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Abstract  

A Novel Fragmented Anode Biofilm Microbial Fuel Cell and Plasticized Magnetic Starch-based 

Fe3O4 Clay Polymer Nanocomposite for Domestic Wastewater Treatment and Bioelectricity 

Generation 

 

Tesfalem Atnafu, PhD thesis 

Addis Ababa University, 2021 

 

Environmental pollution due to plastic wastes and untreated wastewater (WW) discharge is a 

critical concern. Developing a system that combines plasticized material for a domestic WW 

treatment coupled with an energy generation seems sustainable. A G-plasticized magnetic starch-

based Fe3O4 clay biopolymer nanocomposite (PNC) was synthesized to remove phosphate from 

the aqueous solution through batch adsorption experiments. The adsorption capacity increased 

with increasing adsorbent dose and decreased with an increase in phosphate concentration. The 

synthesized PNC effectively raised the constituent optimum phosphate ion adsorption pH from 

acidic (pH = 3, 3.12 mg P/g) to slightly acidic (pH = 6, 2.31 mg P/g). In addition, the phosphate 

removal efficiency of PNC (45%) was comparable to CIONP (58%) under an initial 2 mg P/L. 

The adsorbents adsorption kinetics and isotherm studies best described by the pseudo-second-order 

and Freundlich model, respectively. Therefore, the adsorption mechanisms mainly described by 

electrostatic and ion exchange. In this study, a novel fragmented anode biofilm-microbial fuel cell 

(FAB-MFC) reactor was invented for the first time to the best of authors’ knowledge and evaluated 

for domestic WW treatment. A microbial electrode jacket dish (MEJ-dish) was developed to 

produce hybrid dimension (HD) microbial electrode and boost anode biofilm growth. It was 

operated in fed-batch flow mode at 1-3 days of HRT with 755 mg/L CODIN and 0.76 kg-

COD/m3/d. The study includes first the FAB optimization study followed by anaerobic-MFC and 

aerobic-MFC integrated systems. The treatment system with MEJ+ (FAB) and MEJ- (MFC) anode 

are called FAB-MFC (FAB+) and MFC, respectively. Due to HD, fragmented variable anode 

biofilm thickness was observed in FAB+ than MFC. The FAB+ technique increases the anode 

biofilm thickness ~5 times than MFC. All FAB+ integrated systems reduced voltage drop relative 

to MFC. FAB reduces voltage drops better than MFC in anaerobic-MFC from 6-20 mV and 

aerobic-MFC from 35-47 mV at 1 kΩ external load. The highest power density was achieved by 

FAB in anaerobic-MFC (FAB = 104 mW/m2, MFC = 98 mW/m2) and aerobic-MFC integrated 

system (FAB = 59 mW/m2, MFC = 42 mW/m2). The ∆COD and CE between FAB and MFC could 

not be concluded because both setups were inserted in the same reactor. The integrated system 

COD removal (78-97%) was higher than the solitary MFC treatment (68-78%). The study findings 

support, the FAB+ integrated system could be used for real application and improve performance. 

The FAB optimization study showed that the overall voltage generated was significantly higher in 

FAB-MFC than MFC within limited pH (6.5-7.5); relatively, COD removal was enhanced within 

a broader pH range (6.5-8.5). It supports the conclusion that FAB anode biofilms were vital for 

COD removal, and there might be a mutualism even though not participate in voltage generation. 

A biofilm was sampled from the FAB+ and MFC electrode for molecular assay. The 16S rRNA 

sequence revealed that the methanogenic bacteria were (7%) less in FAB-MFC than MFC system. 

The observed dominant phyla were Proteobacteria, Firmicutes, Euryarchaeota, and 

Planctomycetes. FAB could provide a new flexible technique to manage the anode surface area 
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and biofilm thickness. The developed FAB-MFC integrated system and G-plasticized composite 

are reproducible and applied for domestic WW treatment and bioelectricity generation.  

 

Keywords: fragmented anode biofilm reactor (FAB), polymer nanocomposites, wastewater 

treatment system (WWT), microbial fuel cell (MFC), FAB-MFC integrated system 
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CHAPTER ONE 

 

1. INTRODUCTION 

 Background  

Environmental pollution due to plastic wastes and untreated wastewater (WW) discharge is a 

critical concern (Esmaeili et al., 2017). Fossil fuel and gas reserves will not meet the increasing 

global energy demand (Rahimnejad et al., 2015). Despite the energy shortage, fossil fuels are not 

renewable, the production process and the byproducts during consumption are not eco-friendly. 

The main pollutants such as CO, CO2, CnHm, SOx, NOx, radioactivity, heavy metals, and ashes are 

more emitted as a by-product during fossil utilization than renewable energy sources. It is 

unsustainable that contributes to climate change and public health problems (Singh & Rathore, 

2017).  

 

In conventional activated sludge wastewater treatment (WWT), sludge management accounts for 

30-50% of operating costs and the remaining 50% for aeration (Abbassi et al., 2020; Stoll et al., 

2018). The aeration demands 0.5-0.29 kWh/m3 (3-5% of developed countries national energy 

budget), which costs $0.12/m3 (per annum $7.5 and $0.51 billion in the United States and South 

Korea, respectively) (Li et al., 2013; Yu et al., 2012), and 0.13-0.14 tCO2/m
3 released (Goto & 

Yoshida, 2019). During treatment, per 1 kg COD removal ~1 kWh consumed (Ahn & Logan, 

2010) and 0.4 kg (40% of removal) converted to dry solid sludge (Ng et al., 2006). The sludge 

contains high (66%) organic matter that requires additional treatment (He et al., 2017). Meanwhile, 

the WW is endowed with organic matter that can generate 9.3 times the energy required for 

treatment (Logan & Regan, 2006), equivalent to 4.9-7.9 kWh/kg COD or 7.6 kJ/L that depend on 

the source (Heidrich et al., 2011).  

 

On the other hand, plastic pollution is a critical concern due to being non-biodegradable and causes 

health hazard problems. Plastic production increased globally, since its discovery in 1907, 

especially from 1950 (2 million tons) to 2015 (8.3 billion tons) (Moharir & Kumar, 2019), and 

accounts for trillions of dollars of the global economy (Reddy et al., 2013). However, the plastics 

lifespan, mainly single-use plastic bags, are on average 12-15 min but remain 10-1000 years in the 

environment (UNDP, 2021) or reside in the environment several times away from the production 
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target use. Worldwide 50 kg/year/capita plastic waste is produced, and 8 million tons/year is 

dumped into the ocean (Mazhandu et al., 2020).  

 

Coming to the solution, extensive researches and innovations are ongoing to develop state of the 

art for future compact WWT with the major principles of zero liquid discharge, reducing sludge 

production (Wang et al., 2017), energy-neutral (Ødegaard, 2016), and resource recovery (waste to 

energy). Furthermore, the modern WWT system is expected to advance from energy-autonomous 

to energy source (Li et al., 2013; Stoll et al., 2018). Hence, developing a WWT system that reduces 

pillar challenges, sludge and aeration, sound sustainable.  

 

Adsorption is an economically practical WWT approach. Activated carbon, biological materials 

(starch), and fly ash are the most used adsorbents. The major challenges of adsorbents are low 

adsorption capacity and difficulty to separate after adsorption treatment. Nanomaterials (1-100 

nm) as adsorbents overcome a number of these barriers through increasing surface area. As a result, 

nanoparticles and nanocomposites are becoming the most widely used in WWT  (Padmavathy et 

al., 2016). Polymer nanocomposites (PNCs) are the current research interest area for advanced 

WWT. These materials effectively remove pollutants in WW (Arslan & Tasdelen, 2017). Recently, 

nanoparticles played an essential role in nanomedicine, electronics, separation technology, 

catalysts, and various WWT researches. From all other fabricated nanoparticles, magnetic (Fe3O4) 

nanoparticles (MNPs) are the most prominent because they are easy to prepare at low cost, much 

less toxic, and environmentally friendly (Mahmoudi et al., 2012). Hence, doping plasticized 

materials with adsorbents (plastics doped adsorbents) and after disposal used for a WWT could be 

a promising concept. 

 

Alternatively, bioelectrochemical systems (BESs) are versatile electrochemical technologies that 

use microbial catalysts for simultaneously harvesting energy and WWT (Yang et al., 2019a). There 

are different types of BES: microbial fuel cell (MFC) to generate bioelectric city and microbial 

electrolysis cell (MEC) to generate hydrogen. MFC is a biobattery that produces electricity from 

renewable sources such as wastewater or agricultural residue (Rozendal et al., 2008). MFC consists 

of two major parts (anode and cathode), separated by membrane or salt bridge. The anode is a 

negative terminal, and electrons flow through an external circuit that connects anode and cathode, 
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while proton exchange occurs via the intermediate substance. MFC is applicable in a wide area, 

biosensor, WWT, and seawater desalination. 

 

MFC is a promising sustainable technology with multiple applications such as renewable energy 

sources, WWT, biosensors, and bio-hydrogen production (He et al., 2017). MFCs reduce sludge 

by 6-11% (Gajaraj & Hu, 2014) and 65-71% (Brown et al., 2015) than membrane bioreactor 

(MBR) and activated sludge treatment, respectively. It is aeration-free treatment technology with 

a low carbon footprint that generates energy (1.43 kWh/m3) and income ($15/kW) (Munoz-Cupa 

et al., 2021). A typical MFC consists of microorganisms, the substrate as a fuel, electrodes (anode 

and cathode) separated with a proton exchange membrane (PEM). MFC operated either with 

mixed culture or monoculture (Geobacter and Shewanella sp.) (Logan, 2008). These microbes are 

exoelectrogen, oxidizing organic matter, and directly transfer the electron to the electrode or 

indirectly through mediators (Nosek et al., 2020). Hence, electrodes are central focuses that attract 

a critical concern for realizing MFC practicality (Wei et al., 2011).  

 

However, MFC is currently facing several technical and practical issues for scale-up and 

commercialization. Several articles were published on the MFC advantages, limitations, and future 

outlooks (Choudhury et al., 2017; He et al., 2017; Li et al., 2013; Logan & Regan, 2006; Santoro 

et al., 2017; Xu et al., 2016). These authors noted the MFC challenges are related to electrode 

design, high operating cost, PEM, reactor configuration, and a lack of clear understanding of the 

electro biochemical activity. Lessons learned from past studies show that MFC efficiency depends 

on thick anode biofilm growth and development (Liu et al., 2004; Logan, 2008; Logan & Regan, 

2006). Most studies focus on reactor configuration and optimization, whereas the future of MFC 

requires a novel electrode to intensify anode EAB growth (Choudhury et al., 2017). Nosek et al. 

(2020) emphasize that sustainable MFC should modify the existing anode materials for enhanced 

bacterial attachment and adhesion. Generally, authors who studied anode modification agree that 

power production increases with increasing anode surface area (Nosek et al., 2020; Zhou et al., 

2012). As a result, increasing the bio-electrode surface area becomes the MFC research spotlight. 

 

The advent of nanotechnology and change from 2D to 3D (three-dimension) electrode results in 

3D EAB formation, and it is expected to step MFC forward (Yu et al., 2017). Self-assembled 
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hybrid biofilms (SAHB) can develop a centimeters thick biofilm, a 100X (one hundred times) 

biofilm on a planar 2D surface. Nakamura et al. (2009) added α-Fe2O3 into Shewanella, a light-

induced α-Fe2O3/bacteria hybrid network, and increased the electroactivity 300X (three hundred) 

MFC. Chen et al. (2015) developed a porous carbon electrode with a defined pore size (400 nm) 

by etching SiO2 templet with sucrose and H2SO4 in 10% HF and improved power density to 1.6 

W/m2, ~4X (four times) carbon felt. The limitation of nanomaterial self-assembly on a 2D 

electrode was a narrow pore size that could not facilitate biofilm growth, which requires no < 100 

m (Yu et al., 2017). Also, the fixed pore size hinders the flexible adjustment of the biofilm 

thickness. It might not be easy to regenerate the electrode (nanosized pore) via simple cleanup 

(rinsing) for long-term operation. Still, the long-term 3D electrode (carbon foam) operation is 

difficult due to anode fouling (Ahn & Logan, 2010). In summary, a simple technique to modify 

anode surface area with flexible mechanisms to increase EAB growth, easily manage the biofilm, 

and regenerate the electrode is required.  

 

The MFC major drawback is the inefficient development of electro-biofilm on the bioelectrode 

surface. To overcome this, a microbial electrode jacket (MEJ-dish) was invented to facilitate the 

attachment of exoelectrogens on the bioelectrode, ultimately increasing electricity generation. The 

experiment combines running the MFC reactor with several different setups: one with a MEJ-dish, 

lacking or no EABs carrier disc, and a sterile setup used as a control. The MEJ-dish functions as 

EAB support growth and increases the electricity yield efficiency from the WW. However, other 

electro scavengers or methanogens may compete for colonizing the MEJ-dish to inhibit the 

microorganism, and various pretreatment techniques were carried out. 

 

In summary, this research targets a novel FAB reactor and plasticized magnetic starch-based Fe3O4 

clay biopolymer nanocomposite (PNC) for DWWT and bioelectricity generation. This technique 

is potentially applicable, promising, and adoptable to DWWT technologies. However, several 

pieces of research are recommended for the practical achievement of the FAB-MFC system. 
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 Statement of the problem 

Plastics have contributed a magnificent role to modern civilization, but the waste becomes a huge 

burden to ecology and remains intact for a thousand years. Hence, the recent movement is shifted 

to biodegradable plastic. So far, different alternatives have been proposed to reduce plastic 

pollution such as producing biodegradable plastics, recycling, reusing, or converting into value-

added products, and eco-friendly disposal. Plastic life cycle assessment study by Al-Salem et al. 

(2014) indicates the problems with the existing alternative technologies for plastic waste 

management such as thermo-chemical treatment to convert plastics into waxes, naphtha, and 

syncrude (comparable to natural gas). Besides the financial issue, the process releases greenhouse 

gas emissions (hydrocracking) and eutrophication (pyrolysis). Therefore, addressing the plastics 

challenge may demand a novel concept.  

 

The untreated urban WW discharge into aquatic bodies such as rivers, lakes, estuaries, and the sea 

is a great concern for most of the world (Von Sperling & Chernicharo, 2002). As a result, water 

and WWT technology have been getting international attention (Zhang et al., 2015). Among the 

available WWT technologies, the microbial fuel cell is a promising sustainable alternative. 

Because, it reduces aeration, lowers sludge amount, generates energy, and reduces carbon footprint 

(Li et al., 2013). The core MFC challenge is a means to increase anode surface area (Lovley, 2006). 

The present approaches to increase anode surface area were anode modification by nanomaterials, 

heat, and chemical treatment (Wei et al., 2011). Etching the anode with chemical form groves that 

increases surface area for microbial attachment (Nosek et al., 2020). For instance, carbon mesh 

anode treated by ammonium nitrate and nitric acid increased power from the initial 552 mW/m2 

by 33% (736 mW/m2) and 43% (792 mW/m2), respectively (Zhou et al., 2012). Previously 

different anode geometries were studied, such as reticulate vitreous carbon, granular activated 

carbon, carbon foam, graphite brush electrodes, 3D, graphite pellets, carbon felt, and from flat 

sheet to packed bed (Yu et al., 2017; Zhou et al., 2012). Up to date, the research gaps on anode 

modifications were electron loss due to current and mass distribution (Di Lorenzo et al., 2010), 

complex to prepare or scale-up (Sayed et al., 2020; Xu et al., 2016), expensive (Zhu et al., 2011), 

and not flexible to manage the biofilm thickness.  
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 Objectives 

 

4.1.1 General objective 

The general objective of this study is to develop a novel fragmented anode biofilm microbial fuel 

cell (FAB-MFC) and plasticized magnetic starch Fe3O4 clay biopolymer nanocomposite (PNC) 

for domestic wastewater treatment and bioelectricity generation. 

 

4.1.2 Specific objectives 

1. Synthesis and characterization of G-plasticized starch-based Fe3O4 clay polymer 

nanocomposite (PNC) for domestic wastewater treatment.  

2. Adsorption isotherms and kinetics study of the developed constituent and PNC for the removal 

of phosphate (PO4
3-_P) from aqueous solution. 

3. Developing and optimizing fragmented anode biofilm (FAB) reactor to increase anode surface 

area and performance of microbial fuel cells. 

4. To develop lab-scale Anaerobic-aerobic/MBBR domestic wastewater treatment system. 

5. To investigate the FAB-microbial fuel cell (FAB-MFC) integrated system for aerobic and 

anaerobic domestic wastewater treatment and bioelectricity generation. 

6. To study the microbial diversity in FAB-MFC and MFC reactor using a 16S rRNA 

metagenomics sequencing.  
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CHAPTER TWO 

2. LITERATURE REVIEW 

 

 Wastewater treatment technologies, challenges, and prospect  

2.1.1 Domestic wastewater characteristics  

Wastewater (WW) characteristics differ based on the sources, which are municipal, industrial, 

infiltration/inflow, or stormwater. The municipal WW emanates from residential and non-

residential. Sewage is WW released from residential (domestic) houses. It contains 99.9% water 

and only less than 0.10% dissolved and suspended solid matter. Solid matter contains 70% of 

organic and 30% of inorganic matter (Figure 1). The cloudiness is due to untreated suspended 

matter in typical municipal wastewater ranging from 100 to 350 mg/L and biological oxygen 

demand (BOD) between 100 and 300 mg/L. Additionally, untreated municipal sewage is loaded 

with pathogens and contains nutrients such as ammonia (12-50 mg/L) and phosphorus (6-12 mg/L) 

(Rooney, 1981). In contrast, the non-residential sources emanate from industries, agricultural field 

plots, hospitals, and other commercial sources such as hotels and restaurants. 

 

 
Figure 1. Composition of sewage water (Bora & Dutta, 2014). 

 

The sewerage WW-specific compositions depend on the source. For instance, WW from the 

restaurant is loaded with fats and grease, while in most cases from industrial WW contains dyes, 

heavy metals, and chemicals (Bora & Dutta, 2014). As a result, the ultimate WWT objectives are 

to remove the pathogens and nutrients to meet the local discharge standard, protect the 

environment from pollution, protect public health and socio-economic concern, or resource 

recovery (water for agricultural or energy) (Massoud et al., 2009; Von Sperling & Chernicharo, 

2002).  
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DWW is categorized into grey water or black water. Greywater sources are laundry, shower 

(bathrooms), and kitchen; while, the black water includes a toilet. However, the characteristics of 

DWW differ with time and quantity of water use, which again depends on living habits, culture, 

climatic condition, life quality, community size, and development standard. The residential 

complex WW organic matter concentration was higher than the municipal sewage because of low 

dilution and high organic load discharge from kitchen waste containing oil and detergents (Azizi 

et al., 2013), as shown in Table 1. 

 

Table 1. Typical characteristics of domestic wastewater (Metcalf & Eddy, 2014) 

Parameters Unit  
Concentration (strength) 

Low  Medium  High  

Alkalinity (as CaCO3) mg/L 50 100 200 

Total solids (TS) mg/L 390 720 1230 

Dissolved solids (DS) mg/L 270 500 860 

Total Suspended solids (TSS) mg/L 100 220 350 

Volatile suspended Solids (VSS) mg/L 80 165 275 

Fixed Suspended Solids (FSS) mg/L 20 55 75 

Biochemical Oxygen Demand (BOD5) mg/L 110 220 400 

Chemical oxygen demand (COD) mg/L 250 500 1000 

Total Nitrogen (TN) mg/L 20 40 85 

Nitrates (as N) mg/L 0 0 0 

Nitrite (as N) mg/L  0 0 0 

Ammonia (as N) mg/L 12 25 50 

Total Phosphorus (TP) mg/L 4 8 15 

Inorganic Phosphorus (as P) mg/L  3 5 10 

Total coliform  No./100 mL 106-108 107-109 107-1010 

Fecal coliform  No./100 mL 103-105 104-106 105-108 

 

DWW is one of the potential WW to reuse at the source. It was generated through several domestic 

activities: kitchen/dishwashing, laundry, and toilet flushing. As shown in Figure 2, around 50-80% 

of the total domestic water supply is grey wastewater (Edwin et al., 2014). As a result, developing 

a technique to treat greywater at a point of generation is a promising future effort. From several 

available technologies, biological DWWT attracted attention due to their eco-friendly, simplicity, 

and safe use (Janpoor et al., 2011).  
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Figure 2. Household total water consumption percentage (Edwin et al., 2014).  

 

However, the modern advanced WWT concept surpasses the discharge standard goal and 

circumscribes the broad idea of an energy self-sufficient treatment system with zero liquid 

discharge, with simultaneous valuable resource recovery. It is sustainable from an environmental 

and socioeconomic point of view (Kollmann et al., 2017; Wilderer, 2004; Wilsenach et al., 2003). 

 

2.1.2 Wastewater treatment (WWT) methods  

There are three main WWT methods. These are physical, chemical, and biological treatment 

methods Figure 3a. Each type of WWT method is further classified into different WWT systems. 

There are several steps within each WWT system (some authors use the term levels or process) to 

remove pollutants in the wastewater. These steps are primary, secondary, and tertiary treatment 

processes, as shown in Figure 3b. WWT systems range from conventional centralized systems to 

decentralized and cluster systems (Massoud et al., 2009). The WWT systems can be categorized 

based on different factors: the number of reactors (single or multiple reactors); the presence of 

oxygen (aerobic, anoxic, or anaerobic); source of wastewater (domestic or industrial WWT 

system); the biofilm growth and attachment (Boltz et al., 2010) (suspended or attached growth), 

as shown in Figure 4.  
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Figure 3. Wastewater treatment (a) methods and (b) steps (Mohammed & ElBably, 2016). 

 

2.1.3 Wastewater treatment technologies 

So far, several WWT technologies have been developed (Figure 4) that advance the municipal 

WWT process. Despite various technologies developed, there is still a challenge on reclamation 

efficiency, cost, and rapid water treatment at a commercial level (Gupta et al., 2012a). Therefore, 

several WWT technologies, from nature-based to recent advanced techniques are presented, and 

their shortcomings are reviewed in detail. 

 

Nature-based WWT technologies depend on natural processes. It can be classified into mechanical, 

aquatic, and terrestrial (Wilas et al., 2016). The mechanical system utilizes the physical, chemical, 

and biological processes together. The mechanical technology mainly depends on the natural 

process and uses a series of tanks with pumps, blowers, screens, grinders, and other mechanical 

devices to treat WW. It includes the various types of ASP, sequence batch reactor (SBR), oxidation 

ditches, extended aeration systems, and suspended growth systems. In contrast, the trickling filter 

solids contact process (TF-SCP) is an attached growth system. However, these treatment systems 

are recommended where a large surface area is available. 

 

Overall, mechanical-based technologies are preferable than biological ones because of land 

requirements and better operation process control (Wilas et al., 2016). A mechanical system 

combines the natural process within a constructed environment and often selects scarce land 

resources. The lagoon-based treatment systems can be supplemented with pre- or post-treatment 

using constructed wetland, aquaculture production, or sand filtration. They can treat a wide range 
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of WW and operate under different weather conditions. The terrestrial system uses the nutrients in 

the WW to grow the plant, which is used for methane production, or cattle feed supplements. 

However, these systems demand high initial costs and skilled personnel to operate the system. 

 

2.1.3.1 Anaerobic treatment technologies 

Anaerobic reactor development backdates to the 18th century, where Imhoff developed the first 

Imhoff tank (Hu et al., 2014). The tank consists of the inlet for untreated and an outlet for the 

treated wastewater. However, intensive progress was recorded at the beginning of the 19th century. 

Lettinga and his colleagues developed an up-flow anaerobic sludge blanket reactor (UASB) in the 

1980s. Anaerobic sequence batch reactor (ASBR) was developed and patented by Iowa state 

university in 1995. The working principle of ASBR is a single tank fill and draw anaerobic 

digestion reactor. The anaerobic process such as filling, mixing, and decant all activities are done 

in a single reactor, as shown in Figure 4d. The reactor best performs for slow-moving influent 

water and over a wide range of wastewater strength. Relative to several reactor systems, ASBR 

outstands several parameters such as better treatment efficiency and process control. 

 

2.1.3.2 Aerobic WWT technologies  

The treatment condition in the primary septic tank determines the subsequent secondary WWT 

type and process (Metcalf & Eddy, 2014). In the conventional septic tank, the anaerobic conditions 

convert organic nitrogen into ammonia via ammonification, and methane and sulfide are produced 

from sulfur-containing organic materials through methanogens and sulfur-reducing bacteria 

(SRB), respectively (Chernicharo, 2006).  

 

Secondary treatment is an aerobic process, where the microorganisms reduce BOD, TSS and 

oxidize ammonia to nitrate (through the nitrification pathway) (Xu et al., 2016). Several inventions 

on aerobic filters with different filter media and configurations were patented for secondary 

treatment systems. U.S. Pat. № 5,480,561 showed either partial treatment or recirculation of 

secondary treatment effluent (Iker & Gill, 2013). However, the secondary treatment effluent is 

loaded with organic-N and phosphate beyond the acceptable limit (Crini, 2006). 
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In summary, these processes can effectively remove pollutants and nutrients from the WW, but 

the major problem is excess sludge. For instance, in the ASP, the microbial metabolism converts 

50% of the WW organic load (COD) into microbial biomass. This generated sludge is called excess 

sludge. It contains 99% water and a high amount of nutrients and organic matter. Excess sludge 

treatment accounts for about 50% of the total WWT cost (Barton et al., 1999). In addition, CO2, 

N2O, and CH4 gases are emitted into the atmosphere and contribute to global warming during the 

treatment process. Currently, this is becoming a serious global concern (Meng et al., 2018).  

 

 
Figure 4. Different inventions and innovations on the WWT reactor. 

Adapted from https://patents.google.com/,  (Lettinga et al., 1980), (Núñez & Martínez, 1999), and 

(Lim, 2009) 

https://patents.google.com/
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2.1.3.3 Bioelectrochemical system technology (BEST) 

The bioelectrochemical fuel cell was discovered early in 1839, but the bioelectricity generation 

was known in 1910 through potter observation (Flimban et al., 2019). The bioelectrochemical 

WWT system technology is a recently growing field of research that combines biological redox 

catalysis with abiotic electrochemical reactions (Santoro et al., 2017). Microbial electrochemical 

systems (MESs), also called bioelectrochemical systems (BESs), is a promising approach toward 

renewable energy and environmental protection (Kumar et al., 2018). It includes microbial fuel 

cell (MFC), microbial electrolysis cell (MEC), and microbial desalination cell (MDC). MFC 

differs from the conventional electrochemical cell (such as batteries and supercapacitors) and low-

temperature fuel cell (direct methanol fuel cell or proton exchange membrane fuel cell). In MFC 

the electrolysis is conducted by biotic process (electro-active bacteria) (Borole et al., 2011; Erable 

et al., 2010), operate at room temperature that ranges between 15 and 45 ℃, working in neutral 

pH conditions, uses different biomass (liquid or solid) range as anodic fuel, and the life cycle is 

environmentally benign.  

 

 
Figure 5. Different bioelectrochemical system (Ramírez-Vargas et al., 2018).  

Where MET = microbial electrochemical technologies and BES = bioelectrochemical systems 

 

2.1.3.4 Biofilm-based WWT technologies 

In a biofilm reactor, the biofilms grow and develop over a substratum or carriers, unlike the 

suspended growth where the biofilms flocculate in the system (Azeredo et al., 2017). One 

advantage of a biofilm reactor is high active biomass as volatile suspended solids (VSS); for 

example, 10-60 g VSS/L in biofilm reactor compared with 3-8 g VSS/L in suspended growth 
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(Boltz et al., 2010). It reduces the washout effect in suspended growth if sufficient sludge retention 

time (SRT) was not allotted the biofilm removed from the system. But the biofilm reactor reduces 

the effect because the biofilms are attached to the carrier, and detached biofilm fragments leave 

the system. Hence, in suspended growth such as ASP, the active biomass is recirculated to enrich 

biofilm.  

 

Biofilm reactors (Figure 6) are classified according to the biofilm phase (gas, liquid, and solid) 

circulating in the system (fixed or moving) and the mechanism of electron (e─) acceptor and donor 

involved (Boltz et al., 2010). MBBR is a biofilm-based WWT, which uses movable biofilm 

carriers (Ødegaard, 2016). During the BES (MFC/MEC) operation, biofilm develops on the 

electrode surface. It is called electro-active biofilm (EAB) and transfers e─ to the electrode directly 

or with mediators (Borole et al., 2011). The initial perspective toward biofilm growth on the 

electrode was considered deterioration or contamination of materials, but later on, the direct e─ 

transfer from the bacteria to the electrode opened a new research dimension (Erable et al., 2010). 

Biofilm-coated electrodes for bioelectricity generation attracted a broad research area.  

 

 

 
Figure 6. Types of biofilm reactors and MBBR biofilm carriers (Boltz et al., 2010). 

Where (a) trickling filter (TF), (b) submerged fixed bed biofilm reactor operated as up-flow or (c) 

downflow, (d) rotating biological contactors (RBC), (e) suspended biofilm reactor including airlift 

reactor, (f) fluidized bed biofilm reactor (FBBR), (g) moving bed biofilm reactor (MBBR), and 

(h) membrane attached biofilm reactors. 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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Biofilm carries (filter) media are various in shape and size (Figure 6). Ball et al. (1996) invented 

(U.S. Pat. № 5,531,894) conventional aerobic filter media to convert N2 from organic to gaseous 

form. The media comprises coarse sand or synthetic media made from PVC corrugated sheets, 

which are either length of the pipe or randomly packed pieces of polymeric materials. The 

invention objective was to provide support media for aerobic bacteria to form a fixed film and 

remove organic N2 from the WW. The denitrifying bacteria, which converts nitrate to nitrite then 

finally to gaseous nitrogen that need a carbon source. However, the secondary treatment effluent 

does not contain a carbon source that supports the denitrifying bacteria because the aerobic process 

removes the CBOD. The recirculation tank used in U.S. Pat. № 5,480,561 failed to supply such 

carbon demand, while the U.S. Pat. № 5,531,894 full fills this gap by separating the septic tank 

that receives untreated raw sewage for recirculation.  

 

Despite such novel contribution, this patent (U.S. Pat. № 5,531,894) fails to achieve the overall 

required treated effluent quality because the system directly introduces effluent from the septic 

tank (Bounds et al., 2003). It means the effluents are a mixture of some partially primary treated 

that do not undergo secondary treatment, and some denitrified secondary treated WW. In addition, 

textiles are more practically feasible for aerobic treatment relative to sand because it provides more 

surface area and much lighter filters for the secondary treatment.  

 

Further to the development of aerobic filter media, U.S. Pat. № 3,301,401 discloses aerobic filter 

media made from polypropylene (PP) for secondary WWT (Hall, 1967). Deflectors or baffles are 

adjacent to the upper position of the sheets that are hanging in parallel. The distributor is placed 

above the sheets that spray liquid onto the deflectors then to the sheets. The media water holding 

capacity is 73%, an open area of 85.6%, and a surface area of 4,381 ft2/ft3. The deflectors are in 

the middle of the WW distributor. However, the limitation of this invention is that a treatment 

system with high surface area and water holding capacity (73%), but the low open area (85.6%) is 

incapable of providing the required WWT standard. However, the aerobic textile filter media 

suffers from excessive microbial growth and clogging. In aerobic treatment, the key issues are 

achieving the desired WWT quality effluent (COD, TN, TP, and BOD removal) within short HRT, 

small space, and providing an aerobic environment for microbial growth. 
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Several inventions were recorded after Hall (1967) to improve the secondary WWT method using 

aerobic filter media. In continuation to the invention, another DWWT system using a textile filter 

in the aerobic septic tank was invented (U.S. Pat. № 6,540,920) by Bounds et al. (2003). In 

conventional septic tank operation, untreated raw sewage with a high solids’ concentration is 

introduced into the tank. Solids with high density sink to the bottom, while lower density solids 

flow at the top and form scum. A relatively clear layer is formed, discharged from the tank through 

gravity, pump, or siphon. The invention target was to enhance ammonia removal by providing 

aerobic filter media that support microbial growth for nitrification. The permanent discharge of 

effluents directly from the septic tank is controlled and prevented. 

 

Recently, the WWT system including the biological reactor was disclosed under U.S. patent № 

7,854,843 B2 (Pehrson et al., 2010). In this approach, one controlled reaction module was 

introduced to the biological reactor. The newly included module contains a fixed support media 

for microbial growth and a mixer to communicate the fluid to the biofilm. The controller is a sensor 

placed in the reactor. U.S. patent № 4,282,102 shows the mechanism to reduce the loss of active 

microorganisms from the activated sludge process (ASP). The addition of inert and nontoxic solid 

materials such as sand, quartz, alumina, zirconia, chromite, coal, gravel, glass, plastic, titania, and 

magnesia, which are either natural or synthetically manufactured products with proper size and 

specific gravity to boost the WWT performance. For example, the media provides mobile 

microbial growth support in the aeration tank, thereby reducing active bacteria loss from the 

aeration tank to the clarifiers and improving the treatment efficiency (Rooney, 1981). 

 

The biofilm reactors could operate in aerobic/anaerobic/oxic/anoxic conditions. Another crucial 

factor that needs to be considered in WWT is the effect of media packaging density. Ramakrishnan 

and Surampalli (2014) investigated the impact of media packaging density on the performance of 

hybrid reactors (that combine up-flow anaerobic sludge blanket reactors and anaerobic filters). 

They used simulated coal WWT with the average COD of 2,240 mg/L under four different 

hydraulic retention time (HRT) and mesophilic conditions (28 ℃). 
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2.1.4 Challenges of WWT technology 

The challenges of WWT technology are diverse and numerous that depend on the local conditions. 

Several papers were reviewed to understand the tangible DWWT practical challenges and 

knowledge gaps on the ground from different countries (Abbassi et al., 2020; Ball et al., 1996; 

Foresti et al., 2006; McCarty et al., 2011; Mohammed & ElBably, 2016). The common challenges, 

especially in developing countries, are lack of design data, no design alternatives, low-tech at any 

cost, poorly-designed pretreatment, or non-existent (Grau, 1996; Massoud et al., 2009). The 

challenges of securing water resources and WWT will become more difficult as the human 

population grows and urbanizes. Nowadays, WW is usually transported through collection sewers 

to a centralized WWT plant located at the lowest elevation point of the disposal site and often 

arranged to remote areas. In urban areas, it is difficult due to the lack of a dual distribution system 

(Tchobanoglous et al., 2014). The infrastructure costs to store and redistribute the treated water to 

the point of use are not economically feasible. Therefore, decentralized WW management at the 

point of generation is considered a more sustainable WWT system in the future. In supporting the 

conventional centralized WWT plant, upstream decentralized (or satellite) WWT, reuse, and solids 

recovery are much more environmentally sound and socio-economically feasible (Mohammed & 

ElBably, 2016). 

 

2.1.5 Choosing appropriate WWT technology 

The main targets during the development of the WWT system are low cost, affordable, meet the 

standard required by legislation, nuisance free, environmentally friendly, and easy to operate. 

However, these terms such as “alternative”, “adequate”, “low cost”, “acceptable”, “appropriate”, 

“competitive”, and “emerging” in WWT technology and systems are not well defined, which are 

most often miss-used and vague (Grau, 1996) (Wilas et al., 2016). Appropriate WWT technology 

means, the technology needs to involve WW quantity fluctuation, local quality standard, climate 

variation, affordability, epidemiological conditions, and public acceptance; affordability is 

regarding low-cost WWT technology (Grau, 1996). 

 

Selecting the most appropriate WWT technology requires considering numerous factors (Massoud 

et al., 2009). The two most important issues are affordability and appropriateness (Grau, 1996), 

the type of wastewater, and the requirement (economy aspect) (Gupta et al., 2012b). Several 
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studies were conducted on economies of low-cost WWT (Eggimann et al., 2016; Libralato et al., 

2012). The process of evaluating WWT should include the life cycle of the system, such as design, 

construction, operation, maintenance, repair, and replacement. WWT cost estimation at a national 

level is difficult due to complexity in various living conditions, population density, land cost, 

wastewater character, and local performance of the requirement (Massoud et al., 2009). As a result, 

a single approach based on specific requirements is not recommended as a priority; rather 

integrated system that supports one another is the best appropriate approach (Libralato et al., 2012). 

 

 
Scheme 1 Features of appropriate wastewater treatment technology (Massoud et al., 2009).  

 

There are several techniques to select the appropriate technology for a small-scale WWT system. 

Wilas et al. (2016) presented a multi-criteria-based analysis for the selection of the WWT 

technology. The technique is applicable to select the best WWT technology and technical solution 

at different WWT stages, from planning to designing and evaluating an operating plant from a 

sustainability point of view. 

 

2.1.6 Phosphorus (P) removal mechanisms 

P is non-renewable and an essential element for the well-functioning of the ecosystem (Carrillo et 

al., 2020). It is naturally available in geological deposits such as phosphate rock or phosphorite. In 

cells, P is found as ATP (adenosine triphosphate) and DNA/RNA (deoxyribonucleic 

acid/ribonucleic acid), whereas in water available as organic or inorganic (De Castro et al., 2019).  

 

P is classified into different forms (Figure 7). The common P types are reactive P (RP) and non-

reactive P (NRP), which is further grouped into particulate P (pRP) and soluble P (sNRP) 
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(Venkiteshwaran et al., 2018). RP means organic or inorganic-P that react with reagents, whereas 

NRP does not react with P test reagents. As a result, digestion (persulfate) is required to convert 

NRP to RP. Soluble P (sP) do not necessarily include dissolved P (< 0.45 m), because it can 

contain colloids. The organic P is present in WW as phosphonates and orthophosphates attached 

to an organic moiety (ATP and phytic acid). In WW, P is found mainly in the inorganic form such 

as orthophosphate (PO4
3-) and condensed phosphate (pyro-, meta-, or polyphosphate (P2O7

4-)) (Li 

& Brett, 2013). 

 

 

 
Figure 7 The total phosphorus (TP) (a) type, (b) examples and (c) sRP species vs pH. 

Adapted from (a) (Venkiteshwaran et al., 2018) and (b) (Pan et al., 2010) 

where R = reactive, NR = non-reactive, P = phosphorus, p = particulate, and s = soluble,  
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So far, several technologies have been developed to remove P from the WW (Bunce et al., 2018). 

These can be classified into two major compartments: biotic and abiotic. The removal mechanisms 

are mainly through different physical and biochemical processes. 

