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ABSTRACT 

Hydroponic agriculture has gained more attention to solving the shortage of soil and 

food. However, issues including greenhouse gas emission and high energy consumption still 

exist. Bioelectrochemical system (BES) particularly microbial fuel cell (MFC) has a wide 

range of applications, such as metal recovery, desalination, biosensoring, etc., due to ability 

to convert chemical energy into bioelectricity. Therefore, this thesis proposed a hydroponic-

plant microbial fuel cell (H-PMFC) system to develop the sustainable agriculture.  

Our first study developed a 3D floating air-cathode by dip-drying method. The pore size 

effect of 3D floating air-cathode was investigated for the first time. According to the several 

advanced characterizations of the traditional carbon felt cathode, the 3 pores/mm 3D floating 

air-cathode helped in achiving a maximum power density of 92.58 mW/m3 during MFC 

operation and improving the maximum power density (PDmax) by 160% due to the smaller 

pores, rougher surface, and higher surface wettability in comparison with 5 pores/mm 3D 

floating air-cathode.  

Based on the configuration construction of first study, an innovative flow-through H-

MFC was built to explore the effect of MFC on hydroponic rice plants. The results showed 

that integrating MFC technology with hydroponic systems showed the highest PDmax of 

504.39 mW/m3 and decrease up to 50% of methane (CH4) emissions from rice plants in 

hydroponic systems without any negative influence on biomass production. 

Following the contributions of the second research, the third study of this thesis focused 

on optimizing the performance of H-PMFCs. Iron  is vital to plant growth and health as the 

redox-active metal involved in various biochemical activities. Simultaneously, iron affects the 

anode biofilm formation and oxygen reduction reaction in MFCs. This work investigated the 

electrochemical performance, CH4 emission, and biomass production of H-PMFCs with 

different concentrations and ratios of Fe2+ and Fe3+. The PDmax was observed when the Fe2+  

was 7.5 µM and Fe3+ was 15 µM (949.17 mW/m3) and reduced 65% of CH4 emissions from 

H-PMFC. Besides, the addition of iron in H-PMFCs could decrease the emission of CH4 in 

two ways: (i) iron electron acceptors directly inhibiting methanogens; (ii) iron electron 
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acceptor enhances the electricity production ability of MFC to inhibit CH4 production. 

Subsequently, the final study evaluated the possibility of affecting CH4 emission level, 

biomass production, and bioelectricity generation from rice H-PMFCs by external resistance 

(Rext) control. Three H-PMFCs were built based on the above research. Results showed that 

when Rext = internal resistance (Rint), the H-PMFC has the highest biomass yield. When Rext > 

Rint displayed the highest average power density. The PDmax was 536.79 mW/m3 when 

Rext/Rint = 150%. The CH4 emission exhibits an inverse trend with current production, 

decreasing with the Rext/Rint ratio decrease from 50% to 5%. The highest current with the 

lowest CH4 was produced when Rext/Rint = 9% (0.14 mA and 453.52 ± 0.28 g/m2/h). Thus, the 

performance of H-PMFCs can be controlled by changing Rext/Rint ratio according to desired 

actual needs. 

The findings presented in our work demonstrate the possibilities of integration of BES 

with hydroponics, providing the concept of H-PMFC, and provided new ideas for sustainable 

agriculture. 
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RÉSUMÉ 

L'agriculture hydroponique a attiré plus d'attention pour résoudre le manque de sol et de 

nourriture. Cependant, des problèmes tels que les émissions de gaz à effet de serre et la forte 

consommation d'énergie existent toujours. Le système bioélectrochimique (BES), en 

particulier la pile à combustible microbienne (MFC), a une large gamme d'applications, telles 

que la récupération des métaux, le dessalement, la biocapture, etc., en raison de sa capacité à 

convertir l'énergie chimique en bioélectricité. Par conséquent, cette thèse a proposé un 

système hydroponique de pile à combustible microbienne végétale (H-PMFC) pour 

développer l'agriculture durable. 

Notre première étude a développé une cathode à air flottante 3D par la méthode de 

séchage par trempage. L'effet de la taille des pores de la cathode à air flottante 3D a été étudié 

pour la première fois. Selon les nombreuses caractérisations avancées de la cathode 

traditionnelle en feutre de carbone, la cathode à air flottante 3D à 3 pores/mm a permis 

d'atteindre une densité de puissance maximale de 92,58 mW/m3 pendant le fonctionnement 

du MFC et d'améliorer la densité de puissance maximale (PDmax) de 160 % en raison des 

pores plus petits, de la surface plus rugueuse et de la mouillabilité de surface supérieure par 

rapport à la cathode à air flottante 3D à 5 pores/mm. 

Sur la base de la construction de la configuration de la première étude, un H-MFC à flux 

continu innovant a été construit pour explorer l'effet du MFC sur les plants de riz 

hydroponiques. Les résultats ont montré que l'intégration de la technologie MFC aux 

systèmes hydroponiques a montré le PDmax le plus élevé de 504,39 mW/m3 et réduit jusqu'à 

50 % les émissions de methane (CH4) des plants de riz dans les systèmes hydroponiques sans 

aucune influence négative sur la production de biomasse. 

Suite aux apports de la deuxième recherche, la troisième étude de cette thèse s'est 

concentrée sur l'optimisation des performances des H-PMFC. Le fer est vital pour la 

croissance et la santé des plantes en tant que métal redox-actif impliqué dans diverses 

activités biochimiques. Simultanément, le fer affecte la formation du biofilm anodique et la 

réaction de réduction de l'oxygène dans les MFC. Ce travail a étudié les performances 
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électrochimiques, les émissions de CH4 et la production de biomasse des H-PMFC avec 

différentes concentrations et ratios de Fe2+ et Fe3+. Le PDmax a été observé lorsque le Fe2+ 

était de 7,5 µM et Fe3+ était de 15 µM (949,17 mW/m3) et a réduit de 65 % les émissions de 

CH4 du H-PMFC. Par ailleurs, l'ajout de fer dans les H-PMFC pourrait diminuer l'émission de 

CH4 de deux manières : (i) les accepteurs d'électrons du fer inhibant directement les 

méthanogènes ; (ii) l'accepteur d'électrons de fer améliore la capacité de production 

d'électricité du MFC pour inhiber la production de CH4. 

Par la suite, l'étude finale a évalué la possibilité d'affecter le niveau d'émission de CH4, 

la production de biomasse et la production de bioélectricité à partir des H-PMFC de riz par le 

contrôle résistance externe (Rext). Trois H-PMFC ont été construits sur la base des recherches 

ci-dessus. Les résultats ont montré que lorsque Rext = résistance interne (Rint), le H-PMFC a le 

rendement de biomasse le plus élevé. Lorsque Rext > Rint affichait la densité de puissance 

moyenne la plus élevée. Le PDmax était de 536,79 mW/m3 lorsque Rext/Rint = 150 %. 

L'émission de CH4 présente une tendance inverse avec la production actuelle, diminuant avec 

la diminution du rapport Rext/Rint de 50% à 5%. Le courant le plus élevé avec le CH4 le plus 

bas a été produit lorsque Rext/Rint = 9 % (0,14 mA et 453,52 ± 0,28 g/m2/h). Ainsi, les 

performances des H-PMFC peuvent être contrôlées en modifiant le rapport Rext/Rint en 

fonction des besoins réels souhaités. 

Les résultats présentés dans notre travail démontrent les possibilités d'intégration de 

BES avec la culture hydroponique, fournissant le concept de H-PMFC, et ont fourni de 

nouvelles idées pour l'agriculture durable. 
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CHAPTER I 

GENERAL INTRODUCTION 

1.1. MOTIVATIONS 

Agriculture is one of the key economic sectors and is responsible for both food and 

nutritional security. As the global population is projected to rise to 9 billion by 2025 [1], food 

production must double to meet food demands. However, agriculture impacts 

directly/indirectly towards global climate change by greenhouse gas emissions, which 

account for 10-20% of total global anthropogenic greenhouse emissions on a 100-year time 

horizon. The non-carbon dioxide (CO2) gases - nitrous oxide (N2O) and methane (CH4) 

comprise a large share of agricultural emissions with relative global warming potentials of 34 

and 298 times higher than CO2 [2]. Rice (Oryza sativa) is grown in 114 countries over a total 

land of around 153 Mha, which covers 11% of the world’s arable land and is considered the 

second biggest (745 Tg in 2013) cereal crop produced in the world [3]. However, rice 

cultivation is a considerable threat to sustainable agriculture. The global warming potential of 

rice crop is 467% and 169% compared to wheat and maize, respectively [4]. Rice cultivation 

is a primary source of vital and long-lasting greenhouse gases - CH4 and N2O. Around 30% 

and 11% of global agricultural CH4 and N2O are emitted from rice fields [5].  

Rice paddy releases some amounts of N2O due to the anaerobic conditions of the soil, 

but it mainly leads to CH4 emission [6]. Considering natural emissions, wetlands and rice 

agriculture combined amount to 32-47 % of total CH4 emissions [7]. Besides, the CH4 

emission has increased due to the rapid increase in fertilizer application and rice production 

over the last 70 years. It is projected that up to 2030, emissions of CH4 and N2O may increase 

by 35-60% [3]. However, rice production needs to be increased by 40% by 2030 to meet 

rising demand from the ever-growing population [3], which will cause more serious 

environmental problems. Furthermore, to improve rice production, the increased application 

of inorganic fertilizer is needed, which may also boost the emissions of CH4 from rice paddy 
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[8]. Thus, it is urgent to find a way to combine increased grain production and decreased CH4 

gas emissions. 

Until now, several management methods have been practiced for decreasing CH4 

emission from paddy rice; they are mainly classified into three categories: (i) selecting 

suitable cultivars and cover crops; (ii) adjusting irrigation patterns, tillage practices, copping 

regime, and uses of appropriate irrigation rate; (iii) managing organic additives. These 

methods could reduce CH4 emissions to a certain extent. However, these methods need higher 

investment costs, such as labor and specific machine costs. They require a lot of time to 

manage specific organic additives. Moreover, it cannot control the amount of CH4 emissions 

from rice paddies. Therefore, finding a new way to simultaneously achieve control and 

decrease CH4 emission from rice paddy fields is essential.  

Recently, microbial fuel cell (MFC) as one of the most potential alternative renewable 

energy technology of bioelectrochemical system (BES) attracted the attention of many 

researchers, which capitalizes on the ability of certain electroactive microorganisms to 

transfer electrons from a source of organic carbon to a solid electrode, thus facilitating the 

production of renewable electricity [9-11].  

The aerenchyma of plants (90%) is one of the main pathways of gas exchange with the 

rhizosphere under waterlogged conditions [12, 13]. Therefore, a promising route for 

mitigating CH4 emissions is to prevent the formation of CH4 in the rhizosphere. The 

rhizodeposition is the process of organic material transport from the plant roots to the 

rhizosphere (around the roots and about 4 mm from the root surface [14]). During the growth 

and development of the plants, the organic matter enters the support matrix as rhizodeposition, 

which consists of exudates (sugars, organic acids), secretions (polymeric carbohydrates and 

enzymes), lysates (dead plant cell materials) and gases (ethylene and CO2) [15, 16]. They are 

explicitly excreted by the roots and oxidized electrochemically by active microorganisms 

(naturally present in an anode) to yield bioelectricity. Hence, there has been growing interest 

in incorporating plants with MFC for bioenergy production in the past ten years (about 

21.77%, according to Scopus). Plant microbial fuel cell (PMFC) is a derived technology of 

MFC, which converts solar energy into bioelectricity indirectly via the electrochemically 

active bacteria (EAB) at the rhizosphere region of their roots [17, 18]. PMFC can be seen as a 
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type of biosystem, having two structures, viz., biocontrol and bioprocess. In the biocontrol 

structure, plants convert sunlight into voltage by photosynthetic processes. In the bioprocess 

structure, the microbial community uses exudates to produce electricity via microbial 

metabolism [18]. Therefore, due to the photosynthetic processes, PMFCs make bioelectricity 

without the artificial addition of extra organic matter or nutrients [19]. PMFC was first 

reported in 2008, which could produce a current of up to 120 mA/m2 [16]. This current value 

is well within the same order of magnitude as CH4 emission from the paddy field. Thus, it has 

been hypothesized that the current produced by PMFC metabolism can mitigate rice 

paddy/waterlogged wetlands' emission of CH4 [16, 20].  

1.2. PROBLEM DEFINITION 

With more water, food, and living habitat needed for agricultural cultivation, emerging 

environmental problems, e.g., forest loss, greenhouse gas emission, climate change, 

fragmentation, etc., can be expected [21]. Soil, the most favorable and available support 

matrix in agriculture, will be particularly affected due to increased erosion, compaction, and 

soil degradation, all leading to the topographical conditions affecting agricultural productivity. 

Recently, hydroponic agriculture has been gaining popularity as the promise of growing 

terrestrial plants by solely exposing their roots exposed to a nutritious liquid. According to 

Barbosa et al. [22], the land requirements of the hydroponic systems can be ten times less, 

and the yields can be over 11 times greater than traditional agriculture. Thus, the hydroponic 

method removes the reliance on the soil as a growth medium [23].  

Studies have proved that with the help of PMFC, CH4 can be reduced by up to 50% from 

rice paddy [24, 25]. However, they only tested the CH4 sampling from portable containers [24, 

26]; only two directly measured CH4 gas from rice plants [27, 28]. Further, until now, no 

research has reported the influence of continuous flow hydroponic-PMFC (H-PMFC) on the 

CH4 emission from rice plants. The constant flow system has several advantages such as (i) 

the maximum productivity by optimizing the composition medium; (ii) controlling the 

secondary metabolites; (iii) the process leading to reproducible results and reliable data, (iv) 

achieving high productivity per unit, (v) promising the nutrition supply, etc. [29]. 
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Therefore, our work is based on the hypothesis that the BES is a potential technology to 

dynamically control CH4 emissions in sustainable agriculture and investigate the effects of H-

PMFC systems on biomass production, CH4 emissions, and electricity generation during rice 

plants’ growth. 

1.3. RESEARCH OBJECTIVES 

The global objective of the proposed studies is to design, develop, and optimize the H-PMFC 

system and to assess the influence of H-PMFC on rice biomass production, CH4 emissions, 

and bioelectricity generation. 

1.4. SPECIFIC OBJECTIVES 

• Explore the most cost-effective and high-efficiency electrode materials for MFC. 

• Explore the background level of CH4 emission in a rice cultivation hydroponic system; 

characterize plant health. Compare the hydroponic system and characterized parameters 

to a rice paddy microcosm. 

• Explore how the rice H-PMFC system affects CH4 emissions, plant biomass production, 

and electricity generation. 

• Explore the effect of iron (Fe) fertilization concentration on CH4 emissions, plant 

biomass production, and electricity generation in H-PMFC systems.  

• Explore the effect of different forms of Fe ions on plant biomass production and 

electricity generation in MFC-integrated hydroponic systems.  

• Develop an H-PMFC system to control CH4 emissions from rice plants. 

1.5. ORGANIZATION OF THE THESIS 

This Chapter I summarizes the thesis background about CH4 emissions from rice plants, the 

problems of hydroponic cultivation systems, and objectives for designing the H-PMFC for 

rice plant cultivation. Chapter II-IV introduces the background of this research by a general 

literature review of microbial fuel technology and rice methane emission and control; Chapter 

V presents a simple dip-drying method to fabricate a practical and economical 3D floating 
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air-cathodes by using carbon black, ethanol, and PTFE solution; Chapter VI proposes a 

hydroponic-microbial fuel cell agriculture system to investigate the possibility of reducing 

methane emissions from rice plants by hydroponic microbial fuel cells and the influence of 

hydroponic microbial fuel cells on biomass production from rice plants. Chapter VII shows 

the effect of iron concentrations and forms on the performance of rice plants' hydroponic 

microbial fuel cells. Chapter VIII presents the possibility of controlling the performance of 

hydroponic microbial fuel cells by changing the internal and external resistance ratio. Chapter 

IX presents the overall conclusions and contributions to the knowledge of this thesis as well 

as the recommendations for future work.  
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CHAPTER II  

LITERATURE REVIEW-PART 1 

2.1. THE GAS EMISSION FROM RICE FIELD 

Global warming is one of the most prominent challenges in the present era. The 

temperature of the earth is governed by various components, such as ozone, water vapor, and 

gases (oxygen (O2), CO2, N2O, etc.), which absorb heat, causing a concomitant increase in 

atmospheric temperatures with consequences of disasters (e.g., hurricanes, floods, drought, 

etc.) [30, 31]. Among all these compositions, the growth of greenhouse gases in the 

atmosphere results in global warming. Greenhouse gases cause the widely known 

phenomenon “greenhouse effect”. Due to the enhanced greenhouse effect, the global mean 

annual temperature has increased. The projected rise in the temperature by the end of the 21st 

century is estimated at 1.1~6.4 °C [30]. Some researchers predicted that greenhouse 

emissions may increase by 35-60% by the end of 2030 [32]. Globally, CO2 (60%), CH4 (15%), 

and N2O (5%) are the main contributors to the anthropogenic component [33]. For the total 

anthropogenic emissions, CH4 and N2O are the significant contributors to greenhouse gases 

owing to their origin identified in the agricultural sector. Compared to CO2, CH4 and N2O 

have 298 and 25 times more global warming potential [30].  

Agriculture is one of the key economic sectors and is responsible for both food and 

nutritional security. However, the growth rate of the global human population is 1.1% per 

year or around 83 million annually [34], which makes humans rely more on optimizing land 

area and conserving biodiversity. According to FAO, a projected net increase in the arable 

area of 120 million ha (12%) will be happening in developing countries from 1977 to 2030 

(from 956 to 1076 million ha) [35]. However, agriculture impacts directly/indirectly towards 

the global climate by emitting greenhouse gases. Agriculture greenhouse gas emissions 

account for 10-20% of global anthropogenic greenhouse emissions [36]. In order to ensure 

food security and protect the environment and natural resources, controlling greenhouse gas 
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emissions is a dire necessity [37, 38]. 

