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ABSTRACT

The biodiesel industry produces large volumes of biodiesel wastewater (BDWW) during the
purification of crude biodiesel. This wastewater is characterised by high concentrations of
chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solids (TSS),
and fats, oils and greases (FOG) which in turn defines BDWW as a highly polluted effluent. The
low nitrogen and phosphorous content of BDWW creates an unfavourable environment for the

growth of microorganisms, thereby making it difficult to degrade naturally.

Biodiesel companies discharge untreated non-compliant wastewater directly to the municipal
sewer system. Treatment prior to discharge is a necessity since the disposal of untreated BDWW
may raise serious environmental concerns (i.e. disturbance of biological ecosystems) resulting in
penalties liable by non-compliant companies due to the implementation of the waste discharge
charge system (WDCS) which is regulated by the industrial waste discharge standard limits in
South Africa (SA).

This study aimed to combine the advantages of the conventional anaerobic baffled reactor (ABR)
system with microbial fuel cell (MFC) technology resulting in an innovative technology used to
treat high strength industrial BDWW at ambient conditions. Many studies have reported effective
treatment of BDWW, however to date literature implementing an ABR equipped with MFC

technology has not been reported.

The main objectives of the study were to determine which parameters do not meet the industrial
wastewater discharge standard limits, whether pH and carbon:nitrogen:phosphorous (C:N:P) ratio
adjustments will suffice prior to treatment with the ABR-MFC, the maximum power density (PD)

as well as to determine the treatment efficiency of the ABR-MFC.

BDWW obtained from a local biodiesel production plant employing alkali-transesterification of
waste vegetable oil, was fed to the ABR-MFC at three organic loading rates (OLR) (1.15, 1.98 and
3.46 kg COD/m3.day) as well as a constant hydraulic retention time (HRT) of 10 days. The ABR-
MFC successfully reduced the COD, FOG and TSS by 64.55%, 99.96% and 98.55%, respectively
during OLR 3 while achieving a maximum PD of 296 mW/m? at a current density of 4.69 mA/m?

and an internal resistance of 280.69 Q.

The COD concentration of the BDWW was the only parameter after treatment to not meet the
industrial wastewater discharge standard limits. The COD could be further reduced by including a

post-treatment step to further reduce the COD contained in BDWW.



The 6-compartment single-chamber membrane-less ABR-MFC successfully treated industrial
BDWW while simultaneously generating electricity without the need for a pre-treatment step and
the implementation of a recycle stream. However, more research should be conducted to increase
system efficiency regarding COD removal and the maximum PD achieved by the laboratory scale
ABR-MFC system.

This research would benefit biodiesel industries in the Western Cape (South Africa), with an option
to meet the industrial wastewater discharge standard limits imposed by the City of Cape Town.
Biodiesel industries could potentially reduce their carbon footprint (i.e. reduce their environmental
impact) and benefit financially by potentially eliminating or reducing penalties resulting from the
implementation of the waste discharge charge system. Ultimately, this research would provide
baseline information for future researchers in the field of BDWW treatment with MFC technology

since this research could be fundamental for scale-up to pilot- and full-scale systems.
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GLOSSARY

Terms Definition/Explanation

Acetogenesis Process where acetate-forming bacteria produce
acetate (Gerardi, 2003).

Activated Carbon A highly porous substance produced via heat
treatment of raw materials in the absence of air in

order to increase its adsorptive power (Nill, 2016).

Activated Sludge (AS) Active biomass in the form of solids which are formed
during the treatment of wastewater via the activated
sludge process (Spellman, 2014).

Alkalinity Measure of the ability of water to neutralise acids [ppm
CaCOg3] (Spellman, 2014).

Anaerobic Pertains to conditions where there is an absence of
oxygen/air (Judd, 2010).

Anaerobic Baffled Reactor (ABR) Watertight chamber equipped with a series of baffles
which directs the flow of wastewater through active
biomass (i.e. sludge) (Judd, 2010).

Anode Negative electrode where oxidation occurs (Garverick,
1994).

Biological Oxygen Demand (BOD) Measure of the oxygen, necessary to maintain
sufficient levels of living microorganisms, present in

water [mg/l] (Spellman, 2014).

Catalyst Substances that increase the rate of a chemical
reaction (Gerardi, 2003).
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Cathode Positive electrode where reduction occurs (Garverick,
1994).

Chemical Oxygen Demand (COD) Measure of the organic compounds present in water
[mg/l] (Judd, 2010).

Contamination Deterioration of the quality of water sources
(Spellman, 2014).

Current (i.e. electric current) Rate at which electrons move through an external
circuit [A] (Pletcher & Walsh, 1993).

Current Density Amount of electric current flowing per unit of electrode

surface area [A/m?] (Garverick, 1994).

Coulombic Efficiency The number of electrons recovered as electrical
current compared to the total number of electrons in
the substrate (Logan, 2008).

Diffusion A spontaneous process that occurs in order to obtain
a uniform concentration gradient between a site of
higher concentration and a site of lower concentration
[m?/s] (Spellman, 2014).

Fats, Oils and Grease (FOG) Measure of dispersed and dissolved oil contained in
the wastewater (Stewart & Arnold, 2009).

Fouling Process which causes a decrease in system
performance due to accumulation of deposits (Judd,
2010).

Hydraulic Retention Time (HRT) Measure of the average length of time which a soluble

particle remains within the reactor [days] (Drioli &
Giorno, 2010).
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Mediator A substance used to assist electron transfer from the
cellular membrane of a microorganism to an (external)

electrode (Liu & Ramnarayanan, 2004).

Methanogens Methane producing microorganism (Judd, 2010).

Microbial Fuel Cell (MFC) An electrochemical device which converts chemical
energy into electrical energy through metabolic
processes executed by microorganisms responsible
for the degradation of wastewater (Permana et al.,
2015).

Open Circuit Voltage (OCV) Maximum voltage in the charged state at zero current.
Maximum voltage reachable by a system (Kumar &
Sarakonsri, 2010) at infinite resistance (i.e. open
circuit mode) (An et al., 2009).

Organic Loading Rate (OLR) Rate at which organic material is introduced into a
system [kg COD/m3.day] (Bitton, 1998).

Potential difference (i.e. voltage) Measure of the amount of energy dissipated per unit
charge between two points in an electric circuit [V]
(Bretschneider & De Weille, 2006).

Power (i.e. electric power) Measure of the rate of energy (produced or consumed)
per unit time [W] (Von Meier, 2006).

Power Density (PD) Measure of electrical power per unit area or per unit
volume [W/m? or W/m?] (Smil, 2015).
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CHAPTER ONE:
INTRODUCTION

1.1. Background

The generation of biodiesel wastewater (BDWW) increases as the international demand for
biodiesel fuel increases due to higher oil prices, government targets and incentives (Department
of Minerals and Energy, 2007). Large amounts of highly polluted wastewater (i.e. high strength
wastewater) is produced during the purification of crude biodiesel (Atadashi et al., 2011;
Phukingngam et al., 2011; Siles et al., 2010). It has been reported that the wet washing process
(i.e. purification of crude biodiesel) can result in 3 litres of wastewater per litre of biodiesel
produced (Steiman et al., 2016). In 2011 the global biodiesel industry generated an estimate of
13 000 m?®to 193 000 m® of BDWW per day (Veljkovi¢ et al., 2014).

The commercial biodiesel production company (i.e. industrial partner), that agreed to supply
BDWW for the duration of this research study, discharges non-compliant wastewater directly to
the municipal sewer system. Currently, this company is using an ineffective wastewater treatment
system prior to disposal of the produced BDWW. The treatment system currently used by the
company does not reduce the organic contaminants (i.e. chemical oxygen demand (COD) and
fats, oils and grease (FOG)) contained in the BDWW to within the industrial wastewater discharge
standard limits. BDWW has many other characteristics besides the COD and FOG, which might
not meet the industrial wastewater discharge standards (Daud et al., 2014; Austic & Lobdell,
2009).

If the company continues to discharge the ineffectively treated BDWW, which has significant
impact on the environment, they will soon have to deal with penalties resulting from the
implementation of the waste discharge charge system (WDCS) (Pegram et al., 2014) which in turn
will increase the cost of their biodiesel production process. It is therefore necessary to analyse the
BDWW to determine which parameters do not meet the industrial wastewater discharge standard
limits and run a preliminary evaluation of a modified anaerobic baffled reactor (ABR) equipped

with microbial fuel cell (MFC) technology for the possible treatment of industrial BDWW.

1.2. Problem statement

A commercial biodiesel production company, located in the Western Cape, discharges non-

compliant BDWW with regard to COD and FOG, directly into the municipal sewer system. Direct



discharge of large amounts of non-compliant BDWW to municipal sewer systems can cause
serious environmental problems (Steiman et al., 2016; Daud et al., 2014; Veljkovi¢ et al., 2014;
Atadashi et al., 2011), such as reduced microbial activity and clogging of municipal sewer systems
(Veljkovi¢ et al., 2014). Appropriate treatment of this wastewater is therefore a necessity for
environmental sustainability due to the high pollution levels and large amounts of wastewater
associated with biodiesel production (Daud et al., 2014; Veljkovi¢ et al., 2014; Austic & Lobdell,
2009; Suehara et al., 2005).

1.3. Research questions

The following research questions will be answered during this research study:

1. Is it possible to reduce the COD and FOG in BDWW to a value which is acceptable for
discharge into the municipal sewer system by only adjusting the pH and
carbon:nitrate:phosphate (C:N:P) ratio of industrial BDWW prior to treatment with the ABR-
MFC system?

2. How does changes to the organic loading rate (OLR) of the system feed influence the

power generated by the ABR-MFC system?

1.4. Aim and objectives

The focus of this study was to successfully reduce the organic matter concentration (i.e. COD and
FOG) in industrial BDWW, so as to meet the South African (SA) industrial wastewater discharge
standard limits, using a hybrid ABR-MFC system at ambient conditions while simultaneously

generating electricity.
The objectives of this study were to:

1. Evaluate and determine which parameters do not meet the industrial wastewater discharge
standards in the BDWW.

2. Evaluate and determine whether pH and C:N:P ratio adjustments are required prior to
treatment with the ABR-MFC system.
Determine the maximum power output generated by the ABR-MFC system.

Determine the treatment efficiency of the ABR-MFC system.



1.5. Research design and methodology

Biological treatment was applied to industrial BDWW in order to evaluate the organic matter
(i.e. COD and FOG) removal efficiency of a 6-compartment bench-scale ABR equipped with MFC
technology. Activated sludge (AS) and anaerobic granular sludge (AGS) was used as inoculum
and biocatalyst in the treatment system. An existing bench-scale ABR, with a working volume of
90.41 litres, was modified into a bench-scale ABR-MFC system where the ABR was used as the
anodic chamber. The single-chamber membrane-less ABR-MFC consisted of the ABR, 6 carbon

fibre brush electrodes and 6 floating air-cathode electrodes.

Daily samples were collected from the ABR-MFC feed and product tanks. The following
parameters were analysed in duplicate: temperature, pH, total dissolved solids (TDS), salinity
(salt), electrical conductivity (EC), turbidity, total COD, total suspended solids (TSS), volatile
suspended solids (VSS), total- and ortho-phosphate (TP and OP) concentration and total nitrogen
(as NOg3z-N) concentration. Biological oxygen demand (BOD) and FOG were analysed by an
independent South African National Accreditation System (SANAS) accredited laboratory.

The potential difference of the ABR-MFC system was monitored and recorded daily in order to
determine the maximum power density of the system. Volumetric flow rate was monitored for each
experimental condition so as to ensure that the correct hydraulic retention time (HRT) was being

applied to the system.

The following engineering aspects were covered during this study:
1. Mass transfer via diffusion of:

a. protons (i.e. cations) from wastewater (i.e. bulk solution/oxidised substrate) to the
gas diffusion layer;

b. protons (i.e. cations) from the gas diffusion layer to air;
dissolved oxygen (DO) in the air to the cathode electrode;

d. electrons from AS and AGS (i.e. microorganism cell structure) to the anode
electrode;

e. electrons from the anode electrode to the copper wire;

f. electrons from the copper wire to the cathode electrode; and

g. oxygen to the anode (possibility) (Jang et al., 2004).

2. Current generation.



1.6. Significance

The main purpose of this research project was to successfully treat industrial BDWW containing
high levels of COD and FOG in a hybrid ABR-MFC treatment system while generating electricity
as a by-product. Since industrial BDWW was used for this study, this research project will be
beneficial to biodiesel companies in SA, using alkali-transesterification of waste vegetable olil
(WVO) and employing the wet washing step to purify the crude biodiesel produced.

Biodiesel production companies will benefit from the implementation of a system which effectively
treats industrial BDWW to within the SA government industrial wastewater discharge standard
limits. These companies will benefit due to a possible elimination or reduction of penalties resulting
from the implementation of the WDCS (Austic & Lobdell, 2009).

This research will contribute to avoiding a reduction in microbial activity in wastewater treatment
plants, due to the large amounts of high strength industrial wastewater being disposed of, as well
as the plugging of municipal sewer systems (Velijkovi¢ et al., 2014). This innovative
biotechnological treatment system will therefore contribute to reducing environmental toxicity

thereby contributing to environmental remediation and promoting environmental sustainability.

This research project also contributes to ensuring that all South Africans have access to clean
running water in their homes thereby contributing to SA’s National Development Plan (NDP)
(National Planning Commision, 2011) which aims to alleviate poverty and inequality by promoting
social inclusion. Since the treatment system generates electricity as a by-product via the use of a
biocatalyst (i.e. microorganisms), energy in the form of electricity will contribute to SA’s design for
sustainability thereby contributing to SA’s energy security in an environmentally friendly manner.
This relates to SA’s NDP which promotes the production of sufficient energy to support industries
at competitive prices and aims to ensure access to electricity for poor households thereby

contributing to the country’s transition to a low-carbon economy.

This study will also provide baseline information for future researchers in the field of BDWW
treatment with MFC technology, since limited research on this topic is available. This study could
therefore be fundamental for scale-up to pilot- and full-scale systems, thereby creating
opportunities for economic growth and jobs, as well as increasing opportunities for growth and
development in rural areas. This research project contributes to expanding SA’s economic
infrastructure, international competitiveness and in turn allows all South Africans to play a leading

role in continental development.



1.7. Delineation

Although electricity generation was observed in the ABR-MFC system, the focus of this research

remained wastewater treatment. The following was therefore not covered during this study:

o Assessment of the efficiency of the electrical energy produced as an energy source
(i.e. energy recovery);

¢ Biogas capture and analysis;

¢ Determination of the coulombic efficiency of the ABR-MFC system;

¢ Microbial metabolic activity;

e Microorganism identification;

e Optimisation and scale-up;

e Product purification (i.e. ultrafiltration (UF) and reverse osmosis (RO) systems, as well as
disinfection);

e The use of a catalyst (i.e. Platinum (Pt)) on the cathode;

e The use of artificial electron mediators (i.e. methylene blue and neutral red) which can be
added to the anodic chamber of an MFC to enhance the efficiency of this treatment
technology;

e The use of a proton exchange membrane (PEM) which allows for proton exchange
between the bulk anode (i.e. substrate) and cathode (i.e. air) solutions; and

e The use of double-chambered MFC systems.
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CHAPTER TWO:
LITERATURE REVIEW

2.1. Introduction

It is well-known that South Africa (SA) is currently experiencing a water (Singh, 2016) and energy
(Cameron, 2015) crisis. In turn, water restrictions and load shedding have been implemented over
the past decade. SA is a water scarce country thus conserving water for future generations is
therefore every resident’s responsibility (Hawker, 2015). However, the daily water usage per
capita in SA exceeds the global average. Nonetheless, South Africans disregard the fact that it is

likely that there will not be enough clean water in the near future (Cloete, 2016).

Municipal by-laws are becoming stricter with regard to the industrial discharge standard limits. As
a result, South African industries are severely penalised if they do not meet these limits. Additional
treatment costs are associated with the disposal of high strength industrial wastewater with
chemical oxygen demand (COD) concentrations of more than 1 000 mg/I (HWT, 2013). In addition,
there would be a reduction in water usage and discharge when methods for treating and re-using
wastewater is implemented thereby assisting in reducing the operational cost of biodiesel
producing companies (Kleine et al., 2002). Mahendra and Mahavarkar (2013), suggested that the
possibility of reducing the treatment costs of biodiesel wastewater (BDWW) exists through
combining biological wastewater treatment and electricity generation by using microbial fuel cell
(MFC) technology.

MFC technology may create more affordable wastewater treatment by offsetting operating costs
if electricity generation in these systems can be increased (Liu & Ramnarayanan, 2004). This
could result in affordable on-site wastewater treatment systems for biodiesel production plants.
Mahendra and Mahavarkar (2013) therefore regard MFC technology as the ultimate solution for a

sustainable renewable source of energy.

2.2. South Africa’s water and energy crisis

SA is a water scarce country with a low average rainfall (De la Harpe & Ramsden, 2008). Drought
is a natural hazard of the country’s climate and will potentially intensify resulting in an increase of
drought area coverage to 90% by 2100 (Water Research Commission, 2015). In 2015, five out of
the nine provinces had been declared disaster areas (Hawker, 2015) with weeks of no water

supply reported in some areas in the Free-State (Singh, 2016). Water restrictions have been



implemented in the past decade to relieve the water crisis currently being experienced in the

country.

South African citizens and industries have a major impact on the country’s water resources on a
daily basis (De la Harpe & Ramsden, 2008). Innovations regarding wastewater treatment
technologies and water efficiency measures could alleviate the South African water crisis (Cloete,
2016) so as to ensure the availability and accessibility of sufficient amounts of water for future

generations, which is the responsibility of every SA resident (Hawker, 2015).

Thelwell (2014) reported that 98% of the available water supply in the country is being used, while
36% of the country’s clean water is being misused (Thelwell, 2014). This amounts to R7-billion in
potable water lost annually (Hawker, 2015). SA’s social and economic development is therefore
dependent on the country’s available water resources (De la Harpe & Ramsden, 2008). The
economic effects of the SA water crisis affect industries, municipalities and households. Food
production is compromised, transportation costs increase, unemployment rates increase and

insufficient amounts of power is available for industrial use (Water Research Commission, 2016).

Level 1 (Table 2.1) water restrictions were in place prior to the implementation of Level 2 water
restrictions on 1 January 2016, due to the Western Cape region being water-scarce (City of Cape
Town, 2016b). The Western Cape received substantially low rainfall in 2016/2017 resulting in the
region being declared a disaster area on 22 May 2017 (Payi, 2017). Consequently, the City of
Cape Town (CoCT) implemented more stringent water restrictions (Level 4a) in the Western Cape
which restricted residential (i.e. domestic) users to 100 litres per person per day (Table 2.1) (City
of Cape Town, 2017b). Nonetheless, the CoCT was unable to achieve the overall target for
collective consumption of 500 million litres per day and therefore implemented Level 4b water
restrictions (Table 2.1) which further restricted residential users to 87 litres per person per day
(City of Cape Town, 2017b; City of Cape Town, 2017c). Although the CoCT received assistance
from residential users, additional restrictions (Level 5) (Table 2.1) were implemented (City of Cape
Town, 2017a) with the aim to reduce consumption in the commercial (i.e. industrial) sector by 20%
(News24, 2017). Level 6a water restrictions, implemented on 1 January 2018, restricted the
commercial and industrial sector to reduce their consumption by 45% in order for them to comply
with level 6 water restrictions (Denita, 2018). On 17 January 2018, Cape Town’s Mayor, Patricia
de Lille, announced that the Western Cape was guaranteed a “Day Zero” situation where the
municipal water supply would not be able to endure the demand (Davis, 2018). Desperately, the
CoCT implemented Level 6B water restrictions on 1 February 2018, which further restricted
Western Cape residents to 50 L per person per day in order to reach a collective daily consumption

target of 450 million litres per day (City of Cape Town, 2018).



The country is facing important challenges as the growth in electricity demand occasionally
outpaces supply. As a result of maintenance backlogs and failure to meet the demand of the
increasing growth in the economic and social development of SA, the country’s largest supplier of
electricity, Eskom, implemented load shedding to prevent complete failure of the national power
system (Van der Nest, 2015).

Table 2.1: Western Cape water restrictions as implanted by the CoCT (City of Cape Town, 2016a;
City of Cape Town, 2017a; City of Cape Town, 2017b; City of Cape Town, 2017c; City of Cape Town,
2017d)

Restriction Irrigation Filling Washing Usage Sector
Effective 9 pools vehicles pp/day Affected
Level 1 CoCT
Prior to 1 Allowed Allowed Allowed Tariffs Domestic
Jan 2016
Level 2 CoCT .

1 Jan 2016 Allowed Allowed Allowed Tariffs Domestic

Allowed - using bucket
Level 3a Prohibited - within 24 hours of rainfall; Allowed Use bucket COCT Domestic
1 Nov 2016 - . - . Tariffs
using hosepipes / automatic sprinkler
systems
Allowed - using bucket (Tue and Sat Manual top- Use non-
Level 3b between 6PM and 9AM (1 hour/day)) up if fitted potable CoCT .
1 Feb 2017 with pool water/ Tariffs Domestic
Prohibited - within 48 hours of rainfall; commercial
. - h cover
using hosepipes / sprinkler systems carwash
Allowed - using non-potable water (Tue
Level 4a and Sat between 6PM and 9AM (1 N N _
1 .3un 2017 hour/day)) Prohibited Prohibited 100 L Domestic

Prohibited - within 7 days of rainfall
Level 4b - - - .

1 3ul 2017 Prohibited Prohibited Prohibited 87L Domestic
Level 5 - - - .

3 Sep 2017 Prohibited Prohibited Prohibited 87 L Industrial
Level 6a - - - Industrial &

1 Jan 2018 Prohibited Prohibited Prohibited 87L Commercial
Level 6b - - - .

1 Feb 2018 Prohibited Prohibited Prohibited 50 L Domestic

*pp = per person

South Africans were first introduced to load shedding in November 2007 (Mushwana & Fourie,
2009) when the stability of the national grid was at risk mainly due to electricity demand outpacing
supply (Van der Nest, 2015). Lasting until the end of January 2008, the electricity supply crisis of
2007/2008 had major impacts on SA traffic, schools, hospitals, industry and business operations
which suffered significant financial losses resulting in the discomfort of thousands of South

Africans (Mushwana & Fourie, 2009). The 2007/2008 electricity supply crisis was largely attributed



to a lack of skills at Eskom and coal-shortages which affected Eskom’s coal-fired power plants at
the time (Van der Nest, 2015).

In November 2014 a coal storage silo at the Majuba power plant, providing SA with approximately
10% of its electricity, collapsed attributing to the recent electricity supply crisis of 2015 (Van der
Nest, 2015). Consequently, it has been reported that the new coal-fired power plants, Medupi and
Kusile, which could contribute a nominal 4 800 megawatt (MW) to the grid once completed
(Environment News South Africa, 2015) were put on hold (wracked) in February 2015 since
construction delays and budget overruns affected the synchronisation of the power plants with the
national grid (Van der Nest, 2015). It is expected that these power plants will only be fully
operational in 2019/2020 (Environment News South Africa, 2015; Van der Nest, 2015).

Eskom’s total capacity is approximately 45 000 MW of electricity (Van der Nest, 2015) while
variations in actual capacity are experienced on a daily basis (Environment News South Africa,
2015). The latter can be as a result of planned and unplanned maintenance as in the case in April
2015 when Eskom lost nearly half of its available capacity (Environment News South Africa, 2015)
forcing the country into stage-three load shedding (Van der Nest, 2015).

Statistics revealed that electricity produced by independent electricity producers increased by
8.51% compared to a 1.82% decrease in electricity production by Eskom in 2013/14. Electricity
imports and exports have increased by 18.55% and decreased by 0.67%, respectively. A 9.4%
increase in the average tariff for standard tariff customers has been announced by the National
Energy Regulator of South Africa (NERSA) for the 2016/17 financial year (Pretorius & Le Cordeur,
2016). Development of electricity outside Eskom can therefore be expected (Van der Nest, 2015).
Investing in renewable energy (i.e. wind and solar) could relieve the country from its energy crisis
as a short to medium term solution since the construction and implementation of these systems
are relatively faster than the implementation of the new coal-fired power plants (Van der Nest,
2015).

Access to electricity is one of SA’s contributing factors to the country’s economic activity. SA’s
economic growth and international competitiveness are therefore affected by the inability of the
country to supply the amount of electricity demanded by consumers (Van der Nest, 2015). The
2015 electricity supply crisis contributed to the closing down of major mining operations in SA
(Mushwana & Fourie, 2009) which strongly affected the exchange rate since the country relies on

its precious metal exports (Van der Nest, 2015).
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2.3. SA environmental legislation on industrial wastewater discharge

Section 24 (a) and (b)(1) in the Bill of Rights contained in the Constitution of the Republic of South
Africa (RSA) states that: “Everyone has the right to an environment that is not harmful to their
health or well-being, and to have the environment protected, for the benefit of present and future
generations, through reasonable legislative and other measures that prevent pollution and
ecological degradation” (Republic of South Africa, 1996). Furthermore, Section 41 (1)(b) of the
Constitution of the RSA stipulates that it is the responsibility of the SA government to secure the
well-being of residents of the country (Republic of South Africa, 1996).

The National Environmental Management Act (NEMA) [No. 107 of 1998] was implemented in
support of Sections 24 and 41 of the Constitution. The purpose of the Act is to protect the
environment by means of the principles set out in the Act thereby ensuring environmental
sustainability for present and future generations. The two maost important principles set out in the
Act is the precautionary principle (Section 2 (4)(a)(vii)) and the polluter pays principle (Section 2
(4)(p)). The precautionary principle stipulates that decisions are approached in a risk-averse and
cautious manner while considering all the relevant factors. The polluter pays principle obliges
those responsible for harming the environment to cover the costs of remedying pollution and

environmental degradation (Republic of South Africa, 1998a).

The National Water Act (NWA) [No. 36 of 1998] was implemented in 1998 in order to ensure that
SA water resources are effectively protected, used, controlled, conserved and managed, thereby
assuring the sustainability of SA water resources (Republic of South Africa, 1998b). The NWA
supports Section 27 of the Constitution which stipulates that “everyone has the right to sufficient
food and water” (Republic of South Africa, 1996). Pollution prevention contributes to the protection
of water resources. The polluter pays principle therefore also applies to the NWA. The person(s)
responsible for polluting a water resource is responsible to cover the costs of remedying the
pollution. It is therefore the responsibility of the person(s) who uses, controls, occupies or owns a
water resource to ensure that pollution is prevented or corrected once polluted (De la Harpe &
Ramsden, 2008).

Unlike the NWA which governs the protection, use, control, conservation and management of
water resources in South Africa, the Water Services Act (WSA) [No. 108 of 1997] governs the
rules followed by local municipalities (De la Harpe & Ramsden, 2008). National standards and
tariffs for water services should be provided by local municipalities since it is the responsibility of
these municipalities as per the rules set out by the WSA (Republic of South Africa, 1998b). The

WSA stipulates in Section 7 (2) that: “no person may dispose of industrial effluent in any manner
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other than that approved by the water services provider nominated by the water services authority

having jurisdiction in the area”. The Wastewater and Industrial Effluent By-law imposed by the City

of Cape Town stipulates the industrial wastewater discharge standard limits which are indicated

in Table 2.2.

Table 2.2: Industrial wastewater discharge standard limits (City of Cape Town, 2012)

Variables and Substances

Maximum Standard

COD 5 000 mgl/l
pH Between 5.5 and 12.0
Settleable Solids (SS) [60 minutes] 50 mgl/l
Suspended Solids 1 000 mgl/l
Total Dissolved Solids (TDS) 4 000 mg/l
Fats, Oils and Grease (FOG) 400 mg/l
Conductivity (EC) 5 mS/cm
Chlorine (as CI) 1 500 mgl/l
Total Sulphates (as SO4%) 1 500 mg/l
Total Chromium (as Cr) 10 mgl/l
Total Copper (as Cu) 20 mg/l
Phenolic Index 50 mg/l
Total Phosphates (as TP) 25 mgl/l
Sodium (as Na) 1 000 mgl/l
Total Iron (as Fe) 50 mg/I
Total Cyanides (as CN") 20 mg/l
Total Sulphides (as S) 50 mg/I
Total Sugars and Starches (as glucose) 1 500 mgl/l
Total Zinc (as Zn) 30 mg/I
Total Arsenic (as As) 5 mgl/l
Total Boron (as B) 5 mgl/l
Total Lead (as Pb) 5 mgl/l
Total Selenium (as Se) 5 mgl/l
Total Mercury (as Hg) 5 mgl/l
Total Titanium (as Ti) 5 mgl/l
Total Cadmium (as Cd) 5 mgl/l
Total Nickel (as Ni) 5 mgl/l
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2.4. Treatment of BDWW

2.4.1. BDWW generation and characteristics

Biodiesel is typically produced via four main processing steps using various feedstocks which
include edible oils (e.g. palm oil, sunflower oil, and olive oil), non-edible oils (e.g. poultry, castor,
and rubber seed) and wastes (e.g. waste cooking oil and municipal sewage sludge)
(Daud et al., 2014). According to Veljkovi¢ et al. (2014), the first step in biodiesel production
includes the conversion of triglycerides and alcohol into glycerol and fatty acid methyl esters
(FAME). Separation of crude biodiesel from crude glycerol follows the first step of biodiesel
production. Consequently, crude biodiesel is purified and separated from the wastewater
generated during the purification step of the production process. The final product is then obtained
by drying the separated biodiesel using ion exchange. In some cases, the process also involves
further processing of crude glycerol (Povrenovi¢ et al., 2014; Veljkovi¢ et al., 2014).

The purification step of biodiesel production via the alkali-catalysed transesterification process of
waste vegetable oil (WVO) is responsible for the generation of BDWW (Leung et al., 2009). It is
claimed that the wet washing process used for biodiesel purification is the most effective method
to remove excess contaminants and impurities contained within the crude biodiesel (Veljkovi¢ et
al., 2014). Depending on the amount of impurities in the crude biodiesel the wet washing process
is usually repeated two to five times with fresh water (Veljkovi¢ et al., 2014; Phukingngam et al.,
2011; Chavalparit & Ongwandee, 2009) in order to ensure that the final product meets the
stringent international standard biodiesel specifications (Daud et al., 2014; Povrenovi¢ et al., 2014;
Berrios & Skelton, 2008) such as the European (EN 14214) and American (ASTM D6751)
standards for biodiesel fuel (Daud et al., 2014; Povrenovic¢ et al., 2014). The wet washing process

therefore results in a large amount of wastewater (Phukingngam et al., 2011).

Typical impurities contained within BDWW include unconverted triglycerides, sodium salts, soap,
glycerol, methanol, and remaining catalyst (Veljkovi¢ et al., 2014). These impurities contribute to
the high content of biological oxygen demand (BOD), COD, total suspended solids (TSS) and
FOG (Daud et al., 2014) which characterise this wastewater as a highly polluted effluent (Veljkovi¢
et al., 2014; Suehara et al., 2005). Consequently, these characteristics are responsible for the

BDWW'’s high viscosity and opaque white colour (Daud et al., 2014; Veljkovi¢ et al., 2014).

Although the FOG content in BDWW is generally very high (Table 2.3), the high content of other
major organic matter contributors (i.e. methanol and glycerol) deems this wastewater significantly
different from other oil-containing wastewater (Phukingngam et al., 2011). The nitrogen and

phosphorous content in this wastewater is extremely low (i.e. 39 mg/l and 4.5 mg/l, respectively
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(Kakarla et al., 2015)) with pH varying between 5.0 and 11.0, thus creating an unfavourable
environment for the growth of microorganisms, and making it difficult for the wastewater to be
degraded naturally (Suehara et al., 2005). Table 2.3 indicates typical values of the main pollutants
present in BDWW, produced during the alkali-catalysed transesterification of different feedstocks,
as reported in literature.

Table 2.3: Typical characteristics of BDWW, produced during the alkali-catalysed transesterification
of various feedstocks, reported in literature

Parameter
Biodiesel
Country pH COD BOD FOG TSS Reference
Feedstock
- [mg/l] [mg/l] [mg/l] [mgfl]
Tallow Thailand 10.0 218 000 - - 79390 Sukkasem etal., 2011
Palm Ol Thailand 10.3 56 400 - 3270 400 Phukingngam et al., 2011
WVO Japan 11.0 14 800 - 15100 2670 Suehara et al., 2005
WVO Thailand 9.8 41 979 1889 1375 680 Pitakpoolsil & Hunsom, 2013
Palm Oll Malaysia 5.0 5900 - 2 680 348 Daud et al., 2015
WVO Spain 104 428 000 - - - Siles et al., 2010
WVO Spain 10.4 428 000 - - - Siles et al., 2011
WVO Thailand 8.9 30980 - 6 020 340 Chavalparit & Ongwandee, 2009
Palm Oll Thailand 9.5 105 000 45 000 11 000 - Rattanapan et al., 2011
United )
WVO ) 6.7 183 62 - - 8 850 Berrios & Skelton, 2008
Kingdom

* All figures in italics have been calculated or converted from the original data by the author of the thesis according to

the calculations shown in Appendix A (section A.1).

2.4.2. Overview of current treatment technologies for BDWW

Several physical and chemical treatment processes have proven to effectively treat oily
wastewater, including the conventional treatment methods such as floatation, coagulation,
biological treatment and membrane separation technology (Yu et al.,, 2013). Although the
combination of these conventional processes might be costly, improved treatment efficiency is
achieved when treating oily wastewater (Padaki et al., 2015). According to Veljkovic et al. (2014)
a typical BDWW treatment process should consist of a physico-chemical process followed by
flotation or sedimentation, a biological treatment process and a reverse osmosis (RO) system.
Similarly, Austic and Lobdell (2009) explain that BDWW treatment requires physical, chemical and
biological treatment steps. Table 2.4 depicts typical BDWW characteristics after various final

treatment processes along with the removal efficiencies of these processes.
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2.4.2.1. Physico-chemical treatment technologies

The physico-chemical treatment method is usually conducted as a pre-treatment step prior to
biological treatment. It involves chemical addition and physical separation of BDWW. In this
method physical treatment such as sedimentation, filtration or floatation usually precedes
chemical treatment which involves adsorption, acidification and flocculation-coagulation or a
combination of these processes (Veljkovi¢ et al., 2014). According to Daud et al., (2015),
flocculation-coagulation is a promising method that can be used as a pre-treatment step for
BDWW since high removal percentages (refer to Table 2.4) have been obtained using this
treatment method. Similarly, Pitakpoolsil and Hunsom (2013) obtained high removal percentages
(Table 2.4) in their study, which aimed at removing pollutants from BDWW using commercial
chitosan flakes as an adsorbent. The major purpose of chemical treatment for BDWW is to cause
coagulation via acidification, prior to the addition of a coagulant or a cationic polymer, thereby
favouring flocculation (Veljkovi¢ et al., 2014).

Table 2.4: Typical removal efficiencies of different treatment processes used for BDWW treatment
accompanied with influent and effluent pH values

pH COD BOD FOG TSS
Process Reference
In  Out Removal [%0]

Up-flow Bio-Filter Circuit (UBFC) 10.0 7.0 50 - - - Sukkasem et al., 2011
Anaerobic Baffled Reactor (ABR) 10.3 7.3 99 - 84 - Phukingngam et al., 2011
Biological Treatment System 11.0 - - - - - Suehara et al., 2005
Adsorption 98 41 90 76 67 89.7 Pitakpoolsil & Hunsom, 2013
Coagulation-flocculation 5.0 - 81 - 97 97 Daud et al., 2015
Electrocoagulation 89 6.1 554 - 98.4 96.6 Chavalparit & Ongwandee, 2009
Dissolved Air Floatation (DAF) 95 6.0 857 85 99.6 - Rattanapan et al., 2011

* All figures in italics have been calculated or converted from the original data by the author of the thesis according to

the calculations shown in Appendix A (section A.1).

Another process which is very effective in separating oily materials from emulsions after chemical
pre-treatment (i.e. acidification and coagulation-flocculation) includes dissolved air floatation
(DAF) (Daud et al., 2014). This method is often employed by dissolving compressed air in BDWW
in order to remove oily materials and solid particles as well as to reduce turbidity (Veljkovic et al.,
2014). In a study conducted by Rattanapan et al. (2011), DAF was combined with an acidification-

coagulation pre-treatment step so as to optimise the operational parameters of DAF for BDWW
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thereby enhancing the efficiency of the treatment system. Removal percentages for their study

can be found in Table 2.4.

2.4.2.2. Electrochemical treatment technologies

Electrochemical treatment is employed as either electrocoagulation or hydrothermal electrolysis
(Veljkovi¢ et al., 2014). During the electrocoagulation treatment process, metallic hydroxide flocs
are formed at the anode and cathode of an electrochemical cell once the wastewater is exposed
to electric current (Veljkovi¢ et al., 2014). Soluble organic compounds and colloids are rapidly
adsorbed and trapped within these large flocs (Siles et al., 2010) which can then either be removed
by sedimentation (Daud et al., 2014) or floatation which is supported by hydrogen produced at the
cathode (Siles et al., 2010). Although this treatment process seems promising; it can only be used
as a pre-treatment step for BDWW (Veljkovi¢ et al., 2014). The latter is supported by the results
obtained (Table 2.4) in a study conducted by Chavalparit and Ongwandee (2009) who attempted
to optimise the electrocoagulation process for the treatment of BDWW. In their study, a COD

removal percentage of 55.43% was obtained at optimal process conditions.

Siles et al. (2011) evaluated the effect of acidification-electrocoagulation and acidification-
coagulation-flocculation pre-treatments of BDWW, in which the COD was found to be 428 000 mg/I
(Table 2.3), with an anaerobic digestion as post-treatment on laboratory scale. The combination
of acidification-electrocoagulation with an anaerobic digestion process achieved a total COD
removal of 99% and was identified as the best process (Siles et al., 2011). The BDWW was firstly
acidified to a pH less than 4.0 by adding sulphuric acid (H.SO4). The BDWW was then centrifuged
at 8 000 rpm for 5 minutes prior to neutralising the aqueous phase with sodium hydroxide (NaOH)
to a fixed pH of 8.07. Prior to conducting the acidification-electrocoagulation pre-treatment
process, the BDWW had a total COD of 252 000 mg/I. Current (12 V (1.5 A)) was applied to the
BDWW via 8 aluminium electrodes in a 5 L continuous stirred tank reactor (CSTR) for 30 minutes.
Metal hydroxide ions were produced from the aluminium ions generated in the process and
hydrolysed in the electrochemical cell. Neutralised particles trapped in the aluminium hydroxide
(AI(OH)3) flocks were efficiently removed by floatation and/or centrifugation after the metal
compounds reacted with the negatively charged particles contained in the BDWW (Siles et al.,
2011).

During hydrothermal electrolysis performed in sub-critical BDWW, ions in the form of free hydroxyl
radicals (OH), and occasionally hydrogen atoms, are formed when water vapour molecules

surrounding the anode are ionised and subsequently collide. In addition, several liquid water
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molecules are broken and reformed into gaseous products such as hydrogen (H), hydrogen
peroxide (H202) and oxygen (O2) which can oxidise many stable organic compounds (Veljkovi¢ et
al., 2014). Nonetheless, post-treatment is a necessity since both methods cannot effectively
reduce contaminants below the industrial wastewater discharge standard limits (Veljkovi¢ et al.,
2014). Electrochemical treatment technologies can however be improved by combining this
treatment technology with other treatment methods; developing innovative, inexpensive electrode
materials; and optimising process conditions and reactor design so as to increase the efficiency
of these systems (Veljkovi¢ et al., 2014).

2.4.2.3. Advanced oxidation treatment technologies

Advanced oxidation processes include ozonation, heterogeneous photocatalysis and the photo-
Fenton process, all of which are considered to be highly efficient physico-chemical processes.
These processes involve the generation of highly reactive oxidising species, such as hydroxyl
radicals (*OH), which are able to degrade organic compounds. It was however reported that these
processes are not appropriate technologies to treat BDWW due to low removal efficiencies
(Veljkovic¢ et al., 2014).

Further investigation regarding all three advanced oxidation processes for BDWW is therefore
required. Additionally, development of innovative devices with larger surface areas; efficient
photocatalysis and innovative catalysts are required for the respective advanced oxidation
treatment technologies. Larger surface areas are required for efficient ozone-wastewater contact
whereas innovative catalysts should function at neutral pH without removal from treated

wastewater (Veljkovi¢ et al., 2014).

2.4.2.4. Biological treatment technologies

Biological treatment technologies have the advantage of effectively treating wastewater with high
organic content while requiring minor operating conditions (Veljkovi¢ et al., 2014). The high
content of biodegradable organic compounds present in BDWW therefore gives the impression of
this wastewater being a promising raw material for microbial degradation (Veljkovi¢ et al., 2014).
However, the characteristics of BDWW can inhibit the growth of microorganisms which makes

biological treatment of this wastewater challenging (Suehara et al., 2005).
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According to Daud et al. (2014), the study of biological treatment technologies for the treatment of
BDWW is limited. This straightforward treatment technology however has low capital investment
and operating costs which deem biological treatment technologies economically favourable when
compared to conventional treatment methods (Veljkovi¢ et al., 2014). In a review conducted by
Veljkovi¢ et al. (2014) it was identified that optimal process conditions are yet to be established
while optimisation of reactor configurations and pre-treatment (i.e. acidification, coagulation, and

electrocoagulation) processes for anaerobic treatment should be investigated in the near future.

Phukingngam et al. (2011) who developed an anaerobic biological treatment system using an
ABR combined with a physico-chemical pre-treatment step (i.e. chemical coagulation and
sedimentation) for the treatment of BDWW reported high removal percentages (Table 2.4) when
the system operated at optimal conditions. In the biological treatment system, an optimal organic
loading rate (OLR) of 1.5 kg COD/m3.day was reported when the treatment system operated at a
hydraulic retention time (HRT) of 10 days. Hence, optimal conditions are a necessity when
commencing biological treatment of BDWW (Veljkovic et al., 2014). Pre-treatment methods are
therefore usually employed prior to biological treatment (Daud et al., 2014). These pre-treatment
methods are usually accompanied with nutrient (i.e. nitrogen and phosphorous) addition and pH
adjustment (Suehara et al., 2005) due to the excessive amount of carbon sources (i.e. residual
oil, methanol and glycerol) contained within BDWW (Veljkovi¢ et al., 2014).

2.4.2.5. MFC treatment technologies

The use of MFC technology has also been investigated for the efficient treatment of BDWW (Daud
et al., 2014). A COD removal percentage of 50% was reported (Table 2.4) in a study conducted
by Sukkasem et al. (2011) who developed an UBFC system combined with a fermentation pre-
treatment step. In a study conducted by Liu and Ramnarayanan (2004), the authors claimed that
their study was the first to report wastewater treatment accompanied by electricity generation

using a single chamber MFC.

During degradation of the substrate (i.e. wastewater) which is used as fuel in the MFC,
microorganisms generate electrons while protons are generated during oxidation of the substrate
(Mahendra & Mahavarkar, 2013). Electrons are transported through an external circuit consisting
of an anode, resistor (i.e. power user) and consequently a cathode (Ravindra, 2015). Water is
generated in the cathodic chamber of the MFC as a result of diffusion of the protons contained
within the solution in the anodic chamber through the proton exchange membrane (PEM) or salt

bridge which separates the two compartments (Mahendra & Mahavarkar, 2013). Figure 2.1
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depicts the basic working principle of an MFC. The anodic and cathodic chemical reactions taking

place in the MFC are shown in Equations 2.1 and 2.2.