 

(1) Biological P removal (BPR) mechanisms  

The biological process, such as activated sludge, effectively removes 100% of P in wastewater 

(Huang et al., 2017). However, it is less effective at lower P concentrations because insufficient P 

level inhibits microbial metabolism. Additionally, it is sensitive to environmental conditions such 

as favorable temperature, pH, and toxic materials and requires an extended treatment period (24+ 

h) (Saifuddin et al., 2019). Hence, the P load from the primary and secondary effluent is ≥ 1 mg 

P/L, whereas in tertiary treatment ≤ 0.5 mg/L.  

 

(2) Physical P removal (PPR) mechanisms  

The main PPR removal mechanism is physical adsorption (Bunce et al., 2018). It depends on the 

available surface area that facilitates the P adsorption. The process includes mass P transfer from 

liquid WW to the liquid part covering the adsorbent, followed by diffusion into the surface layer. 

Consequently, the adsorption process is continuous until equilibrium is reached with the WW. 

Once equilibrium is achieved, no more additional adsorption will take place. However, two critical 

factors affect the adsorbed P at equilibrium. Lowering the P in the inlet water results in P 

desorption from the solid material, while increasing the P concentration in the inlet water causes 

forced adsorption and increases the P amount adsorbed in the adsorbent. Al and Fe-based P 

adsorption processes are through ligand exchange, where positively charged sorption sites (Al-

OH2
+) cause strong attractive electrostatic forces on phosphate ions. As pH increases, ions loss 

occurs due to a shift in phosphate anion species, as shown below. Xie et al. (2013) reported 

adsorption losses when pH increases because electrostatic forces decrease and surface charges 

change from positive to neutral.  

 

(3) Chemical P removal (CPR) mechanisms  

CPR occurs through P precipitation or chemical adsorption. The water pH determines the 

phosphate species and the type of precipitates formed. Most P species precipitation is pH 

dependent, as shown in Eqs. 1-3. In DWW and most inland water, where pH ranges between 6.5 

to 8.5, the most dominant phosphate species are H2PO4
- and HPO4

2-. Even though it is at a different 
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rate, Ca, Al, and Fe form an additional precipitate. It is affected by the saturation index (SI) and 

pH (Song et al., 2002). At pH below 7, most P precipitates are Fe3+ and Al3+, while above pH 9 

Ca2+ and Mg2+ dominate. 

 

H3PO4 ↔ H2PO4
- + H+  pKa1 = 2.12 1 

H3PO4
- ↔ HPO4

2- + H+  pKa2 = 7.21 2 

HPO4
2- ↔ PO4

3- + H+   pKa3 = 12.32 3 

 

The recommendable P discharge limit is often 0.05 mg P/L as TP. Hence, relative to available 

technologies, adsorption is considered an effective P removal method due to its simplicity in 

operation and economical (Peleka & Deliyanni, 2009), fast and high removal efficiency at trace 

level (Huang et al., 2017), and produce less amount of sludge (Jiang et al., 2013).  

 

2.1.7 Advanced P adsorbents 

Several novel adsorbents and ion exchangers have been developing from biological compounds, 

minerals, modified activated carbons, industrial and agro-wastes in recent periods. The major 

target of novel WWT media is simplicity during synthesis and implementation (Hernandez-

Ramirez & Holmes, 2008). Among these materials, applying nanomaterials (advanced materials) 

for WWT has attracted different scientists from environmental science to engineering (Ali et al., 

2017). Advanced materials have many photocatalytic properties, enhanced redox potential, and 

strong adsorption to treat wastewater contaminated with heavy metals, organic and inorganic 

compounds, and pathogens (Zhang et al., 2015).  

 

2.1.5.1 Activated carbon (AC) 

Commercially, AC is manufactured from natural materials such as biomass (wood, agricultural 

residue), lignite, coal, or other carbonaceous materials. However, due to cheap availability and 

abundance, commercial AC was mainly produced from coal (Crini, 2006). Wood, corncob, and 

coal are the best sources for AC synthesis. AC is synthesized through heating biomass at higher 

temperature (450-600 ℃). Volatile organic matter (VOC), moisture, and biomass are removed at 

this temperature, leaving a void space. There are several chemicals to activate carbonized charcoal 

like phosphoric acid (H3PO4), potassium carbonate (K2CO3), and potassium hydroxide (KOH), 
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zinc chloride (ZnCl2). The impregnation ratio and the activating chemical to the charcoal precursor 

ratio have a major effect on the final AC characteristics (Gratuito et al., 2008). The activation 

temperature influences the activation characteristics. Specific surface areas of the AC increase as 

the carbonization temperature increase from 600 to 800 ℃ (Tay et al., 2009). The selection of raw 

material and activating agent depends on the activated carbon's final application because the 

fabricated AC has different properties. The porosity nature by the activating agent is associated 

with the gasification of volatile matter due to the reaction between KOH and carbon; and, KOH is 

reduced into metallic K, as shown in Eqs. 4 and 5. 

  

6KOH + 2C → 2K + 3H2 + 2K2CO3 4 

K2CO3 + 2C → 2K + 3CO 5 

 

In terms of physical characteristics, AC is classified into two major types: powdered activated 

carbon (PAC) and granulated activated carbon (GAC) form. Other AC forms are carbon cloth, 

carbon integral, or carbon-coated monoliths. GAC can remove a wide variety of organic 

molecules, but less removal efficiency was reported for organic or hydrophilic compounds 

molecules like humic acid, emulsified oil, or grease (Arya & Philip, 2016).  

 

2.1.5.2 Clays and Nanoclays 

Clays are natural materials composed of silicate with structural layer units. Each layer is composed 

of octahedral and/or tetrahedral sheets that stack to form complex clay crystallites. Octahedral 

sheets consist of Al or Mg in hexagonal coordination with O2 from tetrahedral sheets. Tetrahedral 

sheets formed from silicone-oxygen connected with the adjacent tetrahedral sheet, from the four 

sides connected with an adjacent tetrahedral sheet, and the fourth side covalently bonded to 

octahedral sheet (Guo et al., 2018; Uddin, 2017).  

 

In nature, clays have three basic classes of sheet arrangement 1:1 (each octahedral connected to 

each tetrahedral), 2:1 (each octahedral linked to two tetrahedral), and 2:1:1 (each octahedral is 

adjacent to one octahedral and related to one tetrahedral), see Figure 8. Clays are classified into 

different groups based on their chemical (smectite, chlorite, kaolinite, illite, and halloysite) and 

physical properties (sticky, red, or black color). In terms of mineralogical composition, there are 

about 30 clays types (Brady et al., 2008; Nazir et al., 2016). 
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Montmorillonite (MMT) consists of around 1 nm thick aluminosilicate surface layer that is 

substituted with metal cations and arranged in a 10 µm size stack. These stacks can be easily 

dispersed in a polymer matrix or fillers during polymer nanoclay composite synthesis 

(Choudalakis & Gotsis, 2009). MMT has a high cation exchange capacity (CEC) on the siloxane 

surface, enabling combining with dissimilar materials like organic or biological polymers; 

additionally, high surface area and swelling properties make them widely studied among others 

clay minerals. As a result, MMT currently has acceptable mechanical strength enhancement, 

thickening and gelling agents, and more peculiar use in WWT and gas permeability modification 

(Liu, 2007). MMT has a good CEC and the largest surface area to volume ratio compared to other 

clay materials. It is 20 times cheaper than AC (about US$ 0.04–0.12/kg) (Crini, 2006). 

 

Table 2. Classification of clay minerals (Guo et al., 2018; Usmani et al., 2016) 

Family  Layer*  Clay group  Clay species  Formula  

Phyllosilicates 1:1 Kaolinite Kaolinite, Dickite, Nacrite Al2Si2O5(OH)4 

Phyllosilicates 2:1 (MMT) or 

Smectite 

MMT, Laponite, Sepiolite, 

Hectorite, Bentonite, 

Vermiculite, Pyrophyllite, 

Talc, Muscovite, Paragonite, 

Clintonite, Bityite 

(Ca,Na,H)(Al,Mg,Fe,Zn)2 

(Si,Al)4O10(OH)2-XH2O 

(K,H3O)(Al,Mg,Fe)2 

(Si,Al)4O10[(OH)2(H2O)] 

Phyllosilicates 2:1:1 Chlorite  (i) Amesite,  

(ii) Cookeite 

(i) (Mg,Fe)4Al4Si2O10(OH)8 

(ii) LiAl5Si3O10(OH)8 

MMT = Montmorillonite, * = clay layer type  

  

  
 

Figure 8. The structure of (a) Smectite clay and (b) Kaolinite clay (Murray, 2007). 

 

Clay is a well-known natural hydrophilic adsorbent (Liu, 2007; Uddin, 2017). However, clay in 

pure form has a limited application for cationic pollutants (Manocha et al., 2008). In such 

conditions, clay modification is essential through organic or inorganic cations, magnetic particles, 

(a) 
(b) 
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pillaring using metals. Organoclays have proven the ability to treat oily contaminated wastewater. 

Organoclay surfaces have alternating organic and inorganic layers that comprise a quaternary 

ammonium exchange site. These features play a major role in removing humic materials in 

wastewater. Chlorination of humic polluted water produces unacceptable trihalomethanes, which 

are carcinogenic to humans (Beall, 2003). Organoclays have a synergetic effect with different 

treatment processes such as GAC, reverse osmosis, and air strippers (Usmani et al., 2016). 

 

 
Figure 9. Commonly used organo-modifiers chemical structure (Nazir et al., 2016). 

Where (a) methyl tallow bis-2-hydroxyethyl quaternary ammonium, (b) dimethyl benzyl 

hydrogenated tallow quaternary ammonium, (c) octadecyl amine, and (d) cetyl trimethyl 

ammonium bromide (CTAB).  

 

MMT clay is among the adsorbents studied for phosphate adsorption. In the 1990s, Grant Douglas 

patented Phoslock® (US Patent 6350383), a lanthanum modified clay, to remove phosphate ions 

in the aquatic environment. It is synthesized through sodium and/or calcium ions in bentonite clay 

exchanging for lanthanum (De Castro et al., 2019). The presence of La is for stabilizing the 

adsorbed phosphate ion in aqueous media because Al and Fe-based removal is highly affected by 

pH variation. Hence, the adsorption of phosphate ions onto La modified clay forms rhabdophane 

(La3PO4); this hinders the release of La(III), consequently deposit along with the sediment that 

does not undergo any chemical changes over a wide range of pH. 

 

Nanoclay (NC) are nanoparticles (nano size) of clays. NC has broad applicability due to low cost, 

low environmental impact, high CEC, and is easily available (Nazir et al., 2016). NC can be used 

as sole nanoparticles or combined with other materials to form NC composite. The most widely 

applicable is the polymer nanoclay composite (PNC). These materials synthesis expands to several 

(a) (b) 

(c) 
 

(d) 
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innovative hybrid materials such as NC with conductive polymer (polypyrrole (PPy), polyaniline 

(PANI), and poly (3,4-ethylene dioxythiophene) (PEDOT)), and organoclay-biocomposite hybrid 

(Schmidt et al., 2002). The composite materials’ properties and functionalities are superior to the 

conventional composite. As a result, their demand increases in different sectors such as chemicals, 

pharmaceuticals, and environmental pollution prevention and management. PNC materials are 

expected to play a significant role in different WWT technologies and scientific research fields 

(Vo et al., 2017).  

 

As shown in Figure 10, two major clay nanocomposites types are intercalated and exfoliated 

nanocomposites (Mukhopadhyay & De, 2014). Intercalated nanocomposites result from the 

polymer chains’ penetration into the clay's interlayer region. It occurs in multiple layer structures 

with alternating polymer/inorganic layers at a repeated few nanometers distance (Weiss et al., 

2006). Exfoliated nanocomposites involve extended polymer penetration within the clay layers. 

The clay layers are randomly dispersed in the polymer matrix. 

 

 
Figure 10. Types of polymer and nanoclay intercalation (Alexandre & Dubois, 2000).  

 

2.1.5.3 Iron oxide nanoparticles (IONPs) 

IONP (Fe3O4) got special interest because of their super magnetic, high catalytic effect, high 

surface-to-volume ratio (SVR), and unique electronic properties. Hence, it is applicable in multi-

disciplinary fields such as physics, chemistry, materials science, biology, catalysis, and effective 

VFA reduction (Ali et al., 2017; Ruíz-Baltazar et al., 2014). High surface area (50-300 m2/g) with 
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-OH functional group contribute to anion ion (PO4
3-) adsorption (Lalley et al., 2016). The super 

magnetic feature provides an additional advantage during recovery from the treatment solution 

(Ali et al., 2017). 

 

There are different techniques to synthesize magnetic nanoparticles: mechanical grinding, co-

precipitation, laser ablation, hydrolyzation, and microemulsions. Co-precipitation is mostly 

preferred due to simplicity, high yield, and low cost in productivity. Chemical co-precipitation of 

Fe3+ and Fe2+ in 2:1 ratio has been widely used to synthesize magnetite nanoparticles due to its 

ease and large volume capability. The IONPs shape depends on the growth rate along the arbitrary 

plane, mainly on the -OH and precursor (Fatima et al., 2018). The chemical reaction process that 

leads to IONP formation is presented as Eqs. 6-8 (Petcharoen & Sirivat, 2012).  

 

Fe2+ + 2OH− → Fe(OH)2 6 

Fe3+ + 3OH− → Fe(OH)3 7 

Fe(OH)2 + 2Fe(OH)3 → Fe3O4 + 4H2O 8 

 

However, the chemical reactions pass through different mechanisms in the synthesis with either 

the ferrous ion or ferric ion alone, as shown below Eqs. 9-14, respectively. 

 

Fe2+ + 2OH− → Fe(OH)2 9 

3Fe(OH)2 + 0.5O2 → Fe(OH)2 + 2FeOOH + H2O 10 

Fe(OH)2 + 2FeOOH → Fe3O4 + 2H2O 11 

Fe3+ + 3OH− → Fe(OH)3 12 

Fe(OH)3 → FeOOH + H2O 13 

12FeOOH + N2H4 → 4Fe3O4 + 6H2O + N2 14 

 

Up-to-date, the iron-based adsorbents are iron filings, iron oxides, and micro-sized iron particles. 

Although iron-based adsorbents are preferred for removing phosphate, the adsorption capacity is 

less than 19 mg PO4
3--P/g (Cordray, 2008). The adsorption capacity is enhanced through 

developing a binary system. For example, binary-oxide sorbents such as iron-zirconia (= 33.4 mg 

PO4
3--P/g) effectively removed phosphate from aqueous solutions, but the possible adverse effects 

of zirconia aqueous solutions have not been completely understood (Almeelbi, 2012; Ren et al., 

2012). 
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Almeelbi (2012) reported the successful application of nanoscale zero-valent iron (NZVI) and iron 

crosslinked alginate (FCA). The author reported 96 to 100% phosphate removal in 30 min using 

1, 5, and 10 mg of phosphate/L with 400 mg of NZVI/L. The presence of sulfate, nitrate, humic 

matter, and change in ionic strength reduces the maximum phosphate removal capacity to 78% at 

similar pH and contact time. However, FCA removed 37 to 100% of phosphate in 24 h; Freundlich 

fit the experimental isotherm data with a maximum adsorption capacity of 14.77 mg/g of dry FCA 

beads. In contrast to NZVI, FCA was not affected by the presence of chloride, bicarbonate, sulfate, 

nitrate, natural organic matters, and pH variation from 4 to 9.  

 

2.1.5.4 Composite materials  

Nanocomposites are particle-filled polymers for which at least in one dimension of the dispersed 

particles are in the nanometer range (Alexandre & Dubois, 2000). Nanocomposites are classified 

into three depending on how many dimensions of the dispersed particles are in the nanometer 

range. When all the three dimensions are in the nano range, the nanocomposite is called 

isodimensional. It includes spherical silica nanoparticles obtained by in situ sol-gel methods. 

Nanocomposite with two dimensions in the nanometer scale and the third part larger is called 

nanotubes or whiskers, e.g., carbon nanotubes. The third type of nanocomposites has only one 

dimension in the nanometer; in such cases, the nanocomposite is present in one to few nm thick to 

thousands of nm long. This type of nanomaterials is clustered under polymer layered crystal 

nanocomposite. PNC preparation methods are solvent intercalation, in situ polymerization, and 

melt blending.  

 

The potential PNC applications are wide-range with a promising commercial value. It has been 

used for WWT, lower density, recyclable thermoplastic, reinforcement, and improves barrier 

properties (Choudalakis & Gotsis, 2009). Composite materials gain unprecedented values but with 

limitations such as economic efficiency, feasibility, stability, and applicability. However, literature 

reported that composite materials have a better advantage than single materials (Zhang et al., 

2015). Electromagnetic properties with high surface area as recoverable adsorbent are an 

additional feature for selecting iron oxide (Fe3O4) among other magnetic nanoparticles (MNPs) 

(Juang et al., 2018). It regenerates quickly from treated wastewater using magnetic materials. NCs 

are locally available abundant and cheap materials. In addition, NCs are thermal resistant and 
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adsorb a wide range of pollutants. AC can be prepared from agricultural waste materials such as 

corncob, bagasse, and the likes and is suitable for removing different wastewater contaminants 

(Crini, 2006). Hence, the composite material made from organoclay and AC improves the capacity 

to remove a wide range of pollutants from WW. The combination of Fe3O4-AC nanocomposite 

particles was reported for dye removal than either one (Yang et al., 2019d). Due to AC- Fe3O4 

synergy, MNPs have several advantages such as easy and rapid separation from solution, applied 

for effective pollutants (aniline) removal from WW (Kakavandi et al., 2013). 

 

Boujelben et al. (2008) studied three adsorbent materials: synthetic iron oxide coated sand (SCS), 

natural iron oxide coated sand (NCS), and iron oxide-coated crushed brick (CB) for the removal 

of phosphate. According to the kinetics study, at fixed pH and initial 10 mg PO4
3--P /L, phosphate 

adsorption onto CS and SCS was very fast, and equilibrium was attained within 15 to 25 min. In 

comparison, NCS adsorption equilibrium was reached after 60 min. This adsorption equilibrium 

difference could be due to the different surface areas. The reported PO4
3--P adsorption isotherm 

capacities result at pH 5 were 1.5 mg/g for SCS, 1.8 mg/g for CB, and 0.88 mg/g for NCS. The 

phosphate adsorption can be expressed in terms of ligand exchange capacity on the surface of 

hydroxylated materials. It increases pH due to the release of –OH from the oxidic sorbent surface. 

The thermodynamics study findings indicated that PO4
3--P adsorption is endothermic, spontaneous 

solid and liquid interface was random during the adsorption process. 

 

Table 3. Comparison of adsorbents for phosphate ions adsorption 
Adsorbent Adsorption capacity (mg P/g) References 

Zircon chitosan beads (ZCB) 61.7 Liu and Zhang (2015) 
Hydrogel beads with Al ion (PVA) 11.5 Hui et al. (2014) 
Magnetic iron oxide nanoparticles 5.03 Yoon et al. (2014) 
Chitosan hydrogel beads after 

copper(Ⅱ) adsorption 

30.12, maximum at pH 5, Langmuir 

equation had the best fit to the 

experimental data (R2 = 0.998) 

Dai et al. (2011) 

Chitosan modified zeolite (CMZFA) 16.2 Xie et al. (2013) 

 

2.1.5.5 Bio-adsorbents  

Bio-adsorbents are another promising area to treat organic pollutants, which cannot be removed 

through conventional adsorbents. It can be made from various biomolecules. Bio-adsorbent using 

biomass (white-rot fungi and other microbial cultures) as a decolorization or dye adsorption from 

WW is a major focus for many research studies. The bio-adsorbents use in WWT increases because 
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it is abundant and available at a low cost (Crini, 2006). The biomolecule materials such as starch 

(Delval et al., 2003) and β-cyclodextrin polymer (Crini, 2003) have been studied as low-cost 

adsorbent materials.  

 

Next to cellulose, starch (energy storage) is the most abundant material. Starch is a mixture of two 

polyglucans (amylopectin and amylose) that contains D-glucose linked by α-1, 4- and α-1, 6-

glycosidic bonds (Figure 11a). The amylopectin/amylose ratio depends on the plant origin; 

generally, starch is composed of 85-70% amylopectin and 15-30% amylose (Reddy et al., 2013). 

Starch possesses unique features such as a natural polymer, widely available in different countries, 

and inexpensive. They have additional chemical and biological properties, hydrophilicity, 

biodegradability, polyfunctionality, high chemical reactivity, and adoption capacity. Despite these 

essential features, starch hydrophilicity is a major constraint for developing starch-based materials. 

Several techniques were developed to improve the starch properties. These are mainly physical 

and chemical modifications through blending, derivation, and graft copolymerization (Lu et al., 

2009a). For example, chemical derivation or mixing with other chemicals has been experimented 

with to produce water-resistant sorbent (Crini, 2006).  

 

Starch films are brittle. Hence, different plasticizers such as glycerol (C3H8O3) and sorbitol 

(C6H14O6) are added to form a thermoplastic starch (TPS) before casting and drying (Esmaeili et 

al., 2017). The commonly used plasticizer is glycerol (G), produced as a waste product in the 

biofuel industry, reduces friction between starch molecules, and provides elasticity (Boudjema & 

Bendaikha, 2015). TPS from sorbitol:G ratio of 2:1 and 42 wt% total improve mechanical 

properties, high thermal stability, strong hydrogen bond formation, and decrease degradation 

(Esmaeili et al., 2017). Cationic corn and potato starch with 1.34 and 0.82 degrees of substitution 

remove 33% and 29% of TP from WW, respectively (Anthony & Sims, 2013). After FeCl3 

treatment, starch-based flocculants efficiently (90%) remove P from turbid water (Ren et al., 

2020). To reduce workload, it might be better to combine FeCl3 and starch. However, starch-based 

PNCs are a new class of adsorbent but rarely reported for phosphate removal.  
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Figure 11. Molecular structure of (a) starch, (b and c) plasticizers, (d and e) plasticized starch.  

Adopted from (a) (Lu et al., 2009a) and (b-e) (Esmaeili et al., 2017).  

 

 Principles of the microbial fuel cell (MFC) 

John Davis issued the first patent on MFC in 1967, which claims Nocardia salmonicolor isolated 

from sludge can oxidize hydrocarbons to alcohols, aldehydes, and carboxylic acid (Pant et al., 

2012). However, the research on this area got more academic interest in 1999 after discovering the 

MFC process that does not require the addition of chemical mediators to generate electricity 

(Logan et al., 2015). The reported power density generated from MFC increased from 0.001 

mW/m2 in 1999 to 2,770 mW/m2 in 2008 (Pant et al., 2012), which shows improvement in MFC 

energy generation performance.  

 

(a) 

(c) 
(b) 

(e) 
(d) 

Sorbitol Glycerol  

Glycerol  
Sorbitol 
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2.2.1 Electromicrobiology 

Electromicrobiology is a new field of microbiology that studies extracellular electron (e─) 

generation and the transport mechanism of exoelectrogens or electro-active microorganisms 

(EAMs) (Shi et al., 2019). These microorganisms degrade organic matter and transfer e─ to a solid-

state e─ acceptor (electrode) and generate current. EAMs are also called exoelectrogens, 

electrogens, electricegens, exoelectrogenic, or anode respiring bacteria (ARB). EAMs are often 

strict anaerobic or facultative and inhabit marine/freshwater or WWT sludge (Ramírez-Vargas et 

al., 2018). The organisms in wastewater are mainly microbes (bacteria and archaea), plants, and 

animals (Comeau, 2008) (Figure 12).  

 

 
Figure 12. Phylogenetic tree of life present in water or wastewater (Comeau, 2008). 

 

Mostly studied EAMs are Geobacter and Shewanella genus because of their ability to use different 

carbon sources or e─ shuttles (acceptors/donors). Several studies show that in the MET reactor, 

diverse microbial communities interact and develop biomass in an aqueous environment, including 

biofilms attached to the electrode (Ramírez-Vargas et al., 2018). Any achievements that increase 

EAMs growth and development on the surface of anode directly improve the power generation 

from MFC and COD removal in the WWT plant.  

 

Several metal reducing bacteria such as Geobacter sulfurreducens and Shewanella oneidensis 

degrade organic matter, and transfer e─ from reduced e─ donors to a solid electrode material called 

the anode (mostly graphite), combined with mostly graphite cathode (e─ acceptor) through the 

external circuit to generate electricity from bacterial respiration (Pant et al., 2012). The ability of 

microbes to use a solid substrate as an e─ acceptor enables EAB growth and development. 
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2.2.2 Electro-active Biofilms (EABs) 

Biofilms are complex microorganisms aggregated layers that coat a surface exposed to water 

(Donlan, 2002). It consists of different microbial communities: bacteria, fungi, algae, and 

protozoa. In addition, a biofilm contains a major portion of polysaccharides (PS), a minor amount 

of glycoprotein, protein, glycolipids, nucleotides, and in rare cases some metals. Three of the 

polysaccharides are found active in the biofilm formation are polysaccharide synthesis locus (Psl), 

pellicle (Pel), and alginate. Among them, Psl contributes to initiating and maintaining a biofilm 

(Angelaalincy et al., 2018).  

 

The biofilm growth stage contains five stages (Figure 13b). Biofilms are different from granules 

and bio flocs. Granules are not typical biofilm because they are not developed over a substratum 

(Boltz et al., 2010). Granules are large dense aggregates of microorganisms that range 1-3 mm in 

diameter. However, they behave like biofilm, settle faster than activated sludge flocs, and form 

stable aggregate. Treatment based on granules has high biomass retention, high volumetric 

treatment capacity, and high solid-liquid separation.  

 

  
Figure 13. Biofilm (a) components and (b) growth stages over a substratum.  

Adopted from  (a) (Boltz et al., 2010) and (b) (Karaguler et al., 2017). 

 

The major factors affecting biofilm growth and development are extracellular PS (EPS), 

intracellular PS (IPS), and quorum sensing (QS) signaling molecules (Angelaalincy et al., 2018). 

The microbial communities communicate through QS. The biofilms remove inorganic and organic 

wastes to the surrounding WW (Hayes et al., 2010). Microorganisms in the biofilm generate 

extracellular polymeric substances (EPS) that encapsulate the biofilm (Borole et al., 2011). EPS 

protects the biofilm from degradation, predators, antimicrobials, and toxin. EPS produced by 

microbes enhance both biofilm formation and e─ transfer. Even though cell surface modification, 

(a) (b) 
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media optimization, and operational parameters enhance MFC performance, engineering the EAM 

genes is a future research area (Angelaalincy et al., 2018). 

 

The solid substratum type affects the biofilm attachment and the bacteria ability to withstand 

repulsive forces (Hayes et al., 2010). Microbial attachment is enhanced over rough surfaces 

because it minimizes shear forces and increases surface area. The attachment is quick over 

nonpolar surfaces than hydrophilic polar surfaces. Additionally, the media exposure to aqueous 

surface results in organic polymers adsorption such as proteins, glycans, and polysaccharides that 

form favorable initial conditions for the film attachment through surface chemical 

(hydrophobicity) and electrical charge modification. 

 

EABs formation depends on microbial self-generated extracellular polymeric substances (EPS) 

composed of lipids, proteins, nucleic acids, and polysaccharides (Ramírez-Vargas et al., 2018). 

The EABs matrix provides stability, mediates the biofilms’ adhesion to the surface, and determines 

the interactions between biofilm cells. Some EABs develop e─ conductor nanowires and pili, 

which enhance the e─ transfer at a long distance and contribute to the biofilm thickness, ultimately 

increasing the current production. It is evident that thick biofilms enable higher contact among 

cells and improve e─ transfer possibilities. It was supported through studies on Geobacter sp., 

where the e─ transfer was observed over 50 µm from the electrode. But over 60 µm thick biofilm, 

there is no difference in current production because of minimal outer bacteria contribution and 

biofilm matrix internal e─ transfer resistance.  

 

2.1.3.5 The electron (e─) transfer mechanisms in EABs 

Three mechanisms transfer e─ from the bacteria cell membrane to the electrode. These are indirect 

e─ transfer using microbial metabolites at the anode; indirect e─ transfer through chemical or 

bacteria own mediators; and direct e─ transfer to conductive electrode Figure 14a-c. 
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Figure 14. Mechanisms involved in e─ transfer (Erable et al., 2010). 

Where (a) indirect e─ transfer via oxidation from microbial metabolism, (b) indirect e─ transfer via 

mediators: thionine & phenazine, and (c) direct e─ transfer via pili or cytochrome proteins.  

 

2.1.3.6 Electrical conductivity of EABs polymers 

The electrical conductivity of different biofilm substances is shown in Figure 15 (Borole et al., 

2011; Pant et al., 2012). Different components of the EABs have different electrical conductivity; 

however, the majority of EABs substances fall within a semi-conductor range. For instance, water, 

DNA, humic substances, cell membrane, cytoplasm, polysaccharides. Hence, the EABs 

component conductivity can potentially contribute to a long-range (cm) e─ transfer in MFC.  

 

 
Figure 15. Electrical conductivity ranges of selected biopolymers (Borole et al., 2011). 

 

2.2.3 MFC bioelectrochemical process 

Why do bacteria degrade organic matter? The best answer could be to gain energy (or e─). Hence, 

MFC is like other biological reactions driven by microbial metabolism. The major MFC process 

(a) (b) (c) 
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at the anode and cathode are oxidation and reduction, respectively. Table 4 shows some of the 

possible reactions in the MFC anode and cathode. In the anode, an organic material such as glucose 

is oxidized and releases an e─. At the cathode, e─ acceptors are reduced in the presence of a catalyst 

such as oxygen (Dimou, 2017).  

 

Table 4. Possible oxidation and reduction reactions in an MFC (Koroglu et al., 2019).  
Anode (oxidation) reaction  

(e─ donors’ reaction) 

Cathode (reduction) reactions 

(e─ acceptors reaction) 

Acetate  

CH3COO-
 + 3H2O → CO2 + HCO3

- +8H+ + 8e- 

Glycerol  

C3H8O3 + 6H2O → 3HCO3
- + 17H+ + 14e- 

Glucose  

C6H12O6 + 6H2O → 6CO2 + 24H+ + 24e- (Eo = 0.014V) 

Domestic wastewater  

C10H19O3N + 18H2O → 9CO2 + NH4
+ + HCO3

- + 50H+ + 50e- 

Oxygen (aerobic) 

O2 + 4H+ +4e- →2H2O (Eo = 1.23V) 

O2 + 2H+ +2e- → H2O2 

Nitrate (denitrification) 

NO3
- + 2e- + 2H+ → NO2

- + H2O 

2NO3
- + 12H+ + 10e- → N2 +6H2O 

Ferric ion  

Fe3+ + e- + H+ → Fe2+ + 1/2H2O 

 

2.2.4 MFC energy efficiency and WWT 

The subsequent question could be how much energy a bacteria could obtain per a metabolic 

process? The straightforward responses are it depends on the substrate type, microbial diversity, 

operating environmental parameters (such as pH, temperature), type of metabolism, and e─ 

acceptor. The aerobic process is the most energy generator (-2882 kJ/mol of glucose) relative to 

anaerobic digestion such as MFC, fermentation, and decomposition (Figure 16).  

 

 
Figure 16. Energy yield from glucose metabolism (Hiegemann, 2019).  
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There can be four major  e─ flow paths in MFC from the inner membrane, periplasmic, outer 

membrane, and finally to the electrode (or e─ acceptor) (Kracke et al., 2015). Figure 17 shows the 

metabolic pathway model in metal respiring exoelectrogen such as Geobacter sulfurreducens and 

Shewanella oneidensis. In the periplasm, a diheme cytochrome c peroxidase (MacA) transfers e─ 

from the inner membrane to the triheme periplasmic c-type cytochrome (PpcA). Then, PpcA 

passes the e─ to the outer membrane cytochromes OMCs (e.g., OmcB, OmcC, OmcS, OmcZ) that 

finally transfer the e─ to the extracellular acceptor. A substrate could alter the MFC metabolite 

product. For example, Park et al. (2001) reported that glucose (glucose/Fe(O)OH) metabolism 

products were lactate, formate, butyrate, acetate, CO2, and H2.  

 

The energy recovered in MFC depends on where the e─ leaves the respiratory chain (Logan & 

Regan, 2006). As shown in Figure 17, the bacteria utilize the energy potential from NADH (the 

reduced form of nicotinamide adenine dinucleotide) and cytochrome c, but the potential from 

cytochrome c to oxygen recovered during MFC operation (Logan & Regan, 2006). The obtained 

free energy (Gibbs free energy = ∆G) from each e─ transport chain depends on the redox potential 

difference (∆E) between all reactions involved during e─ flow (between donor and acceptors) 

(Kracke et al., 2015).  

 

     
Figure 17. The e─ transfer mechanisms from bacteria to the electrode.  

Where (a) Geobacter sulfurreducens: branched outer membrane cytochrome (OMC) system, (b) 

Shewanella oneidensis: Mtr pathway and terminal reductases, and (c) oxidation-reduction 

potential of different e─ acceptors. Adapted from (a and b) (Kracke et al., 2015) and (c) (Madigan 

et al., 2008).  

(a) (b) (c) 
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Like the aerobic bacteria, the MFC at the anode anaerobically oxidizes organic carbon to reduce 

NAD+ to NADH. The e─ flow from NADH to the e─ transport chain at the cell membrane creates 

a proton gradient (Gorby et al., 2006). It results in a proton motive force that produces ATP from 

ADP through the phosphorylation process. During the e─ flows cascade, reduced molecules are 

oxidized and e─ are transferred into respiratory enzymes. In the absence of O2, bacteria transfer 

(given) e─ to alternative e─ acceptors such as sulfate/nitrate. The preference depends on flowing 

down the e─ transport chain. The difference between NADH (-320 mV) and the final e─ acceptor 

determines how much energy (ATP) bacteria generate per mole of the organic matter. Aerobic 

bacteria respiring O2 (+820 mV) (Figure 17c) generate the highest energy because it has the highest 

net potential difference from NADH +1.14 mV. Whereas bacteria in the anoxic environment that 

respire sulfate (-220 mV) generate less ATP, and the ∆E = 100 mV from NADH.  

 

The recovered energy in MFC depends on the redox potential difference between anode and 

cathode. The maximum energy yield is determined by internal (Rint) and external (Rext) resistance. 

The Rint is the ions flow between anode and cathode, while Rext is attributed with e─ flow through 

an external circuit (Patil et al., 2012). When the Rext decreases, the electrical output increases. One 

of the methods to reduce Rint is decreasing the distance between the anode and cathode. However, 

as the electrode close each other, it results in short-circuit. Hence, a membrane is placed between 

the two electrodes to reduce the effect (Logan et al., 2006). Like other bioenergy generation 

processes, the MFC depends on terminal e─ acceptor electrode respiration (Kumar et al., 2017). 

Microbes grow on the anode and respire to the electrode; in the meantime, the reduced metabolic 

products accumulate on the electrode surface. It decreases the anode potential -0.1 to -0.4 V vs 

SHE (standard hydrogen electrode). Often, the cathode is placed in an aerated environment with a 

higher electrical potential of 0.4-0.8 V vs SHE (Gorby et al., 2006). The working (net) voltage of 

MFC is the potential difference between the electrodes (Eanode-Ecatode). Hence, the theoretical 

maximum voltage generated in MFC is ~ 1.2 V due to minimum biomolecule reduction (Eo = -0.4 

V vs SHE) and O2 redox potential (Eo = 0.8V vs SHE).  

 

The MFC organic matter, N, P, and heavy metal removal depends on the substrate, microbiome, 

electrode property, and operating conditions. The MFC COD removal efficiency (CODRE) at anode 

varies between 1-5 kg COD/m3-NAC-d (NAC = Net anodic chamber). Compared to the current 
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WWT systems, MFCs perform between ASP = 0.5-2 kg COD/ m3-d and AD = 8-20 kg COD/ m3-

d (Rozendal et al., 2008). Bermek et al. (2014) fed a small (12 mL) single chamber-MFC (air-

cathode) with diluted olive mill organic WW (1:10) as carbon source and reported 65% of CODRE 

and Vmax of 381 mV at 1 kΩ of Rext. Malaeb et al. (2013) studied hybrid air-cathode MBR-MFC 

for WWT and simultaneous ultrafiltration and noted PDmax of 0.38 W/m2 with 97% of CODRE and 

NH3. A higher CODRE was not associated with power output (Liu & Logan, 2004). However, 

increasing the HRT from 2-(10-30) h enhances CODRE, and adding electrolyte (NaCl) raises the 

Pmax from 96 to 173 mW/m3 (You et al., 2006). Bose et al. (2018) reported a higher 78% of CODRE 

from CODIN = 820 mg/L at higher Rext under batch mode operation. In contrast, Kim et al. (2016) 

studied high strength WW using air-cathode at HRT of 16.7 h for 12 d operated in a continuous 

mode and concluded lower Rext associated with maximum CODRE. 

 

Scott and Murano (2007) recommended that the MFC electricity generation efficiency is affected 

by the connection method (series/parallel), hydraulic flow mode (plug flow/continuous), and 

operating condition. Hiegemann et al. (2016) constructed a medium scale (45 L) MFC that 

comprises 4 single chamber-MFC downstream of the primary clarifier and reported COD (24%), 

TSS (40%), and N (28%) removal; with CE of 24.8% and mean NER of 0.36 kWhel/kgCODremoved. 

Dong et al. (2015) studied a pilot-scale 5 modules MFC and fed with brewery WW to power the 

system pumping unit; and noted COD and SS removal of 82% and 86%, respectively.  

 

Based on the current MFC technology, scaled-up MFC reactors show lower current and power 

density due to high volumetric ohmic resistance. Hence, MFC stacked together to generate high 

power and current densities (Abbassi et al., 2020). Power density (PD) +vely correlated with WW 

temperature and conductivity, but NERCOD and CE -vely correlated with CODIN load Hiegemann 

et al. (2016). The MFC recovers around 44% of available energy in WW, whereas AD collects 

28% of biodegradable energy (McCarty et al., 2011). The MFC-CE was significantly hampered 

due to the competition between ARB and other terminal e─ acceptors (TEA) such as O2 and NO3
─ 

in the anode (Torres et al., 2008). McCarty et al. (2011) and Hiegemann et al. (2016) noted that 

MFC integrated system reduces the overall energy demand.  
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2.2.5 MFC integrated WWT system 

Secondary treatment systems are required to follow the MFC process when the current generation 

declines for COD concentration below ~100 to 150 mg/L. For instance, anaerobic fluidized bed 

membrane bioreactor (AFMBR) technology can be used after MFC that treats DWWT to remove 

COD < 2 mg/L and suspended solids < 1 mg/L (Logan et al., 2015). MFCs lack nutrient removal 

ability because of minimal ammonia and phosphate removal. Therefore, it is important to integrate 

MFC with other treatment processes such as aerobic or clarifier, reducing the energy required to 

aerate. 

