influent. The experimental results revealed a COD
and phosphates removal efficiency of 90% and 94%, respectively. Nevertheless, the
observed power output was low in the hybrid reactor (0.033 mW/ 4.34 mW/m?)
compared to operating MFC alone (2 mW). The low power output in the hybrid system
was a result of resistance of charge transfer as a result of residual organic presence.
Sharma and Mutnuri [68] followed a similar approach to recover struvite; dual
compartment MFC was used for the treatment of urine, and the treated effluent was
directed to another tank for the chemical precipitation of struvite. Ye et al. [76]
successfully operated a dual compartment MFC to remove phosphate and utilized
chemical precipitation within the cell for recovery of the nutrient. The findings revealed
that effective phosphorus removal was achieved by microbial absorption and the
addition of NaOH in the anodic compartment. You et al. [61] assembled a three-stage
hybrid reactor consisting of stacked MFCs, a precipitation tank, and another set of
stacked MFCs. The results showed that 80% and 20% of the phosphate and COD were
removed, respectively. Additionally, the power density of the two MFC stacks reached
14.3 W/m? and 11.8 W/m?3. Happe et al. [73] utilized a triple-compartment MFC to

remove phosphorus from iron phosphate, which yielded 67% recovery.
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Table 2-2: Literature summary of microbial fuel cell applications in nutrient recovery.

Substrate Inoculum Operation Mode Power Yield CO.D. Removal Nutrient Recovery (%) Reference
Efficiency (%)
Synthetic wastewater | Sludge Continuous 2.0 mw 70 95: TP* [75]
Batch 386.4 mV 83-95: PO
Municipal wastewater | Anaerobic sludge Self-circulation 641.4 mV 81.2 NN [76]
; : 97-99: NH,
Single-continuous | 591.9 mV
Digestate - Batch 14.2 Wim?® 27-44 90: POs* [67]
94.2: Ortho-P
Urine Digestate Batch 0.68 W/m? 70 50: NH4* [68]
54.3: NO3
Shewanella putrefaciens and
Wastewater Geobacter metallireducens Batch 0.3 mW/m? 45-53 52: TN** [69]
microbial cultures
Synthetic wastewater | /ctivated and anaerobic Batch 192 mW/m? 62-90 84: TP [71]
digester sludge
Urine Activated sewage sludge Continuous 1.3-2.1 mw 16.2-18.1 80.8-94.0: MAP+MKP*** [77]
Synthetic wastewater | Activated sludge Batch 198 mwW/m? 70-90 38: P [72]
Urine Activated sewage sludge Continuous 11.6-14.3 mW/m® | 20 82: PO [61]
Synthetic wastewater | Sewage sludge Batch - - 34: P [73]
. Anaerobic sludge and i 9 ) 70.2: NH,*
Synthetic wastewater aerobic sludge Batch 528-560 mW/m 66-79 92.8: PO [74]
Digested sludge Yeast Batch 3.1 uw - 82: H3PO, [70]

* TP: Total phosphorus
** TN: Total nitrogen

*** MAP: magnesium ammonium phosphate; MKP: magnesium potassium phosphate
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Moreover, Zang et al. [13] proposed the recovery of struvite in a precipitation reactor,
followed by treatment and energy harvesting in an MFC. The experiment yielded
promising results as the phosphorus recovery (by addition of magnesium) was 94.6%
in addition to COD removal and power density of 64.9% and 0.9 W/m?, respectively.
Similarly, Fischer et al. [70] utilized a single-chamber MFC to mobilize phosphate

present in the digested sludge resulting in phosphorus recovery of up to 84%.

There were several early attempts of identifying the viability of struvite formation and
phosphorus using an MFC reactor alone [13], [70], [78]-[80]. Tao et al. [74]
investigated the possibility of struvite formation in single and dual chamber MFC
reactors. The results revealed a higher accumulation of struvite in the cathodic chamber
(dual compartment cell) compared to the single MFC, as well as the presence of
phosphorus accumulating organisms (PAOs). Hirooka and Ichihashi [78] investigated
the performance of a single-chambered MFC after the accumulation of precipitate on
the cathode surface. It was concluded that after removal of precipitate and conducting
dissolution treatment of cathode electrode, the power output returned to the original
value measured as current (4.3 A/m?). In a similar matter, Ichihashi and Hirooka [78]
achieved 27% phosphorus recovery (from struvite precipitate) using a single air cathode
MFC.

Pepeé Sciarria et al. [67] conducted an experiment using a single MFC to recover struvite
and further conducted crystallization tests on the effluent using sea bittern. Using an
MFC alone, 35.7% phosphate removal was achieved in addition to 44.7% COD removal
and a volumetric power output of 14.2 W/m®. A dual-compartment configuration MFC
was tested for treatment of synthetic wastewater by initially adding it to the anode
chamber and then reintroducing it to the cathodic compartment [74], [80]. Moreover,
struvite crystals were recovered from anodic and cathodic compartments without the
utilization of external precipitation reactors. The maximum obtained removal efficiency
of phosphorus and COD were 95% and 90%, respectively. Nevertheless, the power
output experienced a decrease and irregular resistance as the cathode had experienced
scaling due to precipitate on the surface of the cathode. Merino-Jimenez et al. [77] also
attempted to recover struvite crystals using an MFC reactor and added seawater/ MgCl..
It was reported that the addition of seawater/ MgCl> increased struvite recovery from
21 to 94% but did not impact the power production of the MFC (1800 pW).
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Table 2-2: Summary of studies on phosphorus recovery using microbial fuel cells.

Reactor Substrate Phosph_o_r us Recovery pH Power Density Voltage COD Removal Reference
Efficiency (%) (mW/m?) (mV) (%)
Single air cathode Synthetic wastewater 94.1 7.0 4.3 - 91 [75]
Double-chamber Synthetic wastewater 94.0 8.1-8.4 - 386-641 81 [76]
Single air cathode Digestate 35.7 8.5 430 500 45 [67]
Double-chamber Urine 94.2-99.0 6.3 123 645 70-82 [68]
Double-chamber Synthetic wastewater 95 7.5-9 180 - 60-90 [71]
Tubular single chamber Urine 94 (struvite) 9.0-9.3 1800 (UW) - 18 [77]
Double-chamber Synthetic wastewater 38 8.0 72.0 550 70-90 [72]
Stacked Urine 80 6.6-9.3 652 (LW) 4200 20 [61]
Triple chamber Sludge 67 75 - 300 - [73]
Single/Double -chamber Synthetic wastewater - 7.3[7.2 560/528 443/524 66/79 [81]
Single air cathode Synthetic wastewater 55 7.3-8.6 4.3 (AIm?) - - [78]
Single air cathode Swine wastewater 27 7.8-8.4 2.3 300 91 [82]
Single air cathode Urine 94.6 8.0-9.0 900 500 65 [13]
Single air cathode Digested sludge 84 7.0-9.5 - 700 - [70]
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2.3. Summary

In this chapter, a comprehensive review of the literature was conducted on the
applications of the MFC technology, in particular the utilization of the cell for struvite
recovery. Comparisons between conventional (i.e., chemical precipitation) and the
MFC technology were presented. Conventional nutrient recovery methods are
associated with multiple disadvantages, including the high cost of chemical buffering
reagents, low purity of struvite, and increased sludge formation. The studies performing
struvite recovery using MFC were faced with issues such as the cathode scaling, which
led to unstable power output and a decrease in power density. Overall, there is a lack
of knowledge on the optimum MFC configuration and substrate for struvite recovery,
in addition to a low understanding of the phosphorus removal mechanism in the cell.
Therefore, the present experimental research aims to investigate different operating
modes of the MFC to identify the optimum configuration and substrate for struvite

recovery.
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Chapter 3. Methodology

In this chapter, the pursued experimental plan is detailed, in addition to an in-depth
discussion of the operational parameters, analytical measurements, computations,

materials, and methods utilized in the present work.