Anode Cathode
Effluent Air
. CO, e -
H,O
o
\ 02
H+
., |52 |54
Substrate (fuel) H* é—v H*

Figure 2.1: Working principle of an MFC adopted from Garche et al. (2009)

Anodic reaction (Garche et al., 2009):
C12Hp204; + 13H,0 — 12C0, + 48H* + 48e™ (Eq. 2.1)

Cathodic reaction (Garche et al., 2009):
0, +4e* +4H* > 2H,0 (Eq. 2.2)

Although limited research has been conducted using this treatment technology future perspectives
include the use of inexpensive materials since existing MFCs are equipped with proton exchange
membranes (PEM), precious metal catalysts (i.e. gold (Au) or platinum (Pt)), mediators and
graphite electrodes (Daud et al., 2014).

2.5. Biological wastewater treatment

Biological wastewater treatment became an accepted wastewater treatment practice in the 1930s
(Yang, 2013). Since then, this wastewater treatment method has been extensively utilised to
effectively remove organic contaminants from wastewater (Cheremisinoff, 1996). The main

purpose of biological treatment for industrial wastewater is to reduce the concentration of organic
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and inorganic contaminants present in the wastewater (Tchobanoglous et al., 2003;
Cheremisinoff, 1996). Biological treatment technologies require no chemical addition while
producing low amounts of sludge by consuming minimal energy (Chavalparit & Ongwandee,
2009). This treatment technology is therefore regarded as the most cost effective method for

treating wastewater containing organic impurities (Cheremisinoff, 1996).

The type of biological treatment used is influenced by one of the three existing redox conditions
for biological treatment, namely; aerobic, anoxic and anaerobic (Judd, 2010). Aerobic and
anaerobic processes are the two most familiar types of biological wastewater treatment processes
available (Warden Biomedia, 2014) both of which have been widely utilised for domestic and

industrial wastewater treatment (Yang, 2013).

Aerobic conditions are characterised by the presence of oxygen and are therefore oxygen
dependent (Judd, 2010). Aerobic treatment is considered to be the most effective biological
treatment process with regard to removing organic impurities contained within wastewater
(Templeton & Butler, 2011). The aerobic process is therefore the most frequently used biological

treatment process (Amjad, 2010).

Anaerobic conditions are characterised by the complete absence of oxygen and are therefore
oxygen independent (Judd, 2010). According to Liu and Ramnarayanan (2004), anaerobic
treatment processes are generally used for the treatment of high strength industrial wastewater.
This statement is supported by Judd and Judd (2006) who also stipulated that anaerobic treatment
is usually only considered for high strength waste. The extent of pollution can be controlled by
employing anaerobic treatment (Siles et al., 2010) that could possibly reduce treatment costs (Liu
& Ramnarayanan, 2004) since a potential thermal energy source, in the form of methane, is
produced as a product (Judd, 2010).

According to Spellman (2013), anaerobic treatment comprises two steps. Facultative
microorganisms feed on the organic matter present in the wastewater and produce more
microorganisms, volatile fatty acids (VFA), hydrogen sulphide (H2S), carbon dioxide (COy), some
stable solids and other gases in the first step. The VFA produced in the first step then becomes a
food source for the anaerobic microorganisms in the second step where more microorganisms,
stable solids and methane gas are produced thus completing the anaerobic treatment process
(Spellman, 2013).
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2.5.1. Anaerobic digestion

Although anaerobic treatment may be a time-consuming process associated with long start-up
periods which might produce a prominent odour while generating an effluent with a high organic
concentration, the process has many advantages compared to the conventional aerobic process
(Veljkovic et al., 2014). This energy efficient treatment process requires minimal nutrient addition
and produces small amounts of sludge while converting organic waste into methane (CH,) (Faisal
& Unno, 2001). The anaerobic digestion process involves four degradation stages (Seijan et al.,

2016) which at equal digestion rates, results in efficient anaerobic treatment (Gerardi, 2003).

During the first stage of the process, hydrolysis, hydrolytic bacteria are responsible for the
degradation of complex organic waste (i.e. particulate and colloidal (Gerardi, 2003)) into simpler
soluble organic compounds (Seijan et al., 2016) so that the microorganisms can more readily
digest these compounds (Yadav et al., 2015; Gerardi, 2003). The second stage of the process,
acidogenesis, involves the degradation of simple soluble organic compounds to volatile acids (e.g.
propionic acid (CHsCH»CO;H) (Gerardi, 2003)) and alcohol (e.g. ethanol (CHsCH,OH) (Gerardi,
2003)) by acidogenic bacteria (Seijan et al., 2016). Acetogenic bacteria are then responsible for
converting volatile acids and alcohol into hydrogen gas and acids (i.e. acetic acid (CHz;CO;H) and
acetate (CH3COy)) in the third stage of the process, acetogenesis (Seijan et al., 2016; Gerardi,
2003). The fourth stage, methanogenesis, involves the production of methane and carbon dioxide
as a result of consumption of hydrogen gas and acids by methanogenic bacteria (Seijan et al.,
2016).

Cheremisinoff (1996) describes this four-staged process as a two-phase process consisting of
concurrent absorption and degradation of organic compounds by anaerobic and facultative
microorganisms. The first phase involves the conversion of organic compounds to volatile acids
(i.e. acetic-, propionic- and butyric acids) and results in a decrease in pH. The second phase

involves the conversion of these volatile acids to methane and carbon dioxide.

2.5.2. Implementation of an ABR for the treatment of wastewater

In 1982, Bachmann and co-workers developed the ABR and at the time specified that this
treatment technology showed excellent promise for the treatment of industrial wastewater. Since
then, the ABR has been used to effectively treat a variety of wastewaters varying from low to high
strength (Barber & Stuckey, 1999). This treatment technology is considered to be a robust, high

rate anaerobic digester which has the ability to reduce organic material contained within
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wastewater (Bwapwa et al., 2010). The ABR is equipped with a series of vertical baffles which
reduces microbial washout while directing the flow of wastewater (Figure 2.2) through active

biomass which is likely to rise and settle as gas is produced in the system (Bachmann et al., 1985).

Biogas

N I Il Ifi If Il II_I\

Influent — — Effluent

NN NN NN

Figure 2.2: Schematic of an ABR adopted from Barber & Stuckey (1999)

Various microbial communities may develop within each compartment of the ABR treatment
system due to its unique design. Generally, acidogenic bacteria will dominate in the front
compartments of the ABR where substrate concentrations are higher, while methanogenic
bacteria will dominate towards the end of the reactor. The development of these microbial
communities are however dependent on the type and amount of substrate present along with the
pH and temperature of the system (Barber & Stuckey, 1999). Although the ABR can tolerate major
changes in OLR, the performance of the ABR is largely dependent on the hydrodynamic behaviour
of the treatment system which consequently influences the extent of contact between the
wastewater and microorganisms contained within the reactor (Barber & Stuckey, 1999). It is
recommended that low OLRs and long HRTs be used during the start-up of an ABR treatment
system so as to promote the development of methanogenic bacteria in every compartment of the
reactor (Barber & Stuckey, 1999).

BDWW generated during the purification of crude biodiesel, produced by a small-scale biodiesel
production plant employing alkali-catalysed transesterification of palm oil, was treated by
Phukingngam et al. (2011). In this study a physico-chemical pre-treatment step (i.e. chemical
coagulation and sedimentation) combined with an anaerobic biological treatment system using an
ABR was developed. During the study, they detected a decrease in the pH level of the wastewater
while employing biological treatment with OLRs above 1.5 kg COD/m3.day. These conditions were

regarded as unfavourable for methanogenesis and were attributed to an excessive build-up of
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VFAs. Effective consumption of VFAs was however observed when the ABR was operated at an
optimum OLR of 1.5 kg COD/m?3.day. This was established when the pH levels in the respective
compartments of the ABR remained at approximately 7. The overall treatment process (i.e.
physico-chemical pre-treatment combined with an ABR) resulted in removal efficiencies of 99%
for COD, and 100% for both methanol and glycerol when the ABR operated at this OLR.

Grobicki and Stuckey (1991) specified that a recycle stream is usually implemented when influent
wastewater contains large amounts of toxic substances. Typical organic and inorganic substances
accompanied with their respective toxic concentration levels associated with anaerobic
wastewater treatment are depicted in Table 2.5. The type of wastewater being treated will

therefore encourage whether or not to make use of a recycle stream (Barber & Stuckey, 1999).

Table 2.5: Toxic concentration levels of various organic and inorganic substances usually
associated with anaerobic wastewater treatment (Gerardi, 2003)

Substance / Compound

Toxic concentration (mg/L)

Allyl Alcohol (C3HeO) 100
Acrylonitrile (CsHzN) 5
Benzidine ((CeHaNH2)2) 5
g Chloroform (CHCl3) 10- 16
;‘@E Carbon tetrachloride (CCla) 10 - 20
7 Methylene chloride (CH2Cl2) 100 - 500
g Octanol (CHs(CH2)7OH) 200
© 1,1,1-Trichloroethane (C2HsClz) 1
Trichlorofluoromethane (CCIzF) 20
Trichlorotrifluoroethane (C2ClsFs) 5
Ammonia (NHs) 1500
Arsenic (As) 1.6
Boron (B) 2
Cadmium (Cd) 0.02
§ Chromium cations (Cr6+*) 5-50
é Chromium cations (Cr®*) 50 - 5000
3 Copper (Cu) 1-10
§ Cyanide (CN-) 4
g Iron (Fe) 3]
- Magnesium cations (Mg?*) 1000
Sodium cations (Na*) 3500
Sulphide anions (S%) 50
Zinc (Zn) 5-20
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Bachmann et al. (1985) incorporated a recycle stream into a 5 compartment ABR treating complex
protein carbohydrate wastewater, with the aim of reducing the amount of acid produced in the first
compartment. The incorporation of the recycle stream however resulted in a decrease in system
pH since the ABR was allowed to behave as a completely mixed system. In contrast to the latter,
Barber and Stuckey (1999) stated in their review of ABR treatment systems, that the advantage
of the implementation of a recycle stream is that the pH in the front compartments of the ABR is
increased thereby reducing the toxicity and inhibition of the influent wastewater. A recycle stream
can be used to alter the pH and to dilute high strength influent wastewater (Grobicki & Stuckey,
1991), therefore higher OLRs are possible (Barber & Stuckey, 1999). Although the implementation
of a recycle stream may seem beneficial, the incorporation thereof may cause the ABR treatment
system to return to a single-phase digestion system, resulting in a decrease in overall efficiency
while microbial communities are disrupted and hydraulic dead space is increased (Barber &
Stuckey, 1999).

2.5.3. Advantages and disadvantages of the ABR
2.5.3.1. ABR advantages

According to Barber and Stuckey (1999), the ABR has a humber of advantages when compared
with other anaerobic digestion systems (i.e. up-flow anaerobic sludge blanket (UASB) reactor and
an anaerobic filter). They also specified that one of the major advantages of the ABR system is
that it can separate the various stages of anaerobic digestion, specifically acidogenesis and
methanogenesis, longitudinally down the ABR. This allows for the development of different
microbial populations depending on the conditions within the treatment system (Wang, 2004). The
system therefore performs as a two-phase system (Barber & Stuckey, 1999). Other advantages

that are related to the use of ABR treatment systems include:

e Alternating operation is possible (Barber & Stuckey, 1999);

o Effluent can be reused for horticulture purposes (Bwapwa et al., 2010);

e Highly efficient in treating medium strength, soluble organic waste (Barber & Stuckey,
1999; Bachmann et al., 1985);

¢ High void volume (Barber & Stuckey, 1999; Bachmann et al., 1985); simple design and
inexpensive construction (Faisal & Unno, 2001; Barber & Stuckey, 1999; Bachmann et al.,
1985);

¢ Long solid retention time (SRT), resulting in low sludge production (Faisal & Unno, 2001;
Barber & Stuckey, 1999; Bachmann et al., 1985);
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e Low capital and operating costs (Barber & Stuckey, 1999);

e Low HRT due to high loading rate capability (Faisal & Unno, 2001; Barber & Stuckey,
1999);

e Minimal clogging (Barber & Stuckey, 1999; Bachmann et al., 1985); and

e No mechanical mixing (Barber & Stuckey, 1999), therefore no moving parts
(Bachmann et al., 1985).

2.5.3.2. ABR disadvantages

Due to its simple design, problems are usually associated with maintaining an even distribution of
the influent (i.e. feed) stream in pilot and full-scale systems. It therefore becomes necessary to
construct shallow reactors so as to maintain acceptable liquid and gas up-flow velocities (Barber

& Stuckey, 1999). The ABR treatment system is associated with the following disadvantages:

e Appropriate discharge and/or further treatment of effluent and sludge is required due to
low reduction of pathogens and nutrients (Bwapwa et al., 2010; Wafler, 2010);

e Long start-up periods (Wafler, 2010); and

o Needs expert design (Wafler, 2010).

2.6. Factors affecting biological wastewater treatment

2.6.1. Temperature and pH

Degradation in biological systems can be significantly affected by temperature fluctuations and
microbial metabolism may even be altered if temperatures exceed 39°C. Optimum temperature
for microbial growth is therefore between 15°C and 39°C (Jou & Huang, 2003). On the contrary,
Khanal (2008) stipulated that anaerobic treatment systems can operate at temperatures ranging
between 10 and 60 °C. There are two main types of microorganisms (i.e. acidogens and
methanogens) present during wastewater treatment. The optimum pH for methanogenesis
(i.e. production of methane by methanogenic bacteria) is between 7.8 and 8.2, while the optimum
pH for acidogenesis (i.e. production of acid by acidogenic bacteria) is between 5.5 and 6.5. The
optimum pH for the co-existence of methanogens and acidogens is between 6.8 and 7.4. When
these microorganisms co-exist during wastewater treatment, it is necessary to maintain a neutral
pH since methanogenesis is the rate-limiting step during the co-existence of these

microorganisms. The optimum pH for microbial growth therefore ranges between 6.5 and 7.5 for
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bioreactor systems (Water and Wastewater Measuring Solutions, 2002), although common

wastewater bacteria can function between pH levels ranging from 6.0 to 8.5 (Jou & Huang, 2003).

2.6.2. Nutrient concentration

According to Gray (2004), biological wastewater treatment is largely dependent on the amount of
nutrients (i.e. nitrogen and phosphorous) present in the wastewater. Microorganisms responsible
for the degradation of organic impurities in wastewater requires a balanced supply of nutrients
such as nitrogen (as ammonia or nitrates) and phosphorous (as orthophosphate) in order for these
microorganisms to survive (Gerardi, 2003). Microbial metabolism is significantly affected if these
nutrients are not present (Khanal, 2008). Phosphorous can be supplied in the form of dibasic
sodium phosphate (Na;HPO,4) whereas nitrogen and sulphur can be supplied in the form of
ammonium sulphate ((NH4).S04) (Jou & Huang, 2003). It is therefore necessary to consider the
carbon:nitrate:phosphate (C:N:P) ratio of the wastewater prior to implementing biological
treatment in order to obtain the most favourable aerobic and anaerobic conditions (Thompson et
al., 2006). It should be noted that there are major differences with regard to nutrient requirements
for these two processes (Gerardi, 2003). Depending on the biological treatment process used, it
often becomes necessary to supply the wastewater with the required nutrients in order to ensure
that the optimal C:N:P ratio is obtained for adequate biological oxidation (Gray, 2004). Optimal
C:N:P ratios reported by literature for aerobic and anaerobic treatment processes are 100:5:1 and
250:5:1, respectively (Ajeng et al., 2010; Thompson et al., 2006; Ammary, 2004).

Phukingngam et al. (2011) biologically treated BDWW that initially contained 14.0 mg/l total
Kjeldahl nitrogen (TKN) and undetected amounts of phosphorous in an ABR. The BDWW in this
study was pre-treated with chemical coagulation and sedimentation due to the significantly high
FOG content in the raw wastewater. The FOG content of the wastewater was reduced from
3300 mg/l to 130 mg/l by adding sulphuric acid (H.SO,) to adjust the pH from 10.3 to 4.0 prior to
adding 62.5 mg/l polyaluminium chloride (Al.CI(OH)s) and 1.25 mg/I cationic polymer. Nutrients
(i.e. NH4H2PO4 (diammonium hydrogen phosphate), dipotassium hydrogen phosphate (K:HPO.,),
and iron(ll) (Fe2>") chloride (FeCl,)) were added to the chemically pre-treated BDWW in order to
obtain an optimal carbon:nitrate:phosphate:iron (C:N:P:Fe) ratio of 150:1.1:0.2:0.33 prior to
diluting the wastewater to pre-determined OLRs which ranged between 0.5 and
3.0 kg COD/m3.day. Consequently, sodium hydroxide was added to adjust the pH to between 6.8
and 7.2 prior to anaerobic treatment with an ABR (Phukingngam et al., 2011).
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2.6.3. Activated sludge (AS)

According to Spellman (2013), activated sludge (AS) is merely active biomass in the form of solids
which are formed during the treatment of wastewater via the activated sludge process. The settling
characteristics of AS can be evaluated by investigating its compressibility and settleability
(Qin et al., 2015) and is thus a quality indicator (Spellman, 2004).

According to Judd and Judd (2006), sludge settleability defines the quality of the product. The
settleability of AS can be determined by allowing the AS to settle in a measuring cylinder for
30 minutes and using the readings to determine the settled sludge volume (SSV) and sludge
volume index (SVI) (Spellman, 2013). In a study conducted by Qin et al. (2015), where a
submerged membrane bioreactor (SMBR) with pendulum type oscillation was used for the
treatment of oily wastewater, it was found that the sludge initially displayed high settleability when
the SVI was lower than 80 ml/g.

According to Von Sperling (2007), the settleability of the sludge is lower when a higher SVI value
is obtained. Typical approximate SVI values for activated sludge can be observed in Table 2.6
where SVI values for three different methods of measuring the SVI are depicted. The three
methods include performing the test without stirring the sample during the settling period (SVI),
diluting the sample prior to testing (DSVI) and stirring the sample during the settling period (SSVI)
(Von Sperling, 2007).

Table 2.6: Approximate SVI values for AS (Von Sperling, 2007)

Range of values for the Sludge Volume Index (ml/g)

Settleability SVI DSVI SSVI
Excellent 0-50 0-45 0-50
Good 50-100 45-95 50-80
Fair 100-200 95-165 80-140
Poor 200-300 165-215 140-200
Very Poor >300 >215 >200

Jou and Huang (2003) conducted a pilot study for oil refinery wastewater treatment using a fixed-
film bioreactor. In their study, it was found that the majority of the biodegradation occurred in the
first chamber of the bioreactor which showed greater than 85% COD removal at an HRT of 2h. It
was found that deviations in effluent characteristics (i.e. pH fluctuations) often resulted in poor

degradation of wastes; and concluded that process stability and resistance to environmental shock
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increased when a high microorganism concentration (8 000 mg/l) was maintained within the

bioreactor.

The SVI is dependent on the solids concentration (TSS) of the activated sludge (Von Sperling,
2007). SVl is calculated using Equation 2.3.

Vsettlea sludge (Eq. 2.3)

SVI =
TSS

Where, SV1 is the sludge volume index [MI/Q]; Vsettiea stuage 1S the volume in millilitres occupied by
1 gram of activated biosolids [ml/l]; and TSS is the total suspended solids present in the sample

[mal/l].

2.6.4. BOD and COD

The most commonly used parameters for the characterisation of wastewater are BOD and COD
(Zaher & Hammam, 2014). According to Judd (2010), COD is a measure of the organic
compounds present in water while Spellman (2014) defines BOD as a measure of the oxygen

necessary to maintain sufficient levels of microorganisms present in the water.

COD can be measured either as soluble COD (sCOD) or total COD (tCOD) and the results are
defined as the amount of oxygen consumed (in mg) per litre of sample. Samples are filtered
through a 0.45 um filter prior to analysis in order to eliminate biological interference when sCOD
is measured. Conversely, ‘straight’ samples are used when measuring tCOD (Environmental
Business Specialists, 2015). There are many ways in which one can determine the BOD of
wastewater (Water and Wastewater Measuring Solutions, 2002) of which the most common
method is known as ‘determination of BOD after n-days (BOD,). When this method is used
residual oxygen after n days incubation at 20 (£ 1) °C is determined according to the standards of
determination of dissolved oxygen. For example, BODs is determined by measuring the residual
oxygen after 5 days of incubation at 20 (+ 1) “C (Prokkola et al., 2007).

Although COD values are generally higher than BOD values there is a definite correlation between
these two parameters. However, the BOD:COD ratio will vary due to its high dependency on the
characteristics of the wastewater and may even exceed 10 for industrial wastewater. This ratio is
frequently used as an indicator for biodegradation capacity (Lee & Nikraz, 2014) and is better
known as the biodegradation index (BI) which is generally used to determine whether wastewater

is biodegradable or non-biodegradable (Zaher & Hammam, 2014). Wastewater is considered to
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be fairly biodegradable and can be effectively treated biologically when the BOD:COD ratio is
more than 0.6. Seeding of the wastewater is required when the BOD:COD ratio ranges between
0.3 and 0.6 in order to treat the wastewater biologically. This is due to the fact that the
microorganisms responsible for the degradation of the wastewater usually require a prolonged
acclimatisation period. The process will therefore be relatively slow. Biodegradation will not
proceed when the BOD:COD ratio is less than 0.3. This wastewater can therefore not be treated
biologically since the toxicity and refractory properties of this wastewater inhibits metabolic activity
of the bacterial seed. Plant effluent quality can be greatly affected by the type of biological
wastewater treatment technology chosen. It is therefore necessary to determine the
biodegradability index (Bl) of the influent wastewater. The Bl can also be used to evaluate the
treatment process of a wastewater treatment plant in terms of its design and operation which in

turn may lead to an improvement of plant performance.

Process performance can be determined by measuring the removal efficiency using Equation 2.4
(Spellman, 2014).

OC;:eOe[c)i - chfo%uct (Eq- 2-4)
Ecop = OCCOD x 100
feed

Where, &¢p is the organic matter (i.e. COD) removal efficiency [%]; OCy..q is the organic matter
(i.e. COD) concentration of the feed substrate [mg COD/I[; and 0Cp,oqyc: IS the organic matter (i.e.

COD) concentration in the product [mg COD/I].

2.6.5. HRT and OLR

Nitrifying bacteria grow slower than carbon degraders, therefore a longer SRT and HRT is required
to achieve nitrification (Judd, 2010). Conversely, Phukingngam et al. (2011) regards high rate
anaerobic biological processes as a successful method for treating high strength industrial

wastewater with the advantage of recovering biogas as fuel.

HRT is defined as the average length of time that a soluble particle remains within a reactor (Drioli

& Giorno, 2010) and can be determined according to Equation 2.5.
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Vi (Eq. 2.5)
Qfeed

HRT =

Where, HRT is the hydraulic retention time [days]; Vy, is the reactor volume [I]; and Qf..q is the

influent flow rate [l/day] (Sukkasem et al., 2011).

Industrial wastewaters are best known for their high organic loadings and usually contain
compounds which are difficult to treat (Gil et al., 2011). Phukingngam et al. (2011) conducted a
study where the performance and phase separated characteristics of an ABR was evaluated for
treating BDWW at 6 different OLRs ranging from 0.5 to 3.0 kg COD/m3.day, namely 0.5, 0.7, 1.0,
1.5, 2.1 and 3.0 kg COD/m3.day. An HRT of ten days together with an influent flow rate of 2.2 I/day
was maintained throughout the duration of the study. It was found that the ABRs operating at the
lower OLRs (0.5 — 1.5 kg COD/m3.day) were most effective in removing organic matter. The COD
removal efficiencies of the ABRs decreased from approximately 99% to 80% when the OLR was
higher (2.1 to 3.0 kg COD/m?3.day).

OLR is defined as the rate at which organic matter is introduced into a reactor (Bitton, 1998) and

is determined according to Equation 2.6.

_ OCfeed (Eq 26)

Where, OLR is the organic loading rate [g COD/l.day]; OCf..q is the organic matter (i.e. COD)

concentration of the feed substrate [g COD/I]; and HRT is the hydraulic retention time [days]
(Sukkasem et al., 2011).

2.7. MFC technology
2.7.1. Introduction

An MFC is an electrochemical device which converts chemical energy into electrical energy
(Permana et al., 2015; Spiegel, 2007). This direct conversion of energy occurs through the
metabolic processes executed by microorganisms responsible for the degradation of wastewater

(Permana et al., 2015). This section includes an overview of the possible applications of MFC
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technology, including the treatment of wastewater, as well as the advantages and disadvantages

of the implementation of MFC technology.

2.7.2. MFC fundamentals

According to Spiegel (2007), chemical fuel cells have higher (15 to 25%) electrical energy
conversion rates due to the complex chemical reactions which occurs in MFCs. Spiegel (2007)
also concluded that the current density per anodic chamber volume is inversely proportional to the
size of the MFC while the power output of MFCs increases when microorganisms are immobilised.
This section includes an overview of the basic principles of MFC technology. The section therefore
includes limitations on the performance of MFC technology and the type of electrodes used in
these types of technologies, as well as theory regarding the calculations associated with MFC
technology.

2.7.2.1. Limitations on performance

According to Logan (2008), the performance of MFC technology is restricted due to the limited
research that is available on system stability and power output associated with the technology’s
long-term performance. The maximum cell voltage (i.e. open circuit voltage (OCV)) generated by
MFC technology is only achieved when the MFC is run in the open circuit mode (OCM) (i.e. infinite
resistance) (Logan, 2008). However, the purpose of introducing MFC technology for wastewater
treatment is to supply energy (in the form of electricity) to a device which consumes energy/power
(i.e. a pump used to feed the MFC system). The MFC is therefore run in closed circuit mode,

thereby mimicking the effect of power supply to a system.

According to Yuan et al. (2010), the cell OCV is the potential difference observed between the
cathode and the anode when zero electric current is generated with an infinite resistance and
therefore no power output. The specific microbial community used as biocatalyst limits the
performance of the MFC with regard to the OCV obtained (Logan, 2008).

The maximum cell voltage (Eems) that can theoretically be achieved by an air-cathode MFC under
OCV conditions is 1.1 V (Logan, 2008). However, activation-, ohmic- and concentration losses
influence the performance of an MFC (refer to sections 2.8.1.1. for details regarding these losses).
Losses due to scavenging microorganisms also influences the performance of an MFC. This could

be explained via microbial metabolism, since microorganisms lose energy while oxidising the
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substrate (i.e. MFC fuel). Nonetheless, the interaction of microorganisms with inorganic

components remains a challenge in MFC technology (Mahadevan et al., 2014).

2.7.2.1.1. Internal resistance

The internal resistance of an MFC can be determined using four different methods. These
methods include; a polarisation slope, power density (PD) peak, electrochemical impedance
spectrometry (EIS) or current interruption (Logan, 2008). The EIS (Logan, 2008) and current
interruption (Yuan et al., 2010; Logan, 2008) methods, which are more accurate than the first two
methods mentioned, requires the use of a potentiostat (Logan, 2008). However, since this study
did not include the use of a potentiostat to determine the polarisation and PD curves, detalil
regarding these methods can be found in the work of Yuan et al. (2010) and Logan (2008).

The main objective of MFC technology is to maximise the power output of the system, thereby
achieving the highest current density at OCV conditions (Logan, 2008). This is achieved by altering
the external resistance of the MFC thereby achieving different cell voltages at specific external
resistances (Yuan et al., 2010; Logan, 2008). Using the measured voltage and calculated current
(or current density), a polarisation curve (i.e. voltage vs. current or voltage vs. current density) is
plotted which can then be used to characterise fuel cell performance (Yuan et al., 2010). The curve
allows for the determination of the smallest decrease in voltage, thereby maximising power
generation. Prior to obtaining polarisation data it is essential that the MFC is stable under steady
state conditions. It is also strongly recommended that the OCV is determined after running the
MFC in OCM overnight. The MFC voltage in closed circuit mode should then be obtained by
changing the external resistance of the system in increasing order. The time that each resistor
should remain in the external circuit is not definite, however pseudo steady-state (i.e. stable

voltage) should be achieved for the system during this time (Logan, 2008).

The times for each resistor to obtain pseudo steady-state reported in literature varies from
30 seconds (leropoulos et al., 2008), 5-10 minutes (Song et al., 2015), 15 minutes (Kim et al.,
2015; Logan et al., 2007), 20 minutes (Yang et al., 2015), 1 day (Ren et al., 2014), as well as
1 week, 3.5 months, and 5 months (Zhang et al., 2014). According to Logan (2008), the time
allowed for the system to reach pseudo steady-state could affect the data obtained, since a
prolonged time could possibly allow for a change in microbial structure and the possibility of the

system not reaching electrical equilibrium if the time allowed for stabilisation is too short.

The maximum power generated by an MFC is usually reported as the highest point of the PD

curve (PD vs. current or PD vs. current density) (i.e. PD peak method) using Equation 2.7. The
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PD peak method is easily used to determine the maximum power generated by the MFC.
Equation 2.7 shows that the maximum power output of the MFC is achieved when the external

resistance of the system (i.e. MFC) is equal to the internal resistance (Logan, 2008).

b OCV?2R,,t (Eq. 2.7)
max (Rint + Rext)2

Where; By, IS the maximum power [W]; OCV is the open circuit voltage [V]; R,y IS the external

resistance (i.e. load) of the MFC [Q]; and Ry, is the internal resistance of the MFC [Q] (Logan,
2008).

The typical polarisation curve (Figure 2.3) can be divided into three regions. Regions one (“rapid
voltage losses, low current”), two (“region of constant voltage drop”) and three (“rapid voltage drop,

high current”) can respectively be attributed to activation-, ohmic- and concentration-losses
(Mahadevan et al., 2014; Logan, 2008).
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Figure 2.3: Typical characterisation of a polarisation curve adopted from Logan (2008)

2.7.2.1.2. Activation losses

The sharp decrease in MFC voltage (i.e. low polarisation and/or low current densities) initially

observed in region 1 (Figure 2.3) represents the activation losses of a typical MFC system, which
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occurs at both the anode and cathode electrodes. These activation losses can be attributed to the
energy barrier that must be overcome when electrons are transferred from microbial shuttles,

through the external circuit, to the anode electrode (Mahadevan et al., 2014).

Activation losses (i.e. region 1 in Figure 2.3) can be overcome by increasing the anode electrode
surface area (i.e. increase surface porosity and roughness) thereby reducing current density;
improving anode-microbe interactions (i.e. addition of an artificial electron mediator to enhance
electron transfer); increasing operating temperature (i.e. not possible in an MFC unless the
biochemical reaction is separate from the anode chamber); decreasing activation losses at the
electrode surface (i.e. addition of a catalyst, such as Pt, to the electrode) (Mahadevan et al., 2014).

2.7.2.1.3. Ohmic losses

The polarisation curve (Figure 2.3) steadily decreases in region 2 (i.e. medium polarisation and/or
intermediate current densities) which represents the ohmic losses observed in the typical MFC.
These losses are a result of the interference of the flow of charge through the external circuit which
is due to the anodic resistance (Mahadevan et al., 2014). The internal resistance of the MFC is
the main cause of ohmic losses observed in region 2 of the typical polarisation curve (Figure 2.3)
for an MFC (Yuan et al., 2010).

In region 2 of the polarisation curve (Figure 2.3) a direct linear relationship between the measured
cell voltage and current density can be observed. This relationship can be expressed as
Equation 2.6 which defines the characteristics of the MFC due to its relatively high internal
resistance (Logan, 2008). The slope of the polarisation curve can be expressed as the product
IR;,¢, thus including the sum of all internal resistance (i.e ohmic) losses (Mahadevan et al., 2014;
Logan, 2008). Since the internal resistance of an MFC includes the electrode (i.e. anode and
cathode) overpotentials which varies with current, it is assumed for calculation purposes, that the
internal resistance and ohmic losses are equivalent (Logan, 2008). The internal resistance of the
MFC can be determined from the slope of a linear polarisation curve (i.e. polarisation slope

method) using Equation 2.8.

Eoms = OCV* — IRpp, (Eq. 2.8)
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Where; E.,r is the maximum electromotive force [V]; OCV* is the open circuit voltage (OCV)

calculated from the slope of the polarisation curve (i.e. not a true OCV) [V]; I is the current
generated [A]; and R;,; is the internal resistance of the MFC [Q].

The OVC used in Equation 2.8 (y-intercept of Figure 2.3) is not the true OCV of the MFC due to
the activation losses which occurs in region 1 (Figure 2.3, explained in section 2.8.1.1.). The OCV
used in Equation 2.8 is implied by extrapolation of the linear portion of the curve to the y-axis and
is therefore indicated as OCV* (Logan, 2008).

2.7.2.1.4. Concentration losses

The sudden decrease in measured cell voltage (high/maximum polarisation and/or high current
densities) which is observed in region 3 (Figure 2.3) represents concentration losses (i.e. mass
transfer losses) in the MFC system (Mahadevan et al., 2014). These losses are more noticeable
at high current densities since diffusion (i.e. mass transfer) of the substrate to the anode electrode
surface is limited. Concentration losses could be attributed to the MFC system not reaching
electrical equilibrium (i.e. total current generation) which is dependent on the anode and cathode
potential. The two main factors which contributes to the concentration losses in an MFC is the

design of the anode, as well as the operating parameters of the MFC (Mahadevan et al., 2014).

2.7.2.2. MFC electrodes

The (electrical) performance of an MFC largely depends on microorganism interaction with the
anode. Surface charges can explain the concept of microbial adhesion to anode electrodes. The
microorganisms (i.e. negative charge) should adhere properly to the anode surface area
(i.e. positive charge). This attraction between the microorganisms and electrodes can be simplified

by modifying the electrode surface area (Mahadevan et al., 2014).

Substrate oxidation, electron transfer and microbial adhesion is largely dependent on the design
(i.e. material and architecture) of the anode electrode (Mahadevan et al., 2014). The PD,
dependent on the current generated, of an MFC can be increased by increasing the effective
surface area of the electrodes while keeping the nominal area constant. This increase in the active
surface area of the electrodes directly affects the biochemical reactions (i.e. oxidation of substrate

by microorganism) within the MFC system (Kumar & Sarakonsri, 2010).
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The most common type of electrodes used in MFCs are carbon-based. This is due to the excellent
properties (i.e. high conductivity, flexibility, durability and eco-friendliness) that carbon possesses
(Mahadevan et al., 2014). Common electrode materials reported in literature are depicted in
Table 2.7.

The most effective anode electrode to date is the brush configuration (i.e. carbon fibre brush
electrode) since microorganisms can easily adhere to the fibres of the brush which has a high
porosity and a large surface area (Mahadevan et al., 2014). These electrodes are easily produced
by winding graphite fibres into a double core of non-corrosive titanium (Mahadevan et al., 2014;
Rabaey et al., 2010). Nonetheless, materials other than titanium should be investigated for the
use of the core wire in these brushes to decrease the manufacturing cost of the brush configuration
anode (Rabaey et al., 2010).

2.7.2.3. Potential difference

The potential difference of a MFC can be determined according to Equation 2.9 (Logan, 2008).

E =1XRey (Eq. 2.9)

Where, E is the cell potential [V]; I is the current [A]; and R.,; is the external resistance of the cell
[Q] (Logan, 2008).

The maximum cell voltage, based on thermodynamic relationships, can be determined according
to Equation 2.10 (Logan, 2008).

RT Eq. 2.10
Eoms = E® = —In(IT) (Ea. 2.10)

Where, E,,,r is the maximum electromotive force [V]; E° is the standard cell electromotive force
[V]; R is the universal gas constant [8.31447 J/mol.K]; T is the absolute temperature [K]; n is the

number of electrons transferred [#]; F is Faradays constant [96 485 Coulombs/mol]; and II is the

[products]P

reaction quotient defined as Il = where p is the stoichiometric coeeficient of the

[reactants]”

products and r is the stoichiometric coefficient of the reactants (Logan, 2008).
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Table 2.7: Electrode materials reported in literature

Electrode Material

Reference

Felt Gajda et al., 2015; Kim et al., 2015; Martinucci et al., 2015; Pasupuleti et al., 2015;
Yao et al., 2014; Tugtas et al., 2011; Zhong et al., 2011; Liu et al., 2005
[
o
-?G Paper Min & Logan, 2004
O
GAC Liu et al., 2011; Sukkasem et al., 2011; Wang et al., 2011; Feng et al., 2010; You et
al., 2007
(]
©
o
[
< Plate(s) Wang et al., 2016; Feng et al., 2010
Rod(s) Mahendra & Mahavarkar, 2013; Liu et al., 2011; Wang et al., 2011; Ghangrekar &
Shinde, 2007; You et al., 2007; Rabaey et al., 2005; Liu & Ramnarayanan, 2004
]
%_ Felt Miyahara et al., 2015; Cha et al., 2010; Song et al., 2010; An et al., 2009; Jang et al.,
@ 2004
O]
Granules Song et al., 2010; Zhuwei et al., 2008; Rabaey et al., 2005
Fibre brushes Kakarla et al., 2015; Zhang et al., 2015; Ahn et al., 2014; Lanas et al., 2014; Ren et
al., 2014
Felt Gajda et al., 2015; Kakarla et al., 2015; Kim et al., 2015; Martinucci et al., 2015;
Zhang et al., 2015; Ahn et al., 2014; Lanas et al., 2014; Ren et al., 2014; Tugtas et al.,
c 2011; Wang et al., 2011; Zhong et al., 2011; Feng et al., 2010; Song et al., 2010; Min
S & Angelidaki, 2008; You et al., 2007; Liu et al., 2005; Min & Logan, 2004
3
o Paper Yao et al., 2014, Li et al., 2008; Liu et al., 2005
o GAC Sukkasem et al., 2011
3
<
©
(@] o Rod(s) Wang et al., 2016; Mahendra & Mahavarkar, 2013; Ghangrekar & Shinde, 2007
%_ Felt Liu et al., 2011; Cha et al., 2010; An et al., 2009; Rabaey et al., 2005; Jang et al.,
g 2004
O]
Granules  Zhuwei et al., 2008

2.7.2.4. Current and current density

Wastewater strength and coulombic efficiency strongly influences the current generated by the
MFC (Logan, 2008). The current generated by the MFC can be determined by Equation 2.11
(Sukkasem et al., 2011).

E (Eq. 2.11)
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Where, I is the current [A]; E is the cell potential [V]; and R, is the external resistance [Q].

The coulombic efficiency of the MFC can be determined using Equation 2.12 (Feng et al., 2010).

C
e, = C_,; % 100 (Eqg. 2.12)

Where, ¢, is the coulombic efficiency [%)]; C, is the total amount of coulombs [C]; and Cr is the

theoretical amount of Coulombs that can be produced from the COD contained in the wastewater
used as substrate.

The current density can be determined using Equation 2.13 (Feng et al., 2010).

E (Eq. 2.13)

Jacv = —Rext X Vi

Where, J,cv is the current density [A/m?]; E is the measured potential difference of the cell [mV];

R.,: is the external resistance [Q]; V is the net liquid volume of the anode chamber [m?].

2.7.2.5. Power output and PD

The power generated is a measure of the rate of energy produced per unit time (Von Meier, 2006)
by the MFC and can be calculated using Equation 2.14 (Sukkasem et al., 2011) or Equation 2.15
(Logan, 2008).

E2 (Eq. 2.14)

Where, P is the power generated [W]; E is the measured cell potential [V]; and R,,; is the external

resistance [Q].
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P=I1XE (Eqg. 2.15)

Where, P is the power generated [W]; I is the current [A]; and E is the measured cell potential [V].

The PD is a measure of the electrical power generated per unit area or per unit volume (Smil,

2015) and can be determined by using Equation 2.16 (Feng et al., 2010).

E? (Eq. 2.16)

PD=——
Rext X VW

Where, PD is the PD [W/m?]; E is the measured cell potential [mV]; R.,; is the external resistance

[Q]; and V is the net liquid volume of the anode chamber [m3].

2.7.3. MFC technology applications

According to Mahadevan et al. (2014), five different types of MFC technology have been
developed, namely; uncoupled bioreactor MFC (i.e. separate  microorganism
compartment/double-chamber), integrated bioreactor MFC (i.e. single-chamber), MFC with an
artificial mediator (i.e. intermediate electron transfer molecules), mediator-less MFC (i.e. direct
electron transfer to electrode), as well as a mediator- and membrane-less MFC (i.e. single-
chamber, absence of mediator and proton exchange membrane (PEM)). For the purpose of this
study, the focus will be on single-chamber, mediator- and membrane-less MFC technology.
Information regarding other MFC technology types can be found elsewhere (Mahadevan et al.,
2014).

The main applications fo MFC technolgy includes the generation of electricity and biohydrogen,
as well as the development of biosensors (i.e. BOD sensors) and wastewater treatment
(Du et al., 2007). The application of MFC technology can potentially lead to the development of
low power consumption sources, sensors based on interaction at the electrodes, as well as the
electrochemical manufacture of chemicals (Spiegel, 2007). Nonetheless, the main attraction of

MFC technology during the past decade is wastewater treatment.

39



2.7.3.1. Implementation of MFC technology for the treatment of wastewater

According to Logan (2008), the main purpose of an MFC, implemented for wastewater treatment,
will be to reduce the organic matter (i.e. COD and FOG) contained within the wastewater. Since
the MFC is a biological (i.e. anaerobic) system it can therefore theoretically replace biological
treatment reactors such as the AS aeration tank or the trickling filter. The use of MFC technology
may reduce solid production significantly, which may decrease a wastewater treatment plants’

operational costs since solid treatment is regarded as an expensive process.

Low construction and operating costs are associated with single-chamber MFCs since the cathode
does not require aeration. These systems therefore have a simple design (Kakarla et al., 2015).
According to Logan (2008), 50% of the electricity used at a wastewater treatment plant can be
attributed to the aeration used in the AS process. Single-chamber MFCs used for wastewater
treatment therefore have an energy efficient advantage over the AS process if electricity

generation in these systems can be increased.

In a study conducted by Sukkasem et al. (2011), an UBFC in combination with a fermentation pre-
treatment step was developed. Electrode surface area was increased by immobilising
microorganisms, which were used as the biocatalyst, on granular activated carbon. Different
operational conditions (i.e. external resistance, OLR, HRT, pH level and aeration rate) were
investigated in order to assess the treatment efficiency of the UBFC system by monitoring the
alkalinity and COD removal achieved by the MFC in the absence of a PEM. In their study, full
strength BDWW (COD = 218 + 30 g/L, pH level = 10 = 1) (refer to Table 2.2) was subjected to
fermentation which resulted in a mixed liquor with a pH level of less than 7. The pre-treatment
step accounted for 41.7% COD removal. The wastewater was then diluted to pre-determined
OLRs ranging between 15 and 45 kg COD/m3.day while pH levels ranged between 4.5 and 7.5
prior to feeding the wastewater to the UBFC treatment system (Sukkasem et al., 2011).