2.2. METHANE EMISSION FROM RICE PADDY 

CH4 is the main hydrocarbon present in the atmosphere. The average concentration of 

CH4 is 1.7 ppm. About 70-80% of CH4 in the atmosphere is from biological origin. It is 

produced in anoxic environments, such as submerged soils, by methanogenic bacteria during 

the anaerobic digestion of organic matter. CH4 escapes to the atmosphere through bubbling, 

diffusion, and via rice stems (Figure 2.1.). Therefore, flooded rice fields are the major 

sources of CH4 emission, which contribute to about 30% of global agricultural CH4 [5]. Sass 

[39] concluded a CH4 emission of 25-54 Tg/yr from a total rice area of 147.5 million ha, and 

China is the most important region with 13-17 Tg from 32.2 million ha. In the rice field, CH4 

is emitted mainly by the decomposition of organic materials in the anoxic flooded rice 

cultures by transport, production, and oxidation [40]. Due to the economic importance and 

high potential for the CH4 source, the rice fields have been the most studied methanogenic 

ecosystems. Further, because methanogenesis and methanotrophic are very active and all 

modes of CH4 transfer occur in rice fields, rice fields are also the most suitable model to 

study CH4 [40].  

Under the low sulfate and nitrate concentrations and anaerobic environment, the 

complete mineralization of organic matter by the methanogenic fermentation, which 

generates CH4 and CO2 as follows: 
C6H12O6 → 3CO2 + 3CH4 2.1 

Where four populations of microorganisms are required, which could degrade complex 

molecules into simpler compounds: (i) hydrolysis of biological polymers into monomers 

through a hydrolytic microflora that can be either aerobic/facultatively or strictly anaerobic 

(amino acids, fatty acids, glucose); (ii) acidogenesis from monomeric compounds as well as 

intermediary compounds formed during fermentation through a fermentative microflora that 

can be facultatively/strictly anaerobic (volatile fatty acids, organic acids, alcohols, hydrogen 

(H2), CO2); (iii) acetogenesis from the previous metabolites though the 

syntrophic/homoacetogenic microflora; (iv) methanogenesis from the simple compounds that 
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can be used by methanogens [40]. In the rice field, the H2 and CO2-dependent 

methanogenesis contributed to about 25-30% of the CH4 generation [41], driven by the decay 

and fermentation of root material [41, 42]. Besides, the variations in CH4 production are 

primarily attributed to variations in microbial activity, roots, and the development stage of the 

rice plant [43-45]. Therefore, CH4 emissions from rice depend on the flooded period, climate, 

soil type, management, amount, and application method of fertilizers. 

Currently, three main strategies have been suggested to prevent CH4 production from 

rice fields. (i) Select suitable cultivars and cover crops. However, not all kinds of rice plants 

are available for farmers or native soil to plant. (ii) Adjust irrigation pattern, tillage practices, 

cropping regime, and use of appropriate irrigation rate. Also, intermittent draining can be 

considered, but it is only applied in the area with abundant water. Besides, more specialists 

and material resources will be required, increasing costs. (iii) Managing organic additives. 

However, organic additives will cause environmental problems and increase the price. 

 

Figure 2.1. The schematic diagram of CH4 emission from the paddy soil. 
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CONNECTING TEXT 

From the literature review in chapter II, methane emission from rice paddy is a severe 

problem. As the population continues to grow, so does the demand for land. Therefore, in 

order to solve the shortage of arable land, hydroponics has attracted more and more attention. 

Hydroponic is a sustainable agriculture alternative that emphasizes the effectiveness and 

efficiency of land and time. Recently, several advanced bioelectrochemical systems has been 

adequately explored in biosensing, metal recovery, polluted sediment, especially wastewater 

treatments. Plant - bioelectrochemical system is one of bioelectrochemical systems variant 

that uniquely utilizes the plant-microbe relationship at the rhizosphere area of the plants for 

bioelectricity generation.  

Chapter III systematically i) overviewed the main problems hindering hydroponic agriculture 

developments; then ii) conceptualized and discussed the potential solutions of the 

bioelectrochemical systems to resolve the identified issues, and finally iii) provided our 

perspectives for the future development trends of hydroponic bioelectrochemical systems 
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CHAPTTER III 

LITERATURE REVIEW-PART 2 

EXPLORING THE INTEGRATION OF 

BIOELECTROCHEMICAL SYSTEMS AND 

HYDROPONICS: POSSIBILITIES, CHALLENGES, 

AND INNOVATIONS 

3.1. ABSTRACT 

Hydroponics is a modern cultivation technique that utilizes nutrient solutions instead 

of soil for crop production. Currently, challenges, such as high cost, high energy 

consumption, greenhouse gas emission, and significant wastewater generation are 

drawbacks that limit its scale up. On the other hand, bioelectrochemical systems have 

emerged as a sustainable technology that resolve some of the aforementioned 

drawbacks, albeit in other scenarios. Bioelectrochemical systems applications are well 

documented in desalination, metal recovery, energy generation, contamination 

remediation, etc. This work conceptualizes the integration of bioelectrochemical 

systems and hydroponics with a view to improving the efficiency and sustainability of 

hydroponics. Firstly, a systematic review of the main challenges hindering hydroponic 

agriculture developments is first carried out to identify possible entry points for the 

proposed systems integration. Thereafter, a conceptualized point-by-point resolution 

of the main identified challenges of hydroponic systems through bioelectrochemical 

systems integration is explored. Furthermore, the feasibility, stability, and scalability 

of the conceptualized hydroponic-bioelectrochemical integrated systems are discussed.  

Keywords: bioelectrochemical systems, hydroponic technology, sustainable 

hydroponic agriculture, clear energy production 
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3.2. INTRODUCTION 

The growth rate of the global human population is 1.1% or around 83 million 

annually [34], making the optimization of land area and the conservation of 

biodiversity more challenging. According to FAO [35], a projected net increase in the 

arable area of 120 million ha (12%) will happen in developing countries by 2030 

(from 956 to 1076 million ha). With more water, food, and living habitat needed for 

agricultural cultivation, emerging environmental problems including forest loss, 

greenhouse gas emission, and climate change implications are to be expected [21]. 

Besides, problems for human health, agriculture and decreasing crop yields are also to 

be expected to be affected [46]. Soil, the most favorable and available support matrix 

in agriculture will be particularly affected due to increased erosion, compaction, 

degradation, leading to a decline of topographical conditions, etc., all cause limiting 

agricultural productivity.  

In recent times, hydroponic agriculture has gained popularity as the promise of 

growing terrestrial plants by solely exposing their roots exposed to a nutritious liquid 

removes the reliance on the soil as a growing medium [23]. It is an environmentally 

sustainable way to address the water and soil scarcity, improve the productivity of 

various crops species and help to face the challenges of climate change [47, 48]. 

Nutrients used in hydroponic systems come from a wide range of sources, such as 

manure, chemical fertilizers, wastewater, artificial nutrient solutions, etc. [49]. 

According to Barbosa et al. [22], the land requirements of the hydroponic systems can 

be ten times less and the yields can be over 11 times greater than traditional 

agriculture. In addition, when compared with soil cultivation (0.23 kg carbon dioxide 

(CO2) equivalent), hydroponic systems have low gas emissions (0.11 kg CO2 

equivalent) [50]. It also has significant potential to save water as water is recycled in 

hydroponic set originalups [51], and as much as 33% of water was recycled in a 

hydroponic system used for tomatoes [52]. Other advantages of hydroponic 

cultivation systems include that they can be grown in urban areas, are not limited by 

season, efficiently use fertilizers, and the whole cultivation can be controlled [53-58].  
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The productivity and quality of hydroponic system crops are markedly dependent 

on the nutrients acquired from the growing solution [59]. It is interesting to note that 

the root physiological process is affected by both the availability levels of the 

nutrients in the medium solution and the interactions among the different nutrients 

[60]. Besides, temperature, pH, allelopathy/autotoxicity phenomenon, etc. all have a 

huge influence on hydroponic systems. Environmental temperature monitoring, plant 

health, high initial cost, gas production, high energy consumption, a huge amount of 

water needed as the solvent, discharge of nutrition wastewater treatment, more 

quickly speed of disease in solution, etc. are the main challenges associated with 

hydroponic systems.  

Bioelectrochemical systems (BESs) are a group of biotechnologies, which 

exploit the activities of microorganisms or enzymes to convert chemical energy from 

waste (e.g. wastewater, polluted soil, sediment, etc.) into sustainable bioelectricity, 

fuels, or generation of usable by-products [61, 62]. The major types of BES include 

microbial fuel cell (MFC), microbial desalination cell (MDC), microbial 

electrosynthesis cell (MES), enzymatic biofuel cell (EBC), microbial reverse-

electrodialysis cell (MRC), microbial solar cell (MSC), and microbial electrolysis cell 

(MEC) [63]. BESs can also be integrated with advanced technologies such as 

photocatalysts to produce hydrogen [64], or photobioreactors to convert hydrogen to 

more clean energy and pure water [65]. BESs are used mostly for renewable power 

generation, wastewater treatment, biosensors, nutrients recovery/removal, etc. [66-68]. 

In 2008, this technology was first merged with plants to form a hybrid system 

consisting of biocontrol and bio-process structures, mainly involving the conversion 

of excess organic matter into bioelectricity by microbes living around the rhizosphere 

region of the plant [16]. As autotrophs, plants use solar energy to produce biomass 

with the help of chlorophyll; while 40% of the biomass will be consumed by itself, the 

remaining part will be exuded to the rhizosphere region [15]. The promising nature of 

these plants combined with BES means that besides electricity generation, they can 

also be easily integrated into the existing indoor-based agricultural system without 

competition with plants [18]. 
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For a period of 5 years (2017-2022), about 668 review articles (Scopus data) 

reviewed the different aspects of BESs, including wastewater treatment [69-71], 

valuable products recovery [72, 73], fundamental principles and mechanisms [63, 74, 

75], mathematical models for BESs [76], environmental remediation [77, 78], and 

valuable chemical synthesis (e.g., CO, H2O2, etc.) [79, 80]. In addition, some of the 

previous review articles have outlined the combination of BES with plants and 

constructed wetland (CWL). For example, Kabutey et al. [81] comprehensively 

reviewed the fundamental aspects of PMFCs in terms of living plants, supporting 

matrix, rhizosphere microorganisms, mechanism of substrate conversion, and electron 

transfer. Maddalwar et al. [82] presented an extensive review of the challenges and 

commercially feasible associated with PMFC, various factors (e.g., carbon dioxide 

concentration in air, light intensity, electrode materials, type of plants, etc.), and the 

possibility of future intervention (e.g., application of biochar and preferable plants). 

Apollon et al. [83] provided the recent configuration development of PMFC and 

evaluated the performance of PMFC in different water conditions (including power 

density, the requirements to generate bioelectricity, as well the bioelectricity 

measurements and calculations). Wang et al. [84] summarized the wastewater 

treatment and electricity production mechanism of various CWL-MFCs in terms of 

microorganisms, electrodes, substrates, and wetland plants. As can be seen, most of 

the previous review articles are largely focused on the development of BES 

technologies, the application in industry, or the principle and mechanism of PMFC. 

As mentioned above, although hydroponics is very important for agricultural 

production, as far as we know, there is no detailed exploration and discussion of the 

potential applications of BES for specific problems in hydroponic agriculture. 

Therefore, different from the exist review papers, our work not only limit to the 

development of hydroponic agriculture and BES, but also proposed the concept of 

BES-hydroponic systems. 

This article explores the potential for the usage of renewable sustainable BES for 

resolving several problems with hydroponic agriculture. To date, only one study 

attempted to combine both systems for domestic wastewater treatment and chemical 
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removal, achieving 72±2.4% COD, 83±1.1% phosphate, 35±4.2% ammonia removal 

efficiencies, and the maximum power density of 31.9 mW/m2 [85]. However, no study 

has focused on the development of BES or its potential in the hydroponic research 

field. In this work, we first present an overview of hydroponic agriculture cultivation 

with the help of bibliometric analysis. Thereafter, we conceptualize how problems 

identified with traditional hydroponic system cultivation can be solved with BES. The 

possible characteristics, advantages, and disadvantages of BES in hydroponic systems 

were also discussed. Based on the in-depth study and analysis of BESs in hydroponic 

systems, the main problems of BES-hydroponic systems such as the lack of in-depth 

discussion and mechanism between BESs and hydroponic systems, the monitoring 

obstacle of the chemicals in hydroponic systems, the risk of over-complicate systems, 

etc. were reviewed. Various solutions in BES-hydroponic systems include optimizing 

BES-hydroponic systems, focusing on the mechanism between BES and plant growth, 

exploring the model systems and more advanced BES systems, as well as the utilizing 

of decision tree were proposed. 

The rest of the paper is structured as follows: Section 2 addresses the problems in 

hydroponic systems. Section 3 proposes the concept, configuration, and problems 

advantages of BES-hydroponic systems. Section 4 analyzes the influencing factors, 

economic analysis, and environmental impact of BES-hydroponic systems. Section 5 

discusses the limitations and presents the potential development direction of BES-

hydroponic systems. Section 6 concludes this paper. 

3.3. The overview view of hydroponic systems 

3.3.1.  Hydroponic systems 

Hydroponic also called soilless cultivation, is a system supplying plants with 

nutrients (water and minerals) with or without growing medium (e.g., clay, rocks, peat 

moss, etc.) [86, 87]. The term ‘Hydroponic’ literal translation means water work, 

which was derived from two Greek words, ‘hydro’ and ‘ponos’ meaning water and 

labor, respectively [88]. The timeline of hydroponic agriculture development is shown 
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in Figure 3.1.(a). There are three main culture technologies in hydroponic cultivation 

methods, continuous flow solution (CFS) culture, static solution (SS) culture, and 

aeroponic system (AS) [89]. The main difference, advantages, and disadvantages 

between these three systems are shown in Table 3.1. CFS culture has two main types, 

nutrient film technique and deep flow technique (Figure 3.1.(b) & (c)), and it utilizes 

a pump to collect circulate and reuse the nutrient solution in the hydroponic system 

[90]. SS culture has three main types, the root dipping system, the floating system, as 

well as capillary action system (Figure 3.1.(d)-(f)). Unlike CFS culture, the nutrient 

solution in the SS culture system is not recirculated [90]. AS is an advanced form of 

hydroponic system, which anchors the roots of plants in the air or mist environment 

[91] (Figure 3.1.(g)). To date, many plants have been successfully grown by 

hydroponic technology (Table 3.2) and the per area yield of the hydroponic 

greenhouse is more than open agriculture (Table 3.3) [92]. Light intensity, 

temperature, and air humidity are the three key environmental factors to be monitored 

during hydroponic cultivation. Generally, the level of these factors needs to be 

carefully maintained as too high or too low could be very detrimental to plant growth. 

Thus, monitoring and focusing on the law of action of these environmental factors 

could help hydroponic greenhouse better. 
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Figure 3.1. (a) The timeline of hydroponic development and diagram of hydroponic 

structures of continuous flow solution culture (b) nutrient film method; (c) deep flow 

method hydroponic system; (d) root dipping method; (e) floating method; (f) capillary 

action method; (g) aeroponic method. 

Table 3.1. The classification and characteristics of hydroponic culture technology [89, 

90, 93]. 
Hydroponic 

culture 
technology 

Branches Characteristics Advantages Disadvantages 

Continuous 

flow 

solution 

culture 

Nutrient 

film 

technique 

Nutrient 

solution is 

pumped 

through the 

tube then flow 

over the roots 

of plants, 

finally drain 

back to the 

reservoir. 

• automatic control 

solution feeding 

• periodically supply a 

certain amount of 

nutrient solution 

• precisely control the 

amount of delivered 

nutrient solution 

• precisely monitor the 

growth by the targeted 

supply of nutrient 

• high energy 

consumption. 

• more greenhouse 

gas emission 

• easy to be affected 

by autotoxicity 

• sensitive affected 

by the multi-factors 

of solutions, such as 

nutrient components, 

pH, electrical Deep Nutrient 
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Hydroponic 
culture 

technology 
Branches Characteristics Advantages Disadvantages 

flow 

technique 

solution with 2-

3 cm flow 

through PVC 

pipes (10 cm 

diameter), 

which have 

some pots and 

plants in them. 

solution 

• successfully achieve 

the maximizing water 

resources by recycling 

the nutrient solution 

• easily prevent soil-

borne diseases and 

control insects 

• independently grow 

and produce crops, 

instead of soil 

type/quality of the 

cultivated area 

• achieve vertical 

farming production 

which increase the yield 

of the area unit 

• achieve continuous 

production throughout 

the year 

conductivity etc. 

• special machines 

for wastewater 

treatments and 

monitoring  

• constant manual 

management for 

equipments and data 

treatments 

• hard to process 

wastewater 

• high cost at large 

commercial scales 

• the electricity 

outages harm for the 

planted crops 

Static 

solution 

culture 

Root 

dipping 

method 

Nutrition 

solution in pots 

grows 

continuously, 

then the bottom 

of pots (2-3 cm) 

is submerged 

into the nutrient 

solution, and 

the roots of 

plants are 

• simpler constructure 

than continuous flow 

solution culture 

• easier than continuous 

flow solution culture to 

use 

• more suitable for 

home use 

• less cost than 

continuous flow solution 
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Hydroponic 
culture 

technology 
Branches Characteristics Advantages Disadvantages 

dipped in the 

nutrient 

solution 

culture 

• more portable than 

continuous flow solution 

culture 

• successfully achieve 

the maximizing water 

resources by recycling 

the nutrient solution 

• easily prevent soil-

borne diseases and 

control insects 

• higher yield 

production than soil-

borne crops 

• independently grow 

and produce crops 

• achieve vertical 

farming production 

• achieve continuous 

production 

Floating 

method 

Nutrient 

solution is put 

in a shallow 

container (10 

cm deep), 

plants are 

grown on a 

Styrofoam 

sheet which is 

floated on the 

nutrient 

solution. 