3.1. Research Plan

This section summarizes the stages experimental program, operating conditions, and
substrates investigated. Figure 3- 1 illustrates the framework followed in the present
experimental work. Upon the characterization of the selected substrates and the design
and assembly of the MFC cells and lab setup, the experimental work was divided into
two main phases: batch single-stage and dual-stage sequencing mode, followed by
cathodic-nutrient recovery. A detailed discussion of the experimental setup is provided
in Chapter 4.

~_ Substrate Sampling and Treatment Efficiency &

o —  Experimental Setup —— i — . :
Characterization P P [~ MFC Operation Phases H‘ Electricity Generation
L, Urine Cell Design and Phase I: Batch-mode . ..
e Assembly — Operation — Cathodic Salt Addition
> Centrate
L, Measureme.nt. fmd Data ,  Phase II: Sequencing |, Struvite Recovery and
" Greywater Acquisition Dual-chamber Operation Analysis

Figure 3- 1: Scope of work for the planned experimental study.
3.2.  Experimental Operation

The MFC was operated in two phases with three different substrates, as summarized in
Table 3-1. The following sections detail the examined substrates and operation modes.

Table 3-1: Experimental variables and operation stages of the current study.

Parameter Variable Operation Phase/Cell
Configuration | Single batch operation Phase | (Cell I)

Sequencing two-stage mode Phase 11 (Cell 1)

Urine (V) Cells I/11-U
Substrate Centrate (C) Cells I/11-C

Greywater (G) Cells I/11-G
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3.2.1. Microbial fuel cell operation
The MFC experimental protocol involved two phases, each with a different operation
mode. Urine was used as the feedstock to evaluate and compare the two phases, while
centrate and greywater were only utilized during phase 1 as the performance in the MFC
operation was uncertain and has not been studied in the literature. Figure 3- 2 shows
the experimental protocol with a detailed description of each stage. The first phase was
operated in batch mode, and it involved evaluating the performance of the MFCs in
terms of treatment efficiency and electricity harvesting. The MFC was operated with a
buffer solution on the cathode side and the substrate in the anode compartment. At the
end of phase I, struvite was recovered in the cathodic compartment of the tested cells.
Effluent catholyte samples were filtered using (microfiber filter paper 125 mm, 2
microns). The filtered catholyte was tested for nutrient removal, whereas a sample of

the anolyte was tested for COD removal efficiency.

The second phase involved recirculating the treated anolyte to be utilized as a buffer in
the cathode chamber while adding fresh substrate in the anodic chamber. The treatment
efficiency and power output were evaluated similarly to the preceding phase. Upon the
decline of the electricity output from the MFC, the struvite precipitation experiment
was repeated for the recirculated anolyte. Phase 11 was operated to allow continuous
operation of the MFC and to examine the potential nutrient recovery from the treated
anolyte without disrupting the biofilm on the anodic side. Therefore, recirculating the

anolyte will both serve as a buffer solution and a source for nutrient recovery.

3.2.2. Substrates

Fresh urine, centrate, and greywater were the main substrates that were examined
during the different phases of the experiment. The urine samples were collected from
healthy young volunteers, mixed using Dlab OS20-Pro digital mixer, and stored in 10
L jerry cans under 4°C, as shown in Figure 3- 3. The urine samples were employed
within one week of collection and returned to room temperature prior to use in the cells.
The centrate samples were collected from the supernatant of an anaerobic digester at
Al-Rawabi WWTP in Dubai, United Arab Emirates. The collected centrate was left to
settle further, and the supernatant was mixed and stored below 4°C, as depicted in
Figure 3- 3.
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Figure 3- 2: Experimental operation for phases | and I1.

(1) is the first batch of urine addition to the anode, (2) is the addition of buffer solution to cathode
compartment, (3) is the addition of the MgCl., and commencement of precipitation reaction, (4) is the
decanted buffer solution with precipitate, (5) is the treated first batch of urine, (6) is the addition of a

second batch of urine to the anodic chamber, (7) is the recirculation of treated urine to cathode chamber
as a buffer solution, (8) the addition of MgCl; and struvite precipitation experiment, (9) decanting of
the buffer solution with precipitate, and (10) is the decanting of the treated urine batch 2.

The greywater shown in Figure 3- 3 was composed of laundry and dishwasher
wastewater at a 1:10 ratio. The mixing ratio was obtained from the literature based on
the greywater characteristics, particularly the organic load of dishwasher and laundry
wastewaters [83]. All substrates were characterized based on the tests detailed in section
3.3.

SIS

Figure 3- 3: Samples of the examined substrates: centrate, urine, and greywater (from left to right).
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Figure 3- 4: Lab mixing setups for the examined substrates.

3.2.3. Electrochemical characterization
The performance of the MFC in terms of energy generation was assessed based on the

electrical parameters calculated using Equations (5) to (9).

[ U
"R (5)
Pz = Ul (6)
_ Ul 7
Pdimax = —- (7)
_u (8)

Pdmax,v Vv
_I 9)

)= A

where 1is the electric current (Ampere, A), U is the electric potential across the
electrodes (Volt, V), R is the external resistance (Ohm, Q), Pk is the power of the circuit
(Watt, W), Pdp.y is the maximum surface power density (W/m?), Pdyayvis the
maximum volumetric power density (W/m?3), A is the surface area of the electrode (m?),
V is the volume of the reactor (m®), and J is the current density (A/m?). The treatment
efficiency was determined by testing the concentrations and removal efficiencies of
COD, PO4*, Mg and NH.*. The treatment efficiency (R), which is the percentage
removal of a pollutant, was measured as the difference between the influent
concentration of COD, Cin (g/m?®), and COD concentration in the effluent Cou (9/m°)

relative to Cin, as shown in Equation 9.
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R = fn—Ceut » 1 (10)

Cin

The surface power density was calculated based on the surface area of the cathode.
Using the potentiostat shown in Figure 3-5 (PGSTAT by Metrohm), polarization curves
of the cell potential versus current (U vs. 1) were generated by alternating the circuit
resistance and obtaining the relative cell voltage. Moreover, power curves were
obtained by plotting the power versus current (Pe vs. I). Nova software was used to
calculate the power and current densities [84], in addition to generating the polarization
curves. The linear sweep voltammetry (LSV), the most commonly used method, was
utilized at a current range of 100 to 100 mA, while the scan rate and step size were set
t0 0.02 V/s and 0.00244 V, respectively [85].
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Figure 3-5: Potentiostat used for polarization experiments of the examined microbial fuel cells [84].