Although nutrient addition was not required for this treatment process, the anode could only
degrade 30% of the organic matter contained within the BDWW, while the cathode required
optimum influent conditions regarding the COD of the BDWW. Optimal conditions at the selected
external resistance (10 kQ) were an OLR of 30 kg COD/m3.day; an HRT of 1.04 days, a pH level
between 6.5 and 7.5 and an aeration rate of 2.0 I/min. The maximum COD removal of the UBFC
system running at the optimal conditions specified was 70% thereby resulting in treated
wastewater having a COD concentration of 9.02 g/l and a neutral pH level. The influent
concentration of 30 kg COD/m3.day was selected as the optimum OLR since it seemed to generate

the most electricity during the investigation. Nonetheless, a small amount of electricity (0.0024
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W/kg COD treated) was generated by the UBFC system. In comparison, the total power
consumption of this low cost (USD 1775.7/m®) treatment system, which achieved 50% COD
removal, was estimated to be 0.152 kW/kg COD treated (2.275 kW/m?). A 10% increase in COD
removal was achieved by the UBFC system once the circuit was closed with a 10 kQ external
resistor. However, this large external resistance resulted in low electricity generation of 35.62
mW/m? (based on UBFC anode volume). The authors suggested that further investigation
regarding the low electricity generation of the system was required as they associated it with a low
degradation of substrate, microorganisms sensitivity and the long distance between the electrodes
(Sukkasem et al., 2011).

2.7.4. Advantages and disadvantages of MFC technology
2.7.4.1. MFC advantages

According to Rabaey and Verstraete (2005), MFC technology could possibly fulfii energy
requirements by increasing the amount of fuels used daily and could be useful in areas neglecting

electrical infrastructure. The advantages of MFC technology include:

o Direct production of electricity (Gude, 2016; Logan, 2008) as a result of the conversion of
substrate energy (Rabaey & Verstraete, 2005);

e Environmentally friendly technology (Gude, 2016; Rayment & Sherwin, 2003);

e Lower solid production when compared to aerobic treatment processes such as the
activated sludge system (Logan, 2008);

e Passive aeration of cathode (Liu & Ramnarayanan, 2004).

¢ No energy input required (Logan, 2008).

e Operating efficiently at ambient temperatures (Gude, 2016; Spiegel, 2007; Rabaey &
Verstraete, 2005) although system performance is improved at higher temperatures
(Logan, 2008);

e Possible regulation of the odour generated (Logan, 2008); and

e Silent operation (Rayment & Sherwin, 2003).

2.7.4.2. MFC disadvantages

The major disadvantage of MFC technology is the high costs associated with construction of these

systems (Sukkasem et al., 2011). 80% of the construction cost of MFCs are attributed to PEMs
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and precious metals which are generally used in laboratory scale MFC systems (Arora, 2012).

Other disadvantages include:

e Cathode electrolytes (e.g. ferricyanide (CsFeNg*)) have to be chemically regenerated and
replaced (Logan, 2008);

e System performance is limited by an increased distance between the anode and cathode
which results in a high internal resistance in the system (Kakarla et al., 2015); and

e System performance is decreased by the use of PEMs (Logan, 2008) and cathode
electrolytes (Kakarla et al., 2015).

2.7.5. Combination of wastewater treatment and electricity generation

Table 2.8 summarises various literature articles with regard to the treatment of various types of
wastewater using different types of MFC technologies. The literature reviews the treatment of
wastewater originating from industrial (i.e. corn stover explosion process-, molasses-, dairy-,
primary clarifier-, swine-, dark fermentation-, hospital-, brewery-effluent and BDWW) and domestic
practices. This summary also includes the treatment of synthetic wastewater (i.e. glucose, acetic
acid, glutamate). The anode chamber volumes, electrode surface areas, external resistance,

power densities as well as the COD removal efficiencies are depicted by Table 2.8.
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Table 2.8: Performance and characteristics of (laboratory scale) single-chambered air-cathode MFC technology used for the treatment of
wastewater (WW) reported in literature

Substrate Anode
Strength Chamber Surface area Rext PDASA PDACV Ecop
Substrate Process used Ve V., SA, SA¢ Reference
mg COD/I | ) Q mwW/m?2 mw/m?3 %
m cm
Corn stover
explosion Feng et al., 2010
process Graphite granule baffled 460 210 19 10.7 89.1
effluent >30000 air-cathode MFC
Anaerobic baffled
stacking MFC 2484 690 Zhong et al., 2011
Molasses WW 127 500 (ABSMFC)
MFC anaerobic fluidized
gﬁ)‘:e’zggf’zﬁﬂnfc_ 130 35 89 92.5 Ren et al., 2014
Domestic WW 210 AFMBR)
Synthetic WW .
(glucose) 170-1200 Baffled MFC 7331 1500 Lietal, 2008
BDWW 218000 UBEC 500 35.62 50 Sukkasem et al., 2011
i 0.84"M 86.6
Domestic WW 95 Single chamber MFC 10000 8000 1156  11.56 Mahendra &
Dairy WW 1868 1.02/AMAA 84.8 Mahavarkar, 2013
Primary Liu & Ramnarayanan
clarifier 210-220 Single chamber MFC 498 388 238.75 465 26 80 2004
effluent
Single chamber -
g?g”eps'fe‘i f\‘/l”;gré’:g_ 216 320 15 15 500 33 80.5 Kim et al., 2015
Swine WW 73828 MFC)
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Table 2.8: Performance and characteristics of (laboratory scale) single-chambered air-cathode MFC technology used for the treatment of
wastewater (WW) reported in literature

Substrate Anode
Strength Chamber Surface area Rext PDASA PDACV Ecop
Substrate Process used Ve V., SA, SA¢ Reference
mg COD/I Q mwW/m?2 mw/m?3 %
ml cm?
Ww treatment 145 210 Algae bioreactor MFC 210 205 30 600 630 s Kakarla et al., 2015
plant effluent
Primary
clarifier 439 Cube shaped reactors 64 26 7 100 n/s Zhang et al., 2015
effluent
Domestic WW 1672 (S;,\k/l’?g)rs'b'e MFC 600 550 16 180 204 nis Min & Angelidaki, 2008
Synthetic WW nis  MFC submersed in 144 51 16700  11Mm Cha et al., 2010
(glucose) anodic chamber
Graphite-granule
Synthetic WW 1000 tubular air-cathode MFC 95 55 48 90 50 50 200 n/s You et al., 2007
(glucose) (GTMFC)
Bioelectrochemical
Synthetic WW n/s Membrane Reactor 210 109 494 100 4 350 92.4 Wang et al., 2011
(acetic acid®) (BEMR)
Coupled sequencing
Synthetic WW 490 batch reactor (SBR) 790 410 790 500 2340 90 Liu et al., 2011
(acetic acid) MFC
Batch mode MFC 1
(MFC-BM) 000 1.31
Dark Semi-continuous MFC 2
fermentation 53610  (MFC-SCM) 99 220 oo0 906 3163 80 Pasupuleti et al., 2015
effluent
Continuous MFC (MFC- 15.53

CcM)
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Table 2.8: Performance and characteristics of (laboratory scale) single-chambered air-cathode MFC technology used for the treatment of
wastewater (WW) reported in literature

Substrate Anode
strength Chamber Surface area Rext PD 54 PD ¢y £cop
Substrate Process used Ve V., SA, SA¢ Reference
mg COD/I Q mwW/m?2 mw/m?3 %
ml cm?
Synthetic WW 7000  Tubular MFC 138 102 2430 90 53 286 92 Gajda et al., 2015
(acetic acid)
1210
Domestic WW a0 ubularsingle chamber - og 720 /s Liu et al., 2005
1
114 1114
246 56 58
Domestic WW oo Hatplate MFC 450 27 100 470 43 79 Min & Logan, 2004
(FPMFC)
379 72 42
300 750N
WwW 20 Floating MFC 100 Martinucci et al., 2015
600 500"
1200 125/
3400 1.06 84
i 6 400 60.6 83
Synthetic WW Bench scale WW 36000 n/s 160 160 250 Aldrovandi et al., 2009
(glucose) 9 600 treatment plant 67.3 92
16 000 65.1 98
Synthetic WW 620 MFC-MBR 1000 880 400 38.26 0(1)0 45 Wang et al., 2016
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Table 2.8: Performance and characteristics of (laboratory scale) single-chambered air-cathode MFC technology used for the treatment of
wastewater (WW) reported in literature

Substrate Anode
strength Chamber Surface area Rext PDysq PDycy
Substrate Process used Ve V., SA, SA¢ Reference
mg COD/I Q mW/m? mwW/m?3
ml cm?
Synthetic WW
(glucose and 300 Tubular MFC 7 854 n/s 465 89 10 1.3 Jang et al., 2004
glutamate)
: Cube shape membrane-
arg[‘a’igf ww less air-cathode MFC 230 36 3 10 750 12 000 Tugtas et al., 2011
(MLAC-MFC)
. Upflow mode
(Sméhoestg Ww 880 membrane-less MFC 4712 96 536 Zhuwei et al., 2008
9 (ML-MFC)
211 210.64 4.66
140.43 140.43 6.45
Synthetic WW Tubular mediator-less Ghangrekar & Shinde,
(sucrose) 325 and ML-MFC 10603 4595 70.21 70.21 100 10.9 2007
8.6
7.4
Domestic WW 429 66 000
. Tubular MFC 390 210 n/s Rabaey et al., 2005
Hospital WW 332 80 000
Single chamber MFC
with separator electrode
. assembly (SEA) 130 328
Primary
clarifier 303 Single chamber MFC Ahn et al., 2014
effluent .
with closely spaced
1 282
electrode assembly 35 000

(SPA)
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Table 2.8: Performance and characteristics of (laboratory scale) single-chambered air-cathode MFC technology used for the treatment of

wastewater (WW) reported in literature

Substrate Anode
Strength Chamber Surface area Rext PDASA PDACV Ecop
Substrate Process used Ve V., SA, SA¢ Reference
mg COD/I Q mwW/m?2 mw/m?3 %
ml cm?
Synthetic WW 300 -
(glucose) 1000 Cube shaped MFC 188 n/s 750 124 000 Song et al., 2010
nis r/:g?:t)'”g ype MFC (FT- 555 s 097 097 8 An et al., 2009
Cassette-electrode .

n/s n/s MFEC (CE-MFC) 1000 136 130 >80 Miyahara et al., 2015
Brewery and 1200  DC-MFC 250 200 6 392.16 >95 Larrosa-Guerrero et al., 2010

domestic WW

* All figures in italics and bold have been converted and/or calculated from the original data by the author of the thesis according to the calculations shown in Appendix A

(section A.2).

*** \Wastewater (WW); not specified (n/s); total volume (V;); working volume (V,); anode surface area (SA,); cathode surface area (SA.); external resistance (R,,;); COD
removal efficiency (gcop); mg BOD/I (); kg COD/m3.day (M); mA/m? (MA); mA (M)
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CHAPTER THREE:
RESEARCH METHODOLOGY AND DESIGN

3.1. Background

In order to meet the objectives (refer to Chapter 1, section 1.4) of the study, an existing 6
compartment laboratory scale anaerobic baffled reactor (ABR) was modified to incorporate
microbial fuel cell (MFC) technology for the biological treatment of industrial biodiesel wastewater
(BDWW) while generating electricity. A full-scale biodiesel manufacturing company employing
alkali-transesterification of waste vegetable oil (WVO) was chosen as the industrial partner from
whom the wastewater was collected. The successful reduction of organic material (i.e. chemical
oxygen demand (COD) and fats, oils and grease (FOG)) at ambient temperature including the by-
product (i.e. electricity) produced by the system was the main reason for using this novel
technology which operated for 225 days. The system was designed so that the ABR, which had a
net liquid (working) volume of 90.32 L, was used as the anodic chamber of the single-chamber
membrane-less floating air-cathode MFC. This chapter provides a description of the materials and

methods used to evaluate the performance of the ABR-MFC system.

3.2. Description of materials

3.2.1. Microorganisms

Activated sludge (AS) and anaerobic granular sludge (AGS) were used as inoculum and
biocatalyst. AS was obtained from the Athlone Wastewater Treatment Plant (Cape Town, South
Africa). AGS was collected from a full-scale up-flow anaerobic sludge blanket (UASB) reactor at
South African Breweries (SAB) (Cape Town, South Africa).

The ABR-MFC system was inoculated with equal volumes (50/50 v/v%) of AS and AGS. The
sludge mixture (i.e. AS and AGS) was allowed to acclimatise to diluted BDWW prior to initialising
experimental test work so as to prevent complete system failure. Refer to Tables H.2 and H.3 in

Appendix H for more information on AS and AGS, respectively.

3.2.2. Substrate

Industrial BDWW was obtained from a local full-scale biodiesel manufacturing plant (Cape Town,

South Africa) employing alkali-transesterification of WVO. The industrial partner used a methoxide
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catalyst (i.e. potassium hydroxide (KOH) and methanol (CHs3OH)) during the production of
biodiesel. Biodiesel from the wet-washing purification step of the manufacturing process was
supplied by the industrial partner. This wastewater, which was used for all experiments, was
collected in 25 litre air-tight containers. The wastewater was stored at room temperature (i.e.
21 °C) prior to feeding into the lab-scale ABR-MFC.

Prior to system inoculation, a sample of the BDWW was sent to an outside independent South
African National Accreditation System (SANAS) accredited laboratory for a full chemical analysis
(refer to Table H.1 in Appendix H for more information on the full-strength BDWW). It was found
that the wastewater had average carbon (as COD), nitrogen (as Nitrate-N (NOs-N)) and
phosphorous (as total phosphate (TP)) concentrations of 246 575 mg/l, 0.0858 mg/l, and
0.205 mgl/l, respectively. The nutrients (i.e. nitrogen and phosphorous) concentrations in the
BDWW were therefore adjusted to the optimum carbon:nitrate:phosphate (C:N:P) ratio
(150:1.1:0.2) for the biological treatment of BDWW suggested by Phukingngam et al. (2011). Refer
to Appendix F for calculations on nutrient substrate adjustment and Section 2.6.2. for more
information on the C:N:P ratio. Subsequent to substrate adjustment and dilution, BDWW was fed
to the lab-scale ABR-MFC system via a peristaltic pump (Watson Marlow 520S) at a hydraulic
retention time (HRT) of 10 days and organic loading rate (OLR) of 0.58 kg COD/m3.day. The long
stabilization period used during this study is supported by the recommendations of Barber and
Stuckey (1999) who suggests the use of low OLRs and long HRTs during start-up. This promotes

the development of methanogenic bacteria in every compartment of the reactor.

3.2.3. Electrodes

Carbon fibre brush electrodes (Mill-Rose, United States of America (USA)) were used as the
anode electrodes in each of the 6 anodic chamber compartments of the bench-scale single-
chamber ABR-MFC. Each of these electrodes had a total surface area of 57.01 m? (refer to
Appendix G (Figure G.1 and Table G.1) for a schematic drawing of the carbon fibre brush anode

electrode, the specifications and surface area calculations).

The floating carbon air-cathodes used in this study were constructed in the same manner as
Yang et al. (2014), using the phase-inversion method (refer to Appendix G section G.2 for cathode
preparation and construction). Yang and co-workers (2014), developed these air-cathodes to be
used in cube-shaped MFCs to eliminate the need for expensive catalysts (i.e. platinum (Pt)) by
using a polyvinylidene fluoride (PVDF) binder and an activated carbon catalyst. The floating air-

cathode electrodes had an average total (projected) surface area of 362.98 cm? (refer to Appendix
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G (Table G.2) for cathode electrode specifications and a sample calculation on cathode surface

area).

The 6-carbon fibre brush anode electrodes were connected in parallel with the 6 floating air-
cathode electrodes by using insulated copper wire. The external circuit was completed with a
1 000 Q resistor (i.e. colour coded tubular wire wound). The total surface area of the 6 carbon-
fibre anodes and 6 floating air-cathode electrodes was found to be 342.07 m? and 2 173.27 cm?,

respectively.

3.2.4. Multimeter

A digital multimeter, Top T820, (Communica (Pty) Ltd, South Africa) was connected in series with
the system (i.e. over a resistor) to measure the potential difference (i.e. voltage) and current

(i.e. amperage) produced by the lab-scale ABR-MFC.

3.3. Experimental procedures

3.3.1. System construction

An existing 6 compartment ABR (Figure 3.1) was modified into a hybrid ABR-MFC system
(Figure 3.2.a and 3.2.b). A process flow diagram and a schematic drawing of the ABR-MFC
system can be found in Figure 3.2.a and 3.2.b, respectively. The ABR, which was used as the
anodic chamber of the hybrid ABR-MFC, had a volume of 120.44 L (LXxW xH =105cm x 31 cm
x 37 cm) and a working volume of 90.32 L (refer to Appendix B for details regarding the ABR-MFC

working volume).

According to Barber and Stuckey (1999) the implementation of a recycle stream in an ABR could
cause the treatment system to return to a single-phase digestion system. This would result in a
decrease in overall efficiency while microbial communities are disrupted and hydraulic dead space
is increased. It was therefore decided not to incorporate a recycle stream for the ABR-MFC system
during this study.

In order for the modification of the existing ABR to take place, the lid of the ABR had to be removed.
This was done by carefully removing all silicon, glue and plastic welding that held the lid of the
ABR intact.
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Figure 3.1: Schematic of the lab-scale ABR before modification

Product

The electrode configuration of each cell was done by placing the floating air-cathode through the

twisted titanium core of the carbon fibre brush anode. The chosen electrode configuration was

used to obtain the smallest distance (x 2 mm) between the anode and cathode electrodes to

eliminate limitation of system performance due to a long distance between the anode and cathode

which results in a high internal resistance of the system (Kakarla et al., 2015). Insulated copper

wire (i.e. crocodile grip type) was then used to connect the 6 anode and cathode electrodes in

parallel.

Feed pump

Feed tank
V=50L

ABR-MFC reactor
Volume =90.32L

Product tank
V=50L

Figure 3.2.a: Process flow diagram of the lab-scale ABR-MFC system
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Figure 3.3.b: Schematic of the lab-scale ABR-MFC system

The external circuit was then closed with a 1 000 Q external resistor (i.e. colour coded tubular wire
wound) which completed the external circuit and the modification of the ABR into a hybrid ABR-
MFC system (Figure 3.2.a and 3.2.b).

3.3.2. Experimental design

The experimental design depicted in Table 3.1 was suggested in order to analyse the influence of
one independent variable (Phukingngam et al., 2011), feed concentration (i.e. OLR), on the COD
removal in BDWW via biological treatment in the ABR-MFC system. The operating ranges
selected for the independent variable (i.e. feed concentration) was established by considering the

initial wastewater characterisation (refer to Table 2.3 in section 2.4.1).

The feed flow rate was chosen to remain constant at an HRT of 10 days, while the feed
concentration was chosen to be 0.58, 1.15, 1.98 and 3.46 kg COD/m3.day as indicated in Table 3.1
(refer to Appendix C for details regarding flow rate determinations). The ABR-MFC was operated

without a recycle to minimize operational cost and power consumption (Grobicki & Stuckey, 1991).

After inoculation and system stabilisation (= 2 months), experimental run 1 was initiated by feeding
the ABR-MFC with diluted BDWW at an OLR of 1.15 kg COD/m3.day. Subsequently, run 2 was
initiated by increasing the strength of the BDWW to an OLR of 1.98 kg COD/m?3.day. The feed
concentration was then increased to 3.46 kg COD/m3.day for the third and final OLR.

The chosen HRT at which the ABR-MFC operated (Table 3.1) was chosen as a basis from the
study conducted by Phukingngam et al. (2011). Complete mineralisation of organic matter via
microorganisms was observed as a result of longer digestion time (i.e. longer HRT) in a study
conducted by Sukkasem et al. (2011) wherein the performance of an upflow bio-filter circuit

(UBFC) for the treatment of BDWW was investigated.
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Table 3.1: Experimental design for the treatment of BDWW

Feed Conditions System Conditions
Experimental CoD OLR Qfeed HRT
Condition Description [mg/l] [kg/m3.day] [ml/min] [days]
1 Stabilisation 5633 0.58
10979 1.15
2 Low 6.51 10
4 High 33 356 3.46

3.3.3. System inoculation and start-up procedure

Start-up of the system was done in a similar manner to An et al. (2009), who studied the potential
for organic matter removal of a surface floating MFC structure, and Phukingngam et al. (2011)
who investigated the performance of an ABR for organic matter removal and biogas production
from BDWW. The working volume of the ABR-MFC was 80% filled with a mixture of equal parts
(50/50 viv%) AS and AGS which was used as the inoculum (An et al., 2009) for the ABR-MFC.
The system was fed with diluted BDWW at an OLR of 0.58 kg COD/m?3.day for approximately
2 months (Phukingngam et al., 2011) in order to prevent bacterial shock in the anodic chamber of
the ABR-MFC (Feng et al., 2010). An experimental design can be found in Table 3.1 wherein each
OLR was applied to the hybrid ABR-MFC for 28 days in order to allow system stabilisation to occur
as in the work of Feng et al. (2010).

3.3.4. Substrate adjustment

According to Phukingngam et al. (2011), the optimum C:N:P ratio for the biological treatment of
BDWW is 150:1.1:0.2. The C:N:P ratio of the full-strength BDWW, having an initial COD
concentration of 145 796 mg/l (refer to Table 4.1 in Section 4.1), was adjusted to
145796:1069.17:194.39 (150:1.1:0.2) by means of the addition of urea (CH4N20O) and potassium
dihydrogen phosphate (KH2PO4) as the nitrogen (N) and phosphorous (P) sources, respectively.
Initially 228.38 mg urea and 86.26 mg KH2PO4 was added per litre of BDWW. Refer to Appendix
F.1. for calculations regarding the C:N:P ratio that was used and Appendix F.2. for procedure on

substrate dilution and adjustment.

After nutrient addition and dilution with tap water to the relevant OLR, the pH of the wastewater

frequently decreased from an average of 10.81 (refer to Table 4.1 in Section 4.1) to below 6 (refer
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to Table H.4. in Appendix H) which was not in the optimal pH range (i.e. 6.8 to 7.4) for biological
treatment (Khanal, 2008). Subsequent to nutrient addition, either sodium hydroxide (NaOH) or
phosphoric acid (HsPO4) was used to adjust the pH of the feed to within the optimal pH range,
after dilution with tap water, to respective OLRs of 0.58, 1.15, 1.98 and 3.46 kg COD/m3.day.

3.4. Substrate analysis (chemicals, consumables and equipment)

Samples were collected daily from the feed and product tanks of the ABR-MFC system. Analysis
of both the feed and product were done daily in duplicate for the following parameters:
temperature, pH, total dissolved solids (TDS), salinity (salt), and electrical conductivity (EC) using
a PCSTestr35 handheld multiparameter. The following parameters were analysed in duplicate
every second day: turbidity using a TN-100 Turbidimeter 1ISO 7027 compliant nephelometric
method, total suspended solids (TSS) using the ESS Method 350.2, and total COD (tCOD) using
Merck COD solution A, (Cat. No. 1.14679.0495 and 1.14538.0065) and Merck COD Solution B
(Cat. No. 1.14680.0495 and 1.14539.0495). Total phosphate concentration using Merck
Spectroquant Phosphate cell tests for orthophosphate and total phosphorous (Cat. No.
1.14729.0001) and nitrogen concentration using Merck Spectroquant Nitrate cell tests (Cat. No.
1.14773.0001) were analysed weekly in duplicate. Biological oxygen demand (BOD) and FOG
were determined by an independent SANAS accredited laboratory 2 weeks into the OLR testing,
for each OLR. Current and voltage was measured daily using a Top T820 multimeter. Refer to

Appendix D for all the analytical procedures.

The efficiency of the ABR-MFC was assessed according to the COD removal achieved by the
system. Liu and Ramnarayanan (2004) demonstrated wastewater treatment and electricity
generation by assessing the system they operated for removal of organic matter in the form of
COD and BOD. Microbes contained within the anodic chamber were responsible for wastewater

treatment and electricity generation (Mahendra & Mahavarkar, 2013).
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CHAPTER FOUR:
RESULTS AND DISCUSSION OF THE ABR-MFC OPERATIONAL PERFORMANCE

4.1. Introduction

The anaerobic treatment of biodiesel wastewater (BDWW), in which the total chemical oxygen
demand (COD) was found to be 145 796 mg/l (Table 4.1), was studied at laboratory scale. Diluted
BDWW was fed to a hybrid anaerobic baffled reactor microbial fuel cell (ABR-MFC), with a
hydraulic retention time (HRT) of 10 days, at respective organic loading rates (OLR) of 0.58, 1.15,
1.98 and 3.46 kg COD/m?®.day which is in line with the work of Gao et al. (2004) and Phukingngam
et al. (2011), who reported HRTs of 10.5 to 389 hours and OLRs ranging from 0.5 to
3.0 kg COD/m?®.day, respectively. The OLRs chosen for this study are also in accordance with the
work of Siles et al. (2011) who studied OLRs ranging from 0.40 to 3.00 g COD/m?3.day for combined
physical-chemical and biological treatments for BDWW. This chapter provides a description of the
results obtained during the current study thereby evaluating the performance of the ABR-MFC

system.

The results achieved in this study were not all obtained on the same day of sampling. Samples
were kept at 4°C, when not analysed on the day of sampling, to ensure minimum (biological)
degradation of biological chemical demand (BOD), COD, total nitrate-nitrogen (NOz'N), fecal and
total coliforms, total suspended solids (TSS), volatile suspended solids (VSS), alkalinity, acidity,
and sulphate (Fulhage et al., 2017). All feed and product parameters were measured in duplicate.
The average obtained from these results have been plotted in Figures 4.1 to 4.8 and 4.13 t0 4.15
(refer to Appendix J for figures not displayed in this chapter, namely the daily operational
parameters (i.e. temperature (Figure J.1), turbidity (Figure J.2), nitrates (Figure J.3), nitrogen
(Figure J.4), total phosphate (TP) (Figure J.5), ortho-phosphate (OP) (Figure J.6), volatile
suspended solids (VSS) (Figure J.7)). Experimental data can be found in Appendix H (Tables H.4,
H.5, H.6 and H.7)). ABR-MFC efficiency data can be found in Appendix H (Table H.8). This chapter
also includes a section on the fats, oils and grease (FOG) removal efficiency obtained by the ABR-
MFC system.

The standard deviation of the results (measured in duplicate) were used to introduce error bars
on all graphs presented in this chapter. The size of the error bars depicted in Figures 4.1, 4.2, 4.3,
44,45,4.6,4.7,4.8,4.13,4.14 and 4.15 (and Figures J.1 to J.7 depicted in Appendix J) suggests

that the results were repeatable.
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4.2. Full strength biodiesel wastewater

BDWW was collected from a local commercial biodiesel manufacturing company. The average,
minimum and maximum values of the 5 respective samples which were analysed are indicated in
Table 4.1 (refer to Table H.1 in Appendix H for summarised raw data on full strength BDWW
samples). A chemical analysis (i.e. potability analysis) of 2 full strength BDWW samples was
conducted by an outside independent South African National Accreditation System (SANAS)

accredited laboratory. The average of these results is depicted in Tables 4.2 and 4.3.

Table 4.1: Average full strength BDWW characteristics

Temp pH EC TDS Salt COD TSS Turbidity FOG

°C puS/cm ppm ppm mg/l mag/l NTU mg/l

Min 19.6 9.67 661 471 371 100595 0.01 470 900
Max 23.8 11.97 793 560 630 301125 0.44 1000 900
Ave 22.0 10.81 735 522 459 145796 0.18 895 900

Table 4.2: Chemical potability analysis of full strength BDWW — parameters which meets the
industrial wastewater discharge standard limits

Temp pH EC Na Fe Cl B Cu Zn TP SO« TDS
°C mS/cm mg/| mg/| mg/| mg/| mg/l mg/l mg/Il mg/| mg/l
17.1 10.55 1.2 133.9 15 17.9 <0.08 <0.02 0.37 0.2275 101 691

Table 4.3: Chemical potability analysis of full strength BDWW — parameters not specified and does

not meet (i.e. FOG and COD) the industrial wastewater discharge standard limits

K Ca Mg Mn F NHs-N  NOz-N  CO3z* HCOs" FOG COD BOD
mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l
7335 <0.06 13.1 <0.03 045 6.705 <0.38 4145 1103.45 900 246575 167738

The industrial wastewater discharge standard limits imposed by the City of Cape Town (2011)
(refer to Table 2.2 in Section 2.3) suggests that the following parameters, depicted in Table 4.1
and 4.2, for the full strength BDWW meets the industrial wastewater discharge standard limits:
pH, conductivity, TDS, chlorine (CI), total sulphates (SO.?), total copper (Cu), TP, sodium (Na),
total iron (Fe), total zinc (Zn), total boron (B) and TSS.

Unfortunately, the COD and FOG contained in this wastewater does not meet the industrial
wastewater discharge standard limits stipulated by the City of Cape Town (2011). The COD of this
wastewater ranges from 100 595 mg/l to 301 125 mg/l (Table 4.1). The amount of COD permitted

58



to be present in the water is anything less than 5 000 mg/I (Table 2.2) which makes the full-strength
BDWW, on average, approximately 140 800 mg/l over the allowed limit prior to treatment. The
amount of FOG contained in the full-strength BDWW was found to be 900 mg/I, which is 500 mg/I
over the allowed discharge limit of 400 mg/| stipulated by the City of Cape Town. It is therefore
evident that this wastewater should be treated prior to disposal into the municipal sewer system

to contribute towards environmental remediation.

The BOD:COD ratio for the BDWW used in this study was found to be 0.68. According to Zaher &
Hammam (2014), the biodegradation index (Bl) of 0.68 deems this wastewater fairly

biodegradable and can be effectively treated via biological treatment.

4.3. Daily operational analysis

The ABR-MFC was operated at ambient conditions (i.e. room temperature (21 °C) and
atmospheric pressure (101.325 kPa)) for the duration of this study. The average, minimum and
maximum values of the daily operational parameters (i.e. temperature, pH, EC, TDS and salinity)
for respective ABR-MFC feed and product samples are depicted in Tables 4.4 and 4.5 (refer to
Appendix H (Tables H.4 and H.5) for daily operational experimental data on the ABR-MFC feed
and product BDWW samples).

Table 4.4: Summarised daily operational parameters for ABR-MFC feed samples

Temp pH EC TDS Salt

°C puS/cm ppm ppm

Min 9.9 4.74 190 136 106
Max 254 8.41 1789 1270 1045
Ave 18.5 6.64 653 464 390

Table 4.5: Summarised daily operational parameters for ABR-MFC product samples

Temp pH EC TDS Salt

°C uS/cm ppm ppm

Min 8.8 4.17 2 293 274
Max 24.8 8.34 1866 1215 996
Ave 17.3 6.63 753 537 448

The EC, TDS and salinity of the respective ABR-MFC feed and product samples followed similar
trends of increasing (Figures 4.6 and 4.7). The EC, TDS and salinity of product samples (Table
4.5) were on average 100 uS/cm, 73 mg/l and 58 mg/l more than the EC, TDS and salinity of the
ABR-MFC feed samples (Table 4.4) which was respectively found to be 653 uS/cm, 464 mg/l and
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390 mg/l over the study period of 225 days. There was thus no significant difference in ABR-MFC
feed and product samples for these parameters. It is therefore recommended that a membrane
based (i.e. nanofiltration (NF), ultrafiltration (UF) and reverse osmosis (RO)) post-treatment step
is included to remove EC, TDS and salinity from the BDWW once the contaminants (i.e. COD and

FOG), which could cause membrane fouling, has been removed (Jacobson et al., 2011).

4.3.1. ABR-MFC pH

The daily operational parameter, pH, of the ABR-MFC feed (and product) were measured to
monitor the system as a feed-back process control. The pH of the ABR-MFC feed was thus
adjusted to the optimal pH (6.5 — 7.5) for microbial growth in bioreactor systems (Water and
Wastewater Measuring Solutions, 2002) using sodium hydroxide (NaOH) and phosphoric acid
(HsPOy).

Although the pH of the feed samples decreased to below 6.5 on day 33, the pH of the product
constantly remained above 7.0 until day 90 where a decrease can be observed in Figure 4.1. The
pH of the product decreased until day 208 of ABR-MFC operation where an increase in product
pH can be observed. This observation in the product pH can be due to an increase in feed pH on
day 201.
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Figure 4.1: pH of ABR-MFC feed and product samples

The decrease in pH of the ABR-MFC feed to below 6.0 on day 97 (and again on days 101, 111,
153, 185, 188, 189, 192, 193, 194, 196, 199, 202 and 207) of ABR-MFC operation might have
affected the microbial metabolism causing a decrease in organic matter removal (Pirsaheb et al.,
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2015) since common wastewater bacteria function well between pH levels ranging from 6.0 to 8.5
in bioreactors (Jou & Huang, 2003). Nonetheless, the average pH of the respective feed (i.e. 6.64)
and product (i.e. 6.63) samples shows an insignificant difference of 0.01. However, the treatment
efficiency observed (Figure 4.2) by the ABR-MFC in this study contravenes the statement made
by Pirsaheb and co-workers (2015) since the decrease in pH did not have a significant effect on
the organic matter removal achieved. It is possible that the latter could be due to a very small

decrease below the optimum pH range specified.

According to literature, the optimal pH range for a bioreactor is between 6.5 and 7.5 which will
ensure optimal biological activity (Jou & Huang, 2003). This statement is supported by
Florencio et al. (1996) and Pirsaheb et al. (2015), who claims that a neutral pH is best for
methanogenesis. A recycle stream can be introduced to the ABR-MFC system to adjust the pH of
the feed stream (Grobicki & Stuckey, 1991), thus possibly eliminating the need for adjusting the
feed pH by adding NaOH and H3sPO..

Significant acid fermentation (i.e. acidogenesis) occurs at pH levels below 7.0 (Gerardi, 2003). A
decrease in methanogenic activity can therefore be expected once the pH changes from the
neutral pH range (Barber & Stuckey, 1999). The latter occurs since the four degradation stages
(i.e. hydrolysis, acidogenesis, acetogenesis and methanogenesis) of anaerobic treatment are
dependent on each other. An increase in acid(s) and thus loss of alkalinity and a decrease in pH
consequently indicates inhibition of the fourth stage, methanogenesis (Pirsaheb et al., 2015;
Henze et al., 2008; Gerardi, 2003). Products within the system can therefore be considered to be
mainly hydrogen gas (Hz) and acids (i.e. acetic acid (CH3CO;H) and acetate (CHsCOy))
(Seijan et al., 2016; Henze et al., 2008). Consequently, a build-up of products from acetogenesis
will occur which causes the pH to decrease further due to an increase of volatile fatty acid (VFA)
(i.e. acetate) in the system (Pirsaheb et al., 2015; Henze et al., 2008). According to Von Sperling
and De Lemos Chernicharo (2005), a large amount of VFA consumption reduces the buffering
capacity of the substrate and is thus indicated by a small decrease in pH. Suehara et al,. (2005)
states that the formation of VFA is attributed to the degradation of FOG.

The buffering capacity of the ABR-MFC system can thus be increased by supplying the system
with sufficient alkalinity (i.e. a measure of the buffering capacity of water (Pirsaheb et al., 2015))
to prevent a decrease in pH and consequently reactor instability (Florencio et al., 1996). Supplying
the ABR-MFC system with sodium bicarbonate (NaHCOs) and potassium dihydrogen
orthophosphate (KH:PO4) (Florencio et al., 1996) or urea (CHsNO) (0.007 g/gCOD) and
diammonium hydrogen phosphate (NH:H.PO.) (0.0006 g/gCOD) (Pirsaheb et al., 2015) as
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sources of alkalinity, can assist in maintaining the optimum pH as well as buffering the effect

caused by VFA thereby ensuring effective digestion (Phukingngam et al., 2011).

In a study conducted by Phukingngam et al. (2011), excessive accumulation of VFA in BDWW
caused a decrease in pH creating an environment unfavourable for methanogenesis
(Veljkovi¢ et al., 2014). This occurred due to decelerated utilisation of organic matter caused by
OLRs higher than 1.5 kg COD/m3.day which was found to be the optimal OLR for the study
conducted by Phukingngam et al. (2011). Barber and Stuckey (1999) also reported that an
increase in VFA resulted in a decrease in pH.

In biological wastewater treatment, acetogenesis and methanogenesis occur simultaneously
(Pirsaheb et al., 2015). When treating wastewaters containing methanol (CHsOH), the COD
removal efficiency and thus the stability of the treatment system, is highly dependent on whether
methanol is consumed by methylotropic methanogens or acetogens and directly converted to
methane (CH.) or acetate, respectively (Florencio et al., 1996). It is therefore necessary to limit
the VFA content within the ABR-MFC to as little as 200 mg/l acetic acid, which have been reported
as the optimum VFA content for biological wastewater treatment. Maintaining a low VFA content
in the ABR-MFC is therefore essential for continued digestion (Pirsaheb et al., 2015).

Although methanogenesis (i.e. production of methane and carbon dioxide (CO2) by methanogenic
bacteria (Gerardi, 2003)) is considered to be a significant part of biogas production in anaerobic
digesters, this study used an alternative approach to bioenergy (i.e. bioelectricity) production
(i.e. MFC technology). The focus of this study was thus wastewater treatment while generating
bioelectricity via MFC technology as a by-product. This approach is considered safer, when
compared to the use of biogas on-site, for the treatment of BDWW at biodiesel companies since
highly flammable chemicals (i.e. methanol) are used during the production of biodiesel
(Steiman et al., 2016). Bioelectricity (which can be converted to run a pump used to feed BDWW
to the ABR-MFC) could therefore be a safer alternative for biodiesel companies once more
research has been conducted with regards to increasing electricity production in an ABR-MFC

system.

Although KH>PO4 and urea have been used in this study as combined pH buffers and nutrients
for microorganisms, the pH of the feed and product of the ABR-MFC system fluctuated. According
to Bodkhe (2009), methanogens effectively consume VFA when constant pH values are obtained.
It is therefore recommended to maintain alkalinity within the ABR-MFC below 200 mg/l acetic acid
by using either NaHCO3 or NH4H2PO4 as suggested by Florencio et al. (1996) and Pirsaheb et al.
(2015).
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4.4. ABR-MFC performance

This section reflects the findings of the ABR-MFC performance for the duration of the study of
225 days. The findings include information regarding the treatment efficiency of the ABR-MFC
during this time. Refer to Appendix H (Tables H.4, H.5, H.6 and H.7) for summarised feed and
product experimental data. Diluted biodiesel wastewater was biologically treated using an ABR-
MFC. The average, minimum and maximum values of the daily operational parameters of
respective ABR-MFC feed and product samples are indicated in Tables 4.4 and 4.5. System

performance parameters are indicated in Tables 4.6 and 4.7.

The industrial wastewater discharge limits stipulated by the City of Cape Town (2011) suggests
that the following parameters for the ABR-MFC product meets the industrial wastewater discharge
standard limits: pH, TDS, EC, TSS, FOG and TP (Table 4.4 and 4.6).

The only parameter that did not meet the industrial wastewater discharge standard limits after
biological treatment with the ABR-MFC is the COD which ranges from 1 605 to 13 590 mg/I|
(average = 5 844 mg/l) (Table 4.7). The amount of COD permitted to be present in the water is
anything less than 5 000 mg/l (Table 2.2). The treated wastewater thus remains over the allowed
limit with approximately 8 590 mg/l (average = 844 mg/l) (Table 4.7). It is therefore evident that

the wastewater should still be further treated prior to disposal into the municipal sewer system.

Table 4.6: Summarised system performance — ABR-MFC feed samples

COD TSS VSS Turbidity FOG NOs N TP OoP

mag/l mg/l mg/l NTU mg/l mg/l mg/l mg/l mg/l
Min 5213 0.01 1.33 225 1280 1.22 0.28 0.10 11.10
Max 37230 64.30 65.85 1000 269540 12.15 2.74 4.05 25.30
Ave 13906 4.54 7.68 855 91164 6.05 1.37 1.79 18.17

Table 4.7: Summarised system performance — ABR-MFC product samples

COD TSS VSS Turbidity FOG NOs N TP oP

mag/l mag/l mg/l NTU mg/l mg/l mag/l mg/| mg/l
Min 1605 0.00 0.42 19 46 0.09 0.00 0.10 8.10
Max 13590 2.66 3.63 452 100 1.62 0.37 0.50 25.00
Ave 5844 0.16 1.57 85 73 0.54 0.11 0.18 15.86

Figure 4.2 depicts the COD of the ABR-MFC feed and product, as well as the COD removal
achieved by the lab-scale ABR-MFC. The maximum removal capacity of the ABR-MFC was found
to be 79.84% at an OLR of 0.58 kg COD/m3.day and an HRT of 10 days. Despite the strong

fluctuations in ABR-MFC feed COD, varying daily between 5 213 mg/l and 37 230 mg/I (Table 4.6),
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the ABR-MFC product quality was consistent with regards to COD up until day 195 where a
maximum of 11 068 mg/l was observed. The product COD then remained in the range of
11 000 mg/Il until shutdown on day 225. The strong fluctuations in ABR-MFC feed can be attributed
to a change in OLR from 0.58 kg COD/m3.day (stabilisation period) to OLRs 1 (1.15 kg
COD/m3.day), 2 (1.98 kg COD/m3.day) and 3 (3.46 kg COD/m3.day) on days 144, 172 and 200 of
ABR-MFC operation, respectively.
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Figure 4.2: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)

The ABR-MFC operated for 225 days during which the average feed and product COD was found
to be 13 906 mg/l (Table 4.6) and 5 844 mg/l (Table 4.7), respectively. The average COD removal
during operation was thus found to be 56.62%. The low COD removal observed during
experimental operation suggests that anaerobic digestion was incomplete (Pirsaheb et al., 2015),
thus not all organic matter was converted to final products resulting in excessive COD in the

product stream.

According to Phukingngam et al. (2011) who achieved a 99% COD removal efficiency in an ABR
treating BDWW, a chemical pre-treatment of biodiesel wastewater followed by biological treatment
should increase the removal of organic matter. They operated ABRs at various OLRs and found
that OLRs ranging from 0.5 to 1.5 kg COD/m3.day were most effective and regarded an OLR of
1.5 kg COD/m3.day as the optimal OLR since a removal efficiency of 99% was achieved. It was
therefore decided to study OLRs ranging from 0.5 to 3.0 kg COD/m?3.day.
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In their study, BDWW was pre-treated with chemical coagulation and sedimentation due to a
significantly high FOG content (3 270 mg/l) which could inhibit microorganism activity in any
biological treatment process (Phukingngam et al., 2011). The FOG content was reduced to
130 mg/l by adding polyaluminum chloride (Al:CI(OH)s) (62.5 mg/l) and a cation polymer
(2.25 mg/l) to the BDWW after adjusting the pH from 10.3 to 4.0 using sulphuric acid (H2SO.)
(Phukingngam et al., 2011). The latter was done to recover the free fatty acid (FFA) content of the
BDWW since the long-chain fatty acids contained in BDWW show acute toxicity towards anaerobic
digestion (Siles et al., 2011). Urea, KoHPO4, and iron(ll) chloride (FeCl,) was added to the pre-
treated BDWW to achieve a carbon:nitrate:phosphate:iron (C:N:P:Fe) ratio of 150:1.1:0.2:0.33
since the BDWW contained very low amounts of nitrogen (N) (14 mg/l) while total phosphate (TP)
was undetected (Phukingngam et al., 2011).