Capillary 

action 

method 

Nutrient 

solution is put 

in a shallow 

container with 

the covering of 

pots on it. 

Seedling/seeds 

are planted in 

the pots which 

is filled by inert 

medium. 

Nutrient 

solution in 

shallow 

container 

reaches the 
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Hydroponic 
culture 

technology 
Branches Characteristics Advantages Disadvantages 

inert medium 

by the capillary 

action. 

Aeroponic 

system 
-- 

An advanced 

form anchors 

the roots of 

plants in air or 

mist 

environment. 

• more easily transplant 

aeroponic plant, without 

transplant shock 

• avoid the disease 

travel though the nutrient 

solution 

• increase aeration of 

nutrient solution delivers 

more oxygen to plant 

roots, stimulating growth 

and preventing pathogen 

formation 

• efficient food 

production, higher 

yielding, healthy and 

fresh food products. 

• more succeeds in 

vertical growing 

arrangements and 

efficiently use the space 

• virtually no grow 

medium used 

• maximum nutrient 

absorption by spraying 

the nutrient rich solution 

onto the root system 

• suitable for low leafy 
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Hydroponic 
culture 

technology 
Branches Characteristics Advantages Disadvantages 

vegetables like lettuce, 

spinach, etc. 

• can be designed to 

achieve continuous 

production throughout 

the year. 

 

Table 3.2. Plants grown for hydroponic system [88, 92]. 
Type of crops Name of crops Reference 

 Common name Botanical name  

Cereals 

Rice Oryza sativa [94] 

Maize Zea mays [95] 

Wheat Triticum aestivum [96] 

Oat Avena sativa [97] 

Soybean Glycin max [98] 

Peas Pisum sativum [99] 

Vegetables 

Tomato Lycopersicon lycopersicum [100] 

Chilli Capsicum frutescens [101] 

Brinjal Solanum melongena [102] 

Green bean Phaseolus vulgaris [103] 

Bell pepper Capsicum annum [104] 

Beet Beta vulgaris crassa [105] 

Potato Solanum tuberosum [106] 

Swiss chard Beta vulgaris L. [107] 

Atriplex Atriplex patens [108] 

Cabbage Brassica oleracea var. [109] 

Cauliflower Brassica oleracea [110] 

Cucumber Cucumis sativus [111] 

Onion Allium cepa [112] 

Radish Raphanus sativus [113] 
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Type of crops Name of crops Reference 

 Common name Botanical name  

Spinach Spinacia oleracea L. [114] 

Lettuce Latuca sativa [100] 

Fruits 
Strawberry Fragaria ananassa [115] 

Melons Cucumis melo [116] 

Fodder crops 

Sorghum Sorghum bicolor [117] 

Alfalfa Medicago sativa [118] 

Barley Hordeum vulgare [119] 

Bermuda grass Cynodon dactylon [120] 

Carpet grass Axonopus compressus [121] 

Flower 

Marigold Tagetes patula [122] 

Roses Rosa berberifolia [123] 

Carnations Dianthus caryophyllus [124] 

Chrysanthemum Chrysanthemum indicum [125] 

Condiments 

Parsley Petroselinum crispum [126] 

Mints Mentha spicata [127] 

Sweet basil Ocimum basilicum [100] 

Coriander leaves Coriandrum sativum L. [128] 

Oregano Origanum vulgare [129] 

Medicinal crops 

Aloe Aloe vera [130] 

Coleus 
Solenostemon 

scutellarioides 

[131] 

 

Table 3.3. Yield comparisons between hydroponic and open field cultivation [92]. 

Type of crops Name of crops 
Open agriculture yield 

(kg per ha) 

Hydroponic yield 

(kg per ha) 

Cereals 

Maize  1,682.07 8,971.0 

Oat 953.18 3,364.14 

Peas 2,242.76 15,699.32 

Rice 841.03-1,009.25 13,456.56 

Soybean 672.83 1,682.07 
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Wheat 672.83 5,606.9 

Vegetables 

Beet 10,092.42 22,427.6 

Cabbage 14,577.94 20,184.84 

Cauliflower 11,213.8-16,820.7 33,641.4 

Cucumber 7,849.66 31,398.64 

French bean -- 47,097.96 

Lady’s finger 5,606.9-8,971.04 21,306.22 

Lettuce 10,092.42 23,548.98 

Potato 17,925.98 156,852.29 

Tomato 11,203.75-22,407.47 403,335.81 

3.3.2.  Practical obstacles in hydroponic agriculture 

Despite the advantages of the hydroponic technology, several shortcomings are 

existed, such as the requirement of special knowledge, high energy consumption, 

greenhouse gas emission, and the system must be monitored [132]. These problems 

are first discussed in detail in this section, thereafter, the possible roles of BES in 

resolving these problems will be explored. 

3.3.2.1. High energy consumption 

Hydroponic systems require at least a pump apparatus to support the circulation 

of nutrient solution and an auxiliary heating system to maintain the optimum 

temperature inside the greenhouse in cold weather, especially at night [133]. The 

temperature of the nutrient solution has an inverse relation with dissolved oxygen. 

When the oxygen level is below 3-4 mg/L, the roots will be inhibited to growth and 

change to a brown color due to the lack of oxygen [134]. The root uptake and 

solubility of fertilizers are also get affected by the nutrient solution temperature [134]. 

Thus, the energy consumption of the hydroponic system is very high, usually 17% 

higher than traditional land cultivation [50]. Depending on the layout of the structure, 

the average energy consumption for the hydroponic plant can reach up to the ranges 

between 14-17 kWh/m2 [135]. Of this total energy, heat consumption corresponds to 

95.3% [136]. In the past, combustion of natural gas, liquefied petroleum, or fossil-

fuel-fired heating systems has been used. However, these systems emit greenhouse 

gases and atmospheric pollutants [133]. Such as in the Midwestern United States, 
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coal-fired as the main energy source for the hydroponic system causes nitrogen oxides 

(NOx), sulfur dioxide (SO2), heavy metals, particulate matter, as well as one-third of 

CO2 in the US [137]. Moreover, due to the system depends on electricity, the power 

outages will lead to harm to the planted crops [48]. 

3.3.2.2. Greenhouse gas emission 

Greenhouse gases emission (especially CO2 and methane (CH4)) is a major 

problem in hydroponic system cultivation [50, 138]. According to Martinez-Mate et al. 

[50], the total area of greenhouse gas emissions from the hydroponic system was 

equivalent to 25,724 kg CO2eqha−1year−1, more than twice as high as the soil 

cultivation production (11,760 kg CO2eqha−1year−1). The estimates of global CH4 

emission rates from rice fields range from 20 to 100 Tg year-1 (1 Tg = 1 million tons) 

[139]. The CH4 potential of crops varied from 0.17 to 0.49 m3 CH4 kg-1 VSadded 

(volatile solids added) and from 25 to 260 m3 CH4 t-1 ww (tons of wet weight) [140]. 

In particular, CH4 with 25 times higher global warming potential (GWP) than CO2 

constitutes a major part of these emissions [141]. Careful attention needs to be paid to 

the CH4 emission since hydroponic systems mimic the growing conditions of rice 

farming - one of the main anthropogenic sources of methane emission (between 9-

19%).  

In brief, the anoxic environment caused by a waterlogged condition (e.g., in rice 

fields and hydroponic systems) is conducive to CH4 production by the anaerobic 

methanogenic bacteria [142]. These methanogens metabolically reduce organic carbon 

to produce methane in a process referred to as methanogenesis [143]. Different types 

of conditions that can be found in the hydroponic system such as neutral pH level, the 

application of organic manure or fertilizers, as well as roots submergence in deep 

water increase the population and activities of methanogenic bacteria. Until now, not 

too many studies reported hydroponic greenhouse gas emissions control technology. 

3.3.2.3. Autotoxicity 

Autotoxicity is also a major drawback in closed-loop hydroponic cropping 



 

24 
 

systems, which would reduce the growth and yield of crops. Autotoxicity is a form of 

allelopathy that happens within plants by the release of a variety of phytotoxic 

chemicals [144]. Several studies have demonstrated the adverse effect of autotoxicity 

on plant performance during cultivation in closed hydroponic cropping systems [145]. 

The influence of autotoxicity becomes more pronounced when crops are cultivated on 

the same soil for years or grown in recycled hydroponic solutions for several cultures 

[146]. This condition is caused by toxic exudate accumulation in the media solution 

due to the continuous recycling of hydroponic nutrient solution [145, 147]. These 

chemical substances can delay/inhibit germination and/or growth of the plant being 

cultivated [148, 149]. The chemical substances, without fixed concentration, consist of 

mainly carbon, although concentrations are not fixed. Altogether, more than 200 

various carbon-based molecules have been found as part of root exudates [150]. 

Several organic acids, such as lactic, vanillic, succinic, salicylic, palmitic, benzoic, 

etc., have been proved in the reused nutrient solution [145].  

Plants’ age, species, cultivar, as well as environmental factors decide the 

exudation profiles [151]. Plants' roots are first affected by phytotoxic chemicals in 

their rhizosphere, then water and nutrient element uptake are most affected [152]. 

Until now, the major way to clean the nutrient solution is exclusion or detoxification, 

such as activated charcoal [153], application of amino acids [149], and electro-

degradation, etc. in nutrient solution [154]. However, the activated charcoal and amino 

acids methods are not sustainable, and probably have some influence on some specific 

crops, and the amount of them needs to be calculated carefully. Advanced technology 

such as electro-degradation required more energy consumption, and the cost of the 

machine is normally high. 

3.3.2.4. Nutrient solution related toxicity 

The productivity and quality of hydroponic crops are markedly dependent on the 

extent of plant nutrients uptake from the growing solution medium  [155]. Therefore, 

the fertilizer salts required high solubility and must remain in the solution to be 

available to the plants [156]. The macro (e.g., N, P, K, Ca, Mg, S, etc.) and micro/trace 
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(Fe, Mn, B, Cu, Zn, Mo, etc.) elements are the mineral element composition of 

nutrient solution [157]. Plants can acquire ions at very low concentrations when the 

nutrient is continuously supplied in solution in the right equilibria conditions [158]. 

However, a change in these conditions can lead to excessive nutrient acquisition and 

plant toxicity [159].  

The pH and electrical conductivity (EC) of the nutrient solution have paramount 

importance in the formulation of the hydroponic nutrition solution. In terms of the 

balance of anions over cations, the changes in the pH depend on the difference in the 

magnitude of nutrient uptake by the plants [160]. The nutrient composition also 

determines the EC of the solution. The higher EC impedes the nutrient uptake by 

increasing the osmotic pressure, while lower EC may severely affect plant health and 

yield [161, 162]. The optimal pH and EC levels are between 5-7 and 0.8-2.5 dS/m, 

respectively [145].  

Further, the management and control of diseases easily spread through solutions 

are also major challenges for the hydroponic greenhouse system [163]. For example, a 

mold infection will spread to all pant in a circulating hydroponic system [164]. 

3.3.2.5. Wastewater management 

Hydroponic wastewater could cause pollution and pose a significant 

environmental concern to the environment when discharged directly into the 

environment as it has a high amount of nitrate (N: 150-600 mg/L) and phosphate (P: 

30-100 mg/L) [165-167]. Nitrate and phosphate discharge can induce eutrophication in 

the receiving waters leading to algal blooms, depleting O2 in the receiving water, and 

releasing toxins [168]. Besides, nitrate discharge is the origin of the loss of calcium 

and moving into groundwater (Prystay and Lo 2001). Other characteristics of 

hydroponic wastewater also include high salinity and low content of organic matter 

which may be unsuitable for some freshwater inhabitants [169].  

The traditional hydroponic wastewater treatment way is recycling the drainage 

water; however, the efficiency is low between 35-45% [170]. Then, more effective 

method including ultraviolet treatment, denitrification-based treatment, constructed 
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wetlands-based treatment, and microalgae-based treatment is developed [156]. 

Although the wastewater treatment efficiency enhances to >90%, the cost of 

equipment and labor, and the consumption of energy are also increased. Despite the 

microalgae-based treatment being the renewable and environmentally friendly way, 

the follow-up treatment and recovery of algae need further consideration and 

exploration. 

3.3.2.6. High cost 

Hydroponics has less impact on the environment than the soil agricultural system 

which can causes almost all of them are located in the greenhouse [171]. The selection 

and design of hydroponic greenhouses mainly depend on the environmental factors of 

the location, climate, and technology development related accessibility. For example, 

in the cold/hot climatic conditions, the hydroponic system will incur extra costs for 

heating/cooling the growth environment. There are also minimal design requirements, 

such as a minimum of 40 large plants or 72 small plants, e.g., banana peppers, bell 

peppers, lettuce, spinach, etc. [172]. These design costs, other upfront costs (such as 

pumps, pipes, and tanks, as well as their operation, monitoring, controlling, and 

maintenance costs increase the cost of hydroponic systems in comparison to 

conventional cultivation  [48, 173, 174]. In addition, high-level skills (e.g., crops’ 

production knowledge, adequate experience, technical skills) are always a 

requirement for hydroponic systems management which shows a positive correlation 

with the complexity of the system [175-177].  

3.4.  HYDROPONIC BIOELECTROCHEMICAL SYSTEM: THE QUEST FOR 

THE IDEAL SETUP 

3.4.1.  Bioelectrochemical systems 

Bioelectrochemical systems (BESs) also called microbial electrochemical 

systems, convert chemical energy into electrical energy by employing microbes as 

catalysts. BES has been employed in various ways (biosensing, renewable energy 



 

27 
 

production, wastewater treatment, nutrients recovery, etc.) to achieve many goals. 

Specifically, the common types include: MFC, generating electrical energy via 

degrading organic matters [178]; MDC, providing desalinated water from 

seawater/brackish water [179]; MEC, synthesizing value-added chemicals and 

commodities by a poised biocathode [180]; EBC, relying on purified redox enzymes 

(e.g., glucose oxidase, laccase, etc.) to achieve electrocatalytic reactions [181]; MRC, 

capturing energy from salinity gradients between salt and fresh water. With the help of 

bacterial oxidation of organic matter/oxygen reduction, MRC effectively captures 

energy, generates hydrogen, or produces chemicals for the carbon dioxide capture 

from the salinity gradients [182-184]; MSC, utilizing photoautotrophic microorganisms 

or higher plants to harvest solar energy to generate electricity or chemicals (e.g., 

hydrogen, methane, ethanol, hydrogen peroxide, etc.) [80, 185, 186]; MEC, generating 

hydrogen by a microbial electrical supply along with an externally applied voltage 

[187]. As a result of the versatility of BESs, they can, therefore, be integrated with 

other technologies, e.g., algal photobioreactors, capacitive deionization, membrane 

bioreactors, MFC-driven-MEC, etc. in hybrid system configurations to enhance the 

overall performance (energy consumption/generation, contaminant removal, metal 

removal/recovery) [188, 189]. 

3.4.2. Energy savings in hydroponic agriculture 

More attention is now being paid to renewable energy sources (wind, solar, 

biogas, etc.) for the reduction of the energy requirement for greenhouses 

acclimatization and heating. So far, biogas, solar, and ground source heat pump 

integration with greenhouse heating systems have been used successfully to support 

heating energy requirements for greenhouses [190]. However, as natural energy 

sources like wind and solar etc. are intermittent in nature and not available all the time, 

searching for a suitable device to store thermal energy becomes another challenge. 

Energy savings, therefore, could be a more pragmatic approach to reducing energy 

demand.  

MFC, a bioelectrochemical system, is a promising option to achieve energy 
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savings in hydroponic systems. In principle, the organic matter present in the exudates 

of hydroponically grown plants can be used for bioelectricity production. The basic 

working of such a configuration is represented in Figure 3.2. Such a configuration for 

a hydroponic system will be similar to plant microbial fuel cell (PMFC) which has 

been extensively studied [81]. In PMFCs, 20-40% of carbon-rich biomass produced 

by the plants can be found in the form of rhizodeposits (sugars, organic acids, 

polymeric carbohydrates, enzymes, and dead cells) around plant roots. Previous 

studies have shown that the level of electricity production can match up to traditional 

biomass electricity generation systems (e.g., 2.8-70 GJ ha-1 year-1 of energy crops 

digestion, 27-91 GJ ha-1 year-1 of biomass combustion) [15, 191].  

 

Figure 3.2. Model of a hydroponic microbial fuel cell including the basic principles. 

The direct outputs of a single PMFC are primarily at the level of 100-5500 

mW/m2 [192, 193], which generally cannot directly power common electronics. Such 

as, a single light-emitting diode needs a minimum voltage of 2 V and requires 30 mW, 

and wireless sensors need a voltage of 3.3 V for temperature, chemical concentration, 

humidity, and pressure monitoring [194]. Thus, the energy harvesting systems were 

developed. For example, Yamashita et al. [195] explored an ultra-low-power energy 
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harvester specially designed for MFCs, which can charge a supercapacitor to 3.3 V, 

and this value can be utilized in any real-time measurements of humidity, long-range 

wireless data transmission, gas sensing, and temperature. Prasad and Tripathi [196] 

utilized a boost converter and a supercapacitor to increase the voltage level of MFC, 

which charged at a faster rate to the supercapacitor from 2.76 V to 4.5 V in 30 min. 