3.24. Struvite recovery
In the current experimental work, the MFC reactors were utilized to recover struvite
from urine, centrate, and greywater. The precipitation experiment was carried out in the
cathodic chamber of the MFC. The PO4*, Mg?* and NH4" were measured (detailed in
section 3.3.1.5) to determine the limiting nutrient of the examined substrates and to
attain an equimolar ratio amongst the aforementioned parameters. The magnesium,
which is typically the limiting chemical, was increased by adding MgCl> (SRL
Chemicals). The pH of samples was continuously monitored and maintained between
8 and 9.5 [17] using diluted NaOH pellets. Moreover, the electric conductivity (EC)
was also observed as it provided an indication of the struvite nucleation and
crystallization reactions completion [86]. Furthermore, continuous stirring was
maintained inside the cathodic compartment. The precipitation experiment was stopped
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as the pH of the samples stabilized. The samples containing struvite precipitate were
filtered as shown in Figure 3-6 and dried in the oven at 50°C. The samples were tested
using XRF and FTIR to identify the precipitate composition, whereas SEM was utilized

for morphology analysis.

Figure 3-6: Filtration apparatus for struvite extraction.

3.3.  Analytical Methods

3.3.1. General characterization
A general characterization was conducted for the substrate samples, including solid
contents, pH, alkalinity, oxidation-reduction potential (ORP), EC, COD, dissolved
oxygen (DO), and several chemical parameters, including PO4*, Mg?*, and NH4*. All
measurements were conducted in duplicates and verified by a triplicate in case of non-

concise results to ensure meeting the quality assurance of the tests.

3.3.1.1. Solids content
The solids content test was conducted according to Standard Methods No. 2540 [54] to
obtain the moisture content and the different solids fractions, including total and volatile
solids. The samples were filtered using (microfiber filter paper 125 mm, 2 microns) and
the volume used for the three substrates was 15 mL. Total solids (TS) were measured
by initially heating samples at 100 °C in the oven for 24 hours. The TS was calculated

as shown in Equation 11.

TS(mg/L) = ——=>—1 x 100 (11)

Volume of Sample

Where wy is the weight of crucible and sample before heating (g) and ws is the weight

of crucible and sample after heating (g).
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To measure volatile solids (VS), the samples were ignited in a furnace at 550 °C for at
least 4 hours using furnace, and the volume of the sample was measured. The VS was

calculated according to Equation 12.

Wy — Wy

VS(mg/L) = x 100 (12)

Volume of Sample

Where W1 is the weight of crucible and sample before heating and W2 is the weight of
crucible and sample after heating at 550° C (g). Figure 3-7 shows the examined samples
prior to conducting the total solids test and after ignition.

c)

Figure 3-7: Different samples in the measurements of solids contents before ignition for a) centrate, b)
urine, and c) greywater, and d) after ignition.

3.3.1.2. pH and alkalinity

The pH of the substrates was measured using HACH HQ40d digital multi-meter and
IntelliCAL™ pH PHC101 probe. The electrode probe is calibrated with the
corresponding solution and rinsed with deionized water. The alkalinity of samples was
measured based on the HACH burette titration test (method 8221). The samples were
added to an Erlenmeyer flask and diluted using distilled water before alkalinity
measurements. The volume of each sample was chosen to be 50 mL based on the
expected alkalinity values and corresponding volumes provided in the method
procedure. The utilized acid for this procedure was sulfuric Acid (H2SO4) with a
concentration of 0.02N (HACH cat. 20353). Figure 3-8 shows the apparatus used for
the pH and alkalinity tests in the present study.
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Figure 3-8: Titration apparatus for the alkalinity tests.

3.3.1.3. Oxidation reduction potential (ORP) and electrical conductivity (EC)
Electrochemical parameters such as ORP and EC were measured, where the former
indicates the oxidation and reduction capability of a substance, while the later measured
the ability of the studied samples to convey current. The ORP test was conducted using
HACH HQ40d digital multi-meter with the IntelliCAL™ ORP-REDOX MTC101
probe. The electrode probe was also calibrated with the corresponding solution and
rinsed with deionized water. On the other hand, EC was measured using the
ScichemTech® SCT-BEN-CON-1 conductivity meter. Figure 3- 9 shows the digital
meters utilized for ORP and EC tests.

b)

Figure 3- 9: Probes and digital meters for the measurements of a) oxidation-reduction potential, and b)
electrical conductivity.

3.3.1.4. Chemical oxygen demand (COD) and dissolved oxygen (DO)
The COD is an indicator of the organic content, which can identify the treatment

efficiency. Figure 3-10 shows the measurements and devices for the digestion and
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colorimetric measurement of the COD. The COD was measured by adding a 0.2 mL of
the collected sampled to the COD vials (8000 HACH kit; high range: 0 to 15,000 ppm)
in addition to preparing a blank sample (deionized water). The samples were left for
digestion at 148° C for two hours using the digester (Model No. DR 2200). The digested
vials were left for 15 minutes too cool inside the digester then removed and
measurements were taken using spectrophotometer (Model No. DR 3900) when the
vials reached room temperature. The same procedure was followed for measuring the
soluble COD, nevertheless the samples were filtered beforehand using (microfiber filter

paper 125 mm, 0.45 microns).

b)

Figure 3-10: Testing apparatus for the measurements of: a) soluble chemical oxygen demand, and b)
dissolved oxygen.

3.3.1.5. Chemical parameters
Three chemical parameters were measured for all samples, including NH4*, POs*, and
Mg?*. The ammonium test was performed as per the HACH method (LCK 301). The
test was conducted by adding 0.2 ml of the sample into the reagent, and a 15-minute
reaction time was required. To attain accurate values, the cuvette outside was wiped
and cleaned, then placed into the spectrophotometer holder (Model No. DR 3900).
Moreover, the PO4* test was conducted according to the HACH method LCK 350.
Similar to the ammonium test, 0.4 ml of the sample was added to the cuvette, and a
reading was taken using the spectrophotometer. Prior to the analysis, the cuvettes were
placed in the digester (Model No. DR 2200) for 30 minutes at 120° C to ensure sample
dissolution. Finally, the Mg?* was tested as reported by the HACH method (LCK 326).

The reagent (3.5 ml) was mixed with 0.5 ml of the sample, poured into a cuvette, and
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obtained readings using the spectrophotometer. Figure 3-11 shows the testing kits and
devices utilized for measuring the chemical parameters of monitoring the chemical

properties of the collected samples.

Seee e

Figure 3-11: Chemical colorimetric test analyses of the collected samples.

3.3.2. Qualitative analysis
Struvite detection in the precipitate was identified using spectroscopic and microscopic
techniques. X-ray fluorescence (XRF), Scanning Electron Microscopy (SEM), and
Fourier Transform-Infrared Spectroscopy (FTIR) were utilized to analyze the

precipitate and identify the purity of the struvite crystals.

3.3.2.1. X-ray fluorescence (XRF)
XRF spectrometer is an instrument used for the chemical analysis of minerals,
sediments, soil, etc. The equipment is effectively used for bulk chemical analysis of
major elements, including Mg, Al, Ca, P, and k, and trace elements, including Rb, Cu,
Zn, and Cr. The analysis depends on the interaction between the atoms present in the
sample and the radiation of the machine. The incident beam inside the machine
illuminates the samples and depending on the chemical composition of the sample;
energy is either scattered or absorbed into the sample causing the agitation of particles.
The agitation targeted electrons to be ejected from atoms and replaced by other
electrons in the outer orbital. As a result, x-ray emissions are released in a wavelength
range depending on the characteristics of the particles, hence identifying the fractions.