4.4.1. ABR-MFC stabilisation

This section reflects on the findings of the ABR-MFC during the stabilisation period of 143 days
when the ABR-MFC was operated without MFC technology. The findings include information
regarding the treatment efficiency of the ABR-MFC during this time. Refer to Appendix H
(Tables H.4, H.5, H.6 and H.7) for summarised feed and product experimental data. The ABR-
MFC stabilisation period was prolonged (> 2 months) since MFC anode and cathode electrode
materials were obtained later than expected. The ABR-MFC operated at an OLR of
0.58 kg COD/m3.day and an HRT of 10 days during this period.

It is evident from Figure 4.3 that the feed COD is directly proportional to the product COD. The
average COD in respective feed and product samples of the ABR-MFC was found to be 9 264 mg/I
(Table 4.8) and 4 239 mg/l (Tables 4.9). However, the feed and product COD is indirectly
proportional to the removal of COD. During this period, the ABR-MFC achieved an average COD

removal of 55.84%.

The EC, TDS and salinity (Figures 4.6 and 4.7) of ABR-MFC feed and product samples was found
to be similar while having respective differences of 155 uS/cm, 115 mg/l, and 98 mg/l in the feed
and product samples (Tables 4.8 and 4.9). The feed pH ranged from 5.64 to 8.41 (Table 4.8) while
the pH of the product samples ranged from 5.85 to 8.34 (Table 4.9). Nonetheless, the average
feed and product pH (refer to Figure 4.1) was found to be 6.81 (Table 4.8) and 7.30 (Table 4.9),

respectively.
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Figure 4.3: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)

during system stabilisation

Table 4.8: Summarised daily operational parameters for ABR-MFC feed samples during system
stabilisation

Temp pH EC TDS Salt COoD TSS VSS Turbidity
°C puS/cm ppm ppm mg/l mg/Il mg/l NTU
Min 9.9 5.64 190 136 106 5213 0.01 1.33 225
Max 25.4 8.41 682 485 395 13920 15.67 16.43 1000
Ave 18.8 6.81 491 349 284 9264 2.14 4.46 799

Table 4.9: Summarised daily operational parameters for ABR-MFC product samples during system
stabilisation

Temp pH EC TDS Salt COD TSS VSS Turbidity
°C puS/cm ppm ppm mg/l mg/l mg/l NTU
Min 8.8 5.85 2 293 274 1605 0.00 0.92 19
Max 24.8 8.34 1641 1165 938 7843 2.66 141 166
Ave 17.4 7.30 646 464 382 4222 0.14 1.08 47

It is evident from Figure 4.4 that the TSS contained in the BDWW was successfully reduced from
an average of 2.14 mg/l to 0.14 mg/l (Tables 4.8 and 4.9) during the stabilisation period thus
removing 86.98% TSS. It is observed (Figure 4.4) that the TSS contained in the feed samples
increased over time, while the TSS contained in the product samples remained constantly low.
Nonetheless, the TSS removal observed is indirectly proportional to the TSS contained in feed
samples. The experimental data depicted in Figure 4.4 contains a few potential outliers which
could be due to human error. Refer to Figure 4.5 for a complete representation of TSS in feed and

products samples for this study.
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Figure 4.4: TSS of ABR-MFC feed and product samples (and TSS removal — ABR-MFC efficiency)
during system stabilisation
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Figure 4.5: TSS of ABR-MFC feed and product samples

4.4.2. Effect of OLR’s on ABR-MFC performance

Three different OLRs (1.15, 1.98, and 3.46 kg COD/m3.day) were investigated during this study.
This section reflects on the performance (i.e. COD-, FOG-, TSS-removal) as well as some of the
daily operation parameters (i.e. EC, TDS and salinity) measured for the three OLRs. The ABR-
MFC was operated at a constant HRT of 10 days.

The EC, TDS and salinity (Figure 4.6 and 4.7)) of ABR-MFC feed and product samples were found

to be very similar. The EC, TDS and salinity of the product samples (Table 4.11) were 8 pS/cm
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and 2 mg/l higher, and 8 mg/l lower than feed samples (Table 4.10), respectively which was found

to be on average 921 uS/cm, 654 mg/l, and 565 mg/l.
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Figure 4.6: EC and TDS of ABR-MFC feed and product samples
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Figure 4.7: Salinity of ABR-MFC feed and product samples

The feed pH ranged from 4.74 to 7.82 (Table 4.10) while the pH of the product samples ranged
from 4.17 to 6.79 (Table 4.11). Nonetheless, the average feed and product pH was found to be
6.37 (Table 4.10) and 5.54 (Table 4.11) for the duration of OLRs 1 to 3.
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Table 4.10: Summarised daily operational parameters for ABR-MFC feed samples (OLR 1, 2 and 3)

Temp pH EC TDS Salt

°C puS/cm ppm ppm

Min 10.7 4.74 551 392 306
Max 24.0 7.82 1789 1270 1045
Ave 17.9 6.37 921 654 565

Table 4.11: Summarised daily operational parameters for ABR-MFC product samples (OLR 1, 2
and 3)

Temp pH EC TDS Salt

°C puS/cm ppm ppm

Min 10.5 4.17 488 346 353
Max 23.3 6.79 1866 1215 996
Ave 17.3 5.54 929 656 557

Figure 4.8 depicts the COD of both feed and product samples, as well as the COD removal for the
3 OLRs investigated during this study. The average COD in the feed and product samples were
found to be 21 688 mg/l (Table 4.12) and 8 516 mg/l (Table 4.13), respectively. During operation,
the ABR-MFC was able to remove 57.87% COD at an HRT of 10 days. The COD removal
achieved by the ABR-MFC system can be compared to the work of Sukkasem et al. (2011) who
removed 50% COD from BDWW by using an upflow bio-filter circuit (UBFC).

Although strong COD fluctuations can be observed (Figure 4.8) in the ABR-MFC feed samples,
the COD of the ABR-MFC product samples remained relatively stable while the COD removal of
the ABR-MFC system followed the same trend as the COD of ABR-MFC feed samples. In order
to increase system efficiency (i.e. COD removal), a recycle stream can be introduced to the ABR-
MFC, thereby diluting the ABR-MFC feed thus reducing the toxicity of the feed for microorganisms
(Grobicki & Stuckey, 1991).

Suehara and co-workers (2005) conducted biological treatment on BDWW using an oil degradable
yeast (i.e. Rhodotoula mucilaginosa). The microbial growth inhibitor was found to be the solid
content (i.e. TSS) of the BDWW in this study. They found that the growth of the microorganisms
was inhibited by a solid concentration above 2.14 g/l. The BDWW used in this study contained low
concentrations of TSS (Table 4.12). The TSS of the BDWW was reduced from an average of 8.48
mg/l (Table 4.12) to 0.18 mg/I (Table 4.13), thus removing 93.53% TSS. The TSS contained in the
BDWW treated by the ABR-MFC is much lower than the TSS reported by Suehara et al. (2005).
It can be assumed that the microbial growth in the ABR-MFC was thus not affected by the amount
of TSS contained in the BDWW.
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The C:N:P ratio of the feed was adjusted to 150:1.1:0.2 by adding urea and KH2:PO.. This
adjustment caused an increase in NOs-N and TP from <0.38 mg/l and 0.2275 mg/l (Table 4.3) to
an average of 6.05 mg/l and 2.16 mg/l (Table 4.12), respectively. However, after treatment with
the ABR-MFC system the treated BDWW product contained respective average NOs-N and TP
concentrations of 0.54 mg/l and 0.19 mg/l (Table 4.13). The ABR-MFC thus removed 91.07% and
91.20% NOs-N and TP, respectively.
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Figure 4.8: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)
for OLR 1-3

Table 4.12: Summarised system performance (OLR 1, 2 and 3) — ABR-MFC feed samples

COD TSS VSS Turbidity FOG NOs N TP oP

mag/l mag/l mg/l NTU mg/l mg/l mg/l mg/l mg/l
Min 9538 0.50 2.24 347 1280 1.22 0.28 1.10 17.35
Max 37230 64.30 65.85 1000 269540 12.15 2.74 4.05 25.30
Ave 21688 8.48 9.85 951 91164 6.05 1.37 2.16 22.08

Table 4.13: Summarised system performance (OLR 1, 2 and 3) — ABR-MFC product samples

COD TSS VSS Turbidity FOG NOs N TP oP

mag/l mag/l mg/| NTU mg/l mg/Il mg/l mg/| mg/l
Min 4145 0.02 0.42 40 46 0.09 0.00 0.10 13.75
Max 13590 1.59 3.63 452 100 1.62 0.37 0.50 25.00
Ave 8516 0.18 1.92 147 73 0.54 0.11 0.19 19.08

4.4.2.1. FOG in the ABR-MFC system

The ABR-MFC reduced the FOG contained in the BDWW from 91 164 mg/l (Table 4.12) to 73 mg/I
(Table 4.13). The FOG removal for OLRs 1, 2 and 3 in this study was found to be 96.41%, 97.31%
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and 99.96% which resulted in an average FOG removal of 97.89%. These positive FOG removal
results could be attributed to the fact that the small compartment to the left of compartment 1 (C1)
turned into a fat trap during the stabilisation period (refer to Figure 4.9). The FOG removal
achieved by the ABR-MFC can be compared to the work of Phukingngam et al. (2011) who
reduced 82% of FOG contained in BDWW treated with an ABR at OLRs of 0.5, 1.0 and
1.5 kg COD/m®.day.

Although the small compartment to the left of C1 had to be unblocked on day 116 of operation,
there was no observable fat (i.e. FOG) in compartment 6 (C6) for the entire duration (225 days) of
the study. The ABR-MFC therefore proves that a pre-treatment step in not necessary for BDWW
for the successful removal of FOG. Figure 4.9 also illustrates the existence of larvae (i.e. maggots)
which proves that the ABR-MFC can assist living organisms with BDWW as a food source.

b

Figure 4.9: Photograph of fat trap (left of C1) on day 181 (38 days since installation of MFC
technology)

It is also evident from Figures 4.10 to 4.12 that the fat trapped in the fat trap of the ABR-MFC did
not overflow out of the compartment. It can thus be said that the microorganisms living in the ABR-
MFC successfully consumed the FOG contained in the BDWW.
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Figure 4.11: Top view photograph of ABR-MFC on day 148 (5 days since installation of MFC
technology)

Figure 4.12: Top view photograph of ABR-MFC on day 161 (18 days since installation of MFC
technology)
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4.4.2.2. Effect of OLR 1 on ABR-MFC performance

This section reflects on the findings of the first OLR (1.15 kg COD/m3.day) after system
stabilisation. The findings include information regarding the treatment efficiency of the hybrid ABR-
MFC system. Refer to Appendix H (Tables H.4, H.5, H.6 and H.7) for summarised feed and
product experimental data for OLR 1. The ABR-MFC operated at an OLR of 1.15 kg COD/m?.day
and an HRT of 10 days during OLR 1 for a total of 28 days.

The EC, TDS and salinity (Figures 4.6 and 4.7) of the ABR-MFC feed and product samples was
found to be approximately similar. The ABR-MFC feed (Table 4.14) was 52 uS/cm, 39 mg/l, and
46 mg/l higher than the product (Table 4.15) EC, TDS and salinity which was found to be on
average 645 uS/cm, 456 mg/l, and 390 mg/l, respectively for OLR 1.

The feed pH ranged from 5.89 to 7.16 (Table 4.14) while the pH of product samples ranged from
5.37 t0 6.79 (Table 4.15). Nonetheless, the average feed and product pH (refer to Figure 4.1) was
found to be 6.52 (Table 4.14) and 5.86 (Table 4.15), respectively for OLR 1.

Table 4.14: Summarised daily operational parameters for ABR-MFC feed samples (OLR 1)

Temp pH EC TDS Salt

°C uS/cm ppm ppm

Min 13.0 5.89 551 392 306
Max 215 7.16 837 593 675
Ave 18.2 6.52 697 495 436

Table 4.15: Summarised daily operational parameters for ABR-MFC product samples (OLR 1)

Temp pH EC TDS Salt

°C pS/cm ppm ppm

Min 13.7 5.37 488 346 357
Max 20.9 6.79 747 531 433
Ave 17.3 5.86 645 456 390

It is evident from Figure 4.13 that the feed and product COD is directly proportional to the COD
removal. The COD in the feed and product remained relatively constant for the duration of OLR 1.
The average COD concentration found in the ABR-MFC feed and product samples for OLR 1 was
10 979 mg/l (Table 4.16) and 5 666 mg/l (Table 4.17). The constant feed and product COD

concentrations resulted in a relatively constant COD removal of 48.3% for OLR 1. Unfortunately,
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there is no experimental data available for days 162 and 165 since the ABR-MFC system was

moved to a new location during this time.
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Figure 4.13: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)
for OLR 1

Table 4.16: Summarised system performance (OLR 1) — ABR-MFC feed samples

COD TSS VSS Turbidity FOG NOs N TP OP

mg/| mg/| mg/| NTU mg/l mg/| mg/l mg/| mg/|
Min 9538 0.81 2.48 531 1280 1.70 0.38 1.30 17.35
Max 11783 3.32 4.48 1000 1280 5.95 1.34 1.65 20.35
Ave 10979 2.14 3.33 920 1280 3.43 0.78 1.52 18.55

Table 4.17: Summarised system performance (OLR 1) - ABR-MFC product samples

COD TSS VSS Turbidity FOG NOs N TP oP

mg/l mg/l mg/l NTU mg/l mg/l mg/l mg/l mg/l
Min 4145 0.02 0.92 45 46 0.43 0.10 0.10 13.75
Max 6353 1.59 3.50 210 46 1.62 0.37 0.20 16.40
Ave 5666 0.32 1.76 85 46 0.83 0.19 0.13 15.05

The C:N:P ratio of the feed was adjusted to 150:0.05:0.02 by adding urea and KH>PO, as sources
of nitrogen and phosphorous, respectively. This adjustment thus caused an increase in NO3z-N
and TP from <0.38 mg/l (Table 4.3) and 0.2275 mg/l (Table 4.2) to an average of 3.43 mg/lI and
1.52 mg/l (Table 4.16), respectively. However, after treatment with the ABR-MFC system the
treated BDWW contained average NOsz-N and TP concentrations of 0.83 mg/l and 0.19 mg/I,
respectively (Table 4.17), thereby removing 76.75% NO3-N and 91.31% TP. Increasing the C:N:P
ratio of the BDWW used as feed in the ABR-MFC from 150:0.05:0.02 to 150:1.1:0.2 should
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increase the COD removal of the ABR-MFC to a comparable removal efficiency (98 -100%) at an
OLR of 1.0 kg COD/m3.day (Phukingngam et al., 2011).

A possible explanation for the low COD removal achieved by the ABR-MFC when comparing the
results to the removal efficiencies achieved by Phukingngam et al. (2011) could be that the amount
of COD contained in the raw BDWW used in their study was much lower (i.e. 56 400 mg/l) than
the COD concentration of the BDWW used in this study (i.e. 145 796 mg/l). The latter could
account for the low COD removal efficiency achieved by the ABR-MFC at OLR 1.

The FOG of the ABR-MFC feed and product samples for OLR 1 was found to be an average of
1 280 mg/l (Table 4.16) and 46 mg/l (Table 4.17), respectively. The ABR-MFC thus removed
96.41% FOG (refer to section 4.3.2.1 for overall FOG removal explanation) which is comparable
to the work of Phukingngam et al. (2011).

The TSS of the BDWW used in OLR 1 was reduced from an average of 2.14 mg/l (Table 4.16) to
0.32 mg/l (Table 4.17), thus removing 84.68% TSS. Low TSS removal efficiencies were achieved
in other studies where BDWW were treated biologically. Silva and co-workers (2013) obtained
TSS removal efficiencies of 30.43%, 38.46% and 32.84% at respective OLRs of 1.18, 1.23 and
1.29 kg COD/m3.day when treating industrial BDWW using an anaerobic sequencing batch reactor
(ASBR). Other studies have shown TSS removal efficiencies of 41.96% (1.29 kg COD/m3.day)
(Selma et al., 2010) and 32.43% (1.5 kg COD/m3.day) (Bezerra et al., 2011) when treating BDWW
using ASBRs.

The average VSS of the BDWW used in OLR 1 was reduced from 3.33 mg/l (Table 4.16) to
1.76 mg/l (Table 4.17), thus removing 46.76% of the VSS contained in the BDWW. The VSS
removal achieved by the ABR-MFC can thus be comparable to the removal efficiencies of 53.23%
(1.29 kg COD/m3.day) (Selma et al., 2010) and 50.00% (1.50 kg COD/m3.day) (Bezerra et al.,
2011) achieved in other studies where biological treatment was applied to BDWW.

4.4.2.3. Effect of OLR 2 on ABR-MFC performance

This section reflects the findings of the second OLR (1.98 kg COD/m3.day). The findings include
information regarding the treatment efficiency of the hybrid ABR-MFC system. Refer to
Appendix H (Tables H.4, H.5, H.6 and H.7) for summarised feed and product experimental data
for OLR 2. The ABR-MFC was operated at an HRT of 10 days, for a total of 28 days.

The EC, TDS and salinity (Figures 4.6 and 4.7) of the ABR-MFC feed and product samples were
found to be approximately similar. The ABR-MFC feed (Table 4.18) samples were 78 puS/cm,
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56 mg/l, and 61 mg/l higher than the EC, TDS and salinity of the product (Table 4.19) which was

found to be on average 854 uS/cm, 607 mg/l, and 544 mg/l, respectively for OLR 2.

The feed pH ranged from 5.32 to 7.82 (Table 4.18) while the pH of product samples ranged from

4.79 10 6.58 (Table 4.19). Nonetheless, the average feed and product pH (refer to Figure 4.1) was

found to be 6.22 (Table 4.18) and 5.79 (Table 4.19), respectively for OLR 2.

Table 4.18: Summarised daily operational parameters for ABR-MFC feed samples (OLR 2)

Temp pH EC TDS Salt

°C puS/cm ppm ppm

Min 10.7 5.32 671 477 506
Max 213 7.82 1106 789 667
Ave 16.5 6.22 932 663 605

Table 4.19: Summarised daily operational parameters for ABR-MFC product samples (OLR 2)

Temp pH EC TDS Salt

°C puS/cm ppm ppm

Min 10.5 4.79 517 368 434
Max 20.9 6.58 1050 746 637
Ave 16.0 5.79 854 607 544

It is evident from Figure 4.14 that the feed COD is directly proportional to the COD removal for

OLR 2. However, the feed COD and COD removal is indirectly proportional to the product COD.

The average COD contained in the ABR-MFC feed and product samples was found to be
18 944 mg/l (Table 4.20) and 7 600 mg/l (Table 4.21), respectively. Although the feed COD did
not remain constant for the duration of OLR 2, the product COD followed an indirectly proportional

trend to the feed COD which resulted in an inconsistent COD removal which was 59.15% on

average.

The variation in feed COD (Figure 4.14) can be attributed to a fresh BDWW batch (refer to

Appendix H — Table H.1) obtained from the industrial partner that contained a visible layer of oil.

It is therefore possible that more (or less) oil entered the ABR-MFC feed during the feed make-up

process thereby causing a variation in feed concentration (Figure 4.14).
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Figure 4.14: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)
for OLR 2

Table 4.20: Summarised system performance (OLR 2) - ABR-MFC feed samples

COoD TSS VSS Turbidity FOG NOs N TP OoP

mg/| mg/| mg/| NTU mg/l mag/l mag/l mg/| mg/l
Min 11270 0.50 2.24 347 2673 1.22 0.28 1.10 21.90
Max 25140 9.80 10.88 1000 2673 12.15 2.74 2.95 25.30
Ave 18944 4.85 6.12 928 2673 6.76 1.53 1.80 23.49

Table 4.21: Summarised system performance (OLR 2) - ABR-MFC product samples

COD TSS VSS Turbidity FOG NOs" N TP OoP

mag/l mag/l mg/l NTU mg/l mg/l mg/l mg/l mg/l
Min 4785 0.02 0.42 40 72 0.09 0.02 0.10 14.55
Max 12063 0.28 2.42 234 72 0.53 0.12 0.10 21.70
Ave 7600 0.12 1.73 100 72 0.22 0.05 0.10 17.20

The C:N:P ratio of the feed was adjusted to 150:0.05:0.01 by adding urea and KH2PO.. This
adjustment caused an increase in average NOz-N and TP from <0.38 mg/l and 0.2275 mg/I
(Table 4.3) to 6.76 mg/l and 1.80 mg/l (Table 4.20), respectively. However, after treatment with
the ABR-MFC system the treated BDWW contained respective average NOs-N and TP
concentrations of 0.22 mg/l and 0.10 mg/l (Table 4.21), thereby removing 95.71% NOs-N and
93.70% TP.

The FOG of ABR-MFC feed and product samples for OLR 2 was found to be 2 673 mg/I
(Table 4.20) and 72 mg/l (Table 4.21), respectively. The ABR-MFC thus removed 97.31% FOG
(refer to section 4.3.2.1 for overall FOG removal explanation) which is comparable to the work of

Phukingngam et al. (2011).
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The average TSS of the BDWW used in OLR 2 was reduced from 4.85 mg/l (Table 4.20) to
0.12 mg/l (Table 4.21), thus removing 95.88% TSS. Low TSS removal efficiencies were achieved
in other studies where BDWW were treated biologically. Silva and co-workers (2013) obtained
TSS removal efficiencies of 14.29% and 35.52% at respective OLRs of 2.38 and
2.52 kg COD/m?3.day when treating industrial BDWW using an ASBR. Other studies have shown
TSS removal efficiencies of 31.91% (2.44 kg COD/m3.day) (Selma et al., 2010) and 9.76%
(3.00 kg COD/m3.day) (Bezerra et al., 2011) when treating BDWW using ASBRs.

The average VSS of the BDWW used in OLR 2 was reduced from 6.12 mg/l (Table 4.20) to
1.73 mg/l (Table 4.21), thus removing 61.08% of the VSS contained in the BDWW. Other studies
achieved VSS removal efficiencies of 26.85% (2.44 kg COD/m3.day) (Selma et al., 2010) and
20.00% (3.00 kg COD/m®.day) (Bezerra et al., 2011) which is much lower than the 61.08% TSS
removal achieved by the ABR-MFC during OLR 2.

4.4.2.4. Effect of OLR 3 on ABR-MFC performance

This section reflects the findings of the third OLR (3.46 kg COD/m?®.day). The findings include
information regarding the treatment efficiency of the hybrid ABR-MFC system. Refer to
Appendix H (Tables H.4, H.5, H.6 and H.7) for summarised feed and product experimental data
for OLR 3. The ABR-MFC operated at an HRT of 10 days, for a period of 28 days.

The EC, TDS and salinity (Figures 4.6 and 4.7) of the ABR-MFC feed and product samples was
found to fall within the same range. However, unlike in OLRs 1 and 2, the product (Table 4.23)
EC, TDS and salinity was 149 uS/cm, 95 mg/l, and 78 mg/l, respectively higher than the feed
(Table 4.22) samples which was found to be an average of 1 112 uS/cm, 789 mg/l, and 641 mg/l,
respectively for OLR 3.

The feed pH ranged from 4.74 to 7.08 (Table 4.22) while the pH of product samples ranged from
4.17 to 5.66 (Table 4.23). Nonetheless, the average feed and product pH (refer to Figure 4.1) was
found to be 6.38 (Table 4.22) and 5.01 (Table 4.23), respectively for OLR 3.

It is evident from Figure 4.15 that the feed and product COD is directly proportional to the COD
removal achieved by the ABR-MFC for OLR 3. The COD in the feed and product remained
relatively constant for the duration of OLR 3. The constant feed (33 356 mg/l (Table 4.24)) and
product (11 809 mg/l (Table 4.25)) COD resulted in a constant COD removal of 64.55% for the
duration of OLR 3.
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Table 4.22: Summarised daily operational parameters for ABR-MFC feed samples (OLR 3)

Temp pH EC TDS Salt

°C uS/cm ppm ppm

Min 155 4.74 564 404 318
Max 24.0 7.08 1789 1270 1045
Ave 19.2 6.38 1112 789 641

Table 4.23: Summarised daily operational parameters for ABR-MFC product samples (OLR 3)

Temp pH EC TDS Salt
°C puS/cm ppm ppm
Min 14.9 4.17 633 451 353
Max 23.3 5.66 1866 1215 996
Ave 18.4 5.01 1261 884 719
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Figure 4.15: COD of ABR-MFC feed and product samples (and COD removal — ABR-MFC efficiency)
for OLR 3

The C:N:P ratio of the feed was adjusted to 150:0.03:0.01 by adding urea and KH;PO.. This
adjustment caused an increase in NO3-N and TP from <0.38 mg/l and 0.2275 mg/l (Table 4.3) to
an average of 7.31 mg/l and 3.01 mg/l (Table 4.24), respectively. However, after treatment with
the ABR-MFC system the treated BDWW contained average NOs-N and TP concentrations of
0.64 mg/l and 0.33 mg/l, respectively (Table 4.25), thereby removing 89.18% NO3-N and 89.06%
TP.

The FOG of ABR-MFC feed and product samples for OLR 3 was found to be 269 540 mg/I
(Table 4.24) and 100 mg/l (Table 4.25), respectively. The ABR-MFC thus removed 99.96% FOG
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(refer to section 4.3.2.1 for overall FOG removal explanation) which is comparable to the work of
Phukingngam et al. (2011).

Table 4.24: Summarised system performance (OLR 3) — ABR-MFC feed samples

COD TSS VSS Turbidity FOG NOs" N TP OoP

mg/| mg/| mg/| NTU mg/l mg/l mag/l mg/l mg/l
Min 30563 2.03 3.57 1000 269540 4.80 1.08 2.00 18.25
Max 37230 64.30 65.85 1000 269540 11.45 2.59 4.05 25.00
Ave 33356 17.40 19.02 1000 269540 7.31 1.65 3.01 23.31

Table 4.25: Summarised system performance (OLR 3) — ABR-MFC product samples

COD TSS VSS Turbidity FOG NOs N TP OP

mg/| mg/| mg/| NTU mg/l mg/| mg/l mg/| mg/|
Min 10958 0.03 0.62 130 100 0.40 0.00 0.10 22.25
Max 13590 0.37 3.63 452 100 1.24 0.28 0.50 25.00
Ave 11809 0.13 2.25 247 100 0.64 0.12 0.33 23.98

The average TSS of the BDWW used in OLR 3 was reduced from 17.40 mg/l (Table 4.24) to
0.13 mg/l (Table 4.25), thus removing 98.55% of the TSS contained in the BDWW. Low TSS
removal efficiencies were achieved in other studies where BDWW were treated biologically.
Silva et al. (2013) obtained TSS removal efficiencies of 21.50% and 23.31% at respective OLRs
of 3.71 and 3.77 kg COD/m3.day when treating industrial BDWW using an ASBR. Other studies
have shown TSS removal efficiencies of 9.92% (3.82 kg COD/m3.day) (Selma et al., 2010) and
34.48% (4.50 kg COD/m?3.day) (Bezerra et al., 2011) when treating BDWW using ASBRs.

The average VSS of the BDWW used in OLR 3 was reduced from 19.02 mg/l (Table 4.24) to
2.25 mg/l (Table 4.25), thus removing 75.25% of the VSS contained in the BDWW. Other studies
reported VSS removal efficiencies of 22.77% (3.82 kg COD/m3.day) (Selma et al., 2010) and
21.95% (4.50 kg COD/m®.day) (Bezerra et al., 2011) when treating BDWW applying biological
treatment. The ABR-MFC achieved a much higher (i.e. 75.25%) TSS removal efficiency compared
to the latter studies.

4.4.4. Biofilm formation and gas production

The formation of a biofilm layer on the surface of the wastewater in the ABR-MFC was first
observed on day 3 of operation. The thickness of the biofilm layer observed grew in size until day

116 when the ABR had to be opened due to clogging of the fat trap. Nonetheless, the thickness
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of the biofilm layer remained consistent after day 116 until day 144 when MFC technology was
installed into the existing ABR. There was no observable oil (FOG removal = 97.89%) or sludge
washout in the ABR-MFC product.

Each compartment developed a unique layer of sludge which was observed to decrease in
thickness (representing a stair-like structure when observing the layer from the front-view of the
ABR) as the wastewater moved through the compartments from compartment 1 (C1) to
compartment 6 (C6). It is speculated that the four degradation stages (i.e. hydrolysis,
acidogenesis, acetogenesis, and methanogenesis) of anaerobic digestion (refer to Section 2.5.1
for a complete description of the four degradation stages) occur in the different compartments of
the ABR-MFC. This statement is supported by the work of Barber and Stuckey (1999) who
reported that acidogenic bacteria dominates in the front compartments (where substrate
concentrations are higher) while methanogenic bacteria dominates towards the end of the reactor.
Photographic evidence of the development of different microbial populations (i.e. microorganisms
and algae) in the separate compartments of the ABR can be observed in Tables 4.26 and 4.27.
When referring to Table 4.26 (day 116) and the literature consulted (Barber & Stuckey, 1999) it is
speculated that compartment 2 (C2) and compartment 3 (C3) are similar, while compartment 4
(C4) and compartment 5 (C5) are similar. It is speculated that hydrolysis occurs in C1,
acidogenesis occurs in C2 and C3, acetogenesis occurs in C4 and C5, and methanogenesis
occurs in C6.

Pink algae were observed on the sides of the ABR on day 35. According to Gerardi (2003),
methanogenic bacteria can be pink. The formation of bubbles within and under the biofilm layer
was observed from day 15 to 144 (implementation of MFC technology) as depicted in the figures
in Tables 4.26 and 4.27. Although the bubbles grew larger over time and varied in shape they
never burst. It was therefore concluded that there was to some extent of gas formation. It is
however recommended that the gas be captured in future and analysed for methane and/or
hydrogen. It is therefore possible that the ABR-MFC could generate a second source of energy

as a by-product.

The ABR did not produce an unpleasant odour. It can therefore be said that the biogas mainly
contained methane which is odourless (Gerardi, 2003). A flammability test was performed on the
biogas on day 200 (day 65 since installation of MFC technology). During the flammability test a
blue flame was observed, which burnt for a few seconds before going out. It is therefore

recommended that the biogas produced is captured and analysed.
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Table 4.26: Top view of the ABR after removing the ABR lid

Day

ABR-MFC

116

133
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Table 4.27: Top view of individual ABR-MFC compartments after removing the ABR lid

C1 and fat trap Cc2 C3 C4 C5 C6
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4.5. Chapter summary

Although it has been proven that the ABR is capable of effectively treating a wide range of
wastewaters with varying strength (0.45 — 1 000 g/l COD) at OLRs ranging from 0.40 to
28.00 kg COD/m?3.day (Barber & Stuckey, 1999), the average COD removal obtained during this
study was 57.33%. Nonetheless, the ABR-MFC achieved a 10.85% higher COD removal with
OLR 2 than with OLR 1. In OLR 3, the ABR-MFC achieved a 16.25% higher COD removal than
with OLR 1. From Table 4.28 it is evident that OLR 3 was thus the most efficient when comparing
the 3 OLRs regarding COD removal efficiency.

Table 4.28: Summarised ABR-MFC performance

Parameter Units OLR 1 OLR 2 OLR 3
OLR kg COD/m®.day 1.15 1.98 3.46
COD Removal % 48.30 59.15 64.55
2 FOG Removal % 96.41 97.31 99.96
5 TSS Removal % 84.68 95.88 98.55
2 VSS Removal % 46.76 61.08 75.25
NOs-N Removal % 76.75 95.71 89.18
TP Removal % 91.31 93.70 89.06
C:N:P - 150:0.05:0.02 150:0.05:0.01 150:0.03:0.01
coD mg/l 10979 18944 33356
- pH - 6.52 6.22 6.38
@E TDS ppm 495.00 663.00 789.00
Salt ppm 436.00 605.00 641.00
NO*N mg/l 3.43 6.76 7.31
TP mg/l 1.52 1.80 3.01
coD mg/l 5665 7600 11809
pH - 5.86 5.79 4.01
E EC ps/cm 645.00 854.00 1261.00
= DS ppm 456.00 607.00 884.00
= Salt ppm 390.00 544.00 719.00
NO3-N mg/l 0.83 0.22 0.64
TP mg/l 0.13 0.10 0.33

The FOG removal achieved by the ABR-MFC increased as the OLR of the BDWW increased from
OLR 1 (96.41%) to OLR 2 (97.31%) to OLR 3 (99.96%). OLR 3 was thus the most efficient when
comparing the 3 OLRs for FOG removal efficiency. The same trend was followed for the TSS and
VSS removal achieved by the ABR-MFC which increased as the OLR increased from OLR 1
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(84.68% and 46.76%) to OLR 2 (95.88% and 61.08%) to OLR 3 (98.55% and 75.25%). OLR 3

was thus the most efficient when comparing the 3 OLRs for TSS and VSS removal efficiency.

The ABR-MFC achieved a 76.75% NOs-N removal for OLR 1, followed by a 95.71% removal for
OLR 2 and an 89.18% removal for OLR 3. The most NO3-N was removed during OLR 2. The
same trend follows for TP removal achieved by the ABR-MFC which was 91.31% for OLR 1,
93.70% for OLR 2 (highest TP removal) and 89.06% for OLR 3.

It is therefore evident from the experimental findings (Table 4.28) that OLR 3 is the most effective
OLR to treat BDWW without the need for a pre-treatment step and the use of a recycle stream.
However, more research should be conducted to increase system efficiency regarding the COD
removal achieved by the lab-scale ABR-MFC system. It is therefore recommended to further
increase the OLR steadily thereby finally feeding the ABR-MFC with full strength BDWW
(i.e. average COD 145 796 mg/l).
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CHAPTER FIVE

RESULTS AND DISCUSSION OF POWER GENERATION BY THE ABR-MFC
SYSTEM
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CHAPTER FIVE:
RESULTS AND DISCUSSION OF POWER GENERATION BY THE ABR-MFC
SYSTEM

5.1. Introduction

The possibility of generating power using a hybrid anaerobic baffled reactor microbial fuel cell
(ABR-MFC) was investigated at laboratory scale. The substrate (i.e. industrial biodiesel
wastewater (BDWW)) was diluted and fed to the ABR-MFC as an energy source for the
microorganisms. An existing 6-compartment ABR was modified into a hybrid ABR-MFC by
transforming each compartment of the ABR into an MFC cell. Each compartment contained a
carbon fibre brush anode electrode and a floating carbon air-cathode. All cells were connected in
parallel and the external circuit was completed with a 1 000 Q resistor (i.e. colour coded tubular
wire wound) using insulated copper wire. This chapter provides a description of the results
obtained during the current study thereby evaluating the maximum power output generated by the
ABR-MFC system.

This chapter reflects the findings of the ABR-MFC power generation for the duration of the last
82 days (since day 144 of ABR-MFC operation) of the experimental study. The findings include
information regarding the power generation of the ABR-MFC during this time. Refer to Appendix |
(Tables 1.1, 1.2, 1.3, .4 and 1.5) for summarised experimental data on electrical current (Table 1.1),
potential difference (Table 1.2), power density (PD) (normalised to anode chamber volume (ACV)
(Table 1.3)), PD (normalised to cathode surface area (CSA) (Table 1.4)) and PD (normalised to
anode surface area (ASA) (Table 1.5)) for the ABR-MFC and individual compartments.

Power generation (i.e. voltage and current) was measured daily. The results obtained for the
generation of power (and chemical oxygen demand (COD) removal) have been plotted in
Figure 5.1. The electrical current and voltage obtained by the ABR-MFC have been plotted in
Figures 5.2 and 5.3 (refer to Appendix J (Figures J.8 and J.9) for figures not displayed in this
chapter. This includes the PD of individual ABR-MFC compartments (experimental data can be
obtained in Appendix | (Tables 1.1, 1.2, 1.3, 1.4 and 1.5))).

The PD is normalised to the ACV, CSA and ASA in order to assess MFC power generation specific
to system architecture (Logan, 2008). The latter eases comparison between different MFC
systems. The amount of microorganisms that are contained in the anode chamber (i.e. ACV) as
well as the surface area (i.e. CSA and ASA) available for microorganisms to grow on directly

affects the amount of power generated by the system (Logan, 2008). The PD results achieved in
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this study are presented in three possible ways (i.e. normalised to ACV, CSA and ASA) since PD
in literature is inconsistently reported using these three representations. Refer to section 2.8.5 for
a more complete explanation on PD.

Polarisation curves portray the performance of an MFC system by illustrating how well the system
maintains voltage as a function of current generation (Logan, 2008). Polarisation and power
density curves for each OLR (i.e. 1.15, 1.98 and 3.46 kg COD/m3.day) were plotted in Figure 5.5.
These results were then used to evaluate the maximum PD of the ABR-MFC system.

Experimental data for system polarisation, performed for each organic loading rate (OLR) under
investigation (i.e. 1.15, 1.98 and 3.46 kg COD/m?®.day), is indicated in Appendix | (Tables 1.6, 1.7
and 1.8). Polarisation data has been plotted in Figures 5.5 (experimental data can be found in
Appendix | (Tables 1.6, 1.7 and 1.8)).

5.2. Power generation (ABR-MFC power generation performance)

Figure 5.1 depicts the PD (normalised to ACV and CSA) and feed concentration (i.e. COD) of the
ABR-MFC for the three OLRs (i.e. 1.15, 1.98 and 3.46 kg COD/m?®.day) under investigation. It is
evident from Figure 5.1 that the ABR-MFC PD (normalised to ACV) is directly proportional to the
PD (normalised to CSA) and thus directly proportional to the feed COD concentration. There is no
noticeable relationship between PD and COD removal for the ABR-MFC.
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Figure 5.1: ABR-MFC PD (normalised to ACV and CSA) and feed concentration (i.e. COD)
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There is no power generation data available between days 18 and 22 since the ABR-MFC system
was moved to a new location during this time. Refer to Appendix | for electrical current (Table 1.1)
and voltage generation (Table 1.2) experimental data and Figures 5.2 and 5.3 for electrical current

and voltage graphs.

20 - OLR 1 : OLR 2 ; OLR3 g

18 | | . gk
< 12 + % TR =
= R % = me mox +
£ 10 X8 g rom B & e ¥
s ¢ ‘(:%Jf LI ek
o 4. g + | Sl AN S

g_iﬁf Sy ma : + TR

0 '—. T T T T T i

0

5 10 15 20 25'30 35 40 45 50 55 60 65 70 75 80 85
Operating Time (Days)

XABR-MFC BCl1 ¢C2 AC3 ©C4 =C5 +C6

Figure 5.2: Electrical current generation of ABR-MFC and individual compartments
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Figure 5.3: Voltage (potential difference) of ABR-MFC and individual compartments

The PD increases between OLR 1 and OLR 2 (Figure 5.1) where a direct relationship between
PD and COD removal is observed. This spike observed (Figure 5.1) in PD between days 22 to

day 33 could be attributed to vigorous mixing within the ABR-MFC system due to moving the
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system to a new location during days 18 to 22. It can thus be said that vigorous mixing increases
ABR-MFC PD due to better wastewater-microorganism contact since the performance of the ABR-
MFC system is largely dependent on the hydrodynamic behaviour of the treatment system (Barber
& Stuckey, 1999).

Logan (2008) states that the anaerobic chamber can be mixed to maintain homogenous conditions
within the reactor. It is therefore recommended to include a recycle stream which should increase
mixing within the ABR-MFC system since sufficient mixing should be ensured in order to obtain
better wastewater-microorganism contact. The latter controls mass transfer and thus the ABR-
MFC performance (Barber & Stuckey, 1999).

The average system PD of the 3 OLRs of the ABR-MFC was found to be 44 131 mW/m? (ACV)
(Table 5.1) [13 225 mW/m? (CSA) (Table 5.2) and 6.75 mW/m? (ASA) (Table 5.3)] at an average
COD feed concentration of 21 688 mg/I (Table 4.12). The system PD achieved by the ABR-MFC,
44 131 mW/m?3 (ACV), can be compared to the work of Cha et al. (2010) and You et al. (2007)
who achieved respective PDs of 16 700 mW/m? and 50 200 mW/m3. Ghangrekar and
Shinde (2007) achieved a PD of 6.45 mW/m?2 which is comparable to the PD achieved by the ABR-
MFC, 6.75 mW/m? (ASA) (Table 5.3).

Table 5.1: ABR-MFC summarised PD (normalised to ACV) for OLRs 1to 3

PDGty PDGZy PDGZy PDGty PDZy PDGZy PDAZFMFC
mwW/m?3
Min 129 010 129 749 111 450 101 571 75 239 81 750 12 554
Max 398 078 426 130 404 193 440 703 366 745 473 196 78 565
Ave 286 661 260 979 260 353 279 959 234 800 263 226 44 131

Table 5.2: ABR-MFC summarised PD (normalised to CSA) for OLRs 1to 3

PDE3, PDE3, PDE3, PDES, PDE3, PDE, PDFMre
mwW/m?2
Min 38 663 38 885 33401 30435 22548 24 487 3762
Max 119 299 127 708 121 136 132 056 109 907 141 739 23543
Ave 85 909 78 214 78 027 83 889 70 365 78 846 13 225

Table 5.3: ABR-MFC summarised PD (normalised to ASA) for OLR 1to 3

PD§5, PDG, PDG}, PDGS, PDG3, PD%%, PDAEMrC

mwW/m?2
Min 1.13 6.75 6.69 5.74 6.87 5.31 2.03
Max 100.48 109.59 105.23 98.63 90.80 80.34 18.48
Ave 45.31 4411 44.01 39.55 38.16 30.98 6.75

90



From Tables 5.1, 5.2 and 5.3 it is evident that the highest PD can be estimated by normalising the
PD to the ACV. The highest average PD was thus obtained in compartment 1 (C1),
286 661 mW/m?® (ACV). However, the maximum PD was obtained in compartment 4 (C4),
440 703 mW/m?3 (ACV) while the ABR-MFC system PD (ACV) fluctuated between 12 554 mW/m?
and 78 565 mW/m?. Graphical representation of the PD (normalised to ACV and CSA) of the ABR-

MFC and individual compartments can be found in Figures 5.2 and 5.3.

5.2.1. Effect of OLR 1 on power generation

This section reflects on the findings of ABR-MFC power generation for the first OLR
(1.15 kg COD/m3.day) after system stabilisation. Refer to Appendix | (Tables 1.1, 1.2, 1.3, .4 and
[.5) for summarised power generation data for OLR 1. The ABR-MFC operated at an OLR of
1.15 kg COD/m3.day and an HRT of 10 days during OLR 1.

The average system PD of the ABR-MFC was found to be 20 442 mW/m? (ACV) (Table 5.4),
6 126 mW/m? (CSA) (Table 5.5) and 4.81 mW/m? (ASA) (Table 5.6) at a feed concentration of
10 979 mg COD/I (Table 4.16) for OLR 1. These results are comparable to the work of Jang and
co-workers (2004) who achieved 1.30 mW/m? (ASA) and Ghangrekar and Shinde (2007) who
achieved 10.13, 6.45 and 4.66 mW/m? (ASA). The PD achieved in this study also compares well
with the PDs reported by Logan et al. (2007) (29 000 mW/m?), Tugtas et al. (2011) (12 000 mW/m?3)
and Mardanpour et al. (2012) (20 200 mW/m?®) who used modified (i.e. addition of 1 g/l acetate in
50 mM phosphate buffer and vitamins) primary clarifier overflow, acetate containing synthetic

wastewater and dairy wastewater as respective substrates.