When six sediment MFC modules were connected to charge the battery to 100%, the 

battery could be used for LED bulb lighting (7 W, 230 V, 50 Hz). In addition, 

capacitor-MFC, charge pump-MFC, boost converter-MFC, and maximum power 

point tracking-MFC systems are all been proven to efficiently harvest the energy 

generated by MFC [194]. Based on the above, the renewable sustainable energy 

recovered from PMFC bioelectricity generation can be used for lighting LED, heating, 

monitoring, pumping, recycling, and wastewater treatment, vital to the hydroponic 

system, overall reducing the energy requirements.  

3.4.3. Gas emission 

As discussed in the previous subsection, under waterlogged conditions, the main 

pathway of gas exchange with the rhizosphere is through the aerenchyma of plants 

(90%) leading to the formation of CH4 [12, 13]. Firstly, plants release available 

organic compounds for methanogens through root exudates to enhance methane 

production. Meanwhile, plants deliver oxygen into the rhizosphere and accentuate 

methane oxidation. More important, plants could serve as a conduit for methane to 

bypass the aerobic zones and thus strongly increasing methane emission fluxes [197]. 

Therefore, a promising route for mitigation of CH4 emission is to prevent the 

formation or in some cases utilization of formed CH4 in the rhizosphere area. 

Electrochemically active microorganisms are founded in BES and can be used in this 

case as shown in several studies [198-201]. Specifically, it has been shown that a 

closed circuit PMFC was able to decrease ten times less CH4 than an open circuit 

PMFC [202], and in sediment-PMFC, the CH4 emissions could be reduced by 47% [20] 

to 50 % [20]. Further, the CH4 production from constructed wetlands (CW) could also 

be controlled by operating MFC [198, 203]. All studies confirmed the abundance of 
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exoelectrogenic bacteria and the correlation of voltage signals with CH4 emission flux 

in paddy fields [204-206].  

Compared to traditional mitigation strategies (e.g., aeration and microporous 

aeration, redox potential control, water-level control, and the addition of iron/other 

chemicals, etc. [207] of CH4 emission from plants, MFC possesses four main 

advantages: no chemical/extra energy is involved, decreases the autotoxicity influence 

by utilizing the rhizodeposition of plants, a certain amount of electrical energy can be 

harvested, real-time monitoring and real-time control of the CH4 production. 

Therefore, MFCs provide a green and sustainable option for CH4 abatement. Figure 

3.3.(a) is an illustration of how this can be integrated into hydroponic systems for CH4 

abatement, where the CH4 emission is controlled by the external resistance and 

monitored by the electricity production from PMFCs. 
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Figure 3.3. (a) The nutrition circulation hydroponic-MFC integrated system for 

methane control; (b) the block scheme of the hydroponic BES sensor. 

3.4.4. Nutrient composition monitoring 

Traditional nutrient composition sensors or monitors such as liquid 
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chromatography, high-performance liquid chromatography (HPLC), and gas 

chromatography (GC) are time-consuming, tedious, expensive, complex, huge, and 

not portable. This opens the chance to integrate BES-based biosensors for online 

monitoring. A conventional biosensor combines biological molecules with a physical 

transducer to convert the output into an electrical signal [208]. However, compared 

with traditional biosensors, BES biosensors do not need transducers, time-saving, low 

cost, maintenance-free, wide applications (from monitoring the anaerobic digestion 

process to detection of water quality), as well as the fact that they operate for a long 

time by local resources [209] are all attractive.  

Either an MFC or MEC biosensor can be exploited. In an MFC biosensor, the 

current produced by continuous feeding of a part of the wastewater can be correlated 

with the nutrient composition. The composition can be measured either in terms of the 

biological oxygen demand (BOD), chemical oxygen demand (COD), dissolved 

oxygen, volatile fatty acids, toxicants (e.g., mixed metal, formaldehyde, etc.), as well 

as water content [210-212]. For example, Nail and Jujjavarapu [213] developed a self-

powered and reusable single-chambered cylindrical (MFC) for toxicity detection in 

water containing heavy metal ions, which showed sensitivity towards the Cu2+, Cr6+, 

Zn2+, and Ni2+ at concentrations above 10 mg/L. Prévoteau et al. [214] successfully 

designed an O2 reducing microbial cathode-based MFC sensor for the measurement of 

Hg2+, Cr6+, and Pb2+ in tap water, and the detection limits for these metal ions was a 

range from 1 mg/L to 10 mg/L. Besides, this research proved that some electro-active 

microorganisms could survive in fresh tap water for at least 8 months without extra 

substances. MEC biosensor has a similar working mechanism to MFC, except for an 

external power supply, which enhances the rate of migration of charged molecules and 

the consumption of organic molecules [215]. The energy consumption of MEC is very 

small and can be compensated by the hydrogen produced by MEC. Jin et al. [216] 

reported a MEC-based biosensor for rapid monitoring of volatile fatty acids. The 

current density increased with the increase of volatile fatty acids (in a range of 5-100 

mM) and vice versa, which indicated good reproducibility of the MEC-based 

biosensor.  

https://www.sciencedirect.com/science/article/pii/S0956566319301514#!
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To integrate BES-based biosensors to monitor nutrient composition in real-time, 

the following criteria must be met, such as calibration, maximum detection range, 

sensing time, power management, and data transmission steps (Figure 3.3.(b)). Four 

different kinds of MFC/MEC biosensor systems can be envisaged for monitoring 

changes in the composition of the nutrient solution in the hydroponic systems. Firstly, 

feed MFC/MEC directly by hydroponic wastewater, then monitor the 

nutrition/toxicants in wastewater through the voltage fluctuation. Monitoring data can 

be integrated with wireless infrastructure for remote access using the bioelectricity 

generated in the monitoring process. Another configuration where no pumping is 

involved can also be envisaged where the electrodes are integrated into the 

hydroponic system (Figure 3.4.(a)). Besides, a combination of MFC-MEC biosensor 

systems can be envisaged where the integrated MFC provides the operating voltage 

for a MEC. Both MFC and MEC could be combined with the hydroponic system 

(Figure 3.4.(c)), or one of them could be used to treat wastewater (Figure 3.4.(d)). 

Finally, a simpler chamber MFC-MEC system from two to one could be explored 

(Figure 3.4.(b)). Initially, MFC-MEC could be run in MFC mode for nutrition 

solutions monitoring and electricity generation (collected by a capacitor). Then shift 

to MEC mode for different kinds of nutrition composition monitoring. Earlier studies 

have shown that there is enough energy from MFCs for achieving an energy-neutral 

smart sensor that samples and sends data or for operating a MEC [217, 218]. PMFC 

has also been used to monitor the status of plant health [219]. It should be mentioned 

that although BES biosensors utilize mixed microbes to detect the components of 

media solution, specific analyte monitoring can be achieved using engineered strains 

[220, 221]. 
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Figure 3.4. Some types of MFC/MEC biosensors that can be used in the hydroponic 

system, (a) MFC/MEC electrodes are integrated into the hydroponic system; (b) 
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switch-mode MFC and MEC; (c) MFC driven MEC, both integrated with the 

hydroponic system; (d) MFC driven MEC, one integrated with a hydroponic system, 

one process wastewater. 

3.4.5. Wastewater treatment/management 

The wastewater from the hydroponic system can also be treated by BES. MFC 

and MEC are the most common BES used for wastewater treatment [222-224]. The 

configuration of MFC and MEC used in nutrition solution monitoring can also be 

used in wastewater treatment/management. In addition, the photobioreactors MSC can 

also be used to process wastewater from hydroponics. Algae residue and dry algae 

biomass are used as a “solar converter” (substrates) in MSCs for removing nitrogen 

contaminants from wastewater wastewater [225-227]. Algae are used in these MSCs 

either at the anode as the substrate for bacteria grown or cathode as the catalyst to 

provide oxygen [228-230]. Up to a maximum of 99% COD removal efficiency has 

been recorded in wastewater treatment using algae [231]. In addition to algae, other 

plants such as saltwater grass, Milano-Nosedo, etc. have been successfully used in 

MSCs to process wastewater and generate electricity [232, 233]. Another promising 

wastewater treatment BES technology that could be adapted for treating hydroponic 

wastewater is MDC. MDCs are the modified form of MFCs powered by the bioenergy 

generated via the microbial degradation of organic matter [234]. MDC is regarded as a 

cost-effective approach for simultaneous wastewater treatment and recovery/removal 

of value-added products/targeted pollutants, such as HCl, H2, H2O2, NaOH, Cu, Pb, 

Cr, and As, etc. [235], all of which can be found in hydroponic wastewater.  

In summary, the following configurations in addition to the common MFC/MEC 

systems configuration, for hydroponic wastewater are suggested. A hydroponic 

configuration incorporating a photobioreactor MSC for simultaneous or sequential 

treatment of the wastewater could be a good option. This algae-based configuration 

will remove greenhouse gases concurrently, with the potential of the algae use as a 

fertilizer in later stages. Another configuration where an MDC is incorporated into the 

circulatory system of the hydroponic system can also be envisaged. Target 
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contaminants can be removed from the wastewater in real-time and returned to the 

nutrient reservoir in real-time. This configuration is expected to achieve wastewater 

treatment and reduce operating costs synchronously. Figure 3.5. is a 

conceptualization of such use of either an MSC or MDC for hydroponic wastewater 

treatment. 

 

Figure 3.5. Diagram (a) MSC-hydroponic and (b) MDC-hydroponic structures for 

wastewater treatment. 

3.4.6. Other potential advantages 

The combination of BES and hydroponic systems is a way that could help to 

reduce the costs of energy, monitoring, and wastewater treatment of traditional 

hydroponic agriculture. In comparison with the conventional hydroponic related 

problems solving technologies, BES is more multifunctional and could solve several 

problems at a time with one system as shown in Table 3.4. Some conventional 

technologies such as mentioned electro-degradation and ultraviolet treatment could 

have a negative influence on plant growth, while BES has no related concern. 
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Furthermore, BES saves more time, which could treat wastewater while plants are 

growing. Some types of BES not only do not require extra input energy but also could 

combine with renewable clean nature energy, such as solar energy [81], tidal energy 

[236], etc., thus, BES is more suitable to use in energy scarcity countries. Besides, the 

conventional machines are normally big, hard to combine with hydroponic, and need 

extra space to place. While the basic components of BES are very simple, the scale 

and size could be adjusted according to various types of hydroponic systems. 

Interestingly, BES could share some configurations with hydroponic systems, which 

also could save the overall cost. The price and scale of BES are very flexible, which is 

decided by the materials and structure of configurations. Thus, the overall price of the 

hydroponic system can also be revamped.  

Table 3.4. The obstacles to hydroponic and innovations of hydroponic-BES 

technology. 
Obstacles 

in 

hydroponic 

Bioelectrochemical system Innovations 

 MFC MEC MSC MDC 
Integrated 

system 
 

High energy 

consumption 
√     

• Recovering the renewable sustainable energy 

from BES bioelectricity generation  

• Reducing the extra energy requirement of 

hydroponic system, such as lighting LED, 

heating, monitoring, pumping, recycling, 

wastewater treatment  

Greenhouse 

gas emission 
√     

• No chemical/extra energy is involved; 

• Real-time monitoring of the CH4 production; 

• Decreasing the CH4 production; 

• Decreasing the autotoxicity influence by 

utilizing the rhizodeposition of plants.  

Autotoxicity √ √ √ √ √ 

Solution 

toxicity 
√ √ √ √ √ 

• Simple biosensor configuration. BES 

biosensors not needing transducers and can be 
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operate for a long time by local resources; 

• The wide range of measured composition, 

such as BOD, COD, dissolved oxygen, volatile 

fatty acids, toxicants (e.g. mixed metal, and 

formaldehyde, etc.), as well as water content. 

Wastewater √ √ √ √ √ 

• Simultaneous achieving wastewater 

treatment and removal of value-added 

products/targeted pollutants; 

• Recovering valuable products in wastewater, 

such as metals. 

High cost √  √ √  

• Reducing the costs of energy, monitoring, 

and wastewater treatment of traditional 

hydroponic agriculture;  

• Recovering the valuable products and 

reusing treatment wastewater; 

• flexible price, according to its materials of 

configuration, thus the overall price of the 

hydroponic system can also be revamped; 

• Easy to operate, and free-maintenance. 

Moreover, the BES-hydroponic is a good idea for soilless areas, especially outer 

space. Plants in BES-hydroponic systems will absorb carbon dioxide and stale air, 

then provide renewed oxygen and energy through the plants’ natural growing process. 

This is important for long-range habitation of both the space stations and other planets 

[92]. Bioelectricity generated by BES-hydroponics can be used to maintain systems 

operation as well as provide unobtrusive energy-neutral monitoring to address the 

needs of future smart agriculture applications. 

3.5. Techno-economic analysis 

One main advantage of BESs combined with hydroponic systems is their 

capability to directly extract electric energy from the hydroponic substrate. Unlike the 

traditional power, electricity generates from BESs is a cleaner and more widely usable 
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form of energy. Besides, BESs can run well at a wide temperature range [237], 

therefore, they are more flexible in the hydroponic system. From the environmental 

sustainability of the hydroponic agricultural point of view, the combination of BESs 

need to ensure that the crop yield meets the standards of traditional hydroponic 

cultivation. According to the report of Khudzari et al. [27], the highest shoots and 

biomass production of PMFCs were similar to soil cultivation plants. Therefore, in 

theory, BES has no significant effect on crop yield. The major obstacle for BES-

hydroponic technology moving into the real world is its suitability for manufacturing, 

which in turn drives economies of scale. The main cost of BES-hydroponic consists of 

the initial investment and the operating/maintenance associated costs with materials 

consumption, chemicals, and energy [238]. Most of the core parts components should 

be bespoke (e.g., electrodes, ion exchange membrane, BES chambers, etc.) and 

therefore expensive. Therefore, it is important to identify alternatives that should be 

inexpensive and widely available. Stoll et al. [239] found that compare with carbon foam 

($1995) and hard felt ($220), the cost of a 1m3 laboratory-scale MFC electrode assembly equipped 

graphite brush anode could be cheapest ($503) with a capital cost of $9.09. Christwardana et al. 

[240] demonstrated that the capital cost of Large Yeast MFC is approximately $234.22, 

which is 2.57 times higher than Small Yeast MFC.  

The availability of BES-hydroponic system components (e.g., wiring, 

membranes, electrodes, resistances, etc.) needs to be explored, in order to assemble 

and implement the systems on a larger scale. Some materials used in BES-hydroponic 

systems such as electrodes, substrates, and ion-exchange membranes might have 

negative environmental impacts. Thus, the viability of the BES technology in a real 

hydroponic environment under various environmental conditions (e.g., light, 

temperature, pH, humidity, subtract, etc.) and under operation variables (e.g., light 

intensity, batch/continuous flow, flow rate, etc.), as well as the overall environmental 

impacts need to be evaluated.  

3.6. Further perspective 

Hydroponic agriculture has the potential to supplement agriculture in many areas 
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worldwide [48], and thinking forward on challenges that may thwart its sustainability 

is paramount. As shown in Table 3.4, the selection of proper BESs is very important, 

which relies on several factors and main problems. Under the synergy of BES 

innovations, the main problems of hydroponics could be solved. The integration 

proposed in this paper needs further consideration if commercial-scale adaptation is to 

be realized. Notably, the following non-exhaustive points need to be acknowledged: 

• Lack of in-depth discussion on the specific obstacle of hydroponics and solving 

mechanism of BES. Some researchers reviewed the obstacle of hydroponic 

agriculture, such as Sambo et al. [60] and Riggio et al. [241], however, they only focus 

on the traditional methods’ mechanism to solve these problems (e.g., nanoparticles, 

plant growth-promoting rhizobacteria, sensor monitoring). None of them focus on the 

mechanism of cleaner and sustainable BES technology.  

• Lack of the in-depth study of the mechanism between BES and the hydroponic 

crop yield. Until now, most BES studies mainly focus on the performance of BES 

electricity production, biosensor, or waste treatment efficiency [242, 243]. Plants in 

BES are only used as an auxiliary tool to improve the mentioned properties [219, 244]. 

However, the influence of BES on crop growth (e.g., biomass production, height, root 

length, etc.) and yield are rarely reported. 

• The high cost of hydroponic systems compared with the traditional agricultural is 

still a challenge that BES integration cannot resolve entirely, such as the initial capital 

investment and labor cost.  

• Monitoring of nutrient composition can only be done on a general basis. Most of 

the research focused on the enhance the range of detection of BES-based sensors and 

lowering the detection limit to enhance the sensitivity of the sensor. However, the 

detection limit of BES sensors is limited by the mass transfer barrier formed by the 

microbial biofilms and the electrogenic microbes, which leads the BES sensors less 

sensitive to the exposure of the sensing elements [238, 245]. Besides, when various 

components in the nutrient solution simultaneously surge, signal interference may 

occur. Thus, a more precise and specific component monitoring will require a lot 

more innovation of the BES technologies on their own.  
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• There is a risk of over-complicate a relatively complex system (when compared 

to traditional agriculture). With the addition of the BES, the attractiveness of the 

integration can be challenged. If the technical know-how requirement of a hydroponic 

system is compounded with that of BES, it is hard to argue for its merits. 

• Control might be difficult. BES are microorganisms driven and the complex 

interaction between these drivers, the chemical composition of the nutrients, and the 

plants being grown under hydroponic systems is something to be carefully studied. 

Factors that influence both hydroponic systems (temperatures, humidity, pH, etc.) and 

BES (plant types, anode/cathode materials, configuration, carbon source substrates, 

etc.) could create a control nightmare. 