In this research, XRF was used to determine the composition of the precipitated struvite.

3.3.2.2. X-ray diffraction (XRD)
XRD data will be attained for identifying the components of the precipitate, and the
results will be compared to the standard MAP pattern by Bruker D8 Advance XRD
shown in Figure 3-12. A beam is directed at the samples from different angles to enable
atom interaction which yields the chemical composition of the precipitate. The results
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consist of diffraction graphs where the intensity of the peaks can be compared to a
standard MAP pattern database. Bragg law is used to define the working mechanism of

the XRD as shown in Equation 13.

nA = 2dsin6
(13)

Where n is an integer representing the reflection order, A is the wavelength, d is the
spacing in a planar model of the crystalline structure, and 6 is the angle of x-ray beam
scattering. The step size is 0.2 degrees with 0.2 seconds per step for angles between 5
and 85 degrees.

. AAEEEHE

Figure 3-12: X-ray diffraction device for precipitate characterization.

3.3.2.3.  Scanning electron microscopy- energy dispersive xray (SEM-EDS)
The morphology and structural heterogeneity for the surface of resulting struvite
crystals were determined using SEM with EDS, as shown in Figure 3-13 (Tescan
VEGA XM variable pressure SEM). The SEM instrument uses an electron beam probe
to analyze the surface of samples to the nanoscale. It produces high magnification
images with high resolution. Moreover, the SEM-EDS mainly focuses on retrieving
information of the particle surface, and the generated 3D images reflect the scattered

electrons.
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Figure 3-13: Scanning electron microscope for struvite morphology analysis.

3.3.2.4. Fourier Transform-infrared spectroscopy (FTIR)
The precipitate was analyzed using the Thermo Scientific™ Nicolet™ iS5 FTIR shown
inFigure 3-14. The FTIR is based on infrared radiation, which is located in the range
between visible light and microwaves. The chemical structure of molecules was
measured based on absorbed infrared radiation. It also recognizes unknown compounds
and molecules via matching to a known database. Moreover, FTIR provides

information about the energy of the molecules by studying the vibrational behavior.

Figure 3-14: Fourier transform-infrared spectroscopy for the chemical bonds in the studied samples.
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Chapter 4. Experimental Setup

4.1.  Microbial Fuel Cell Design

A set of three dual-chamber MFCs was designed and fabricated, as illustrated in Figure
4-1. Each cell was constructed using acrylic materials with an effective volume of the
anodic and cathodic compartments of 700 mL each. The two chambers were separated
by a PEM (Nafion 117, Fuel Cell Store) with a membrane area of 64 cm?. The electrode
areas were 65 cm? each, where a plain carbon cloth was used as the cathode, and a
carbon cloth with a 40% Pt gas diffusion layer (Fuel Cell Earth) constituted the anode.
Titanium wires were used for electrical connections of the carbon-based electrodes.
Sampling, inlet/outlet, and gas ports were arranged at both chambers. Phosphate buffer
solution was used as the catholyte, which contained 8.5g sodium chloride, 1.99
disodium hydrogen phosphate, and 0.4g potassium dihydrogen phosphate. As a source

of microbial cultures, yeast was added to the anolyte solution at a concentration of 1.28
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Figure 4-1 : Sketch of the designed microbial fuel cell: a) side view, b) front view, c) top view, and d)
lab-scale dual-chamber unit with various cell components.
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4.2.  Experimental Configuration

The experimental setup comprised the MFC units, inline measurement devices, and
monitoring system, as illustrated in Figure 4-2. The MFC voltage was monitored
throughout the experiment via LabVIEW monitoring and control software connected
to a data acquisition (DAQ) system from National Instruments (CDAQ-9178 installed
on a COMPACTDAQ Chassis). The voltage readings were recorded every 30 minutes
for all MFC reactors and were frequently validated through manual measurements by a
voltmeter (UNI-T UT33C). The polarization curves were obtained using NOVA
software based on the potential and resistance variation measured using potentiostat
readings (Metrohnm PGSTAT).

a) LabVIEW Gas Bag
Microbial Fuel Cells
Potentiostat Data Acquisition System
b) Potentiostat

Salt Addition

Gas Bag
LabView Control

and Monitoring

D
A
Q

PEM

Cathode Anode
Inlet/Outlet Inlet/Outlet
Aerobic Anaerobic

Figure 4-2: Lab-scale experimental setup: a) actual photo, and b) detailed schematic.

4.3.  Monitoring of Experimental Setup

Figure 4-3 shows the block diagram and front panel of the cell connections for the
voltage readings. The actual anode and cathode connections were defined on the block
diagram (DAQ Assistant) and connected to the analog input voltage module. The
LabVIEW was programmed to demonstrate the recorded measurements in the form of
line graphs and meter scales Figure 4-3 b), in addition to exporting the raw voltage data
asa CSV file.
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Chapter 5. Results and Analysis

5.1. General Characterization

Three substrates, urine, centrate, and greywater, were collected and analyzed in this
study. Table 5-1 shows the general physiochemical characteristics of the examined
samples. In terms of the TS content, urine had the highest value of 40 mg/L, which was
due to the high salt concentration [87]. Moreover, the higher VS concentration in the
urine indicated a high organic content that could promote microbial activity and
increase electricity generation. Moreover, the urine contained the highest fraction of
readily biodegradable organics at 41%, followed by the centrate at 34%, while the
greywater had the lowest fraction (8%) due to the non-biodegradable detergents.

Table 5-1: Summary of the parameters measured for general characterization of substrates.

Ec | Ts | vs | cop |scop| po |ore |Akalinity |y NHe | PO

Substrate | pH | Sem) | (mg/L) | mg/L) | marL) | marL) | mor) | mvy | - ™9 | mgiL) | mg/L) | (mgrL)

Mg:P

CaCOy/L)
Urine 89| 178 | 40 | 340 | 1343 | 548 | 619 | 9 | 2440 | 28 | 1390 1'869 1:105

Centrate | 8.1 | 15.4 23 | 158 | 4,135 | 1,390 | 67.2 | 415 1,260 35 | 578 71 L7

Greywater | 76 | 155 | 13 | 09 | 210 17 56.5 | 197 3,060 4 400 14 115

The electrochemical analysis of the substrates showed that the centrate had the highest
ORP, which could lead to a higher tendency of electron transfer between the catholyte
and anolyte indicating increase in current. Moreover, the EC measurement revealed that
the three substrates were highly conductive, with urine being slightly higher (17.8
uS/cm), followed by greywater and centrate with EC values of 15.5 and 15.4 uS/cm,

respectively.