 

There is a growing interest in MFC integrated with anaerobic digestion (AD) for WWT. However, 

MFC is more suitable for low-strength WW (Abbassi et al., 2020; Chen et al., 2019). Meanwhile, 

AD has a huge capacity to treat high-strength WW. As the current findings show, EAMs cannot 

compete with AD bacteria when treating high solid and organism matter-containing wastewater 

because MFC is less efficient than AD to treat sludge for energy recovery. As a result, pre-

hydrolysis, particulates fermentation, and complex AD compounds could facilitate a better 

environment for exoelectrogens in MFC. Therefore, MFC polishes and enhances the effluent 

treatment remaining and reduces the downstream aerobic treatment, which otherwise requires 

intensive energy for aeration. For example, the hypothesis of the MFC integrated setup was 

demonstrated by Li et al. (2013).  

 

Inglesby and Fisher (2012) investigated standalone and MFC integrated methane production using 

Arthrospira maxima as sole inoculum and fed into continuous stirred tank reactor (CSTR) 

operating under fed-batch mode. The effluent flows from the advanced anaerobic reactor (AAR) 

to the anaerobically digested integrated MFC (ADMFC) recirculation loop in the integrated 

system. For the CSTR operating at HRT of 10 d and OLR of 0.5 g/L.d, a maximum methane yield 

of 90 ± 19 mL/g VS with energy efficiency of 17 ± 0.8% was reported. Whereas the maximum 

methane yield and energy recovery efficiency was observed in the integrated system. For instance, 

under similar HRT of 2-4 d and OLR from 0.5 to 3 g/L.d the ADMFC generated 173 ± 38 mL 

CH4/g VS (29.7 ± 6.8%) while in AAR 136 ± 16 mL CH4/g VS (22.1 ± 2.6%) were reported. 
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2.2.6 MFC reactor technologies 

2.2.6.1 Electrodes  

In MFC, yield and substrate conversion are dependent on HRT, temperature, pH, reactor operating 

parameters, media (substrate), and electrode type. Some of the MFC electrodes (Figure 18) are 

carbon paper, graphite plate, carbon cloth, carbon felt, and granular graphite (Wei et al., 2011). 

Anode material surface modification has been widely investigated to improve bacterial adhesion, 

but no significant achievements were reported (Wei et al., 2011). α-FeOOH-NWs (nanowires, 30-

50 nm) loaded on carbon paper and enhanced the MFC PD 3.5X higher than the control (Xian et 

al., 2021). Carbon cloth electroplated with iron nanostructure produces a power output of 80 

mW/m2 more than 2X bare MFC (Sayed et al., 2020). 

 

 
Figure 18. Anode materials used for MFC (Wei et al., 2011). 

Where (a) carbon paper, (b) graphite plate, (c) carbon cloth, (d) carbon mesh, (e) granular graphite, 

(f) granular activated carbon, (g) carbon felt, (h) reticulated vitrified carbon, (i) carbon brush, and 

(j) stainless steel mesh. 

 

2.2.6.2 Membranes 

In BES, cation and anion membranes are applicable to separate anode and cathode. The most 

widely used MFC membrane is the proton (cation) exchange membrane (PEM) (Kokabian & 

Gude, 2015). It allows the flow of protons through the membrane to the cathode section. The PEM 

mostly used are (Nafion-117), hyflons, and perfluoro sulfonic acid polymer. Cation exchange 

membrane (CEM) includes zirfons, and utrexis (Abbassi et al., 2020; Logan et al., 2006). The 

bottleneck for PEM (Nafion 117) is high cost, oxygen leakage from cathode to anode, and 

(a) (b) 

(c) (d) 

(e) (f) 

(g) (h) 

(i) (j) 
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dehydration at higher temperatures (Dharmalingam et al., 2019). As a result, recent MFC 

development focuses on membrane-less MFC (ML-MFC) to overcome PEM challenges 

(Dharmalingam et al., 2019; Logan et al., 2006). Yu et al. (2012) study show the MFC from non-

woven fabric produced 70% PD less than Nafion membrane. Membranes differ based on internal 

resistance. For example, the internal resistance of Nafion (1.3 kΩ) was ~15X lower than the salt 

bridge (20 kΩ) (Min et al., 2005). 

 

2.2.6.3 MFC reactor design 

MFC reactor design and construction should consider the bioelectrochemical process. Parameters 

that need to be considered for MFC are substrate type, operational conditions, and performance. 

MFC reactor design is another major aspect of an industrial-scale application. MFC reactors are 

classified into different categories. In terms of design (chamber) divided into two categories: 

double or single chamber MFC; membrane or membrane less-MFC; arrangement, stacked MFC 

(Chaturvedi & Verma, 2016). Hence, a good bioreactor should work at lower HRT and avoid 

biomass washout (Wei et al., 2011). 

 

    
Figure 19. MFC reactor (a) schematic diagram and (b) MFC-Membrane bioreactor.  

Adapted from (a) (Santoro et al., 2017) and (b) (Malaeb et al., 2013). 

 

What design factors could impair the MFC function? According to Scott and Murano (2007), the 

geometric position of the anode and cathode made from carbon cloth could affect the MFC 

performance; and noted PDmax of 4.21 mW/m2, and mediated MFC with methylene blue results 

PDmax >13 mW/m2.  Respectively, it could be associated with the microbial fed (food) type. For 

example, the authors used the same cell and fed it with glucose as substrate, and the PDmax 

increased more than tenfold (PDmax = 180 mW/m2). Scott et al. (2007) studied tubular MFC with 

(a) (b) 
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1.8 m height and 0.4 m2 electrode surface area, reported PDmax > 30 mW/m2, and proposed an 

effective design between anode and cathode to improve MFC performance.  

 

2.2.7 MFC future sustainable strategies 

Several strategies were identified to enhance the MFC efficiency from renewable resources. 

Engineering processes such as reactor design and operation (optimization) can increase the power 

production performance. The operating parameters management influence the energy yield from 

microorganisms. These include substrate pretreatment, integrating with other energy production 

systems, and improving the reactor design and configuration. Global concern over fossil fuel 

sustainability raised due to depleting supply and greenhouse gas emission (GHGs) that exceeds 

the 450 ppm CO2e threshold (Schenk et al., 2008). Four major strategically alternative energy 

supplies emerged, biofuel, natural gas, hydrogen, and synthesis gas (syngas: CH4 and CO2) (Singh 

& Rathore, 2017). MFC is considered the most promising clean energy source because of direct 

energy recovery as bioelectricity and multiple renewable substrates such as biomass and water. 

Maintaining EAMs in a complex WW environment is a challenge due to fluctuation of the 

operating environment, H+ accumulation, deterioration of electrode or membrane. Although 

several efforts were undertaken still practical countermeasures are lacking (Li et al., 2013).  

 

 Research gaps and future research 

Domestic WWT techniques improved over the last decades; despite growing pressure on potable 

water supplies that ultimately falls on WW reuse and recovery issues (Donner et al., 2010). The 

urban water supply sanitation, sewerage systems, and many technologies of the last century are 

now in question concerning their environmental efficiency and sustainability. New alternatives to 

mitigate these gaps are in higher demand. Pollution prevention through engineered solutions is 

often expensive and sometimes inappropriate depending on the context; because, these solutions 

mainly depend on high-energy inputs, expert operator skills, and huge maintenance costs (Qu et 

al., 2013; Rose, 1999).  

 

(1) P adsorbents drawback 

Most commonly studied phosphate ion adsorbents are natural clay (or modified) (Abukhadra et 

al., 2020), activated carbon (AC) (Fan & Zhang, 2018), magnetic nanoparticles (Fe3O4), polymer 

nanocomposites (PNCs) from biosorbents containing chitosan (Dai et al., 2011; Sharififard et al., 
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2018), fly ash and slag (Agyei et al., 2000). The major challenges of these adsorbents are low 

adsorption capacity or difficulty to separate after adsorption treatment. Several adsorbents reported 

so far have low maximum phosphate (PO4
3-_P) adsorption capacity: iron oxide (11.2 to 19.0 mg/g), 

natural ores such as calcite 0.1 mM/g (3.1 mg/g), Goethite (FeOOH, 17.3 mg/g), activated red mud 

(9.8 mg/g), and AC (3.0 mg/g) (Hussain et al., 2011).  

 

The maximum phosphate uptake by various adsorbents was at an acidic pH (≤ 5.0) (Dai et al., 

2011) or basic pH (Santos et al., 2019). Often, the adsorbents optimum phosphate ion adsorption 

pH is far from near-neutral and mostly favor acidic; for example, activated carbon (AC) at pH 4 

(3.2 mg P/g), fly ash at pH 11-12 (30-36 mg P/g), magnetic iron-oxide nanoparticles (IONPs) at 

pH 2.0 (5.03 mg P/g) (Yoon et al., 2014), alum sludge at pH 4 (32 mg P/g), and calcined eggshell 

at pH 8.0 (96.1%) (Santos et al., 2019). However, Nakarmi et al. (2020) observed maximum 

phosphate uptake (265.5 mg P/g) using zinc oxide betaine modified biochar nanocomposites 

(ZnOBBNC) at pH 7, but a day-long extended contact time (24 h). Yang et al. (2019b) noted 

superior P adsorption capacity (152.1 mg P/g) of B-Zn/Al-LDH composite at pH 5. 

 

(2) Excessive sludge production after conventional WWT 

In conventional activated sludge process (ASP), sludge production costs more than 50% of WWT 

plant. Bioelectrochemical WWT processes such as MFC are considered promising approaches for 

developing energy-effective WWT. Further improvement and electrochemical stability are 

required before reuse. This approach is proven to lower sludge volume, preventing membrane 

fouling, transportation, and energy cost. However, variation in substrate composition and lack of 

harmonized methodology still requires further development. 

 

(3) Lack of cost-effective on-site WWT technology 

Most of the existing DWWT are either expensive or inefficient to treat wastewater to the required 

level. The ASP costs $0.12/ kg-COD, taking energy use of 0.6 kWh/kg-COD that consumes 60% 

of the treatment cost (Li et al., 2013). In contrast, MFC generates net energy of 0.004 kWh/kg-

COD, contributing $0.0005/kg-COD given an energy value of $0.12 kW/h. However, the MFC 

bottlenecks are the system’s economic viability due to expensive materials (electrode), chemical 

and reactor design, which requires huge initial capital cost. Thus, the major problem in MFC is to 

develop practical techniques that can extract nearly all the energy from the substrate. 
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(4) Integrating WWT with MFC  

Since the first MFC idea by Michael C. Potter in 1910, the MFC has got serious attention in 

laboratory research. However, this technique is still facing a critical challenge from 

commercialization and requires research on reactor (materials) design and fabrication that should 

be investigated in small scales (Koroglu et al., 2019). Integrating with other systems increases the 

energy recovery efficiency; assuming energy in 500 mg/L of COD, the AD, MFC, and algae 

treatment recover 28%, 10% and 3%, respectively; hence, the integrated system energy recovery 

efficiency rises (sum) to 41%. Considering 10% used for the treatment process, then 31% net 

chemical energy is generated (Li et al., 2013). The key research questions for MFC through the 

hybrid system: (i) can exoelectrogen bacteria bio-engineered to become more efficient ones? and 

(ii) can scientists develop materials, which are sufficiently low cost and quickly regenerate for 

both energy production and WWT?  

 

(5) Operational parameters fluctuation  

The fluctuation of operational parameters such as pH, substrate load, temperature, electrode 

deterioration, and biofouling affect the MFC performance. The MFC limitations are, first, the H+ 

accumulates at the anode that results from high pH during the MFC process. Second, the long 

period operation of MFC develops dead mass on the electrode, which forbids active anode 

respiring biomass growth on the electrode surface. Another challenge to scale up MFC was 

electrode clogging after clean-up or long-term operation. These will block e─ flow from ARB to 

the electrode, which finally results in system clogging. 

 

Studies on MFC treating wastewater under different OLR show that the MFC system was 

adversely affected when exposed to high organic loads while operating well in low organic loading 

(COD of 300-400 mg/L). However, for a short period, the combined aerobic system reached 90% 

CODRE from 560 mg/L CODIN (Koroglu et al., 2019). Based on the authors, under higher OLR, 

the organic matter was not completely oxidized in the anode compartment that hinders electricity 

production.  

 

(6) MFC anode surface area limitation for EAB growth 

Several studies show that the anode and cathode material, surface area, and structure critically 

affect microbial adhesion and e─ transfer, directly influencing power generation and treatment 

efficiency (Li et al., 2013; Wei et al., 2011). Increasing microbial adhesion surface area provides 
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more reaction sites and microbial attachment; however, achieving this without affecting the 

porosity of the electrode is a major challenge because of the reverse correlation between porosity 

and electrical conductivity (Logan, 2008). The separator/membrane and the electrode cover ~ 60 

and 20% of the total MFC cost, respectively (Palanisamy et al., 2019). 

 

(7) Future research and this study 

Different techniques were employed to enhance MFC power density. For instance, Monzon et al. 

(2016) added 100 mL of quinolone and improved 95% of biofilm mass, and increased the power 

density by 30%. Quinolone is a type of QS molecule that belongs to Luxr proteins family coded 

by hmf genes. Carbon felt electrode (0.3 V vs Ag/Ag/Cl) treated with UV/O3 for 45 min improved 

Shewanella oneidensis MR-1 biofilm formation, EET, and current generation (Cornejo et al., 

2015). Given the role of EPS in EET and its importance in biofilm formation, engineering the 

biofilm to increase the EAB could be a prospect of future MFC research (Angelaalincy et al., 

2018). Biofilm thickness, porosity, and conductivity need future studies (Li et al., 2013). 

 

The proper establishment of EABs over the surface of bioelectrode is a fundamental concern for 

MFC performance. The benchmarking concept behind the FAB reactor development was the need 

to boost bioelectricity generation from WW through utilizing EAB carriers, which use the whole 

tank system without affecting the treatment efficiency. In search of an answer to enhance 

exoelectrogens biofilm attachment over the anode and control the biofilm thickness, a FAB reactor 

was invented in this research. The MEJ-dish was developed as a part of the FAB reactor to enhance 

the growth and development of anode respiring bacteria (ARB) or exoelectrogen during the MFC 

process. Therefore, MEJ-dish functions as an EAB disc to culture and grow exoelectrogens or 

ARB inside the MFC reactor. Hence, in this research, the first hypothesis was to examine the effect 

of MEJ-dish type on FAB-MFC. Then, MFC-integrated system performance was compared under 

two different conditions. First, MFC was fed with influent from partially treated DWW in the 

aerobic/anaerobic reactor, and the second approach was directly feeding the MFC system without 

pretreatment. Both methods were studied under different HRT.  
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CHAPTER THREE 

3. MATERIALS AND METHODS 

 

This chapter discusses the materials and methods used to conduct this research. It comprises twelve 

main parts, and each section is described as follows. First (3.1), the methods to fabricate the 

nanomaterials and polymer nanocomposite (PNC); Second (3.2), adsorption isotherm and kinetics 

study on the nanomaterials and PNC; Third (3.3) section describes the WWT system setup design, 

startup, and operation; Fourth (3.4) explains microbial electrode jacket dish (MEJ-dish) design and 

configuration; Fifth (3.5), compact microbial fuel cell (MFC) integrated WWT system; Sixth (3.6) 

elucidates methods followed in undertaking the molecular analysis; Section 7 to 9 (3.7 to 3.9) 

sampling site, sampling, and analytical methods; Finally (3.10-3.11) elaborates data analysis and 

interpretation.  
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 Framework of the research  

 
Figure 20. The framework of the research.  

Where MFC = microbial fuel cell, FAB = fragmented anode biofilm, QC = quality control, G = 

glycerol, and GA = glutaraldehyde  
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 Experimental setup 

3.2.1 Design of WWT experimental setup 

A bench-scale wastewater treatment experimental setup was constructed. The setup was made 

from a reactor with a total volume of 5 L. Environmental factors such as temperature (25 ℃), 

screenings, and grit removal were considered during the designing process. The system consists 

of three main parts. All the system parts were designed using Smart Draw 2017 and Sketchup Pro 

2020. The reactors are numbered as R1-6 starting from the wastewater influent to the treated water 

effluent, as shown in (Figure 21). First, preliminary treatment was carried out in screening (R1) 

and sedimentation tank (R2). Second, anaerobic (R3) and aerobic (R4) reactors function as 

secondary treatments. The aerobic reactor (R4) was operated as a moving bed biofilm reactor 

(MBBR) with Kaldnes 3 (K3). The R4 effluent was fed into the adsorption column (R5), which 

works as an advanced treatment system. 

 

 

 
 

Figure 21. Schematic diagram of the lab-scale setup of the WWT system.  

Where R1 = screening, R2 = sedimentation, R3 = anaerobic, R4 = aerobic, R5 = adsorption 

column, R6 = effluent collection tank, 7&8 = gas filtration system, 9 = influent filtration, 10 = 

sludge collection, Gas= filtered gas collection bag, M = Motor, and G = gravity assisted flow. 
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(1) Screening tank (R1) 

The screening tank was made of a 4 L plastic container (Figure 22a). The screening section consists 

of different sieves arranged in different layers. The sieve pore size was in the range of 1 cm to 2 

mm. Filtrate less than 2 mm passes to the sedimentation tank, while the retained solids on the 

sieves were removed from the reactor, i.e., removed from the treatment system and was not 

allowed to continue through the rest of the treatment system.  

 

(2) Sedimentation tank (R2) 

The criteria considered during the primary settling tank or sedimentation tank design were the 

volume of wastewater required by the subsequent treatment system based on the anaerobic 

system's detention period (Figure 22b). The effluent collected from the sedimentation tank is 

directly fed into the anaerobic reactor. The total working volume of the sedimentation tank was 4 

L. The influent WW from the screening tank enters the sedimentation tank through a submerged 

pipe. It was done to prevent the overflow of sediment-forming particles and reduce the direct 

transfer of incoming water to the next reactor without sedimentation. The sedimentation tank 

consists of a WW inlet and outlet at the top and sediment removal at the bottom. A tubular baffle 

was vertically installed from the water inlet to the bottom of the sedimentation tank to prevent a 

short circuit. The baffle was made from PPR pipe. In addition, the PPR ball valve was used to 

manage the influent flow during the operation period. Sediment and settled materials were 

collected through a sediment outlet port located at the bottom of the reactor. However, in case of 

sediment clogging, inspection, and jetting port were installed at the reactor’s top part. Sampling 

traps were placed at 3 cm distance from the bottom to the upper section of the reactor.  

 

        
Figure 22. Schematic diagram (a) screening and (b) sedimentation tank.  

 

 

 

 

(a) 
(b) 



50 

 

(3) Anaerobic reactor (R3) 

A single anaerobic reactor was designed that can function as a sequential anaerobic batch reactor 

(ASBR). The anaerobic reactor was made from high-density polyethylene (HDPE) plastic 

container. The total capacity of the reactor was 4 L, and 20 cm length by 18 cm width, with a 

cylindrical shape. The reactors’ number was determined based on the volume of effluent WW from 

the sedimentation tank and biogas production requirement.  

 

 
 

 
Figure 23. Schematic diagram of (a) anaerobic and (b) aerobic reactor. 

 

The biogas was collected in plastic bags container with a total capacity of 1 L. Additionally, the 

reactor had a maintenance section or emergency and troubleshooting port at the top. This port 

opened if the impeller malfunctioned or over-thick sludge was formed and could not be drained 

with the sludge outlet port. The reactor moving mechanical section includes the driving motor, 

impeller, and shaft. The motor agitation was controlled through power supply unity (BK-1502DD, 

BAKU, China). The assembly and fabrication detail are described under appendix D. During the 

batch experiment, the sample inlet and outlet were conducted using two ports located at the top of 

 

(a) 

(b) 
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the reactor. Inlet port consists of a long-fixed tube placed at the top of the impeller but above 1/3rd 

of the reactor or 1.33 L, where the sludge is expected to accumulate. While, the treated effluent 

was drawn through the outlet port, which is placed far from the beneath inlet tube end. In the 

continuous experiment, the samples inlet and outlet were designed to operate through two major 

opposite ports near the reactor top part, as shown in Figure 23. 

 

(4) Aerobic reactor design (R4) 

The aerobic reactor was designed based on the conventional activated sludge process. The aerobic 

reactor was equipped with an aerobic reactor, biofilm growth support structure, airflow system 

with blower instruments, sampling traps, and sensor’s inlet for measuring the physicochemical 

parameters (pH, DO, and temperature) as required.  

 

(4.1) The aeration system  

In this research, a point injection diffuser was selected and modified from the different types of 

aeration systems (point injection diffuser, multiple injection diffuser, jet aerator, and submerged 

turbine aerator). It is because the diffuser distributes the inlet air uniformly across the mini reactor. 

The aeration provides uniform airflow throughout the reactor from all the release points. Aquarium 

air pump (SEBO ®) with the capacity of 5 L/min was used to blow air into the aerobic reactor. 

The duration of aeration was controlled using a digital programmable on/off switch (TCA 15). The 

H-type diffuser was designed to blow air into the aerobic reactor. The first blow air collecting part 

was aligned vertical to the second section (diffuser part), as shown in Figure 24. The Air diffuser 

pipeline was submerged at the bottom of the reactor. It was made from PPR pipe, which can 

withstand microbial degradation and resist corrosion in the reactor. 

 

 
Figure 24. Schematic diagram of H-type air diffuser. 

Where drawings are not to scale 
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(5) Column adsorption setup (R5) 

It was made from a graduated cylindrical plastic container with 10 cm high and 8 cm in diameter, 

a total of 2 L working capacity, as shown in Figure 25. It consists of two water inlet ports (1&2) 

for continuous system and a third part (3) for pressure (peristaltic pump) assisted sample inlet.  

 

 
Figure 25. Schematic diagram of the adsorption column setup.  

 

3.2.2 Construction of the WWT system 

The reactors were constructed using hand tools such as grinder, rack, electric pipe welding 

machine, screw bolt, and so on, which are commonly used in mechanical engineering. The tubes 

were connected using an electric welding machine. The Polypropylene Random (PPR) type 3 tubes 

connected one reactor with the subsequent reactor. The pipe and fitting dimensions used to 

construct the reactors were 12.7 mm in diameter and 3 mm in thickness. The fittings are elbow and 

T-shape PPR type 3 tube. The wastewater flow among the reactors was open and closed using 

PPR, PVC, and Brass Ball valve with PPR fittings. The entire WWT system stands support was 

built from PPR pipe (RAK ™).  

 

3.2.3 Design of FAB experimental setup  

In this study, for the first time, the fragmented anode biofilm (FAB) reactor was invented and 

optimized for microbial fuel cell (MFC) application to the best of the authors’ knowledge. This 

reactor supports the development of active biofilm across the anode. Unlike the reported reactor 

types, biofilm growth was separated into different structural layers, called fragments of electro-

active biofilm. Hence, in this research, the FAB reactor efficiency was investigated for MFC 

application.  
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Two types of FAB-MFC reactors were designed, first was the optimization setup studied using a 

thermostat water bath (Figure 26), and the second was a benchtop setup operated at room 

temperature (Figure 28). The first FAB reactor consists of an overhead DC motor (24 V) stirrer, 

sample inlet, N2 gas sparging valve, and biogas (methane, CO2, etc.) collection port. A pinched 

impeller attached to the shaft was used to stir the solution in the reactor. The speed of the motor 

driver was controlled using a DC power supply unit (BK-1502DD, BAKU, China). The total 

working volume of the reactor is 800 mL with the dimension of 8.5 cm x 6.5 cm x 18 cm (WxDxH).  

 

In the second setup, the H-type double chamber MFC reactor from Vicari et al. (2016) was 

modified to design a semi-continuous MFC reactor for optimization study. In both cases, the FAB-

MFC reactor consists of anode and cathode. A graphite 1 cm in diameter and 12.5 cm in length, 

with a surface area of 40.84 cm2 was placed at the anode. Similarly, the air-cathode was 

constructed from a 12.5 cm long by 1 cm in diameter graphite electrode. The anode and cathode 

were connected using a salt bridge. 

 

Salt bridge was prepared using agar powder (5%) and 1M KCl. Initially, distilled water was 

allowed to warm on a hot plate with a magnetic stirrer; then, 5% (w/v) agar powder was added, 

and 1 M KCL was immediately mixed. The mixture was stirred till a thick molten salt bridge was 

formed. Then carefully, without forming air bubbles, the molten salt bridge mixture was poured 

into a plastic pipe (made from high-density polyethylene) closed in one end using plaster and bent 

to have a U-shape, then it was placed in a 2 L beaker to maintain the shape and cool at room 

temperature. A salt bridge without any tiny air bubbles was used for the experiment. However, if 

any air bubbles were formed inside the tube, the salt bridge was refilled, otherwise discarded.  

 

The system was optimized for pH 6.5, 7.5, and 8.5 at 27 ℃ temperature. The FAB-MFC 

optimization setup had two separated compartments: anode and air-cathode. The anode and 

cathode were connected using a salt bridge as a proton exchange medium. The salt bridge was 

made from Agar powder (5%) and 1M KCl, as described in section 3.2.3. N2 gas (Figure 26) was 

sparged into the reactors before starting operation. It was used for two purposes: first to maintain 

an anaerobic environment in the anode compartment, and second to check the proper closing of 

the gas valves through opening and closing. A magnetic stirrer was used to agitate the contents in 

the reactor.  
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Figure 26. FAB-MFC pH (6.5, 7.5 and 8.5) optimization setup.  

Where the green cylinder is N2 gas sparged into the reactors to create an anaerobic environment 

and cross-check the proper closing of the gas valve. 

 

The air-cathode compartment was fed with tap water, and the lid was loosely closed to allow 

airflow. Graphite electrode was used as both anode and cathode. Different anode arrangements 

were configured; two anode reactors with MEJ-dish that function as FAB reactors, two anode 

reactors without the MEJ-dish, and two as control. The control reactors were fed with similar 

wastewater as the experimental reactors, but it was sterilized in an autoclave at 120 ℃ for 30 min.  

 

3.2.4 Construction of FAB-MFC 

Two types of FAB-MFC reactors were constructed based on the design. The first optimization 

setup was made from a Schott glass bottle (Duran) with a total working volume of 500 mL; these 

reactors were used for the FAB optimization study (Figure 27). The second bench-scale FAB-

MFC setup was constructed from a glass bottle and plastic containers (Figure 28 a & b). 

 

 
Figure 27. FAB-MFC experimental setup for optimization setup. 

Where MFC was made from Schott glass bottle (500 mL), plastic tube, and gas valves. 
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Figure 28. Schematic diagram of FAB-MFC bench-scale setup. 

Where MFC setup (a and b) design and (c-e) photo 

 

3.2.5 Fabrication of MEJ-dish for FAB reactor 

Bioelectrode structure was modified for enhancing the MFC performance from DWW. The MEJ-

dish was designed to function as electro-active biofilms (EABs) growth support media, in which 

all structure was submerged into the solution for enhancing EAB growth and discourage 

competitors or e─ scavengers during MFC operation.  

 

 
 

 
Figure 29. A (a and b) 3D printer used to fabricate the (c-e) 3D MEJ-dish. 

 

(b) (a) 

(c) (d) (e) 

 

(b) (a) 

(c) (d) (e) 
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Figure 30. Different nonconductor MEJ-dish types used in this study. 

Where MEJ-dish (a) drawing, (b) 3D MEJ-dish, (c) Rubber MEJ-dish, (d & e) K3 MEJ-dish.  

 

Different MEJ-dish were used for the FAB study. First, smooth materials that discourage biofilm 

growth across the electrode were studied. In this case, a rubber stopper was cut into a circular 

shape and plugged into the electrode. Second, the K3 biofilm carrier with 25 mm X 10 mm 

(diameter/depth) was supplied from Cz Garden, USA. It was drilled at the center and inserted into 

the graphite electrode. Thirdly, a 3D printer (Figure 29) was used to fabricate a 3D MEJ-dish, 

which consists of a perforated wall for easy movement of nutrients in the reactor and a base that 

supports biofilm growth, as shown in Figure 30b-e. 

 

3.2.6 Design of FAB-MFC integrated experimental setup  

The overall MFC integrated system experimental setup is presented in Figure 31, and the cathode 

section is not shown to simplify the diagram. The design consists preliminary treatment system 

and two different MFC-integrated compartments. The preliminary grit removal was carried out in 

screening (R1) and sedimentation tank (R2). The MFC-integrated systems were: anaerobic-MFC 

and aerobic-MFC integrated systems. The anaerobic-MFC system comprises the anaerobic (R3), 

methanogenic (R6), and MFC (R5) reactor (Figure 31a). The detailed schematic diagram of the 

anaerobic treatment system integrated with MFC is shown in Figure 32. The aerobic-MFC 

 

(b) (c) 

(a) 

(d) (e) 
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integrated setup consists of an anaerobic (R4), methanogenic (R8), and MFC (R7) reactor. The 

aerobic reactor was designed as a moving bed biofilm reactor (MBBR) with a K3 filter media 

carrier (Cz Garden Supply, USA). It is made from virgin high-density polyethylene (0.95 g/cm3) 

with a total of 500 m2/m3 bulk specific surface area and Ø25 mm x 10 mm in depth. A sieve was 

placed at the effluent outlet to keep the K3 carriers inside the reactor and protect the suspended 

biofilm washout. A tubular H-type diffuser was used to pump compressed air into MBBR. The 

aerobic reactor and air-diffuser design are shown in Appendix D.  

 

The MFCs were double chambered. In the anode chamber, the electrode containing microbial 

electrode jacket dish (MEJ-dish) was considered as FAB (MEJ+), and without MEJ-dish (MEJ-) 

was labeled as MFC. The MFC treatment system of MEJ+ and MEJ- are called FAB-MFC (FAB+) 

and MFC, respectively. As shown in Scheme 4, the FAB technique was hypothesized to increase 

anode surface area and biofilm thickness relative to MFC (MEJ-). In this study, both MEJ+ and 

MEJ- electrodes were inserted into the same MFC anode chamber (Figure 32). Four MEJ-dishes 

were inserted per electrode (Figure 32). The MEJ dishes were made from K3 filter media, drilled 

at the center. The anode reactor consists of eight graphite rods (4 MEJ+, 4 MEJ-) arranged 

concentrically (Figure 31b), and each anode 2 cm space-separated; this distance was reported to 

reduce internal resistance (Logan, 2008). The electrodes were placed in a consequential manner 

(i.e., if first MEJ+ then MEJ-) to minimize the effect of near anodic pH and fuel homogeneity 

variation.  

 

 



58 

 

      
Figure 31. Schematic diagram of MFC-integrated system. 

Where (a) the integrated aerobic-MFC and anaerobic-MFC system, and (b) electrode arrangement, 

not drawn to scale. M = motor, R = reactor, R1 = filtration, R2 = sedimentation, R3 = anaerobic, 

R4 = aerobic (MBBR), R5 = MFC, R6 = methanogenic, R7 = MFC, R8 = methanogenic, and R9 

= adsorption column. 

 

 

 
Figure 32. The schematic diagram for an anaerobic-MFC integrated treatment system.  

Where the second air-cathode was not shown to simplify the diagram. M = a multimeter, FAB = 

fragmented anode biofilm, and MEJ-dish = a microbial electrode jacket dish. Arrows indicate the 

wastewater flow path.  
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Two separate hybrid-cathode chambers were placed opposite and an anode in the middle (Figure 

31b). The nearest distance from the hybrid-cathode to the anode was 10 cm, whereas 26 cm (to 

another side of the anode edge). A hybrid-cathode was made from a single graphite rod (3.5 cm 

exposed to air and 9 cm immersed in the tap water). The hybrid-cathode was used to avoid the 

aeration demand; hence, all cathode chambers were not aerated throughout the study period. Each 

anode was connected to the cathode with an individual circuit. The MEJ+ and MEJ- anodes were 

connected to a separate cathode chamber made from a similar graphite rod. All electrodes were 

placed perpendicular to the bottom of the reactor (Figure 32). The MFC electrode arrangement and 

reactor configuration were similar regardless of the MFC integration mechanism. 

 

Each graphite rod’s total surface area was 40.8 cm2 (Ø1 cm x 12.5 cm in height) without including 

the micro or macropores formed during abrasion with sandpaper. A single K3 MEJ-dish (deduct 

anode diameter, Ø15 mm x 10 mm) provides an additional 1.8 cm2. A total of 4 MEJ-dishes 

increased the top surface area by 7 cm2 to support microbial attachment on the anode surface. 

Hence, assuming the MEJ-dish was conductor, and the junction cover between the anode and MEJ-

dish was negligible, it increased the anode’s total surface area by 33 cm2 (81%). 

 

3.2.7 Construction of experimental setup  

The MFC integrated WWT system reactors were constructed using common mechanical 

engineering tools such as grinder, electric pipe welding machine, screw bolt, and a hot glue gun. 

Except for the methanogenic and cathode chambers, all the reactors were constructed from 

polypropylene containers, each having a total working volume of 4 L (Ø18 cm x 20 cm in height). 

The methanogenic reactors were made from a glass bottle (Ø12 cm and 23 cm high) and a similar 

working volume (4 L). The Polypropylene Random (PPR) (RAK ™) type 3 tubes, ball valves, and 

fittings (elbow and T-shape) were used for connecting one reactor with the subsequent reactor, all 

with an internal Ø0.5″. The tubes were linked using an electric pipe welding machine. The 

wastewater flow was open and closed using a PPR ball valve (Figure 33).  

 

In all MFC setups, the salt bridge was used as a PEM between anode and cathode. It was prepared 

from 5% KCl and 10% agar (Sevda & Sreekrishnan, 2012). The molten salt bridge was poured 

into a transparent (flexible) vinyl tube closed at one end using cello tape and immediately bent to 
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form a U-shaped salt bridge (length 30 cm, inner Ø0.6 cm). The cathode reactors were constructed 

from a Schott Duran glass bottle with 1 L working volume. Copper wire was attached at the end 

of the graphite electrode, and exposed wire parts were properly sealed using non-conductive epoxy 

(Dexter Corp., NJ, USA). The epoxy was air-dried before being inserted into the anode or cathode 

reactor. Copper wire (length and thickness), the MEJ-dish number and type, electrode 

arrangement, reactor size, pipe thickness, and valves are identical in all systems to avoid bias from 

the setup.  

 

The setup was designed and constructed for a dynamic operation: batch, fed-batch, or continuous. 

The cells had four main ports, each ~Ø2.0 cm: one at the bottom and three at the top. The bottom 

outlet was used to collect sludge and constructed from a ball valve. The feeding could be carried 

out using overhead ports or interconnected PVC pipes with a flow rate control valve. In this study, 

the overhead ports were used to feed the reactors with the aid of a peristaltic pump equipped with 

flexible clear vinyl airline tubing. The flow rates were adjusted according to the required HRT. 

Emergency ports were constructed in all the reactors to open if the agitator was trapped in the 

sludge.  

 

 
Figure 33. Photo of the constructed MFC integrated wastewater treatment system 

Where R1-R9 indicates the reactor number; for details, see Figure 31.  

 

All experimental cells had a sensor plugging port, except the screening (R1) and sedimentation 

(R2) chamber. Pressure gauge (Bio-pluss™) was top mounted on the anaerobic reactor, while 

thermometer (Abron Co., China) (-50 to 150 ℃) and a 24 V brushless DC motor with pinched 

impeller (agitator) was installed on all reactors except R1 and -2. A power flow was adjusted using 
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a power supply unit (BK-1502DD, BAKU, China). Gasbags were attached over the anaerobic and 

MFC reactor. All ports were closed with a butyl rubber stopper unless otherwise pipes or valves 

were inserted. The pipe junctions were sealed using a rubber gasket to prevent water leaks. All 

openings (lid, valve, and pipe junction points) were closed and sealed using a gasket maker (ABRO 

industries Inc., IN, USA).  

 

 Synthesis of PNC 

In this research, polymer nanocomposite (PNC) was synthesized and characterized. The developed 

PNC was used for batch adsorption and WWT system. The PNC was made from a composite of 

biopolymer (starch), organically modified nanoclay (NC), magnetic iron oxide nanoparticle 

(IONP), and activated carbon (AC). These materials were prepared to enhance the phosphorous 

removal from WWT system. Hence, the NC, IONP, AC, and PNC synthesis methods are presented 

as follows.  

 

Ferric chloride hexahydrate (FeCl3.6H2O) and ferrous chloride tetrahydrate (FeCl2.4H2O) were 

purchased from Blux and Xilong scientific, China. Citric acid monohydrate (C6H8O7•H2O) 

purchased from Neolab was used as the coating agent. Sodium hydroxide (NaOH) from Loba 

Chemie Pvt Ltd, India was used as a precipitating agent. Potato starch with a weight ratio of 

amylopectin to amylose equal to 77/23 and the surfactant Cetyltrimethylammonium bromide 

(CTAB) were obtained from Sigma-Aldrich Co., MO, USA. Glycerol (99% purity) was used as a 

plasticizer and supplied from Neolab Instruments, Mumbai, India. Glutaraldehyde (GA), used as 

a crosslinking agent, was obtained from Sigma-Aldrich Co., MO, USA. All the chemicals were 

analytical grade, and no further purification was conducted.  

 

3.3.1 Activated Carbon (AC) synthesis  

The AC was synthesized according to Tay et al. (2009) with some modifications. The corncob was 

collected from local agricultural product suppliers. Stone, other biomass materials, or debris were 

screened before proceeding with the AC preparation. The corncob was washed with distilled water 

several times to remove the remaining dirt and sand. Then, the corncob was dried in the open air 

at room temperature to remove the moisture. After these processes, ground using hammer milled 
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and sieved through a mesh to an average particles size of 0.05 mm. During sieving, particles passed 

through the mesh (0.05 mm) were collected and placed in the tin can for the carbonization process.  

 

 
Figure 34. Activated carbon synthesis method. 

Where PE = polyethylene 

 

Course materials on the sieve were again crushed and shredded until small enough to pass through 

the mesh. The sieved pulverized corncob powder was placed in the muffle furnace at 450 ℃ for 2 

h. When the carbonization was completed, the carbonized material cooled to room temperature for 

3-5 h. The carbonized material was carefully crushed into powder form with a blender to get 

particles of uniform size. The activation process begins with the preparation of 10% wt. KOH in 

100 mL distilled water. The carbonized corncob activation was carried out by impregnating 100 g 

of carbonized corncob with the prepared KOH solution in a 1:2 (w/w) ratio until it forms a paste. 
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The paste was placed in a crucible, then oven-dried at 105 ℃ for 1 h and subsequently transferred 

to a muffle furnace and carbonized at 450 ℃ for 1 h to increase the sample’s surface area. After 

carbonization is completed, the AC cools to room temperature for 1-2 h. Then, it was washed and 

filtrated several times using distilled water to remove excess KOH until the filtrate pH reached 

neutral (pH 7). The washed AC was placed in an oven at 110 ℃ for 24 h. Finally, the cleaned AC 

was packed in airtight polyethylene plastic bags until used for the intended application. 