To overcome these limitations, new studies could explore optimizing several 

BES-hydroponic configurations or propositions by:  

i. Optimizing BES and hydroponic structural components (e.g., reactor design, 

electrode modification, electrolyte, substrate choice, catalyst, enzymes coating, 

external resistance, bacteria species) to improve the efficiency and lower the overall 

cost. For example, Gajda et al. [246] proved that 250 L MFC module size can generate 

as low as 0.47 W/m3 of power density and MFCs stacking could enhance their 

performance. Besides, the substrate nature has the main influence on BES 

performance and hydroponic plant growth. From chemical properties aspect, the 

amount of substrate consumed by bacteria during aerobic or anaerobic respiration 

affects electron donation rates in BESs and rhizosphere deposition of plants [247]. 

ii. Paying more attention to studying the mechanism between BES and plants' 

growth. For example, the relationship between the plant health (e.g., height, greenness, 

roots length, etc.) and electricity production from the BES; the influence of microbes 

(e.g., species, quantity, reproductive speed, etc.) in BES on plants’ crop production; 

the influence of greenhouse environmental conditions (e.g., illumination, temperature, 

humidity, water evaporation rate from the hydroponic system, the circulation speed of 

nutrient solution, etc.) on BES efficiency (e.g., electricity production, wastewater 

treatment efficiency, biosensor monitoring accuracy, etc.); the influence of plant 

growth cycle on BES performance (e.g., energy generation stability, the monitoring 
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system stability, the flora metabolism, etc.).  

iii. Exploring more advanced BES to develop its potential function and improve its 

precision by combining some existing renewable energy technologies, such as 

nanophotocatalysis and photocatalytic semiconductor thin films. Nanophotocatalysis 

is a proficient technology for the reduction of heavy metals to a non-toxic state, which 

can be used as the photocatalyst in BES [248-250]. The photocatalytic semiconductor 

thin film materials allow easy incorporation into various devices through changing the 

properties of materials and reducing the size, which can reduce the cost and improve 

the efficiency of devices [251], therefore, it can be used as the ion exchange 

membrane in BES. Or innovation technologies, for example, the hydrogen production 

technology (pyrolysis, hydrocarbon reforming, plasma technology, etc.) [252], which 

can improve the hydrogen generation from BES systems and be used as the 

pretreatment methods to process the substrate of BES systems.  

iv. Exploring model systems for BES-hydroponics to optimize the overall system 

performance. Modeling could simplify the complex BES-hydroponic system and 

related mechanism into a simpler form for better understanding as well as 

representation of the whole system. Until now, considerable modeling efforts and 

experimental validation have been carried out to improve the performance of BESs 

for practical applications. For example, Buckingham’s Pi theorem describes the trend 

of experimental results by constructing groups of dimensionless variables and can 

simplify the experimental quantity [247]. Besides, Artificial Neural Networks, Stacked 

Denoising Auto-Encoder deep learning network, discriminant analysis, and Support 

Vector Machines techniques [253] could also be used to explore more precise 

predictive models based on the whole BES-hydroponic systems. 

v. Utilizing a decision tree to select suitable BES-hydroponic growing system types 

is worthy of exploration. For example, if emission is a problem, can this be reduced 

through this proposed integration? Is wastewater treatment a problem? What are the 

cost-beneficial advantages of on-site wastewater treatment using this technology? 

How important is specific monitoring to the growing system in the particular 

hydroponic system? Figure 3.6. is a decision tree model that can be adapted for 
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answering these types of questions. Numerous configuration types, carbon sources, 

and genetic engineering technology can be explored to arrive at the decision to pursue 

or utilize other methods.  

 

Figure 3.6. The decision tree for use of BES in the hydroponic system. 
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3.7. Conclusion 

This paper explores an important concept relating to the integration of BES with 

hydroponic systems in order to make the latter more sustainable. Although hydroponic 

systems have a huge potential, it is still plagued by problems such as high cost, high 

energy consumption, greenhouse gas emission, nutrition solution, wastewater 

discharge, etc. We have discussed the possibilities for alleviation of these problems 

through BES, which can be a valid pathway for reducing greenhouse gas emissions (at 

least 47-50% by PMFC), wastewater treatment (up to a maximum of 99% COD), 

nutrient problems (biosensor), the high energy providing to hydroponic systems 

(match up to traditional biomass electricity generation systems). Several 

configurations are postulated, and a decision tree is developed to aid future research, 

and for decision-makers to explore. Besides, the BES systems are more 

multifunctional than the traditional technologies, which could combine with various 

advanced technologies, save more money, space, and energy, as well be more durable. 

Another importance of such a system can be important for several areas of 

environmental concerns as well as application in outer space (or areas with poor soil 

quality) programs are emphasized. However, for the further commercial application 

some problems need to be solved, including lack of the in-depth research between the 

specific obstacle of hydroponic and solving mechanism of BES, the relationship 

between BES and hydroponic crops yield, the high initial investment, improving the 

monitoring precision, hard to control, and over-complicate system. Therefore, further 

research on the suitability and adaptation of BES-hydroponic systems at a large scale 

is still needed, and a lot of work is needed to develop such efficient, accurate, 

multifunction, and cost-saving hybrid systems.  
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CONNECTING TEXT  

Chapter III summarized the problems in hydroponic agriculture and the potential 

utilization of BES to solve these problems.  

Chapter IV focuses on microbial fuel cells (MFCs), a promising renewable BES. 

We summarized the mechanism, standard configuration, the performance, and the 

categories of the solid substrates (carbon source) used of of soild MFCs. Furthermore, 

we also introduced the applications of solid MFCs with a detailed, in-depth literature 

search and bibliographic analysis. Chapter IV also critically analyzed the literature of 

MFCs to identify gaps for further research and development in future studies. 
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CHAPTER IV 

LITERATURE REVIEW-PART 3 

SYNTHESIZING DEVELOPMENTS IN THE 

USAGE OF SOLID ORGANIC MATTER IN 

MICROBIAL FUEL CELLS: A REVIEW 

4.1 ABSTRATC 

Microbial Fuel Cells (MFCs) are a prominent feature in renewable and sustainability 

literature due to their wide range of potential uses. MFCs have found applications in 

power production, biosensors, and environmental remediation to mention a few. 

Importantly, however, one of the factors affecting the transition from laboratory to 

practical usage is the requirement of ensuring that there is enough organic matter 

supply to sustain microbial activity. To reduce this energy-intensive and human 

intervention-dependent requirement, there has been a shift towards solid carbon 

sources in recent times. These solid carbon sources enable the operation of MFCs 

autonomously for a long time through the slow release or replenishment of organic 

matter, characteristics of solids. However, significant progress is not being made due 

to the uncoordinated and piece-meal information scattered across the existing body of 

literature. In this work, the substrate categories, electrode materials, reactor 

configurations, and applications of solid organic matter-based MFCs (SOM-MFCs) 

have been overviewed comprehensively. We found that although there are a lot of 

work focused on advancing different aspects or application, one major problem is a 

lack of contextualization or normalization of results for better planning of future work. 

Importantly, the present review normalizes and compares the results of different 

studies using SOM as a substrate in MFCs. Major studies within the identified aspects 

or application are highlighted while focusing on trends and limitations. Furthermore, 

to enhance the development of future studies, recommendations for the best approach 

in future work were made.  

Keywords: solid organic matter; microbial fuel cells; carbon source; renewable 
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energy. 

4.2 INTRODUCTION 

With the increasing demand for actions to limit climate change, alternative 

renewable energy research intensifies and spans several areas, comprising biomass, 

solar, and wind energy [254-256]. A ‘Scopus’ search with the keyword “renewable 

energy” indicates an almost 33-fold increase in the number of articles published 

between 1999 and 2019. Amongst many others, bio-electrochemical systems (BESs) 

are an emerging set of renewable technologies that appear frequently in the Scopus 

search. The major categories of BES include microbial fuel cells (MFCs), microbial 

electrolysis cells (MECs), microbial desalination cells (MDCs), and microbial 

electrosynthesis systems (MESs). Notably, MFCs are a subset of BES that capitalize 

on the ability of electroactive microorganisms to transfer electrons from the oxidation 

of organic carbon to a solid electrode, for the production of electricity [9]. Similar to 

traditional fuel cells, the distinguishing advantages of MFCs include milder operation 

requirements (ambient temperature, normal pressure, and neutral pH) and the virtually 

unlimited range of potential biofuels (sources of biodegradable organic carbon) [257].  

In a functional MFC, the most essential components include an anode and a 

cathode, as well as the carbon source. Several previous studies outline different kinds 

of electrode configurations, electrode types, as well as the development and testing of 

new electrode types [258-260]. The carbon source is the most important component 

because it directly affects the overall composition of the bacterial community in the 

anode biofilm and the performance of the MFC (power density, coulombic efficiency, 

etc.) [261, 262]. Over the years, carbon substrates, especially easily degradable 

compounds like acetate and glucose were commonly used in MFC studies. However, 

with the realization that pure substrates limit practicality, recent studies have been 

focusing more on the usage of more unconventional carbon sources typically in the 

solid or semi-solid form. These solid organic matter (SOM) sources include sewage 

sludge, biomass, food waste, and soil. The advantages of SOM-MFCs (SOM-MFCs) 
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include the provision of a stable environment for the anode microorganisms without 

the need for frequent replacement, steady current output, rich bacterial species, and 

low energy consumption in substrate transport [263].  

In 1911, Potter first reported that bacteria can generate electric current (between 

bacterial/fungal (yeast)) [264]. Twenty years later, Cohen confirmed the results of 

Potter and reported a voltage of 35 V and a current of 0.2 mA from a stacked bacterial 

fuel cell system [265]. After Habermann and Pommer [266] first harvested electrical 

energy from the biological fuel cell with the coarse clay (buffering properties) as solid 

substrate, several developments have been reported on different aspects of SOM-

MFCs. Of the 845 review articles published on “microbial fuel cell” between 1962 

and 2020 (Scopus data), none of these reviews focused on the SOM-MFCs category. 

Even popular reviews such as Pant et al. [263] and or more recent ones such as Zhang 

et al. [267] did not comprehensively classify organic substances in detail or properly 

highlight the solid organic matter category. Thus, there is a lack of synthesis of all the 

information on SOM-MFCs available in the literature. A category with varying 

keywords is shown in the mapping of Figure 4.1. Subsequently, this review aims to 

fill the identified gap related to SOM-MFCs by comprehensively reviewing available 

SOM-MFCs literature. Within each category, we summarize, in order or performance, 

keystone studies as a reference to guide future studies. We also recommend the next 

research steps based on the reviewed literature to guide future work.  
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Figure 4.1. The connection between SOM-MFC articles. The data is based on the 

number of articles mentioning “renewable energy/MFC” in the citation database 

Scopus in July, 2020. 

4.3 METHODOLOGY 

This review utilized the bibliometric analysis method to categorize available 

literature and to access the development progress and challenges, within the SOM-

MFC category. A bibliometric analysis is a mechanistic approach, used in several 

studies to understand the global research trends according to the academic literature 

database. All data mining for this review was extracted from numerous articles 

published as of July 30, 2020, from the Scopus database while excluding redundant 

points. Specifically, literature from 2014 to 2020 containing “microbial*fuel*cell” 

was performed by utilized query string TITLE-ABS-KEY (microbial AND fuel AND 

cell) AND (LIMIT-TO (PUBYEAR, 2020) (PUBYEAR, 2019) OR LIMIT-TO 

(PUBYEAR, 2018) OR LIMIT-TO (PUBYEAR, 2017) OR LIMIT-TO (PUBYEAR, 
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2016) OR LIMIT-TO (PUBYEAR, 2015) OR LIMIT-TO (PUBYEAR, 2014)). 

Scopus keywords were then extracted from the article title, abstract, keywords, or 

main content. To narrow the search of the SOM-MFC category, distinct keywords 

including “sludge”, “algae”, “lignocellulose”, “waste”, “soil”, “plant” and “wetland” 

were used by query string e.g. TITLE-ABS-KEY (microbial AND fuel AND cell 

AND sludge) AND (LIMIT-TO (DOCTYPE, "ar")).  

Based on the structure of the articles and information derived from the 

bibliometric search and analysis, key aspects of SOM-MFC literature were identified 

for further discussion in this review. Within each of the categories, summary tables of 

representative peer-reviewed articles are presented. In particular, we carried out 

normalization of results when needed to enable comparison of data. The discussion is 

then focused on key studies (based on performance metrics such as power density, 

coulombic efficiency, or removal efficiency) within each category to highlight multi-

perspective insights that future studies may consider. Finally, a synopsis of the 

microbial population was found in SOM-MFCs is presented.  

4.4 DISCUSSION 

4.4.1 Trend analysis 

By preliminary analysis of Scopus data, we found that from a total of 5562 MFC 

published articles, studies within the SOM-MFC category account for 30.38% (1690), 

from 2014 to 2020. As shown in Figure 4.2.(a), annual publications have increased 

steadily from 2014 to 2017 (SOM-MFC: 181 to 273, MFC: 632 to 921). Then, a slight 

turning point appeared in 2018, both the number of SOM-MFC and MFC articles 

were decreased (SOM-MFC: 241, MFC: 864). In 2019, the number of annual 

publications increased again, which was higher than in 2017 (SOM-MFC: 318 vs 273, 

MFC: 954 vs 921), until July 2020, the total number of SOM-MFC articles still 

showing an upward trend (221). Figure 4.2.(b) shown the percentage trend of SOM-

MFC articles in MFC articles from 2014 to 2020. An upward trend can be seen from 
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2014 to 2016, while it began to decline from 2017 until the end of 2018. In 2019 and 

2020, SOM-MFC publications increased in proportions exceeding the previous five 

years (33.37% and 33.43%, respectively). It was in 2017 and 2018 that researchers 

paid more attention to wastewater-based MFC (WW-MFC) than SOM-MFC (2017: 

301 vs 273, 2018: 247 vs 241).  

For six years, a total of 1690 SOM-MFC articles have been published, and the 

percentage of MFC with different types of solid carbon source substrates is shown in 

Figure 4.2.(c). It can be noticed that the number of articles about sludge biomass-

based MFC was the highest (30%), followed by natural solid-phase substrates (plant: 

27%, wetland: 11%), and agricultural biomass was the lowest (lignocellulose: 2%). 

The upward trends of plant-based MFC (PMFC) and wetland-based MFC (CW-MFC) 

were particularly obvious, and the upward trends of algae, biowaste, and soil-based 

MFC (BW-MFC and SMFC) were slower, while the focus on lignocellulose biomass 

decreased (Figure 4.2.(d)). The surge of PMFCs in recent years could be due to their 

easy integration with plants which continually provide organic matter for a longer 

period. PMFC has a wide range of cultivation which includes paddy fields, indoor 

plants, even green roofs or rooftop gardens, etc. [81]. By extension, all-natural solid-

phase substrates have become more attractive to researchers in recent years due to 

their inherent advantage of ease of operation and maintenance. This is not the case for 

lignocellulosic materials though, despite its abundance as lignocellulosic biomass, 

however, they cannot be directly utilized by microorganisms in MFCs [268, 269]. Also, 

no effective microorganisms for the conversion of pentoses (one of the main 

components in lignocellulose hydrolysates) have been found [263], leading to a 

general decline in publication trends. 

Based on the trend analysis of the Scopus data, several key aspects of SOM-MFC 

literature were identified for focus in this review. These include reactor design, 

electrode components, substrate selection, testing, and their applications in the field. 
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Figure 4.2. In Scopus from 2014 to 2020, the annual and the cumulative number of (a) 

articles on MFCs and SOM-MFCs; (b) the percentage of SOM-MFC articles in MFC 

articles; (c) the percentage of different types of SOM-MFCs; (d) the of research 

articles on different kinds of SOM-MFCs. 

4.4.2 Configuration 

In MFCs, organic materials are oxidized by electroactive bacteria in the anodic 

chamber and the electrons transfer from the anode to the cathode due to the difference 

in electrode potentials, which generates current [10]. In SOM-MFCs, before the 

electroactive microorganisms can use the SOM carbon source in the anode chamber, 

the macromolecules in SOM must be hydrolyzed into simple molecules [267]. 

Typically, SOM transformation to a carbon source suitable for electroactive 

microorganisms is accomplished by a consortium of hydrolyzing microorganisms in 
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several sequential steps involving hydrolysis, acidogenesis, and acetogenesis [267].  

4.4.2.1 Chamber configurations  

Figure 4.3. exhibits some digital photographs of SOM-MFC chamber 

configurations. There are five major design configurations used for SOM-MFC 

systems [270]. These configurations can be classified either based on the chamber 

design or flow organization: single-chambered MFC, two-chambered MFC, upflow 

MFC, tubular MFC, and stacked MFC. However, single-chambered and two-

chambered are two main configurations of SOM-MFC (Figure 3.4.(a)).  

 
Figure 4.3. Digital photographs of SOM-MFC configurations. A) Experimental setup 

of PMFC [271]; B) picture of PMFC at the end of the study [27]; C) MFC compact 
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modular design & perforated cathode tube [272]; D) Setup MFC reactors used in the 

wastewater treatment experiments [273]; E) A stem-coupled PMFC with P. 

macrocarpa in the experiment [274]; F) Small Pilot-Scale HSSF-CW-MFC installed 

in the laboratory [275]; G) Schematic diagram of the CW-MFC configuration [276]; 

H) Schematic diagram of a solid anolyte MFC with an external water reservoir [277]. 