High ammonia, phosphorus, and magnesium contents were found in the urine and
centrate, with the highest concentration in the urine samples. Moreover, the increased
ammonia content in the stored urine may have occurred due to urea hydrolysis, through
which it is converted to ammonia and bicarbonate aiding in increase of pH once
transferred to cathode chamber. Therefore, the storage of urine prior to treatment using
MFC facilitates the pH increase which provides the optimum condition of struvite
recovery as it increases from pH 8 to up to 9.3 [88]. Moreover, Li et al. [89] found that
the pH of mixed greywater ranged between 6.3 and 8.1. The used substrates were
alkaline, with the urine being within the recommended pH range of 8-9.5 for optimal
nutrient recovery [88]. Furthermore, the collected urine samples were pale yellow and
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turbid in appearance likely due to large concentrations of phosphates. In addition,
greywater was deficient in phosphate and ammonia, which can be attributed to the use
of phosphorus-free detergent in the laundry water and the exclusion of feces and urine.
In the literature, the NH4" in the greywater and centrate was reported in the range
between 1.7 and 34.3 [89] and 82 to 86 mg/L [90], whereas, the PO4* ranged from 0.11
to 22.8 [89] and 59 to 222 [90] mg/L, respectively.

The COD and sCOD were measured for urine, centrate, and greywater to determine the
total and soluble organic matter concentration. The COD was highest in the centrate
(4135 mg/L), followed by urine (1343 mg/L) and greywater (210 mg/L). Nevertheless,
the soluble fraction of COD was highest in urine, measured at 40% of the total COD,
followed by centrate (34%) and greywater (8%). Furthermore, the COD concentration
of the stored urine was found to range from 3,900 [91] to 11,300 mg/L [68], which was
higher than the results obtained in the current study. The high COD values of urine in
the literature can be attributed to the method of collection, where the urine is typically
separated and collected from a urinary. The COD of the centrate was found to range
from 201 [92] up to 4,750 mg/L [93]. The centrate COD concentration in the literature
varied significantly based on the type of the source wastewater. Similarly, the greywater
characteristics showed significant variation in the literature depending on the living
habits of the population involved and the cleaning products used [94]. The COD of
greywater in the literature was found to be as low as 100 mg/L reaching 3,000 mg/L

when the concentration of kitchen waste was relatively high [95].

The parameters shown in Table 5-1 were mostly in agreement with previous studies
examining similar samples. For instance, the ORP of greywater was found to be in the
range of 130 to 350 mV in the literature, while its alkalinity ranged between 3267 and
3407 mg CaCOgz/L which is higher than the obtained result in this study [96]. The
measured EC for urine was 40% greater than that reported in previous studies at 11.14

uS/cm [68], indicating higher nutrients levels in the collected urine samples [97].

5.2.  Treatment Efficiency

The treatment efficiency of the anolyte (urine, centrate, and greywater) was determined
in terms of SCOD, NH4*, PO, and Mg?* as described in sections 3.3.1.4 and 3.3.1.5.
Figure 5- 1 demonstrates the removal efficiency of Cell-1-U, Cell-1-C, and Cell-1-G. In

all cells, NH4"showed the highest removal efficiency among the nutrients as it could be
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easily converted to free ions under alkaline conditions, where it can potentially enhance
nutrient recovery. The high removal efficiency of NH4* at the cathodic chamber of Cell-
I-U could also be attributed to the accelerated urea hydrolysis of ammonium ions as a
result of urine storage [61]. The removal efficiencies of PO4* and Mg?* at the cathode
of Cell-1-G were in close proximity at 76.4 and 74.7%, respectively. On the other hand,
the treatment efficiency of Mg?* was the lowest among the recovered nutrients in all
cells, as it is typically considered the limiting nutrient in most of substrates [61], [67]—
[69], [71]-[73], [75], [77]. The sCOD removal at the anolyte of Cell-1-G was the lowest
due to the complex organic compounds contained in greywater resulting in a relatively
longer lag period and shorter stable electricity generation phase, as reemphasized later.
In contrast, the sSCOD removal of Cell-1-C was found to be the highest, which could be
attributed to the high soluble organic content of the centrate leading to the maximum
electricity yield. Overall, the centrate achieved the highest sSCOD removal as it was
reduced from 1,390 to 32 mg/Il, which agreed with the electricity output results. On the
other hand, greywater had the lowest SCOD removal efficiency of 58.8%. Moreover,
the sCOD fraction of urine decreased by 75.3%, which is in line with the findings of

[68] where a 70% sCOD removal was reported in the application of MFC with urine.
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Figure 5- 1: Removal efficiency of sCOD, NH4*, PO4 %, and Mg?* in Cell-1-U, Cell-11-U, Cell-I-C, and
Cell-1-G.

Table 5-2 summarizes the final effluent quality of Cell-1-U, Cell-11-U, Cell-I-C, and
Cell-1-G in terms of SCOD, NH4*, PO4 %, and Mg?*. In terms of sCOD, Cell-I-G had
the lowest effluent concentration (7 mg/L) compared to Cell-1-U which had 99 mg/L
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with a removal efficiency of 60%. The removal efficiency of sSCOD increased to 24 and
22% in the 2" phase for Cell-U and Cell-I-C, respectively. Moreover, the Mg**
concentrations in Cell-1-U, Cell-I-C, and Cell-I-G were 48, 77, and 61 mg/L,
respectively which are lower than the allowable limits by the world health organization
(WHO) and United States department of agriculture (USDA) [98], [99]. Furthermore,
the phosphate concentration in Cell-1-U (106 mg/L), Cell-I-C (67 mg/L), and Cell-G
(123 mg/L) were high compared with the United States environmental protection
agency (EPA) limits of 1 mg/L although the removal efficiency ranged between 76 and
87% [100]. For the NH4", the effluent of Cell-I-G had the lowest concentration (50
mg/L), followed by Cell-1-C (641 mg/L) and Cell-1-U (661 mg/L), in which they were
found higher than the recommended effluent quality of total nitrogen (TN); 10 mg/L.
Although the removal efficiency of phosphates and ammonium was relatively high,
further examination of the nutrient recovery using MFCs was required as discussed later
(section 5.4).

Table 5-2: Summary of the effluent quality and removal efficiency of Cell-U, Cell-C, and Cell-G for
the examined operation phases.

Parameters*
sCOD NH4* PO4 % Mg?
MFC Phase | Phase Il Phase | Phase | Phase |

Eff. Conc. [Rem. Eff.| Eff. Conc. [Rem. Eff.| Eff. Conc. |Rem. Eff.| Eff. Conc. | Rem. Eff. |Eff. Conc.|Rem. Eff.
(mg/L) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%) (mg/L) (%)

Cell-U 99 60 85 84 661 90 106 81 48 65
Cell-C 32 75 48 97 641 91 67 87 77 80
Cell-G 7 98 4 75 50 99 123 76 61 75

* Eff. Conc.: Effluent Concentration; Rem. Eff.: Removal Efficiency
5.3.  Electricity Generation