 

3.3.2 Magnetic iron oxide nanoparticle (IONP) synthesis  

The IONP (Fe3O4) were synthesized based on the co-precipitation technique (Ali et al., 2017; 

Kurtan et al., 2015; Rǎcuciu et al., 2006), and coating methodology was followed according to 

(Liu et al., 2018; Singh et al., 2014) with few alters. During synthesis, 0.2 M of FeCl2.4H2O and 

0.4 M of FeCl3.6H2O were dissolved in 100 mL of distilled water in a three-neck round-bottom 

flask, and their homogeneous solution was prepared using a magnetic stirrer. The solution was 

stirred at 80 ℃ using a digital hot plate while purging N2 gas to keep the condition free from 

oxygen. The temperature of the heating device was close loop controlled through inserting a 

thermometer in the three-neck flask. Then, the solution was treated with 0.1 M of NaOH until the 

pH reached between 9 and 11. The solution was further stirred at 80 ℃ until a black precipitate 

was formed.  

 

After completing the IONP formation, the coating process was continued to control the nucleation 

and growth of magnetic nanoparticles and coat (and stabilize) the fabricated nanoparticles. Several 

authors reported different concentrations of citric acid (CA) used for coating IONP. These listed 

variations were reported on the CA concentration and the pre-activities before CA addition. Some 

authors recommended washing the prepared IONP before adding CA, while others directly added 

CA after IONP formation. 

 

1. 2 mL solution with 0.5 g/mL CA (Liu et al., 2018),  

2. 4 mL solution with 0.5 g/mL CA (Bell et al., 2019),  

3. 10 mL solution with 0.5 g/mL CA (Rǎcuciu et al., 2006),  

4. Unreported solution amount with 0.01 g/mL CA, and  

5. 50 mL solution with 0.01 g/mL CA (Singh et al., 2014).  
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Table 5. Different steps for coating iron oxide nanoparticles dried at 110 ℃ 

S/N Type 
Added 

CA (mL) 
Coating step Supernatant pH (mean ± SD) Mass (g) (mean±SD) 

1 1.1 10 Consequently 6.36±0.07 16.81±2.63 

2 1.2 10+ Consequently 12.76±0.29 5.73±0.87 

3 1.3 2 Consequently 11.96±0.21 10.24±1.42 

4 2.1 10 After washing 3.42±0.01 7.51±3.47 

5 2.2 10+ After washing 12.74±0.21 6.64±1.14 

6 2.3 2 After washing 7.37±0.29 7.48±2.7 

Where + = adjust the pH to 11, CA = citric acid 0.5 g/mL of 10 mL or 2 mL, consequently = added 

consequently after iron oxide synthesized or after washing the uncoated iron oxide nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Photo of the different IONPs coating processes. 

Where IONPs = iron oxide nanoparticles and the number indicates the coating process step adopted 

from Table 5.   

 

First, the fabricated uncoated IONP were washed several times but without rising to pH 11, which 

provides unclear IONP suspension, while after adjusting the pH to the basic environment. It speeds 

up the sedimentation of magnetic nanoparticles, as shown in Figure 35 (1.2, 1.3, and 2.2). It could 

be due to iron being unstable and re-suspended under an acidic environment. Uniformly coated 

stable iron nanoparticles were obtained when coating at pH 4.8 and re-suspending the particles in 

a basic (pH 11) environment (Ghafoor & Ata, 2017). For this study, method 1.3 (Table 5) was 

selected for the phosphate adsorption test because of simplicity in synthesis (consequently), easily 

separated from the impurities, and a comparatively better yield (10 g). 

 

1.1 1.2 1.3 2.1 2.2 2.3 
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Figure 36. Iron oxide (Fe3O4) nanoparticles synthesis steps.  

Where DIW = de-ionized water, CIOPs = coated iron oxide nanoparticles, and CA = citric acid 

 

In this study, the coating was conducted by washing the black precipitate with distilled water, and 

followed by adding 10 mL solution with 0.5 g/mL CA under N2 atmosphere and vigorous stirring 

(1000 rpm). The magnetite's isoelectric point (IEP) is known to be in the pH range from 6 to 7 

depending on the Fe2+ concentration and temperature. The CA encapsulated iron oxide magnetic 

nanoparticles (CIONPs) particles were separated from the solution by magnetic decantation and 

washed with distilled water to remove impurities. The washing continued several times until the 

filtrate was free from the presence of white chloride precipitate using AgNO3. The washed clean 

 

SEM 
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CIONPs were transferred to crucibles and dried in an oven at 105 ℃ for 24 h. Finally, the dried 

black powder was ground using mortar and pastel and packed in glass bottles capped with butyl 

rubber and ready for use. The detailed preparation steps are demonstrated in Figure 36.  

 

3.3.3 Organically modified nanoclay (NC) synthesis  

3.1.4.1. Clay soil collection and purification 

Pristine montmorillonite (red and black) clay soils were collected from Addis Ababa. The 

longitude and latitude location of the site was 9°3′49°N and 38°41′ 46° E, respectively. The clay 

soils were collected from underground greater than 1 m deep to reduce surface runoff 

contamination. Then stored in clean polypropylene (PP) bags and shipped to the laboratory.  

    
Figure 37. Soil horizon, clay soil samples collection, and open-air drying  

Where (a) black clay soil, (b) red clay soil, (c) during clay soil collection, (d) drying in open air 

 

Upon arrival at the laboratory, the collected clay soil samples were open air-dried for 48 h (Figure 

37d). Then, the open-air dried clay soils were further dried in an oven at 105 ℃ for 12 h. The dried 

soil was ground to powder using miller. The powder particles were sieved to the required size 

using ASTM standard sieve size no. 30 to screen particles <600 µm. The physicochemical 

properties of the collected clay soils were determined according to standard procedure (Table 13), 

as shown in section 3.10.2.  

 

3.1.4.2. Nanoclay (NC) preparation 

(1) Pre-treatment of clay soils before NC synthesis 

NC was prepared based on Singla et al. (2012) with certain alter. As described in the clay sample 

collection and pre-preparation step, the raw clay soil was cleaned from organic matter and other 

impurities. The pristine MMT clay soil samples were washed 3 to 4 times with distilled water to 

(a) (b) (c) (d) 
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remove the impurities. The impurities such as iron and silica were removed by differential 

sedimentation technique. Furthermore, the remaining impurities such as iron oxide and organic 

matters were removed before synthesizing the NC using sodium citrate-bicarbonate-dithionite and 

sodium acetate-30% hydrogen peroxide, respectively Manocha et al. (2008). The cleaned clay was 

dried in an oven at 105 ℃, pulverized to pass through a 63 µm sieve (mesh ≠230), and stored in 

glass bottles. At this stage, the dried clean clay was ready for use in the modification process. 

 

 
Figure 38. Nanoclay (NC) synthesis steps. 

Where DIW = deionized water, dried from 60-65 ℃ and disintegrated at 450 ℃ for 1 h. 

 

 

XRD FTIR 
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(2) Clay modification 

Organic cations of quaternary ammonium salt (QAS) were used as a surface modifier (Singla et 

al., 2012). The organic substance in the clay was removed using 30% hydrogen peroxide. HCl was 

used as an active solvent to facilitate clay modification and dispersion (Oliveira et al., 2012). The 

cleaned and dried clay soil modification was carried out through the ion exchange method. 10 g of 

montmorillonite clay (calculated based on CEC of montmorillonite clay) was mixed with 100 mL 

of de-ionized water with 2 mL of HCl, and then the solution was heated at 70 ℃ for 1 h. HCl was 

added because a slight acidic environment facilitates QAS dispersion into the clay matrix without 

distorting the structure. The QAS used in this study was Cetyltrimethylammonium bromide 

(CTAB). CTAB (0.05 M) was mixed into the MMT-containing solution. Then the content was 

stirred for 12 h at 70 ℃. Finally, the unreacted amines were removed by continuous washing with 

hot de-ionized water. The precipitate was oven-dried at 80 ℃ for 24 h and ground using mortar 

and pestle to get the organically modified MMT clay. The detailed steps for the preparation of the 

NC are shown in Figure 38.  

 

3.3.4 PNC synthesis 

The PNC was prepared through an in-situ polymerization technique (Arya & Philip, 2016; 

Boujelben et al., 2008; Shirsath et al., 2011) with certain modifications. At first (a), Fe3+/Fe2+ (x 

g) in 2:1 ratio was mixed with NC (z g) in 100 mL distilled water using a magnetic stirrer at room 

temperature to form a solution called Fe3+/Fe2+-NC. A second step (b), the above mixture, was 

slowly added to (2 M) of NaOH in three-neck round bottom flask (or beaker properly covered with 

a lid) under vigorous stirring until the pH of the solution reached 9-11. During the process, N2 gas 

was continuously sparged into the solution. The addition of NaOH into Fe3+/Fe2+ - NC mixture 

forms Fe3+ ions on NC through hydrolyzing to Fe(OH)3. Some Fe(OH)3 would be transformed to 

Fe(OH)2 in the solution. Then, Fe(OH)3 was conjugated with Fe(OH)2 and dehydrated to form 

Fe3O4 and H2O according to Eq. 15 (Maity & Agrawal, 2007). 

 

2Fe(OH)3 + Fe(OH )2 → Fe3O4 + 4H2O 15 

 

Thirdly (c), the AC surface has –OH and –COOH group originated from the activation process 

(Juang et al., 2018), required amount of iron coated clay ( I x g + C z g), and powdered AC (a g) 
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were dissolved in 100 mL distilled water. It was mixed with the previously prepared solution (first 

step) to form AC/iron coated clay mixture.  

 

A starch modification (d) was carried out using glycerol (G) as a plasticizer. Two authors’ 

techniques of starch modification were adopted for this study with modification (Begum et al., 

2016; Cheviron et al., 2015), 2% (w/v) of powder potato starch, and 20% (w/v) G was added to 

100 mL of deionized water. Semitransparent starch/glycerol (SG) aqueous solution was obtained 

under constant stirring and heating at gelatinization temperature of 70 ℃ for 30-45 min. The 

resulting SG aqueous solution was used for the experiment.  

 

The final step (e) was palletization in the presence of glutaraldehyde (GA) as a cross-linking agent 

(c g), and the GA solution was prepared in distilled water (1% w/v). The GA solution pH was 

adjusted to 9 using 0.1 M HCl and NaOH. Iron/NC/AC/SG was added dropwise to GA solution 

from the separatory funnel to form a PNC sheet. After 24 h, it was washed several times using 

deionized water and oven-dried at 60 ℃ for 24 h.  

 

C9ST or PNC stands for G-plasticized starch-based Fe3O4 clay polymer nanocomposite 

synthesized at GA solution pH 9. In this work, Fe3O4/NC/Starch/AC nanocomposite material was 

prepared with a different ratio, where IxCzAaPbNn denote x (g) of Fe3+/Fe2+, z (g) of NC, a (g) of 

AC, b (g) of polymer (starch) and n (g) of NaOH. The I/C/A/P/N ratio values were x/z/a/b/n, 

respectively (Eqs. 16 and 17). All reactions occurred under N2 atmosphere. The 

NC/polymer/AC/IONP mixing ratio was selected as 1.0/0.5/0.3/0.3 based on Arya and Philip 

(2016) with certain alter. 

 

PNC (y g) = IONP (x g) + NC (z g) + AC (a g) + Polymer (b g) + pH (9-11) + GA (c g) 16 

PNC (y g) = I (x g) + C (z g) + A (a g) + P (b g) + NaOH (n g) + GA (c g) 17 
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 Batch adsorption experiments 

3.4.1 Adsorption capacity 

Adsorption capacity is expressed in mg of pollutant as adsorbate/mass (g) of adsorbent, which 

depends on total surface area per volume or available active sites (Battas et al., 2019). The 

adsorption of phosphate ions was studied using the batch method. The synthetic stock phosphate 

concentration was prepared according to APHA (2005) by dissolving 219.5 mg anhydrous 

KH2PO4 in 1 L deionized water (1.00 mL = 50.0 µg PO4
3–-P), then a working solution was prepared 

through dilution. The adsorption capacity of adsorbate (phosphate ions) on the adsorbents (CIONP 

and PNC) was studied as a function of pH, adsorbent dose, reaction time (kinetics), and initial 

phosphate concentration (isotherm) (Waweru et al., 2019; Yoon et al., 2014). In addition, the 

adsorbents were tested in batch mode using real DWW. The WW was collected from a primary 

clarifier at Mickey Leland condominium DWWT plant (Asko, AA, Ethiopia). The batch 

experiments were conducted in duplicate. 

 

The PO4
3--P adsorption capacity (mg of adsorbate/g of adsorbent) at any time (q

t
) and at 

equilibrium (q
e
) were calculated by using Eq. 18 and 19, respectively (Li et al., 2018). The 

phosphate removal efficiency of each adsorbent was calculated according to Eq. 20. 

 

q
t
= (C0-Ct) (

V

m
) 18 

q
e
= (C0-Ce) (

V

m
) 19 

R (%) = (C0-Ct) (
100

C0

) 20 

 

Where q
t
 and q

e
 (mg/g) are the removal capacity at any time (t) and equilibrium, respectively; R 

(%) shows the removal efficiency; C0, Ct, and Ce (mg/L) are for adsorbate (phosphate ion) initial 

concentration at any time t (min) and equilibrium, respectively; V (L) is the volume of solution, 

and m (g) is adsorbent mass. 
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3.4.2 Study of parameters effect  

The parameters effect was studied in terms of pH (2-11), initial P concentration (2-100 mg/L), 

adsorbent dose (0.25-2 g), and contact time (5-120 min). The experimental data were fitted into 

the kinetics and isotherm models. All the experiments were carried out in a 250 mL capped 

Erlenmeyer flask at 150 rpm and room temperature (25 ± 1 ℃). The mixture was stirred on a 

digital orbital shaker (SHO-2D, WiseShake, China). After a specified contact time (t), the 

adsorbents were separated with the aid of a magnet. Then, the supernatant solution was filtered 

through a 0.45 µm Whatman membrane filter paper, and the filtrate was collected for phosphate 

concentration analysis (Ct) through the ascorbic acid method (APHA, 2005). The PO4
3--P 

adsorption capacity per unit mass of adsorbent at any time t (qt) and equilibrium (qe) (mg of 

adsorbate/g of adsorbent), was calculated by Eq. 18 and 19, respectively. Each adsorbent removal 

efficiency (R%) was calculated using Eq. 20 (Li et al., 2018). 

 

 
Scheme 2 Schematic representation of G-plasticized magnetic starch-based Fe3O4 clay polymer 

nanocomposite preparation and phosphate removal.  
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3.4.3 Adsorption kinetics 

Adsorption kinetics describes the adsorption process as a function of time that is a key parameter 

for selecting an adsorbent. The experimental adsorption results were tested for three different 

models: pseudo-first-order (PFO) models, pseudo-second-order model (PSO), and intraparticle 

diffusion. Linear plots were drawn and compared to identify which model best fit the experimental 

data, and the one that best fit the model was selected as the material adsorption kinetics feature.  

 

Table 6. Adsorption kinetics model and equations 

Model  Non-linear form Linear form Eq. 

PFO dq

dt
= k1(q

e
-q) ln(q

e
-q

t
) = lnq

e
 - k1t 21 

Plot q against t Plot ln(qe-q) vs time (t), k1 from the 

slope of the curve and exp. of the 

curve qe.cal 

 

    

PSO dq

dt
= k1(q

e
-q)

2
 

t

q
t

 = 
1

k2q
e
2

 + 
1

q
e

t 22 

Plot q vs t, initial guess k2 

and qe used as starting point 

to maximize correlation 

coeficient 

Plot t/q vs t, and qe.calc from the slope 

and the intercept was equated to 
1

𝑘2𝑞𝑒
2  

to define the rate constant k2 

 

    

Intraparticle 

diffusion 

dq

dt
= kdt1/2 q

t
= kdt1/2 + C 23 

Plot q against t and initial kpd 

was fixed to show good 

correlation coefficient 

Plot q against t/2 that passes through 

the origin gives C = 0, slope gives kpd 

 

Where k1 = PFO rate constant, qe = adsorbed phosphorus at equilibrium (mg P/g), and q = adsorbed 

phosphorus at time t (mg P/g) where k2 = PSO rate constant, qe = adsorbed phosphorus at 

equlibrium (mg P/g), and q = adsorbed phosphorus at time t (mg P/g) where kpd = rate constant of 

intraparticle diffussion (mg P/g.h1/2), C = liquid-solid layer effect 

 

The PSO best fit the experimental data shows the adsorption mechanism could be through 

chemisorption or precipitation (Saifuddin et al., 2019). However, the diffusion method needs to be 

identified. For this, intra-particle diffusion might be used to determine the P diffusion means 

between the micropores of the media. There are four adsorbate diffusion mechanisms as described: 

1st transfer within the bulk solution to the surface of the adsorbent, 2nd rapid surface diffusion, 3rd 

internal diffusion to the adsorbent microspores, and 4th equilibrium stage where sorption and 

desorption within the micropores are equal (Weber & Morris, 1963).  
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3.4.1 Adsorption isotherms 

In this research, adsorption isotherm models were used to study the adsorption mechanisms. It is 

used to determine the maximum adsorbate that can be retained per unit of adsorbent at equilibrium. 

Langmuir and Freundlich’s adsorption models were used to describe the adsorption isotherm from 

the batch experiment. The linearized form of the models was used to determine the best one, which 

fits the experimental data. The rate of adsorption depends on the initial pollutant concentrations 

and available free area on the adsorbent; adsorption is a reversible phenomenon; desorption rate is 

dependent on the occupied area on the adsorbent (Arya & Philip, 2016; Battas et al., 2019; Hussain 

et al., 2011). The adsorbed concentration per unit adsorbent at equilibrium is given as Eq. 24 and 

25. 

 

Table 7. Isotherm non-linear and linear equations 
Model  Non-linear form Linear form  Eq. 

Langmuir q
e
 = 

q
max

KLCe

KLCe + 1
 

1

q
e

 = 
1

q
max

 + 
1

q
max

KLCe

 24 

Freundlich q = KF x Ce
1/n

 log q = log KF  + 
1

n
logCe 25 

Where qmax = maximum adsorption capacity (mg/Kg), KL = bonding capacity (L/mg), qe =adsorption 

equilibrium concentration (mg/kg), Ce = equilibrium concentration (mg/L), and  𝐾𝐹  = adsorption constant 

(L/kg), and N = heterogeneous factor  
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 Wastewater treatment system 

3.5.1 Inoculum preparation  

Inoculum for the WW treatment system and MFC was prepared from cow dung and tap water in 

1:1 (w/v). Fresh cow dung was collected from local dairy farmers. Then glass bottles with a total 

working capacity of 3 L were prepared, and 1500 g of cow dung was mixed with 1500 mL tap 

water. The container was properly sealed, sparged with N2 gas to simulate an anaerobic 

environment, and kept at room temperature (25 ± 1 ℃) for two weeks. After biogas production, 

the required amount of digested residue was taken as inoculum to the intended processes. 

 

3.5.2 Startup of WWT 

During startup, all the reactors, fittings, pipes, junction tubes, and valves in the system were 

washed several times with acidified water, then rinsed with distilled water, finally flushed with the 

raw domestic wastewater before sample inoculation. All plastic bags used for biogas collection 

were emptied properly and plugged into the proper gas collection port. No external chemicals were 

added to adjust the pH or equalize the chemical nature of the collected raw wastewater. All the 

experiments were conducted at room temperature (25 ±1 ℃). All openings (such as lid cover), 

valve connections, and tube junction points were closed properly; sealed using a gasket maker and 

epoxy (ABRO industries Inc., IN, USA).  

 

3.5.3 Operation and maintenance  

Every reactor was operated through five phases (fill, mix, settle, react, and decant). All except 

mixing were controlled using a programmable automated dosing pump (DP-4, Jebao Inc., China). 

In each reactor, these operations were conducted with 24 h cycle mode. All these parameters, such 

as agitation speed, feed or drawl mechanisms, were kept constant. Special care was taken while 

feeding and drawing water samples from the anaerobic reactor because the formation of air bubbles 

could impair data quality. Operational parameters such as HRT, OLR, WW feeding, and drawl are 

presented in Table 8. The raw DWW was fed into the anaerobic reactor at the top through the inlet 

valve, while the decantation was operated through the second port, at the top near the inlet but with 

different fixed heights (see Figure 23). Consequently, the effluent collected from the anaerobic 

reactor was fed into the aerobic reactor.  
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The raw DWW was fed into a screening reactor. Immediately, the effluent was transferred into a 

sedimentation tank, where WW was allowed to settle for not more than 10 min and then fed to an 

anaerobic reactor without any treatment period. Subsequently, all anaerobic reactors were sparged 

with N2 gas to maintain an anaerobic environment. A total of 3 different HRTs were selected: 0.5, 

1, and 2 d. Acclimatization was allowed for two weeks before starting sampling. The aerobic and 

anaerobic reactors were operated in a semi-continuous mode for a total of 102 d. Each HRT was 

operated for 30 d with an additional 2 weeks of acclimatization while changing the HRT (Table 

8). After feeding and withdrawal, all the reactors were daily checked for proper closing of valves, 

airtightness, presence of cracks across the sealant, and if necessary, maintained properly. 

 

The first preliminary treatment step comprises a screening (R1) and sedimentation tank (R2). A 

screening tank was used to remove coarse materials and particles that could clog the system. After 

this process, the filtered untreated WW flows into the sedimentation tank (R2). In this part, 

suspended particles and flocculants settled in the reactor and were consequently removed from the 

process. The second compartment was an anaerobic reactor (R3). The agitator thoroughly mixed 

the WW in the R3 reactor, and the effluent was used to feed the aerobic reactor.  

 

Table 8. Startup and operation of the wastewater treatment system 

Total HRT  0.5 d  1 d  2 d 

Reactor  Anaerobic Aerobic  Anaerobic Aerobic  Anaerobic Aerobic 

HRT (d)  0.25 0.25  0.5 0.5  1 1 

Effective volume (L)  4 4  4 4  4 4 

Flow rate (L/d)  8 8  4 4  2 2 

Startup N2 sparge   Yes  No    Yes  No    Yes  No 

Chemicals   No  No   No  No   No  No  

Operation 

in 24 h 

Fill   25 min 25 min  25 min 25 min  25 min 25 min 

Mix   10 min 10 min  10 min 10 min  10 min 10 min 

Settle   2 h 2 h  2 h 2 h  2 h 2 h 

React  21 h 21 h  21 h 21 h  21 h 21 h 

Decant   25 min 25 min  25 min 25 min  25 min 25 min 

Acclimatization (week) 2  2  2 

Duration operated (d) 20  20  20 

 

The third section was the aerobic tank (R4). The air was supplied to treat the WW from an 

anaerobic reactor. The effluent from this compartment was used to feed the column adsorption 

reactor (R5). Subsequently, the treated WW was collected in the effluent tank (R6). The 

experimental setup is shown in Figure 21, and the detailed structure and components in each 
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reactor are presented as follows. The setup consists of all required parts: influent feeding port, 

sampling port, sensor insertion port, effluent withdrawal, and waste gases storage system.  

 

3.5.4 Operational parameters calculation  

3.5.4.1 Organic loading rate (OLR) 

The organic loading rate is the amount of organic matter fed into the reactor within a specified 

time. It is measured in kg COD/m3 per day. The OLR was calculated using Eq. 26. 

 

OLR = 
Q x Ci

Vreactor

 26 

Where Q = wastewater flow rate (m3/d), Ci = COD concentration in the inflow water (kg/m3), and 

Vreactor = working volume of the reactor  

 

3.5.4.2 Hydraulic retention time (HRT) 

HRT is the time taken by the WW in the reactor to degrade nutrient and organic load. There are 

two types of retention time: sludge retention time (SRT) and HRT. SRT is the time taken by the 

bacteria (as solid) in the treatment system, and HRT is the liquid WW detention in the treatment 

setup. HRT is calculated using Eq. 27.  

 

HRT = 
Vreactor

Q
 27 

Where V = volume of the reactor (m3) and Q = influent flow rate within a specified time (m3/d) 

 

3.5.5 Process performance calculation  

The process performance of the developed WWT system was calculated based on CODRE. The 

equations used to calculate the performance are presented as follows. The removal of COD and 

nutrients such as ammonia (NH4
+-N), TN, TP, and PO4

3--P was calculated based on Eq. 28.  

 

R = 
(Cin-Cout)

Cin

 x 100% 28 

 

Where R is removal efficiency (%,) Cin is influent concentration (mg/L), and Cout is effluent 

concentration (mg/L).   
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 Developing and optimizing FAB reactor 

3.6.1 Inoculum preparation  

Cow manure was used as an inoculum source to run the FAB-MFC experiment. The inoculum was 

prepared by mixing 1:1 (w/v) cow dung and tap water. The inoculum was prepared for the FAB-

MFC experiment to initiate the MFC process. The inoculum was used to seed the FAB-MFC 

reactor.  

3.6.2 Startup of FAB-MFC 

During startup, inoculum and raw domestic waster were mixed in 1:3 ratio (v/v). The pH was 

adjusted to 6.5, 7.5, and 8.5 using 0.1 M NaOH and HCl. Electrode surface was abraded with 

sandpaper and rinsed with tap water to aid the attachment of bacteria. A tiny hole was drilled at 

one end of the electrode, and a peeled part of the insulated copper wire was inserted into the holes 

and firmly coiled around the tip of the anode and cathode electrode. Hence, there were two parts, 

one end of the copper wire attached to the electrode and the other section left stranded, as shown 

in Figure 30. The copper wire attached with the electrode remains inside the reactor, while the 

stranded part was exposed outside the reactor, and when required, connected with a multimeter for 

measuring voltage. To protect corrosion or contact with the WW, the section of the copper wire 

that remains inside the reactor was sealed adequately with epoxy (Dexter Corp., NJ, USA)—then 

allowed for 48 h to dry on open-air before inserting into the reactor. An equal length of copper 

wire (10 cm) was used while constructing the reactors.  

 

Finally, all gas and water valves were checked for proper functioning before installing to the 

reactors. The same gas pipe was attached to all the reactors to avoid any biased contribution from 

the setup in thickness and length. Gasbags were emptied (squeezed) and connected to the rector’s 

proper location to the gas outlet port. All anode reactors were sparged with N2 gas before starting 

the operation. Like all anaerobic reactors, the coverlid, including all other openings and tube 

junctions, were properly closed and sealed with a gasket maker (ABRO industries Inc., IN, USA).  

 

3.6.3 Operation and maintenance  

FAB-MFC optimization was operated in batch mode. The system was operated under different pH 

(6.5, 7.5 and 8.5) at a given temperature. The temperature was kept at 27 ℃ using a water bath 
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(DK-98-II/DK-98-II-A, Faithful, China). The MFC contents were stirred using a magnetic stirrer 

to ensure complete mixing and mass transfer. Six reactors were constructed to study the MFC. All 

tests were conducted in duplicate using a double-chambered benchtop MFC reactor.  

 

The reactors were operated in batch mode for 25 d. All the cathode and anode contents were 

removed between different experimental parameters. The cathode was filled with tap water, and it 

was replaced with a fresh solution before each experiment. A new salt bridge was used during the 

change of each operational parameter. The reactor performance was determined by measuring the 

volt generated, organic matter removal. The performance of the reactor was measured in terms of 

voltage generated and COD removal. Open circuit voltage (OCV) across the anode and cathode 

was measured using a multimeter (XL830L, China), according to Puig et al. (2010). Gases 

generated during the experiment were collected in gasbags (1 L capacity; cali-5-bond, Calibrated 

Instruments). The gas samples were taken from the gasbags using a pressure-lock gas-tight syringe 

(MS-GAN 100, GL Sciences Inc., Japan).  

 

Table 9. FAB-MFC setup operational parameters 

Setup  Anode  Cathode  Remark  

FAB reactor  Graphite electrode 

with MEJ-dish 

Graphite electrode Not autoclaved 

    

Non-FAB reactor  Only graphite 

electrode and  

no MEJ-dish 

Graphite electrode Not autoclaved 

    

Control-Voltage  Graphite electrode Graphite electrode Autoclaved at 120 ℃  

Control-COD  No electrode  No electrode  Not autoclaved 
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 FAB-MFC integrated wastewater treatment system 

3.7.1 Startup of the integrated system  

At startup, both anaerobic and MFCs were inoculated with mixed culture. The inoculum was 

prepared by mixing 1:1 (w/v) cow manure (inoculant) and residential DWW. It was used to initiate 

the anaerobic digestion process in an anaerobic, methanogenic, and MFC reactor. After startup, 

the raw domestic wastewater was used to run the rest of the experiments. The anode electrodes 

were abraded using sandpaper and washed several times using distilled water before being inserted 

into the reactor. The cathode was filled with tap water, and no chemicals and aeration were 

supplied during the study period. The cathode cap was loosely closed with tiny holes at the top to 

minimize the effect of debris contamination. The cathode contents were emptied, and new 

solutions were replaced while changing the MFC integration mechanism. Before starting the 

experiment, N2 gas was sparged into all anaerobic and MFC reactors, and the gasbag contents were 

squeezed and emptied.  

 

3.7.2 Operation and maintenance 

The influent wastewater was sieved through the 2 mm mesh in the first preliminary treatment 

reactor (R1) to remove coarse sand, stone, and small wood materials. Then the wastewater was fed 

into the second reactor (R2) for sedimentation. In R2, the wastewater resides only for one hour, 

and any further treatment was not allowed. Then immediately, the primary treated influent was fed 

into the target reactor: anaerobic, aerobic, or MFC reactor based on the flow pattern shown in 

Figure 40. The figure shows that the integrated system consists of three primary operations: the 

treatment (option 1) and the MFC combination system (option 2 and 3). Additionally, options 4, 

5, and 6 were identified from this integrated system (not shown in Figure 39). Only options 2 and 

3 were investigated for MFC performance in this study, as shown in Figure 40.  

 

Anaerobic-MFC integrated system operation (option 2) is shown in Figure 40a. The study was 

divided into three phases: the first phase (MFC-1) consists single reactor in which the influent was 

directly fed into the MFC. The second phase (MFC-2) consists of two reactors; hydrolysis 

(anaerobic) effluent was fed to FAB-MFC. In the third phase (MFC-3 with three reactors), the 

anaerobic effluent was fed to the methanogenic reactor then transferred to FAB-MFC. All the 
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valves were closed during anaerobic or MFC reactor operation to maintain the anaerobic 

environment and always checked after feeding. 

 

Aerobic-MFC integrated system operation is shown under option 3 (Figure 40b). A similar flow 

pattern was followed among the aerobic or anaerobic-MFC integrated systems. The first phase 

(MFC-1) was operated with a single reactor, and the influent domestic wastewater was directly fed 

into the MFC. During the second part of the operation (2 reactors, MFC-2), aerobic effluent was 

fed into MFC. In the third phase (3 reactors, MFC-3), the influent was fed into an aerobic reactor 

then transferred to methanogenic finally to MFC. An aquarium air pump (SB-9903/A, SOBO®, 

China) with a capacity of 5 L/min was used to supply compressed air into the aerobic MBBR 

reactor intermittently. The mixing was achieved through aeration. The bio-carrier (K3) was filled 

up to 30 vol%. The aeration period was controlled using a programmable on/off digital switch.  

 

Except for screening and sedimentation, every reactor was operated in fed-batch mode with four 

phases in 24 h: 1 h sedimentation-R2, 30-min fill, 21 h react (6 h mix), 1 h settle, and 30-min 

decant. Equal 4 L/d WW volumes were decanted and filled. The integrated systems were compared 

under different pretreatment with similar 1 d of HRT in MFC at 0.76 kg-COD/m3/d. The HRTs 

were 1, 2, and 3 d in MFC-1, -2, and -3, respectively. The WW fill and decant conducted using a 

programmable auto dosing pump (DP-4, Jebao Co., Ltd., China) to minimize the effect of MFC 

oxygen contamination. 

 

The liquid contents were mixed using an overhead mounted DC motor (24 V) to keep even biomass 

distribution in the reactors. Each integrated system was operated for more than 30 days before 

evaluating the performance. The reactors were inoculated with mixed culture and worked in fed-

batch mode at room temperature (25 ± 1 ℃) without sludge returning, pH adjustment, or nutrient 

addition. All the systems were considered steady-state when voltage output was less than 0.01 V/h 

variation under 1000 Ω external load. In all the reactors, maintenance was conducted daily. After 

feeding the reactors and water sampling, all the reactors were checked, and if non-functioning 

valves, pipes, or lids were detected immediately fixed. Again, during operation, all the reactors 

were checked routinely and maintained as necessary. The cleanup, checkup, and maintenance were 

conducted manually.  
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Figure 39. Schematic diagram of the MFC-integrated system treatment options (1-3). 

 

 

 
Figure 40. Operation mechanisms for (a) anaerobic-MFC and (b) aerobic-MFC system.  

Where option 1 and 2 show an anaerobic-MFC, and aerobic-MFC integrated system, respectively. 

Within each option, MFC-1 is considered as a direct fed-MFC (control) or standalone system, 

whereas the MFC-2 and -3 are integrated systems. The arrows indicate the water flow path. R is a 

reactor. 
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Table 10. Operational parameters of the MFC integrated with a wastewater treatment system  

S/N System  

Anaerobic reactor Aerobic reactor Methanogenic reactor MFC reactor 

H
R

T
 

OLR (mg 

COD/L.d) 

Flow rate 

(mL/d) H
R

T
 

OLR (mg 

COD/L.d) 

Flow rate 

(mL/d) H
R

T
 

OLR (mg 

COD/L.d) 

Flow rate 

(mL/d) H
R

T
 

OLR (mg 

COD/L.d) 

Flow rate 

(mL/d) 

1 
Anaerobic → Aerobic 

→ adsorption column  

1 795 4000 1 795 4000 - - - - - - 

2 398 2000 2 398 2000 - - - - - - 

3 264 1333 3 264 1333 - - - - - - 

2 
Anaerobic → 

Methanogenic → MFC 

1 795 4000 - - - 1 795 4000 1 795 4000 

2 398 2000 - - - 2 398 2000 2 398 2000 

3 264 1333 - - - 3 264 1333 3 264 1333 

3 
Aerobic → 

Methanogenic → MFC 

- - - 1 795 4000 1 795 4000 1 795 4000 

- - - 2 398 2000 2 398 2000 2 398 2000 

- - - 3 264 1333 3 264 1333 3 264 1333 

1 795 4000 1 795 4000    1 795 4000 

2 398 2000 2 398 2000 - - - 2 398 2000 

3 264 1333 3 264 1333 - - - 3 264 1333 

Where OLR (g COD/L.d), HRT (d), Flow rate (mL/d), Ci (mg COD/L), and working volume of the reactor = 4000 mL 
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 Microbial community analysis using 16S rRNA  

3.8.1 Anode biofilm sampling for 16S rRNA analysis 

Samples for 16S rRNA amplicon sequence analysis were collected from the FAB-MFC 

optimization system, see section 3.6 for details. Two different composite samples were collected 

aseptically from the FAB (MEJ-dish) and MFC electrode surface using a spatula. In the FAB case, 

samples were collected from multiple MEJ-dish from different reactors and then mixed into a 

single 50 mL plastic cap. Similarly, the MFC samples were collected from several points from the 

bare electrode (without MEJ-dish = MFC) in the various reactor. The collected samples were 

stored in 50 mL plastic cap and placed in a refrigerator at 4 ℃. Then, immediately shipped to 

biopharma department at Admera Health LLC (South Plainfield, NJ, USA). All samples were 

covered with aluminum foil (stored in the dark) to prevent light exposure and placed in an ice bag 

during shipment to Admera Health LLC.  

 

3.8.2 DNA extraction and 16S rRNA metagenomic sequencing  

The DNA extraction, quality control (QC) check, PCR amplification, library preparation, and 16S 

rRNA sequencing was conducted under Genohub (USA) (https://genohub.com) by Admera health 

LLC, NJ, USA (https://www.admerahealth.com). The isolated DNA was quantified using Qubit 

2.0 DNA HS Assay (ThermoFisher, Massachusetts, USA). The extracted DNA quality was 

examined using 1% Standard agarose gel and Tapestation genomic DNA Assay (Agilent 

Technologies, CA, USA). Then, 16S rRNA hypervariable region (V3-V4) amplicon was 

sequenced using FloracheckTM panel (Admera Health LLC, South Plainfield, NJ, USA).   

 

3.8.3 PCR amplification and Library preparation of 16S rRNA 

The PCR amplification of 16S hypervariable region (V3-V4) from the isolated DNA were carried 

out by FloracheckTM panel (Admera Health LLC, South Plainfield, NJ, USA). The multiplex 

primers covered 16S V3-V4 (341-806) region and primer selection and design were selected to 

achieve comprehensive taxonomic coverage, elimination of spike to gain maximal data. The PCR 

amplification was conducted at specified conditions as mentioned in the manufacturer instruction 

manual. Also, the PCR products were checked using Tapestation DAN Assay kit and quantity was 

assessed by APA SYBR® FAST qPCR with QuantStudio® 5 system (Applied Biosystem, CA, 

https://genohub.com/
https://www.admerahealth.com/
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USA). After quality control on the 16S barcoded libraries, sequencing of the amplicons was done 

using the Illumina next-generation (NGS) MiSeq V2 standard equipment (Illumina, CA, USA) at 

a red length configuration of 250 PE for 0.1 M PE reads per sample. Finally, the obtained 16S 

rRNA reads were compiled into FASTq files for bioinformatics analysis.  

 

Table 11. Summary of sample DNA quality and quantity process 

Type  Assay  

DNA Quantity Qubit 2.0 DNA HS Assay (Life Technologies, Grand Island, NY) 

DNA Quality 1% Standard agarose gel and/or Tapestation genomic DNA Assay* 

RNA Quantity Qubit RNA HS assay (ThermoFisher) 

RNA Quality Bioanalyzer 2100 Eukaryote Total RNA Nano* 

Library Conc. & Quality Qubit 2.0 DNA HS Assay (ThermoFisher), 

QuantStudio® 5 System**, and  

Tapestation High Sensitivity D1000 Assay* 

* = (Agilent Technologies, CA, USA), ** = (Applied Biosystems, USA), conc. = concentration 

 

3.8.4 Sequence analysis  

The 16S rRNA metagenomic sequence analysis was carried out by ABM (Applied Biological 

Materials Inc., Canada) (https://www.abmgood.com). Bioinformatics analysis was carried out 

from the raw sequencing data obtained from high-throughput next generation sequencing (NGS). 