The cathode of single-chamber SOM-MFC is exposed to air directly, therefore, it 

uses oxygen as the terminal electron acceptor. The advantages of single-chambered 

design include low construction cost, membrane-less, low internal resistance, and 

avoidance of the use of catholyte. As a result, these MFCs often feature high power 

output [278]. However, it has several limitations: (1) Oxygen diffusion to the anode 

chamber, which leads to the reduction in coulombic efficiency; (2) Also, the 

configuration of MFC has a high influence on the distance between anode and 

cathode, and hence the limited distance between anode and cathode could increase the 

potential negative effect of oxygen on the activity of the anaerobic bacteria and the 

risk of the short circuit [279]; (3) Further, for the traditional single-chamber (top 

cathode, bottom anode), it is hard to change/check the anode electrode at any specific 

time. Based on the literature reviewed so far, we find that to date, the highest PD 

obtained in single-chambered SOM-MFC was 2770 ± 30 mW/m2 by Catal et al. [280] 

who used lignocellulosic biomass as substrates in an air cathode MFC. Despite, the 

obvious limitation with lignocellulosic substrates, this performance may be due, in 

part, to an effective pretreatment process. Besides, smaller anodes were used in 

single-chamber MFC which could effectively reduce the limitation from the cathodes, 

and improvethe production of electricity. 

In a two-chambered MFC configuration, the anode chamber and cathode chamber 

are connected by a proton exchange membrane (PEM) [281]. PEM is widely used in 

two-chambered SOM-MFC to separate the anode and cathode chambers. PEM 

features such desirable properties as selective permeability, fast transport of cations, 

and can withstand inactivity without deteriorating in performance [282, 283]. Two-

chambered SOM-MFC has been shown to have some advantages over single-

chambered designs mainly because it reduces the effect of oxygen diffusion to the 
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anode [284]. However, due to their complex designs, the cost of two-chambered 

SOM-MFC is higher than single-chambered ones, while the PD is lower due to the 

higher internal resistance. To date, the highest PD obtained in double-chambered 

SOM-MFC was 5500 mW/m2 by Zafar et al. [285], who utilized petroleum-

contaminated soil as the substrate in MFCs. As two-chamber MFC could control 

anode and cathode chamber in different air conditions, they used a two-chamber 

structure to maintain anoxic condition in the anode chamber, as well as the air cathode 

by an aeration pump. With the help of a two-chamber configuration, petroleum-soil 

can be better fermented under anaerobic conditions to provide a better growth 

environment for microorganisms, and the air cathode can promote the redox reaction 

of SOM-MFC, which results in a high PD. 

Depending on the substrates, single-chambered SOM-MFCs can also have a 

semi-open style design as can be seen in the soil and plant MFCs [286], in which the 

cell does not need to have a strictly anaerobic environment. Also, some multiple-

chamber SOM-MFCs have emerged to enhance multifunctionality, including 

improving electricity generation performance and coulombic efficiency [287].  

As the chamber of MFC is the main place where microbes and carbon source 

substrate redox reaction, and hence its structure, volume, shape, temperature, etc. are 

very important. It can be seen from the above discussion that the configuration of the 

SOM-MFC will have a certain impact on its electricity production and overall cost. 

Therefore, according to the composition and texture of the SOM, it is better to design 

the optimal chamber structure based on the characteristics of expected results as well 

as the cost budget. Figure 4.4.(a) displays that single-chamber configuration is the 

most popular in SOM-MFCs, followed by a two-chamber configuration. Although the 

internal resistance of two-chamber MFC is generally higher, there are still some 

experiments that prove that two-chamber MFC can also be managed to produce lower 

resistance. In general, we find that the best configuration in terms of design is single-

chamber, not only because of its low price, but it could utilize a wider range of 

organic substrates as well as the inherent easy way to its operation. Besides, the 

single-chamber configuration is more economical and practical. With more diverse 
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forms such as the semi-single chamber, experiments can be more easily adopted to 

actual production and gaining environmental protection (e.g. CW-MFCs, paddy soil 

MFCs), and hence it can be recommended for using SOM-MFCs.  

 

Figure 4.4 (a) SOM-MFC configurations; (b) The anode materials used in SOM-MFC; 

(c) the cathode materials used in SOM-MFC. 

4.4.2.2 Electrode materials 

4.4.2.2.1  Anode 

The composition, morphology, and surface properties of materials in the anode 

are important for optimal performance. Considering these properties, in the available 

literature, the most common anode materials include carbon-cloth, graphite felt, 
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granular graphite, graphite-rods, carbon-brushes, carbon-paper, carbon-mesh, carbon-

felt, nickel foam, and carbon granules (Figure 4.4.b). Carbon-cloth, carbon-brushes, 

and carbon-felt (Figure 3.5.a-c) are the most commonly used materials in SOM-

MFCs. Carbon-cloth (Figure 3.5.a) although expensive has many advantages, 

including high surface area, relatively high porosity, high electrical conductivity, 

flexibility, and mechanical strength, etc. [178]. Carbon brushes (Figure 3.5.b) have 

the highest surface area to volume ratio and high electrical conductivity, however, the 

cost is high. Carbon felt (Figure 3.5.c) has high porosity and high electrical 

conductivity, which is the least expensive [288, 289]. The large pores allow bacteria to 

access the 3D felt structure and colonize it, forming the biofilm internally and 

increasing the MFC current.  

 

Figure 4.5. Digital photographs of SOM electrode and carbon source substrates 

materials, a) carbon cloth; b) carbon brush; c) carbon felt; d) carbon paper; e) graphite 

rod; f) graphite felt; g) sludge; h) biomass; i) biowaste; j) soil; k) plant and l) wetland. 
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Based on the research of Penteado et al. [290], carbon felt has the best 

performance in SOM-MFCs with PD of up to 420 mW/m2, as compared to that of 

carbon cloth (0.76 mW/m2) and that of carbon paper with the lowest value of PD 

(8.37×10-6 mW/m2). The superior performance of carbon felt can be attributed to the 

roughness and specific area of the electrode which improve the concentration of 

adhered microbes on the anode electrode (the determining factor for choosing the 

anode electrode material). Recently, anodic modification is becoming more popular in 

MFCs, which is crucial in upgrading both interfacial adhesions of bacteria and 

electron transfer from bacteria to the electrode surface [291]. Zhao et al. [292] obtained 

more than 2000 mW/m2 PD from lactate-fed MFCs with nanocomposite anodic 

materials (graphene oxide and stainless steel-based nanocomposites). Sonawane et al. 

[293] prepared a conducting polymer-coated stainless-steel wool as a low-cost anode 

for synthetic wastewater-fed MFCs with a PD value of 2880 mW/m2. However, most 

studies on anodic modification of MFCs were driven by liquid carbon source 

substrates, thus researchers in the SOM-MFCs research field could pay more attention 

to anodic modification based on the unique characteristics of SOM source substrates, 

which could be more helpful for the improvement of MFC performance. Besides, 

anode as the platform for microorganisms to grow, the microbial adhesion ability and 

carbon source aggregation ability of anode materials should also be considered in 

anode modification research.  

4.4.2.2.2 Cathode materials 

The cathode material is also an important factor in MFCs for achieving the 

highest coulombic efficiency or power production [294]. Air-cathodes, aqueous air-

cathodes, and bio-cathodes are three main cathodes in SOM-MFC, however, carbon-

based materials are commonly used as cathodes due to their biocompatibility, 

chemical stability, high conductivity, and low cost related properties. For other 

materials, catalysts including oxygen reduction catalyst (Pt and Pt/C, etc.), carbon-

based catalysts (carbon black, activated carbon, carbon nanofibers/nanotubes), metal-
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based catalysts (Fe, Co, Ni, and MnOx, etc.), metal-carbon hybrids (metal-activated 

carbon and metal CNTs, etc.) are typically used [295, 296]. Up until now, including 

carbon cloth, carbon felt, graphite felt, carbon paper, graphite rod, granular graphite, 

and graphite fiber brush are the most commonly used cathode electrode materials in 

SOM-MFCs (Figure 4.5.).  

Carbon paper (Figure 4.5.d) is a relatively porous planar carbonaceous material 

which is not only fragile but also expensive [297]. Also, its performance in SOM-

MFCs is limited by the planar surface, as can be seen when an algae-based MFC 

equipped with carbon paper cathode exhibited a lower PD compared with carbon fiber 

brush (4.6 mW/m2 vs 30 mW/m2) [298]. Graphite granules have a low surface area 

due to the lack of activation, but a much higher electrical conductivity, and chemical 

stability [299]. In a representative work carried out by Choi et al. [300] a maximum PD 

of sludge-based single chamber air-cathode, MFC achieved 370 mW/m2 with the 

utilization of graphite rod electrodes (Figure 4.5.e). Nevertheless, due to the low 

porosity and surface area for microorganism attachment, the application of graphite 

rods is currently limited in MFC design. In particular, when Chaudhuri et al. [301] 

found out that when the graphite rod was replaced by graphite felt in mediator-less 

MFCs, the power output was increased threefold, indicating that a larger surface area 

is necessary for optimizing MFC performance. Graphite felt (Figure 4.5.f) is a useful 

porous 3-D electrode with mechanical flexibility, compressibility, reasonable 

electrical conductivity, and reasonable cost.  

To date, when compared with other biocathode types such as those made from 

carbon paper, stainless steel, and graphite felt biocathode showed the highest 

maximum current density and PD of 350 mA/m2 and 109.5 mW/m2, respectively [302]. 

The low catalytic activity of the cathode still limits the performance of all types of 

MFCs. Also, traditional catalysts use is discouraged due to their unsustainability and 

high costs. Especially, metal-based electrocatalysts can cause scalability problems for 

MFC design, while it requires long time operation to generate power during full-scale 

applications [303, 304]. Therefore, there is a need to explore green renewable carbon 

materials (e.g. chitosan biopolymers) as cathode/cathode catalysts in SOM-MFCs. In 
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a recent study, Türker et al. [305] synthesized some smart electrocatalysts by chitosan 

polymer and magnetic particles, enhancing the PD of MFC 15 times (1298 mW/m2 vs 

87 mW/m2). It can therefore be postulated that innovating cathode electrode with 

environment-friendly, low-cost, stable performance catalysts is a research field for 

SOM-MFC studies in the future. 

4.4.3  Substrate categories 

In SOM-MFCs, a wide range of substrates, including wastewater, sludge, food 

waste, can be used as the carbon source. SOMs are generated in various forms, 

including biomass, biowaste, and soil, etc. The most common category of SOM-

MFCs utilizes sewage sludge, biomass, biowaste, and solid substrates. Importantly, 

compared to MFCs with pure substrates, SOMs have attracted widespread attention 

due to the stable external environment it provides within an MFC, and the 

accompanying diverse microbial community, as well as its low costs. Below we 

summarize the performance, limitations, and further improvements to the categories 

that were found in the literature. 

4.4.3.1  Sludge biomass 

Sludge is the semi-solid material produced in biological wastewater treatment 

processes. It represents up to 2% volume of treated wastewater [306] (Figure 4.5.g). 

Due to the large volume of sludge produced annually, recycling is often necessary 

[307]. Therefore, as sludge contains high concentrations of organic materials and 

microorganisms, it can be used as a source of organic carbon in an MFC [308]. The 

majority of bacteria in sludge include fermentative bacteria, sulphate reducers, and 

methanogens (Methanosarcinaceae and Methanosaetaceae) [309]. MFCs fed 

inoculum with mixed cultures, therefore, have wider substrate acceptability, can 

utilize more complex carbon sources, and achieve substantially greater power 

densities than pure cultures [310]. Also, in addition to microorganisms found in sludge, 

a large or smaller proportion of inorganic particles, organic fibers, extracellular 
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polymer substances (EPS, biopolymers, exopolymers), and ions can be found [311-

313]. Therefore, due to their wide substrate acceptability inoculum from mixed 

cultures would be affected by changes in the concentration of the other component of 

the sludge. 

Many sludge types have been tested in MFCs directly, including raw sludge [314], 

primary sludge [315], digested sludge from anaerobic digesters [316], as well as a 

mixture of primary sludge with primary effluent [317]. Table 4.1. lists all the available 

studies using sludge as substrate in an MFC, sorting them in order of performance of 

the maximum power density. 

However, as can be seen in Table 4.1. despite the number of organic materials in 

the sludge, the maximum PD obtained from sewage sludge MFC (13.5 μW/m2~2228 

mW/m2, 563.8±733.05 mW/m2) is lower than that obtained using easily degradable 

organics like acetate (4~4590 mW/m2, 1299.05±1715.95 mW/m2). Further literature 

review shows that this is due to the slow hydrolysis of sludge biomass [318]. In reality, 

sludge biodegradability is typically limited to approximately 50-70% as a significant 

amount of organic materials in sludge are non-biodegradable [318]. Also, part of the 

hydrolyzed carbon source can be consumed by methanogenic Archaea [319]. 

Therefore, the complex composition, extremely slow hydrolysis rate, refractory 

organics in sewage sludge, and the bacteria-influenced pathway of choice are limiting 

factors. As a result of this, it is recommended, that some form of pretreatment is 

needed for optimal suitability of sludge in SOM-MFC. Physical, chemical, and 

biological pretreatment methods that have been explored to increase the dissolved 

organic concentration of sludge in SOM-MFC include microwave crushing [316], 

ultrasonication [316, 320], alkali treatment [321], ozonation treatment [314], 

biocathodes [322], fermentation [323], and aerobic digestion [324]. However, based on 

our analysis of energy requirement and pollution potential of other methods, for 

optimal results, biological pre-treatment is the recommended method for sludge 

biomass pretreatment before usage in SOM-MFCs. Examples of performance 

improvement based on biological methods are presented in the works of Zhang et al. 

[323] and Yang et al. [317] where about 90.8% of soluble chemical oxygen demand 
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(COD) and 82.42% of protein were released from sludge to solution by using the 

thermophilic bacterium pretreatment at 65 °C and PD increased from 0.87 W/m2 to 

1.03 W/m2 after the addition of phosphate buffer to sewage sludge in an MFC. Above 

all, finding green and environmentally friendly pretreatment methods to increase 

COD release rate, reduce internal resistance, and increase electron transfer rate could 

be the focus of future SOM-MFC incorporating sewage sludge as the substrate. 

Table 4.1. Sludge biomass-based MFCs available in the literature, sorted in order of 

performance of the maximum power density. *Sodium acetate shown as a 

comparative baseline 

Inoculum Substrate Pretreatment Anode Cathode Density CE Reference 

Anaerobic 

sludge 

Sodium 

acetate 

Starving 

aerobic, Aerobic 

fed, Starving 

anaerobic 

processing 

Carbon 

felt 

Carbon 

felt 

4590 

mW/m2 
12~14% [325] 

Fresh 

anodic 

effluent 

Sewage sludge Heating 
Graphite 

plate 

Carbon 

felt 

2228 

mW/m2 
-- [326] 

Anaerobic 

sludge  

Waste 

activated 

sludge 

Thermal/alkalin

e pretreatment 

Carbon 

brush 

Carbon 

brush 

1.24 

W/m2 
4.8% [327] 

Sludge 

supernatant 
Sewage sludge Fermented 

Carbon 

cloth 

Carbon 

cloth 

1120 

mW/m2 

33.3±1.5

% 
[328] 

Anaerobic 

sludge 

Anaerobic 

sludge 
-- 

Graphite 

felt 

Activate

d carbon 

628.1 

mW/m2 
19.5% [329] 

Anaerobic 

sludge 

Effluent, raw 

primary 

sludge 

-- 

Graphite 

fiber 

brush 

Carbon 

cloth 

370 

mW/m2 
10.60% [300] 

Anaerobic 

sludge 

Anaerobic 

sludge and 0.4 

g graphene 

oxide 

Cultivated for 

three months 

Round 

carbon 

felt 

Rectang

ular 

cathode 

carbon 

214.09 

mW/m2 
-- [330] 
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Inoculum Substrate Pretreatment Anode Cathode Density CE Reference 

felt 

Sediment 

sludge 
Sewage sludge -- 

Ti-TiO2 

electrode 

Ti-TiO2 

electrode 

187 

mW/m2 
-- [331] 

-- 

Waste 

activated 

sludge 

Freezing/thawin

g (F/T) 

pretreatment 

Glassy 

carbon 
Platinum  

183 

mW/m2 
-- [332] 

Anaerobic 

digestion 

sludge 

Dewatered 

alum sludge 

(das) 

Inoculated with 

anaerobic 

digestion sludge 

for three weeks 

Powder 

activated 

carbon 

modified 

dewatered 

alum 

sludge 

Granular 

graphite 

87.9 

mW/m2 

1.0~1.1

% 
[333] 

Sodium 

acetate 

Inactivated 

waste 

activated 

sludge & 

potato with 

ratio of 1:2 

-- 
Carbon 

felt 

Carbon 

felt 

4 

mW/m2 
31.00% [334] 

Phosphate 

buffer 

solution and 

sodium 

acetate 

Raw potato (5 

g) and 

sterilized 

waste 

activated 

sludge (2.5 g) 

The collected 

sludge was 

settled for 4 

hours and then 

cultured by 

addition of 

glucose in the 

dark without 

aeration for one 

week 

Carbon 

felt 

Carbon 

felt 

4 

mW/m2 
2.30% [335] 

-- 

Saline sewage 

sludge: 

freshwater-

-- 
Carbon 

felt 

Carbon 

felt 

40.51±0

.4 W/m3 

28.58±0.

49% 
[336] 
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Inoculum Substrate Pretreatment Anode Cathode Density CE Reference 

based 

wastewater 

sludge, 1:1v/v 

-- 
Saline sewage 

sludge 
-- 

Carbon 

felt 

Carbon 

felt 

34.05±1

.22 

W/m3 

19.91±1.

07% 
[336] 

Mixed 

liquor 

suspended 

solids 

Municipal 

sewage sludge 
-- 

carbon 

cloth-

graphite  

a 

graphite 

rod 

(wrappe

d by 

carbon 

cloth) 

27.65 

W/m3 
-- [337] 

-- 

Saline sewage 

sludge: 

deionized 

water, 1:1v/v 

-- 
Carbon 

felt 

Carbon 

felt 

12.11±0

.08 

W/m3 

15.14±1.