The voltage readings for the MFC reactors were recorded daily in closed circuit mode.
Figure 5-2 and Figure 5-3 depict the corresponding cell potentials for phases | and I,
respectively. As previously described in 2.3, phase | aimed to investigate the electricity
generation and struvite recovery from the cathodic chamber, while phase Il involved
the recirculation of the treated anolyte to the cathode compartment, followed by struvite
precipitation in the cathodic chamber. Cell-1-U and Cell-1-C lasted approximately 15
days in the acclimatization phase, during which the voltage spiked up to 130 mV for
the former and 200 mV for the latter. On the other hand, Cell-1-G stayed in the lag phase
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for a longer duration (23 days) due to the complex composition, particularly the high
concentrations of detergents, of the collected greywater. Cell-1-C achieved the highest
voltage readings, which could be attributed to the high sCOD concentration of the
centrate (1,390 mg/L) compared to the relatively lower sCOD of the urine (548 mg/L)
and greywater (17 mg/L). A substantial increase in the voltage readings for Cell-I1-C
was observed on day 16 at 188 mV, which peaked on day 32 with a maximum potential
value of 590 mV. Sudden voltage increase has been investigated in the literature and
attributed to changes in pH [101]. Moreover, Cell-1-U demonstrated a gradual voltage
increase from day 16, starting at a potential of 63 mV and reaching the highest reading
(381 mV) on day 28. On the other hand, Cell-1-G experienced a substantial surge in
voltage reading on day 24 increasing from 13 to 439 mV (the highest recorded voltage).
Although the voltage readings of Cell-1-U had the lowest range (261 to 364 mV) during
the stationary growth phase, the MFC maintained stable voltage readings for a longer
duration (18 days), compared to 11 days for Cell-1-G and 7 days for Cell-I-C. The
extended stable electricity output or stationary phase for Cell-1-U resulted from the
readily biodegradable organics present in the urine. It should also be noted that the three
MFCs had a sudden increase in the electricity output during the expected biofilm
formation stage (day 5 to 10); the electricity had increased to 193 mV for Cell-1-C, 132
mV for Cell-I-U, and 127 mV for Cell-I-G. Such a slight increase in electricity
production had resulted from the consumption of readily biodegradable matter by the

electrogenic bacteria.
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Figure 5-2: Daily voltage readings of Cell-U, Cell-C, and Cell-G for phase | of operation.
Phase Il of operation revealed similar trends for Cell-11-U, Cell-11-C, and Cell-11-G
reactors during the biofilm forming stage. The three cells experienced an acclimation
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period of 13 days on average, followed by an increase in voltage between days 14 and
15. Similar to phase I, Cell-I1-C had the highest voltage of 345 mV. In contrast to phase
I, Cell-11-U achieved the least performance with maximum voltage of 256 mV, whereas
Cell-11-G obtained a cell potential of 343 mV. The low performance of Cell-11-U could
have been caused by the relatively high pH of the catholyte (recirculated treated urine
from phase 1); a pH of 9.3. Overall, Cell-11-C lasted for ~40-day period and remained
in the stationary stage for 22 days which was three times more than Cell-1-C (7 days).
Such longer stationary period could be explained by the bacteria which were already
acclimatized to the substrate during phase 1. Moreover, Cell-11-G was found to have an
overall better performance in terms of the average voltage output during the stationary
phase, where the potential ranged between 224 and 343 mV over a 31-day period;
almost three times more than Cell-1-G (11 days). Although the maximum potential
output of phase Il for the three substrates was lower compared to phase I, the stable

electricity output stage lasted longer (9-31 days).
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Figure 5-3: Daily voltage readings of Cell-U, Cell-C, and Cell-G for phase Il of operation.

The polarization curves of Cell-1-U, Cell-I-C, and Cell-I-G (shown in Figure 5-4) reveal
a maximum power density (Pdmax) Of 1.7, 1.5, and 0.95 mW/cm?, respectively, while
Cell-11-U, Cell-II-C, and Cell-1I-G had a Pdmax of 1.18, 0.82, and 0.73 mW/cm?,
respectively. The results obtained in this experimental work were found to be higher or
within those reported in the literature, as shown in Figure 5-5. Sharma and Mutnuri [68]
reported a maximum power density of a urine-fed MFC of 0.068 mW/cm?, which was
96% smaller than that of Cell-1-U (1.7 mW/cm?). Based on the reviewed literature, no
study had utilized centrate or greywater as feedstock for operating MFCs; nevertheless,
Pepe Sciarria et al. [67] and Fischer et al. [70] used digestate in batch MFC experiments.
Pepé Sciarria et al. [67] reported a power density of 1.42 mW/cm? for a digestate
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sample, whereas Fischer et al. [70] found a maximum power output of 0.031 mW. The
results of Pepe Sciarria et al. [67] were in close proximity to the power density of Cell-
I-C (1.5 mW/cm?). In comparison, the power output reported by Fischer et al. [70] was

significantly lower than the present experiment (97.5 mW in Cell-1-C).
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Figure 5-4: Phases | and Il polarization comparison of a) Cell-U, b) Cell-C, and c) Cell-G.

The obtained Pdmax from the examined MFCs (Cell-U, Cell-C, and Cell-G) for phases
I and Il were compared with the literature based on the utilized substrate, as depicted
in Figure 5-5. The electricity production from the substrates used in this study was
found to be relatively high compared to the reported power density in the literature
[13],[47],[36],[102]-[103]. The highest average Pdmax from the literature was reported
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using simple non-acetate compounds as a substrate (23 mW/cm?) which was 46, 57, 39,
65, 60 and 66% higher than Cell-1-U, Cell-11-U, Cell-I-C, Cell-11-C, Cell-1-G and Cell-
I1-G, respectively. Moreover, the surface power density of Cell-1-U was found to be
higher than acetate (38%), domestic wastewater (79%), industrial wastewater (16%),
swine wastewater (89%), and leachate (63%). Similarly, Cell-1-C was found to be
higher than acetate (39%), domestic wastewater (63%), swine wastewater (87%), and
leachate (57%). On the other hand, the power output of Cell-I-G was higher than
domestic wastewater (63%), swine wastewater (81%), and leachate (35%). Phase II
cells were found to be 17 to 84% higher than domestic wastewater, swine wastewater,
and landfill leachate. As mentioned earlier, no studies were conducted on the treatment
and nutrient recovery of greywater and centrate in MFCs; hence no comparison of the
electricity data was performed for these substrates. The surface power density values
of the current study for the utilized substrate were found to be within the range of the

literature which proves the efficiency of the MFC in terms of electricity generations

capability.
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Figure 5-5: Maximum power density in the present experiment compared to previous studies.
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5.4.  Struvite Recovery

The theoretical phosphate recovery was calculated based on the precipitated struvite,
compared to the actual recovered phosphate, as shown in Figure 5-6 for a volume of
700 mL. Cell-11-U produced the highest precipitate quantity (1.7 g), followed by Cell-
I-U (1.5 g), Cell-1-C (1.3 g) and Cell-I-G (0.3 g) as depicted inFigure 5-7. The physical
characteristics of all samples were similar in which all were in powder form, however
the urine precipitate exhibited darker color (brownish). The theoretical potential
phosphate recovered was calculated as the phosphate removal amounts. The phosphate
recovery efficiency was found to be 56% for Cell-1-U, 23% for Cell-11-U, 36% for Cell-
I-C, and 48% for Cell-1-G. Such low efficiency can be attributed to the losses of the
precipitate that were washed out during reactor decanting. Improving the decanting
mechanism is expected to increase the phosphate recovery as reported in the literature,

where the efficiency of recovery can reach 90% [68].

O Theortical Value Actual Value

Recovered Phosphate

Cell-1-U Cell-11-U Cell-C Cell-G

Figure 5-6: Comparison between theoretical and actual recovered phosphate.

Figure 5-7: Samples of struvite recovered from greywater, centrate, urine (phase 1), and urine (phase 1)
in order from left.