It is evident from Tables 5.4 and 5.5 that compartment 6 (C6) achieved the highest PD,
442 554 mW/m? (ACV) and 132 561 mW/m? (CSA). However, from Table 5.6 it can be seen that
compartment 3 (C3) achieved the highest PD (20.56 mW/m?) when normalising the PD to the
ASA.

Table 5.4: ABR-MFC summarised PD (normalised to ACV) for OLR 1

PDGy PDGZy PDGZy PDGty PDGZy PD3%y PDAZFMFC
mwW/m?3
Min 4464 26264 25678 25628 27763 31297 8651
Max 302222 296620 329803 367457 304258 442554 63145
Ave 72658 78321 78971 91503 82365 114513 20442
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Table 5.5: ABR-MFC summarised PD (nhormalised to CSA) for OLR 1

PDg3, PDE, PDE, PDg, PDE, PDE, PDFMre

mwW/m?2
Min 1338 7871 7696 7679 8320 9375 2592
Max 90572 88895 98841 110108 91180 132561 18922
Ave 21775 23366 23667 27419 24683 34301 6126

Table 5.6: ABR-MFC summarised PD (normalised to anode ASA) for OLR 1

PD{s, PD, PDG3, PDg3, PD33, PDg$, PDAEMe

mwW/m?2
Min 1.13 6.75 6.69 5.74 6.87 5.31 2.03
Max 76.28 76.28 85.87 82.24 75.33 75.14 14.85
Ave 18.34 20.05 20.56 20.48 20.39 19.44 4.81

5.2.2. Effect of OLR 2 on power generation

This section reflects on the findings of ABR-MFC power generation for OLR 2
(1.98 kg COD/m®.day) after system stabilisation. The findings include information regarding the
coulombic efficiency of the hybrid ABR-MFC system. Refer to Appendix | (Tables I.1, 1.2, 1.3, 1.4
and 1.5) for summarised power generation data for OLR 2. The ABR-MFC operated at an OLR of
1.98 kg COD/m3.day and an HRT of 10 days during OLR 2.

The average PD of the ABR-MFC was found to be 21 114 mW/m?3 (ACV) (Table 5.7), 6 327 mW/m?
(CSA) (Table 5.8) and 4.97 mW/m? (ASA) (Table 5.9) at a feed concentration of 18 944 mg COD/I
(Table 4.20) for OLR 2. The volumetric PD (ACV) achieved during OLR 2 is significantly higher
than the volumetric PDs reported by Logan et al. (2007) (2 300 mW/m?3), Tugtas et al. (2011)
(4 100 mW/m?), Wang et al. (2011) (3 150 mW/m?), A. Wang et al. (2012) (1 000 mW/m?), Liu et al.
(2011) (2 340 mW/m?3), and Pasupuleti et al. (2015) (2 106 mW/m3). Logan et al. (2007) proved
that high PDs are attributed to the high surface areas and porous structures of carbon fibre brush
anodes. Tugtas et al. (2011) demonstrated that spunbonded olefin sheets is a cost-effective
alternative to polytetrafluoroethylene (PTFE) coating and can be used as a diffusion layer in air-
cathode MFCs. Wang et al. (2011) and A. Wang et al. (2012) combined an MFC with a membrane
bioreactor (MBR) for simultaneous wastewater treatment and energy recovery. Liu et al. (2011)
concluded that MFCs can be integrated with the activated sludge process to generate electricity.
Pasupuleti et al. (2015) concluded that continuous power generation can exist when employing a
stack of MFCs for wastewater treatment thereby reducing the external power consumption of the

treatment unit.
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It is evident from Tables 5.7 and 5.8 that C6 achieved the highest PD, 379 079 mW/m? (ACV) and
113 548 mW/m? (CSA). However, from Table 5.9 it can be seen that compartment 2 (C2) achieved
the highest average PD (43.97 mW/m?) when normalising the PD to the ASA.

Table 5.7: ABR-MFC summarised PD (normalised to ACV) for OLR 2

PD§y PD3%y PD33y PDSy PDGZy PD%ey PD4EFMFC
mwW/m?3
Min 93917 107221 73534 85457 96578 68805 10690
Max 219626 222238 255979 245995 230110 379079 48430
Ave 173903 170958 163312 154408 141614 166277 21114

Table 5.8: ABR-MFC summarised PD (normalised to CSA) for OLR 2

PDE3y PDE3, PDE3, PDE5, PDE3, PDE3, PDEgFMFC
mw/m?2
Min 28146 32134 22038 25607 28943 20610 3203
Max 65819 66603 76716 73712 68960 113548 14513
Ave 52117 51235 48944 46268 42439 49806 6327

Table 5.9: ABR-MFC summarised PD (normalised to ASA) for OLR 2

PD{s, PDGZ, PDG3, PDG3, PD33, PDG$, PDAZEMFC

mwW/m?2
Min 23.71 27.58 19.15 19.13 23.91 11.68 2.51
Max 55.44 57.16 66.65 55.06 56.97 64.36 11.39
Ave 43.90 43.97 42.52 34.56 35.06 28.23 4.97

Compartmental PDs doubled from OLR 1 to OLR 2 when comparing the average PD (ASA)
(Tables 5.6 and 5.9) of the ABR-MFC. It can thus be said that an increase in OLR results in

increased power generation.

5.2.3. Effect of OLR 3 on power generation

This section reflects on the findings of ABR-MFC power generation for OLR 3
(3.46 kg COD/m3.day) after system stabilisation. The findings include information regarding the
coulombic efficiency of the hybrid ABR-MFC system. Refer to Appendix | (Tables I.1, 1.2, 1.3, 1.4
and 1.5) for summarised power generation data for OLR 3. The ABR-MFC operated at an OLR of
3.46 kg COD/m®.day and an HRT of 10 days during OLR 3.

The average PD of the ABR-MFC was found to be 44 131 mW/m® (ACV) (Table 5.10),
13 225 mW/m? (CSA) (Table 5.11) and 10.38 mW/m? (ASA) (Table 5.12) at a feed concentration
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of 33 356 mg CODI/I (Table 4.24) for OLR 3. The volumetric PD (ACV) achieved in OLR 3 is
comparable to the PD achieved by You et al. (2007) who attained a PD of 50 200 mW/m? using a

graphite granule membrane-less tubular air-cathode MFC.

It is evident from Tables 5.10 and 5.11 that C6 achieved the highest PD, 473 196 mW/m?3 (ACV)
and 141 739 mW/m? (CSA). However, from Table 5.12 it can be seen that C1 achieved the highest
PD (72.36 mW/m?) when normalising the PD to the ASA.

Table 5.10: ABR-MFC summarised PD (normalised to ACV) for OLR 3

PDjty PDZy PDG¢y PDj¢y PDZy, PDG2y PDAZFMFC
mwW/m?3
Min 129010 129749 111450 101571 75239 81750 12554
Max 398078 426130 404193 440703 366745 473196 78565
Ave 286661 260979 260353 279959 234800 263226 44131

Table 5.11: ABR-MFC summarised PD (normalised to CSA) for OLR 3

PDg3, PDE, PDE, PDE3, PDE, PDE, PDEEFMFC
mwW/m?2
Min 38663 38885 33401 30435 22548 24487 3762
Max 119299 127708 121136 132056 109907 141739 23543
Ave 85909 78214 78027 83889 70365 78846 13225

Table 5.12: ABR-MFC summarised PD (normalised to ASA) for OLR 3

PD§5, PDGE, PDG, PDGS, PDG3, PDg, PDAEMFC
mwW/m?2
Min 32.56 33.37 29.02 22.73 18.63 13.88 2.95
Max 100.48 109.59 105.23 98.63 90.80 80.34 18.48
Ave 72.36 67.12 67.78 62.66 58.13 44.69 10.38

Compartmental PDs tripled from OLR 1 to OLR 3 when comparing the average PD (ASA)
(Tables 5.6 and 5.12) of the ABR-MFC. It can thus be said that an increase in OLR results in

increased power generation.

5.3. ABR-MFC performance

Polarisation and PD curves were obtained by initially applying different circuit resistances (i.e. 0 Q
to 10 000 Q) to the ABR-MFC in 15-minute intervals and recording the corresponding potential
difference (i.e. voltage) of the system which is illustrated as ABR-MFC voltage as a function of
external resistance in the curve depicted in Figure 5.4. The respective curves (Figure 5.4) for
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OLR 1, 2 and 3 follows the same trend as the typical external resistance versus MFC voltage
curve for an MFC which shows a sharp increase in cell voltage followed by a stable increase as

the corresponding resistance is increased (Logan, 2008).

System polarisation for OLR 1, 2 and 3 were performed on days 24, 52 and 80 of the ABR-MFCs
operation (refer to Appendix | (Tables 1.6, .7 and 1.8) for polarisation data of OLR 1, 2 and 3). The
polarisation information was obtained after leaving the system in open circuit mode (OCM)
overnight thereby achieving a stable MFC under steady-state conditions as described by
(Logan, 2008).
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Figure 5.4: External resistance vs. ABR-MFC voltage (OLR 1 — 3)

The maximum voltage of the ABR-MFC was obtained during OCM for all three OLRs. The open
circuit voltage (OCV) of the ABR-MFC was found to be 400 mV for OLR 1, 513 mV for OLR 2 and
561 mV for OLR 3 (Figure 5.4). The OCVs obtained during OLR 1, 2 and 3 was 700 mV, 587 mV
and 539 mV respectively lower than the theoretical maximum cell voltage of 1.1 V under OCM
conditions (Logan, 2008).

The OCV obtained during OLR 1 (400 mV) was the lowest OCV attained during this study and is
comparable with the OCVs achieved by leropoulos et al. (2008) (between 440 and 450 mV at
MFC stack configurations), Min & Angelidaki (2008) (393 mV) and Inoue et al. (2012) (390 mV).
The second highest OCV attained by the ABR-MFC was during OLR 2 (513 mV) and is
comparable with the OCVs achieved by Liu et al. (2011) (534 mV) and Xu et al. (2016) (500 mV).

Ortiz-Martinez et al. (2016) achieved an OCV of 498 mV when using ceramic separators in MFCs

95



while Wang et al., (2016) achieved an OCV of 490 mV in a hybrid MFC-MBR which is also in-line
with the OVC achieved by the ABR-MFC for OLR 2. The highest OCV achieved by the ABR-MFC
was observed during OLR 3 (561 mV). The OCV achieved in OLR 3 is comparable with the OCVs
achieved by Cha et al. (2010) (594 mV) and Yoo et al. (2011) (560 mV) when performing
polarization tests on single chamber MFCs. The ABR-MFC achieved a lower OVC than the OCVs
reported by You et al. (2007) and Song et al. (2010) who achieved OCVs of 710 mV and 650 mV,

respectively, however, these results are still in line with the OCV achieved in OLR 3.

The low OCV obtained during OLR 1 (400 mV) could be due to oxygen permeability through the
diffusion layer on the floating carbon air-cathodes (Prakash et al., 2009; Song et al., 2010) since
oxygen is considered an electron acceptor in the cathode (Song et al., 2010). This observation
could be due to the fact that the biofilm on the cathode have not yet been fully developed on day
24 when the polarisation of OLR 1 was performed. Prakash et al. (2009) concluded that a much
higher PD is expected if the OCV could be increased by reducing the thickness of the membrane
(i.e. separator) used. Song et al. (2010) also reported that the OCV could affect the maximum PD

achieved by the system.

It is evident from Figure 5.4 that the same trend is followed by the three OLRs when considering
the increasing cell voltage with respect to increasing the external resistance of the ABR-MFC.
During all three OLRs the cell voltage sharply increases as the external resistance is increased
until 1 000 Q after which a stable increase in cell voltage is observed despite the respective outliers
during OLR 2 (at 4 000 Q) and 3 (at 9 000 Q). The OCVs obtained during OLRs 1, 2 and 3 was
higher than the ABR-MFC voltage when different external resistances were applied.

It is possible that the increase in OCV (from 400 mV to 516 mV and 561 mV) during this study
could be attributed to an increase in OLR and an increased removal efficiency (i.e. COD) when
considering OLR 1 (48.30%), 2 (59.15%) and 3 (64.55%) (Song et al., 2010). It is therefore
concluded that the increase in OCV is attributed to an increase in OLR when treating BDWW using
an ABR-MFC.

5.3.1. ABR-MFC polarisation

Current and current density (normalised to CSA) was calculated from the corresponding potential
(i.e. voltage) measurements at the specified external resistances to obtain the polarisation curves

(Figure 5.5) for OLRs 1, 2 and 3. The calculated current and current density (CSA) were then used
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to calculate the power and subsequently the PD (normalised to CSA) at the specified external

resistances to obtain the PD (normalised to CSA) curves (Figure 5.5) for OLR 1, 2 and 3.
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Figure 5.5: Polarisation and PD (CSA) curves (OLR 1 - 3)

The polarisation curves illustrated in Figure 5.5 depicts how well the MFC maintains voltage as a

function of current generation thereby characterising the performance of the MFC (Logan, 2008).

5.3.1.1. Internal resistance

The internal resistance of a system consists of activation-, ohmic- and concentration-losses
(Mahadevan et al., 2014; Logan, 2008). A significant amount of power is lost due to the internal
resistance (Prakash et al., 2009) since the internal resistance of a system limits its overall
performance (Kakarla et al., 2015).

The internal resistance of the ABR-MFC for all experiments (OLRs 1, 2 and 3) were determined
using Equation 2.7 and was found to be 340.15 Q, 487.97 Q and 280.69 Q, respectively (refer to
sample calculation in Appendix E). Y. Wang et al. (2012) and Song et al. (2015) achieved
respective internal resistances of 365 Q and 328 Q which is comparable to the internal resistance
achieved by the ABR-MFC for OLR 1. The internal resistance achieved by the ABR-MFC during
OLR 2 (487.97 Q) is comparable with the internal resistance reported by Ortiz-Martinez et
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al. (2016) who achieved an internal resistance of 539.1 Q when evaluating the performance of
ceramic MFCs assembled with different separator structures (e.g. absence of ionic liquid over
ceramic surface, layer of ionic liquid with and without PTFE) in MFCs. The internal resistance
obtained during OLR 3 (280.69 Q) is in line with the internal resistance reported by Song et
al. (2015) who achieved an internal resistance of 282 Q using a PVDF layer on the solution side

of an air-cathode MFC.

Liu et al. (2009) proved that by improving the operating conditions of the MFC (i.e. increasing the
anode surface area and the electrical conductivity). The internal resistance was reduced from
317 Q to 35 Q, using glucose as substrate, by using excess sludge thereby increasing the PD
achieved by the MFC. Min and Angelidaki (2008) identified the high internal resistance (35 Q) of
the electrolyte (i.e. ohmic) as the main limitation for achieving higher electricity generation in a
submersible MFC.

According to Sukkasem et al. (2011), a large internal resistance (10 kQ) is usually attributed to a
greater distance between the anode and cathode electrodes, the electrode material and a low
degree of biodegradation. Nandy et al. (2015) agrees that the electrode material and electrode
spacing has a significant effect on the performance of an MFC. A smaller carbon fibre brush anode
diameter provides a shorter distance along the fibre for electrons to get to the titanium (Ti) current
collector. This decreases the internal resistance of the system and enhances the performance of
the MFC (Lanas et al., 2014). According to Yuan et al. (2010), the internal resistance of an MFC
is mostly attributed to ohmic losses within the system. Song et al. (2010) stated that it is possible
that the increased maximum PD could be obtained by an increased OCV and a reduced internal
resistance — of which a large portion consists of ohmic resistances associated with the electrode

resistances. The ohmic losses observed during this study is described in Section 2.3.1.2.

5.3.1.2. Activation losses

The sharp decline in cell voltage initially observed at low current densities (< 0.40 mA/m?) in the
polarisation curves (Figure 5.5) of all three experimental conditions is attributed to activation
losses (Du et al., 2007; Cha et al., 2010; L4zaro et al., 2011) which occurs at the anode and
cathode electrodes (Logan, 2008). According to You et al. (2007), activation losses occurs due to
a limitation of microbial metabolism at the anode and oxygen reduction at the cathode. The
activation losses occur due to the energy that must be overcome by the reacting species
(Du et al., 2007) and is thus the limiting step owing to very slow reaction kinetics of oxygen
reduction at the cathode (Du et al., 2007; Yousefi et al., 2015).
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The activation losses for the ABR-MFC ranged from 253 to 321 mV for OLR 1, 208 to 326 mV for
OLR 2 and 221 to 329 mV for OLR 3 (refer to Figure 5.5). The activation losses observed in the
ABR-MFC is much lower than the activation losses for a typical MFC which should range between
600 and 800 mV (section 2.8.1 — Figure 2.3) (Logan, 2008). According to Blackall et al. (2007)
and Logan (2008), these activation losses can be overcome by using improved catalysts at the
cathode while Song et al. (2010) and Mahadevan et al. (2014) suggests the addition a catalyst

(i.e. Pt) to the cathode electrode.

5.3.1.3. Ohmic losses

It is evident from Figure 5.5 that all three experimental conditions followed a constant decrease in
cell voltage while the cell voltage of OLR 2 and 3 stabilised after respective current densities of
3.58 and 5.66 mA/m2. The constant decrease in all experiments (OLR 1, 2 and 3) represents a
linear relationship between the cell voltage and the current density of the ABR-MFC and attributed
to ohmic losses within the ABR-MFC which is mostly attributed to the internal resistance of the
system (Yuan et al., 2010).

It is evident from Figure 5.5 that ohmic resistance is dominant in all three experimental conditions
(OLR 1, 2 and 3). The ohmic losses for a typical MFC ranges between 300 and 600 mV
(section 2.8.1 — Figure 2.3) (Logan, 2008). The ohmic losses for the ABR-MFC ranged from 12.6
to 321 mV for OLR 1, 17.0 to 208 mV for OLR 2 and 25.0 to 221 mV for OLR 3.

When comparing the three polarization curves of the ABR-MFC, a faster rate of change is
observed during the polarisation of OLR 2 which suggests a higher ohmic resistance resulting in
a faster decrease in cell voltage (Ortiz-Martinez et al., 2016). The latter is supported by the high
internal resistance observed during OLR 2 which was found to be 487.97 Q. The gradual decrease
in cell voltage during OLR 3 suggests that there is a slow decrease in internal resistance which

can be attributed to biofilm maturation over a long period of time (Lefebvre et al., 2013).

The ohmic losses can be overcome by reducing the distance between the anode and cathode
electrodes (Logan et al., 2006; Du et al., 2007; Singh et al., 2010; Yao et al., 2014; Xu et al., 2016),
membrane resistance (Lazaro et al.,, 2011; Huang et al., 2012), solution resistance
(Huang et al., 2012), electrical resistance of the electrodes (Song et al., 2010; Lazaro et al., 2011;
Huang et al., 2012) and current collectors (Lazaro et al., 2011; Huang et al., 2012) as well as
increasing the conductivity of the current collector (Song et al., 2010) and the substrate to the
maximum that can be tolerated by the bacteria (Logan et al., 2006; Singh et al., 2010). By

overcoming the ohmic losses the internal resistance of the system is reduced which can thus
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increase electricity generation since electrons generated in the anodic chamber during oxidation

of the substrate will travel a shorter path to reach the cathode (Nandy et al., 2015).

5.3.1.4. Concentration losses

According to Mahadevan et al. (2014), the typical polarization curve of an MFC ends with a sharp
decline in measured cell voltage. However, the sharp decrease in cell voltage on the polarisation
curves for the ABR-MFC (Figure 5.5) does not exist. The latter suggests that the ABR-MFC does
not have major concentration losses. It can therefore be said that the ABR-MFC reached electrical
equilibrium during all three OLRs (1, 2 and 3) which is dependent on the anode and cathode

electrodes (Mahadevan et al., 2014).

Since concentration losses were absent during this study it can be said that the ABR-MFC has
the ability to maintain the initial substrate concentration in the bulk fluid (Du et al., 2007). The latter
could be attributed to sufficient mixing (i.e. natural convective flow) of substrate (i.e. BDWW) within
the system and atributed to the design of the ABR. This might have enhanced the mass transfer
rate by minimising the concentration gradient between the bulk fluid and the electrode surface
(Oh et al., 2010).

5.3.2. ABR-MFC maximum power density

The maximum power density (PD) for the three experimental conditions (OLR 1, 2 and 3) were
determined by using the PD peak method (refer to section 2.8.1.1 for method description). The
maximum PDs (CSA) (Figure 5.5) achieved by the ABR-MFC during OLR 1, 2 and 3 were
determined to be 277.42 mW/m?, 147.84 mW/m? and 295.68 mW/m? at respective current
densities of 3.21 mA/m?, 2.35 mA/m? and 4.69 mA/m?. The corresponding external resistances for
OLR 1 and 2 was 100 Q while the maximum PD of OLR 3 was observed at an external resistance
of 50 Q.

The maximum PD achieved during OLR 1 (277.42 mW/m?) is comparable with the work of
Rahimnejad et al. (2011) who achieved a maximum PD of 274 mW/m?. The ABR-MFC performed
better when comparing the maximum PD observed to the maximum PD achieved by
Liu et al. (2009) who attained a maximum PD of 220.7 mW/m? (at a current density of 0.11 mA/m?)

and Min and Angelidaki (2008) who achieved a maximum power density of 218 mW/m?2,

100



The ABR-MFC achieved a higher maximum PD when comparing the results of OLR 2
(147.84 mW/m?) to the work of Miyahara et al. (2013) (100 mW/m?) who conducted wastewater
treatment using cassette electrode configurations, as well as Kondaveeti et al. (2014)
(118 mW/m?) and Nandy et al. (2015) (124.46 mW/m?) who respectively used Nafion®
membranes as a separators in dual-chamber MFCs. However, the maximum PD obtained during
OLR 2 is comparable with the work of Song et al. (2015) who achieved 147.84 mW/m? using an
MFC with a polyvinylidene fluoride (PVDF) layer on the solution side of the air-cathodes.

The ABR-MFC achieved a lower maximum PD during OLR 3 (295.68 mW/m?) than the PDs
reported by Zuo et al. (2006) (475 mW/m?) and Song et al. (2010) (311.2 mW/m?) who respectively
used corn stover- and synthetic- wastewater as substrate, both in single-chamber air cathode
MFCs. Kakarla et al. (2015) achieved 370 mW/m? using an air-cathode MFC with oxygen supply
from an externally connected algal bioreactor which is approximately 75 mW/m?2 more than the
maximum PD achieved by the ABR-MFC for OLR 3. Rahimnejad et al. (2011), Min et al. (2005)
and Gajda et al. (2015) reported respective maximum PDs of 274 mW/m?, 261 mW/m? and
286 mW/m? when using glucose, swine wastewater and domestic wastewater. These results are
lower than the maximum PD achieved by the ABR-MFC for OLR 3. Nonetheless, the maximum
PD achieved during OLR 3 is comparable with the maximum PDs achieved by Logan et al. (2007)
(300 mW/m?) when using a carbon paper anode (air-cathode MFC), Ahn et al. (2014) (282 mW/m?)
when using carbon fibre brush anodes in MFCs treating domestic wastewater, Tugtas et al. (2011)
(280 mwW/m?) treated synthetic wastewater in air-cathode MFCs and Lanas et al. (2014)
(280 mW/m?) who reported that the distance between the anode (i.e. carbon fibre brush) and the
cathode is more important than the total surface area of the carbon fibre brush anode.

It is evident from Figure 5.5 that OLR 2 achieved the lowest maximum PD (147.84 mW/m?) when
comparing the three experimental conditions (OLR 1, 2 and 3). It is evident that a lower internal
resistance results in a higher maximum PD (Song et al., 2010). According to Ahn et al. (2014), a
higher PD is achieved at higher OLRs. The latter is observed in Figure 5.5 where OLR 3 achieved

the highest maximum PD.

The low maximum PD achieved during OLR 2 could be due to a lower electrical conductivity (EC)
in the feed substrate (Logan et al., 2006; Singh et al., 2010) when comparing the EC of the BDWW
during OLR 2 (932 uS/cm (Table 4.18)) and 3 (1 112 uS/cm (Table 4.22)). The effect of the EC
can directly be related to the maximum PDs achieved during these OLRs. The highest feed EC
was measured during OLR 3 (1 112 uS/cm) which corresponds to the highest PD (295.68 mW/m?)
(Figure 5.5) achieved during this study.
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5.4. Chapter summary

The internal resistance of a typical MFC system consists of activation-, ohmic- and concentration-
losses (Mahadevan et al., 2014; Logan, 2008). During system polarisation it was found that
activation- and ohmic-losses were present during all three OLRs. It was concluded that a high
internal resistance, attributed to ohmic losses, limits the overall system performance of the ABR-
MFC (Kakarla et al., 2015). It was however concluded that sufficient mixing of BDWW within the

ABR-MFC resulted in the absence of concentration losses.

The maximum PD for the three experimental conditions (OLR 1, 2 and 3) were determined by
using the PD peak method. It is evident from Table 5.13 that the highest PD was obtained during
OLR 3. There is no significant difference between the PDs of OLR 1 (20 442 mW/m? (ACV),
6 126 mW/m? (CSA), 4.81 mW/m? (ASA)) and OLR 2 (21 114 mW/m3 (ACV), 6 327 mW/m? (CSA),
4.97 mW/m? (ASA)). However, the PDs obtained during OLR 3 (44 131 mW/m3 (ACV),
13 225 mW/m? (CSA), 10.38 mW/m? (ASA)) were nearly double that of OLRs 1 and 2. The ABR-
MFC attained the highest OCV (561 mV), maximum PD (296 mW/m?) and the lowest internal
resistance (281 Q) during OLR 3 when compared to that of OLR 1 and 2. It was concluded that a
lower internal resistance (Song et al., 2010) and a higher OLR (Ahn et al., 2014) resulted in a

higher maximum PD.

Table 5.13: Summarised ABR-MFC performance with regard to power generation

Parameter Units OLR 1 OLR 2 OLR 3
OLR kg COD/m3.day 1.15 1.98 3.46
COD Removal % 48.3 59.15 64.55
PD ¢y mwW/m3 20442.04 21113.71 44131.14
L PD¢sy mwW/m? 6125.76 6327.03 13224.55
= PD s, mW/m? 4.81 4.97 10.38
b ocv mv 400 513 561
PD, mwW/m? 277.42 147.84 295.61
D mA/m?2 3.21 2.35 4.69
Rint Q 340.15 487.97 280.69

It is therefore evident from the experimental findings (Table 5.13) that OLR 3 is the most effective
OLR to treat BDWW and generate electricity simultaneously without the need for a pre-treatment
step and the use of a recycle stream. However, more research should be conducted to increase
system efficiency regarding COD removal and the maximum PD achieved by the laboratory scale
ABR-MFC system. It is therefore recommended to further increase the OLR steadily thereby
ultimately feeding the ABR-MFC with full strength BDWW (i.e. average COD of 150 000 mg/l).

102



CHAPTER SIX

CONCLUSIONS AND RECOMMENDATIONS

103



CHAPTER SIX:
CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

The possibility of reducing the chemical oxygen demand (COD) in untreated industrial biodiesel
wastewater (BDWW), obtained from a commercial biodiesel company located in the Western
Cape, was evaluated using an anaerobic baffled reactor (ABR) equipped with microbial fuel cell
(MFC) technology at ambient temperature in order to meet the industrial wastewater discharge

standard limits as anticipated by the City of Cape Town (2011).

1. The results of this study lead to the following conclusions concerning the parameters which do

not meet the industrial wastewater discharge standards in the BDWW:

All parameters measured during this study met the industrial wastewater discharge standard limits
except for the COD and fats, oils and grease (FOG) for the full strength BDWW. The COD and
FOG of full strength BDWW was approximately 296 125 mg/l and 500 mg/l over the allowed limit
prior to anaerobic biological treatment of diluted BDWW. It was therefore concluded that the
BDWW should be treated prior to disposal into the municipal sewer system to reduce the COD to
a value below 5 000 mg/I.

After treatment with the ABR-MFC, the FOG and COD contained within the BDWW was reduced
by 97.89% and 57.87%, respectively. Therefore, the only parameter which did not meet the

industrial wastewater discharge standard limits, after treatment with the ABR-MFC, was the COD.

2. The results of this study lead to the following conclusions concerning pH and

carbon:nitrate:phosphate (C:N:P) ratio adjustments prior to treatment with the ABR-MFC:

Although the pH of the ABR-MFC feed decreased to a value below 6, the pH of the ABR-MFC
feed remained relatively constant during the study period of 225 days. It is however concluded
that the pH was too low. The low organic matter (i.e. COD) removal could therefore be attributed
to the acidity within the ABR-MFC caused by an accumulation of volatile fatty acids (VFA) since

the alkalinity of the ABR-MFC was not monitored.

The C:N:P ratio used during this study (150:0.05:0.01) was lower than the optimal C:N:P ratio
(150:1.1:0.2) suggested by Phukingngam et al. (2011). The nitrogen and phosphorous
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concentrations of the BDWW were thus increased to obtain the optimal C:N:P ratio. The treatment
efficiency of the ABR-MFC increased from 48.30% to 64.55% over the study period. It can thus
be concluded that a pre-treatment step is not necessary for BDWW when adjusting the pH and
C:N:P ratio of the ABR-MFC feed.

3. The results of this study lead to the following conclusions concerning the maximum power

output generated by the ABR-MFC system:

The ABR-MFC obtained a power density (PD) of 44 131 mW/m? (normalised to anode chamber
volume) during organic loading rate (OLR) 3 which was nearly double the PD of OLRs 1 and 2.
During this OLR (3), the ABR-MFC achieved an open circuit voltage (OCV) of 561 mV, a maximum
PD of 296 mW/m? and a low internal resistance (281 Q).

4. The results of this study lead to the following conclusions concerning the treatment efficiency
of the ABR-MFC:

The BDWW was deemed fairly biodegradable with regard to the biological oxygen demand
(BOD):COD ratio which was found to be 0.68. It is concluded that the ABR-MFC successfully
reduced the COD, FOG, total suspended solids (TSS), nitrate nitrogen (NOs-N), and total
phosphate (TP) by 64.55%, 99.96%, 98.55%, 89.18%, and 89.06%, respectively during OLR 3

which was deemed the most effective OLR for this study.

It is concluded that OLR 3 (3.46 kg COD/m3.day) was the most effective and efficient OLR to treat
BDWW and generate electricity simultaneously without the need for a pre-treatment step and the

use of a recycle stream.
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6.2. Recommendations

The following recommendations have been proposed for further studies:

Introduce a post-treatment step which includes the use of membrane technology
(i.e. nanofiltration (NF), ultrafiltration (UF) and reverse osmosis (RO)) to ensure that the
COD is further reduced to below the industrial discharge standard limits imposed by the
City of Cape Town (City of Cape Town, 2011). The use of membrane technology will also
ensure the reduction of electrical conductivity (EC), total dissolved solids (TDS) and salinity
contained in the treated BDWW.
Introduce a recycle stream to increase mixing in the ABR-MFC system to ensure adequate
wastewater-microorganism contact. The use of a recycle stream will control mass transfer
and thus better ABR-MFC performance.
Monitor the alkalinity of the system in order to monitor VFA accumulation.
Maintain the pH of the ABR-MFC feed between 6.5 and 7.5 so as to ensure that a build-
up of products from acetogenesis (i.e. VFA) does not occur, and that optimal biological
activity and therefore COD removal from the BDWW occurs (Pirsaheb et al., 2015;
Florencio et al., 1996).
Limit the amount of VFA content within the ABR-MFC to below 200 mg/l acetic acid by
providing the system with sufficient alkalinity within the ABR-MFC in order to ensure
continuous digestion of organic material (Pirsaheb et al., 2015).
Supply alkalinity to the ABR-MFC in the form of sodium bicarbonate (NaHCOs) and
dipotassium hydrogen phosphate (K;HPO,) (Florencio et al., 1996) or urea (CH4N;O)
(0.007 g/gCOD) and diammonium hydrogen phosphate (NH4H.PO.) (0.0006 g/gCOD)
(Pirsaheb et al., 2015) so as to maintain the optimum pH as well as to ensure effective
digestion and production of quality biogas (i.e. 50-75% methane) (Phukingngam et
al., 2011).
Increase the C:N:P ratio of the BDWW used as feed in the ABR-MFC from 150:0.05:0.02
to 150:1.1:0.2 (Phukingngam et al., 2011) to ensure optimal biological activity and
therefore COD removal (Ammary, 2004; Thompson et al., 2006; Ajeng et al., 2010).
Introduce mixing to the ABR-MFC system by implementing a recycle stream which will
assist (the system):

a. In adjusting the pH of the ABR-MFC feed thus possibly eliminating the need for

adjusting the feed pH by adding sodium hydroxide (NaOH) and phosphoric acid
(HsPOu).
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b. In increasing the maximum PD of the system and possibly system efficiency (i.e.
COD removal) since sufficient mixing should be ensured in order to obtain better
wastewater-microorganism contact (Barber & Stuckey, 1999).

c. In diluting the ABR-MFC feed thus reducing the toxicity of the feed for
microorganisms (Grobicki & Stuckey, 1991) and possibly increasing the treatment
efficiency of the ABR-MFC system.

Capture and analyse the gas produced by the ABR-MFC system as a possible additional
source of bioenergy.

Further increase the OLR from 3.46 kg COD/m?3.day thereby finally feeding the ABR-MFC
with full strength BDWW.

Up-scale the ABR-MFC system to a pilot- and then full-scale system to be implemented at
biodiesel production companies to eliminate penalties liable by these companies as a
result of the waste discharge charge system (WDCS).

Maximise the PD achieved by the lab-scale ABR-MFC system by using improved catalysts
at the cathode and by adding platinum to the cathode electrode.
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Conversions and calculations reported in literature
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A.1. Conversions and calculations in section 2.4

The following conversions and calculations are derived from the original data found in literature.

Converted and calculated values can be found in Tables 2.3 and 2.4.

A.1.1. Sukkasem et al., 2011:

a. Average pH:
(10 4+ 1) + (10 — 1)
> =
b. Average chemical oxygen demand (COD):

10

Conversion:
(218 £30g/1) x (1000 mg/g) = 218000 + 30 000 mg/l
Average COD:

(218 000 + 30 000) + (218 000 — 30 000)
2

c. Total suspended solids (TSS) conversion:
79.39 g/l x 1000mg/g =79390mg/l
d. External resistance:
1002 x 1000 02/kN = 100001

e. Microbial fuel cell (MFC) volume:

= 218 000mg/1

Table A.1: MFC compartmental volumes

Location Volume [I]

Pre-fermentation tank

Influent adjustment tank

Void volume per bottle

Up-flow anaerobic filter (UFAF) 1

UFAF 2

Biofilter Circuit (BFC) 1

BFC 2

BFC Cathode (granular activated carbon)

8.0
8.0
0.5
1.0
1.0
1.0
1.0
0.6

Vi =UFAF 1+ UFAF2+BFC1+BFC2=11+11+114+ 11 =4l

122



A.1.2. Phukingngam et al., 2011:

a.

COD conversion:

(56.4 g/l) x (1000mg/g) = 56400mg/l
Fats, oils and grease (FOG) conversion:
(3.27 g/l) x (1000mg/g) =3270mg/l
TSS conversion:

(0.4 g/l) x (1000mg/g) = 400mg/l

A.1.3. Suehara et al., 2005:

a.

COD conversion:

(148 g/l) x (1000mg/g) = 14800 mg/l
FOG conversion:

(15.1g/0) x (1000mg/g) = 15100 mg/I
TSS conversion:

(2.67 g/l) x (1000mg/g) =2670mg/l

A.1.4. Pitakpoolsil & Hunsom, 2013:

a.

Average pH:
(9.25 + 10.26)
——=
Average COD:
(29 595 + 54 362)
2
Average biological oxygen demand (BOD):

(1492 + 2 286)

9.8

=41979mg/l

> = 1889mg/l
Average FOG:
(1040 +1710)
> =1375mg/l
Average TSS:
(670 + 690)
— = 680mg/l
TSS removal %:
ocrss, —ocrss 680 mg/l — 70 l
feed product g mg/
Erss = x 100 = X 100 = 89.7 %
rss oclss, 680 mg/L
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A.1.5. Daud et al., 2015:

a. Average pH:

(45+55) _
> =

A.1.6. Siles et al., 2010 and Siles et al., 2011:

a. Average pH:

(10.35 + 0.03) + (10.35 — 0.03) _
> -

b. Average COD:
Conversion:
(428 £+ 12 g/1) x (1000 mg/g) = 4288000 + 12 000 mg/!
Average COD:

(428 000 + 12 000) + (428 000 — 12 000)
2

10.4

=428 000mg/l

A.1.7. Rattanapan et al., 2011:

a. Average pH:
(8.5+10.5)
— =

b. Average COD:
(60 000 mg/L+ 150 000 mg/1)

2

c. Average BOD:

(30000 mg/L+ 60 000 mg/l)
2
d. Average FOG:

(7000mg/l+ 15000 mg/l)
2

9.5

=105000mg/!

=45000mg/l

=11000mg/l

A.1.8. Kakarla et al., 2015:

a. Air MFC: Current density:
1.21 A/m? x 1000 mA/A = 1210 mA/m?
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Air from algal bioreactor (ABR*) MFC: Current density:

7.8 A/m? x 1000 mA/A = 780 mA/m?>

Air MFC: Maximum power density (PD):
0.44 W/m? x 1000 mW /W = 440 mW /m?
Air from ABR* MFC: Maximum PD:

0.37 W/m? x 1000 mW /W = 370 mW /m?
Anode working volume:

Conversion:

205ml
1000 ml/dm3

MFC volume:

Vr = V’Iflnode + VTQathode

Vr = 0.21 dm3 + 0.045 dm3 = 0.255 dm3
Air-cathode working volume:

= 0.205 dm?

Cathode _ y7Anode Cathode
Vs =V + V£

ygathode = 0,205 dm? + 0.045 dm® = 0.25 dm?
Air form ABR* working volume:
Vi = Viflnode + ngathode + VM/}BR*

Viw = 0.205 dm3 + 0.045 dm3 + 0.58 dm® = 0.83 dm?

A.1.9. Wang et al., 2012:

a.

Averaged current:

(1.9mA + 0.4 mA) + (1.9 mA — 0.4mA) _
. -

1.9mA

Maximum PD:
0.053 W/m? x 1000 mW /W = 53 mW /m?

A.1.10. Mahendra & Mahavarkar, 2013:

Table A.2: Anode and cathode electrodes (graphite rods) dimensions

Dimensions Length Diameter Radius
[mm] 90 2 1
[m] 0.09 0.002 0.001
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a. Conversions:

Length:

90 mm
1000 mm/m

Diameter:

= 0.09m

2mm
1000 mm/m
b. Radius:
. g _ 0.002m — 0.001m
2 2

c. Electrode volume:

= 0.002m

Vetectroge = 2L = m(0.001)2(0.09 m) = 2.827 x 1077 m3

d. Electrode surface area:

SAgiectroge = (2mrL) + (2nr?) = (2m(0.001 m)(0.09 m)) + (2r(0.001 m)?)
SAgiectroge = (5.65 x 107*m?) + (6.28 x 107°m?) = 5.72 x 10~* m?

Conversion:
(5.72 x 107*m?) x (10 000 cm?/m?) = 5.72 cm?

A.1.11. Kim et al., 2015:

a. Anode working volume:
Conversion:

320ml

o oe 3
1000 mijdm3 . 032 4m

A.1.12. Liu & Ramnarayanan, 2004:

a. Anode working volume:
Conversion:

388 ml
1000 ml/dm3

b. 8 x Graphite rods (anode electrodes):

= 0.388 dm3

Table A.3: Anode electrodes (graphite rods) dimensions

Dimensions Length Diameter Radius
[mm] 150 6.15 3.075
[cm] 15 0.615 0.3075
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Conversions:
Length:

150 mm

— =15
10 mm/cm am

Diameter:

6.15mm

— =0.615
10 mm/cm cn

c. Radius:

d 0.615cm
r=E=T=O3O750m

d. Electrode surface area:
SAgiectroae = 2mrL) + (2rr?) = (2m(0.3075 cm)(15 cm)) + (2m(0.3075 cm)?)
SAgiectrode = (28.98 cm?) + (0.59 cm?) = 29.58 cm?

A.2. Conversions and calculations in section 2.9

The following conversions and calculations are derived from the original data found in literature.

Converted and calculated values can be found in Table 2.7.

A.2.1. Zhong et al., 2011

a. Total MFC volume:
Vr = Length (L) X Width(W) X Height(H)
Ve=345cm X 6cm X 12cm
Vr = 2484 cm3
Vr =2484ml

A.2.2. Lietal., 2008

a. Total MFC volume:
Vi=LXWXH
Ve =255cm X 11.5cm X 25cm
Vr =7331.25 cm?3
Vr =7331.25ml
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A.2.3. Sukkasem et al., 2011

COD coD
OCfeed - OCproduct

€ = x 100
COD Ocjg‘eoez
30g/l—15g/1
= x 100
€cop 30 g/1

Ecop = 50 %

A.2.4. Mahendra & Mahavarkar, 2013

a.

Anode surface area:

SA, = 2nrL + 2mr?

SA, = 2m(0.2)(9) + 2m(0.2)?
SA, = 11.56 cm?

A.2.5. Liu & Ramnarayanan, 2004

a. Total MFC volume:

Vr = nriL

Vr = m(3.25)%(15)

Vy = 497.75 cm?

Ve = 497.75 ml

Anode (8) surface area:

SA, =8 x (2nrL + 2mr?)

SA, =8 x (2m(0.3075)(15) + 21(0.3075)2)
SA, =8 x 29.84 cm?

SA, = 238.75 cm?

A.2.6. Kim et al., 2015

a. Total MFC volume:

Vi=L XWX H
Vi=4cm X 6cm X 6cm

Vy =216 cm3

128



Vp = 216 ml

A.2.7. Kakarla et al., 2015

a. Distance between electrodes conversion:
3cm X 10mm/cm = 30 mm

b. PD conversion:
0.63 W/m? x 1000 mW /W = 630 mW /m?

A.2.8. Zhang et al., 2015

a. Total MFC volume:
Ve=L x W x H
Vi=4cm X 4cm X 4cm
Vr = 64 cm?®

Vy = 64ml

A.2.9. Min & Angelidaki, 2008

a. Distance between electrodes conversion:
3cm X 10 mm/cm = 30 mm

b. Anode surface area (SA):

SAA:L X W
SAy=4cm X 4cm
SA, =16 cm?

A.2.10. You et al., 2007

a. PD conversion:
50.2W/m3 x 1000 mW /W = 52000 mW /m3

b. Anode surface area:
SAA = SAAnode 1+ SArod
SA4 = (SAgnode 1) + @rrL + 2mr?)
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SA, = (31 cm?) + (2m(0.5)(5) + 2m(0.5)?)
SA, = (31 cm?) + (17.27 cm?)
SA, = 48.28 cm?

A.2.11. Pasupuleti et al., 2015

a. Total MFC volume:
Vp=L XW X H
Ve=11cm X 11 cm X 0.82cm
Vr =99.22 cm?3
Vi =99.22 ml
b. Anode (2) surface area:
SA; =2 %X (L x W)
SA; =2 X (11cm x 10 cm)
SA, =2 X 110 cm?
SA, =220 cm?