4% 
[336] 

-- Sludge -- 

Carbon 

felt with 

iron 

Carbon 

felt 

11.93 

W/m3 
-- [338] 

Mesophilic 

anaerobic 

sludge 

Pretreated 

sludge 

supernatant 

Fenton 

oxidative 

Carbon 

felt 

Carbon 

felt 

8.15 

W/m3 
-- [281] 

Sludge: 

acid(H2SO4

) 

pretreatmen

t pH of 5.3 

Mixed 

anaerobic 

sludge 

Acid(H2SO4) 

pretreatment pH 

of 5.3 

A single 

stainless 

steel mesh 

Graphite 

plates 

2187 

mW/m3 

4.92±0.0

9% 
[339] 

-- 

Freshwater-

based 

wastewater 

sludge 

-- 
Carbon 

felt 

Carbon 

felt 

2.03±0.

01 

W/m3 

2.24±0.1

6% 
[336] 
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Inoculum Substrate Pretreatment Anode Cathode Density CE Reference 

Sludge 

Diluted 

pretreated 

sludge 

products 

Heating 

hydrolysis and 

fermentation 

process 

Carbon 

cloth 

Graphite 

carbon 

plate 

1.05 

W/m3 
-- [323] 

Sludge: 

ultrasonic 

processor 

(120 W, 

40kHz) 

Mixed 

anaerobic 

sludge 

Ultrasonic 

processor (120 

W, 40kHz) 

A single 

stainless 

steel mesh 

Graphite 

plates 

556 

mW/m3 

2.26±0.1

8% 
[339] 

Sludge: heat 

at 100 °C 

for 15 min 

Mixed 

anaerobic 

sludge 

Heat at 100 °C 

for 15 min 

A single 

stainless 

steel mesh 

Graphite 

plates 

454 

mW/m3 

2.03±0.0

8% 
[339] 

Sludge: 

aeration 

using 

aquarium 

air pump 

for 5 min 

Mixed 

anaerobic 

sludge 

Aeration using 

aquarium air 

pump for 5 min 

A single 

stainless 

steel mesh 

Graphite 

plates 

304 

mW/m3 

1.85±0.0

7% 
[339] 

Sludge: 

acid(H2SO4

) 

pretreatmen

t pH of 4.0 

Mixed 

anaerobic 

sludge 

Acid(H2SO4) 

pretreatment pH 

of 4.0 

A single 

stainless 

steel mesh 

Graphite 

plates 

113 

mW/m3 

1.67±0.0

5% 
[339] 

4.4.3.2  Algal biomass 

 Algal biomass features heavily in the analyzed SOM-MFC literature. In the past, 

algal biomass has been mainly used to produce biofuels, methane, and hydrogen by 

various physical, chemical, and biological methods [340, 341]. However, due to the 

high level of proteins (about 30%) and carbohydrates (about 50%), both algae residue 

produced from water/wastewater treatment processes and dry algae biomass are being 

used as substrates in MFCs [225, 227].  
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It is interesting to note that algae can be employed in both anode and cathode 

chamber applications from Figure 4.6.(a)&(b) & Table 4.2. In the anode chamber 

algae, biomass could be used as the carbon source in MFC [342]. In the cathode 

chamber, the oxygen produced by algae during the light period can be used as an 

electron acceptor [342, 343]. This implies that catalysts can be replaced with the usage 

of algae species as explored in several studies as presented in Table 4.2. Recently, 

integrated systems that combine microalgae growth and energy production at the 

same time have been developed [344]. This method involves the use of algal biomass 

in the anodic and growth of algae in the cathodic chambers of MFCs. 

 

Figure 4.6. Schematic diagram of (a) cathode algae-based MFC; (b) Anode algae-
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based MFC; (c) soil-based MFC; (d) plant-based MFC; (e) wetland-based MFC. 

Table 4.2. Algae biomass & agricultural biomass-based MFCs available in the 

literature, sorted in order of performance of the maximum power density. 

Biomass Species Pretreatment Algae used in 
anode/cathode Max PD 

Max 
Current 
Density 

COD 
Removal Reference 

Lignocellulosic 
biomass-derived 
monosaccharides 

-- Anode 
1240±10-
2770±30 
mW/m2 

0.76-1.18 
mA/cm2 >80% [280] 

Chlorella 
regularis 

Freeze dry 
and ultrasonic Anode 0.86 W/m2 2.3 A/m2 52% [345] 

Raw algae 
Raw algae 

combine with 
acetate 

Anode 410 mW/m2 0.8 A/m2 86.6% [346] 

Synechococcus 
sp. -- Anode 110.92 

mW/m2 5.169 A/m2 -- [347] 

Scenedesmus 
obliquus 

Acid-thermal 
pretreatment Anode 102 mW/m2 276 mA/m2 74% [225] 

Lignocellulosic 
raw materials 
(Banana peel) 

Dried at 60°C 
and ground 
into 45 μm 

Anode 23.75 mW/m2 0.1928 A/m2 -- [348] 

lignocellulosic 
biomass (straw) 

Crush barley 
straw into 
powders 

Anode  0.3 mW/m2 0.3 mA/m3 -- [349] 

Lignocellulosic 

Pretreated 
sugarcane 
bagasse by 
Oscillatoria 

annae 

Anode 8.78 W/m3 20.95 A/m3 -- [287] 

Carbonized 
Chlorella 

pyrenoidosa 
Sonicate Anode -- 13.44±0.34 

A/m2 -- [350] 

Chlorella 
vulgaris -- Cathode 1926±21.4 

mW/m2 -- -- [351] 

Spirulina 
platensis -- Cathode 98 mW/m2 400 mA/ m2 60% [352] 

Spirulina 
platensis -- Cathode 73.7±4.57 

mW/m2 -- 30.15% [353] 

Synechococcus 
sp. -- Cathode 41.5±1.2 

mW/m2 -- -- [354] 

Chlorella sp. 
QB-102 -- Cathode 36.4 mW/m2 -- -- [355] 

Chlorella 
vulgaris 

Freeze dry 
method Cathode 8.94 mW/m2 -- 63.5% [356] 

Chlorella 
vulgaris -- Cathode  5.17 W/m3 -- -- [357] 
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Biomass Species Pretreatment Algae used in 
anode/cathode Max PD 

Max 
Current 
Density 

COD 
Removal Reference 

Chlorella 
vulgaris -- Cathode 3720 mW/m3 -- -- [358] 

Green alga 
Golenkinia sp. 

SDEC-16 
-- Cathode 2.34 W/m3 -- -- [344] 

Chlorella 
vulgaris FACHB 

24 
Centrifugation Cathode 1108.9 

mW/m3 -- -- [359] 

Chlorella 
vulgaris  Cathode 890 mW/m3 6186 

mA/m3 72 ± 2% [360] 

Chlorella 
vulgaris -- Cathode 126 mW/m3 -- 5.47% [361] 

Scenedesmus 
quadricauda 

SDEC-8 
Centrifugation 

In the middle 
of the 

chamber 

62.93 
mW/m2 -- 80.2% [362] 

Chlorella 
vulgaris 

Lipid 
extracted and 

stored at 
82 °C then 

crushed 

Both anode 
and cathode 

60.07 
mW/m2 -- 70.8±4% [363] 

Chlorella sp. --  54.48 
mW/m2 -- 75 ± 5% [364] 

Algae -- 

Algae 
bioreactor 

connected to 
cathode 

0.63 W/m3 2.06 A/m2 -- [228] 

Based on the literature review, it can be deduced that the main issue with the 

usage of algae as a substrate relates to the complexity and strength of its cell wall, 

leading to a reduced coulombic efficiency suggesting the need for some pretreatment 

methods. Pretreatment methods such as the freeze-drying method have been shown to 

increase the maximum PD by as much as 4 times as demonstrated in some studies 

[365, 366]. Based on our analysis of the available literature, other salient issues 

relating to the growth time of algae, the difficult extraction process, and system scale-

up, are topics that should be considered for research in future work. 

4.4.3.3 Agricultural biomass 

The most common agricultural biomass found in the SOM-MFC literature is 
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lignocellulose. Lignocellulose includes cellulose, hemicelluloses, and lignin (more 

than 80% of the total dry weight), is a cheap and abundant biomass material found 

around the world, provides a plentiful and renewable resource for fuel and chemicals 

[367]. Lignocellulosic materials stem from a wide range of agricultural sources, 

energy crops, industrial waste, and softwood, etc. [368]. However, when it is utilized 

as the substrate in MFCs, the microbial community of both cellulolytic and 

exoelectrogenic activities are required [369].  

Although lignocellulose-based SOM-MFC performs relatively well 

(0.3~2770±30 mW/m2), the power output from lignocellulosic materials is still lower 

than those obtained from pure substrates. As demonstrated in several studies [368, 370], 

the low solubility in water or common organic solvents, limit SOM-MFC 

performance. Here again, pretreatment is recommended to break the structural and 

chemical complexity of the lignocellulose biomass either through biological, physical, 

or chemical methods. Based on a review of literature, microbial hydrolysis, however, 

is the best method for the processing of lignocellulose biomass, as it has the highest 

rates of hydrolysis and simple operating conditions. Up to 100 times increase in 

power production was recorded in a system where biological treatment was used [287, 

371]. We also find that utilizing an inoculum with hydrolytic and electroactive 

microbial consortia can increase the performance of lignocellulosic biomass in SOM-

MFCs.  

4.4.3.4  Biowastes biomass 

The biowastes category refers to the various forms of food waste, garden waste, 

dung, etc., and are generally difficult to dispose [372]. The main components of the 

majority of these biowastes are cellulose, proteins, fats, starch, lipids, as well as 

inorganic components [373, 374] making them ideal carbon source substrates for 

MFCs. Based on the literature review, the best performing biowaste in MFCs are food 

waste, potato process wastewater, and kitchen food waste. A detailed list of the 

performance of different types of biowaste as the substrate in SOM-MFCs is 
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presented in Table 4.3. which shows that a wide range of waste could be used in 

MFCs, especially waste from food. Besides, when biohydrogen fermentation 

pretreatment of food waste leachate inoculum with heat-treated sludge displayed the 

highest maximum power density of 1540 mW/m2 [375]. 

Unlike previously discussed categories, we find that the main issue with the use 

of biowastes in SOM-MFCs is their heterogeneity as this can impact hydrolysis 

dynamics. We see from the literature to overcome these limitations where most 

studies pretreat biowaste before usage in SOM-MFCs. Notably, the best yield pre-

treating methods currently available in the literature are biohydrogen fermentation and 

ultra-fast hydrolyzation [375, 376]. Choi et al. [375] improved the maximum PD to 

1540 mW/m3 by using biohydrogen fermentation, which is 1.28 times higher than the 

acidogenic fermentation method (1205 mW/m3) [377] in batch mode MFCs. Xin et al. 

[376] estimated about 74,390 tons of dry biofertilizer and 192.5 million kWh 

electricity could be produced from the food waste of Singapore annually by utilizing 

the ultra-fast hydrolyzation method for pretreating food waste. Notably, since food 

wastes are pervasive, it is surprising not to see large-scale applications.    

Although different BW-MFCs have been developed, the large-scale application 

still lags. i) Higher pre-equipment costs and lower environmental awareness make 

biowaste based MFC difficult to promote; ii) The complex composition of biowaste 

require more preparatory work, and different treatment methods are needed to pretreat 

specific biowaste; iii) Low electricity generation with a large span from 16 to 1540 

mW/m2 (Table 4.3.). Emerging studies are focusing on the development of a BW-

MFCs system with bioanode/biocathode, for economic feasibility and large-scale 

production of electricity [378, 379]. However, until now no research articles reported 

the way to process the residues after BW-MFC produces the power, while the residues 

of BW-MFC could also be a kind of biowaste. Besides, electrode corrosion is also a 

limited element for the long-term running of BW-MFCs, which should also be 

considered in future research. 



 

71 
 

Table 4.3. Biowaste biomass-based MFCs available in the literature are sorted in order of 

performance of the maximum power density. 

Substrate Inoculum Pretreatment Anode Cathode Max PD Reference 
Food waste 

leachate Heat-treated sludge Biohydrogen 
fermentation Graphite brush Carbon cloth 1540 

mW/m2 [375] 

Food waste Sludge -- Carbon felt Carbon felt 422 
mW/m2 [380] 

Food waste 

The solution from 
laboratory-scale 

Microbial 
electrolysis cell 

reactor 

Ethanol 
fermentation Graphite felt 

Carbon black and 
polytetrafluoroeth

ylene 

379.4 
mW/m2 [381] 

Food waste Seed sludge Enzymatic 
pretreatment Carbon brush Carbon cloth 0.173 

W/m2 [382] 

Solid state 
based canteen 

waste 
-- -- Non-catalyzed 

graphite plate 
Non-catalyzed 
graphite plate 

170.81 
mW/m2 [383] 

Potato process 
wastewater 

Anaerobic domestic 
sludge -- Plain Toray 

carbon paper 

Single-side Pt-
coated electrode 

paper 

88.6 
mW/m2 [384] 

Kitchen food 
waste Water -- Carbon fiber Carbon fiber 60 

mW/m2 [385] 

Food waste Vermicomposted 
organic matter 

-- Carbon cloth Carbon cloth 50.8 
mW/m2 [386] 

Municipal 
solid waste Granular sludeg 

Pre-
hydrolyzed 

at 120°C and 
1 atm for 2 h 

Sn/Cu mesh Stainless steel 
spring 

47.6 
mW/m2 [387] 

Shochu waste Phosphate buffered 
saline 

-- Carbon cloth Carbon cloth 42.9 
mW/m2 [388] 

Bamboo Water -- Carbon fiber Carbon fiber 40 
mW/m2 [385] 

Food waste 
leachate 

Cow dung slurry 
and food industry 

sludge 
-- Carbon rod Carbon rod 38.39 

mW/m2 [389] 

Bakery waste Anaerobic sludge Torn into 
small piece Carbon paper Carbon paper 29.96 

mW/2 [390] 

Household 
food waste Anaerobic sludge Extracted 

and filtered 
Carbon fiber 

paper 
Carbon cloth 

coated with Pt 
29.6 

mW/m2 [391] 

Food waste Slurry 
Four wastes 

mixed 
together 

A brush of 
high-strength 
carbon fibers 

Graphite/cement 
with graphite 

16-27 
mW/m2 [392] 

Waste-leaves 
litter and 

canteen based 
food waste 

River sediment  -- Graphene  Graphene  17.74 
mW/m2 [393] 

Organic 
fraction of -- Shredded 

and pressed Graphite plate Graphite plate 1.98 
mW/m2 [394] 
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Substrate Inoculum Pretreatment Anode Cathode Max PD Reference 
municipal 

waste 
kg 

Food waste Chlorella vulgaris 
Mixed and 
separate the 

oil 
Graphite Carbon felt 19151 

W/m3 [379] 

Household 
food waste 

Anaerobic digester 
of the wastewater 

treatment plant and 
methanogenic 

sludge 

-- Graphite 
granules 

GORE-TEX 
cloth 7.7 W/m3 [395] 

Food waste Anaerobic sludge 
Filtered and 
separate the 

oil 
Carbon cloth Carbon cloth 5.6 W/m3 [396] 

Cassava waste -- 
Fermentatio

n and 
sonication 

Graphite 
brushes 

Custom 5-layer 
membrane 

155 
mW/m3 [397] 

Household 
waste extract Anaerobic sludge Fermentatio

n 
Graphite 
granules 

GORE-TEX 
cloth 

-- [272] 

4.4.3.5  Natural solid-phase substrates 

Solid organic substrates from the environment such as soil, plants, and wetland can also 

be utilized as a fuel in MFCs. Designed, according to the characteristics of the substrates, 

natural solid-phase substrates are the most sustainable type of MFCs. 

4.4.3.5.1  Soil 

Some of the most fascinating and interesting microorganisms live in the soil, with 

approximately between 2,000 and 8.3 million bacterial species per gram of soil [398] (Figure 

4.5.j). The bacterial population and organic matter content of soil are approximately 109 

cells/g and 100 mg/g, respectively [399]. All the different types of soil: clay, sandy, silty, peaty, 

chalky, and loamy have been used in whole or part of a mix in SOM-MFCs and it is the 

combination of the organic carbon and microbial content in the soil that mostly determines 

the power output in SOM-MFCs Figure 4.6.(c). However, the power generation of SMFCs is 

around ten-fold lower than those of liquid-based MFCs (~80 mA/m2, 1000 Ω vs ~800 mA/m2, 

1000 Ω) [400, 401], which limits their usage as a power source. In general, however, due to 

the importance of soil remediation, many SMFC studies are focused on the in-situ 
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bioremediation of refractory organic pollutants. SMFC is used to monitor pollutant toxicity 

and soil microbial activity, eliminate soil pollutants (phenol, petrol, and oil), and mitigate 

methane emissions from paddy soil and sediment [402, 403]. A detailed list of SMFCs 

available in the literature is shown in Table 4.4. 

Table 4.4. Soil biomass-based MFCs available in the literature sorted in order of performance 

of the maximum power density. 