5.5.  Struvite Morphology Analysis

Figure 5-8 shows the XRD results of the precipitate formed in Cell-1-U, Cell-I-C, and
Cell-1-G. The XRD was used to indicate the composition of the collected precipitate
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using a known struvite sample as the reference. The results revealed that the dominant
elements in all samples were P, Mg, and N, which constitute the composition of a
typical struvite sample [76]. The elements P, Mg, and N had similar intensity counts
for all tested precipitate samples. Moreover, the peaks were similar in all tested
samples; nevertheless, the centrate had a distinguished relatively high peak at 20. The
peaks between 23 and 25 ko represent NH4*, whereas the range between 19.4 to 20.8
represent magnesium element [104]. Moreover, peaks at a ko greater than 26 up to 28

represent phosphorus.

10 Struvite Cell-U Cell-C ——Cell-G

30

N
o

o

Intensity (Counts)
(=Y
o

20 21 22 23 24 25 26 27 28 29 30
20 (Cu K-alpha)

Figure 5-8: X-ray diffraction sample analysis of the anolyte, catholyte and precipitate analysis.

To verify the XRD results, the precipitate samples were further analyzed using XRF
spectroscopy, shown in Figure 5-9. The dominantly present elements included Mg, P,
N, Zn, Ca, and K. For the nitrogen, the highest concentration was detected in Cell-I-G,
followed by Cell-I-C and Cell-1-U. The quality of Cell-I-G was relatively higher
compared to Cell-1-U and Cell-I-C as the P, N, and Mg were highly detected compared
to other elements. The presence of Zn in Cell-I-U can be justified by the typical
presence of Zinc in concentrated fresh urine with a concentration of 15 mg/L [105].
Moreover, it also exists in high concentrations (up to 700 mg/L) in detergents present
in greywater [106]. It should be noted that the fluorescence counts indicate the presence

of the element in the sample as it has emitted X-rays.
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Figure 5-9: X-ray fluorescence analysis of precipitated struvite for urine, centrate, and greywater
samples.

The precipitates were also verified using FTIR analysis, where Cell-1-U, Cell-I-C, and
Cell-1-G samples were compared to a reference struvite sample, as shown in Figure 5-
10. The peaks from 3,430 to 3,370 cm™ and 2,600 to 3,780 cm™ represented the water
in the sample [107]. All three curves showed a peak between 1,081 and 1,085 cm™
indicating the presence of PO% in the samples. Furthermore, peaks at wavelengths of
1,414 and 1,457 cm™ were observed, representing the N-H bond. The wavelengths
between 2,850 and 2,935 cm™ demonstrated the NH4* spectrum [108]. The peaks and
drops in all three samples were similar, with a difference in the transmittance
percentage. Cell-I-G sample had the lowest transmittance in the spectrum between
2,350 and 3,350 cm™?, indicating lower concentrations of the aforementioned functional
groups. Overall, the present functional groups in the FTIR-analysed precipitates
indicated the absorption of the struvite sample.

— —Cell-U eeeeeeee Cell-G

Cell-C  —— Sruvite

Transmittance (%)

]

D o e

hs

350 850 1350 1850 2350 2850 3350 3850

Wavelength (cm™)

Figure 5-10: Comparison of the Fourier transform-infrared spectroscopy results for reference struvite
with tested precipitate samples.
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The morphology and elemental composition analysis of the precipitated samples were
conducted using SEM-EDS. Figure 5-11a and b show the SEM images of the struvite
sample collected from Cell-1-U. According to Damalerio et al. [109], a pure struvite
sample exhibits a rectangular shape, while Rahman et al. [110] asserted that struvite
could also have a rod-like or irregular shape [75, 76]. The sample collected from Cell-
I-U showed an elongated structure (needle shape) with a length of 16.6 um which is
typical of struvite samples [74]. The precipitate formed in Cell-1-U was impure due to
the fine glass filter paper used during sample collection. The shape and purity of the
struvite crystal was mainly affected by the presence of Ca?* [111]. Moreover, Figure 5-
11c shows the EDS analysis, where the composition included O, Mg, P, and N, in
addition to other competitive ions such as Na, Ca, and ClI, are indicated. Other pollutants
available in the sample included Si, B, and Al. The analysed sample contained almost
50% B, 27% O, 13% C, 1% of Mg, N, and P. In this sample, high level of impurity
could be detected which was reflected by the high concentration of B in the sample

which originates from the silicon sealant of the operated reactors.

The SEM-EDS analysis was also performed for the sample precipitated at Cell-11-U;
the 2" stage constituted nutrient recovery using recirculated anolyte. The SEM images
and the corresponding EDS analysis are presented in Figure 5-12. The formed struvite
varied from small needle-like shape (7 um) to larger rod-like crystals (11 pm). The size
was relatively small compared to Cell-1-U which can be attributed to the high
percentage of Ca®* (2.5%) compared to 0.3% for Cell-1-U [111]. The major composition
of the sample included O (50%), C (20%), P (13%), Mg (11%), and Ca (2%). The SEM
images shown in Figure 5- 13a and b for the samples that precipitated in the cathodic
chamber of Cell-I-C revealed a more defined rod-like crystals, compared to Cell-1-U,
with a length ranging from 50 to 70 um. The elemental composition depicted in Figure
5- 13c showed a higher absorbance of P and Mg than the Cell-1-U sample. Moreover,
Ca, K, Cl, Na, and C were found with similar absorbance compared to Cell-I1-U
composition analysis. The composition of the sample mainly contained O (53%), P
(13%), Mg (12%), C (11%), N (4%), Na (3%), CI (2%), and Ca (0.3%) The purity of
Cell-1-C sample was higher compared to Cell-1-U as the percentage of competitive ions
were relatively less. The SEM-EDS analysis of the Cell-1-G precipitates exhibited
different properties to those of Cell-1-U and Cell-I-C in terms of crystal shape, length,

and elemental composition, as shown in Figure 5-14. The crystal morphology showed
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a smooth surface with a length of 30 um and a cube-like structure. Moreover, oxygen
constituted 52% of the total sample by weight, followed by C (12%), Mg (10%), and P
(9.2%). The Si, Na, K, Al, and Ca elements were found at less than 9%. Wang et al.
[112] reported that EDS measurements of nitrogen are inaccurate as they are

characterized by low emissions measured in electronvolts (keV).
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Figure 5-11: Scanning electron microscope images of Cell-1-U precipitate with a horizontal field width
of a) 104 um, b) 41.4 um, and c¢) energy-dispersive spectroscopy analysis.
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Figure 5-12: Scanning electron microscope images of Cell-11-U precipitate with a horizontal field width
of a) 208 um, b) 41.5 um, and c¢) energy-dispersive spectroscopy analysis.
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Figure 5- 13: Scanning electron microscope images of Cell-I-C precipitate with a horizontal field width
of a) 207 pm, b) 104 wm, and c) energy-dispersive spectroscopy analysis.
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Figure 5-14: Scanning electron microscope images of Cell-1-G precipitate with a horizontal field width
of a) 207 pm, b) 104 wm, and c) energy-dispersive spectroscopy analysis.
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Chapter 6. Conclusion and Future Work

Phosphorus is essential to sustain natural life as well as many industries, however, this
element suffers from the excessive consumption and depletion of its finite rock
reserves. As wastewater is an abundant source of phosphorus, the demand for
sustainable treatment technologies that can recover phosphorus, particularly in the form
of struvite, has increased. Considering that wastewater treatment is also known to be an
energy-intensive process, MFCs have emerged as a potential technology for concurrent

energy harvesting, organic treatment, and more recently, nutrient recovery.