The sequencing data were deposited on National Center for Biotechnology Information (NCBI) 

database (www.ncbi.nlm.nih.gov) sequence read archive (SRA). The OTUs construction, diversity 

(alpha and beta) analysis was performed using USEARCH and UCLUST algorithms (Edgar, 

2010). The clean HQ pair end reads were trimmed through removing adapter sequences, barcodes, 

failed reads, sequences containing one or more ambiguous reads (N), unknown nucleotides, and 

low-quality fragments or sequences.  

 

The clean HQ pair ends were merged into single end reads using USEARCH pipeline. The clean 

sequences were screened for chimera (artifact sequences) detection using UCHIME. OTU 

clustering, chimera filtering, mapping of reads to OTUs and OUT table generation was done 

according to the UPARSE pipeline (Edgar, 2013). The 97% sequence similarity threshold was 

chosen because it is often used to detect bacterial species (Ishii et al., 2017). SINTAX algorithm 

was used to predict the taxonomy of the query sequences (Edgar, 2016). The relative abundance 

of a given taxon was calculated by considering the total number of reads in the sample.  

https://www.abmgood.com/
http://www.ncbi.nlm.nih.gov/
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The microbial (bacteria and archaea) relative abundance was presented as bar charts and Krona 

charts using Origin 16 and Krona excel templet tool (PhyloSift Markers), respectively. The 

microbial alpha and beta diversity were analyzed to determine the microbial variation within and 

between samples, respectively (Lynch, 2021). The alpha diversity was explained in terms of 

species abundance (Caho1, Richness (S), and Shanon index (H)) and evenness (Dominance (D), 

Equitability (EH), Simpson diversity index (SDI)). The beta diversity was shown using the 

principal coordinate analysis (PCoA) based on Bray-Curtis, Jaccard, Euclidean, and Unifrac; and 

the analysis was carried out using R package vegan.  

 

 
Figure 41. Process flow chart of 16S rRNA analysis. 

Where NCBI-SRA = The sequencing read deposited on NCBI sequence read archive (SRA) 
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 Sample site and sampling  

3.9.1 Description of the sampling site 

The raw DWW samples were collected from the primary clarifier of the Mickey Leland 

condominium WWT plant (WWTP). It is located in Birchiko area (latitude: 9.05, longitude: 

38.69), K/Keranyo sub-city, Addis Ababa, Ethiopia. The treatment plant is constructed near the 

condominium houses around 50 m. The plant treats WW generated from nearly 23,170 residents 

(Abebe & Demoze, 2017). A per capita WW generation is 94 L/d/p. More than 2.15 million m3 of 

WW is generated every day. The WWT system comprises of primary clarifier, sedimentation tank, 

and six ponds. The influent, first allowed to settle course materials in the sedimentation tank and 

then screened in the primary clarifier. The effluent is discharged into the first two treatment ponds 

that work as stabilization pond and treated for HRT of 15 d. After this step, the WW was fed into 

the second two consecutive ponds by gravity and treated for 15 d. Finally, after 45 d of HRT, the 

treated WW was discharged into the nearby river and used by small urban agriculture enterprises 

for irrigation. The sludge obtained from the first two ponds was subjected to burn. The strong, 

pungent smell comes out from the first two treatment ponds; as a result, the nearby residents 

complain about the bad smell. Insects and scavengers exist in the ponds as it is an open WWT 

system.  

 

3.9.2 Water sampling  

3.9.2.1 Raw DWW sampling  

Raw DWW samples were collected twice a week from the primary clarifier of Mickey Leland 

condominium WWT plant (Asko, AA, Ethiopia). The raw DWW samples were collected from the 

primary clarifier using a 2 L polyethylene bottle, pre-acidified, and thoroughly rinsed with distilled 

water. Then, the samples were shipped to the center for environmental science laboratory, Addis 

Ababa University. Upon arrival to the laboratory, the collected WW was immediately placed in 

the refrigerator at 4 °C until the samples were processed for the intended experiment.  

 

3.9.2.2 Water sampling from experimental setups   

Water samples were collected before the raw WW was fed into the experimental setups. Again, 

after the end of the treatment process within the specified HRT, the treated WW was collected 
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from the treatment system. All water sampling, storage, and preservation were conducted 

according to APHA (2005). The water samples were collected at least in duplicate using a 50 mL 

plastic container rinsed with HNO3 (1 M) and washed several times using distilled water. 

Furthermore, the containers were rinsed three times with sampling water. Then samples were 

collected and labeled properly that includes the collection date and sampling point. At this stage, 

the samples were ready for analysis.  

 

As much as possible, the analysis was done immediately after sample collection; however, due to 

the large sample size, it was kept at 4 ℃. The pH, DO, and the temperature was measured onsite 

(at the sampling point). In all the integrated system reactors, and the temperature was measured 

using a top-mounted thermometer. The collected water samples were analyzed for the 

physicochemical characteristics as described in Table 12. 

 

 Analytical methods  

3.10.1 Wastewater analysis methods  

The methods used to analyze wastewater physicochemical properties are shown in Table 12. The 

pH, Temperature (℃), dissolved oxygen (DO), total dissolved solids (TDS), electrical 

conductivity (EC), and oxidation-reduction potential (ORP) were measured using a specific probe 

for each parameter. The chemical oxygen demand (COD), nitrate (NO3
--N), reactive phosphate 

(PO4
3--P), ammonia (NH4

+-N), and total alkalinity were analyzed according to standard methods 

for the examination of water and wastewater (APHA, 2005). UV-Vis spectrophotometer was used 

to determine the chemical compositions (DR 6000, HACH, USA). After acid and hydrogen 

peroxide digestion, some selected heavy and light metals (Ca, Mg, K, Na, P, S, B, Fe, Mn, Cu, Zn, 

and Si) in the inoculum and raw wastewater were determined using inductively coupled plasma 

optical emission spectroscopy (ICP-OES) (SPECTRO ARCOS, AMETEK Inc., Germany). 
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Table 12. Analytical parameters and instruments used for WW analysis in this study  

S. № Parameters  Analytical methods Instruments  References 

1.  pH (-) pH meter HACH  APHA (2005) 

2.  DO (mg/L) DO meter DO PEN 850045  APHA (2005) 

3.  Temperature (°C) Temperature meter Thermometer  APHA (2005) 

4.  EC (µS/m) EC meter EC sensor  APHA (2005) 

5.  ORP (mV) ORP probe ORP sensor  APHA (2005) 

6.  Turbidity (NTU) Turbidity meter Probe  APHA (2005) 

7.  TS (mg/L) Sample dried at 105 ℃ Oven  APHA (2005) 

8.  TSS (mg/L) Pre-weighed filtered  Oven  APHA (2005) 

9.  TVS (mg/L) Sample dried at 550 ℃  Muffle furnace  APHA (2005) 

10.  VSS (mg/L) Dried at 550 ℃ Muffle furnace APHA (2005) 

11.  PO4
3--P (mg/L) Ascorbic acid method  HACH (DR 6000) APHA (2005) 

12.  TP (mg/L) Persulfate digestion  HACH (DR 6000) APHA (2005) 

13.  NH4
+-N (mg/L) Phenol method  HACH (DR 6000) APHA (2005) 

14.  TN (mg/L) Persulfate Digestion  Spectrophotometer  HACH 10072 

15.  Heavy metals* Spectroscopy  ICP-OES APHA (2005) 

Where EC = electrical conductivity, TN = total nitrogen, TP = total phosphorous, ORP = oxidation 

reduction potential, TDS = total dissolved solids, TS = Total Solids, TSS = Total Suspended Solids 

filter (0.45 µm) paper and dried at 105 ℃, TVS = Total volatile solids, VSS = Volatile suspended 

solids, and *heavy metals (mg/L). 

 

3.10.2 Clay soil analysis methods 

The collected clay soils texture (sand, silt, and clay soils content) was determined using Bouyoucos 

hydrometer method (Bouyoucos, 1962). The sampled clay soil’s pH was measured in 1:2.5 (soil: 

water ratio) using a digital pH meter as described in EN-ISO 10390:2014 (1:2.5). Likewise, the 

electrical conductivity (EC) was measured according to EN-ISO 11265:2014 (1:5) (from the 

supernatant used for pH measurement) with the help of a conductivity meter and expressed in 

mS/cm at 25 °C. The oxidizable carbon (OC) content in the soil was analyzed by the Walkely and 

Black wet oxidation method (Walkley & Black, 1934) using potassium dichromate (K2Cr2O7). The 

clay soil organic matter (OM) content was calculated by multiplying the OC (%) by a factor of 

1.724. The clay soil CaCO3 concentration was measured using the acid neutralization method (EN-

ISO, 2014b). Clay soil samples were passed through a 2 mm sieve for running this experiment. 

The clay soil CEC was determined using the ammonia acetate method as stated in ASTM D7503 

(ASTM, 2010). Collected soil samples were treated with 30% H2O2 and sodium citrate-dithionite-

bicarbonate (CBD) to remove the organic matter and sesquioxides, respectively (Shirsath et al., 

2011). Clay soils less than 2 µm were separated using differential sedimentation technique and 

sieve. Then, cleaned clays soils from organic matter and sesquioxides were used to study the clay 



89 

 

mineralogical analysis by X-ray diffraction (XRD) analysis (Sahoo et al., 2014). The available 

macro and micronutrients (Ca, Mg, K, Na, P, S, B, Fe, Mn, Cu, Zn, and Si) were extracted using 

the Mehlich-3 extraction method. The concentration of each element was determined using ICP-

OES (SPECTRO ARCOS, AMETEK Inc., Germany). 

 

Table 13. Clay soils physicochemical analysis methods 

Where CEC = Cation Exchange Capacity and EC = Electrical Conductivity, macro-, and 

micronutrients include: Ca, Mg, K, Na, P, S, B, Fe, Mn, Cu, Zn, and Si. 

 

3.10.3 Characterization of adsorbents 

The instruments and techniques used to characterize the adsorbents were described as follows 

(Table 14). The crystalline structure was examined using X-ray diffraction (Bruker D8, Bremen, 

Germany) with a Cu Kα source (λ = 1.5406 Å) from 10° to 70° (2θ) at a scanning rate of 2° min−1. 

The functional groups were studied by FTIR spectroscopy (Spectrum 65, PerkinElmer, USA) in 

the range of 400-4000 cm−1 with a resolution of 4 cm-1 using KBr pellets. The samples were 

analyzed in powder form (ATR technique). The pH value was measured by a multi pH meter with 

a resolution capacity of pH 0.001-0.1 (HQ440D, HACH, USA). The adsorbent surface 

morphology was examined using scanning electron microscopy (SEM) (JCM-6000Plus, JEOL 

Ltd., Japan). The SEM images were analyzed using ImageJ software (v 1.53k). 

 

Table 14. Summary of instruments used for adsorbent characterization  

S.№ Instruments/material Characterize 

1  Scanning electron microscopy (SEM) Surface morphology or microstructure  

2  X-ray diffraction (XRD) Crystalline nature and on unit cell dimensions 

3  Fourier Transforms Infrared (FTIR) To determine the surface functional group 

4  ICP-OES  Elemental composition   

Where ICP-OES = inductively coupled plasma optical emission spectroscopy 

S. No. Parameter Examination Standard Instrument 

1.  pH-H2O (-) (EN-ISO, 2014a) pH meter 

2.  Calcium Carbonate (CaO3) (%) (EN-ISO, 2014b) Digital burette  

3.  EC (mS/cm) (EN-ISO, 2014d) EC meter 

4.  Total Nitrogen (TN) (%) (EN-ISO, 2014c) Spectrophotometer 

5.  Bulk Density (g/cm3) (EN-ISO, 2014e) Oven  

6.  CEC (meq/100 g soil) (ASTM, 2010) Digital burette  

7.  Organic Carbon (OC) (%) (Walkley & Black, 1934) Spectrophotometer  

8.  Texture class (%) (Bouyoucos, 1962) Hydrometer  

9.  Macro- and micronutrient (mg/L) (Mehlich, 1984) ICP-OES 
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The synthesized nanoparticles’ size was calculated using Scherrer’s formula (Eq. 29)  (Langford 

& Wilson, 1978). 

 

D = 
kλ

βcosθ
 29 

 

Where D = Crystalline size (nm), k = Scherrer constant (typically = 0.94 for FWHM of spherical 

crystals with cubic symmetry), λ = the wavelength of the radiation (0.15406), β = FWHM (Full 

Width at Half Maximum) (radians), and θ = the peak diffraction angle (radians).  

 

3.10.4 Electrochemical analysis 

The anode and cathode were connected across 1000 Ω external resistance (Rext) unless otherwise 

stated. The voltage was measured using a digital multimeter (XL830L, China). Data were recorded 

at least three times per day, and the daily average was presented. The current (I) was calculated 

based on Ohm’s law as I = V/Rext and power output (P) = IV (V2/Rext), where I is the current (A), 

V is the voltage (V), and Rext is the external resistance (Ω). Power density (mW/m2) = P/A, and 

current density (mA/m2) = I/A, where A is normalized to the submerged cathode area (A = 29.83 

cm2) due to variation in anode chamber (MEJ+ or MEJ-), and others as described previously. 

Coulombic efficiency (CE) was the ratio of total charge obtained practically (CP) to the theoretical 

value (CT) obtained from complete substrate oxidization. CE was calculated based on Eq. (3) (Wen 

et al., 2009). 

 

CE = 
CP

CT

x 100% = 
8 ∫ I dt

tb

0

FVan∆COD
 x 100%  = 

8 I t

FVan∆COD
 x 100% 30 

 

Where F is Faraday’s constant (96,485 C/mol), ΔCOD is the difference in the influent and effluent 

COD (mg/L) over a time (tb), I is the current (A), and Van is the liquid volume in the anode (L).  

 

3.10.5 Anode biofilm thickness characterization 

Millo (2015) and Bakke et al. (2001) optical methods were adopted with modification to measure 

the anode biofilm thickness (BT). The anode electrodes obtained from the MFC reactor were 

scrapped using a scalpel until the graphite electrode surface was observed, the biofilm tip was 
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fixed facing the optical microscope objective. The distance between the bare electrode surface to 

the biofilm tip was measured by dragging the stage along the Z-axis to determine the BT. The 

biofilms were dispersed on the electrode surface; at least five n independent biofilms (5≤n≤10) per 

1 cm of anode projected area (4.71 cm2) were measured. It was difficult to quantify all BT at 

different biofilm growth stages from prokaryotic cells to matured biofilms, sparse over the 

electrode surface. Before recording data, the biofilms within the 1 cm were scanned by slowly 

rotating the electrode at 360. Hence, the top BT at the specified n range was reported, but 

excluding outliers or infrequently observed BT (did not occur at least five times per cm of 

electrode). The method was validated using a standard, Kapton® tape (DuPont Co., USA) with a 

manufacturer-reported thickness of 88.9 m, including the glue part. A tape was wrapped around 

a bare electrode without overlapping. The tape thickness measurement was carried out as described 

above. The test was run in triplicate (n=5), and BT measurement accuracy was about 95% (84 ± 

1.4 m) with ± 6 m precision (93%).  

 

 Data analysis  

The collected data were analyzed using IBM SPSS Statistics for Windows, version 20 (IBM Corp., 

Armonk, NY, USA). One-way analysis of variance (ANOVA) was used to compare the difference 

among the experimental systems for bioelectricity production and treatment performance, post hoc 

Tukey’s test were conducted for significant difference (p<0.05). All images during the study were 

captured using a digital camera (DSC-HXV9, Sony, Japan) and presented in this research without 

any modification or Photoshop editing. 
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CHAPTER FOUR  

4. RESULTS AND DISCUSSION 

 

 Characterization of adsorbent 

4.1.1 Physicochemical analysis 

According to Table 15, the clay content of the red clay soil (85%) is twice more than the black 

clay soil (37%), but the pH was nearly similar. The raw red clay soil texture was heavy clay, 

whereas the black clay soil was sandy clay type; as a result, red clay soil was selected for the PNCs 

preparation. The black clay soils CEC were (~ 20 meq/100  g soil) higher than red clays soils. The 

observed clay soil CEC values were within the previously reported range (De Castro et al., 2019).  

 

Table 15. Physicochemical properties of raw clay soil 

Parameters 
Raw clay 

Black clay Red clay 

pH-H2O (-) 5.24 5.89 

EC (mS/cm) 0.37 0.04 

Sand (%) 57.00 3.00 

Clay (%) 37.00 85.00 

Silt (%) 6.00 12.00 

CaCO3 (%) 3.35 4.38 

Organic carbon (%) 5.46 0.08 

Organic matter (%) 9.41 0.14 

TN (%) 0.41 0.01 

CEC (meq/100 g soil) 52.86 30.53 

C:N 13.41 8.00 

Bulk density (BD) (g/cm3) 1.18 1.11 

Texture class Sandy Clay Heavy Clay 

 

4.1.2 Surface morphology (SEM) analysis  

SEM was utilized to examine the surface morphology of the G-plasticized magnetic starch-based 

polymer nanocomposite (C9ST). Figure 42d illustrates the synthesized PNC was flexible and black 

color after drying for 24 h in the oven at 60 ℃. Figure 42a, and b show SEM micrographs of the 

fabricated PNC before and after phosphate adsorption, respectively; and Figure 43c depicts the 

AC before adsorption. The SEM microimages of C9ST magnified 1500X showed a sheet-like 

heterogeneous porous surface morphology. The C9ST before phosphate adsorption reveals a 

maximum pore size of 16 μm with an average of ~11±6 μm (Fig. C1), but the pores were not 
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visible after the adsorption test (Figure 42b). It could be due to phosphate ions adsorption. In 

contrast, Tarique et al. (2021) observed homogeneous surfaces from G-plasticized starch-based 

films without adsorbents. The heterogeneity of the C9ST could be due to the admixed adsorbents. 

It is expected that heterogeneity may affect the surface tensile (plasticity) property. On the other 

hand, it may accelerates the degradation process, which could be a subject of additional studies.  

 

  

 

Figure 42. SEM images of C9ST (a) before and (b) after phosphate adsorption, (c) AC, and (d) 

photo of C9ST.  

 

4.1.3 Fourier Transforms Infrared (FTIR) spectroscopy analysis  

FTIR spectroscopy was used to study the PNC and constituents’ surface functional groups. 

According to Figure 43, the wide IR spectra band at 3600-3000 cm-1 were related to the hydroxyl 

group’s vibration band (-OH) in all materials. Similar findings were reported by (Bhatia et al., 

2017; Nordin et al., 2020). Amine and OH-related peaks between 3700-3000 cm-1 were revealed 

in RC and NC, whereas in NC, a new peak at 2922 cm-1 could be associated with the methyl group 

from the CTAB modification. It implies the CTAB was effectively grafted on NC. These agree 

(b) (a) 

(c) (d)

) 
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with the IR analysis reported in previous studies (Bhatia et al., 2017; Tarique et al., 2021). Based 

on Eng et al. (2013), the peak at 1645 cm-1 shows the water OH deformation. The peaks band 

between 1000 to 400 cm-1 are related to metal-oxygen bond (M-O and O-M-O), where M = Zn, 

Al, Mg, Ni, and Fe (Yang et al., 2019b). The peaks were shallow in C9ST that suggests the 

constituents were incorporated into the polymer matrix. The absorption peak in CIONP/UIONP 

could be attributed to Fe2+↔O and Fe3+↔O, compared with Maity and Agrawal (2007) assigned 

IR spectra that shows the formation of Fe2O4 or Fe3O4 nanostructures and proves Fe-O vibration. 

The FTIR result confirmed that there are functional groups in the nanoparticle structure. These 

changes in the IR spectrum show that the nanoparticles have been successfully synthesized.  

 

   
Figure 43. Fourier transforms infrared (FTIR) spectrum of the (a) constituents and (b) PNC.  

Where M = metals (M = Zn, Al, Mg, Ni, and Fe). 

 

As shown in Figure 43b, the PNC FTIR spectra show a peak at 3391 cm-1, 2922 cm-1, 1729 cm-1, 

1643 cm-1, 1034 cm-1, and 815 cm-1 are related to O-H, C-H, C=O, O-H stretching, C-OH, and C-

O-C stretching, respectively. The IR spectra interpretation is supported by Nodeh et al. (2017). 

These O-H peaks are related to the hydroxyl group of the absorbed water and glycerol used to 

plasticize starch, as supported by the findings of Tarique et al. (2021). The C-O stretching vibration 

band higher than 993 cm-1 is related to starch and glycerol polysaccharide compound. Magnetic 

stretching observed at 575 cm-1 (Fe-O) reveals the proper PNC magnetization. The overall 

(a) (b) 
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observed FTIR evidence supports the possible plasticized magnetic starch-based Fe3O4 clay 

composite synthesis. 

 

4.1.4 Powder X-ray diffraction (XRD) analysis  

The adsorbents mineralogical composition and crystalline structure were studied by X-ray 

diffraction. Figure 44 shows the XRD pattern of constituents and PNC. The XRD pattern reveals 

a well-defined crystalline structure of the materials except for AC. In AC, the broad peak at 2θ = 

23 ° and 43 ° confirms the amorphous structure, which is in accordance with the literature (Juang 

et al., 2018). The XRD result of CIONP shows a peak at 2θ = 31.4°, 35.0°, 44.9°, and 62.0°, while 

UIONP peaks observed at 53.0°, 55.8° and 62.1°, which proves the Fe3O4 crystal structure 

formation and agree with the Joint Committee for Powder Diffraction Standards (JCPDS) card No. 

19-0629 (Sandhya & Kalaiselvam, 2020). Similar results were reported (Juang et al., 2018). The 

XRD pattern for PNC presents a sharp peak at 26.2° (Figure 44). It signals the NC was loaded into 

the PNC. A similar pattern was reported in the previous study (Eng et al., 2013; Nodeh et al., 

2017). 

   

 
Figure 44. XRD pattern of (a) constituents and (b) composite (C9ST). 

 

(a) (b) 
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Table 16. Crystalline size of the synthesized nanoparticles using Scherrer equation 
CIONP   UIONP   NC  A-CIONP  B-PNC 

2 FWHM Dp   2 FWHM Dp   2 FWHM Dp  2 FWHM Dp  2 FWHM Dp 

31.42 0.194 44.45  27.08 0.164 52.11  20.78 0.200 42.16  15.72 0.129 64.85  21.56 7.72 1.10 

35.04 0.999 8.72  29.94 0.239 36.03  26.48 0.146 58.48  27.00 1.319 6.48  27.62 26.89 0.32 

42.74 0.535 16.66  31.36 0.208 41.55  36.24 0.229 38.14  31.70 1.980 4.36  27.62 0.11 77.21 

44.92 0.691 13.00  35.22 1.168 7.46  39.12 0.202 43.60  35.66 1.980 4.41  27.92 11.62 0.74 

56.18 0.465 20.23  43.48 1.447 6.18  ... … …  43.74 1.980 4.52  … … … 

62.04 0.772 12.55  44.90 0.333 26.96  ... … ...  46.74 0.650 13.92  … … … 

    55.76 0.896 10.49  63.34 0.168 58.00  57.76 1.980 4.79  50.67 0.10 92.73 

    62.12 1.330 7.29  67.42 0.160 62.31      63.26 1.33 7.34 

Mean  19.27    23.51    52.56    14.76    19.61 

SD   12.94       18.14       14.47    22.36    34.77 

The dot (...) indicate data not shown, for detail see appendix C (Table C1); Dp (nm) & 2 = degree. 

  

The average crystalline size is calculated based on the Scherrer equation (Eq. 29) were 

19.27±12.94 nm (CIONP), 23.51±18.14 nm (UIONP), 52.56±14.47 nm (NC), and 14.76±22.36 

nm (A-CIONP) (Table 16). Similarly, coating IONP with citric acid decreases the crystalline size 

by ~4 nm on average, which could be due to decreases in the agglomeration effect. The crystal 

size decreases after CIONP phosphate ion adsorption and coating could be due to a decrease in 

agglomeration effect. 

4.1.5 Elemental analysis (ICP-OES) 

Based on the ICP-OES analysis data, the Ca, Na, S, and Si in raw DWW were detected higher than 

Fe, Zn, and Mn values (Figure 45). In contrast, the Na (110±1.13 mg/L) content was more 

dominant in raw DWW than Ca (23± 0.56 mg/L) and K (28±0.82 mg/L), which could be due to 

the Na salts used in food and kitchen waste. Similarly, Arienzo et al. (2009) noted higher Na (50-

250 mg/L) than K (13-20 mg/L) concentration in municipal WW.  

 

Phosphorus (11±0.94 mg/L) and sulfur (25±0.34 mg/L) values were higher in DWW than in the 

inoculum. The inoculum had a higher P (30±0.43 mg/L) than sulfur (11±0.34 mg/L). Macro- and 

micro-nutrients are required to a certain limit because these elements play a key role in enzyme 

synthesis and metabolism (Zhang et al., 2011), but beyond the permissible threshold, these 

nutrients could result inhibition (Appels et al., 2008). According to Figure 45, all the metal 

concentrations in raw DWW were below the permissible threshold (Chen et al., 2008; Liu et al., 

2011). Furthermore, the inoculum elemental analysis result shows a concentration gradient of K, 

Ca, Mg, Mn, Na, B, Zn, and Cu from high to low, respectively, within 65 ± 0.12 to 0.05 ± 0.06 

mg/L range. 
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Figure 45. The elemental composition of clay soils (black and red), nanoclay, polymer 

nanocomposites (C9ST), raw wastewater, and inoculum. Conc. = concentration  

 

 Batch phosphate adsorption 

4.2.1 Effect of pH 

The pH is an important parameter that affects the adsorption process (Battas et al., 2019). Figure 

46a shows that the adsorption capacity increased until climax and was followed by a decrease with 

an increase in pH value for all adsorbents. The effect of pH on phosphate adsorption was studied 

over a wide range (pH = 2-11) with 20 g/L adsorbents in 50 mL of 2 mg P/L solution and stirred 

for 1 h. The initial phosphate concentration (2 mg/L) and adsorbent dose (1 g) were selected (to 

Na Fe 

P S 
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start the optimization experiment) based on previous studies on related adsorbents (Waweru et al., 

2019; Yoon et al., 2014). The solution pH was adjusted using 0.1 M NaOH and HCl.  

 

     
Figure 46. The (a) effect of pH on the adsorbents and (b) point of zero charge (pzc). 

 

The optimum constituent (CIONP) phosphate adsorption was recorded at acidic (pH=3), while 

PNC at slightly acidic (pH=6). It potentially reduces the time and energy required to raise the raw 

DWW pH, often near neutral (Metcalf & Eddy, 2014). All other parameters effect was studied at 

each optimum adsorbent pH. It agrees with Hussain et al. (2011) that noted AC adsorption capacity 

occurs at pH ≤ 5 but declines as the pH increases; however, limestone addition pulls the optimal 

pH value to neutral (pH = 7). Similarly, Yoon et al. (2014) showed that the CIONP phosphate 

adsorption decreases as the pH increase from 2-6.  

 

The optimum phosphate adsorption pH varies among the adsorbents. It indicates that certain 

factors contribute to the pH effect. The PNC (multiple nanoparticles) might decrease the acidic pH 

selectivity (favorable) for phosphate adsorption in the PNC than constituents. The adsorption 

nature may be explained by the surface chemical and solution pH properties. Starch contains 

carboxyl and -OH group, CIONP (-OH), AC (–OH and carboxyl), while NC has amine groups (-

NH2) through organo-modification (Jiang et al., 2013). The solution pH affects the adsorbent 

surface and determines the phosphate species (Liu et al., 2016). The adsorbents surface charge and 

electrostatic force that depends on phosphate ion at pH < 2.1 (H3PO4) no attraction, pH 2.1-7.2 

(H3PO4
-) and pH 7.2-12 (H3PO4

2-) attraction, and at pH > 12 (PO4
3-) competing with -OH (Nodeh 

(a) (b) 

pzc 
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et al., 2017). The optimal adsorption pH variation could arise mainly due to the electrostatic 

repulsion or attraction between the functional groups at the adsorbent’s surface and negatively 

charged phosphate ion. The CIONP and C9ST pzc were at pH = 3.6 and 6.4, respectively. 

 

4.2.2 Effect of adsorbent dose 

Varying adsorbent doses (0.25 to 2 g) on phosphate adsorption was studied under 50 mL solution 

with 2 mg P/L at each adsorbent’s optimum pH value, while other conditions were kept constant 

as described before. Figure 47 shows a declining phosphate adsorption equilibrium capacity (qe) 

trend as the adsorbent dose increases. The CIONP dose of 0.25 g (5 g/L) and 2 g (40 g/L) resulted 

in a qe value of 0.26 and 0.14 mg P/g, respectively; similarly the qe declines as PNC dose was 

increased from 0.25 g (qe = 0.21 mg P/g) to 2 g (qe = 0.04 mg P/g). This contrast indicates the 

improvement of phosphate ion adsorption capacity by the PNC than the separate application of 

each adsorbent. When the adsorbent dosage increased, the phosphate removal percentage increase, 

but higher doses had little effect. It indicates that the amount of phosphate adsorbed by the 

adsorbents is inversely proportional to the adsorbent dose. The available active site for adsorption 

might increase with increasing adsorbent dose. However, the extra addition of adsorbent dose 

reduces the adsorption capacity, despite increasing the available active sites. It is probably due to 

the available amine, carboxylic, or active oxide sites initially high at lower adsorbent dosage, but 

as the adsorbent dose increases simultaneously, particle aggregation reduces adsorption efficiency 

(Battas et al., 2019).  

 

 
Figure 47. Effect of adsorbent dose on phosphate adsorption.  
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4.2.3 Effect of initial concentration 

The effect of initial phosphate concentration (2-100 mg P/L) was studied at the adsorbents' optimal 

pH, while keeping other conditions constant. As shown in Figure 48b, the adsorbents removal 

efficiency declines with increasing the phosphate concentration until equilibrium is achieved. The 

CIONP and PNC equilibrium initial concentrations were 50 and 35 mg/L, respectively. As the 

phosphate concentration increased from 2 to 100 mg P/L, the phosphate adsorption capacity 

increased in CIONP (0.1 to 2.89 mg P/g) and PNC (0.1-2.23 mg P/g). Given the highest optimal 

adsorption pH in the PNC, a relatively lower (45% at 100 mg P/L) adsorption capacity was 

observed by PNC (Figure 48). It could be due to the particle’s agglomeration in high phosphate 

concentration. One approach to alter this effect is increasing the agitation speed.  

 

   
Figure 48. The (a) effect of initial phosphate concentration and (b) removal efficiency. 

Where C9ST = G-plasticized magnetic starch composite and CIONP = Coated iron oxide 

nanoparticle. 

 

However, this collinearly increases energy requirement during the actual water treatment process 

and makes it difficult for application. Another alternative is modifying the material by blending 

with other adsorbents, optimizing the constituent ratio, or dispersing the planar clay sheets using 

organic (inorganic) modifiers. Therefore, it can be concluded that there is a positive synergetic 

effect between the biopolymer and nanomaterials that form the PNC to adsorb phosphate ions. The 

phosphate ion removal observed in PNC (95%) was comparable to the CIONP (97%) under initial 

2-100 mg P/L phosphate ion concentration. Similarly, Fan and Zhang (2018) showed that 

(a) 
(b) 
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increasing phosphate concentration also increases the adsorption capacity. This decline in 

phosphate removal efficiency could be due to the active adsorbent site saturation. However, 2 

mg/L was selected for further study due to the P load in natural water bodies and after secondary 

effluent was often < 2 mg/L (Waweru et al., 2019). 

 

4.2.4 Adsorption kinetics  

Adsorption kinetics was studied to determine the rate of phosphate uptake by the PNC and 

constituents. Pseudo-first-order (PFO) (Lagergren first-order) (Eq. 31) and pseudo-second-order 

(PSO) (Ho & McKay, 1999) (Eq. 32) models were used to describe the kinetics of adsorption 

experiments. Weber and Morris (1963) intra-particle diffusion model was adopted to determine 

the diffusion mechanism, as shown in Eq. (33). 
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Where k1 is the PFO rate constant, k2 is the PSO rate constant, qe is the adsorbed phosphorus at 

equilibrium (mg P/g), qt is the adsorbed phosphorus (mg P/g) at the time (t), kp is the rate constant 

of intraparticle diffusion (mg P/g.min1/2), and C is the liquid-solid layer effect. 

 

The effect of time on the adsorbents was studied using optimum phosphate concentration and 

adsorbent dose at different contact times (5-120 min) at 150 rpm and room temperature (25±1 ℃). 

In both adsorbents, the adsorption rate was highest within the first 30 min. Meanwhile, the PNC 

and CIONP reach equilibrium within 60 and 50 min, respectively (Figure 49).  

 

The experimental data obtained as a function of contact time were fitted into the adsorption kinetics 

model. The phosphate ions adsorption increases as the contact time increase until it reaches a 

maximum level at 1 h (Figure 49). However, as the contact time increases, no more adsorption 

occurs; this adsorption equilibrium might be due to the saturation of the free adsorbent sites. 

Additionally, based on the Freundlich model, it could be due to the adsorption binding energy 
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decreases exponentially as the surface saturation increases (Battas et al., 2019). The PFO kinetic 

model indicates the adsorption mechanism is due to physisorption, while the PSO implies 

chemisorption (Saifuddin et al., 2019). Table 17 shows the PSO expresses more the composite and 

constituent adsorption experimental data due to a higher determination coefficient (R2 >0.99) than 

PFO (R2>0.9). The results suggest that the PNC adsorption process is mainly due to the 

chemisorption process, as a rate-limiting factor between the phosphate ion and adsorbents through 

sharing electrons or ion exchange. 

 

The intra-particle diffusion model controls the adsorption process if the lines pass through the 

origin (Jiang et al., 2013). Based on Figure A2, in which the lines do not pass through the origin. 

Hence, it can be concluded that intra-particle diffusion was not the only adsorption rate-controlling 

step, and the mechanism involves simultaneous adsorption and intra-particle diffusion. The good 

linearity of the plots might indicate that intra-particle diffusion may play a significant role during 

the initial adsorption stage. 

 

Table 17. Derived parameters of kinetic models 

Adsorbent qe (expt) 

(mg/g) 

Pseudo-first-order  Pseudo-second-order  Intra-particle diffusion 

R2 

qe (cal) 

(mg/g) 

k1 

(min-1)  R2 

qe (cal) 

(mg/g) k2  R2 kp 

CIONP 0.089 0.971 0.038 0.043  0.997 0.090 0.337  0.821 0.011 

C9STa 0.099 0.972 0.042 0.039  0.998 0.097 0.367  0.841 0.012 
a Starch-based Fe3O4 clay composite 

 

       
Figure 49. Kinetics modeling of (a) CIONP and (b) C9ST.  

Where PFO = pseudo-first-order and PSO = pseudo-second-order  

 

(a) (b) 
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4.2.5 Adsorption isotherm 

Adsorption equilibrium isotherm data provides valuable information to determine the adsorption 

process characteristics, the interaction between adsorbate and the adsorbent surface property 

(Battas et al., 2019; Juang et al., 2018). It explains the function of concentration on the adsorbent 

surface at constant temperature (Waweru et al., 2019). Adsorption isotherm was tested as a 

function of initial phosphate concentration. Langmuir and Freundlich’s isotherm models were 

applied to determine the phosphate adsorption isotherm test.  

 

The Langmuir model assumes adsorption is a (1) reversible phenomenon on (2) homogenous 

monolayer surface without any interaction between adsorbed molecules, and the rate is dependent 

on (3) the initial adsorbate concentration and (4) available site on the adsorbent. The linearized 

form (Ce/qe vs Ce) with slope 1/q
max

 plotted as Eq. (34) (Langmuir, 1917). The essential 

characteristics of the Langmuir equation can be expressed using a dimensionless equilibrium 

parameter or separation factor (RL) shown in Eq. (35) (Abukhadra et al., 2020). The process 

reversibility was evaluated using four possibilities of RL value: favorable 0<RL<1, unfavorable RL 

>1, linear RL = 1, and irreversible RL = 0.  

 

Ce

q
e

 = 
1

q
max

Ce + 
1

q
max

KL

 34 

RL = 
1

 1 + KLC0 
 35 

Where qmax is the maximum adsorption capacity (mg/g), KL is the Langmuir adsorption constant, 

qe is the adsorbed amount at equilibrium concentration (mg/g), Ce is the equilibrium concentration 

(mg/L), and C0 is the highest initial adsorbate concentration (mg/L). 

 

The Freundlich model is an empirical sorption isotherm for the non-ideal system (Battas et al., 

2019; Yadav et al., 2015). This model assumes (1) heterogeneous surface adsorption and (2) the 

binding energy decreases exponentially with increasing surface saturation. Freundlich linearized 

form (log qe vs log Ce) plotted and adsorbed concentration per unit adsorbent at equilibrium is 

given as Eq. (36) (Ho et al., 2005). KF and n were calculated from intercept and slope, respectively. 

A Higher KF value indicates the adsorbent has a higher adsorption capacity than adsorbate, and a 



104 

 

small 1/n shows the strong adsorption bond (Hussain et al., 2011). The n value shows the type of 

adsorption: favorable (1 < n > 10), normal (1/n < 1), and cooperative (1/n > 1) adsorption. 

 

log q
e
= log KF  + 

1

n
logCe 36 

 

where Ce (mg P/L) is liquid-phase phosphate concentration at equilibrium, KF is the Freundlich 

adsorption constant, and 1/n (dimensionless heterogeneity factor) is the Freundlich intensity of 

adsorbent adsorption.  

 

Table 18. Parameters of isotherm models for the phosphate ion adsorption 

Adsorbent 
Langmuir  Freundlich 

KL qmax (mg/g) R2 RL (L/mg)  KF 1/nf R2 

CIONP 0.068 3.38 0.956 0.326  0.328 0.879 0.995 

C9ST 0.094 2.31 0.955 0.323   0.360 0.822 0.997 

 

    
Figure 50. Adsorption isotherm model fit of the (a) CIONP and (b) C9ST. 

Where phosphate adsorption as a function of initial concentration (2-100 mg/L), pH (3-6), stirred 

for 1 h at 150 rpm and room temperature (25±1 ℃). 

 

According to Table 18, the phosphate ions adsorption onto the PNC and constituent best-fit the 

Freundlich isotherm model (R2 > 0.99). However, the Langmuir model can be applied for the 

constituents because R2 > 0.95. Freundlich’s model assumes the adsorbent surface is 

heterogeneous and phosphate ion adsorption energy on the adsorbent decrease exponentially with 

increasing surface saturation (Battas et al., 2019). Based on Langmuir (KL) and Freundlich 

adsorption intensity (1<n>10) values, the phosphate adsorption onto the adsorbents was favorable 

(a) (b) 
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(Nodeh et al., 2017). The CIONP and C9ST MPA capacity (qmax) were 3.12 and 2.38 mg P/g, 

respectively, which is in the range of the reported MPA capacity (3–476 mg P/g) (Table 18).  