A.2.12. Gajda et al., 2015

a. Total MFC volume:

Vp = nril
Vr = 1(2.1)%(10)
Vr =138 cm3
Vy = 138 ml
b. MFC working volume:
Viy = mr?L

Vi = m(1.8)%(10)
Vy = 101.79 cm3
Vy = 101.79 ml

A.2.13. Min & Logan, 2004

a. Total MFC volume:

Vp=L X W x H
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Vp=15cm X 15¢cm X 2cm
Vr = 450 cm3
Vr =450 ml
b. Anode surface area:
SAy=L X W
SA; =10cm X 10cm
SA, = 100 cm?

A.2.14. Martinucci et al., 2015

a. Anode surface area (1):

SAp=L xW
SA;, =20cm X 15cm
SA4 =300 cm?

b. Anode surface area (2):
SAp=L xW
SAy; =20cm X 30cm
SA, = 600 cm?

c. Anode surface area (3):
SA =L x W

SAy =40cm X 30cm
SA, = 1200 cm?

A.2.15. Aldrovandi et al., 2009

a. Total MFC volume:

Vp =181+ 181
Vr =361
Vy = 36 000 ml

A.2.16. Wang et al., 2016

a. Total MFC volume:
Vi=L XWX H

Vp=10cm X 10cm X 10cm
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Vr = 1000 cm3
Vy =1000ml
b. Anode (2) surface area:
SA; =2 X (L x W)
SA; =2 X (20cm X 10 cm)
SA, =2 X 200 cm?
SA, = 400 cm?
c. Cathode (2) surface area:
SAc = 2nrL + 2mr?
SAc = 2m(0.3)(20) + 2m(0.3)2
SA; = 38.26 cm?

A.2.17. Jang et al., 2004
a. Total MFC volume:
Vp = nril
Vr = n(5)%(100)
Vr = 7853.98 cm3
Vp = 7853.98 ml

A.2.18. Zhuwei et al., 2008

a. Total MFC volume:

Vp = nril

Vr = n(5)*(60)
Vr =4712cm3
Ve =4712ml

A.2.19. Ghangrekar & Shinde, 2007

a. Total MFC volume:
Vy = nr?l
Vr = n(7.5)%(60)
Vr = 10 602.88 cm?
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Vr = 10 602.88 ml

b. MFC working volume:
Vi = mr®L
Vi = m(7.5)2(26)
Vi = 4 594.58 cm3
Vw = 4 594.58 ml

A.2.20. Song et al., 2010

a. Total MFC volume:
Ve=L XW x H
Ve=15cm X 50cm X 2.5cm
Vy = 187.50 cm?
V= 187.50 ml

A.2.21. An et al., 2009

a. Total MFC volume:
Vr = nriL
Vr = m(2.5)%(13)
Vy = 255.25 cm?
Vy = 255.25ml
b. Anode surface area:
SA, = 2nrL + 2mr?
SA, = 21(2.5)(0.06) + 27(0.06)2
SA, = 0.97 cm?
c. Cathode surface area:
SAc = 2nrL + 2mr?
SAc = 2m(2.5)(0.06) + 21(0.06)2
SA; = 0.97 cm?
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A.2.22. Miyahara et al., 2015

a. Total MFC volume:
Vw=1L
Vi =100ml

b. Anode (2) surface area:
SA, =2 X 68cm?
SA, = 136 cm?

c. Cathode (2) surface area:
SA; =2 X 65cm?
SAc = 130 cm?
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B.1. Anaerobic baffled reactor (ABR) total volume

Table B.1: ABR-MFC dimensions

Dimensions [cm] ABR-MFC Baffles Separators Anode Electrodes
Length 105 31 31
Width 31 1 1
Height 37 335 30.8 19.99
Diameter - - - 10.16

VABR = x W x H

VABR = 105cm X 31cm X 37 cm
VABR = 120435 cm?3

VABR = 120.44 1

B.2. Volume of 6 baffles

VBaffle = LBaffle X WBaffle X HBaffle

Veaffie =31cm X 1cm X 33.5¢cm
VBaffle =1038.50 Cm3
VBaffle = 104l

The ABR contains 6 identical baffles. Therefore, the volume of 1 baffle is multiplied by 5 in order

to obtain the total baffle volume.

VTBaffle — VBaffle X 6

vEITe = 1,041 x 6

vt = 6.231

B.3. Volume of 5 separators

VSeparator = LSeparaor X WSeparator X HSeparator

Vseparator =31 cm X 1cm X 30.8 cm
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Vseparator = 954.8 cm?®

Vseparator = 0.96 1

The ABR contains 5 identical separators. Therefore, the volume of 1 separator is multiplied by 6

in order to obtain the total separator volume.

Separator __
VT - VSeparator X 5

VS ePaTator = 0961 x 5

VTSeparator = 4771

B.4. Volume of 6 carbon fibre brush anode electrodes

The volume of 6 identical carbon fibre anode electrodes was determined by the displacement of
water in a measuring cylinder. One anode electrode was submerged in 80 ml water. It was found
that the displacement of one anode electrode equated to 15 ml (0.015 L) of water. The volume of

1 anode electrode was then multiplied by 6 in order to obtain the total anode electrode volume.

fo”wde = Vanode X 6
yAnede = 00151 x 6
vAnede = 0.09 [

B.5. Total void volume

Table B.2: Void volume in ABR-MFC

Dimensions [cm] ABR-MFC Baffles
Length 105 31
Width 31 1
Height 6.2 6.2

B.5.1. ABR-MFC void volume

ABR _ 7ABR ABR ABR
VVoid - LVoid X WVoid X HVoid
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VABR = 105cm x 31cm X 6.2cm
VABR = 20181 cm?®

VABR = 20.181

B.5.2. Volume of baffles in void volume

ABR __ yBaffle Baffle Baffle
VVoid - LVoid x WVoid X HVoid

VABR =31cm x 1em x 6.2cm
VABR = 192.2 cm3

VABR = 0.191

The ABR contains 6 baffles. Therefore, the void volume of one baffle is multiplied by six in order

to obtain the total void volume of the baffles.

Baffle _

VTotal Void — VBaffle X 6
Baffle _

VTotal Void — 0191 x 6
Baffle _

VTotal Void — 1151

B.6. ABR working volume

ABR _ 17ABR _ y/Baffle _ (,Separator _ ., ABR Baffles
ot = Vi /A Ve Woida t Vrotaivoia

Vi4BR = 120441 — 6.231—4.771— 20.181+ 1.151
VPR = 90411

B.7. ABR-MFC working volume

ABR—-MFC __ ABR Anode
VW - VW - VT

VABR=MFC = 90.411— 0.091
VABR-MFC = 90.32
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C.1. Flow rate determination for set hydraulic retention time (HRT)

Sample calculation for flow rate of HRT of 10 days (OLR 1) (using Equation 2.3):

ABR
w

HRT =
Qfeed

VMA}BR
Qfeea = HRT

90321
Creea = 10 days

Qfeed =9.03 l/day

Converting from [/day to ml/min:

9.03 l/day x 1000 ml/]
24 h/day x 60min/h

= 6.27 ml/min

Steps for setting flow rate to HRT of 10 days

1. Set the peristaltic pump (Watson Marlow 520S) to a flow rate of 6 ml/min and HRT of 10
days.

Place measuring cylinder below product outlet stream.

Use a stopwatch to measure and record the time.

Record treated substrate volume in the measuring cylinder.

Calculate flow rate from recorded data (refer to sample calculation below).

o gk~ w N

If desired HRT is not obtained, increase/decrease the flow rate on the peristaltic pump and
repeat steps 2 to 5 until desired HRT is obtained.

Sample calculation for flow rate determination via the bucket-and-stopwatch method:

Table C.1: ABR-MFC flow rate measurements

Trial Time Volume Flow Rate
[No.] [min] [ml] [ml/min]
1 10 65 6.5
2 10 66 6.6

Average 10 65.5 6.55

The average volumetric flow rate was determined as follows:
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S~

ve

Qfeed =

tave

_ 655ml
Qreea = 10.0 min

Qfeea = 6.55ml/min

Sample calculation for HRT from flow rate:
Converting from ml/min to l/day:

6.55ml/min x 60 min/h X 24 h/day

1000 ml/min = 943 l/day
VABR
HRT =
Qfeed
90321
" 9.431/day

HRT = 9.58 days

C.2. Organic loading rate (OLR) determination

Sample calculation for determining OLR (using a combination of Equations 2.3 and 2.4):

ABR

OLR = 0CE92 x X
feed Qfeed
7
OLR = —1°¢%
HRT
10979 mg COD/1
OLR = g /
9.58 day

OLR = 1146.53 mg COD /L. day
OLR = 1.15 kg COD/m3.day
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D.1. Daily operational parameters

Steps for calibrating the pH of the PCSTestr35:

Remove sensor cap of PCSTestr35.

Press and release the “ON/OFF” button to switch on the PCSTestr35.

Press and release the “MODE” button to select the pH mode.

Immerse the sensor into the 4.01 pH buffer.

Press and release the “CAL” button.

Allow the pH value on the display to stabilise.

Press and release the “MODE” button to confirm the calibration value.

Remove PCSTestr35 from pH buffer and rinse the protected sensor with distilled water.
Repeat steps 4 to 8 for pH buffers 7.01 and 10.01.

10. Press and release the “CAL” button to return to measurement mode.

© N o g bk~ w0 NPE

Steps for calibrating the conductivity of the PCSTestr35:

Remove sensor cap of PCSTestr35.

Press and release the “ON/OFF” button to switch on the PCSTestr35.
Press and release the “MODE” button to select the conductivity mode.
Immerse the sensor in the 1413 uS conductivity buffer.

Press and release the “CAL” button.

Allow the conductivity value on the display to stabilise.

Press and release the “MODE” button to confirm the calibration value.

© N o gk whPE

Remove PCSTestr35 from conductivity buffer and rinse the protected sensor with distilled
water.

9. Press and release the “CAL” button to return to measurement mode.

Steps for calibrating the total dissolved solids (TDS) of the PCSTestr35:

Remove sensor cap of PCSTestr35.
Press and release the “ON/OFF” button to switch on the PCSTestr35.

Press and release the “MODE” button to select the TDS mode.

A 0w D PE

Immerse the sensor in the 300 ppm TDS buffer.
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Press and release the “CAL” button.

Press the “HOLD” or “CAL” button(s) to manually adjust the TDS value on the display to
the value of the calibration solution (i.e. 300 ppm).

Press and release the “MODE” button to confirm the calibration value.

Remove PCSTestr35 from TDS buffer and rinse the protected sensor with distilled water.

Press and release the “CAL” button to return to measurement mode.

Steps for determining daily operational parameters:

© N o gk w NP

10.
11.
12.
13.

Transfer 50 ml of sample into a glass beaker.

Remove sensor cap of PCSTestr35.

Press and release the “ON/OFF” button to switch on the PCSTestr35.

Immerse the sensor into the sample.

Press and release the “MODE” button to select the parameter to be measured (e.g. pH).
The reading for the chosen parameter will be displayed on the screen.

Record displayed reading once the reading has stabilised.

Press and release the “MODE” button to measure remaining parameters (i.e. TDS,
conductivity and salinity) using the PCSTestr35.

Remove PCSTestr35 from the sample and rinse the protected sensor with distilled water.
Carefully dry the casing of the protected sensor.

Repeat steps 1 to 8 for new samples to be tested.

Press and release the “ON/OFF” button to switch off the PCSTestr35.

Replace sensor cap of PCSTestr35 once all samples have been tested.

D.2. Turbidity determination

Steps for calibrating the TN-100 turbidimeter:

N o o bk~ 0w Db P

Place the CAL 1 standard (800 NTU) into the TN-100 turbidimeter.

Align the arrow on the calibration vial with the arrow on the TN-100 turbidimeter.
Cover the calibration vial with the supplied light shield cap.

Press and release the “ON/OFF” button to switch on the TN-100 turbidimeter.
Press and release the “CAL” button once.

Press the “READ/ENTER” button to start the calibration.

Once calibrated, the TN-100 turbidimeter displays “CAL 2 100 NTU”.
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8.
9.

Repeat steps 1 to 7 for CAL 2 (100 NTU), CAL 3 (20.0 NTU) and CAL 4 (0.02 NTU).

The display shows “STbY” once successfully calibrated.

Steps for determining turbidity:

1.

© ©® N o O bk~ 0D

Fill a clean and dry sample vial with the sample (approximately 10 ml) to be measured up
to the mark indicated on the sample vial.

Cap the sample vial with the supplied screw cap.

Ensure vial is clean and dry by wiping the sample vial with the supplied lint-free cloth.
Place sample vial into the TN-100 turbidimeter.

Align the arrow on the sample vial with the arrow on the TN-100 turbidimeter.

Cover the sample vial with the supplied light shield cap.

Press and release the “ON/OFF” button to switch the TN-100 turbidimeter on.

Press and release the “READ/ENTER” button once.

The measured reading is then displayed on the screen of the TN-100 turbidimeter.

10. Remove sample vial from TN-100 turbidimeter.

11. Repeat steps 1 to 10 for additional samples.
12. Press “ON/OFF” button to switch the TN-100 turbidimeter off.

D.3. COD determination

Steps for determining total COD [High Range]

N o o bk~ wDbh e

8.
9.

Set TR420 Thermoreactor to a set temperature of 148 °C for 2 hours.

Add 1.0 ml sample to a clean and dry test cell.

Add 2.2 ml Merck COD solution A (Cat. No. 1.14679.0495) to test cell.

Add 1.8 ml Merck COD solution B (Cat. No. 1.14680.0495) to test cell.

Close test cell containing mixture tightly.

Mix solution in test cell vigorously using the vortex mixer.

Place test cell into pre-heated TR420 Thermoreactor and allow solution to react for 2 hours
at 148 °C.

Remove reacted test cell from TR420 Thermoreactor and allow to cool for 10 minutes.

Mix solution in test cell vigorously using the vortex mixer.

10. Allow solution to cool to room temperature for 30 minutes.
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11. Place test cell into NOVAG0 Spectroquant to measure COD concentration of sample using

code 024 for high range measurements.

Steps for determining total COD [Low Range]

1. Set TR420 Thermoreactor to a set temperature of 148 °C for 2 hours.

2. Add 0.3 ml sample to a clean and dry test cell.

3. Add 2.85 ml Merck COD solution A (Cat. No. 1.14538.0065) to test cell.

4. Add 3.0 ml Merck COD solution B (Cat. No. 1.14539.0495) to test cell.

5. Close test cell containing mixture tightly.

6. Mix solution in test cell vigorously using the vortex mixer.

7. Place test cell into pre-heated TR420 Thermoreactor and allow solution/mixture to react
for 2 hours at 148 °C.

8. Remove reacted test cell from TR420 Thermoreactor and allow to cool for 10 minutes.

9. Mix solution in test cell vigorously using the vortex mixer.
10. Allow solution to cool to room temperature for 30 minutes.
11. Place test cell into NOVAG60 Spectroquant to measure COD concentration of sample using

code 023 for low range measurements.

D.3.1: Determination of BOD:COD ratio

1 litre full-strength biodiesel wastewater (BDWW) was analysed by an outside independent South
African National Accredited System (SANAS) accredited laboratory. It was found that the BOD
and COD of the full-strength BDWW was 78 503 mg/l and 115 400 mg/l, respectively. Refer to
Table 4.1 for full chemical analysis of full-strength BDWW.

BOD:COD
78503 mg/l: 115400 mg/l
0.68:1
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D.4. Solids determination

D.4.1. TSS

Steps for determining TSS:

Connect the Blichner funnel to the vacuum-pressure pump.

Place pre-weighed reinforced glass filter paper into the Bichner funnel.

Switch on the vacuum-pressure pump.

Pipette 10 ml sample onto the filter paper contained in the Buchner funnel.

Switch off the vacuum-pressure pump once all sample has been vacuumed into the flask.
Remove filter paper from the Biichner funnel and place in the oven at 80 °C for 1 hour.
Weigh dried filter paper.

© N o g0k~ whPE

Calculate TSS using Equation D.1 — refer to sample calculation.

Sample calculation of TSS determination (OLR 1):

m - m
TSS = _Post(9) rre @ + 1000 mi/l (Eq. D.1)

Vsample (ml)
0.2579mg — 0.2271mg

TSS = o x 1000 ml/!

TSS = 3.08 mg/l

D.4.2. Volatile suspended solids (VSS)

Steps for determining VSS:

Determine TSS using method described in D.4.1.
Place filter paper (used to determine TSS) in oven at 550 °C for 30 minutes.
Carefully, remove combusted filter paper from oven and allow to reach room temperature.

Weigh combusted filter paper.

a M N

Calculate VSS using Equation D.2 — refer to sample calculation.

Sample calculation of VSS determination (OLR 1):

Mpost (img) — Mcombust (mg)
\04

VSS = (Eq. D.2)

x 1000 ml/l
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0.2579mg — 0.2176 mg
VSS = x 1000 ml/l
10 ml

VSS = 4.03mg/l

D.5. Total nitrates (as nitrogen) determination

Steps for determining ammonium concentration

© N o 00k~ wdh R

Place 1 level micro-spoon of reagent NOs-1 into a clean and dry test cell.

Using a pipette, add 5 ml of reagent NOs-2 into the test cell containing reagent NOs-1.
Close test cell containing mixture tightly.

Shake test cell vigorously using vortex mixer until NOs-1 reagent has dissolved completely.
Using a pipette, add 1.5 ml sample to the mixture in the test cell.

Allow the solution to react for 10 minutes.

Transfer sample to 10 mm clean and dry cuvette.

Place reference test cell into NOVAG60 Spectroquant with the barcode in the forward-facing
position to select the nitrate measurement option.

Place 10 mm test cell containing solution mixture into NOVA60 Spectroquant to measure

nitrate content.

D.6. Phosphorous determination

D.6.1. Total phosphate (TP) determination

Steps for determining TP concentration [samples with low COD concentration]

o gk~ wh e

Set TR420 Thermoreactor to a set temperature of 120 °C for 30 minutes.

Add 1 ml sample to clean and dry test cell.

Add 1 dose P-1K to test cell.

Close test cell containing mixture tightly.

Shake test cell and mix vigorously using vortex mixer.

Place test cell into TR420 Thermoreactor and allow solution/mixture to react at 120 °C for
30 minutes.

Remove reacted test cell from TR420 Thermoreactor and allow to cool to room

temperature for 30 minutes.
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8.

Place test cell into NOVAGO Spectroguant with the barcode in forward position to measure

TP concentration of sample.

Steps for determining TP concentration [samples with high COD concentration]

o gk wnh P

Set TR420 Thermoreactor to a set temperature of 120 °C for 30 minutes.

Add 1 ml sample to clean and dry test cell.

Add 2 doses P-1K to test cell.

Close test cell containing mixture tightly.

Shake test cell and mix vigorously using vortex mixer.

Place test cell into TR420 Thermoreactor and allow solution/mixture to react at 120 °C for
30 minutes.

Remove reacted test cell from TR420 Thermoreactor and allow to cool to room
temperature for 30 minutes.

Place test cell into NOVAG0 Spectroquant with the barcode in forward position to measure
TP concentration of sample.

D.6.2. Ortho-phosphate (OP) determination

Steps for determining OP concentration

© N o 00k~ wh P

Digest sample by following “steps for determining TP concentration”.

Shake test cell containing mixture vigorously using the vortex mixer.

Add 5 drops P-2K to test cell.

Close test cell and mix vigorously using vortex mixer.

Add 1 dose P-3K to test cell.

Close test cell and mix vigorously using vortex mixer until P-3K reagent has dissolved.
Leave test cell containing solution/mixture to stand for 5 minutes.

Place test cell into NOVAG0 Spectroquant to with the barcode in the forward-facing position

to measure OP concentration of sample.
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APPENDIX E:
Removal Efficiency
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E.1. Determination of organic matter removal efficiency

The performance of the ABR-MFC system was evaluated according to its organic matter (i.e. COD
and FOG) removal efficiency by using Equations 2.2 and E.1, as well as the TSS- (Equation E.2),
VSS- (Equation E.3), NOs- (Equation E.4) and TP- (Equation E.5) removal efficiencies.

E.1.1. COD removal

The average COD removal efficiency of the ABR-MFC was calculated by using equation 2.4 and
the average COD values (OLR 1) recorded for the feed and product, respectively.

COD CcOD
OCfeed - OCproduct

Ecop = OCI‘COZ x 100
ee
10979 mg/l—5770mg/l
= X1
£cop 10979 mg/1 00

SCOD = 48.30%

E.1.2. FOG removal

The average FOG removal efficiency of the ABR-MFC was calculated by using the average FOG

values (OLR 1) recorded for the feed and product, respectively.

OC/Eeoez B OCzIJ:??oC(;iuct (Ea. E.1)
EroGc = OCFOG x 100
feed
1280mg/l—46mg/l
= X1
£FoG 1280mg/l 00

EroGc = 96.41%

E.1.3. TSS removal

The average TSS removal efficiency of the ABR-MFC was calculated by using the average TSS

values (OLR 1) recorded for the feed and product, respectively.

P chésésd - OCz’Jrﬁgduct « 100 (Eq E'Z)
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Erss = 84’68%
E.1.4. VSS removal

The average VSS removal efficiency of the ABR-MFC was calculated by using the average VSS

values (OLR 1) recorded for the feed and product, respectively.

0Ctosy — OCproauct (Eq. E.3)
€yss = 0CVSS x 100
'feed
333mg/l—1.76 mg/l
= x 100
fvss 333 mg/l

SVSS = 4‘715%

E.1.5. Nitrate nitrogen (NO3-N) removal

The average NOs-N removal efficiency of the ABR-MFC was calculated by using the average NOs-

N values (OLR 1) recorded for the feed and product, respectively.

NO NO
OCfee?I - OCproaduct (Eq. E4)
SN03 = NO3 x 100
OCfeed
3.43mg/l — 0.83mg/l
Enos = 343 myg)/l * 100

€N03 = 7675%

E.1.6. TP removal

The average TP removal efficiency of the ABR-MFC was calculated by using the average TP

values (OLR 1) recorded for the feed and product, respectively.

OCTP _ OCTP Eqg. E.5
Erp = feed — product % 100 ( a )
Ofeed
1.52mg/l — 0.13mg/!
= 100
erp 1.52 mg/l

ng = 9131%
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E.2. Internal resistance

The internal resistance of each OLR was calculated by using the PD peak method (section
2.7.2.1.1) and Equation 2.7. The internal resistance of the ABR-MFC for OLR 1 was determined

as follows:

P - OCV?Ryt
max (Rint + Rext)2

’OCVZR "
Rine = P—ex — Rext
max
4002%)(100
R, = 00000 5,
277.42

Rine = 340.15 0

(Eq. 2.7)
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APPENDIX F:
Substrate preparation
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F.1. Nutrient adjustment

The optimal carbon:nitrate:phosphate  (C:N:P) ratio for BDWW is 150:1.1:0.2
(Phukingngam et al., 2011) where C is COD (as Cj%i5,,), N is total nitrate (NOs) (as Nj2to.)
and P is total phosphate (TP) (as PJ2{o ).

The COD (as Cupaitapie) (Table 4.1), NOs™ (as Ngyaitanie) (Table 4.3) and TP (as Pyyaitabie)
(Table 4.2) of the sample should be determined prior to adjusting the wastewater. The following

sample calculation results in a C:N:P ratio of 145796:1069.17:194.39 which is equivalent to the
optimal C:N:P ratio (150:1.1:0.2) for BDWW proposed by Phukingngam et al., (2011).

Table F.1: BDWW characterisation

Wastewater characterisation Value [mg/l]
COD (as Capaitabie) 145796
NOs™ (as Nayaitabie) 0.38

TP (as Pavaitabie) 0.2275

F.1.1. Basis of calculation

. Cavailable
Basis = —ratio
optimal
Basis — 145796 mg/1
B = 50 mg /1
Basis = 97.19

F.1.2. Optimal amount of NOs required per litre of BDWW

sample __ . ratio
Noptimal = Basis X Noptimal

NSamPle — 9719 x 1.1

optimal

N3ImPe _ 106.91 mg/I

optimal

F.1.3. Optimal amount of phosphorous required per litre of BDWW

PSPl — 97,19 x pratio

optimal optimal
sample __
Py tima, = 61.76 % 0.2
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p3amPle — 19 44 mg/l

optimal

F.1.4. NOs required

__ aysample
Nrequired - Noptimal - Navailable

Nyequirea = 106.91 — 0.38
Nrequirea = 106.53 mg/1

Amount of urea (CHsN.0O) to add:

Table F.2: Elemental composition of urea (CH4N20)

Element Composition [%] Molecular weight [g/mol]
C 19.999 12.0107
H 6.713 1.00794
N 46.646 14.0067
(0] 26.641 15.99903
CHaN20 100.00 60.05489
Mry
%N = X 100
rUrea
WN = 2 X 14.0067 g/mol % 100
60.05489 g/mol
WN = 28.0134 g/mol % 100

~ 60.05489 g/mol
%N = 46.646%

Basis:

100 mg urea contains 46.646 mg N

N )
Ratio = required
available
) 106.53 mg N/1
Ratio =
46.646 mg N/100 mg urea
Ratio = 2.28
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Amount Urea to add = 100 mg urea X 2.28

Amount Urea to add = 228.38 mg urea/l

F.1.5. TP required

_ psample
Prequired - Poptimal - Pavailable

Prequirea = 1944 — 0.2275
Prequired =19.21mg/l

Amount of potassium dihydrogen orthophosphate (KH,PO,) to add:

Table F.3: Elemental composition of potassium dihydrogen ortho-phosphate (KH2PO.)

Element Composition [%] Molecular weight [g/mol]
K 28.731 39.0983
H 1.481 1.00794
P 22.761 30.9738
O 47.027 15.9990
KH2PO4 100.00 136.084

Mrp
%P =—x100
TKH,PO,

_30.9738 g/mol
"~ 139.084 g/mol

%P =22.27%

0

x 100

0

Basis:

100 mg KH,PO, contains 22.27 mg P

P .
Ratio = required
available
] 19.21mg P/1
Ratio =
22.27mg P/100 mg KH,PO,
Ratio = 0.86

Amount KH,PO, to add = 100 mg KH,P0O, X 0.86
Amount KH,PO, to add = 86.26 mg KH,P0, /!
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F.2. Substrate dilution

Steps for dilution of substrate (OLR 1 = 1.15 kg COD/m3.day)

1. Adjust C:N:P ratio of 20 L BDWW with urea and KH2PO4 to obtain an optimal C:N:P ratio
of 150:1.1:0.2.

Add 80 L tap water.

Use PCTestr35 to check that pH is in the range of 6.8 and 7.2.

Add sodium hydroxide (NaOH) if pH is below 6.5 to obtain a pH close to 7.

Add phosphoric acid (HsPO.) if pH is above 7.5 to obtain a pH close to 7.

a > w DN
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APPENDIX G:
Anode and cathode electrodes
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G.1. Carbon fibre brush anode surface area determination

104.9 mm

199.9 mm

101.6 mm
<

Figure G.1: Schematic of carbon fibre brush anode electrode.

Table G.1: Carbon fibre brush dimensions

Dimension
Diameter [m] 0.1016
Radius [m] 0.0508
Brush Length [m] 0.1999
Length (overall) [m] 0.3048
Cylindrical Area [m?] 0.0800
Diameter [m] 7.20 x 10
Radius [m] 3.60 x 10°®
Length [m] 0.0508
Fibre Tips Surface Area [m?2/tip] 1.15x 106
Tips [m3] 6.20 x 108
[per brush] 4.96 x 107
Active Surface Area [m?] 57.01

G.1.1. Cylindrical area

Aprusn = 2nr(r +1)
Aprush = 2(0.0508 m)(0.0508 m + 0.1999 m)

Abrush = 0.08 mz
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G.1.2. Fibre area

Afibre = 27TT(T + l)
Afipre = 2m(3.6 x 107°m)((3.6 X 107¢m) + 0.0508 m)
Afipre = 115 x 107¢ m?

G.1.3. Conversion

400 000 tips/in? x 1550 in?/m? = 620 000 000 tips/m?

G.1.4. Number of fibre tips per brush

Fibre tips = 620 000 000 tips/m? X Apyush
Fibre tips = 620 000 000 tips/m? x 0.08 m?
Fibre tips = 49 611 932 tips

G.1.4.1. Active surface area per carbon fibre brush anode electrode

SAanode = Fibre tlpS X Afibre
SAynode = 49 611932 ips x 1.15 x 1076 m?
SAgnoge = 57.01m?

G.1.4.2. Active surface area of 6 carbon fibre brush anode electrodes

SA4™0de = SA 0 ode X 6
SA4m0ode = 5701 m? X 6
SAgnode = 342 07 m?

G.2. Floating carbon air-cathode preparation

Dimensions of stainless steel mesh and quantities of chemicals mentioned below varied for the 6-
floating air-cathodes that was prepared (refer to Table G.2). The size of the stainless-steel mesh

and quantities of 10% polyvinylidene fluoride (PVDF) solution, carbon black powder and activated
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carbon

powder used are based on the floating air-cathode in the 6" compartment of the lab-scale

ABR-MFC.

G.2.1. Materials required for floating air-cathode preparation:

a b~ o

PVDF powder (~ 534 000 Da, Sigma Aldrich)
N,N-dimethylacetamide (DMACc) (Anhydrous (99.8%), Sigma Aldrich)
Activated carbon powder (Norit SX Plus, Cabot Corporation)

Carbon black powder (Vulcan XC-72, Cabot Corporation)

50 x 50 stainless steel mesh (Type 304)

G.2.2. Steps for preparation of 10% PVDF solution (300 ml):

Transfer 240 ml DMAc solution to a clean and dry volumetric flask.

Weigh 30 g PVDF powder using a clean and dry weighing boat and a calibrated balance.
In a fume hood, transfer the 30 g PVDF powder to the volumetric flask containing the
240 ml DMAc solution.

Swirl the volumetric flask gently to ensure that the PVDF powder completely dissolves.
Fill the volumetric flask containing the dissolved PVDF and DMACc solution to 300 ml using
pure DMAC solution.

Transfer the final 10% PVDF solution prepared in steps 1 to 5 into a clean and dry glass

bottle for future use.

Table G.2: Floating carbon air-cathode dimensions used for producing cathodes

Dimensions compartment
C1 C2 C3 C4 C5 C6
Length [cm] 30.20 30.20 30.20 28.20 30.00 28.10
Width [cm] 15.90 16.20 16.40 15.10 15.70 11.50
Activated Carbon [a] 15.25 15.50 15.67 13.66 14.98 10.75
Carbon Black [a] 1.52 1.55 1.57 1.37 1.50 1.07
10 % PVDF Solution [m] 50.82 51.67 52.24 45.54 49.94 35.83
G.3. Projected surface area for floating air-cathode cathode electrode

SAcathode = (L — (wall height X 2)) x (W — (wall height X 2)

SAcathode = (30.20cm — (1em X 2)) X (1590 cm (1 em X 2)
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SAcathode = (28.20 cm) x (13.90 cm)
SAcathode = 391.98 cm?

G.4. Steps for floating carbon air-cathode preparation (C1):

1.

I

Cut the stainless-steel mesh into a 30.2 cm x 15.9 cm (Table G.2) rectangular block using
a sterile pair of scissors.

Weigh 15.25 g activated carbon (AC) powder using a clean dry weighing boat and a
calibrated balance.

Transfer the 15.25 g of activated carbon (CB) powder into a clean dry glass beaker.
Weigh 1.52 g CB powder using a clean and dry weighing boat and a calibrated balance.
Transfer the 1.52 g CB powder to the glass beaker containing the AC powder.

In a fume hood, using a pipette, add 50.82 ml of the 10% PVDF solution (prepared as
described) to the powder contained in the glass beaker.

Mix the contents in the glass beaker using a glass stirring rod until a smooth paste of
AC/CB/PVDF forms.

Using a spatula, spread the AC/CB/PVDF mixture evenly onto the stainless-steel mesh
(NOTE: the degree of waterproofness of the electrode depends on the smoothness of the
electrode surface — complete step in 2 minutes).

Immerse the carbon coated electrode into deionised water for 15 minutes with the

uncoated stainless-steel side facing upwards.

10. Air-dry the cathode for 8 hours in a fume hood.
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APPENDIX H:
Experimental data — BDWW treatment
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H.1. Full strength BDWW

Table H.1: Summarised raw data for full strength BDWW

Temp pH EC TDS Salt COD TSS Turbidity NOs TP
Day SD SD SD SD SD SD SD SD
°C uS/cm ppm ppm mg/l mg/L NTU mg/l mg/l
0 2220 0.00 | 11.20 0.01 767 212 | 544 141 | 426 0.71 107030 1400 0.25 0.18 1704 2.83
31 23.75 0.07 | 10.50 0.02 661 8.49 | 471 5.66 | 416 9.19 112393 1128 0.01 0.02 952 141
40 2345 0.07 | 9.67 0.00 736 424 | 523 2.83 | 460 2.12 100595 1867 | 0.03 0.04 948 8.49
76 21.70 0.14 | 1197 0.16 673 0.00 | 479 0.71 | 371 0.00 135768 117 0.11 0.08 470 283 | 049 0.07 | 460 0.14
144 19.60 0.14 | 10.44 0.01 779 495 | 554 354 | 450 2.83 117865 1089 0.44 0.05 1000 0.00 | 0.31 0.01 | 5.75 0.07
180 21.15 0.21 | 11.12 0.01 793 7.78 | 560 0.71 | 630 212.84 | 301125 11667 | 0.25 0.09 1000 0.00 | 0.40 0.01 | 6.40 0.14
H.2. Sludge used for inoculation
Table H.2: Summarised raw data for activated sludge (AS)
Temp pH EC TDS Salt COD TSS Turbidity
Day SD SD SD SD SD
°C puS/cm ppm ppm mg/Il mg/l NTU
0 17.50 0.42 6.68 0.00 863.00 2.83 613.00 141 508.00 141 1705.00 233.35 0.06 0.19 5.01 0.76
Table H.3: Summarised raw data for activated granular sludge (AGS)
Temp pH EC TDS Salt COD TSS Turbidity
Day SD SD SD SD SD
°C uS/cm ppm ppm mg/l mg/l NTU
0 16.95 0.35 7.21 0.01 2.21 0.01 1565 0.01 1350 0.00 1902.50 88.39 0.26 0.01 93.15 0.07
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H.3. Daily operational data

Table H.4: Daily operational data for ABR-MFC feed samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm

0 21.9 0.00 5.64 0.05 266 0.71 189 141 146 0.71
4 22.5 0.07 5.93 0.01 229 0.00 163 0.00 126 0.00
5 23.7 0.07 7.67 0.02 298 0.71 211 0.00 173 0.00
6 23.1 0.00 7.99 0.01 346 141 245 0.71 205 0.71
7 18.3 0.78 7.42 0.00 443 3.54 314 141 258 0.71
10 23.6 0.07 7.29 0.01 427 141 304 0.71 251 0.71
11 24.2 0.07 7.54 0.01 408 0.71 287 2.83 243 0.00
12 24.4 0.00 7.33 0.00 394 141 280 141 235 0.71
13 24.1 0.07 7.38 0.01 386 2.12 274 0.71 232 0.71
14 16.5 0.42 7.40 0.00 373 141 266 0.71 224 0.71
17 19.1 0.21 7.35 0.00 333 0.00 236 0.00 200 0.00
18 18.0 0.35 7.32 0.01 323 0.71 229 0.00 193 0.00
19 22.7 0.14 7.08 0.00 310 0.00 220 0.00 187 0.00
20 235 0.00 7.10 0.00 293 0.00 208 0.00 179 0.00
21 23.3 0.00 7.11 0.01 316 141 226 0.71 173 0.00
24 22.9 0.21 7.17 0.01 359 2.83 256 3.54 218 3.54
25 23.2 0.00 7.17 0.01 335 2.12 238 0.71 204 0.71
26 254 0.07 7.12 0.01 362 0.00 257 0.00 218 0.00
27 25.1 0.00 7.15 0.01 309 2.83 220 212 193 0.71
28 21.6 0.28 6.77 0.02 348 0.00 247 0.00 212 0.00
31 24.3 0.07 6.82 0.00 330 0.71 234 0.00 202 0.00
32 235 0.00 7.65 0.00 398 0.71 283 0.71 244 0.00
33 24.4 0.07 6.22 0.00 380 0.71 270 0.71 231 0.00
34 24.6 0.07 6.79 0.01 425 0.00 302 0.00 258 0.00
35 23.3 0.07 6.99 0.01 403 141 287 0.71 246 0.71
38 17.4 0.57 6.23 0.01 366 141 261 0.71 223 0.71
39 18.7 0.78 6.16 0.01 353 0.71 251 0.71 215 0.71
40 22.9 0.14 6.51 0.01 325 0.71 231 0.71 199 0.00
41 215 0.07 6.79 0.01 305 0.71 217 0.71 193 0.00
42 21.1 0.14 8.21 0.00 463 0.00 329 0.00 295 0.00
45 19.4 0.42 7.04 0.01 588 2.12 418 141 395 0.00
46 22.3 0.07 7.21 0.01 644 0.00 459 0.71 375 0.00
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Table H.4: Daily operational data for ABR-MFC feed samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
47 21.3 0.35 6.94 0.00 579 0.00 412 0.00 331 0.71
48 20.8 0.28 6.87 0.00 608 141 432 141 348 0.71
49 22.2 0.07 7.33 0.01 586 141 417 0.71 335 0.71
52 23.3 0.07 6.93 0.01 544 2.12 387 2.12 313 141
53 19.8 0.14 6.90 0.03 670 2.12 478 2.12 385 2.12
54 20.1 0.21 7.07 0.01 664 141 472 0.00 380 0.00
55 19.2 0.42 6.78 0.00 606 0.71 431 0.71 346 0.71
56 20.9 0.14 6.99 0.00 629 2.12 448 1.41 361 0.00
59 211 0.07 6.64 0.01 620 141 442 0.71 354 0.00
60 21.2 0.00 6.89 0.01 611 0.71 435 141 349 0.00
61 21.6 0.07 6.76 0.01 584 2.83 416 1.41 334 0.71
62 20.7 0.07 6.24 0.01 580 0.71 413 0.71 345 0.71
63 17.2 0.14 7.17 0.01 656 0.00 468 0.71 367 212
66 16.7 0.21 7.16 0.01 682 0.71 485 0.00 379 0.00
67 18.1 0.00 8.41 0.02 669 0.71 476 0.71 373 0.00
68 17.9 0.07 7.06 0.01 488 0.71 347 0.00 270 0.71
69 18.2 0.14 7.47 0.01 564 2.83 402 2.12 314 2.12
70 13.3 0.42 7.02 0.01 476 141 339 0.71 259 0.00
73 18.5 0.07 7.28 0.01 665 141 474 0.71 372 0.71
74 15.9 0.42 6.52 0.02 659 141 469 1.41 360 0.71
75 19.9 0.49 6.76 0.01 600 10.61 433 0.71 334 0.00
76 17.7 2.26 6.85 0.01 595 5.66 424 4.24 326 1.41
77 20.5 0.71 6.65 0.02 574 3.54 409 2.12 316 2.12
80 11.2 0.57 6.58 0.01 527 141 375 0.71 293 1.41
81 12.6 0.35 6.96 0.04 546 0.00 388 0.00 306 0.71
82 12.8 0.57 6.87 0.02 574 2.12 411 4.95 323 0.71
83 13.5 0.49 6.69 0.01 554 2.12 395 2.83 312 1.41
84 18.8 0.00 6.56 0.01 523 141 373 0.71 299 0.71
87 12.2 0.64 6.75 0.01 615 0.00 439 212 351 0.71
88 13.0 0.71 6.72 0.01 555 2.83 395 2.12 315 0.71
89 18.9 0.00 6.39 0.01 524 4.24 373 2.12 302 1.41
90 18.6 0.07 5.96 0.03 447 4.95 318 2.83 261 2.83
91 9.9 0.57 6.61 0.01 516 4.24 367 3.54 291 2.12
94 11.1 0.07 6.49 0.01 190 2.69 136 0.71 106 1.41

167



Table H.4: Daily operational data for ABR-MFC feed samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm

95 17.8 0.14 6.53 0.02 589 2.12 411 0.71 312 0.00
96 10.7 0.28 6.46 0.01 581 141 413 0.71 317 141
97 18.6 0.14 5.96 0.02 617 141 439 0.71 346 0.71
98 19.9 0.00 6.62 0.01 455 8.49 326 4.24 259 141
101 14.7 0.21 5.95 0.03 461 0.71 328 0.71 256 0.71
102 18.0 0.07 6.54 0.02 424 0.00 302 0.71 240 0.00
103 14.3 0.14 6.47 0.01 582 0.71 414 0.00 325 0.71
104 14.2 0.14 6.53 0.01 633 0.71 450 0.00 354 0.00
105 14.2 0.21 6.58 0.03 444 3.54 315 2.83 246 2.12
108 13.7 0.21 6.43 0.03 595 0.71 423 0.00 332 0.71
109 13.6 0.35 6.55 0.04 580 141 415 2.12 325 0.71
110 13.6 0.14 6.45 0.01 405 3.54 289 3.54 223 2.83
111 18.6 0.00 5.79 0.04 473 0.71 336 0.71 265 1.41
112 20.8 0.07 6.15 0.01 510 0.71 362 0.00 265 69.30
115 20.9 0.00 6.76 0.04 472 2.12 335 1.41 291 2.12
116 14.2 0.07 6.37 0.06 605 2.12 430 0.00 372 0.71
123 154 0.28 6.39 0.01 596 141 424 0.71 367 0.71
124 20.9 0.07 6.06 0.01 455 0.00 324 0.71 280 0.00
125 14.4 0.21 6.28 0.00 502 3.54 357 3.54 308 0.71
126 20.9 0.07 6.37 0.02 502 0.71 357 0.71 310 0.71
129 21.0 0.07 6.88 0.01 566 2.12 403 2.83 351 2.12
130 16.4 0.14 6.93 0.02 520 141 369 0.00 319 0.00
131 19.7 0.00 6.62 0.01 521 0.00 366 1.41 323 1.41
132 18.3 0.07 6.78 0.01 299 0.71 212 0.00 182 0.00
133 17.6 0.07 6.18 0.01 407 0.71 289 0.00 248 0.71
136 14.9 0.28 6.56 0.04 640 0.71 455 0.00 371 0.71
137 14.1 0.42 7.29 0.05 616 2.83 438 2.12 356 212
138 13.7 0.28 7.03 0.01 613 0.71 441 7.07 359 2.83
139 13.3 0.35 6.97 0.01 608 141 432 1.41 353 4.24
140 17.5 0.07 6.71 0.01 549 0.00 390 0.00 319 0.00
143 20.1 0.07 6.68 0.01 668 0.71 475 0.71 377 0.00
144 20.3 0.21 6.34 0.01 627 0.71 445 0.00 360 0.00
145 15.2 0.42 6.87 0.02 716 0.00 510 2.83 381 0.00
146 19.7 0.00 6.46 0.01 689 3.54 490 2.83 371 2.12
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Table H.4: Daily operational data for ABR-MFC feed samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
147 16.5 0.21 6.52 0.01 661 0.71 470 0.71 366 2.12
150 17.7 0.21 6.56 0.01 662 0.71 471 141 367 0.71
151 20.2 0.21 6.30 0.01 551 2.83 392 141 306 141
152 215 0.07 6.12 0.01 675 2.83 481 141 377 141
153 13.0 0.64 5.89 0.01 677 2.12 481 141 382 0.00
154 16.4 0.35 7.16 0.01 737 141 524 0.00 422 0.00
157 171 0.28 6.54 0.02 738 0.71 525 1.41 424 0.71
158 20.3 0.07 6.17 0.01 752 2.12 534 2.12 432 1.41
159 21.0 0.00 6.36 0.01 675 2.83 481 2.12 389 1.41
160 20.0 0.21 6.34 0.01 837 3.54 593 0.71 472 0.71
165 16.2 0.28 6.55 0.03 555 0.71 393 0.00 435 0.00
166 18.1 0.21 6.89 0.01 778 0.71 553 0.00 668 212
167 18.0 0.21 6.79 0.01 784 0.71 556 2.12 675 0.71
168 17.4 0.35 6.91 0.01 763 4.95 543 2.12 652 1.41
171 16.9 0.28 6.66 0.01 774 5.66 552 2.12 665 2.12
172 16.0 0.28 6.75 0.01 777 141 553 2.12 664 2.83
173 18.3 0.07 6.97 0.04 772 4.95 551 0.00 667 0.00
174 21.3 0.07 6.37 0.01 754 4.95 536 3.54 650 5.66
175 10.7 0.28 6.57 0.00 1097 0.71 781 0.71 640 0.71
178 111 0.21 6.39 0.01 1007 10.61 718 3.54 587 0.00
179 15.3 0.00 6.26 0.01 860 141 613 4.95 506 4.95
180 16.2 0.07 6.47 0.01 937 2.12 667 2.83 561 2.12
181 16.7 0.07 6.37 0.00 671 2.12 477 1.41 602 2.12
182 13.9 0.28 6.68 0.08 977 2.12 696 0.71 579 0.71
185 20.2 0.07 5.32 0.01 945 4.24 672 3.54 565 2.83
186 184 0.00 7.82 0.01 1033 5.66 733 5.66 617 5.66
187 16.0 0.14 6.19 0.01 1106 2.83 789 212 663 2.83
188 16.5 0.07 5.86 0.00 998 141 709 141 599 0.71
189 17.6 0.07 5.64 0.01 978 9.90 696 7.78 588 6.36
192 13.6 0.42 5.59 0.13 994 5.66 707 4.95 593 3.54
193 14.2 0.35 5.56 0.02 933 0.71 666 141 558 0.71
194 19.1 0.07 5.34 0.03 971 2.83 690 141 585 0.71
195 19.2 0.07 6.20 0.01 992 4.24 704 3.54 598 3.54
196 18.4 0.57 5.38 0.02 1069 4.24 761 1.41 612 2.12
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Table H.4: Daily operational data for ABR-MFC feed samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm

199 17.1 0.28 5.66 0.00 808 5.66 575 3.54 455 2.83
200 16.8 0.07 4.74 0.01 594 4.95 423 2.12 351 2.12
201 17.6 0.28 6.74 0.06 760 2.12 541 0.71 428 0.71
202 18.4 0.07 5.85 0.02 732 0.71 522 2.12 437 141
203 18.5 0.14 6.82 0.01 828 0.71 590 0.71 469 0.71
206 18.7 0.14 6.79 0.00 1214 0.00 865 0.71 698 0.00
207 20.6 0.14 5.71 0.04 748 3.54 532 1.41 423 1.41
208 15.5 0.28 6.43 0.01 669 0.71 478 0.71 375 0.71
209 18.0 0.07 6.27 0.05 564 3.54 404 0.00 318 0.71
210 18.1 0.35 6.67 0.01 1600 14.85 1135 7.07 928 4.24
213 19.1 0.28 6.64 0.00 1574 6.36 1120 0.00 916 3.54
214 24.0 0.07 6.02 0.01 1164 141 832 1.41 667 2.83
215 19.6 0.21 7.08 0.02 1503 3.54 1070 0.00 871 1.41
216 19.1 0.28 6.94 0.01 1665 8.49 1125 7.07 952 2.12
217 20.5 0.07 6.57 0.01 1789 0.00 1270 0.00 1045 7.07
220 20.6 0.28 6.93 0.01 829 60.10 595 34.65 479 22.63
221 20.1 0.07 6.15 0.04 895 2.83 636 1.41 513 212
222 21.6 0.14 6.48 0.02 1089 11.31 776 5.66 628 212
223 20.9 0.00 6.58 0.01 1668 16.26 1185 7.07 975 9.19
224 194 0.07 6.63 0.01 1547 10.61 1105 7.07 900 5.66
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Table H.5: Daily operational data for ABR-MFC product samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm

5 22.9 0.07 7.46 0.01 1641 141 1165 7.07 938 0.71
6 22.8 0.14 7.81 0.01 1444 3.54 1020 0.00 871 0.71
7 22.1 0.00 7.77 0.00 1437 141 1020 0.00 886 141
8 16.4 0.64 7.72 0.00 1389 7.78 987 8.49 834 3.54
11 23.9 0.07 7.32 0.01 1154 0.00 819 141 697 0.00
12 23.6 0.14 7.68 0.00 951 2.12 673 0.71 579 0.00
13 23.4 0.14 7.89 0.01 901 0.71 638 0.00 548 0.00
14 235 0.14 7.44 0.01 902 2.12 639 0.00 552 0.71
15 16.6 0.64 7.72 0.01 833 2.12 593 0.71 511 0.00
18 19.9 0.14 7.72 0.01 657 0.00 466 0.71 400 0.71
19 18.5 0.35 7.86 0.01 620 0.00 440 0.00 376 0.00
20 22.4 0.07 7.72 0.01 587 0.00 416 0.00 358 0.00
21 22.9 0.00 7.68 0.00 551 141 392 0.71 338 0.71
22 235 0.07 7.73 0.01 587 2.83 416 3.54 322 2.12
25 22.8 0.07 7.54 0.00 502 141 356 0.00 305 0.00
26 22.6 0.07 7.64 0.01 495 141 353 0.71 302 141
27 24.8 0.07 7.57 0.00 492 0.71 349 0.00 298 0.71
28 24.8 0.00 7.57 0.01 465 0.71 330 0.00 290 0.71
29 23.0 0.14 7.48 0.01 471 0.00 334 0.00 289 0.00
32 24.4 0.07 7.52 0.01 467 0.00 331 0.00 288 0.71
33 22.7 0.07 7.60 0.00 481 141 342 1.41 296 0.71
34 23.7 0.07 7.52 0.00 476 0.00 339 0.71 291 0.00
35 24.0 0.14 7.61 0.01 488 2.12 346 0.00 296 0.00
36 22.9 0.00 7.62 0.01 474 0.71 336 0.00 289 0.00
39 18.1 0.21 7.33 0.01 471 0.00 335 0.00 288 0.00
40 19.5 0.78 7.50 0.00 480 141 342 0.71 295 0.00
41 23.3 0.07 7.49 0.00 468 0.00 333 0.00 289 0.00
42 20.8 0.00 7.70 0.00 464 0.00 330 0.00 296 0.00
43 20.5 0.00 7.68 0.01 461 0.71 328 0.71 293 0.00
46 18.7 0.57 7.42 0.00 412 0.71 293 0.71 274 0.00
47 215 0.07 7.49 0.00 495 0.71 352 0.71 286 0.00
48 20.4 0.49 7.29 0.01 484 0.00 344 0.00 275 0.00
49 21.8 0.21 7.68 0.03 531 0.00 377 0.00 302 0.00
50 22.1 0.07 7.79 0.00 533 2.12 379 0.71 303 0.00
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Table H.5: Daily operational data for ABR-MFC product samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
53 22.8 0.07 7.71 0.01 545 0.71 387 0.00 313 0.00
54 17.9 0.35 7.31 0.01 609 2.83 434 2.12 347 2.12
55 18.6 0.21 7.00 0.00 662 141 472 141 379 141
56 17.3 0.42 7.36 0.00 646 0.71 460 0.71 368 0.71
57 17.7 0.35 7.72 0.00 662 0.00 471 0.00 377 0.00
60 21.0 0.21 7.51 0.01 608 141 432 1.41 347 0.71
61 20.6 0.14 7.63 0.00 654 141 466 0.71 374 0.71
62 21.6 0.00 7.87 0.01 645 0.71 459 0.00 369 0.71
63 20.5 0.00 7.85 0.01 647 141 461 0.71 386 0.71
64 15.9 0.21 7.64 0.01 668 0.71 476 1.41 371 0.71
67 154 0.49 7.38 0.01 617 7.07 439 4.95 341 3.54
68 17.0 0.14 7.95 0.01 640 0.71 455 141 355 0.00
69 15.7 0.42 7.93 0.01 626 141 446 0.71 347 0.71
70 15.1 0.28 8.01 0.01 664 2.12 472 1.41 367 0.00
71 9.1 0.42 8.34 0.01 661 3.54 470 2.12 357 0.71
74 17.6 0.14 7.96 0.00 646 141 460 1.41 360 141
75 18.2 0.57 7.84 0.01 646 4.24 460 2.83 355 0.71
76 19.0 0.42 7.91 0.03 647 0.71 461 0.71 356 0.00
77 19.6 0.28 7.77 0.01 654 0.00 466 0.00 361 0.00
78 20.2 0.14 7.73 0.02 657 0.71 467 0.00 361 0.00
81 9.8 0.49 7.79 0.01 636 2.12 452 141 353 0.00
82 9.7 0.28 7.93 0.01 692 141 493 0.71 386 0.00
83 12.2 0.42 7.69 0.01 663 141 472 0.71 373 0.00
84 11.2 0.57 7.67 0.01 676 4.24 481 2.83 379 141
85 17.8 0.21 7.25 0.00 596 2.12 424 0.71 340 0.71
88 10.7 0.64 7.46 0.01 667 7.07 474 4.95 376 2.83
89 10.8 0.64 7.29 0.00 660 7.78 469 4.95 373 3.54
90 17.6 0.00 6.95 0.00 609 0.00 434 0.71 352 0.71
91 18.1 0.07 6.99 0.01 624 2.83 446 1.41 368 141
92 8.8 0.78 7.25 0.01 637 0.00 452 0.00 359 141
95 9.2 0.07 7.07 0.01 635 0.71 452 0.71 360 141
96 17.5 0.00 7.08 0.00 598 141 425 1.41 349 0.71
97 9.2 0.57 6.95 0.01 686 5.66 488 3.54 373 2.12
98 18.4 0.00 6.74 0.01 655 0.71 464 1.41 367 1.41

172



Table H.5: Daily operational data for ABR-MFC product samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
99 19.6 0.00 6.90 0.01 639 3.54 454 2.83 361 141
102 12.2 0.35 7.45 0.01 581 141 413 0.71 320 8.49
103 17.2 0.07 6.85 0.01 635 2.12 451 141 361 141
104 10.5 0.35 7.18 0.01 625 0.00 444 0.00 350 0.71
105 9.0 0.78 6.77 0.01 669 9.90 475 7.07 372 3.54
106 9.9 0.57 6.98 0.02 649 0.71 460 2.83 361 141
109 11.3 0.42 6.34 0.01 657 2.83 467 0.71 369 0.71
110 8.8 0.28 6.12 0.01 717 0.71 510 0.71 393 0.71
111 11.2 0.42 6.25 0.01 2 2.12 494 1.41 385 0.71
112 16.9 0.00 5.90 0.01 676 0.71 481 212 381 0.00
113 12.6 0.14 7.39 0.01 562 0.71 399 1.41 341 141
116 13.0 0.57 7.64 0.02 551 3.54 390 1.41 334 0.71
117 12.3 0.49 6.78 0.01 562 0.71 399 0.71 341 0.71
124 12.8 0.28 7.34 0.01 610 65.76 400 0.00 343 0.71
125 13.2 0.21 6.62 0.01 609 0.71 430 3.54 370 2.12
126 9.4 0.85 5.97 0.04 661 2.83 470 2.83 398 0.00
127 14.7 0.42 5.90 0.01 639 2.12 454 0.71 393 0.71
130 13.9 0.21 5.92 0.02 657 0.71 466 0.00 403 0.71
131 111 0.71 6.39 0.01 656 7.78 465 4.24 397 2.83
132 20.0 0.07 7.05 0.01 578 0.71 410 0.71 358 0.00
133 17.4 0.07 6.28 0.03 603 2.12 428 1.41 372 141
134 19.0 0.07 6.58 0.01 620 2.12 440 1.41 383 0.71
137 14.2 0.21 6.99 0.04 605 141 430 1.41 350 0.71
138 13.0 0.49 5.90 0.06 593 70.71 457 0.00 371 0.00
139 11.5 0.57 7.28 0.00 652 4.95 463 4.24 373 2.83
140 12.8 0.42 5.85 0.01 646 2.83 460 2.12 373 0.71
141 16.9 0.00 5.92 0.00 628 0.71 446 0.71 365 0.00
144 20.1 0.14 6.79 0.01 631 1.41 449 0.71 357 0.71
145 19.3 0.35 5.88 0.01 647 2.83 460 2.12 371 141
146 15.6 0.21 6.14 0.01 695 0.71 494 0.71 369 0.00
147 18.9 0.07 6.03 0.01 733 0.00 521 0.71 393 0.00
148 14.3 0.21 5.95 0.04 694 2.83 493 2.12 382 0.71
151 15.0 0.28 5.99 0.01 747 0.71 531 0.71 413 0.71
152 19.6 0.14 5.59 0.01 730 0.71 519 0.71 408 0.71
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Table H.5: Daily operational data for ABR-MFC product samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
153 20.9 0.07 5.65 0.00 716 2.12 508 141 400 0.71
154 13.9 0.78 6.13 0.02 666 6.36 474 3.54 379 0.71
155 14.4 0.64 6.23 0.01 655 141 465 0.71 370 141
158 13.7 0.78 6.71 0.00 654 0.71 464 0.00 369 0.71
159 20.6 0.07 5.43 0.00 656 0.00 466 0.00 375 0.00
160 19.1 0.14 5.42 0.01 639 2.12 454 0.71 365 0.00
161 19.8 0.07 5.55 0.01 744 77.07 497 1.41 394 141
166 15.4 0.42 5.62 0.04 488 0.71 346 1.41 408 141
167 18.2 0.14 5.60 0.00 489 0.71 347 0.00 413 0.71
168 17.0 0.21 5.40 0.11 511 0.71 363 0.00 430 0.00
169 16.6 0.14 5.37 0.02 514 2.12 365 1.41 433 2.12
172 17.0 0.21 6.01 0.01 519 0.00 369 0.00 438 0.00
173 15.3 0.35 6.58 0.01 517 0.71 368 0.71 434 0.00
174 18.1 0.21 6.41 0.01 566 0.00 402 0.00 481 0.71
175 20.9 0.07 6.07 0.01 614 3.54 436 1.41 524 141
176 10.6 0.28 6.45 0.01 943 0.00 671 0.00 546 0.71
179 10.8 0.07 6.27 0.01 1029 2.12 731 1.41 597 141
180 15.0 0.00 5.94 0.04 1048 4.24 746 4.95 620 3.54
181 16.0 0.07 5.74 0.01 1050 141 745 1.41 628 141
182 16.3 0.07 5.87 0.01 711 4.24 505 1.41 637 2.12
183 14.9 0.42 5.94 0.04 1027 2.83 731 2.83 611 141
186 19.7 0.21 5.78 0.01 1000 4.95 710 4.95 597 4.24
187 17.5 0.07 5.53 0.04 985 5.66 699 4.95 586 4.24
188 16.2 0.07 5.61 0.07 957 141 680 0.71 568 141
189 15.8 0.14 5.63 0.01 936 3.54 665 2.83 559 2.12
190 17.3 0.07 5.66 0.01 894 0.71 635 0.00 535 0.00
193 13.0 0.35 6.43 0.07 831 141 591 1.41 491 0.71
194 10.5 0.57 5.35 0.06 822 2.83 587 0.71 481 2.83
195 18.9 0.00 4.87 0.03 847 0.71 601 0.00 508 0.71
196 18.7 0.07 4.79 0.00 873 6.36 619 4.24 523 3.54
197 184 0.14 4.80 0.01 914 0.71 649 0.00 518 0.71
200 17.2 0.28 4.75 0.04 973 141 693 0.00 553 0.71
201 16.3 0.00 4.17 0.00 970 5.66 692 212 581 3.54
202 17.0 0.21 4.74 0.00 998 141 709 1.41 566 0.71
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Table H.5: Daily operational data for ABR-MFC product samples

Day Temp SD pH SD EC SD TDS SD Salt SD
°C puS/cm ppm ppm
203 17.8 0.07 4.76 0.01 934 2.83 664 2.12 555 4.24
204 17.8 0.14 4.68 0.04 943 0.00 670 0.71 534 0.71
207 18.5 0.14 4.75 0.03 876 0.71 622 0.00 496 0.71
208 19.2 0.00 4.73 0.02 867 4.24 617 141 493 0.00
209 14.9 0.21 4.42 0.01 633 0.71 451 0.00 353 0.71
210 17.2 0.14 4.35 0.03 982 7.07 705 5.66 558 141
211 19.0 0.14 4.94 0.01 1081 0.00 768 0.00 617 0.71
214 18.3 0.57 5.12 0.00 1245 141 884 0.71 713 0.00
215 23.3 0.07 5.21 0.01 1435 2.83 1025 7.07 833 0.71
216 17.2 0.21 5.37 0.01 1484 0.00 1050 0.00 855 0.00
217 18.1 0.14 5.36 0.03 1866 8.49 1075 7.07 898 0.71
218 20.1 0.00 5.37 0.01 1583 4.95 1125 7.07 919 2.12
221 17.8 0.21 5.66 0.03 1607 0.71 1140 0.00 931 0.00
222 18.9 0.14 5.43 0.01 1685 5.66 1200 0.00 981 2.83
223 19.8 0.00 5.42 0.01 1710 4.95 1215 7.07 996 141
224 20.1 0.00 5.48 0.01 1690 2.12 1200 0.00 985 0.00
225 20.6 0.07 5.62 0.01 1661 0.00 1180 0.00 968 0.71
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H.4. ABR-MFC performance data

Table H.6: ABR-MFC performance — raw experimental data for feed samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOs= SD N SD TP SD OoP SD
mg/| mg/| mg/| NTU mag/l mg/l mag/l mag/l mg/l
0 5725 212.13 244 2.83
5 5373 3.54 0.17 0.02 283 0.00
7 5493 208.60 0.01 0.00 303 0.00
10 5525 7.07 0.13 0.01 304 0.71
12 5760 77.78 0.12 0.04 343 31.11
14 5588 208.60 0.13 0.03 419 0.71
17 5423 74.25 0.26 0.04 489 11.31
19 5433 74.25 0.33 0.02 512 2.83
21 5720 148.49 0.78 0.83 853 7.78
24 6265 21.21 0.56 0.07 900 16.26
26 6133 116.67 0.50 0.06 807 2.83
28 5558 31.82 0.17 0.01 500 3.54
31 5793 88.39 1.44 0.01 1000 0.00
33 5315 7.07 0.62 0.11 718 37.48
35 5390 113.14 0.63 0.02 515 27.58
38 5213 152.03 0.65 0.12 842 7.07
40 6083 24.75 1.24 0.21 1000 0.00
42 10110 84.85 0.20 0.01 562 141 240 028 17.20 0.28
45 9200 254.56 0.67 0.04 732 4.95 <0.5 0.00 12.60 0.28
47 8735 49.50 0.61 0.02 674 13.44 <0.5 0.00 1235 0.21
49 10458 1856.16 0.79 0.01 953 12.02 <0.5 0.00 1230 0.14
52 11478 130.81 5.96 0.18 684 14.85 <0.5 0.00 1460 0.71
54 8743 45.96 0.21 0.11 530 2.83 <0.5 0.00 13.70 0.14
56 9478 88.39 1.25 0.05 1000 0.00 <0.5 0.00 13.30 0.00
59 9473 60.10 1.58 0.01 1000 0.00 <0.5 0.00 13.85 0.21
61 9580 155.56 1.69 0.07 1000 0.00 <0.5 0.00 11.35 0.35
63 9350 120.21 0.61 0.42 654 141 0.20 0.00 14.00 0.00
66 9225 0.00 0.32 0.18 535 0.71 0.20 0.00 12.40 0.00
68 8850 98.99 0.79 0.08 961 4.24 0.10 0.00 11.10 0.00
70 9228 286.38 3.53 0.17 936 21.92 185 0.07 2195 0.21
73 9853 342.95 3.57 0.35 885 16.97 140 0.14 25.00 0.00
75 10448  434.87 1.03 0.18 1000 0.00 215 0.07 19.90 0.42
77 11465 98.99 3.15 0.01 1000 0.00 195 0.07 22.05 0.35

176



Table H.6: ABR-MFC performance —raw experimental data for feed samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOs= SD N SD TP SD OoP SD
mg/| mg/| mg/| NTU mag/l mg/l mg/l mg/l mg/l
80 11570 33941 3.89 0.19 866 22.63
82 11965 134.35 1.10 0.19 2.12 0.23 1000 0.00
84 12400 848.53 2.27 0.59 3.19 0.59 1000 0.00
87 13068 562.15 2.38 0.87 3.29 0.33 1000 0.00
89 13383 53.03 1.81 0.80 2.72 0.74 1000 0.00
91 12403 1672.31 4.86 3.69 5.80 3.61 1000 0.00
94 12816  244.66 4.84 0.49 5.99 0.03 1000 0.00
96 13248 837.92 1.81 0.25 2.63 0.11 916 90.51
98 11788  109.60 2.05 0.81 3.00 0.74 1000 0.00
101 13920 593.97 1124 0.44 12.06 0.44 856 96.17
103 11695 120.21 1.48 0.13 2.33 0.12 1000 0.00
105 12373 49144 1567 9.74 16.43 9.61 1000 0.00
108 11603 38.89 7.97 3.47 8.76 3.47 1000 0.00
110 10693 187.38 3.36 2.40 4.23 2.37 1000 0.00
112 10808  406.59 1.61 0.06 2.46 0.08 1000 0.00
115 9090 70.71 0.92 0.02 1.79 0.01 823 33.23
124 9328 364.16 0.89 0.08 1.87 0.08 1000 0.00
126 8640 205.06 0.51 0.00 1.45 0.02 536 0.71
129 11050 98.99 0.70 0.05 1.64 0.03 1000 0.00
131 11800 49.50 0.55 0.03 1.33 0.03 1000 0.00
133 9600 311.13 0.90 0.02 1.96 0.10 1000 0.00
136 11770  205.06 6.37 0.83 6.96 0.79 1000 0.00
138 9250 21.21 1.60 0.10 2.44 0.08 1000 0.00
140 12330 42.43 7.68 0.44 8.18 0.45 1000 0.00
143 11645 162.63 2.93 0.21 3.83 0.28 1000 0.00
145 11313  166.17 1.76 0.01 2.62 0.03 1000 0.00
147 11783  208.60 3.11 0.11 3.96 0.08 966 7.07 1.70 0.28 038 0.06 160 0.14 1795 0.07
150 11495 205.06 3.03 0.16 3.81 0.11 1000 0.00
152 11150 127.28 1.65 1.07 2.48 1.00 531 5.66
154 11473  413.66 1.94 1.44 3.28 1.50 704 28.99 1280 265 007 060 002 130 000 17.35 0.21
157 10868 321.73 3.32 291 4.48 2.49 1000 0.00
159 10861 289.21 1.32 0.34 3.09 0.89 1000 0.00
166 9538 236.88 0.81 0.01 2.63 0.33 1000 0.00
168 9668 1339.97 1.58 0.91 3.14 0.20 1000 0.00 595 0.78 134 0.18 1.65 0.21 20.35 0.35
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Table H.6: ABR-MFC performance —raw experimental data for feed samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOs= SD N SD TP SD OoP SD
mg/| mg/| mg/| NTU mag/l mg/l mg/l mg/l mg/l
171 11270 28.28 0.50 0.28 2.71 0.24 347 4.95
173 13590 98.99 1.29 0.27 2.24 1.47 1000 0.00
175 19190 1230.37 5.72 0.31 6.95 0.61 1000 0.00 765 035 173 0.08 1.60 0.14 2435 0.35
178 16790 1258.65 3.82 0.03 5.17 0.64 1000 0.00
180 14580 127.28 1.36 0.51 2.87 0.41 1000 0.00
182 14535 1166.73  2.57 0.18 3.88 1.19 1000 0.00 2673 122 017 028 0.04 110 042 2190 0.00
185 19530 2729.43 9.80 1.22 10.17 0.30 1000 0.00
187 23665 289.91 3.90 0.59 5.49 0.07 794 4.95
189 23490 579.83 3.66 1.50 5.01 0.61 1000 0.00 6.00 0.14 136 003 155 0.07 2240 0.28
192 23705 374.77 7.05 0.07 8.30 0.45 1000 0.00
194 25140 876.81 9.03 7.68 10.88 7.83 1000 0.00
196 21845 1661.70 9.51 3.15 9.71 1.29 1000 0.00 12.15 205 274 046 295 0.07 2530 042
199 33053 456.08 2.03 1.00 3.57 0.35 1000 0.00
201 33405 806.10 2.78 212 4.31 1.40 1000 0.00
203 33968 2004.65 4.85 3.18 6.02 2.18 1000 0.00 480 042 108 0.10 4.05 0.07 1825 0.07
206 37230 148.49 8.44 5.83 9.71 4.94 1000 0.00
208 31920 912.17 2.55 1.85 4.53 2.50 1000 0.00
210 32783 31.82 6.62 5.88 8.38 6.36 1000 0.00 269540 1145 262 259 059 220 0.28 2500 0.00
213 33645 303349 9.81 3.24 11.59 3.61 1000 0.00
215 34440 1527.35 16.26 0.57 17.79 0.16 1000 0.00
217 30563 922.77 11.00 2.60 12.83 3.24 1000 0.00 510 0.14 1.15 0.03 3.80 0.85 2500 0.00
220 33593 710.64 6430 6.11 65.85 6.49 1000 0.00
222 32228 24395 3946 4.86 41.50 3.90 1000 0.00
224 33450 144250 40.72 6.87 42.20 7.55 1000 0.00 790 000 1.78 0.00 2.00 0.14 2500 0.00
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Table H.7: ABR-MFC performance —raw experimental data for product samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOss SD N SD TP SD OoP SD
mg/| mag/l mag/l NTU mg/l mg/l mg/l mg/l mg/l
5 44 0.57
6 1745 332.34 0.00 0.06 31 0.07
8 1653 31.82 0.07 0.00 21 0.07
11 2218 215.67 0.18 0.09 32 0.07
13 1890 21.21 0.09 0.01 45 4.45
15 2678 187.38 0.01 0.06 32 0.57
18 2225 77.78 0.02 0.01 74 0.07
20 2625 28.28 0.09 0.05 34 0.07
22 2655 106.07 0.09 0.06 36 0.85
25 2953 81.32 0.14 041 166 7.78
27 2655 84.85 0.01 0.02 21 0.14
29 1703 10.61 0.03 0.01 27 0.00
32 1605 35.36 0.01 0.02 36 0.07
34 1745 56.57 0.15 0.01 29 0.64
36 1763 38.89 0.05 0.02 24 0.78
39 1953 10.61 0.13 0.10 32 0.78
41 2065 35.36 0.03 0.11 38 1.70
43 2175 106.07 0.03 0.04 22 0.14 <0.5 0.00 10.40 0.28
46 2113 53.03 0.13 0.08 38 0.28 <0.5 0.00 8.10 0.00
48 2198 109.60 0.03 0.03 32 3.61 <0.5 0.00 9.20 0.99
50 3263 31.82 0.04 0.01 19 0.69 <0.5 0.00 22.65 3.32
53 2998 60.10 0.04 0.03 23 0.85 <0.5 0.00 9.80 0.00
55 3735 77.78 0.07 0.03 20 0.47 <0.5 0.00 13.45 0.07
57 3960 98.99 0.04 0.08 20 0.01 <0.5 0.00 13.15 0.07
60 3625 91.92 0.04 0.00 32 0.71 <0.5 0.00 13.05 0.35
62 4048 74.25 0.04 0.02 28 1.91 <0.5 0.00 13.45 0.35
64 4400 49.50 0.04 0.09 24 0.92 <0.5 0.00 17.20 #DIV/0O!
67 4190 14.14 0.14 0.01 37 0.64 <0.5 0.00 14.60 #DIV/O!
69 4415 28.28 0.01 0.01 33 0.71 <0.5 0.00 <05 0.00
71 3618 24.75 024 0.01 41 0.57 <0.5 0.00 1455 0.07
74 3990 56.57 0.28 0.08 35 0.57 <0.5 0.00 13.70 0.00
76 4373 24.75 0.26 0.01 41 5.66 <0.5 0.00 14.00 0.00
78 4850 56.57 266 0.71 42 1.13 0.10 0.00 15.30 0.00
81 2333 144.96 0.03 0.05 1.03 0.06 35 1.70
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Table H.7: ABR-MFC performance —raw experimental data for product samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOss SD N SD TP SD OoP SD
mg/| mag/l mag/l NTU mg/l mg/l mg/l mg/l mg/l
83 4543 74.25 0.03 0.01 0.99 0.03 28 0.35
85 4815 35.36 0.04 0.02 0.99 0.01 43 0.28
88 5160 339.41 0.09 0.01 1.16 0.50 50 0.28
90 6125 91.92 0.11 0.02 1.08 0.02 63 0.28
92 6500 325.27 0.13 0.00 121 0.08 59 1.20
95 6755 120.21 0.15 0.03 1.21 0.04 62 1.56
97 7358 724.78 0.47 0.04 1.41 0.04 59 0.28
99 6870 183.85 0.17 0.06 1.33 0.04 58 0.49
102 6948 116.67 0.11 0.01 1.05 0.04 55 3.96
104 6725 176.78 0.12 0.04 1.02 0.08 63 0.64
106 6763 53.03 0.01 0.09 0.94 0.06 36 0.85
109 7123 38.89 0.05 0.08 0.99 0.06 37 0.07
111 7843 307.59 0.06 0.00 1.00 0.01 75 141
113 7305 106.07 0.08 0.11 1.13 0.04 86 2.33
116 5615 197.99 0.08 0.05 0.95 0.10 84 0.42
125 5858 81.32 0.03 0.04 1.01 0.01 95 19.37
127 5363 144.96 0.17 0.19 1.01 0.01 99 1.84
130 5668 208.60 0.16 0.03 1.13 0.12 69 0.85
132 5713 31.82 0.25 0.06 1.19 0.06 82 0.57
134 5853 45.96 0.14 0.09 1.15 0.03 54 0.28
137 5785 155.56 0.06 0.01 1.04 0.04 62 1.56
139 5523 180.31 0.18 0.01 1.07 0.01 69 2.97
141 5828 38.89 0.03 0.08 0.92 0.02 60 1.70
144 5638 88.39 0.03 0.01 0.95 0.01 56 1.34
146 5490 183.85 0.02 0.17 0.92 0.02 57 0.64
148 6130 91.92 0.15 0.06 1.07 0.06 45 0.49 045 0.07 010 0.02 0.0 0.00 13.75 0.35
151 6098 137.89 0.03 0.00 0.95 0.01 58 0.07
153 5853 45.96 0.05 0.01 0.97 0.01 51 0.14
155 5648 173.24 0.23 0.24 3.14 0.23 57 0.14 46 043 032 0.10 0.07 0.0 0.00 15.00 0.00
158 5688 258.09 159 211 3.50 2.60 79 4.31
160 5620 530.33 0.39 0.66 2.58 0.31 48 0.07
167 4145 14.14 0.15 0.75 1.26 3.51 186 0.71
169 6353 137.89 0.55 0.30 2.27 1.20 210 0.71 162 054 037 012 020 0.00 16.40 0.00
172 4983 60.10 0.06 0.00 1.98 0.28 118 0.71
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Table H.7: ABR-MFC performance —raw experimental data for product samples

Day COD SD TSS SD VSS SD Turbidity SD FOG NOss SD N SD TP SD OoP SD
mg/| mag/l mag/l NTU mg/l mg/l mg/l mg/l mg/l
174 4785 42.43 0.04 0.20 2.42 1.36 124 0.71
176 5275 49.50 0.25 0.10 1.85 0.64 106 0.71 053 060 0.12 0.14 0.10 0.00 15.50 0.00
179 6223 81.32 0.16 0.25 1.28 0.31 126 0.71
181 7790 106.07 0.13 0.07 2.20 0.76 81 0.28
183 8090 113.14 0.08 0.08 1.42 0.71 49 1.13 72 0.09 0.00 0.02 0.00 0.10 0.00 14.55 0.07
186 7893 38.89 0.04 0.08 1.78 0.23 62 0.07
188 7418 123.74 0.28 0.31 0.42 2.57 40 0.28
190 7325 636.40 0.06 0.06 1.92 0.42 70 0.42 0.10 0.00 0.02 0.00 0.10 0.00 17.05 0.07
193 8288 17.68 0.20 0.03 2.04 0.03 234 0.71
195 11068 137.89 0.08 0.03 1.66 1.19 73 0.42
197 12063 88.39 0.02 0.17 1.75 0.75 123 141 0.15 0.07 0.03 0.02 0.10 0.00 21.70 0.00
200 13590 63.64 0.04 0.06 2.43 1.32 147 0.71
202 12233 555.08 0.04 0.06 1.27 1.00 249 0.71
204 11698 243.95 0.09 0.01 2.27 1.15 317 0.71 050 0.00 0.11 0.00 030 0.00 2225 0.07
207 12325 98.99 0.23 0.13 2.44 0.08 325 4.24
209 11690  735.39 0.07 0.18 1.72 0.48 452 0.71
211 11693 512.65 0.03 0.21 2.08 0.51 405 0.71 100 040 0.28 0.09 0.06 040 0.00 23.65 0.64
214 10958 128340 0.13 0.01 211 0.27 294 3.54
216 11955 728.32 0.06 0.11 2.74 0.88 183 2.83
218 11175 141.42 0.37 0.16 3.41 1.77 200 2.83 124 023 028 005 050 0.00 25.00 0.00
221 11820  282.84 0.23 0.16 2.29 0.21 130 141
223 11410  233.35 0.18 0.08 3.63 191 133 0.71
225 11158 116.67 0.15 0.21 0.62 1.64 130 2.83 040 0.14 0.00 0.03 0.10 0.00 25.00 0.00
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Table H. 8: ABR-MFC efficiency

Since Inoculation Date COD Removal FOG Removal TSS Removal VSS Removal NO3-N Removal TP Removal
% % % % % %
6 05-04-17 67.52 100.00
8 07-04-17 69.91 100.00
11 10-04-17 59.86 100.00
13 12-04-17 67.19 21.74
15 14-04-17 52.08 96.15
18 17-04-17 58.97 90.20
20 19-04-17 51.68 74.63
22 21-04-17 53.58 88.39
25 24-04-17 52.87 75.00
27 26-04-17 56.71 97.00
29 28-04-17 69.37 80.00
32 01-05-17 72.29 99.65
34 03-05-17 67.17 76.80
36 05-05-17 67.30 92.91
39 08-05-17 62.54 79.84
41 10-05-17 66.05 97.98
43 12-05-17 78.49 87.18
46 15-05-17 77.04 81.34
48 17-05-17 74.84 95.04
50 19-05-17 68.80 94.90
53 22-05-17 73.88 99.33
55 24-05-17 57.28 66.67
57 26-05-17 58.22 96.79
60 29-05-17 61.73 97.46
62 31-05-17 57.75 97.33
64 02-06-17 52.94 94.26
67 05-06-17 54.58 55.56
69 07-06-17 50.11 98.74
71 09-06-17 60.80 93.20
74 12-06-17 59.50 92.15
76 14-06-17 58.15 75.12
78 16-06-17 57.70 15.56
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Table H. 8: ABR-MFC efficiency

Since Inoculation Date COD Removal FOG Removal TSS Removal VSS Removal NO3-N Removal TP Removal
% % % % % %

81 19-06-17 79.84 99.10

83 21-06-17 62.04 96.80 50.94

85 23-06-17 61.17 98.45 69.12

88 26-06-17 60.51 96.21 64.84

90 28-06-17 54.23 94.18 60.48

92 30-06-17 47.59 97.33 79.22

95 03-07-17 47.29 96.90 79.80

97 05-07-17 44.46 74.24 46.39

99 07-07-17 41.72 91.71 55.83

102 10-07-17 50.09 99.02 91.29

104 12-07-17 42.50 91.53 56.34

106 14-07-17 45.34 99.90 93.94

109 17-07-17 38.61 99.31 88.75

111 19-07-17 26.65 98.21 76.45

113 21-07-17 32.41 94.70 54.27

116 24-07-17 38.23 90.81 46.93

125 02-08-17 37.20 97.18 45.84

127 04-08-17 37.93 67.65 30.10

130 07-08-17 48.71 76.98 31.40

132 09-08-17 51.59 54.55 10.90

134 11-08-17 39.04 83.98 41.33

137 14-08-17 50.85 98.98 85.13

139 16-08-17 40.30 88.75 56.15

141 18-08-17 52.74 99.67 88.08

144 21-08-17 51.59 99.15 75.20

146 23-08-17 51.47 98.86 61.05

148 25-08-17 47.97 95.18 73.11 73.53 93.75
151 28-08-17 46.96 99.01 75.20

153 30-08-17 47.51 97.26 60.61

155 01-09-17 50.77 96.41 88.14 4.27 83.96 92.31
158 04-09-17 47.67 52.11 21.88

160 06-09-17 48.25 70.45 16.50
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Table H. 8: ABR-MFC efficiency

Since Inoculation Date COD Removal FOG Removal TSS Removal VSS Removal NO3-N Removal TP Removal
% % % % % %
167 13-09-17 56.54 81.48 52.09
169 15-09-17 34.29 65.19 27.71 72.77 87.88
172 18-09-17 55.79 88.00 26.94
174 20-09-17 64.79 96.90 -8.04
176 22-09-17 7251 95.63 73.38 93.14 93.75
179 25-09-17 62.94 95.81 75.24
181 27-09-17 46.57 90.44 23.34
183 29-09-17 44.34 97.31 96.89 63.40 92.62 90.91
186 02-10-17 59.59 99.59 82.50
188 04-10-17 68.66 92.82 92.35
190 06-10-17 68.82 98.36 61.68 98.33 93.55
193 09-10-17 65.04 97.16 75.42
195 11-10-17 55.98 99.11 84.74
197 13-10-17 44.78 99.79 81.98 98.77 96.61
200 16-10-17 58.88 98.03 31.93
202 18-10-17 63.38 98.56 70.53
204 20-10-17 65.56 98.14 62.29 89.58 92.59
207 23-10-17 66.89 97.27 74.87
209 25-10-17 63.38 97.25 62.03
211 27-10-17 64.33 99.96 99.55 75.18 96.51 81.82
214 30-10-17 67.43 98.67 81.79
216 01-11-17 65.29 99.63 84.60
218 03-11-17 63.44 96.64 73.42 75.69 86.84
221 06-11-17 64.81 99.64 96.52
223 08-11-17 64.60 99.54 91.25
225 10-11-17 66.64 99.63 98.53 94.94 95.00
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APPENDIX I:
Experimental data — power generation
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I.1. ABR-MFC voltage and current generation

Table I.1: ABR-MFC and individual compartment electrical current (since day 144 of ABR-MFC operation)

Day Date C1 C2 C3 Cc4 C5 C6 ABR-MFC
mA
1 21-08-17 3.30 2.70 3.00 3.00 3.60 3.30 450
2 22-08-17 0.44 4.38 3.93 3.79 3.87 471 4.80
3 23-08-17 3.03 3.97 3.85 3.27 3.88 2.97 5.00
4 24-08-17 6.70 7.60 7.10 443 4.62 4.09 6.90
5 25-08-17 5.11 4.80 4.28 470 4.85 4.87 7.60
8 28-08-17 450 4.29 4.72 455 4.47 3.00 7.00
9 29-08-17 5.89 5.87 5.96 5.16 4.23 459 8.30
10 30-08-17 3.96 4.68 5.99 5.19 5.54 5.34 8.10
11 31-08-17 4.88 5.00 5.70 5.34 5.51 5.16 7.05
12 01-09-17 5.79 5.31 5.41 5.49 5.48 4,98 5.99
15 04-09-17 5.54 4.84 5.84 4,96 5.50 457 9.40
16 05-09-17 421 5.98 6.61 6.32 6.13 5.37 10.70
17 06-09-17 7.50 9.30 10.10 8.00 9.40 7.30 7.30
18 07-09-17 3.74 5.59 5.59 5.32 4.88 4,99 7.80
22 11-09-17 10.90 10.90 12.30 11.90 10.90 10.90 12.70
23 12-09-17 8.90 9.50 9.00 8.00 8.00 7.70 7.48
24 13-09-17 8.10 9.90 8.10 8.10 8.30 7.40 11.00
25 14-09-17 6.60 5.90 5.90 9.40 9.10 10.20 12.00
26 15-09-17 7.30 7.20 6.40 9.50 9.10 9.60 12.30
29 18-09-17 12.70 12.70 13.80 10.80 12.30 14.80 13.60
30 19-09-17 12.90 13.30 12.20 12.60 12.60 15.10 11.90
31 20-09-17 12.60 12.20 12.10 12.40 13.40 13.60 11.80
32 21-09-17 7.90 10.60 10.30 13.30 13.30 13.10 16.10
33 22-09-17 12.00 11.80 16.10 12.60 16.00 13.00 15.00
36 25-09-17 8.90 7.70 8.20 7.70 8.60 8.40 10.10
37 26-09-17 8.80 8.40 7.70 10.30 10.80 8.20 7.40
38 27-09-17 9.00 9.40 5.90 7.20 7.90 3.70 7.40
39 28-09-17 8.00 7.90 7.60 5.80 8.80 6.70 5.50
40 29-09-17 8.70 8.60 7.80 8.40 7.70 5.00 5.70
43 02-10-17 5.30 9.90 9.60 8.40 7.60 4,90 5.90
44 03-10-17 10.00 9.80 9.20 8.90 7.60 5.10 5.60
45 04-10-17 10.00 9.70 9.30 8.10 7.40 4.60 5.80
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Table I.1: ABR-MFC and individual compartment electrical current (since day 144 of ABR-MFC operation)