In this study, single-batch and sequencing batch operating mechanisms were
investigated using dual-chamber MFCs to identify the optimum configuration for
phosphorus recovery as struvite. In addition, the effect of various substrates, namely
urine, centrate, and greywater, on struvite formation was assessed. The MFC
performance was evaluated based on electricity generation, organic removal efficiency,
and struvite recovery. The treated effluents were characterized, and solid precipitates
were analyzed using SEM-EDX, FTIR, and XRF to detect and characterize the
morphology of the formed struvite. The main outcomes of the current experimental

research work are summarized as follows:

1. The general characterization tests showed that the TS and VS content was the
highest in urine with values of 40 and 34 mg/L, respectively. The collected urine
samples contained the highest fraction of readily biodegradable organics at
41%, followed by the centrate at 34%, while the greywater had the lowest
fraction (8%). Results indicated the presence of relatively higher organic
content in urine. The examined substrates were alkaline, with the urine being
within the recommended pH range of 8-9.5 for nutrient recovery.

2. Based on the electrochemical measurements, the EC analysis revealed that the
three substrates were highly conductive, with urine being slightly higher (17.85
uS/cm) than greywater (15.49 uS/cm) and centrate (15.38 uS/cm). The centrate
had the highest ORP, which could lead to a higher electron transfer between the
anolyte and catholyte.

3. The nutrient results revealed that relatively high NH4*, POs*, and Mg?*
concentrations were found in urine and centrate, with the highest in the urine

samples. The greywater was deficient in both phosphorus and ammonia, which
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was attributed to the use of phosphorus-free detergent and the exclusion of feces
and urine. In all the MFC reactors, NH4" showed the highest removal efficiency
among other nutrients. The removal of NHs" from greywater was the highest
(99.2%), followed by urine (92.4%) and centrate (92.2%). The high removal
efficiency of NH." at the catholyte of the urine fed MFC was attributed to the
accelerated urea hydrolysis of ammonium ions. The removal of Mg?* was the
lowest in all scenarios, as it is considered the limiting nutrient in most of the
substrates. Mg?* removal in centrate was the highest, followed by greywater and
urine at 80.4, 74.7, and 64.9%, respectively. The removal efficiencies of PO4*
and Mg?* at the catholyte of the greywater-fed cell were in close proximity at
76.4 and 74.7%, respectively. The relatively lower removals found in the
greywater and centrate cells can be due to the lower PO concentrations in
those samples.

. The organic analyses indicated that the COD was highest in centrate (4,135
mg/L), followed by urine (1,343 mg/L) and greywater (210 mg/L). The soluble
fraction of COD was highest in urine, in which it comprised 40% of the total
COD, followed by centrate (34%) and greywater (8%). The organics removal -
in terms of sCOD - at the anolyte of the greywater-fed MFC was the lowest
(58.8%) due to the complex organic compounds contained in greywater
resulting in a relatively longer lag period and shorter stable electricity output
phase. The sCOD removal of centrate-fed MFC was found to be the highest,
where it declined from 1390 to 32 mg/l, which can be attributed to the high
soluble organic content of the centrate.

. The electrical measurements showed that the daily voltage readings for
greywater-fed MFC lasted for the longest duration in the lag phase (23 days)
compared to 15 days in the urine and centrate-fed MFC. The highest voltages
recorded from the urine, centrate, and greywater-fed cells were 381, 590, and
439 mV, respectively. The stationary growth phase lasted longer in the MFC
with urine substrate (18 days) as a result of the readily biodegradable organics,
compared to 11 and 7 days for greywater and centrate, respectively.

. The phosphate recovery was measured and also theoretically calculated based
on the struvite precipitation experiments. The greywater fed MFC produced
(actual) the highest precipitate quantity (1.5 g), followed by centrate (1.3 g) and
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urine (0.3 g). The phosphate recovery efficiency was found to be 56% for the
MFC with urine as substrate, 36% for centrate, and 48% for greywater as well
as 23% for the urine samples during phase II.

The struvite precipitate morphology analysis using XRD revealed that the
dominant elements in all samples are Ca, K, P, Mg, and N, which constitute the
composition of pure struvite. The XRF analysis revealed that the dominant
elements included Mg, P, N, Zn, Cl, and K. The highest N concentration was
detected for the greywater sample, followed by centrate and urine samples. The
FTIR curves showed the presence of water molecules, PO4*, and the N-H bond
at their specific wavelengths. The SEM images showed a difference in struvite
crystal shape, where the urine sample was needle-like with a length of 16.6 um,
compared to rod-like crystals (50 to 70 um in length) in the centrate sample, and
smooth surface with a 30 um length and a cube-like structure in the greywater
sample. Phase 11 analysis resulted in variation of the formed struvite varied from
the small needle-like shape (7 um) to the larger rod-like crystals (11 um). Phase
I was characterized by relatively smaller precipitate size compared to struvite
from phase | as a result of the high percentage of Ca?*. The EDS analysis of the
three samples showed that the elemental composition included O, Mg, P, and N
in addition to traces of Na, Ca, and ClI.

The treatment efficiency of the MFC was based on the removal of COD and the
final effluent concentration which was highest for the greywater with removal
efficiency of 98% and final effluent concentration of 4 mg/L.

The performance of MFC in terms of electricity output was determined
compared to the previous literature which was found to be in range for all
substrates.

The success of struvite recovery from the MFC was based on morphology

analysis results that were confirmed with the literature.

Based on these findings, the main aim of the current study was achieved and a key gap

in the literature was filled with regard to the comparative experimental assessment

between batch single-stage and sequencing two-stage (using recirculated anolyte)

operation modes as well as the performance of MFC in terms of electricity generation,

treatment efficiency, and struvite recovery using unconventional substrates. Such

outcomes are expected to prompt research on the potential of struvite recovery using
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nutrient-rich substrates such as centrate. Moreover, the results of the present study show
the potential of cost savings upon the replacement of conventional chemical buffers in

the MFC to recirculated anolyte in the two-stage operation mode.

The present study shows the potential cost-savings from the recovery of struvite using
the implemented MFCs, therefore future financial analysis can be carried out.
Moreover, the reduction of chemical use during MFC operation (recirculated anolyte)
also has the potential of improving the environmental performance. In order to support
such results a comprehensive environmental and financial life cycle analyses are
recommended. In terms of MFC operation, additional exploration of the two-stage
mode is required to study the effect of the catholyte pH on the overall cell performance.
Other areas of research that need to be explored, include the effect of the different
greywater compositions on the treatment efficiency and electricity generation potential
of the MFC as well as the corresponding impact on nutrient recovery. Moreover, the
work conducted on studying the different operating modes using lab-scale MFC
reactors will facilitate up-scaling to pilot- and full-scale stacked MFCs towards the

commercialization of the technology.
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Figure S 1. Scanning electron microscope results for urine sample during operation phase I.
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Figure S 2. Scanning electron microscope results for urine sample during operation phase Il.
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Figure S 3. Scanning electron microscope results for centrate sample during operation phase I.
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Figure S 4. Scanning electron microscope results for greywater sample during operation phase I.
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