 

4.2.6 Application in real wastewater 

The synthesized PNC and constituent (CIONP) were exposed to real DWW. The WW was filtered 

and analyzed as described in the analytical method section. The WW characteristics were pH = 

7.51±0.07, TP = 9 mg/L, and ammonia = 35 mg/L. Then, in a separate flask, 0.25-2 g of each 

adsorbent (CIONP and PNC) was added into 50 mL of WW and stirred for 1 h at 150 rpm and 

room temperature (25 ± 1 ℃). The phosphate removal efficiency by the adsorbents due to synthetic 

or real WW application were compared, the observed results show the PNC and constituent 

(CIONP) efficiency decline in real WW than synthetic by ~11-16% and ~15-29%, respectively 

(Figure 51). In DWW and most inland water, where pH ranges between 6.5 to 8.5, the most 

dominant phosphate species are H2PO4
─ and HPO4

2─ (Metcalf & Eddy, 2014). It might be due to 

competing ions and interaction in the real domestic WW. In agreement, Jiang et al. (2018) noted 

phosphate adsorption from natural water could be potentially altered by other coexisting anions 

that may compete for adsorption sites. Given various factors interfering adsorption process, the 

PNC phosphate adsorption was still higher than the constitutions. Inconsistent, Nodeh et al. (2017) 

reported 74-90% phosphate removal from the river and real sewage WW using La-doped MG.  

 

  
Figure 51. Phosphate adsorption by (a) synthetic and (b) domestic wastewater.  

Where error bars indicate standard deviation (SD). 

(a) 
(b) 
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4.2.7 Phosphate adsorption mechanism 

Figure 53 and scheme 2 presents the proposed adsorption mechanisms. The phosphate adsorption 

mechanisms could be electrostatic interaction and physisorption due to phosphate ions being 

negatively charged over a wide pHs range. In support, the FTIR spectra confirmed the peak shift 

at C9ST (3401, 2912 & 1033 cm-1) and CIONP (3404, 1602, & 572 cm-1), which indicates the 

amine, -OH, and carboxyl groups involvement in the phosphate adsorption process (Figure 52b). 

SEM images (Figure 52a and b) signal physisorption could be a possible phosphate removal 

means. It is previously reported that the metal hydroxides remove phosphate ions through inner 

and surface electrostatic complexations (Nagoya et al., 2019; Nodeh et al., 2017). Literature review 

shows phosphate adsorption is also possible through ion or ligand exchange (Guibal, 2004; Xie et 

al., 2014; Yang et al., 2019b). In addition, the FTIR spectra show the presence of PO4
3- and P-OH 

on the adsorbent at 1070, 960, and 787 cm-1. This IR spectra variation after phosphate adsorption 

was reported in previous studies (Nodeh et al., 2017). Overall, the FTIR confirms the successful 

adsorption of phosphate ions by the adsorbents (CIONP & C9ST). Figure 52a shows the adsorbents 

(both the constituent (CIONP) and PNC) crystalline nature was altered after phosphate adsorption 

from the synthetic aqueous solution. 

 

  
 

Figure 52. The adsorbents (a) XRD and (b) FTIR spectra before (B-CIONP and B-C9ST) and after 

(A-CIONP and A-C9ST) adsorption. 

 

(a) (b) 
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Figure 53. The proposed phosphate adsorption mechanisms with the C9ST SEM image background. 

Where, e = Electrostatic, ex = exchange (ligand or ion), c = complexation (inner or outer sphere), 

and p = physisorption. The phosphate species at pH<pzc = pH = 6.4<pH indicate the dominant. 

 

Moreover, the adsorbents recovering and restoring characteristics were tested using the Nd-Fe-B 

magnet approach described in Juang et al. (2018). The Fe-Nd-B magnet attracts the CIONP and 

C9ST before and after adsorption (Figure 54), showing the possible adsorbent recovery using a 

magnetic field. It indicates that the G-plasticized starch composite preserves the magnetic 

properties after adsorption. Similar CIONP characteristics were reported by Jiang et al. (2013).  

 

 
Figure 54. Nd-Fe-N magnet test before (B-C9ST and B-IONP) and after (A-C9ST and A-IONP) 

phosphate ion adsorption.   

 

4.2.8 Comparison of adsorbents with other studies 

The comparison of this adsorbent with other studies is shown in Table 19. These results indicate 

that the C9ST had a higher adsorption capacity than cation starch (corn and potato), FeCl3, starch, 

and Chitosan/Fe3O4 reported in different studies (Ren et al., 2020; Waweru et al., 2019; Yoon et 

al., 2014). However, it was lower than magnetic iron oxide nanoparticles and metal-modified 



108 

 

adsorbents such as Chitosan/Zr and Chitosan/Cu (II), but the optimal pH is ≤ 5 (except 

Fe3O4@mZrO2). 

 

Table 19. Comparison of phosphate adsorption capacity of various adsorbents 

Adsorbent pH  Ci (Dose) Sol. Stir (Kin.) Iso. MPAC (T) References 

Magnetic IONP 2 2 (0.6) 30 24 h (PSO) F/R 5.03   (25) Yoon et al. (2014) 

Magnetite (MP) 3 0.5 (0.12) 50  2 h (-) - 3.2     (20) Pan et al. (2010) 

Fe3O4@mZrO2 6.9-7 0-300 (0.6) 50 24 h (PSO) L 39.1   (25) Sarkar et al. (2010) 

Iron-Zeolite A ≤10 6 (0.1-4) 500 1 h (PSO) L 2.16   (25) Saifuddin et al. (2019) 

MG@La 5-7 5-200 (40) 40 1.3 h (PSO) E* 116.3 (25) Nodeh et al. (2017) 

ZnOBBNC 7 10 (3 g) 50 0.25 h (PSO) L 265.5 (25) Nakarmi et al. (2020) 

AC 5 6-25 (40) 40 2.5 h (PSO) F/L 3.02   (25) Hussain et al. (2011) 

AC 6 10-140 (5 g) 25   24 h (PSO) L 8.69   (25) Kilpimaa et al. (2015) 

ACR 6 10-140 (5 g) 25 24 h (PSO) L 30.21 (25) Kilpimaa et al. (2015) 

B-Zn/Al-LDH 5 10-200 (0.1) 40 12 h (Elov)L/F 152.1 (25) Yang et al. (2019b) 

La2Bent 6 100 (150) 50  24 h (PSO) L 17.86 (25) De Castro et al. (2019) 

Chitosan/Fe3O4 7 2 (6 g) 50 24 h (PSO) L/F 0.96   (25) Waweru et al. (2019) 

Chitosan/Zr 3 10-30 (800) 50   0.33 h (PSO) L 71.68 (25) Liu et al. (2016) 

Chitosan Fe (III) 3 50 (1 g) 100  48 h (PSO) F 15.58 (25) Zhang et al. (2018) 

Chitosan beads 5 10-180 (-) - 6.67 h (Both) L 28.86 (25) Dai et al. (2011) 

MCCS  6.8 100 (100) 50 1.25 h (PSO) L 22.88 (25) Fan and Zhang (2018) 

FeCl3 + Starch*  5 2.5† (100) 100  0.8 h (-) - 0.59   (25) Ren et al. (2020) 

FeCl3 + Starch* 7 2.5† (100) 100  0.8 h (-) - 2.77   (25) Ren et al. (2020) 

Corn C-starch  7 4 (-) - 1.17 h (-) - 1.32   (25) Anthony and Sims (2013) 

Potato C-starch 7 4 (-) -  1.17 h (-) - 1.16   (25) Anthony and Sims (2013) 

CIONP 3 2-100 (1) 50 1 h (PSO) F/L 3.12   (25) This study 

C9ST 6 2-100 (1) 50 1 h (PSO) F 2.31   (25) This study  
Where Ci (Dose) Sol. = initial P concentration (mg/L) (adsorbent dose, g) solution in mL, stir (Kin.) Iso. = 

optimum stirring time (h) (kinetics best fit) isotherm best fit, MPAC = maximum phosphate adsorption 

capacity (mg/L), C-starch = cationic starch, PFO = pseudo-first-order model, PSO = pseudo-second-order 

model, Both = PFO and PSO, L = Langmuir, F = Freundlich, R = Redlich–Peterson, *St-CTA = a cationic 

starch with quaternary ammonium salt (CTA) added after FeCl3 application (separately), MCCS = modified 

cellulose from corn stalks and † = TP, MG@La = lanthanum hydroxide doped onto magnetic reduced 

graphene oxide, E* = free energy, IONP = iron oxide nanoparticle, NC = nanoclay, and coated iron oxide 

nanoparticle, C9ST = starch-based Fe3O4 clay polymer nanocomposite, La2Bent = lanthanum (III) modified 

montmorillonite. 
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 The wastewater treatment system 

4.3.1 Performance of the treatment system 

4.3.1.1 pH change 

Table 20 shows the anaerobic-aerobic integrated WWT treatment system performance. The system 

was studied under the HRT of 0.5, 1, and 2 d with an equivalent OLR of 0.3-0.7 g/L. Several 

authors recommend that pH is an important factor that determines anaerobic reactor stability and 

the proper functioning of methanogens and acidogenic microorganisms (Abbassi et al., 2020; Puig 

et al., 2010; Shi et al., 2014). The optimum pH range for anaerobic microbial growth depends on 

the microbiome: acidogenic bacteria and exoelectrogens (pH = 6.5-7.5), and methanogenic 

bacteria (pH = 7.8-8.2) (Liu et al., 2008). The inlet DWW pH (6.8-7.4) values were in a favorable 

range for anaerobic treatment.  

 

The observed pH values in the anaerobic reactor were 6.7, 7.2, and 7.6 at the HRT of 0.5, 1, and 2 

d, respectively. The anaerobic reactor pH values at 0.5 and 1 d HRT are within the recommended 

range for exoelectrogens (pH = 6.5-7.5); while at 2 d HRT were above the optimal pH values. It 

could be due to volatile fatty acids (VFA) accumulation at short HRT (0.5 d) but the extended 

WWT period in the reactor (HRT = 2 d) results in oxidizable products that shift the pH to basic 

condition. In support, during anaerobic (UASB) DWWT Dohdoh et al. (2021) noted the highest 

VFA during short-range HRT 3-9 d (VFA = 20-38 mg/L) relative to the extended HRT 12-15 d 

(VFA = 7.5-20 mg/L). The HRT range to observe the VFA variation might depend on the WW 

type, composition, and microbial consortia; when the WW contains more organic load and fats, it 

could increase VFA load and enlengthen the conversion process ultimately decreasing the pH. 

Hence, it is possible to suggest 0.5 to 1 d could be the optimum HRT for establishing 

exoelectrogens favorable pH conditions in an anaerobic reactor. A similar pH fluctuation pattern 

is reported somewhere else (Dobre et al., 2014; Von Sperling & Chernicharo, 2005). 

 

The pH change in the aerobic reactor is shown in Table 20. The aerobic reactor effluent WW had 

a slightly acidic pH 6.7± 0.1 at 1 d HRT, while this value increased to near neutral (~ pH = 7.4) at 

the HRT of 0.5 and 2 d. Similar WW pH was reported in the previous study (Zhang et al., 2011). 

At the beginning of the treatment process, the slightly neutral pH values decline and rise again to 
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reach a steady state. This fluctuation could be due to the biodegradation process that converted 

organic matter into VFA; or the lower buffering capacity of raw DWW attributed to lower 

alkalinity (256-264 mg/L as CaCO3) content (Table 20). After the process startup, the alkalinity in 

the anaerobic reactor steadily increases from 274 to 295 mg/L as CaCO3 at HRT of 0.5, 1, and 2 

d. It is in agreement with the conclusion by Alkaya and Demirer (2011).   

 

4.3.1.2 TCOD removal  

Table 20 shows the steady-state CODRE during anaerobic-aerobic integrated DWWT in fed-batch 

operation at different HRT. The anaerobic reactor CODRE is a key parameter in WWT as it is 

interrelated with organic matter removal. The CODRE at 0.2-0.7 g/L-d OLR and HRT of 0.5, 1, 

and 2 d were 63%, 72%, and 80%, respectively. The CODRE increases as the HRT increase; this 

could be due to enhanced available time for organic matter biodegradation that increases C/N, 

VFA, and CODRE (Ergüder et al., 2001). This study finding agrees with Lim et al. (2008). 

Therefore, OLR of 0.73 g/L-d at HRT of 1 d was suitable for optimum COD load in the anaerobic 

reactor. The decrease in OLR accompanied by an increase in HRT was also noted by Lim et al. 

(2008). In addition, a similar study conducted by Rajagopal and Beline (2011) on the anaerobic 

reactor operated under batch mode and organic materials from pig and cattle slurry reported that 

the optimal VFA was on 0.5 and 2 d, respectively. 

 

The average CODEF in the treated aerobic reactor was 224, 107, and 50 mg O2/L. The MBBR 

could achieve higher organic matter removal due to effective biofilm formation and solid-liquid 

separation (Ødegaard, 2006; Safwat, 2018). The optimum CODEF was observed at HRT of 1 d 

than 0.5 and 2 d. This could be due to a better establishment of slow-growing bacteria, a diversified 

microbial community, and a reduced washout effect. According to Table 20, in a fed-batch, 

anaerobic-aerobic reactor treatment system, the optimum HRT was 1 d at OLR of 0.73 g/L-d. 

Therefore, OLR of 0.73 g/L-d and HRT of 1 d were suitable for optimum COD production in the 

anaerobic reactor.  

4.3.1.3 TP removal 

The anaerobic reactor alone is insufficient to meet the typical secondary effluent P standard, which 

is often 0.05 mg P/L (Waweru et al., 2019). Hence, it is crucial to polish secondary effluent for TP 

removal. In this study, the anaerobic-aerobic integrated system TP removal observed results are 
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presented in Table 20. The TP removal could be due to the biological or adsorption process. The 

aerobic system TP removal was better (~2X greater) than the anaerobic system, which could be 

due to the biological process. According to Bunce et al. (2018), during anaerobic process, the P 

uptake by P accumulating organisms (PAO) occurs through secondary transport and is stored as 

polyhydroxy alkenoates (PHA); the energy for the process is generated from ATP that is obtained 

from glycogen breakdown or polyphosphate stored inside the cell. The hydrolysis of 

polyphosphate increases the P concentration in the liquid. 

 

In contrast, PHA accumulated is oxidized by the e─ acceptor during the aerobic process, and the 

energy released is used for P uptake; consequently, it reduces the P load in the treated WW effluent. 

Similar TP removal in the aerobic-anaerobic system was reported in the previous study (Hernández 

Leal et al., 2010). Again, the NO3
─ load affects the BPR; in the anaerobic state, the heterotrophic 

bacteria use NO3
─ that consume COD and leave less for PAOs (Metcalf & Eddy, 2014).  

 

A phosphate could be removed through ligand exchange that forms inner-sphere complexation, 

while Mg and Ca precipitate phosphate (Rout et al., 2017). Hence, Ca, Mg, and Fe in the DWW 

(Figure 45) could facilitate the phosphate removal from DWW. Although the Fe-content in the 

leachate was not determined, physical (electrostatic) and chemical sorption such as precipitation 

might be the major phosphate removal mechanism. Lee and Wilkin (2010) (Eq.37) noted that 

during iron-based phosphate precipitation H+ build up in WW with lower alkalinity (Eq. 38). The 

pH fluctuation in the system could be due to leached iron that precipitated phosphate and H+ 

release, which accumulates in the system and lower the pH. However, in this study, the actual 

factor behind the process could not be concluded due to the leaching test was not carried out.  

 

Fe2++ 2H2O → Fe(OH)2 + 2H
+
 ∆G = +69.69 kJ/mol 37 

3Fe
2+

+ 2H2PO4
─

 → Fe3(PO4)2 +  4H
+
 ∆G = +52.61 kJ/mol 38 

10Ca2+ + 6 PO4
3- + 2OH- ⇆ Ca10(PO4)6(OH)2 pH >10 39 

-NH2 + H+ → NH3
+  40 

-NH3
+ + H2PO4

3- → NH3H2PO4  41 

-NH2 + OH─ → NH2OH─   42 
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4.3.1 Effects of HRT on the overall treatment system performance 

The WWT system performance was optimized in terms of HRT and evaluated based on TCOD 

and TP removal. The overall performance of anaerobic and aerobic reactor at HRT of 0.5, 1, and 

2 d with equivalent OLR of 0.2 to 0.7 g/L- d are presented in Table 20. The anaerobic system was 

able to remove more than 80% of CODIN. The post-secondary treatment system is required to 

polish the effluent and meet discharge standards. However, the aerobic reactor discharge should 

be further treated through advanced treatment systems such as the column adsorption process. 

From Table 20, the aerobic reactor treatment performance was more efficient than the anaerobic 

reactor. Aerobic oxidation (-2882 kJ/mol) is the most energy-efficient and degrading organic 

matter than anaerobic oxidation (-428 kJ/mol) (Comeau, 2008); which could be the key role for 

the aerobic system better performance. The conventional A2/O (Anaerobic/Anoxic/Oxic) demands 

larger anoxic volumes and is commonly used for WW with N load < 40 mg/L (Shams et al., 2018). 

The integrated anaerobic-aerobic system could be feasible for DWWT. 

 

Table 20. Summary of wastewater treatment system performance operated at different HRT 

HRT 0.5 d  1 d  2 d 

Reactor Anaerobic Aerobic  Anaerobic Aerobic  Anaerobic Aerobic 

OLR (mg O2/L-d) 2946±21 1194±12  1464±69 772±24  378±13 121±6 
         

Inlet COD (mg O2/L)  737±17 597±9  732±35 386±12  755±14 242±13 
Outlet COD (mg O2/L)  594±4.4 224±3.9  385.7±2.6 107±3.7  239±1.9 50±2.1 

         

Inlet TP (mg P /L) 9.9±0.2 9.7±0.2  10.9±0.2 9.3±0.2  11±0.2 9.4±0.2 
Outlet TP (mg P /L) 9.7±0.3 9.2±1.2  9.3±2.4 6.3±2  9.4±2 6.7±2 
         

Inlet alkalinity (mg/L)  256±115 274±38  261± 97 287±83  264±106 295±73 
Outlet alkalinity (mg/L) 274±38 114±65  287±83 201±44  295±73 172±89 
Inlet pH  7.4±0.1 6.7±0.2  7.2±0.1 7.2±0.3  6.8±0.1 7.6±0.1 
Outlet pH  6.7±0.1 7.3±0.2  7.2±0.3 7.4±0.1  7.6±0.1 7.2±0.2 

CODRE (%) 19.35 62.41  47.31 72.16  68.29 79.38 

TPRE (%) 1.98 4.67  14.78 31.65  14.28 28.69 

Where CODRE and TPRE = TCOD and TP removal efficiency, respectively; d = day; and alkalinity 

(mg CaCO3/L) 

 

4.3.2 Comparison with previous studies  

Table 21 shows the comparison of this study WWT system with previously reported findings. The 

integrated DWWT system could enhance phosphate and COD removal. Dohdoh et al. (2021) 

reported UASB-AS/IFAS integrated DWWT system with 1.5-15.4 Kg TCOD/m3-d CODIN 
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outperforms this study ASBR-MBBR. This variation could be due to WW type, acclimatization 

period, microbial diversity, CODIN, which is higher than the current study 0.7 kg COD/m3-d 

CODIN. Araujo et al. (2008) noted 72-80% CODRE at CODIN = 1000-5000 mg/L and 0.2-2 kg 

COD/m3 of OLR. Bustillo-Lecompte et al. (2013) developed a combined biological and 

physicochemical method ABR-AS-UV/H2O2 and reported about 99% TOC removal. 

 

Table 21. Comparison of integrated DWWT system with previous studies  
 WW System   pH HRT  TPIN (EFF) RE CODIN (EFF) RE Reference  

S
ta

n
d
al

o
n
e 

W
W

T
 s

y
st

em
 

DWW UASB - 2 h - (-) - - (-) 72 (Araujo et al., 2008) 

DWW UASB - 3-6 h - (-) - 640 (339) 35-47 (Castillo et al., 1999) 

DWW AS - 3-7.5 h - (-) - 640 (282) 52-56 (Castillo et al., 1999) 

DWW UASB - - 4 (2.6) 35 180-270 (55-70) 1 

MWW UASB - 4 h - (-) - 958 (153) 69-84 2 

MWW AS - 2.8 h - (-) - 958 (134) 43-86 2 

DWW Aerobic - 12 h 6.6 (4.8) 28 830 (83) 90 4 

DWW Anaerobic  - 12 h 6.6 (5.9) 11 830 (407) 51 4 

DWW Anaerobic 7.4 0.5 d 10 (7) 28 737 (597) 19 This study 

DWW Anaerobic 6.3 1 d 7   (5) 30 597 (218) 63 This study 

DWW Anaerobic 7.2 2 d 11 (6) 39 732 (386) 47 This study 

DWW Aerobic  7.4 0.5 d 6   (4) 32 386 (109) 72 This study 

DWW Aerobic  6.8 1 d 11 (6) 45 755 (242) 68 This study 

 DWW Aerobic  7.4 2 d 6   (3) 49 242 (49)   80 This study 

        

In
te

g
ra

te
d
 W

W
T

 s
y
st

em
 

SWW  An-Ae 6.34 4 d - (-) - 2000 (40) 98 Tong et al. (2020) 
MWW A2O-MBBR - 15 h 4 (2.2) 44 156 (23) 85 (Hu et al., 2014) 

MWW UASB+AS - 28.3 h - (-) - 4400 (176) 96 (Gizgis et al., 2006) 

DFW UBR-A - 4 d - (-) - - (84) - (Shams et al., 2018) 

SNW UBR-A - 4 d - (-) - - (94) - (Shams et al., 2018) 

DWW UASB-AS -  4 (2.6) 35 60-150 (75-88) 1 

MWW UASB+AS - 6.8 h - (-) - 958 (67) 85-93 2 

DWW A/O-MBR - 18 h 4 (1.8) 56 311 (34) 89 3 

DWW An-Ae - 13 h 6.6 (6.4) 3 830 (91) 89 4 

DWW UASB+RBC - 13.5 h - (-) - 640 (32) 84-95 (Castillo et al., 1999) 

DWW UASB-AS 7.6 0.5 d - (-) - 540 (66) 88 Dohdoh et al. (2021) 
DWW UASB-IFAS 7.5 0.5 d - (-) - 540 (44) 92 Dohdoh et al. (2021) 
DWW UASB-AS 7.5 0.6 d - (-) - 711 (78) 89 Dohdoh et al. (2021) 
DWW UASB-IFAS 7.7 0.6 d - (-) - 711 (49) 93 Dohdoh et al. (2021) 
DWW An-Ae 7.3 0.5 d 10 (5) 30 737 (218) 63 This study 

DWW An-Ae 7.4 1 d 11 (4) 32 732 (109) 72 This study  

DWW An-Ae 7.2 2 d 11 (3) 49 755 (49) 80 This study  

Where 1 = (Von Sperling & Chernicharo, 2005), 2 = (Von Sperling et al., 2001), 3 = (Al-Aboodi et 

al., 2020), 4 = (Hernández Leal et al., 2010), SWW = slaughterhouse wastewater, UBR-A = anoxic-up 

flow bioreactor and aerobic, DFW = dairy farm wastewater, CODIN (EFF) RE = COD influent (effluent) and 

removal efficiency (%); TPIN (EFF) RE = TP influent (effluent) removal efficiency (%), An-Ae = anaerobic-

aerobic, MWW = municipal WW, and MBR = membrane bioreactor. Unless stated all units as mg/L.  
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 Developing and optimizing FAB reactor 

4.4.1 FAB concept  

This research developed a fragmented electro-active biofilm (FAB) reactor to enhance the power 

generated and treatment efficiency of a microbial fuel cell reactor fed with domestic wastewater.  

 

 
Scheme 3 Fragmented electro-active biofilm (FAB) reactor conceptual scheme. (a) Reactor feed 

with WW, (b) insertion of MEJ-dish, (c) pumping wastewater, (d) removing the electrode, and (e) 

biomass collected across the electrode. 

 

The FAB concept was developed based on the graphical abstract shown in Scheme 3. A graphite 

electrode was inserted into the solid materials carrier substratum (e.g., funnel + rubber), which was 

used to imitate the MEJ-dish for microbial growth support media in the FAB reactor. First, this 

setup was inserted into raw domestic wastewater mixed with inoculum (cow manure: domestic 

wastewater in a 1:1 ratio). Second, the reactor contents were stirred using a magnetic stirrer (MS-

H280-Pro, DIAB, USA) at a speed of 120 rpm (Scheme 3b). Third, the contents were settled for 

10 min, then an auto-dosing peristaltic pump (DP-4, Jebao Inc., China) was used to draw the 

wastewater from the FAB reactor (Scheme 3c). Fourth, the MEJ-dish was dried in the open air for 

24 h (Scheme 3d). Consequently, a thick solid mass was developed across the electrode (scheme 

3e) that was assumed to be retained biosolids and organic matter during practical application. This 

conceptual FAB demonstration was experimentally tested in an actual MFC reactor with an anode 

(cathode) and domestic wastewater. It was investigated in terms of electro-active biofilm growth, 

the voltage generated, and wastewater treatment performance under different shocking conditions 

such as pH. 

 

(d) (e) 

(b) (a) 

(c) 
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Scheme 4 Conceptual scheme of electro-active biofilm (EABs) formation on a microbial electrode 

jacket-dish (MEJ-dish) in (a) FAB-MFC anode and (b) without MEJ-dish in MFC anode. 

 

4.4.2 Biofilm growth and development in FAB-MFC  

After finalizing the FAB-MFC and MFC operation, the reactors were dismantled to observe 

biofilm growth and development on the electrode surface. As shown in Figure 55, FAB-MFC with 

MEJ-dish (MEJ+) develops naked eye observable fragmented anode biofilm compared with MFC 

anode lacking the MEJ-dish (MEJ-). 

 

 
Figure 55. Biofilm growth on (a) non-FAB-MFC, (b) 3D, and (c & d) K3 MEJ-dish.  

 

Based on Figure 56, two different types of extended biofilm growth were observed in the FAB-

MFC bench-scale setup. These were intra-electrode and inter-electrode extended biofilm. This 

biofilm formation's nature critically influences and misleads the conclusion drawn from dual FAB 

and non-FAB electrodes inserted in the same reactor.  
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Figure 56. Biofilm growth and development in bench-scale FAB-MFC setup.  

Where the biofilm extended in between the FAB (MEJ+) and MFC (MEJ-) anode electrode 

inserted in the same reactor. 

 

Oxygen diffusion decreases as biofilm thickness increases (Ntwampe et al., 2008; Piculell et al., 

2015). The FAB might potentially minimize oxygen diffusion into the inner layer of the thick 

anode biofilm. However, the energy production efficiency might be affected by the dominant 

microbial community structure across the biofilm. If exoelectrogen dominates the thick biofilm 

inner part, oxygen protection contributes to the MFC performance. Otherwise, it might be an 

electron sink and expose the electrogenic biofilm to oxygenated conditions. However, the FAB-

MFC subdues this negative effect by creating a variable biofilm thickness across the anode. 

 

4.4.3 Performance of FAB-MFC optimization setup  

4.4.3.1 COD removal in FAB reactor  

The COD removal in the FAB-MFC and MFC anode reactor was measured at 27 ℃ to compare 

the performance. Regardless of pH and MEJ-dish type variation, the COD removal in the FAB-

MFC was significantly increased than in MFC during the first five days (Figure 57). The overall 

COD removal was more than 80% during the treatment period (25 d). A closer COD removal 

(79%) was reported in another study (Tamilarasan et al., 2017). However, comparing COD 

removal between different MFCs studies might be difficult because of variation in wastewater 

source and initial concentration, MFC configuration and operation, and electrode properties. The 

effluent COD concentration was in the range of 120-249 and 195-327 mg/L in FAB-MFC and 

MFC, respectively. It shows the fragmented anode biofilm in FAB-MFC might contribute to the 

lower effluent COD load. In support of this, the synergetic effect between electrogenic and non-

electrogenic improves COD removal in dual-chambered MFC (Logan, 2008).  
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Furthermore, these findings implicate that extended biofilm in FAB-MFC could contribute to 

additional COD removal. However, the extended biofilm might not contribute to voltage 

generation, particularly in the intra-electrode extended biofilm formed within the MEJ+ electrode. 

It might be difficult for the microbes to transport electrons over long distances (4-6 cm) to the 

electrode. But it might contribute indirectly through degrading organic contents in the solution and 

releasing metabolites the electro-active microbes can later use at a distance. Additionally, it 

minimizes the effect of oxygen penetration to the system as this extended biofilm might consume 

the anode contaminating oxygen. Several biofilm substances such as EPS and bacterial nanowire 

are reported as electron conductors (Angelaalincy et al., 2018; Ucar et al., 2017) and contribute to 

electrode electron transfer reactions (Kumar et al., 2017). On the other hand, besides the 

endoelectrogens (Borole et al., 2011; Patil et al., 2012) and electron storage compounds (Ter 

Heijne et al., 2020), there might be non-conductor materials in the biofilm that block the long-

range electron transfer to the electrode. Depending on the surrounding materials, the biofilms 

might contain mineral crystals, corrosion particles, clay, or silt particles (Donlan, 2002); this might 

influence the biofilm matrix’s electron conductivity.  

 

 
Figure 57. COD removal efficiency of FAB-MFC and MFC using different MEJ-dish (K3, 3D, and 

rubber) at 27 ℃ and anodic pH 6.5, 7.5, and 8.5. 
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There were contradictory effects of enhancing biofilm development, voltage generation, COD 

removal, and substrate pH. The voltage generation was significant at acidic and near-neutral pH. 

Still, at all studied pH values (6.5-8.5), the COD removal was significantly higher within 3-10 d 

in the supported growth reactor (FAB-MFC) relative to the one that deprives MEJ-dish (MFC). 

However, as the reactor age increases, there was no observable COD difference between FAB-

MFC and MFC but voltage generation maximized in FAB-MFC, which entails suspended biofilms 

(not on the anode) might slowly developing in the non-FAB reactor to remove the COD. In MFC, 

the optimal period for biofilm growth was seven days (Arbianti et al., 2018), whereas FAB (MEJ-

dish) might facilitate the attachment and biofilm formation that shorten this period. Therefore, the 

FAB could enhance COD removal, but voltage generation was another critical concern. Hence, a 

hybrid reactor that contains both FAB and non-FAB in a single MFC reactor might maximize the 

two contradictory points at higher pH.  

 

4.4.3.2 Bioelectricity generation 

Figure 58 shows the performance of each MFC reactor in terms of daily voltage generation. During 

the first five days and pH 7.5, except K3 MEJ-dish FAB, the generated voltage was significantly 

(p<0.05) higher in MFC than FAB-MFC. However, as the age of the reactor increases, the super 

advantage of high voltage generation and thick biofilm formation was recorded in all types of 

MEJ-dish FAB reactor than MFC. At startup, EABs might colonize rapidly in FAB-MFC and 

MFC electrodes, but the MEJ-dish junction type (open/closed) (Figure 59) and thickness determine 

the inactive anode surface area, consequently lowering FAB-MFC voltage generation. The 

difference was observed among different MEJ-dish types, where K3 FAB narrows the gap with 

MFC (in 3 d), and the effect was more revealed on junction locked rubber MEJ-dish (8 d). In 

addition, the pH affects the MFC power generation (Puig et al., 2010). 

 

Additionally, in another lab-scale experiment, data not presented, FAB forms thick biofilms on the 

anode surface and improved the voltage generation when the number of MEJ-dish reduced from 4 

to 3 per electrode. The contribution was found magnificent, especially when substrate feeding was 

interrupted (no feeding), and the age of the MFC increased. It implies the system might play a vital 

role in the survival of EABs during starvation and reduce the voltage reversal problem. Hence, one 

of the significant factors that affect the result could be the type and number of MEJ-dish per 
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electrode. Hence, it is advisable to study the effect of size, number, and conductor MEJ-dishes on 

bioelectricity generation and treatment performance.  

 

The biofilm may also contain an extracellular polymer substance (EPS) (Donlan, 2002), which 

might be an electro conductor and contribute to the MFC e─ transport chain (Angelaalincy et al., 

2018). However, a clear understanding of EABs’ electron transfer (ET) mechanisms requires 

further research (Li et al., 2014). Recent publications revealed a nanowire network, cytochromes, 

and some conductive proteins involved in the long-range ET through cell-to-cell or cell to the 

electrode (Patil et al., 2012). Based on the observed thick biofilm over the FAB electrode surface, 

the FAB reactor’s voltage could be due to the cell-to-cell metallic-like conductivity at a distance 

than direct electron tunneling through c-type cytochrome to the electrode. 

 

 
Figure 58. Voltage generated at different anodic pH in MFC and FAB-MFC reactor.  

Where K3, 3D, and rubber are the MEJ-dishes studied at 27 ℃. Junction refers to the space 

between the electrode and MEJ-dish (where MEJ-dish was connected to the electrode): K3 (open), 

3D (partly opens), and rubber lock (close) the junction. 

 

According to Abbassi et al. (2020), metallic electrodes were less used than carbon-based 

electrodes, although they have higher conductivity and mechanical strength. One of the difficulties 
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of using metallic electrodes (e.g., stainless steel) for MFC is the lower surface area that discourages 

biofilm attachment and development. Future studies might apply the FAB concept on the metallic 

electrode to investigate the effect on biofilm formation and associated contribution for MFC 

development. The findings show that fragmented anode biofilms were crucial for electricity 

generation and mediating favorable conditions for electro-active microorganisms. It could be 

creating an anaerobic environment, minimizing the effect of pH (6.5 to 7.5) for exoelectrogens, 

and probably providing suitable intermediate metabolites. Overall, there might be a mutualistic 

effect within the anode biofilm. Similar results were reported somewhere else (Borole et al., 2011).  

 

 

Figure 59 Microbial electrode jacket-dish (MEJ-dish) junction type. 

Where different microbial electrode jacket-dish (MEJ-dish) used during this study (a) 3D, (b) 3D 

design, (c) Rubber, d K3 MEJ-dish, and (e–g) junction between the electrode and MEJ-dish: partly 

opened (closed), open, and locked (closed). Locked (closed) indicates no space between the 

electrode and MEJ-dish, partly open shows the upper part is open, but the lower part is partially 

open or closed, and open means the connection part is exposed for microbial attachment 

 

On the contrary, at alkaline pH = 8.5, the MFC voltage was significantly higher than FAB-MFC. 

There could be multifarious interaction that results in voltage output change with pH perturbation 

during FAB-MFC operation. Previous studies noted that the optimum pH for most exoelectrogens 

is between 6-7 (Guang et al., 2020), and the maximum power production occurs at pH 7 (Michie 

et al., 2020). The extracellular e─ transfer might be effective in acidophilic (and neutral) than 

alkaline pH (Raghavulu et al., 2009). At alkaline pH, endoelectrogens might first colonize the 
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MEJ-dish and hinder the EABs development as the reactor age increases. The e─ generated might 

be more consumed in alkaline pH compared with acidic conditions. As biofilm thickness increases 

in the FAB-MFC, the long-distance e─ transfer might decrease due to the endoelectrogens 

dominance and biofilm electrochemistry, which hampers voltage output. 

 

Additionally, the availability of e─, H+, and metabolites are dependent on pH (Venkatamohan et 

al., 2009). H+ reduction was noted in the neutral and basic environment, which was associated with 

dehydrogenase activity. In basic pH, dehydrogenase is more active and reduces H+ into a product 

that minimizes e─ releases to the environment.  

 

Furthermore, e─ generated during organic matter oxidation in MFC could have different fates such 

as gas production, metabolites generation, consumption by endoelectrogens, or e─ acceptors 

(oxygen) penetrating the anode chamber (Kim et al., 2011). Hence, suppressing these factors could 

improve the CE of the system. For instance, Wagner et al. (2009) noted that suppressing CH4 

production could improve the bioelectrochemical electron recovery efficiency.  

 

Overall, the FAB-MFC increased the MFC Coulombic efficiency (CE) by 7.4-9.6%. According to 

Stoll et al. (2018), 10% CE or higher voltage improvement in MFC is a notable achievement. It 

indicates EABs degrade more organic matter and release electrons in FAB-MFC than MFC due to 

reduced oxygen contamination. Within 3-10 d of the WWT, the FAB reactor enhances 10-23% 

COD removal. In turn, the overall voltage generated decreases as the treatment period increases. 

It might be attributed to the reduction in the fed substrate concentration associated with COD 

removal increase when the residence period increases. It was reported that the substrate (COD) 

consumed by microorganisms was used for electricity generation (Tamilarasan et al., 2017), but a 

substantial portion was not used for power generation (Liu et al., 2004). The CE and voltage 

generated in FAB-MFC might be related to the COD concentration and conversion efficiency, 

dependent on the electrode, EAB efficiency, microbial diversity in the anode biofilm, and 

wastewater composition. Relatively, FAB-MFC provides a more convenient niche for EABs.  
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Figure 60. Biofilm developed over electrode without and with MEJ-dish. 

Where (a) MEJ-dish, (a) biofilm growth on MEJ-dish, (c&d) light microscope (4X) 

 

 
Figure 61. Biofilm growth across the MFC and fragmented electro-active biofilm reactor. 

Where (a) MFC (without MEJ-dish), (b) 3D MEJ-dish, (c & d) K3 MEJ-dish 

 

4.4.4 Performance of the FAB-MFC bench-scale setup  

4.4.3.1 COD removal efficiency (CODRE) 

In agreement with the optimization results, the COD removal in bench-scale FAB-MFC setup was 

significantly higher than MFC during the first week of the treatment period, as shown in Figure 

62. It signals that the FAB reactor facilitates microbial attachment on the anode surface and 

shortens biofilm acclimatization at a higher-scale reactor. The effluent COD concentration in FAB-

MFC, MFC, and control were 134 mg/L, 168 mg/L and 218 mg/L, respectively. It implicates that 

COD removal was achieved by interdependent functions between anode biofilm attached to the 

electrode and suspended in the liquid. All the biofilm communities might be involved in the COD 

removal; especially the enhanced biofilm growth contributes to the additional removal in FAB-

MFC than MFC. However, FAB might result in excessive biofilm growth or promote 

endoelectrogens. It affects the EABs formation for enhanced voltage generation at the early stage 

of treatment. On the other hand, MEJ-dish covers some part of the electrode surface area; this 

depicts the need for novel MEJ-dishes that nil the junction effect and intensify the biofilm growth 

and voltage generation.  