Day Date Cl Cc2 C3 C4 C5 C6 ABR-MFC
mA
46 05-10-17 10.00 8.90 8.40 7.30 7.50 4.00 5.30
47 06-10-17 10.00 9.20 9.20 8.20 6.40 4.10 5.80
50 09-10-17 11.00 10.00 10.00 7.50 7.10 4.80 5.80
51 10-10-17 10.90 9.70 9.90 7.20 7.20 4.00 5.70
52 11-10-17 10.80 10.20 10.00 7.30 7.40 4.30 5.00
53 12-10-17 12.30 12.60 9.90 12.30 9.40 5.60 7.20
54 13-10-17 10.80 10.80 9.60 6.20 7.00 7.60 5.60
57 16-10-17 11.60 9.50 10.00 8.20 5.90 4.60 5.00
58 17-10-17 8.10 8.20 8.20 7.20 6.90 410 5.30
59 18-10-17 7.90 9.20 7.10 6.90 6.20 4,90 7.10
60 19-10-17 10.10 8.80 8.00 7.20 5.90 6.80 7.90
61 20-10-17 12.10 11.80 11.40 12.10 10.10 8.40 12.40
64 23-10-17 15.50 15.00 13.60 15.10 15.00 13.60 12.50
65 24-10-17 15.60 16.80 14.70 14.10 12.40 11.20 14.50
66 25-10-17 16.70 15.40 14.40 14.00 14.40 9.90 15.00
67 26-10-17 15.40 14.30 14.60 13.90 13.30 9.70 14.80
68 27-10-17 17.00 14.90 15.40 14.00 14.10 10.00 12.60
71 30-10-17 19.30 17.50 18.50 18.00 17.50 7.00 14.30
72 31-10-17 20.40 12.70 20.10 17.90 16.40 9.50 10.10
73 01-11-17 20.10 18.80 18.10 19.40 18.10 16.30 16.50
74 02-11-17 20.00 19.30 18.20 18.40 17.10 10.70 18.10
75 03-11-17 20.10 22.00 21.20 19.80 17.10 13.80 22.10
78 06-11-17 18.90 17.70 19.00 16.70 14.80 16.00 16.90
79 07-11-17 18.80 16.10 17.90 15.10 14.60 13.00 16.90
80 08-11-17 18.90 16.30 19.00 17.60 15.30 12.70 18.90
81 09-11-17 19.60 19.50 16.50 18.70 16.30 12.00 19.00
82 10-11-17 18.50 16.40 18.10 13.50 15.60 13.30 18.60
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Table I.2: ABR-MFC and individual compartment potential difference/voltage (since day 144 of ABR-MFC operation)

Day Date Cl Cc2 C3 C4 C5 C6 ABR-MFC
mV

1 21-08-17 247 248 251 246 245 194 158
2 22-08-17 146 151 151 151 151 141 145
3 23-08-17 96 97 99 100 101 102 150
4 24-08-17 129 129 130 131 132 132 128
5 25-08-17 119 119 120 123 123 123 145
8 28-08-17 109 110 110 111 113 113 153
9 29-08-17 141 141 141 142 142 142 159
10 30-08-17 136 137 137 137 138 138 164
11 31-08-17 141 142 142 143 143 144 166
12 01-09-17 145 146 147 148 148 149 167
15 04-09-17 126 127 128 131 131 131 184
16 05-09-17 186 187 188 188 190 190 193
17 06-09-17 139 141 142 145 145 146 192
18 07-09-17 153 157 158 161 161 162 195
22 11-09-17 399 399 398 394 394 393 400
23 12-09-17 186 186 187 187 187 188 203
24 13-09-17 218 220 220 220 219 219 217
25 14-09-17 216 217 220 218 218 218 226
26 15-09-17 212 213 212 210 212 212 228
29 18-09-17 239 239 240 238 238 238 188
30 19-09-17 245 245 245 244 244 243 193
31 20-09-17 244 244 234 230 230 231 230
32 21-09-17 235 235 235 236 237 230 242
33 22-09-17 237 237 236 202 203 204 238
36 25-09-17 210 210 210 200 199 196 205
37 26-09-17 223 222 209 174 174 171 181
38 27-09-17 184 184 185 186 185 180 183
39 28-09-17 199 199 200 188 188 180 182
40 29-09-17 217 217 217 197 198 186 194
43 02-10-17 255 254 254 211 210 200 204
44 03-10-17 272 272 272 220 220 208 215
45 04-10-17 285 285 285 212 212 203 206
46 05-10-17 275 275 279 204 204 193 196
47 06-10-17 279 280 280 213 213 204 205
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Table I.2: ABR-MFC and individual compartment potential difference/voltage (since day 144 of ABR-MFC operation)

Day Date Cl Cc2 C3 C4 C5 C6 ABR-MFC
mV
50 09-10-17 271 271 272 217 217 210 211
51 10-10-17 276 275 276 206 206 201 206
52 11-10-17 261 261 260 212 210 220 172
53 12-10-17 245 245 244 242 242 233 238
54 13-10-17 262 262 262 240 240 223 226
57 16-10-17 280 280 280 216 214 198 202
58 17-10-17 232 232 233 204 203 193 202
59 18-10-17 235 234 233 193 192 191 194
60 19-10-17 289 289 289 180 180 174 189
61 20-10-17 231 231 232 230 230 230 234
64 23-10-17 237 237 237 237 237 238 243
65 24-10-17 253 253 252 242 242 241 255
66 25-10-17 250 250 250 249 249 248 253
67 26-10-17 236 236 236 236 236 237 241
68 27-10-17 228 228 228 229 228 227 230
71 30-10-17 275 275 275 275 274 272 278
72 31-10-17 235 236 236 239 239 237 299
73 01-11-17 285 286 285 286 286 281 283
74 02-11-17 265 266 266 269 269 267 264
75 03-11-17 284 284 283 284 284 283 286
78 06-11-17 249 249 250 252 252 251 263
79 07-11-17 247 248 247 246 246 245 251
80 08-11-17 252 252 252 252 252 252 258
81 09-11-17 255 256 256 256 256 255 263
82 10-11-17 246 247 247 247 247 247 260
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[.2. ABR-MFC PD data

Table I.3: ABR-MFC and individual compartments PD (normalised to anode chamber volume)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mwW/m?3
1 21-08-17 56641.93 45668.45 50729.62 57838.80 62486.72 66139.78 8837.78
2 22-08-17 4464.09 45668.45 39979.38 44851.72 41400.64 68609.95 8651.33
3 23-08-17 20213.48 45107.83 25678.08 25627.76 27763.37 31297.07 9322.55
4 24-08-17 60060.87 26264.13 62182.52 45481.83 43205.10 55775.61 10978.23
5 25-08-17 42256.64 66865.82 34601.24 45307.06 42263.55 61884.39 13697.93
8 28-08-17 34085.22 32184.80 34978.51 39581.96 35785.33 35022.47 13312.60
9 29-08-17 57711.39 56449.24 56615.06 57425.00 42554.73 67336.12 16403.96
10 30-08-17 37424.95 43728.77 55285.85 55725.10 54163.66 76132.03 16512.10
11 31-08-17 47596.84 48205.08 54529.29 59637.45 55822.17 76497.75 14492.80
12 01-09-17 58340.98 52874.74 53577.35 63679.11 57459.44 76658.92 12434.17
15 04-09-17 48507.34 41922.77 50360.43 50923.23 51044.99 61849.27 21499.04
16 05-09-17 54415.44 76268.23 83719.36 93118.91 82515.05 105408.34 25669.33
17 06-09-17 72444.13 89434.05 96622.07 90911.94 96563.94 110108.99 17421.98
18 07-09-17 39764.01 59856.64 59502.54 67127.50 55662.77 83514.64 18906.13
22 11-09-17 302222.31 296619.88 329803.14 367456.66 304257.88 442553.85 63144.73
23 12-09-17 115035.02 120513.97 113383.73 117245.05 105986.54 149553.18 18874.31
24 13-09-17 122706.80 148545.24 120053.36 139659.55 128777.90 167426.00 29670.57
25 14-09-17 99066.04 87319.77 87446.27 160600.65 140545.52 229722.61 33710.34
26 15-09-17 107543.92 104595.49 91407.63 156352.86 136677.29 210258.79 34858.88
29 18-09-17 210925.34 207015.32 223129.47 201448.32 207396.39 363903.09 31781.19
30 19-09-17 219625.58 222238.14 201368.96 240947.99 217810.84 379079.50 28548.13
31 20-09-17 213642.43 203025.47 190751.45 223517.98 218349.27 324562.22 33735.20
32 21-09-17 129009.62 169892.65 163069.11 245995.17 223315.62 311276.41 48430.02
33 22-09-17 197631.75 190735.36 255979.09 199473.34 230109.81 273981.09 44375.33
36 25-09-17 129878.25 110283.59 116011.16 120693.44 121246.90 170091.43 25736.45
37 26-09-17 136368.69 127184.19 108418.56 140458.95 133134.96 144862.85 16648.83
38 27-09-17 115076.72 117963.20 73534.37 104956.27 103542.33 68805.21 16832.79
39 28-09-17 110629.31 107221.29 102402.41 85457.22 117208.64 124593.21 12442.50
40 29-09-17 131191.63 127279.67 114030.48 129690.59 108012.75 96079.34 13745.17
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Table I.3: ABR-MFC and individual compartments PD (normalised to anode chamber volume)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mw/m?3
43 02-10-17 93916.78 171502.23 164275.03 138907.18 113071.20 101244.90 14960.83
44 03-10-17 189014.90 181800.82 168586.71 153453.09 118455.54 109592.44 14965.80
45 04-10-17 198048.70 188546.06 178564.21 134581.02 111144.17 96471.93 14851.44
46 05-10-17 191099.62 166925.84 157888.35 116712.12 108395.32 79756.19 12912.35
47 06-10-17 193879.25 175689.87 173545.14 136885.17 96578.11 86409.42 14779.35
50 09-10-17 207151.99 184829.02 183246.43 127551.02 109153.38 104137.61 15211.91
51 10-10-17 209056.04 181930.41 184081.81 116241.89 105079.70 83062.14 14595.38
52 11-10-17 195880.59 181568.93 175162.02 121289.07 110095.64 97732.32 10689.86
53 12-10-17 209410.44 210541.39 162739.00 233283.18 161161.88 134800.35 21300.16
54 13-10-17 196631.09 192986.05 169449.05 116618.08 119022.32 175091.69 15731.49
57 16-10-17 225706.03 181418.89 188636.03 138813.13 89450.94 94095.77 12554.37
58 17-10-17 130587.06 129748.61 128717.14 115113.33 99234.86 81750.09 13307.63
59 18-10-17 129009.62 146826.53 111450.21 104368.48 84335.81 96688.88 17121.17
60 19-10-17 202836.61 173452.82 155759.46 101570.58 75239.11 122237.72 18559.33
61 20-10-17 194233.66 185906.62 178180.20 218110.29 164576.69 199597.09 36067.08
64 23-10-17 255274.35 242460.20 217147.01 280471.17 251859.72 334397.44 37756.32
65 24-10-17 274266.18 289888.28 249565.46 267422.18 212596.53 278857.38 45960.17
66 25-10-17 290123.97 262579.97 242532.03 273206.06 254027.63 253649.47 47172.10
67 26-10-17 252557.26 230170.10 232130.10 257092.70 222373.36 237501.94 44335.56
68 27-10-17 269346.23 231697.84 236549.58 251261.80 227757.70 234516.25 36022.33
71 30-10-17 368822.27 328224.96 342744.92 387943.20 339709.53 196704.38 49414.48
72 31-10-17 333138.76 204416.80 319576.38 335284.81 277690.40 232604.99 37537.55
73 01-11-17 398077.89 366711.68 347528.19 434841.22 366744.60 473195.93 58042.19
74 02-11-17 368301.09 350138.45 326151.69 387911.85 325887.35 295149.54 59395.82
75 03-11-17 396681.12 426129.78 404193.11 440703.47 344059.51 403471.25 78565.47
78 06-11-17 327030.52 300589.27 320007.55 329822.25 264229.54 414897.46 55247.91
79 07-11-17 322687.35 272319.30 297863.02 291121.98 254452.71 329045.92 52727.09
80 08-11-17 330970.65 280148.95 322567.61 347597.10 273156.22 330636.91 60611.48
81 09-11-17 347314.88 340467.32 284570.92 375184.18 295628.76 316132.03 62113.04
82 10-11-17 316252.50 276275.05 301191.10 261332.64 272986.18 339387.37 60111.80
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Table I1.4: ABR-MFC and individual compartments PD (normalised to cathode surface area)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mwW/m?2
1 21-08-17 16974.88 13686.53 15203.52 17331.27 18726.11 19811.23 2648.37
2 22-08-17 1337.83 13518.52 11981.71 13439.72 12407.01 20551.14 2592.50
3 23-08-17 6057.73 7871.19 7695.65 7679.30 8320.17 9374.59 2793.64
4 24-08-17 17999.50 20039.24 18635.92 13628.53 12947.77 16706.79 3289.79
5 25-08-17 12663.79 11675.25 10369.89 13576.16 12665.61 18536.59 4104.79
8 28-08-17 10214.92 9645.57 10482.96 11860.65 10724.20 10490.48 3989.32
9 29-08-17 17295.39 16917.46 16967.37 17207.27 12752.87 20169.58 4915.69
10 30-08-17 11215.79 13105.22 16569.01 16697.90 16231.85 22804.27 4948.09
11 31-08-17 14264.18 14446.74 16342.27 17870.23 16728.87 22913.82 4342.98
12 01-09-17 17484.07 15846.21 16056.98 19081.30 17219.53 22962.09 3726.08
15 04-09-17 14537.05 12563.98 15092.88 15259.03 15297.24 18526.07 6442.51
16 05-09-17 16307.63 22857.08 25090.45 27902.87 24728.24 31573.57 7692.19
17 06-09-17 21710.61 26802.80 28957.36 27241.56 28938.43 32981.59 5220.75
18 07-09-17 11916.78 17938.64 17832.74 20114.60 16681.10 25015.63 5665.50
22 11-09-17 90572.29 88895.02 98841.06 110107.56 91180.47 132560.73 18922.25
23 12-09-17 34474.57 36117.24 33980.78 35132.22 31762.21 44796.53 5655.97
24 13-09-17 36773.71 44518.03 35979.65 41848.67 38592.36 50150.09 8891.22
25 14-09-17 29688.87 26169.16 26207.40 48123.62 42118.90 68810.15 10101.80
26 15-09-17 32229.58 31346.58 27394.61 46850.78 40959.66 62980.04 10445.98
29 18-09-17 63211.71 62041.13 66871.26 60363.53 62152.87 109002.01 9523.70
30 19-09-17 65819.07 66603.30 60349.70 72199.52 65273.89 113547.89 8554.87
31 20-09-17 64025.99 60845.39 57167.66 66976.66 65435.24 97218.01 10109.25
32 21-09-17 38662.58 50915.71 48871.35 73711.90 66923.57 93238.43 14512.77
33 22-09-17 59227.79 57162.13 76716.20 59771.73 68959.66 82067.15 13297.72
36 25-09-17 38922.90 33051.26 34768.21 36165.52 36335.46 50948.48 7712.31
37 26-09-17 40868.01 38116.26 32492.73 42088.21 39898.09 43391.61 4989.07
38 27-09-17 34487.07 35352.79 22038.04 31449.91 31029.72 20609.62 5044.20
39 28-09-17 33154.23 32133.51 30689.71 25607.06 35125.27 37320.13 3728.58
40 29-09-17 39316.51 38144.88 34174.61 38861.49 32369.43 28779.20 4118.94
43 02-10-17 28145.70 51398.09 49232.76 41623.22 33885.35 30326.47 4483.23
44 03-10-17 56645.42 54484.51 50524.96 45981.87 35498.94 32826.86 4484.72
45 04-10-17 59352.74 56506.01 53515.18 40326.90 33307.86 28896.80 4450.45
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Table I1.4: ABR-MFC and individual compartments PD (normalised to cathode surface area)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mwW/m?2
46 05-10-17 57270.19 50026.57 47318.69 34972.52 32484.08 23889.83 3869.38
47 06-10-17 58103.21 52653.09 52010.98 41017.33 28942.68 25882.72 4428.85
50 09-10-17 62080.89 55392.04 54918.43 38220.37 32711.25 31192.94 4558.47
51 10-10-17 62651.51 54523.34 55168.79 34831.62 31490.45 24880.09 4373.72
52 11-10-17 58702.99 54415.01 52495.56 36344.00 32993.63 29274.33 3203.37
53 12-10-17 62757.72 63097.87 48772.41 69902.78 48297.24 40377.53 6382.91
54 13-10-17 58927.90 57836.64 50783.40 34944.34 35668.79 52446.23 4714.17
57 16-10-17 67641.30 54370.04 56533.68 41595.04 26806.79 28185.05 3762.10
58 17-10-17 39135.32 38884.80 38576.16 34493.45 29738.85 24487.08 3987.83
59 18-10-17 38662.58 44002.94 33401.31 31273.78 25273.89 28961.78 5130.61
60 19-10-17 60787.62 51982.67 46680.67 30435.40 22547.77 36614.58 5561.58
61 20-10-17 58209.42 55714.99 53400.10 65356.25 49320.59 59786.48 10808.03
64 23-10-17 76502.56 72663.72 65078.34 84042.55 75477.71 100164.01 11314.24
65 24-10-17 82194.18 86877.61 74794.06 80132.45 63711.25 83527.77 13772.64
66 25-10-17 86946.56 78693.48 72686.16 81865.58 76127.39 75977.10 14135.82
67 26-10-17 75688.28 68980.46 69568.73 77037.25 66641.19 71140.34 13285.80
68 27-10-17 80719.73 69438.31 70893.23 75290.03 68254.78 70246.02 10794.62
71 30-10-17 110531.47 98366.85 102719.67 116246.30 101804.67 58920.01 14807.78
72 31-10-17 99837.56 61262.37 95776.13 100467.33 83218.68 69673.53 11248.68
73 01-11-17 119299.01 109901.07 104153.21 130299.19 109906.58 141739.13 17393.20
74 02-11-17 110375.28 104934.18 97746.73 116236.91 97662.42 88407.86 17798.84
75 03-11-17 118880.42 127708.28 121135.52 132055.80 103108.28 120854.09 23543.30
78 06-11-17 98007.00 90084.62 95905.35 98830.49 79184.71 124276.65 16555.85
79 07-11-17 96705.40 81612.30 89268.70 87234.04 76254.78 98561.04 15800.45
80 08-11-17 99187.80 83958.79 96672.59 104156.69 81859.87 99037.60 18163.13
81 09-11-17 104085.97 102035.81 85285.09 112423.09 88594.48 94692.87 18613.09
82 10-11-17 94776.96 82797.81 90266.11 78307.74 81808.92 101658.67 18013.39
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Table I.5: ABR-MFC and individual compartments PD (normalised to anode surface area)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mwW/m?2
1 21-08-17 14.30 11.74 13.21 12.94 15.47 11.23 2.08
2 22-08-17 1.13 11.60 10.41 10.04 10.25 11.65 2.03
3 23-08-17 5.10 6.75 6.69 5.74 6.87 5.31 2.19
4 24-08-17 15.16 17.20 16.19 10.18 10.70 9.47 2.58
5 25-08-17 10.67 10.02 9.01 10.14 10.46 10.51 3.22
8 28-08-17 8.60 8.28 9.11 8.86 8.86 5.95 3.13
9 29-08-17 14.57 14.52 14.74 12.85 10.54 11.43 3.86
10 30-08-17 9.45 11.25 14.39 12.47 13.41 12.93 3.88
11 31-08-17 12.01 12.40 14.20 13.35 13.82 12.99 341
12 01-09-17 14.73 13.60 13.95 14.25 14.23 13.02 2.92
15 04-09-17 12.24 10.78 13.11 11.40 12.64 10.50 5.06
16 05-09-17 13.74 19.61 21.80 20.84 20.43 17.90 6.04
17 06-09-17 18.29 23.00 25.16 20.35 23.91 18.69 4.10
18 07-09-17 10.04 15.39 15.49 15.02 13.78 14.18 4.45
22 11-09-17 76.28 76.28 85.87 82.24 75.33 75.14 14.85
23 12-09-17 29.04 30.99 29.52 26.24 26.24 25.39 4.44
24 13-09-17 30.97 38.20 31.26 31.26 31.88 28.43 6.98
25 14-09-17 25.01 22.46 22.77 35.94 34.80 39.00 7.93
26 15-09-17 27.15 26.90 23.80 34.99 33.84 35.70 8.20
29 18-09-17 53.24 53.24 58.09 45.09 51.35 61.78 7.47
30 19-09-17 55.44 57.16 52.43 53.93 53.93 64.36 6.71
31 20-09-17 53.93 52.21 49.66 50.02 54.06 55.10 7.93
32 21-09-17 32.56 43.69 42.46 55.06 55.29 52.85 11.39
33 22-09-17 49.88 49.05 66.65 44.64 56.97 46.52 10.44
36 25-09-17 32.78 28.36 30.20 27.01 30.02 28.88 6.05
37 26-09-17 34.42 32.71 28.23 31.44 32.96 24.60 3.92
38 27-09-17 29.05 30.34 19.15 23.49 25.64 11.68 3.96
39 28-09-17 27.92 27.58 26.66 19.13 29.02 21.15 2.93
40 29-09-17 33.11 32.73 29.69 29.03 26.74 16.31 3.23
43 02-10-17 23.71 4411 42.77 31.09 27.99 17.19 3.52
44 03-10-17 47.71 46.76 43.89 34.34 29.33 18.61 3.52
45 04-10-17 49.99 48.49 46.49 30.12 27.52 16.38 3.49
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Table I.5: ABR-MFC and individual compartments PD (normalised to anode surface area)

Day Date C1PD C2PD C3PD C4 PD C5PD C6 PD System PD
mwW/m?2
46 05-10-17 48.24 42.93 41.11 26.12 26.84 13.54 3.04
47 06-10-17 48.94 45.18 45.18 30.64 23.91 14.67 3.48
50 09-10-17 52.29 47.53 47.71 28.55 27.02 17.68 3.58
51 10-10-17 52.77 46.79 47.93 26.02 26.02 14.10 3.43
52 11-10-17 49.44 46.70 45.60 27.15 27.26 16.59 2.51
53 12-10-17 52.86 54.15 42.37 52.21 39.90 22.89 5.01
54 13-10-17 49.63 49.63 44,12 26.10 29.47 29.73 3.70
57 16-10-17 56.97 46.66 49.11 31.07 22.15 15.98 2.95
58 17-10-17 32.96 33.37 33.51 25.76 24.57 13.88 3.13
59 18-10-17 32.56 37.76 29.02 23.36 20.88 16.42 4.03
60 19-10-17 51.20 44.61 40.55 22.73 18.63 20.75 4.36
61 20-10-17 49.03 47.81 46.39 48.81 40.75 33.89 8.48
64 23-10-17 64.43 62.36 56.54 62.77 62.36 56.77 8.88
65 24-10-17 69.23 74.55 64.98 59.85 52.63 47.34 10.81
66 25-10-17 73.23 67.53 63.15 61.15 62.89 43.06 11.09
67 26-10-17 63.75 59.20 60.44 57.54 55.06 40.32 10.43
68 27-10-17 67.99 59.59 61.59 56.23 56.39 39.82 8.47
71 30-10-17 93.10 84.41 89.24 86.82 84.11 33.40 11.62
72 31-10-17 84.09 52.57 83.20 75.04 68.75 39.49 8.83
73 01-11-17 100.48 94.31 90.48 97.32 90.80 80.34 13.65
74 02-11-17 92.96 90.05 84.92 86.82 80.68 50.11 13.97
75 03-11-17 100.13 109.59 105.23 98.63 85.18 68.50 18.48
78 06-11-17 82.55 77.31 83.32 73.82 65.42 70.44 12.99
79 07-11-17 81.45 70.03 77.55 65.16 63.00 55.87 12.40
80 08-11-17 83.54 72.05 83.98 77.79 67.63 56.14 14.26
81 09-11-17 87.67 87.56 74.09 83.97 73.19 53.67 14.61
82 10-11-17 79.83 71.05 78.42 58.49 67.59 57.62 14.14
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I.3. ABR-MFC polarisation data

Table 1.6: ABR-MFC polarisation data for OLR 1

Resistance Current Voltage Current (Calculated) Jasa Power PDcgy

Date Measured Day Q mA mV mA mA/m? mw mW/m?
0 7.10 400.00 - - - -

10000 15.10 325.00 0.03 0.12 10.56 39.34

9000 16.30 321.00 0.04 0.13 11.45 42.65

8000 15.40 314.00 0.04 0.15 12.32 45.91

7000 15.00 306.00 0.04 0.16 13.38 49.83

6000 14.60 294.00 0.05 0.18 14.41 53.66

5000 15.30 282.00 0.06 0.21 15.90 59.24

4000 14.40 269.00 0.07 0.25 18.09 67.38

13-09-17 24 3000 13.10 253.00 0.08 0.31 21.34 79.47

2000 12.30 232.00 0.12 0.43 26.91 100.24

1000 11.00 217.00 0.22 0.81 47.09 175.40

500 9.00 168.00 0.34 1.25 56.45 210.26

100 5.30 86.30 0.86 3.21 74.48 277.42

50 3.00 52.80 1.06 3.93 55.76 207.69

25 2.40 29.90 1.20 4.45 35.76 133.20

20 1.90 23.60 1.18 4.40 27.85 103.73

10 1.30 12.60 1.26 4.69 15.88 59.14
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Table I.7: ABR-MFC polarisation data for OLR 2

Date Measured Day Resistance Current Voltage Current (Calculated) Jasa Power PDgy
Q mA mV mA mA/m?2 mw mW/m?
0 15.90 513.00 - - - -
10000 10.60 336.00 0.03 0.13 11.29 42.05
9000 10.60 326.00 0.04 0.13 11.81 43.98
8000 10.10 314.00 0.04 0.15 12.32 4591
7000 9.10 305.00 0.04 0.16 13.29 49.50
6000 9.00 292.00 0.05 0.18 14.21 52.93
5000 8.90 277.00 0.06 0.21 15.35 57.16
4000 7.50 295.00 0.07 0.27 21.76 81.04
11-10-17 52 3000 7.20 236.00 0.08 0.29 18.57 69.15
2000 6.30 208.00 0.10 0.39 21.63 80.58
1000 5.00 172.00 0.17 0.64 29.58 110.20
500 4.20 134.00 0.27 1.00 35.91 133.77
100 2.40 63.00 0.63 2.35 39.69 147.84
50 1.80 41.00 0.82 3.05 33.62 125.23
25 1.40 24.00 0.96 3.58 23.04 85.82
20 1.40 23.00 1.15 4.28 26.45 98.52
10 1.60 17.00 1.70 6.33 28.90 107.65
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Table 1.8: ABR-MFC polarisation data for OLR 3

Date Measured Day Resistance Current Voltage Current (Calculated) Jasa Power PDcg,
Q mA mvV mA mA/m2 mw mwW/m?
0 41.00 561.00 - - - -

10000 24.00 32900 0.03 0.12 10.82 40.32

9000 2370 207.00 0.02 0.09 4.76 17.73

8000 20.20 306.00 0.04 0.14 11.70 43.60

7000 22.60 304.00 0.04 0.16 13.20 49.18

6000 22.10 296.00 0.05 0.18 14.60 54.39

5000 22 40 279.00 0.06 0.21 15.57 57.99

4000 17.20 261.00 0.07 0.24 17.03 63.44

08-11-17 80 3000 16.60 244.00 0.08 0.30 19.85 73.92
2000 15.60 221.00 0.11 0.41 24.42 90.96

1000 13.60 187.00 0.19 0.70 34.97 130.25

500 10.40 151.00 0.30 1.12 45.60 169.86

100 6.40 87.00 0.87 3.24 75.69 281.93

50 4.80 63.00 1.26 4.69 79.38 295.68

25 3.40 38.00 1.52 5.66 57.76 215.15

20 3.30 35.00 1.75 6.52 61.25 228.15

10 2.80 25.00 2.50 9.31 62.50 232.80
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APPENDIX J:
Graphs
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J.1. Daily operating parameters (daily operational analysis)
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Figure J.1: Temperature of ABR-MFC feed and product samples
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Figure J.2: Turbidity of ABR-MFC feed and product samples
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Figure J.3: Nitrate of ABR-MFC feed and product samples
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Figure J.4: Nitrogen of ABR-MFC feed and product samples
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Abstract

The disposal of untreated industrial biodiesel wastewater (BDWW), a highly-polluted effluent, may raise serious
environmental concerns. The possibility of biologically treating industrial BDWW, thereby contributing to
environmental remediation, was therefore evaluated in this study. Three individual anaerobic baffled reactor (ABR)
treatment systems were evaluated. Two of these systems were modified by implementing microbial fuel cell (MFC)
technology. The 2-compartment bench-scale ABR-MFC attained both a low chemical oxygen demand (COD) removal
efficiency (9.3%) and a low power density (PD) (14.67 mW/m?®). The 6-compartment lab-scale ABR also achieved a
low COD removal efficiency (13.1%), however the system effectively removed 94.1% fats, oils and grease (FOG).
Following pH and C:N:P ratio adjustments, the 6-compartment lab-scale ABR-MFC, equipped with carbon fibre brush
anodes and floating air-cathodes, reduced the COD (57.3%) in industrial BDWW while simultaneously generating
power (28 560 mW/m3 or 8 560 mW/m?) as a by-product.

Keywords: Anaerobic baffled reactor (ABR); biodiesel wastewater (BDWW); bioelectricity; chemical oxygen
demand (COD); microbial fuel cell (MFC) technology; wastewater treatment.

Introduction

The rising need for water for various uses in developing economic activities, along with an
expanding global population has been a concern over the past decade. Society is being inattentive
towards the rapid deterioration of water quality, thus further reducing a significant amount of water
that can no longer be used without proper treatment. South Africa is facing important
environmental challenges with growth in water usage outpacing supply (van der Nest, 2015).

As the international demand for biodiesel increases due to higher oil prices, government targets
and incentives, the generation of biodiesel wastewater (BDWW) also increases (Department of
Minerals and Energy, 2007). The global biodiesel industry uses up to 3 litres of potable water per
litre of biodiesel produced, which resulted in the generation of an estimated 13 000 to 193 000
m%day of BDWW in 2011 (Veljkovi¢ et al., 2014). Industries in South Africa are severely
penalized if they do not meet the industrial wastewater discharge standard limits and therefore,
methods for treating and re-using the wastewater are of great importance as this would aid in
decreasing the operational costs of these industries, including biodiesel producing companies, due
to a reduction in water usage from the municipality (Kleine et al., 2002).

BDWW is generally produced during the purification step of biodiesel production via the
alkali-catalysed transesterification process of waste vegetable oil (Leung et al., 2009). The wet-
washing purification process is effective in removing methanol, glycerol and any residual sodium
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salts and soaps which were used or produced during biodiesel production (Veljkovic¢ et al., 2014).
However, this purification process may at times cause serious environmental problems if the
wastewater is not treated appropriately before discharge to municipal sewer systems (Veljkovi¢ et
al., 2014). The loss of fatty acid methyl esters (FAME) in the wastewater contributes to the
generation of highly polluted wastewater (Daud et al., 2015), creating a major problem for the
industry and the environment. Treatment prior to discharge is a necessity since the disposal of
untreated BDWW may raise serious environmental concerns (i.e. disturbance of biological
ecosystems) (Daud et al., 2014).

BDWW, a highly-polluted effluent, contains high concentrations of chemical oxygen demand
(COD); total suspended solids (TSS); and fats, oils and grease (FOG). The nitrogen and
phosphorous content in this wastewater is extremely low with a varying pH of between 3.3 and
11.2, creating an unfavourable environment for the growth of microorganisms, thus making it
difficult for the wastewater to be degraded naturally (Daud et al., 2015). BDWW must therefore
be effectively treated and comply with the industrial wastewater discharge standard limits prior to
disposal (Veljkovi¢ et al., 2014). Many studies have reported effective treatment of BDWW (De
Gisi et al., 2013; Pitakpoolsil & Hunsom, 2013; Ramirez et al., 2012; and Siles et al., 2010),
however to date literature implementing an anaerobic baffled reactor (ABR) equipped with
microbial fuel cell (MFC) technology has not been reported.

A commercial biodiesel production company, located in the Western Cape (South Africa),
discharges non-compliant wastewater directly to the municipal sewer system. Currently, the
company is using an ineffective treatment system prior to disposal of the BDWW. The aim of this
study was to evaluate the possibility of reducing the COD of the high-strength untreated industrial
BDWW, using an ABR equipped with MFC technology, at ambient temperature, to meet the
industrial wastewater discharge standard limits imposed by the City of Cape Town, while
generating electricity as a by-product. The objectives of this study were to determine; 1) the
treatment efficiency of the ABR-MFC, 2) the power generated by the ABR-MFC, and 3) whether
the ABR-MFC can be regarded as a zero-waste discharge system.

Material and Methods

Three individual ABR treatment systems were evaluated. Industrial BDWW, with an initial COD
of 27 370 mg/L was fed to a lab-scale ABR, while the BDWW fed to the bench- and lab-scale
ABR-MFC’s had an initial COD of 133 950 mg/L. The industrial BDWW was produced by a full-
scale commercial biodiesel plant employing transesterification of waste vegetable oil.

Bench-scale ABR-MFC preliminary study

The viability of a 2-compartment bench-scale ABR-MFC, with a working volume of 2.3 L, was
assessed in preliminary studies to determine whether it was feasible to incorporate existing ideas
into an ABR-MFC on a larger scale; prior to economically investing in the initial materials required
for the lab-scale ABR-MFC treatment system. Equal volumes of activated sludge and anaerobic
granular sludge were used as inoculum. The system stabilized for 24 hours prior to feeding BDWW
at an organic loading rate (OLR) of 0.9 kg COD/m3.day for 3 weeks. Graphite electrodes were used
as the anode and cathode of the single chamber bench-scale ABR-MFC system. The C:N:P ratio
of BDWW was adjusted, by using urea and potassium dihydrogen orthophosphate (KH2POj), to
an optimal C:N:P ratio of 150:1.1:0.2 (Phukingngam et al., 2011), prior to dilution with tap water.
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Lab-scale ABR study

A 6-compartment lab-scale ABR, with a working volume of 90.4 L, was evaluated for organic
matter (i.e. COD and FOG) removal. After system inoculation (i.e. activated sludge) and
stabilization (i.e. 7 days) BDWW was fed to the ABR at an OLR of 0.6 kg COD/m?3.day for 53
days.

Lab-scale ABR-MFC study

MFC technology was implemented into the existing 6-compartment lab-scale ABR, constructed
with 5 mm thick plexiglass (L x Hx W = 105 cm x 37 cm x 31 cm), to increase system efficiency
and generate electricity as a by-product. Carbon fibre brush anode electrodes (Mill-Rose, 57 m?)
and floating carbon air-cathode electrodes were installed, thereby transforming the system into a
hybrid ABR-MFC (Figure 1). The carbon air-cathode electrodes were manufactured at room
temperature according to the single-phase inversion process described by Yang et al. (2014).
Activated sludge and anaerobic granules were used as inoculum. The microorganisms present in
the anodic chamber of the system were responsible for removing organic material (i.e. COD)
contained within the BDWW, while releasing electrons for electricity generation. After system
inoculation and stabilization (i.e. 30 days at 0.5 kg COD/m3.day), BDWW was fed to the ABR-
MFC at organic loading rates (OLR) of 1.2, 2.0 and 3.5 kg COD/m?.day, respectively. The C:N:P
ratio of BDWW feed was adjusted to 150:1.1:0.2 prior to dilution with tap water. The pH of the
feed wastewater was maintained between 6.5 and 7.5 by adjusting the pH using sodium hydroxide
and phosphoric acid.

Floating air-cathode

Product

Feed 46’

» Carbon fibre
brush anode

i

s
|
|

R
R

&

ESN

Figure 1: Schematic diagram of the 6-compartment lab-scale ABR-MFC.

The same analysis procedure was followed for all the studies. Samples collected from the feed
and product tanks of the respective systems were analysed daily in duplicate for temperature, pH,
conductivity, total dissolved solids (TDS) and salinity using a calibrated PCSTestr 35 handheld
multiparameter. Turbidity (TN-100 turbidimeter, ISO 7027 compliant nephelometric method),
COD (Merck COD Solution A, Cat. No. 1.14679.0495 and 1.14538.0065; Merck COD Solution
B, Cat. No. 1.14680.0495 and 1.14539.0495) and TSS (ESS Method 350.2) were analysed in
duplicate every second day. FOG was analysed by an outside independent South African National
Accreditation System (SANAS) accredited laboratory for each OLR. Electricity generation (i.e.
current and voltage) was monitored daily with a digital handheld multimeter (Top Tronic T820).
All experiments were conducted at ambient conditions.
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Results and Discussion
Bench-scale ABR-MFC performance

Biological treatment of BDWW (113 950 mg COD/L) was studied using a 2-compartment bench-
scale ABR-MFC. BDWW was fed to the ABR-MFC at an OLR of 0.9 kg COD/m3.day. Strong
fluctuations in the ABR-MFC feed and product were observed (Figure 2). The ABR-MFC achieved
an average COD removal of 9.3%. Although the feed wastewater was adjusted to obtain the optimal
C:N:P ratio for biological treatment of BDWW (Phukingngam et al., 2011), the average pH of the
feed was 5.3, explaining the low COD removal achieved by the system. Spillage and sludge
washout could also be an attributing factor to the low removal efficiency observed.
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Figure 2: Treatment efficiency of the bench-scale ABR-MFC and the PD normalized to anode chamber volume (mW/m?).

Respective maximum and average power densities (PD) of 14.7 mW/m?3 and 4.4 mW/m?® were
observed (Figure 2). The maximum PD was achieved during start-up and can be compared to the
power generated (i.e. 35.6 mW/m?) in the up-flow biofilter circuit system developed by Sukkasem
et al. (2011). Power generation decreased significantly in week 3 and stabilized at 0.4 mW/m?3
when the ABR-MFC operated at an OLR of 0.9 kg COD/m?®.day. Initiation of the second OLR
(1.9 kg COD/m?.day) in week 4 caused power generation to increase to approximately 1.4 mw/m?
and COD removal to decrease to 0%. It can therefore be said that an increase in OLR results in an
apparent increase in the PD achieved by the system.

Lab-scale ABR performance

The anaerobic biological treatment of BDWW (27 370 mg COD/L) was studied in a lab-scale ABR.
BDWW was fed to the ABR, at an OLR of 0.6 kg COD/m?®.day, which is in line with the work of
Phukingngam et al. (2011) who reported OLRs ranging from 0.5 to 3.0 kg COD/m®.day. The
maximum COD removal capacity of the ABR was found to be 23.4%.

Although it has been proven that the ABR is capable of effectively treating a wide range of
wastewaters with varying strength (0.45 — 1 000 mg COD/L) at OLRs ranging from 0.4 — 28.0 kg
COD/m?®.day (Barber & Stuckey, 1999), the average COD removal obtained during the lab-scale
ABR study was 13.1% (Figure 3). This indicated that anaerobic digestion was incomplete (Pirsaheb
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et al., 2015). Phukingngam et al. (2011), who achieved 99% COD removal in an ABR treating
BDWW, regarded 1.5 kg COD/m3.day as the optimal OLR for the treatment of BDWW after
operating ABRs at various OLRs.
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Figure 3: Treatment efficiency of the lab-scale ABR.

The pH of the ABR feed decreased from a maximum of 9.0 to 5.8 over the study period of 53
days. According to Jou and Huang (2003), the pH of influent wastewater should be maintained
between 6.5 and 7.5 to ensure optimal biological activity during anaerobic conditions (Jou &
Huang, 2003). A decrease in methanogenic activity can be expected once the pH deviates from this
pH range which is optimal for methanogenesis since methanogens are pH sensitive (Barber &
Stuckey, 1999). In a study conducted by Phukingngam et al. (2011), excessive accumulation of
volatile fatty acids (VFA) in BDWW caused a decrease in pH creating an environment
unfavourable for methanogenesis. It was therefore decided to maintain a neutral pH in future
experiments to ensure optimal biological activity and therefore organic matter removal. Based on
available literature the microbial metabolism was negatively affected by the low pH (5.8) of the
influent BDWW in the lab-scale ABR system, thus causing a decrease in organic matter removal
contained within the BDWW (Pirsaheb et al., 2015).

According to Siles et al. (2010), it becomes necessary to compensate for nutrient deficiency in
the wastewater prior to feeding anaerobic systems. This would assist in activating microbial
metabolism and growth within the system. It was therefore recommended that the nitrogen and
phosphate levels be monitored in future experiments in order to ensure that the suggested C:N:P
ratio for BDWW (150:1.1:0.2) is obtained (Phukingngam et al., 2011).

Despite the low COD removal efficiency (i.e. 13.1%) achieved by the ABR, the average FOG
removal obtained during this study was 94.1%. Thus, removing nearly all the FOG in the influent
wastewater with minimal sludge production. This high FOG removal efficiency attained by the
system suggests that the ABR might be an appropriate pre-treatment technology for BDWW.
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Lab-scale ABR-MFC performance

Maintaining a neutral feed pH and optimal C:N:P ratio (150:1.1:0.2) in the lab-scale ABR-MFC
increased COD removal efficiency to an average of 57.3% (Figure 4). Florencio et al. (1996) and
Pirsaheb et al. (2015) suggested that anaerobic treatment systems could be supplied with sodium
bicarbonate and KH2POs, or urea and (NH4)2HPOQOj4 as sources of alkalinity. The addition of these
chemicals could assist in maintaining the optimum pH, as well as buffering the effect caused by
VFA accumulation, resulting in effective digestion (Phukingngam et al., 2011).
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Figure 4: Treatment efficiency of the lab-scale ABR-MFC.

It is evident from Figure 4 that maintaining a neutral pH and an optimal C:N:P ratio in the
ABR-MFC resulted in increased microbial activity thus resulting in a higher COD removal
efficiency. The lab-scale ABR-MFC can be deemed as a zero-waste discharge system since the
ABR-MFC was able to reduce 57.3% of COD and 97.9% FOG contained in the BDWW without
any pre-treatment, apart from adjusting the pH and C:N:P ratio of the feed, without any sludge
washout.

Considering the high fluctuations in the ABR-MFC feed COD (Figure 4), the COD in the
product was affected by the change in OLR from 0.5 to 1.2 kg COD/m?®.day on day 169. However,
the system stabilised again after approximately 20 days which proves that the lab-scale ABR-MFC
is a robust system (Barber & Stuckey, 1999).

MFC technology was implemented into the lab-scale ABR on day 133 of experimental
operation. The current and voltage generated by each compartment, as well as the total of all 6
compartments configured in series and parallel were measured. The power generated by the ABR-
MFC was calculated using Ohm’s law of: P =1 xVv where P represent power (mW), | current (mA)
and V voltage (mV) (Spellman, 2014). After monitoring the power production of both series and
parallel configurations, it was decided to operate the lab-scale ABR-MFC in closed circuit mode
(i.e. 1 kQ external resistance) configured in parallel since the parallel configuration produced a
higher current.

The ABR-MFC attained an average PD of 28 560 mW/m? (8 560 mW/m?) in closed circuit
mode (Figure 5). These results can be compared to the PD (i.e. 12 000 mW/m? (750 mW/m?) and
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10 700 mW/mq) obtained by Tugtas et al. (2011) and Feng et al. (2010), respectively. It is evident
(Figure 5) that the power generation steadily increased as the BDWW strength was increased.
Sukkasem et al. (2011), studied the treatment of BDWW in an up-flow biofilter circuit (UBFC)
with electricity as a by-product. The UBFC obtained a PD of 35.6 mW/m?® while reducing the COD
in the BDWW by 50%. The lab-scale ABR-MFC therefore obtained a slightly higher treatment
efficiency (i.e. 55.3%) for the treatment of BDWW while simultaneously generating a higher PD
as by-product.
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Figure 5: PD (normalized to anode chamber volume (mW/m?) and cathode surface area (mW/m?)) and treatment
efficiency of lab-scale ABR-MFC.

Conclusions

The lab-scale ABR-MFC had an average treatment efficiency of 57.3% (COD removal) while
generating power (28 560 mW/m? (8 560 mW/m?)) as a by-product. The ABR-MFC removed
97.9% FOG from the BDWW which contributes to regarding the ABR-MFC as a robust zero-waste
discharge system. However, currently more research is being conducted to increase system
efficiency regarding COD removal and the PD achieved by the lab-scale ABR-MFC system.
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