 

 

(a) (b) (c) (d) 

(a) (b) (c) (d) 
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Figure 62. Bench-scale (a) voltage output and (b) COD removal during the study period.  

 

Against the improved COD removal within the first week, the voltage generation was suppressed 

in FAB-MFC relative to MFC (Fig. 62a & b); whereas, during the later age of the reactor (>9 d) 

when COD removal was not significantly different between the FAB-MFC and MFC, a higher 

voltage output was recorded in FAB-MFC than MFC. It confirms the improved COD removal was 

not always accompanied by high voltage output. It could be either the enhanced biofilm growth 

dominated by non-EABs, or the extended EABs that could not contribute voltage generation at a 

centimeter distance to the anode but remove the COD, or the MEJ-dish type were inhibiting the e─ 

generation, particularly at the beginning of the reactor operation. Furthermore, it might be essential 

to determine the number of MEJ-dish per electrode and WW characteristics in future studies.  

 

4.4.3.2 Bioelectricity generation 

Based on the optimization result, a 3D MEJ-dish with intermediate voltage efficiency during 

startup (1-5 d) and junction partly open (Figure 62) were selected to study the bench-scale FAB-

MF. The bench-scale results were related to the optimization of experimental findings. The 

maximum 0.74 V was generated in MFC compared to the FAB-MFC during 4-10 d (Figure 62). 

FAB-MFC generates a higher voltage than MFC as the age of the system increases. The FAB 

might boost anode respiring EABs through mutualistic association, but different mechanisms 

previously mentioned might still undermine the startup voltage in the bench-scale FAB reactor. 

The long period operation of MFC might develop dead biomass on the electrode and prevent new 

(a) (b) 
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active EABs growth (Sun et al., 2016). These could block electron flow from EABs to the electrode 

and decrease the energy generation performance. To the best of the authors’ knowledge, the in situ 

electrical conductivity of inactive EABs mass due to pili or the nanowire over the electrode surface 

was not reported (Borole et al., 2011). Hence, additional studies or MEJ-dish modifications might 

be required to conclude FAB-MFC sustain the merit during extended period operation.  

 

This study initiated MEJ-dish containing electrode fabrication, which forms a T-shape electrode 

(T-electrode). Based on this study, several MEJ-dishes were proposed for future studies. These 

electrodes might contribute to minimizing oxygen penetration to the anode chamber by creating 

small pockets of a strict anaerobic zone for exoelectrogens. However, there could be competition 

among the anaerobes to colonize this favorable niche. It requires specific modalities to undermine 

the dominance of prokaryotic bacteria. Although it was not covered in this work and demanded 

further study, the biofilm formation across the anode might be controlled by adjusting the MEJ-

dish size. In the long-run operation, it might be necessary to periodically expose the FAB electrode 

to an aerobic environment to manage electrode biofouling and degrade dead biomass. Stirring the 

contents and substrate shock (variable COD or DO load) could play an additional role in 

controlling biomass thickness in FAB-MFC. These FAB techniques might substantially contribute 

to oxygen exposed anode MFC setup such as ML-MFC with air-cathode configuration.  
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 FAB-MFC integrated wastewater treatment systems 

4.5.1 Physicochemical characteristics 

The DWW and inoculum physicochemical characteristics are shown in Table 22. The pH values 

of the DWW and inoculum were in the range of 6.4-7.5. It implicates, the influent pH was suitable 

for the growth of most electro-active microorganisms. Hence, the DWW could be utilized without 

further pH modification. The organic content of the influent (raw DWW) and inoculum were 

within the recommendable range (21.8 to 127,500 mg/L) for MFC application (Xu et al., 2016). 

The mean TCOD observed in raw DWW was 795±160 mg/L, within typical medium DWW COD 

(430-800 mg/L) strength (Metcalf & Eddy, 2014). The highest inoculum COD than raw DWW 

might be due to the solids, and organic matter in the cow dung (inoculant) used to prepare the 

inoculum. A similar COD range was reported by Puig et al. (2010).  

 

Table 22. Characteristics of raw, inoculum, and influent wastewater used in this study 

Parameters Raw wastewater Inoculant  Inoculum 

pH (-) 7.51±0.07 6.43±0.06 6.97±0.03 

Total alkalinity (mg/L as CaCO3) 35±21 144±15 130±42 

Total solid (mg/L) 158±29 3,277±416 2,894±83 

Total volatile solid (mg/L) 366±59 1,559±211 1,347±60 

Total COD (mg O2/L) 755±160 9,760±551 5,782±50 

Ammonia-N (mg NH4
+-N/L) 35±9 272±41 168±21 

Total phosphorus (mg P/L) 9±3 31±11 17±5 

 

4.5.2 Performance of anaerobic-MFC  

The anaerobic-MFC integrated treatment system COD concentration in the influent (CODIN) and 

effluent (CODEF) is shown in Figure 67. The MFC-1, -2, and -3 CODIN were on average 755, 496, 

and 351 mg/L, respectively. The anaerobic-MFC integrated CODIN (SD = 52 mg/L) was relatively 

stable than directly fed MFC (SD = 23 mg/L). The CODEF decreases as the treatment steps 

increases, MFC-1 > -2 > -3. In all the treatment setups, despite CODIN fluctuations, the CODEF 

stabilized as the treatment period extended. This result suggests that the CODEF was more affected 

by the operation period than the observed CODIN variation. This stability might be associated with 

the microbial establishment as the operation period (reactor age) increases within 1 d of HRT.  
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In standalone MFC, the COD removal efficiency (CODRE) was in the range of 72-78%, whereas 

78-94% in the anaerobic-MFC integrated system at a steady-state (Figure 65). There was a 

significant CODRE difference between the standalone MFC and anaerobic-MFC integrated 

systems. In the MFC, the CODIN is not solely used for electricity generation but also consumed by 

non-EAB, sediment in the sludge, cell growth, untapped during treatment, and remain effluent (Liu 

et al., 2004). Even the COD might be used to generate e─ but lost due to bioelectrochemical 

limitations.  

 

In the anaerobic-MFC integrated system, the mean voltage generated from the higher to lower was 

MFC-2 > -1 > -3 (Figure 63). The figure shows that the highest voltage in MFC-2 was 0.56 (FAB) 

and 0.54 V (MFC), which was 0.11-0.13 V higher than the lowest values observed in MFC-3. 

Likewise, in MFC-2, the maximum power density (MPD) of 104 mW/m2 (FAB) and 98 mW/m2 

(MFC) were observed at the highest current density of 187 mA/m2 (FAB) and 181 mA/m2 (MFC), 

which was lower than 264 mW/m2 (Wen et al., 2009), and higher than 37 mW/m2 (Zhu et al., 

2011) and 96 mW/m2 (Chen et al., 2019). The MPD of the MFC-1 and -3 were 84 and 70 mW/m2 

for FAB, 79 and 70 mW/m2 for MFC, respectively (Table 24).  

 

During the transition from MFC-1 to -2 (or -3), the contents were emptied and replenished with a 

fresh substrate to reduce the proceeding system interference. As shown in Figure 63, a voltage 

generation drop was recorded in FAB-MFC (FAB+) and MFC (0.5 to 0.31 V); this was noted as 

system shock. However, the FAB+ reduces voltage drop from 6-20 mV more than MFC. The 

voltage drop recorded in this study was within the 0.2 V range, higher than Gajaraj and Hu (2014) 

findings (0.12V). Factors affecting MFC performance are external resistor, substrate, DO, pH, and 

microbial diversity (Lin et al., 2013). Hence, it could be due to the CODIN load variation. 

 

On the other hand, it might arise due to the feeding technique attributed to oxygen contamination 

and wastewater. The MFC anode reaction products could not be electron alone and include gases 

such as CO2, NH4
+-N, CH4, and H2 (Abbassi et al., 2020; Li et al., 2013; Santoro et al., 2017). The 

selective COD and ammonia removal are crucial to increase the MFC performance (Lin et al., 

2013). Hence, removing the anode byproducts might reduce the competition between 

exoelectrogens and other anaerobic microbes such as methanogens.  
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Figure 63. Voltage generated in MFC integrated anaerobic domestic WWT system.  

Where error bars indicate the standard deviation. The p-values indicate the significant difference 

(p<0.05) between the FAB-MFC (FAB+) and MFC. External load 1000 Ω. Shock means the point 

where the minimum voltage was observed during the transition to the next treatment phase. A 

circle with arrows indicates wastewater replacement and system shock. 

 

4.5.3 Performance of aerobic-MFC 

Figure 67 shows the COD concentration in the influent and effluent of the aerobic-MFC system. 

MFC can be operated from 22 to 127,500 mg/L COD (Zhang et al., 2009). The average CODIN 

observed in MFC-1 (755 mg/L), MFC-2 (456 mg/L), and MFC-3 (265 mg/L) fall within the 

recommendable MFC CODIN range. Like the anaerobic-MFC, the CODEF declines as the 

pretreatment level increases: MFC-1 > -2 > -3. The aerobic-MFC integrated system CODRE was 

(84-97%) better than solitary MFC (68-78%) treatment at a steady state.  

 

The highest CODRE was observed in aerobic-MFC than the anaerobic-MFC system, but lower 

voltage generation. This contradictory effect indicates the major portion of CODIN might not be 

used for voltage generation instead consumed by aerobes, or the generated e─ was removed via an 

e− acceptor such as oxygen in the aerobic-MFC system. Li et al. (2013) suggest feeding low-

strength wastewater into MFC directly and high-strength wastewater to apply pretreatment 
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(anaerobic). Hence. from an energy performance point of view (practical voltage generation), 

wastewater with ~800 mg/L CODIN might be sound if MFC was applied before the aerobic 

treatment (MFC-aerobic better than aerobic-MFC). 

 

The voltage generation decreases when the aerobic treatment sequence before MFC increases 

(MFC-1 > -2 > -3). The highest voltage production by the MFC-1, -2 and -3 were 0.51, 0.42, and 

0.23 V, respectively (Figure 64). Inconsistent with the findings, Chen et al. (2019) observed 0.5 V 

using novel MBR-MFC at a similar one kΩ external load. The voltage declines in MFC-2 might 

be mainly attributed to the aerobic influent wastewater condition and associated CODIN decline, 

which affects the electro-active microorganisms. These microbes are sensitive to DO, oxidize 

organic matter under anaerobic conditions, and release electrons to the anode (Logan, 2008). 

However, despite lower DO in the MFC-3 (data not shown), the voltage output decreases due to 

enhanced COD removal during the pretreatment. Overall, the voltage generation declined as the 

influent pretreatment increases. In agreement, Zhang et al. (2013) noted integrating MFC with 

denitrifying system improves nitrate removal but lowers energy output.  

 

The MFC-1 MPD was higher than MFC-2 and -3. It was 87 and 78 mW/m2 in FAB and MFC, 

respectively, at the maximum current density of 171 mA/m2 (FAB) and 161 mA/m2 (MFC). These 

results were in accordance with Yu et al. (2012) that noted MPD of 116–149 mW/m2  from low 

strength domestic wastewater (CODIN = 100 mg/L), and Chen et al. (2019) studied a novel MBBR-

MFC integrated system and reported MPD of 95 mW/m2 at 1 d HRT. However, it is lower than 

264 mW/m2 MPD reported by Wen et al. (2009) while operating brewery wastewater, CODIN = 

627 mg/L. The MPD declines in the integrated system of MFC-2 (FAB=59 mW/m2, MFC=42 

mW/m2) and MFC-3 (FAB=18 mW/m2, MFC=12 mW/m2) (Table 24). This declining trend could 

be due to upstream pretreatment that decreased organic content in the MFC-2 and -3 influent. 

Power density decline with decreased external resistance could be due to limited e− transfer to the 

cathode at higher external load (Zhu et al., 2011). FAB power output betterment could be due to 

thick EAB, which may reduce ohmic loss unlike the packed bed granules and ease substrate 

diffusion into EAB, consequently hampering the DO effect.  

 

In MFC-1, at startup, the FAB-MFC (FAB+) voltage generation was 0.04 V higher than MFC; 

after 6 d of operation, the gap narrows to 0.03 V (Figure 64). The EAB requires an optimum of 7 
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d to grow on the MFC anode surface (Arbianti et al., 2018). FAB (MEJ+) might speed up the EAB 

colonization and growth, but against this case, all the setups were operated for more than a month 

to reach a steady-state before the experiment startup (variation < 0.01 V/h). Hence, most likely, 

the thick biofilms formed on the FAB anode withstand aerobic influent shock and stabilize voltage 

generation. Like the anaerobic-MFC, the aerobic-MFC voltage generation was affected during 

phase interchange. In the aerobic-MFC integrated system, the FAB+ reduces the voltage drop by 

14 mV than MFC.  

 

The MFC-2 MPD difference between FAB+ and MFC in aerobic-MFC (17 mW/m2) was ~3 times 

higher than anaerobic-MFC (7 mW/m2). Hence, the FAB critical role was revealed when the MFC 

was exposed to anaerobically treated influent. This finding supports, the thick anode biofilms 

might be valuable for the EABs’ functional stability during DO intrusion. The observed data 

suggest an interaction effect between the thick anode biofilm, CODIN, EAB, and DO on FAB+ 

bioelectricity generation and treatment performance.  

 

 
Figure 64. The voltage generated in the aerobic-MFC integrated DWWT system. 

Where error bars indicate the standard deviation (SD). External load 1000 Ω. The p<0.05 indicates 

a significant difference between the FAB-MFC and MFC. A circle with arrows indicates 

wastewater replacement and system shock. 
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Figure 65. Effects of MFC integrated system on CODRE and CE.  

Where (a) anaerobic-MFC and (b) aerobic-MFC integrated system. Error bars indicate the standard 

deviation. The system was operated under HRT of 3 d. The p<0.05 indicates a significant 

difference between the FAB-MFC and MFC. FAB-MFCCE and MFCCE show FAB-MFC and MFC 

coulombic efficiency, respectively. The arrows indicate treatment phase change: previous phase 

contents emptied, and the system allowed to re-stabilize. 

 

4.5.4 Effect of FAB on MFC integrated system performance  

Scheme 5 displays the MEJ+ (FAB) proposed biofilm growth against MEJ- (MFC) anode. As 

shown in the conceptual scheme, the MEJ-dish was designed to support EAB growth and increase 

anode biofilm thickness. As expected, fragmented (thick and thin) anode biofilms were observed 

in FAB than MFC (Appendix, Figure A7). Of course, the biofilm thickness on the MFC anode was 

heterogeneous and varied across the surface; however, the FAB magnifies this variation into a 

significant difference (Figure 66). Similarly, Li et al. (2016) reported thick electrical conductor 

biofilm. The present study did not determine the biofilm electrical conductance, despite previous 

studies suggesting centimeter-long biofilm conductivity. The anode biofilm structures depend on 

electrode materials (Nevin et al., 2008), more bacterial adhesion linked with thick biofilm, and 

lower electrical loss (Nosek et al., 2020). Hence, the FAB peculiar anode biofilm structure could 

be due to MEJ-dish. 
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Scheme 5 The proposed FAB conceptual model. Anode biofilm growth on support media (MEJ-

dish) against the hypothetical maximum (max.) surface area and biofilm thickness. The anode 

biofilm thickness was proposed without assuming extended growth. The numbers in a box (1-13) 

indicate the MFC substrate and electron flow (Appendix, Figure A5). The MEJ-dish supports to 

form thick (FAB) anode biofilm (No.3). 

 

The FAB anode average biofilm thickness was ~5 times higher than MFC in anaerobic-MFC (FAB 

= 188 ± 67 m, MFC = 43 ± 17 m) and aerobic-MFC (FAB = 127 ± 62 m, MFC = 40 ± 14 m) 

(Figure 66). These values were within previously reported average anode biofilm thickness:  66 ± 

16 m (Lee et al., 2009), 42 ± 3 m (Read et al., 2010), and 150 m (Millo, 2015). G. 

sulfurreducens form EAB that conduct e− about 100 m thick (Malvankar et al., 2011). However, 

Li et al. (2016) reported a 1mm conductor biofilm length (10X) using mixed species. Infrequently, 

the biofilm on the MEJ-dish reaches a centimeter long (Appendix, Figure A7), which might be due 

to biofilm detachment. It shows the proposed FAB method could support the EAB life cycle from 

attachment-to-detachment (genesis-to-end). Due to unknown reasons, the biofilm thickness in 

anaerobic-MFC was thicker than aerobic-MFC. This thickness variation might be due to lower 

synergetic association in the aerobic exposed anode. Hence, exposing the anode biofilm to aerobic 

influent might slice the thickness. 
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Figure 66. The anode biofilm thickness (BT) profile in the MFC-integrated system. 

Where aerobic-MFC (A-FAB and A-MFC) and anaerobic (An-Fab and An-MFC) integrated 

system. The overall (a) BT distribution and (b) mean ± SD. Each data point indicates the top BT 

within multiple measurements of n independent biofilms (5≤n≤10) per 10 mm distance excluding 

outliers, but not the exact spatial and temporal BT distribution on the electrode. The arrows 

indicate MEJ-dish inserted location on the anode. FAB = Fragmented Anode Biofilm. 

 

This study was not the pioneer to report a centimeter-long biofilm. Bacteria develop a wide range 

of biofilm thickness (Table 23); for example, Bacillus subtilis cultured on agar media form 600 

m thick and 1.2 cm long (Wang et al., 2015), 200-500 m on MBBR filter carrier media (Piculell 

et al., 2015). Using the SAHB approach, Nakamura et al. (2009) added α-Fe2O3 into Shewanella 

to develop a thick anode biofilm. But the technical viability to practical application remains a 

challenge. The FAB presents a simple method by making a micro or macrostructure on the 

electrode surface to enlengthen the EAB thickness. Unlike so far reported, the FAB surface 

topography is a removable electrode-jacket (coated), which supports the EAB life cycle and easily 

regenerates the electrodes. However, it was not without demerit that requires optimizing the MEJ-

dish type (size) that affects the junction point while socketing with the electrode. It covers the 

contact surface, creates a blind spot (prevents biofilm growth and e− collection on the surface), 

and affects power output efficiency. In addition, the pore structure on the top side of K3 filter 

media probably discourages further biofilm enlargement on MEJ-dish. These MEJ-biofilm-

electrical effects could be a subject for future studies and debate. 

(a) (b) 
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Table 23. Comparison of FAB+ and MFC with different biofilm reactors 

Type of biofilm reactor  

BT (m) estimate   

Culture  

Operation 

mode References Lower  Upper  

Moving bed biofilm reactor  50 500 - - 

(Boltz et al., 2010) 

Biologically active filters 20 300 - - 

Fluidized bed biofilm reactors   20 400 - - 

Rotating biological contactors 200 2000 - - 

Trickling filters 200 2000 - - 

Membrane biofilm reactors  20 500 - - 

Moving bed biofilm reactor 200 500 Mixed Continuous (Piculell et al., 2015) 

Agar plate - 16 MonoB Batch (Wang et al., 2015) 

MFC-GE (0.81 cm2) - > 50 MonoG  Continuous (Franks et al., 2012) 

MFC-GE - ~50 MonoG Continuous (Nevin et al., 2008) 

MFC-Carbon cloth 3 18 MonoG Continuous (Nevin et al., 2008) 

MFC-GE 34 >50 MonoG Batch (Reguera et al., 2006) 

MFC-GE  - <80 MonoG Continuous (Bonanni et al., 2013) 

MFC-GE 20 50 MonoG Batch (Sun et al., 2016) 

MFC-GE-OCV 27 33 MonoP  Batch  

(Read et al., 2010) MFC-GE-CC 39 45 MonoP  Batch 

MFC-GE-CC 43 57 Mixed Continuous 

MFC-GE - 65 Mixed Fed-batch (Saba et al., 2017) 

MFC-CF - 75 Mixed Batch (Alonso et al., 2020) 

MFC-CF - ~400 max. Mixed  Continues (Jourdin et al., 2018) 

Aerobic-MFC-GE 26 54 Mixed Fed-batch This study 

Aerobic-FAB-MFC-GE 65 189 Mixed Fed-batch This study  

Anaerobic-MFC-GE 26 60 Mixed Fed-batch This study 

Anaerobic-FAB-MFC-GE 121 255 Mixed Fed-batch This study 

Where GE = Graphite electrode, CF = Carbon felt, CF = carbon felt, MonoG = Geobacter spp., 

MonoB = Bacillus spp., MonoP = Pseudomonas aeruginosa, CC = closed circuit, OCV = open 

circuit voltage, and the bar (-) shows data not given or could not be extracted from the given 

information 

 

 

The FAB thick anode biofilm formation might provide a multilayer advantage. Thick anode 

biofilm formation and high current production is associated with pili that contribute to the electron 

(e−) transfer to the anode (Nevin et al., 2008) and reduce competition between oxygen and anode 

e−  acceptor (Nosek et al., 2020). The extracellular biofilm heteropolysaccharides and c-type 

cytochrome protein complex transfer e− to the anode (Santoro et al., 2017). Probably, the 

interdependent function of biofilm materials such as EPS and pili complex could enhance the e− 

transfer in the FAB-MFC. On the other hand, suspended microbes, including the electro-active 

bacteria, might degrade the organic matter or release e− into the surrounding vicinity; if the released 

e− was in the distance to reach anode or conductive biofilm, e− might be collected. According to 
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Ramírez-Vargas et al. (2018), MFC depends on the fermentative microbial consortium to degrade 

the organic matter into short metabolites (lactate, glucose, amino acids, long-chain fatty acids, or 

ethanol) that are later oxidized by e─ active bacteria. FAB might contribute to these processes due 

to increased anode biofilm thickness. For example, You et al. (2015) noted that suspended 

microbes, even if not generated e−, might degrade the organic matter that EAB can later consume. 

In contrast, as the thickness increase further the e− transfer might be affected. Current studies 

indicate metal-like conductivity in the EABs and e− conductivity about a centimeter distance from 

the electrode (Malvankar et al., 2011; Yuan et al., 2020). However, this idea remains debatable as 

a practical means to prove the hypothesis is ongoing research (Strycharz-Glaven & Tender, 2012). 

 

Against the hypothesis, in the anaerobic-MFC system (MFC-3), the immense benefit of FAB thick 

anode biofilm seems ineffective to improve e− collected at the anode. Unlike MFC-1 & -2, in -3 

the power output and CE becomes negligible (p>0.05) between FAB and MFC. This inconsistency 

might occur due to insufficient fuel to supply the developed thick anode biofilm (Fuel/EAB) (i.e., 

it may create an inactive zone) and corresponds with the anode to volume ratio (A/V). These results 

indicate that the enhanced EAB growth should be examined under several pretreatments with 

controlled complex system stressing conditions. Otherwise, it can mislead the conclusion that 

enhanced EAB formation could not boost power yield. Probably, this might be a remarkable reason 

that obscure a milestone power output and CE achievement in previous studies.  

 

Voltage drops at the end of each treatment cycle and the onset of the consequent phase. Similar 

patterns were reported elsewhere (Su et al., 2013; Ye et al., 2019). Voltage perturbation was more 

recurrent in the aerobic-MFC relative to the anaerobic-MFC. Hence, this result suggests the FAB 

system is more contributed for aerobic-MFC integrated treatment than the anaerobic-MFC system. 

It could be due to DO shock from the aerobic reactor that destabilizes the MFC system compared 

with anaerobic-MFC. The causes of voltage drop in the MFC integrated wastewater treatment 

system is diverse: oxygen diffusion to the anode, pH (59 mV loss/unit change), COD shock arising 

from the subsequent reactor to the MFC, starvation, and abiotic factors such as internal resistance 

(Gajaraj & Hu, 2014; Oh & Logan, 2007). EABs have reversible hydrogenase enzymes that switch 

extra cellular e− release processes to capture e− inside the cell, resulting in a voltage drop (He et 

al., 2017). It is essential to build thick anode biofilm and optimize the operational condition (He 
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et al., 2017; Sun et al., 2016). Therefore, the thick biofilms on the FAB electrode might reduce the 

oxygen effect on the exoelectrogen bacteria. 

 

Figure 63 to Figure 64 shows that the voltage generation decreases when the CODIN declines 

except for MFC-2 in the anaerobic-MFC system. The substrate shock (fuel: COD) in both the 

aerobic-MFC and anaerobic-MFC was accompanied by voltage drop, but consequently, there was 

a variation in the voltage output. After the shock, voltage increase in the anaerobic-MFC system 

(MFC-2) but declines in aerobic-MFC. It might be due to oxygen intrusion from the aerobic reactor 

effluent, which signals within a certain COD range; the DO level could be more critical to 

determine the voltage output and drop. Aerobic treatment is the most efficient system for extracting 

the energy stored in the substrate than methanogenesis and fermentation; Gibbs Free Energy 

change (∆G0) for glucose oxidation was -2,882, -428, and -342 kJ/mol, respectively (Comeau, 

2008). Hence, aerobic pretreatment, low CODIN, high DO, and inoculant nature might cause the 

MFC-2 decrease in aerobic-MFC than the anaerobic-MFC system. 

 

 
Figure 67. CODIN and CODEF in the aerobic-MFC and anaerobic-MFC integrated system.  

Where CODIN and CODEF = COD influent and effluent, respectively, (an) = anaerobic-MFC, and 

(aero) = aerobic-MFC integrated system. The arrows show treatment phase change: wastewater 

replacement and the systems were allowed to stabilize again. The pre-stabilization period was not 

shown in the graph. Error bars indicate SD. 
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The maximum coulombic efficiency (CE) observed in anaerobic-MFC (0.91%) was higher than in 

the aerobic-MFC system (0.80%) (Table 24). Similar ~1% CE was recorded by Zhang et al. (2009), 

but higher CE (3-12%) was noted by Liu and Logan (2004). Lower CE is an issue in real WWT 

using MFC (Lu et al., 2009b). Cofactors may result in CE loss: aerobic pretreatment (lower 

CODIN) and several final e− acceptors (DO, NO3
─, and SO4

2─). Anaerobic processes such as 

methanogenic and anaerobic ammonia oxidation (Anammox) may shift the e− pathway and reduce 

CE. The DO may result in additional harm to the strict anaerobic EAB. The CE difference between 

FAB and MFC was negligible (0.01-0.12%); this might be ∆COD could not be differentiated 

because both systems were operated in the same reactor. In another optimization setup (data not 

shown), FAB and MFC were placed in a separate reactor, and FAB improved CE by ~10% beyond 

MFC. However, this could be a potential research question for future studies.  

 

At a steady state, the CODEF in the solitary MFC was above 200 mg/L. In contrast, MFC integrated 

system reduces CODEF below 125 mg/L, which was 82-124 mg/L (MFC-2) and 52-27 mg/L 

(MFC-3) (Figure 67). Standalone MFC requires further treatment to meet the CODEF discharge 

standard, 50 mg/L (China)  and 20 mg/L (Korea) (Yu et al., 2012). This finding was in agreement 

with Ren et al. (2014), MFC treated domestic WWT CODEF ranges 23-164 mg/L (fed-batch) and 

60-220 mg/L (continuous) based on HRT, reactor configuration, and CODIN. When the 

pretreatment increases (1-2 d) at the same HRT of 1 d in MFC, the CODEF declines. It might be 

due to the diverse microbial population contributing to the organic matter degradation, extended 

HRT, or enhanced nutrient mixing during substrate was transferred from one reactor to another. 

The CODIN fluctuation on day 12 (MFC-2) was caused by sludge resuspension, stabilized after the 

flow rate was restored. The experimental data support the novel FAB-MFC system better reduce 

voltage drop than MFC; however, the CODRE could not be concluded because both FAB and MFC 

systems were inserted in the same reactor and operated under similar near anodic pH. Nevertheless, 

the aerobic-MFC CODRE outweighs the anaerobic-MFC system. Overall, the MFC integrated 

system CODRE was (78-97%) higher than the solitary MFC (68-78%) treatment. These CODRE 

results are in line with other studies on MFC integrated systems (66-97%) (Chen et al., 2019; 

Gajaraj & Hu, 2014) and standalone MFC (22-80%) (Kim et al., 2016; Liu & Logan, 2004) (Table 

24). In MFC, CODRE depends on CODIN type; from the total COD (tCOD) biofilms prefer the 
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soluble COD (sCOD) than particulate COD (pCOD) (Ren et al., 2014). Hence, this study elevated 

CODEF could be due to higher pCOD in the system.  

 

The CODRE and CE during the treatment period are shown in Figure 65. As shown in the figure, 

in MFC, the CODRE increases with an integrated system, MFC-1 < -2 < -3. In particular, the 

CODRE in aerobic and anaerobic-MFC integrated system was 71-74% in MFC-1 (CODIN = 755 

mg/L), 75-78% in MFC-2 (CODIN = 456-500 mg/L), and 84-85% in MFC-3 (CODIN = 265-351 

mg/L). CE decreases with COD removal increases. CE bears a resemblance to electricity 

generation than CODRE. The cause behind inverse CE and CODRE association is unknown (Yu et 

al., 2012); however, the factors might be e− loss in the system due to endoelectrogens or biofilm 

conductivity problems. Carbon (e−) balance study implicates SO4
2─ reduction (37-64%) is the 

major e− scavenger followed by methanogens (1.3-3%) (Zhang et al., 2013).   

 

Additional MFC integrated system advantage could be stabilized influent to the electro-active 

bacteria (SD = 12-23 mg/L CODIN), relative to (raw WW) direct fed-MFC (SD = 52 mg/L CODIN). 

This stability may arise from influent steady-state nature: partially treated, anaerobic, and 

intermediate metabolites. In contrast, You et al. (2015) reported stability of standalone MFC 

(anodic biofilm) under different feedstock conditions. This variation could arise from DO during 

pretreatment in this study, while the authors change the substrate (acetate and casein).  

 

The improved ASA should support the EAB life cycle, an overlooked part in ASA modification, 

especially the detachment means from the electrode. The biofilm formation comprises three basic 

stages: attachment, maturation, and detachment from the electrode surface (Read et al., 2010). The 

lipopolysaccharides (LPS) and exopolysaccharides (EPS) are crucial for biofilm formation. In 

EAB, the EPS attaches cell to cell over the electrode—recent pieces of evidence support the 

electrical conductivity nature of EPS in MFC (Angelaalincy et al., 2018). According to Yu et al. 

(2017), one of the critical concerns of 3D electrodes fabricated using nanotechnology was the 

small pore size forbids interior biofilm growth. The microbial electrode pore size should not be < 

100 m as the biofilm thickness is 30-50 m on average. This nanopore size might not develop a 

centimeter-long biofilm, whereas recent studies recommend thick anode biofilm (Malvankar et al., 

2012). In addition, the electrode reusability was neglected (regenerate MFC), while the focus was 
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on ASA and pore size improvement. Dead bacteria may attach to the electrode and interfere with 

MFC performance (Sun et al., 2016). Hence, as the pore size narrows, dead biomass may deposit 

and block material and e─ flow. Consequently, it becomes difficult to re-use the electrode via a 

simple technique such as rinsing with water, scrapping, adjusting the flow rate, or increasing the 

electrode cleanup cycle.  

 

Despite further studies, the MEJ-dish approach enables thick anodic biofilm growth and easy 

removal of the MEJ-dish and biofilm; again, re-sizing the dish could monitor the EAB growth. 

However, the limitation of this study was examining the MEJ+ and MEJ- electrodes in the same 

reactor. For instance, ∆COD could not be differentiated between FAB+ and MFC systems. 

Ultimately, this effect may obstruct the performance difference between the two systems; hence, 

future studies might consider a separate reactor with different MEJ-dish, wastewater, or inoculum.  

In general, these findings implicate, anode modification with MEJ-dish (FAB) improves the power 

output. Similarly, Zhou et al. (2012) noted that enhancing anode area improves the MFC 

performance. Against this conclusion, Di Lorenzo et al. (2010) observed anode surface increment 

with granulated packed graphite pellets did not increase the current output due to mass distribution. 

Hence, increasing ASA alone could not always ensure performance increment. Probably, the 

increased ASA was not suitable for the EAB growth, results in discontinuous EAB formation, fuel 

(substrate) could not reach the modified area as it is far away from the external surface, or narrow 

pore size (due to packing or nano modification) that can be easily clogged by solids in the liquid.  

 

4.5.5 Comparison of MFC integrated systems with other studies 

The MFC integrated systems performance was compared with other studies (Table 24). The results 

observed in this study were comparable with previously reported findings (Chen et al., 2019). The 

mean CODRE observed in this study (71-95%) was higher than Goto and Yoshida (2019) (49%) 

but closer to Liu et al. (2019) (80%) findings. However, it might be challenging to make a solid 

conclusion due to variation in MFC setups and CODIN. In addition, the previous study reactor 

volume ranges from 0.18 to 40 L, external load varies from 3-1000 Ω and MFC configuration 

(Goto & Yoshida, 2019; Liu et al., 2019; Wen et al., 2009).  

 



139 

 

The power density observed in standalone MFC was ~3 times lower than (Liu & Logan, 2004) 

because the authors used PEM (Nafion) with lower resistance than the salt bridge used in this 

study. For example, Min et al. (2005) noted internal resistance of PEM (1.3 kΩ) was ~15 times 

lower than the salt bridge (20 kΩ). In addition, the authors used glucose substrate, but real 

wastewater has several e− acceptors that lower the power efficiency. On the other hand, the power 

density observed in this study was higher than 0.3 mW/m2 by Min et al. (2005) using a salt bridge 

and pure culture (G. metallireducens). Power output variation may arise from the inoculum (Ishii 

et al., 2017; Santoro et al., 2017; Xu et al., 2016). Even the mechanism of salt bridge synthesis 

affects the power output, Sevda and Sreekrishnan (2012) noted increasing salt concentration up to 

5% rises H+ transfer capacity, lowers Rint and improves the power output by ~11 times.  

 

Compared to the standalone-MFC (MFC-1), the aerobic-MFC integrated (MFC-2 and -3) 

generated lower power output. The cause might be the aerobic treatment that reduces the influent 

fuel concentration or results in MFC DO contamination. But, the anaerobic-MFC system influent 

prompt MFC-2 beyond MFC-1 and -3. Overall, anaerobic influent better stabilizes influent and 

enhances the performance. Similar effects were reported by (Chen et al., 2019; Li et al., 2015; 

Yadav et al., 2012). In contrast to (Bose et al., 2018; Kalathil et al., 2013; Rodrigo et al., 2007), 

the present study did not apply aeration to the cathode. Another advantage of this system is using 

a hybrid cathode, oxygen in the air, and tap water as an e− acceptor. If the hybrid-cathode were not 

used, aeration might be required. Vicari et al. (2016) observed 81% of DO (3 to 0.57 mg/L) was 

consumed within less than an hour in the cathode chamber. That is why the reported D-MFC with 

oxygen as e− acceptor was obliged to aerate the cathode chamber (Table 24). 

 

The power output observed in this study was ~4 times higher than Rodrigo et al. (2007); due to 

information on salt bridge synthesis was not provided, further discussion could not be made. 

However, compared to the standalone-MFC (MFC-1), the aerobic-MFC integrated (MFC-2 and -

3) generated lower power output. The cause might be the aerobic treatment that reduces the influent 

fuel concentration or results in DO contamination into the MFC. But, the anaerobic-MFC system 

influent prompt MFC-2 beyond MFC-1 and -3. Overall, anaerobic influent better stabilizes influent 

and enhances the performance. Similar effects were reported by (Chen et al., 2019; Li et al., 2015; 

Yadav et al., 2012).  
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Table 24. Comparisons of FAB-MFC integrated system with other studies 
 WW type CODIN (CODEF) CODRE MFC type (PEM) HRT Max. P (I) CE References 

S
ta

n
d

a
lo

n
e 

M
F

C
 

Glucose 1200   (24)    98% S-MFC   (Nafion)          - 262 (-) 55% (Liu & Logan, 2004) 

Synthetic 1000  (310)   69% S-MFC   (Nafion)          - 81 (-) 30% (Di Lorenzo et al., 2010) 

Swine  6500 (3400)  49% S-MFC   (PTFE)         3 d 0.15 (-) 1.0-15% (Goto & Yoshida, 2019) 

Swine  7500 (3075) 22% S-MFC   (No PEM) 0.7 d 750 (1) 23% (Kim et al., 2016) 

Brewery  627   (366)   42% S-MFC   (Nafion)  2.13 h 264 (1.79) 20%  (Wen et al., 2009) 

Domestic  400   (140)   65% S-MFC   (No PEM) 8.8 h 300 (-) 36% (Kim et al., 2015) 

Domestic   220    (44)    80% S-MFC   (Nafion)  3-33 h 26 (-) 3-12% (Liu et al., 2004) 

Domestic  - (-) -  D-MFC   (Salt bridge)    - 0.3 (18) 19%  (Min et al., 2005) 

Domestic 375    (150)  60%  D-MFC   (Salt bridge)    - 25 (100) 0.25%  (Rodrigo et al., 2007) 

Domestic  820  (180)   78% D-MFC   (Nafion)     14 d  817 (0.55) 32% (Bose et al., 2018) 

Domestic  300  (135)   55% S-MFC    (Nafion)     78 h 28 (85) 28 (Liu & Logan, 2004) 

Domestic  108     (37)  66% SE-MFC  (Fabric)       6 h 149 (250) 6% (Yu et al., 2012) 

Domestic 500   (371)  26% S-MFC    (No PEM) 0.2 h 422 (15) 0.7% (Ahn & Logan, 2010) 

Domestic  299    (87)  71% S-MFC    (No PEM)    2 h 103 (420) 18% (You et al., 2006) 

Domestic  600  (174)  71% D-MFC   (CEM)     0.69 d 180 (-) -  (Ye et al., 2019) 

Domestic 

Domestic  

755    (200) 74% MFC-1An (Salt bridge) 1 d 

FAB-1An (Salt bridge)  1 d 

79 (163) 0.73% 

84 (168) 0.69% 

This study 

This study  

Domestic 

Domestic 

755 (218) 71% MFC-1A (Salt bridge)  1 d 

FAB-1A (Salt bridge)   1 d 

78 (161) 0.80% 

87 (171) 0.74% 

This study 

This study  
      

M
F

C
 i

n
te

g
ra

te
d

 s
y
st

em
 

Brewery 708    (103)   80% IVCW-MFC (No PEM) 2 d - (50) 0.39% (Liu et al., 2019) 

Synthetic  1500   (375)  75% VCW-MFC (No PEM)  4 d 16 (70) 0.15% (Yadav et al., 2012) 

Pulp 4500 (2970)  66% MBBR-MFC (Nafion)   3 d 96 (185) 0.62% (Chen et al., 2019) 

Domestic  537    (17)    97% MBR-MFC (No PEM)   1 d - (-) 0.05% (Gajaraj & Hu, 2014) 

Domestic 430    (7)      92% MFC-MBR (No PEM)   5 d 51 (0.2) 5.9% (Su et al., 2013) 

Synthetic 600   (60)     90% MBR-MFC (No PEM)   2 h 140 (0.52)  7% (Li et al., 2015) 

Domestic 1080  (32)    97% MFC-MBR (No PEM)   3 h 380 (2000)8.5% (Malaeb et al., 2013) 

Domestic  

Domestic 

755  (129)    83% 

  

An-MFC-2 (Salt bridge) 2 d 

An-FAB-2 (Salt bridge)  2 d  

98 (181) 0.80% 

104 (187) 0.79% 

This study 

This study 

Domestic 

Domestic 

755   (66)     91% An-MFC-3 (Salt bridge) 3 d 

An-FAB-3 (Salt bridge)  3 d 

70 (153) 0.90% 

70 (153) 0.91% 

This study 

This study 

Domestic 

Domestic 

755   (100)   87% A-MFC-2 (Salt bridge)   2 d 

A-FAB-2 (Salt bridge)    2 d  

42 (119) 0.57% 

59 (140) 0.47% 

This study 

This study  

Domestic 

Domestic 

755    (39)    95%  A-MFC-3 (Salt bridge)   3 d 

A-FAB-3 (Salt bridge)    3 d 

12 (63) 0.50% 

18 (78) 0.39% 

This study 

This study  

Where WW = Wastewater; CODIN (CODEF) CODRE = COD influent (mg/L), effluent (mg/L) and removal 

efficiency (%), respectively; Max. P (I) CE = maximum power density as mW/m2 (current density, mA/m2) 

coulombic efficiency (%); S-MFC = Single chamber MFC; D-MFC = Double chambered MFC; SE-MFC 

= Submerged-exchangeable-MFC; MFC-1An = Anaerobic-D-MFC-1; FAB-1An = Anerobic-D-FAB-MFC-

1; MFC-1A = Aerobic-MFC-1; FAB-1A = Aerobic-D-FAB-MFC-1; bar shows not reported or could not 

be calculated from the given information; d shows day, h for an hour; PTFE = Polytetrafluoroethylene; 

IVCW-MFC = Integrated vertical flow constructed wetland-MFC; PEM = Proton exchange membrane; 

CEM = Cation exchange membrane;  MBR = Membrane bio reactor; A-MFC (FAB) = Aerobic-MFC 

(FAB); An-MFC (FAB) = Anaerobic-MFC (FAB); FAB = Fragmented anode biofilm 
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4.5.6 Applications of FAB-MFC 

This study presented a simple, practical technique (FAB) to increase anode surface area that 

influences the anode biofilm structure without chemical or thermal modification. It was evaluated 

in different MFC configuration systems. For example, metal electrodes are more e─ conductors, 

but the major limitation is microbial attachment surface area; hence, etched with sulfuric acid 

(Nosek et al., 2020). In the FAB reactor, the junction point between MEJ-dish and electrode is 

crucial. This area has a determinant limitation for additional e− collection, affecting bioelectricity 

production, particularly at startup. In our previous study, several MEJ-dishes with different 

junction types: open, partly open, and closed for EAB growth were studied (Atnafu & Leta, 2021). 

The MEJ-dish (e.g., K3) with open junction space for EAB growth yields a fascinating result; 

naked-eye observable thick biofilm supersedes MFC voltage output (max open circuit 0.9 V) and 

is vital at later age of the reactor during stress such as organic matter depletion. 

 

In contrast, the MEJ-dish covered junction point lowers voltage output at startup and extends the 

period to reach a steady state. One of the peculiar features we notice is that MEJ-dish might create 

a small pocket of a strict anaerobic zone where the EAB favors colonizing. Of course, it might 

attract competitors and results against the expectation. Most review papers on MFC suggest the 

need for innovative paradigm shift and study on electrode fabrication, configuration, and operation 

(Yu et al., 2017). Future studies might need to develop creative MEJ-dish to support EAB growth. 

 

On the other hand, questions may be raised on FAB practicality. In a pure culture study, the biofilm 

thickness was electrochemically active in ~20-50 m thick (Sun et al., 2016), why is the need to 

increase beyond? Even if the anode biofilm thickness increases, electrical efficiency might be 

compromised due to electrode overpotential, ohmic loss, activation loss, parasitic loss, current, 

and mass distribution (Choudhury et al., 2017; Di Lorenzo et al., 2010)?  

 

Addressing these issues, a recent study by  Yuan et al. (2020) and Malvankar et al. (2011) indicates 

anode biofilm tendency to transmit e─ over a centimeter long. Bonanni et al. (2013) suggest the 

biofilm thickness >70-80 m no significant contribution for current production. The direct focus 

of MFC-BT for current production only might mislead the cumulative-synergetic effect of the 

microbial process to generate electricity. Mixed culture increases BT and minimizes oxygen 
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diffusion to the inner EAB layer (Yang et al., 2019c) and results in a synergetic effect than pure 

culture (Goto & Yoshida, 2019; Logan, 2008). Additionally, it could be possible to manage the 

biofilm thickness by re-sizing the MEJ-dish. Extra electrode biofilm growth and removable part 

(MEJ-dish) might enable cleaning the electrode using simple techniques such as shear force and 

flow rate. The MFC performance strongly depends on anode geometry (Merkey & Chopp, 2012). 

Hence, the HD approach might enable to get the simultaneous advantage of multi-dimension 

electrodes in a single design. 

 

According to Yu et al. (2021) and Zhang et al. (2013), even if MFC bioelectricity generation is not 

enhanced, improving treatment performance is outstanding. Increasing anode surface and biofilm 

thickness alone, to any required degree, could not lift the electrical output unless associated factors 

address from power generation to collection. However, it may contribute a small step toward filling 

the anode biofilm growth drawbacks. Supporting the argument, Choudhury et al. (2017) suggested 

that novel electrode design or surface modification (physical or chemical) enhances e─ 

conductivity and bacterial adhesion. Overall, given further studies, the FAB concept introduces 

novel HD microbial electrode design such as T-shape electrode (MEJ-dish + electrode = flexible 

hybrid 3D electrode) rather than plain, flat, rod-shaped, or fixed 3D electrode (carbon foam/brush) 

that could dominate the current MFC research.  
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 Microbial community in FAB+ and MFC using 16S rRNA 

4.6.1 16S rRNA amplicon sequence data  

The 16S amplicon metagenomic sequencing was processed and resulted in high-quality sequences 

data. The 16S FAB+ and MFC electrode samples analysis provided a total of 103,423 reads (Table 

25). The sequences were further clustered into the operational taxonomic units (OUT) with a 97% 

similarity threshold. The clustered sequences result in 406 and 389 OTUs from FAB+ and MFC 

electrodes, respectively. A total of 2,000 OTUs were identified and 20% shared within all the 

clusters, as shown in Figure 68.  

  
Figure 68. OTUs in FAB-MFC (FAB+) and MFC  

 

Table 25. Basic 16S rRNA sequence statistics of FAB+ and MFC  

Measure FAB+ MFC 

File type Conventional base calls Conventional base calls 

Encoding Sanger/Illumina 1.9 Sanger/Illumina 1.9 

Total Sequences 48,803 54,620 

Sequences flagged as poor quality 0 0 

Sequence length 251 251 

GC (%) 54 54 

 

4.6.2 Total microbial community composition and abundance 

The total microbial community includes both archaea and bacteria because they are involved in 

FAB+ and MFC system operation for either bioelectricity generation or treatment. A krona chart 

was generated to visualize the entire microbial community that comprises the microbial dynamics 

and each system type (FAB+ and MFC). The amplicon sequence showed that proteobacteria were 

the dominant bacterial phylum in both FAB+ and MFC. Euryachaeota was the major archaea 

phylum identified. The most identified group belongs to bacteria in the FAB+ (dominant 6 phyla 

FAB+ MFC 
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and 9 more) and MFC (dominant 6 phyla and 12 more) system. It could be due to bacteria are 

ubiquitous and abundant in the environmental samples.  

 

                
 

Figure 69. Total bacteria and archaea (kingdom) communities in FAB+ and MFC.  

 

Stacked bar graphs were plotted for six taxonomic groups to discern the relative bacterial 

abundance in each system (Figure 70). As shown in the figure, Proteobacteria, Firmicutes, 

Euryarchaeota, and Planctomycetes were the dominant phyla. Similar microbial groups were 

reported in a previous study (Ishii et al., 2017). Among those, Proteobacteria was the dominant 

one in FAB+ and MFC. Surprisingly, the methanogenic bacteria were lower in FAB+ than MFC. 

The shift in microbial diversity could be due to the MEJ-dish in the FAB+ that discourages the 

methanogens.  

 

The Deltaproteobacteria phyla cover 4% in FAB+ but negligible in MFC. Deltaproteobacteria 

sp. such as Geobacter are well-known electro-active bacteria that directly transfer e─ to the 

electrode (DET) using redox proteins (cytochromes) found on the outer membrane or conductive 

appendages (nanowires) (Yu et al., 2012). In addition, another e─ active bacteria phyla were 

observed dominantly in FAB+ (12%) than MFC (3%). Gammaproteobacteria (e.g., Klebsiella sp.) 

are often reported exoelectrogen bacteria capable of DET or mediated e─ transfer (MET) through 

self-generated e─ mediators (Zhang et al., 2008). Gammaproteobacteria phyla such as 

Pseudomonas sp. (P. aeruginosa) were reported from mediator less MFC and release redox 

mediators (pyocyanin) that transfer e─  to the anode (Rabaey et al., 2004).  

 

 

 

 

FAB+ 
MFC 
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4.6.2.1 Bacterial domain composition and abundance  

                 
 

                
 

         
Figure 70. Total bacterial community abundance in FAB+ and MFC. 

Where (a) phylum, (b) class, (c) order, (d) family, (e) genus, and (f) species. “Others” indicate 

relative abundance of archaea genera below 0.1% and bacteria genera below 1%.  

(b) (a) 

(c) (d) 

(e) (f) 
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Based on Figure 70, Firmicutes phyla including the class Clostridia, Erysipelotrichia, and 

Negativicutes were observed in FAB+ and MFC. However, Firmicutes were more dominant in 

MFC (39%) than FAB+ (27%). In MFC, Clostridium sp. such as C. butyricum is the first reported 

Gram-positive bacteria that generate electricity, which is involved in electrochemical and Fe (II) 

reduction (Holmes et al., 2004). The mediated e─ transfer is the major electrochemical activity in 

Gram-positive EAB that belongs to Bacillus and Clostridium genera (Yu et al., 2012). The study 

results showed that the EAB phylogenetic composition in the FAB+ and MFC anode biofilm was 

different. Park et al. (2017) operated ML-MFC with starch processing WW and noted Clostridium 

sp., mainly C. butyricum growth was faster when the system was supplemented with FeOH than 

without it, and concluded FeOH as an e─ sink.  

 

The presence of fermentative bacteria phylum Firmicutes (C. disporiculm) and the exoelectrogen 

in the anode chamber signals a mutualistic syntrophic association between the fermenters and 

exoelectrogens. Similar findings were reported by Vilajeliu-Pons et al. (2015), in which the 

fermenters degrade organic matter into metabolites, then assimilated by exoelectrogens and 

converted to CO2 and electricity (Dolfing, 2014). In addition, non-electro-active bacteria such as 

Pseudomonas spp. (aerobes) protect the inner e─ active (anaerobes) layer from O2 contamination 

(Alonso et al., 2020). Some of the sulfate-reducing bacteria (SRB) grouped to the 

Desulfobulbaceae are predominant in the MFC anode biofilm. In the absence of e─ acceptor, they 

could ferment lactate, pyruvate, and ethanol into acetate and propionate mixture; also, grow on the 

graphite electrode as lactate, propionate, and H2 as e─ acceptor (Holmes et al., 2004). Based on 

Bermek et al. (2014) study, Brevundimonas, Sphingomonas, and Novosphingobium-related 

phylotypes were enriched on the anode biofilm, while Alphaproteobacteria and Bacteriodetes 

dominated the cathode biofilm. 

 

Other microbial communities (12 or 13 more) not included in Figure 70 are shown in Figure 71. 

These phyla differ between FAB+ and MFC. For instance, Synergistales and Acidobacteria were 

2% in FAB+ whereas not detected in MFC. In contrast, actinobacteria were identified in both 

FAB+ and MFC. Actinobacteria are vital for organic matter decomposition and produce secondary 

metabolites that can be e─ mediators or later used by EAB (Yu et al., 2012).  
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Figure 71. Other bacterial communities observed in FAB+ and MFC.   

 

4.6.2.2 Archaeal domain community 

The archaea communities were observed in the FAB+ and MFC systems, as shown in the Figure 

72 krona chart. The archaea communities identified in FAB+ and MFC were 21 and 196 OTU, 

respectively. From the figure, the metagenomic bacteria were 7% lower in FAB+ than the MFC. 

In FAB+ a single archaea phylum was observed (FAB+ = 100%, MFC = 97% Euryarchaeota), 

while Crenarchaeota 3% was noted in MFC. In both FAB+ and MFC, the phyla Euryachaeota 

was dominant. 

FAB+ 

MFC 
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Figure 72. Archaea (family) metagenomic visualization in FAB+ and MFC. 

 

4.6.3 Microbial community diversity in FAB+ and MFC  

4.6.3.1 Alpha-diversity  

Alpha diversity indicates the microbial variety within each system. Often, the alpha diversity is 

described in terms of species observed (S), Shannon index (H), and dominance (D) indices. The 

Shannon index (Shannon's diversity index, the Shannon–Wiener index, the Shannon–Weaver 

index, and the Shannon entropy) is used to estimate the species abundance and evenness (Lynch, 

2021). Table 26 shows the microbial alpha diversity in FAB+ and MFC. The Shannon index (H) 

shows that the FAB+ system was more diverse than MFC. It is supported by the species richness 

in the FAB+. However, the microbial distribution (dominance) was nearly similar between the 

FAB+ and MFC. The OUT richness assessed by Chao1 index was the highest in MFC followed 

by FAB+. These results suggested a higher rare OUTs in MFC and higher evenness in FAB+.  

 

 

Table 26. Microbial species alpha diversity in FAB+ and MFC  

Abundance Sample  Chao1 Richness (S) Shannon (H): Shannon_2 Shanon_1 

FAB+ 

MFC 
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  High diversity =1  

FAB+ 341 293 (more) 4.89 (more)  7.06 2.12 

MFC 360 276 (lower) 4.58 (less) 6.61 1.99 

Evenness Sample  Dominance (D) 

 

Equitability (EH):  

Complete evenness= 1 

Simpson (SDI) (range 0-1): 

High diversity =1=lower evenness 

FAB+ 0.98 (more) 0.86 (more) 0.015 (less diverse/more even) 

MFC 0.97 (lower) 0.82 (lower) 0.026 (more diverse/less even) 

 

4.6.1.1 Beta-diversity 

The beta-diversity measures the microbial phylogenetic distance (similarity or dissimilarity) 

between samples (Vilajeliu-Pons et al., 2015). It could be measured using Bray-Curtis that test 

abundance of microbes shared between two samples, range 0-1, 2 samples shared no microbes=1, 

and dissimilarity (share the same microbes and abundance)=0; Jaccard distance range 0-1, but does 

not consider abundance; Unifrac assume closely related microbes function similar and shows the 

total fraction of unshared branch length  (Lynch, 2021). This study applied Bray-Curtis, Jaccard, 

Euclidean, and Unifrac to measure the beta diversity between FAB+ and MFC (Figure 73). 

 

 
Figure 73. PcoA plot between FAB+ and MFC.  

Where Sample 1 = FAB+ and sample 2 = MFC 

FAB+ FAB+ 

FAB+ FAB+ 

MFC MFC 

MFC MFC 

Based on abundance & 

non-phylogenetic 
(Range 0-1) 

Higher values =1=both 

samples have no spp. in 

common 

Based on occurrence & 

absence of spp. 
(Range 0-1) 

Higher values =1=both 

samples have no spp. in 

common 

Based on distance 

matrix of sp. by sp. 
(Range 0-1) 

Higher values = higher 

different spp. in a 

sample 

Based on phylogenetic 

relation 
(Range 0-1) 

Higher values = both 

samples have no 

common spp. 
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The Bray-Curtis, Jaccard, and Euclidean phylogenetic beta diversity distance measurement 

implicates the microbiome dissimilarity between FAB+ and MFC. In addition, the Unifrac analysis 

support the microbial composition difference between the FAB+ and MFC. The similarity and 

variation between FAB+ and MFC could be attributed to the MEJ-dish.  

 

However, the dissimilarity measure using for a set of “n” samples that provides “n x n” matrix 

could not show a clear sense of population difference (Lynch, 2021). Hence, there are more 

visualization tools such as heatmap, Multi-Dimensional Scaling (MDS), Principal Component 

Analysis (PCA), Principal Coordinates Analysis (PCoA), and Scaling by MAjorizing a 

COmplicated Function (SMACOF). This study microbial species relative abundance between the 

FAB+ and MFC were visualized using heatmap, as shown in Figure 74. 

 

 
 

Figure 74. Heat map showing the relative abundance of microbial species in FAB+ and MFC 
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CHAPTER FIVE 

5. CONCLUSION AND RECOMMENDATIONS 

 

 Conclusion 

In this research work, G-plasticized magnetic starch-based Fe3O4 clay polymer nanocomposite 

(PNC) was synthesized. The XRD, SEM, ICP-OES, and FTIR spectra confirm the novel material 

was successfully synthesized. The PNC was prepared as an improved adsorbent material to remove 

phosphate ions from an aqueous solution. The enhancement was stepwise studied by comparing 

PNC phosphate adsorption with one of the constituents coated magnetic iron oxide (CIONP) under 

batch experiment. The study parameters showed that the phosphate ion adsorption efficiency 

increased with the adsorbent dose and decreased with the initial phosphate concentration. The 

maximum phosphate ion adsorption (MPAC) onto the CIONP was observed at acidic media (pH 

= 3, 3.12 mg/g); while, the PNC shifted the pH to slightly acidic (pH = 6, 2.31 mg/g). This 

achievement favors the PNC application for real wastewater treatment, which mostly operates at 

near-neutral pH. The adsorption isotherm data applied to the Langmuir and Freundlich model 

indicates that the Freundlich model best fits the PNC and CIONP. Furthermore, the pseudo-

second-order model more describes the adsorption kinetics of the adsorbents. Overall, the results 

strongly support a positive synergetic effect between plasticized biopolymer (starch) and 

constituents such as CIONP, NC, and AC to remove phosphate ions from an aqueous solution. 

Thus, the findings prove that PNC has a potential for phosphate ion removal. However, it requires 

further studies to optimize the adsorbents concentration, modifying the content, bioavailability, 

and biotoxicity during utilization or after the plasticized materials disposal.  

 

The anaerobic-aerobic integrated system for domestic wastewater treatment (DWWT) was 

investigated. The results presented in this study demonstrate the compact DWWT system that can 

be installed within a limited space enhance total organic matter (TCOD) and phosphate removal 

(TP). It was observed that when the DWW treatment HRT increased, the TP removal decreased. 

A large portion of the organic matter was removed in the anaerobic reactor, and little additional 

removal was observed in the aerobic system. In addition, the phosphate removal was minimal in 

both the anaerobic and aerobic units. It could be best to minimize the energy requirement if the 

treatment system was associated with MFC and integrate the system with an adsorption column to 

raise the TP removal efficiency.  
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The fragmented electro-active microbial fuel cell (FAB-MFC) reactor was invented to 

simultaneously increase bioelectricity generation and treatment performance. The microbial 

electrode jacket-dish (MEJ-dish) was used as a fixed anode biofilm support media. MEJ-dish 

improves the anode biofilm thickness. During the startup (first five days) at pH 7.5, the voltage 

generated was higher in MFC than FAB-MFC, but as the age of the reactor increases, all the FAB-

MFC (with different MEJ-dish) gains momentum. The FAB voltage output depends on the pH and 

MEJ-dish type during the startup, which determines the junction nature between electrode and 

MEJ-dish (open or close) that affects the microbial attachment and additional electron collection. 

In contrast, the COD removal was improved regardless of pH difference (6.5-8.5) and MEJ-dish 

type. It indicates all the COD removal was not directly associated with voltage generation and 

electro-active biofilm formation. The bench-scale experiments also support the optimization 

findings, where COD removal was higher in the FAB-MFC, but the voltage generation was lower 

at the early stage of the treatment period and became higher as the age of the reactor increases. 

Overall, FAB improves the voltage generation within a limited pH range (6.5-7.5), COD removal 

over a broader pH spectrum (6.5-8.5), and Coulombic efficiency by 7.4-9.6%. It could be possible 

to control the anode biofilm thickness by adjusting the size of MEJ-dish. The observed results 

indicate FAB provides a new flexible technique to increase anode surface area and manage the 

anode biofilm, contribute to the (in situ) scientific understanding of the MFC biofilm thickness 

and performance.  

 

FAB (MEJ+) and MFC (MEJ-) were compared for power output performance. The FAB enabled 

variable (thick and thin) biofilm formation compared to MFC. The FAB simple, straightforward 

technique increases anode biofilm thickness ~5 times a bare electrode. The FAB-MFC (FAB+) 

integrated system improved the COD removal compared with solitary MFC. However, it was 

impossible to conclude the FAB+ ∆COD and CE efficiency because both electrodes (MEJ+ and 

MEJ-) were inserted in the same reactor. The MFC integrated system power generation was 

affected with the pretreatment level for < 800 mg/L CODIN at 0.76 kg-COD/m3/d load. The 

anaerobic-MFC integrated system power generation was found significantly higher than the 

aerobic-MFC. The bioelectric generation was greater in solitary (directly-fed) MFC than in 

aerobically treated effluent-fed MFC. The FAB system generates the highest power than MFC in 

anaerobic-MFC (FAB = 104 mW/m2, MFC = 98 mW/m2) and aerobic-MFC (FAB = 59 mW/m2, 
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MFC = 42 mW/m2) integrated system. Voltage drops were noticed during treatment phase 

transition, and FAB reduces the voltage drop relative to MFC. The FAB+ integrated system could 

be applied for real applications and enhance performance. The 16S rRNA sequence revealed that 

the methanogenic bacteria were (7%) less in FAB-MFC than MFC system. The observed dominant 

phyla were Proteobacteria, Firmicutes, Euryarchaeota, and Planctomycetes. 

 

 Recommendations 

Synthesize a bio-based plastic doped with adsorbents to remove P from environmental media 

such as water or soil. After disposal, investigate its impact on the decomposition rate.  

 

Further investigation should be carried out in future for the potential of PNCs in phosphorus 

recovery from wastewater. And examine the plasticized-PNC capacity to remove other pollutants 

such as salts, ammonia, or nitrate from an aqueous solution. 

  

The potential of PNCs-adsorption column for domestic wastewater treatment needs to be studied. 

In addition, study should be conducted on the synergetic effect of the plasticized adsorbent with 

other materials such as gravel to remove phosphate.  

 

The effect of a conductor MEJ-dish on the MFC performance should be analyzed. Also, optimize 

the FAB system at different mesophilic and thermophile temperature range such as 35 and 45 ℃, 

respectively.  

Future study should be done on the FAB-MFC and MFC integrated system in a separate reactor. 

Study the FAB-MFC performance under different wastewater types. Study the FAB and MFC 

performance in a separate system to determine the ∆COD and bioelectricity efficiency.  

 

Additional study could be conducted on the whole metagenomic sequence from the MFC-

integrated system. Collect the samples from FAB and MFC for molecular analysis, especially for 

the FAB system, study the system using different MEJ-dish types and collect samples from various 

designs to determine the MEJ-dish type effect on the microbial biome.  
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APPENDIXES 

 

Appendix A: Supporting information 

 

 
 

Scheme 2. The proposed phosphate adsorption mechanisms onto the C9ST adsorbent. Organo 

(CTAB = Cetyltrimethylammonium bromide) modification of clay forms nanoclay (NC) with 

amine surface functional group (-NH2), see FTIR spectra of the constituents and PNC for the 

surface functional groups (including the -OH and carboxyl group). The protonation (H+) of the 

amine group results -NH3
+ that could participate in phosphate ion removal through electrostatic 

attraction. Similarly, amine protonation-related phosphate ion removal from chitosan composite 

surface was reported by Waweru et al. (2019).  

 

       
 

Figure A1. Adsorption isotherm of phosphate ion onto the adsorbents according to (a) Freundlich 

and (b) Langmuir model. C9ST = plasticized magnetic starch composite, CIONP = coated iron 

oxide nanoparticle. 

 

 

C9ST 
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Figure A2. Fitting with kinetics model (a) pseudo-first-order kinetics, (b) pseudo-second-order 

kinetic model, and (c) Weber and Morris intra-particle diffusion kinetics model. C9ST = 

plasticized magnetic starch composite and CIONP = coated iron oxide nanoparticle.  
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Comparison of the synthesized constituents with the commercial products 

The functional groups of activated carbon synthesized in this study (ACS) were compared with 

the commercially available activated carbon (ACP) using FTIR, as shown in Figure A3. The 

pharma grade activated charcoal that conforms to USP specification (ACP) was purchased from 

Loba Chemie.  

 

 
Figure A3. FTIR comparison of synthesized activated carbon (ACS) with commercial AC 

purchased (ACP).  

 

 
NB: The FTIR spectra of MMT K10 was adopted from Eng et al. (2013) 

 

Figure A4. FTIR comparison of commercial nanoclay (MMT K10) with synthesized nanoclay 

(NCS). 

file:///C:/Users/user/Google%20Drive/PhD%20docs/Articles/2.%20Adsorption%20isotherm%20and%20kinetics%20of%20BPNC/Starch%20Manuscript%20P%20adsorption-after%20submission-2021_9_2.docx%23_heading=h.sqyw64
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 1 

 2 

 3 
Figure A5 The proposed hypothetical presentation of FAB conceptual model to form thick anode biofilm.  4 
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FAB schematic conceptual model 

     = Flow rate, DO, pH variation, and wastewater composition could affect MFC. For instance, 

the wastewater content might affect the microbial activity, e.g., toxic chemicals, heavy metals, and 

antibiotics (Liu & Cheng, 2014). 

     = Suspended biofilm or solids effect (Santoro et al., 2017). 

      = FAB thick anode biofilm. Microbial electrode dish (MEJ-dish) to support anode biofilm 

growth. The electrode materials affect bacterial adhesion, e─ transfer, and electrochemical 

efficiency (Abbassi et al., 2020). MFC architecture paradigm shift is required to ensure maximum 

contact between the substrate and the biofilm, enhance biofilm thickness, and a higher electrode 

surface to electrolyte volume ratio (Abbassi et al., 2020; Chaturvedi & Verma, 2016; Choudhury 

et al., 2017; Do et al., 2018; Flimban et al., 2019). 

     = Electron transfer to anode: Interaction or coexisting factors in e- transfer between bacteria 

and solid electrodes is not well described, especially in complex environments in which many 

microbial species (electro-active or not) can be found on the electrodes (He et al., 2017).  

     = Microbial oxidation of organic matter (Logan et al., 2006).  

     = Internal resistance (Rint). As the size of the MFC increases, the systems Rint increases, which 

results in lower power density (PD). According to Logan and Regan (2006), when a system Rint 

decreases, the system PD increases, which gives more possibility of electricity generation (Abbassi 

et al., 2020).  

     = Internal resistance of the proton exchange membrane (PEM), e.g., Min et al. (2005) salt bridge 

20 kΩ, and PEM 1.3 kΩ resistance. H+ diffusion to the cathode via PEM: oxygen reduction 

reaction (ORR) remains the main MFC technology bottleneck due to high over-potentials and low 

kinetics encountered (Santoro et al., 2017). PEM should avoid minerals, oxygen, and substances 

transfer between the chambers (Rahimnejad et al., 2014) and cover ~ 40% of the total cost (Abbassi 

et al., 2020). Substrate crossover in the cathode compartment affects the MFC performance 

negatively (Koroglu et al., 2019). 

     = Gases or other biochemical byproducts (Pant et al., 2012).  

     = External load or resistance (Rext) (Choudhury et al., 2017; Logan et al., 2006).  

     = The distance between anode and cathode (Logan et al., 2006).  

     = Chemical reduction. The cathode region is the major MFC shortcoming. A lower 

concentration of terminal e─ acceptor at the cathode limits e─ flow. Most MFCs depend on the 

dissolved oxygen (DO) present at the cathode as e- acceptors (Zhao et al., 2006). Maintaining high 

bulk concentrations and distributing oxidants such as O2 across the cathode compartment can 

reduce mass transfer losses (Koroglu et al., 2019). It occurs when the species mass transport rate 

to or from the electrode limits current production. 

     = Microbial reduction (Santoro et al., 2017).  

     = Stress affecting the cathode chamber (He et al., 2017; Santoro et al., 2017) 
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Figure A6 Microbial electrode jacket-dish (designed). D = dimension.  

 

 
 

 

 

Figure A7 Observed biofilm on the MEJ+ electrode. 

Where (a) extended biofilm grown on the MEJ-dish, (b) biofilm formed adjacent to MEJ-dish, and 

(c) anode electrode or graphite rod. The extended biofilm may not directly contribute electrons to 

the FAB-MFC after a certain range of distance (2.5 cm+), which could be due to week conductivity 

of the biofilm. Still, it may assist in degrading organic matter and provide intermediate metabolites 

to the biofilms within reach of the anode. They could degrade and release e─ and H+ to the anode 

biofilms, shift e─ scavenger’s competition site, H+ may be transported to the cathode, and primarily 

face harsh conditions to reduce the effect on the anode biofilms. Torres et al. (2008) pointed the 

challenge of fuel and waste matter transport in thick biofilms. Extra electrode (MEJ+) thick biofilm 

growth may ease the nutrient flow dynamics. However, may demand further studies.  
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Appendix B: Data quality control and check  

 

   

   
Figure B1 Phosphate calibration curve.  

 

  
Figure B2 Total phosphorus calibration curve. Calibration curve between phosphate concentration 

and absorbance (the insert is the UV–vis spectrum of phosphate in solution).  
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Figure B3 Nitrate calibration curve  

 

Appendix B1. COD calibration curve  

 
Figure B4 COD calibration curve. 
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Figure B5 FAB+ and MFC per base 16S rRNA sequence data quality.  
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Appendix C: Data 

 

Table C1 XRD peaks and crystal size calculated using Scherrer's equation  
CIONP  UIONP  NC  A-CIONP  B-PNC 

2 FWHM Dp  2 FWHM Dp  2 FWHM Dp  2 FWHM Dp  2 FWHM Dp 

31.42 0.194 44.45  27.08 0.164 52.11  20.78 0.200 42.16  15.72 0.129 64.85  21.56 7.72 1.10 

35.04 0.999 8.72  29.94 0.239 36.03  26.48 0.146 58.48  27.00 1.319 6.48  27.62 26.89 0.32 

42.74 0.535 16.66  31.36 0.208 41.55  36.24 0.229 38.14  31.70 1.980 4.36  27.62 0.11 77.21 

44.92 0.691 13.00  35.22 1.168 7.46  39.12 0.202 43.60  35.66 1.980 4.41  27.92 11.62 0.74 

56.18 0.465 20.23  43.48 1.447 6.18  39.14 0.121 72.99  43.74 1.980 4.52  36.39 1.50 5.84 

62.04 0.772 12.55  44.90 0.333 26.96  42.08 0.154 57.63  46.74 0.650 13.92  44.06 7.45 1.20 
    55.76 0.896 10.49  42.08 0.154 57.63  57.76 1.980 4.79  50.67 0.10 92.73 
    62.12 1.330 7.29  45.38 0.252 35.72      63.26 1.33 7.34 
        45.38 0.252 35.72      57.85 1.07 8.83 
        49.66 0.135 67.67      55.71 11.45 0.82 
        49.66 0.135 67.67         
        54.32 0.298 31.27         
        54.32 0.298 31.27         
        59.34 0.143 66.61         
        59.34 0.143 66.61         
        63.34 0.168 58.00         
        67.42 0.160 62.31         

Mean  19.27    23.51    52.56    14.76    19.61 

SD  12.94    18.14    14.47    22.36    34.77 

NB: λ = 0.154, and K = 0.94, Dp = Crystalline size (nm), K = Scherrer constant (typically = 0.94 

for FWHM of spherical crystals with cubic symmetry), λ = the wavelength of the Cu Kα radiation 

(0.15406), see Eq. 29 for details. Where, CIONP = coated (citric acid) iron oxide nanoparticle, NC 

= nanoclay, UNIOP = uncoated iron oxide nanoparticle, A-CIONP = after phosphate ion 

adsorption coated iron oxide nanoparticle, and B-PNC = before-polymer nanocomposite.  
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S. No. Area Mean Min Max Angle  Length  

1 1.066 16.202 0 122 -116.188 16.994 

2 0.891 12.094 0 123.729 -113.86 14.215 

3 1.039 24.523 0 96.86 57.031 16.538 

4 1.039 24.523 0 96.86 57.031 16.538 

5 0.762 3.986 0 72 66.879 12.097 

6 0.277 11.082 0 108 62.7 4.361 

7 0.473 11.44 0 41 79.439 7.502 

8 0.137 26.594 17.059 81 72.646 2.095 

9 0.469 7.717 0 189.486 16.607 7.435 

Mean 0.684 15.351 1.895 103.437 20.254 10.864 

SD 0.354 8.116 5.686 41.319 78.696 5.668 

Min 0.137 3.986 0 41 -116.188 2.095 

Max 1.066 26.594 17.059 189.486 79.439 16.994 

Units in μm 

Figure C1 C9ST pore size before phosphate adsorption, measured using ImageJ software. 
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Table C2 Raw wastewater and inoculum physicochemical characteristics (n=3) 

Parameters Raw wastewater Inoculum 

pH (-) 7.51±0.17 6.97±0.21 

ORP (mV) 29.7±18.45 - 

EC (S) 1397±277 - 

TS (mg/L) 1057±28 3277±416 

TDS (mg/L) 406±269 2894±15 

TSS (mg/L) 276±67 - 

TVS (mg/L) 366±59 1347±41 

VSS (mg/L) 146±30 - 

Salinity (ppm) 1032±197 - 

Turbidity (NTU) 249±13 - 

Temp. (℃) 17.1±0.98 16.9± 0.58 

DO (mg/L) 2.65±0.21 - 

Ca (mg/L) 21.2±1.97 46.35±1.31 

Mg (mg/L) 8.47±0.73 34.56±0.54 

K (mg/L) 27.25±0.97 64.44±0.44 

Na (mg/L) 110±1.13 2.03±0.07 

P (mg/L) 10.37±0.71 29.74±0.43 

S (mg/L) 24.89±0.13 11.22±0.34 

B (mg/L) 0.53±0.09  ND  

Fe (mg/L) 0.51±0.01 5.33±0.4 

Mn (mg/L) 0.35±0.01 5.32±0.32 

Cu (mg/L) ND 0.05±0.02 

Zn (mg/L) 0.05±0.01 0.5±0.03 

Si (mg/L) 20.51±0.49 8.48±0.18 

ORP = oxidation reduction potential, EC = electrical conductivity, TS = total solids, TDS = total 

dissolved solids, TSS = total suspended solids, TVS = total volatile solids, VSS = volatile 

suspended solids, Temp. = temperature, and ND = not detected.  
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Appendix D: Experimental setup 

 

         
Figure D1 Ball valve from left to right (a) PPR, (b) Brass ball, (c) PVC, and (d) setup support. 

 

(1) Screening and sedimentation tank 

The screening and sedimentation reactors were made from a plastic container. The final 

sedimentation screening section was made from PVC pipe with an inbuilt filtration system to 

prevent floating materials from entering the aerobic reactor, as shown in Figure A-2.  

 

 
Figure D2 Internal section of the sedimentation reactor (a) and (b) filter media for removing larger 

floating materials.  

 

(2) Anaerobic reactor  

Pressure gauge (Bio-pluss™) and thermometer (Abron) that can measure from 50 to 150 ℃ were 

top-mounted on the anaerobic reactor.  

 

  
Figure D3 Topside view on the anaerobic reactor, Lab. scale (a) anaerobic and (b) methanogenic 

reactor. 

 

 

 

 

c a b d 

a b 

a b c d 
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(3) Aerobic reactor 

Like other reactors, the aerobic reactor was made of a plastic container. The aerobic reactor 

function as a MBBR. In the aerobic reactor, a diffuser was made from PPR pipe with tiny (bubble 

release) holes drilled at the bottom of the setup for even air distribution. A flexible clear vinyl 

airline tube was connected to the air pump and the diffuser. Additionally, it protects the flexible 

vinyl airline tube from clamping due to aerobic filter media weight at the bottom of the reactor. 

The diffuser setup was inserted into the aerobic tank. 

 

 

 
 

Figure D4 Schematic diagram of H-type air diffuser (a) designed and (b&c) constructed. Drawings 

are not to scale. The diffuser was inserted into the aerobic reactor (MBBR). 

 

                  
Figure D5 Assembled individual parts of aerator system setup, from left to right, a) Vinyl flexible 

air tube, b) Aeration extending setup, c) Air valve, and d) Aquarium air pump. 

a b c c 
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The original moving bed biofilm carrier K3 (Kaldnes 3) made from virgin high-density 

polyethylene (0.95 g/cm3) with a total bulk specific surface area of 500 m2/m3 and 25 mm x 10 

mm (diameter/depth) were used in the MBBRs (Ødegaard, 2016), as shown in the Figure A6. A 

sieve was placed at the reactor outlet to keep the carriers inside the reactors (Safwat, 2018). 

 

  
Figure D6 Aerobic reactor (a) internal section and (b) K3 type moving bed biofilm carriers. 

 

The motor-driven stirrer was used for mixing the contents of all reactors, except screening and 

sedimentation tank. It consists of a driving motor, shaft, and impeller. The impeller was made from 

PVC pipe and cut into a small part having pinched shapes, as shown in Figure D7. The driving 

factor was made from a 24 V DC motor. DC power supply unit (BK-1502DD, BAKU, China) was 

used to control the speed of agitation by adjusting the amount of DC volt supply to the motor. 

 

                               
Figure D7 (a) The materials used to fabricate motor-driven stirrer and (b) the constructed 

experimental wastewater treatment system. 

 

(4) Column setup 

The column section was constructed from a graduated PVC cylinder pipe. 

 

 
Figure D8 The constructed adsorption column part.   

Shaft  

DC motor 

Impeller 

a b 

a b 



192 

 

Appendix E: Pictures  

 

 

 

 
* = During raw DWW sample collection from the primary clarifier of Mickey Leland 

condominium WWTP. 
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