 Anode Cathode Max PD 
(mW/m2) Reference 

Petroleum-contaminated 
soil Graphite rod Graphite rod 5500 [192] 

Soil Carbon material Carbon material 124.16 [404] 

Paddy soil Carbon felt Carbon felt 123±2.2 [405] 

Anaerobic soil Graphite bars Graphite bars 89.2 [406] 

Topsoil Carbon cloth Carbon cloth 77.5 [407] 

Sandy soil Activated carbon Activated 
carbon 70.8 [408] 

Contaminated soil and 
anaerobic sludge 

Granular 
activated carbon 

Granular 
activated carbon 65.77 [409] 

Mollic Gleysol 3 platinum 
electrodes 

5 platinum 
electrodes 32 [410] 

Saline soil Carbon meshes Air cathode 37 [411] 

Soil Graphite 
felt+bentonite-Fe 

Active carbon 
felt 29.98 [412] 

Soil with 3% straw Circular graphite 
felt pads 

Circular 
graphite felt 

pads 
25.7 [413] 

Cd-Contaminated Soil Carbon felt Carbon felt 22.93 [414] 
Petroleum hydrocarbon 
contaminated soil mixed 

carbon fiber 
Graphite rod Actived carbon 

air-cathode 17.3 [415] 

Soils cotaminated by 
polycyclic aromatic 

hydrocarbons 

Activated carbon 
fiber felt 

Activated 
carbon fiber felt 12.1 [416] 

Paddy soil Circular carbon 
felt 

Circular carbon 
felt 12 [417] 

Paddy soil from Changde 
red clay 

Circular carbon 
felt 

Circular carbon 
felt 10.6±0.9 [418] 

Soil with Cd concentrations 
(98±0.5 mg/kg) Graphite granules Carbon felt 7.5 [419] 

Vermicompost soil Carbon cloth Aluminium 4 [420] 

Paddy soils Carbon felt Carbon felt 0.14-3.65 [421] 
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 Anode Cathode Max PD 
(mW/m2) Reference 

5 cm soil with 3 cm water Carbon felt Carbon felt 0.72 [422] 

Soil from Jiangsu Province Carbon felt Carbon paper -- [423] 

Dry soil Carbon mesh Activated 
carbon 

-- [424] 

20 mg/kg of metolachlor 
polluted soils 

Carbon fiber 
cloth 

Activated 
carbon air 
cathode 

-- 
[425] 

Based on the literature review carried out, the major factors that affect the performance 

of SMFCs in power generation include internal resistances, water content, dissolved oxygen, 

soil depth, and reactor temperature. Also electrode design or choice affects performance with 

graphite-based electrode proves to be optimal for SMFCs [412]. The influencing dominating 

factors, however, during remediation usage include the inherent characteristics of compound 

(hydrophilicity, polarity, molecular weight, etc.), soil conditions (soil temperature, type, 

moisture content, pH, salt content, etc.), microbial activity, and species.  

As bioremediation usage is more practical, it was determined from the present literature 

that the following two factors must be critically assessed. (i) The contaminated soil’s 

acidity/alkalinity could deteriorate electrode and catalyst materials performance especially 

during the long period typical of bioremediation; (ii) the relative abundance of the 

exoelectrogens in the microbial population since they have a direct relationship with 

remediation efficiency. Research on the changes of microbial communities during the 

operation of SMFC such as monitoring functional genes, tracking the dynamic variety of 

main flora, etc. is recommended.  

4.4.3.5.2  Plants  

PMFC converts solar energy into bioelectricity indirectly via the electrochemically active 

bacteria (EAB) at the rhizosphere region of their roots [18]. In general, PMFCs consist of 

living plants, supporting matrix (Figure 4.5.k), conductive anode, and cathode [18, 426]. It 

also can be seen as a type of biosystem, which has two structures, biocontrol, and bioprocess. 

In the biocontrol structure, plants convert sunlight into voltage by photosynthetic processes 

(Figure 4.6.(d)). In the bioprocess structure microbial communities use exudates to produce 
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electricity via microbial metabolism [18]. Therefore, PMFCs produce bioelectricity without 

the artificial addition of extra organic matter or nutrients due to the photosynthetic processes 

[19]. Since 2008, when the feasibility of bioelectricity from PMFC was first reported [16, 28], 

many studies with different plant species in PMFCs have been carried out (Table 4.5.). 

Photosynthesis, the intensity and quality of light, rhizodeposits production and 

availability, rhizobia microbial species, growth medium, operation conditions, transport of 

compounds to the root, the absorption of exudates by bacteria, the reactor configuration, and 

oxygen reduction are the major parameters observed to influence the performance of PMFCs. 

Notably, as evident in literature, the rate of photosynthesis, amount of rhizodeposition, and 

energy recovery are the most important parameters that improve the current and power 

densities of PMFC. Photosynthetic routes were observed to play an important role in the 

energy efficiency of PMFCs with C4 plants, which convert CO2 into 4-carbon compounds, 

having the best performance, perhaps due to their superior growth rates, photosynthetic 

efficiency and rhizodeposition. The supporting matrix also plays an important role in PMFCs 

since this affects the internal resistance between the electrodes and the diffusion of root 

exudates to the anode. The supporting matrices used so far in PMFCs include soils, paddy, 

wetland, sediments, etc. Wetlands and CW-MFC, depicted in Figure 4.5.l & Figure 4.6.(e), 

are one of the most important supporting matrix commonly used for the construction of 

PMFCs because of their several properties such as water tolerance, presence of aerenchyma 

tissues, and easy surface to root O2 transport [427]. Coupling CW to MFCs has several 

advantages, including methane emission reduction, contaminant removal, and are commonly 

referred to as the reactors of landscape integration [428-430]. The direction of influent flow 

and the depth of the wetland are the most critical factors affecting performance [431]. The 

first CW-MFC was reported by Yadav et al. [432]. Since then, several CW-MFCs designs, 

including vertical flow subsurface system [433], horizontal subsurface flow system [433], and 

surface flow system with floating macrophytes [434] have been developed and tested. CW-

MFCs have also demonstrated high efficiencies in the elimination of contaminants such as 

nitrogen and phosphorus [435].  

Low PD remains to be the main challenge of PMFCs, therefore, future studies need to 

focus on performance optimization. This may involve improving MFC design (configuration 
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and electrode modification), selection of unique plant species with larger rhizodeposits, use 

of genetic isolation, and engineering technology to modify the EAB strains for more efficient 

bioelectricity generation. Since PMFC, sediment-based MFC, and CW-MFC have many 

similarities in principle, so many optimizations and strategies can be replicated in both groups. 

Furthermore, it was observed that as the reactor volume of the PMFC increased, the power 

density decreased significantly. Thus, novel methods are needed to improve the ratio of 

electrode area or decrease the electrode spacing, as well as maintaining the anode 

environment to improve the power generation efficiency of CW-MFCs. Other suggested 

optimization strategies include the inclusion of a filter to remove suspended solids to offer the 

anode a higher ratio of soluble COD, increasing the salinity to achieve a low internal ohmic 

resistance to improve the electricity generation [436]. It is also recommended that the 

syntrophic relationship between fermentative and electrophilic bacteria observed in several 

PMFCs studies be further investigated.  
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Table 4.5. Plant-based MFCs available in the literature sorted in order of performance of the type of MFCs maximum power density. 

Plant Species Type of 
PMFC Substrates Maximum 

PD Anode Cathode Operation 
Period 

Refere
nce 

Lemna gibba L PMFC Anaerobic wetland sediment 1298 mW/m2 Graphite  Stainless steel mesh 10 Days [305] 
Salt water grass 

species (Spartina 
anglica) 

PMFC Aerobic wastewater 679 mW/m2 Three layers graphite 
felt 

Biological oxygen 
reducing cathode 151 Days [437] 

Canna stuttgart PMFC Soil and compost (1:1) 222.54 
mW/m2 Brush Carbon cloth 30 Days [438] 

Salt marsh grass 
(Sporobolasadabicus) PMFC Soil 120 mW/m2 Graphite Graphite 8 weeks [439] 

Puccinella distans 
(weeping alkaligrass) PMFC Potting mix 83.7 mW/m2 Carbon felt Manganese-based 

catalyzed carbon 114 Days [440] 

Trigonella foenum-
graecum PMFC Soil and compost (1:1) 80.26 

mW/m2 Brush Carbon cloth 30 Days [438] 

Brassica juncea PMFC Soil and compost (1:1) 69.32 
mW/m2 Brush Carbon cloth 30 Days [438] 

Vetiver PMFC Manure mixed with soil 68 mW/m2 Graphite fiber Graphite wire 4.5 
months [244] 

Rice plant (Oryza 
sativa ssp. Indica) PMFC Graphite granules and 

vermiculite 
61.72 

mW/m2 
Graphite felt with 

carbon rod 
Graphite felt interwoven 

with carbon rod 100 Days [24] 

Rice plants (Oryza 
sativa L.) PMFC Sandy loam soil 41.41 

mW/m2 Carbon felt anode Manganese-based 
catalyzed carbon 125 Days [27] 

Milano-Nosedo plant PMFC Wastewater 15.5 mW/m2 Carbon cloth Carbon cloth >6 
months [441] 

Epipremnum aureum PMFC Cow dung and garden soil 15.38 mWm2 Carbon fiber brush Carbon fiber cloth 60 Days [271] 

Dracaena braunii PMFC Cow dung and garden soil 12.78 
mW/m2 Carbon fiber brush Carbon fiber cloth 60 Days [271] 

Populus alba PMFC Glucose solutions 7.61 mW/m2 Membrane electrode Membrane electrode 40 Days [274] 
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Plant Species Type of 
PMFC Substrates Maximum 

PD Anode Cathode Operation 
Period 

Refere
nce 

Rice plant (Oryza 
sativa L. var. 

japonica) 
PMFC Soil 7.3 mW/m2 Graphite felt Polyethylene 53 Days [442] 

Plant CW-MFC Anaerobic digestion sludge 87.79 
mW/m2 

Powder activate carbon 
modified dewatered 

alum sludge 
Granular graphite 4 months [333] 

Ipomoea aquatic CW-MFC Anaerobic sludge and 
untrient 

55.05 
mW/m2 

Granular activated 
carbon 

Carbon cloth, granular 
activated carbon and 

stainless mash 
70 Days [443] 

Pilot plant CW-MFC 
The effluent of a hydrolytic 

upflow sludge blanket 
reactor 

36 mW/m2 Graphite rods Graphite rods 2.5 years [444] 

Typha latifolia L. CW-MFC Activated sludge 25.78 
mW/m2 Graphite Graphite 90 Days [445] 

Iris pseudacorus CW-MFC Dewatered alum sludges 25.14 
mW/m2 Graphite gravel Graphite gravel 94 Days [276] 

Scirpus validus CW-MFC Wastewater 19.5 mW/m2 Graphite felt Graphite felt -- [446] 

Iris tectorum  CW-MFC 
Mixture of activated sludge 
and activated carbon with a 

ratio at 1:1.1 

7.432 
mW/m2 Titanium mesh Titanium mesh 45 Days [447] 

 
Cyanobacteria_norank CW-MFC Activated sludge and 

cellulose 6.09 mW/m2 High purity graphite 
boards 

High purity graphite 
boards -- [448] 

Cannas indica CW-MFC Activated sludge 4.21 mW/m2 Graphite felt Graphite felt 75 Days [449] 

Typha latifolia CW-MFC Gravels 1.58 mW/m2 Carbon felt Carbon felt -- [450] 
Common reed 

(phragmites australis) CW-MFC Dewatered alum sludge and 
swine wastewater 

0.268 
mW/m2 

Granular graphite and 
graphite rod 

Granular graphite and 
graphite rod 90 Days [451] 

Plant CW-MFC Spartina anglica salt marsh 2.9 W/m3 Graphite felt Graphite felt 200 Days [452] 
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Plant Species Type of 
PMFC Substrates Maximum 

PD Anode Cathode Operation 
Period 

Refere
nce 

Ipomoea aquatica CW-MFC -- 0.4964 W/m3 Stainless-steel wire 
mesh Carbon felt 62 Days [453] 

No CW-MFC Activated sludge 458.2 
mW/m2 

Granular activated 
carbon Granular activated carbon 2 Days [454] 

Canna indica CW-MFC Mixed anaerobic sludge 258.78 
mW/m3 Carbon felt Carbon felt -- [455] 

Cyperus alternifolius CW-MFC Sodium acetate 0.27 W/m3 Granular active carbon Stainless steel wire mesh 3 Days [198] 
Waterweed (Elodea 

nuttallii) CW-MFC Mixed culture sludge 184.8±7.5 
mW/m3 Activated carbon Activated carbon 276 Days [456] 

Eichhornia crassipes CW-MFC Wastewater  45.46 ± 3.83 
mW/m3 Activated carbon Activated carbon 29 Days [457] 

-- CW-MFC -- 30.85 
mW/m3 Graphite rod Granular graphite -- [458] 

Canna indica CW-MFC Synthetic wastewater 11.67 
mW/m3 Graphite gravels Graphite rod 3 months [275] 

Common reed 
(Phragmites 
austrialis) 

CW-MFC Anaerobic sludge 0.15 mW/m3 Granular activated 
carbon Granular activated carbon 3 months [459] 

Phragmites australis CW-MFC Municipal wastewater <0.001 
mW/m3 -- -- 6 Months [460] 
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4.5 Applications besides bioelectricity production 

In general, the common other applications of SOM-MFCs are presented below. Three 

broad categories: wastewater treatment, remediation, and biosensing were identified in this 

literature review. Based on an analysis of performance within the context of the application, 

top studies within each category are presented below. 

4.5.1  Wastewater treatment  

SOM-MFCs with different types of substrates, as discussed in the previous section, have 

been employed in the treatment of diverse wastewaters. Cheng et al.[461] used aerobic 

granular sludge SOM-MFC to treat epoxy reactive diluent wastewater and domestic 

wastewater. The COD removal and maximum power densities were 77.8% and 63.6%, 

408±26 mW/m2 and 404±4 mW/m2, respectively. Nguyen et al. [462] treated landfill leachate 

in algae cathode SOM-MFCs, with a removal efficiency of 97%. Besides, PMFC has been 

shown to remove up to 100 % COD, 40 % nitrate, and 91% ammonium as shown by Oon et 

al. [463]. Recent studies utilize multiple anodic chambers to improve the wastewater 

treatment performance of SOM-MFCs. Yang et al.[344] utilized four photosynthetic MFC 

units, to achieve a 98 % ammonium removal efficiency.  

4.5.2  Remediation 

The application of SOM-MFCs in the remediation of contaminated soil has attracted 

considerable attention in recent times. Yu et al. [416] constructed an SMFC system to 

remediate polycycle aromatic hydrocarbons polluted soils, with the removal rates of 

anthracene, phenanthrene, and pyrene at 54.2±2.7%, 42.6±1.9%, and 27.0±2.1%, respectively. 

Li et al. [464] showed that the remediation performance of SMFC could be improved with an 

increase in organic matter content, with an increase in total petroleum hydrocarbon 

degradation rate by 200% in one study. SOM-MFC systems can also be used to remediate 

heavy metals [465] due to the presence of electrotrophs (microorganisms that can take up 

electrons directly from the cathode in a microbial electrolysis cell [466]) which contribute to 
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the heavy metals reduction process [467]. In SMFCs, Habibul et al. [419] reported the removal 

efficiencies of Cd ad Pb at 31 % and 44.1%, respectively, while Gustave et al. [468] found 

that the total As concentrations decreased by 53.4%. As noted, the use of SOM-MFCs as a 

remediation technology is promising, especially with its ability to achieve accelerated 

decontamination, self-sustained operation, and lower costs.  

4.5.3  Biosensing  

SOM-MFCs are also used as biosensors for detecting the presence of several compounds 

[469]. The traditional biosensors are attached to physical transducers to convert their output 

into an electrical signal, however, MFC biosensors do not need transducers [210]. SOM-MFC 

biosensors are widely studied for use in monitoring biological oxygen demand (BOD), COD, 

and toxicants [210-212]. Non-traditional biosensing approaches based on SOM-MFCs are also 

emerging. Tapia et al. [470] firstly exhibited a low-cost PMFC biosensor to test the 

relationship between water content and power production of green roofs, which displayed 

that PMFC biosensor which could be a suitable and more sustainable alternative for 

monitoring water content in green roofs in semiarid climates. Then in an innovative study in 

2018, Yoon et al. [471] built a PMFC technique to monitor plant health, as a facile, cost-

effective, and rapid monitoring method, which utilized the reducing action of plant exudates 

on electrochemically active bacteria (EAB) in the rhizosphere as the basis of the method. Jia 

et al. [472] explored a hybrid system integrating MFC-based biosensors with upflow 

anaerobic sludge blanket (UASB) to investigate the internal operation of the UASB reactor, 

which exhibited a better signal feedback sensitivity and reproducibility when COD 

concentration changed. 

In general, the use of SOM-MFC as biosensors is very limited due to several challenges, 

including relatively expensive cathode catalysts, the low current generation, and long 

response time, complex structure and bulkiness, etc. 

4.6  MICROBIAL POPULATIONS IN SOM-MFCS 

Several populations of microorganisms can be found in different SOM-MFCs, indicating 
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that a great number of bacterial species can adapt to these types of substrates. Few 

monoculture strains have been shown to generate PD as high as mixed cultures but mixed 

communities are the best performing to date leading to PD as high as 6.9 W per m2 in a study 

[473]. It can be said that because SOM already contains a rich mixed flora, there is no need 

for rigorous inoculation. However, inoculation can change the microbial community 

composition at the anode, although other factors such as cathode types and operational 

procedures may affect the microbial communities [474]. From the literature reviewed, 

microorganisms such as Proteobacteria, Bacteroidetes, Firmicutes, Chloroflex sp. and 

Geobacter were dominant in SOM-MFCs inoculated with the widely used activated 

sludge/anaerobic sludge inoculums [267]. Figure 4.7. shows the distribution of dominant 

microbial populations in the papers reviewed in this study. Bacteroides and Proteobacteria 

are the two most abundant bacteria, following by Firmicutes, Chloroflex sp., and Geobacter. 

It is interesting to find that Bacteroides and Proteobacteria are both Gram-negative bacteria, 

and most of these microorgrams are anaerobic bacteria or facultative aerobes. Thus, maybe 

anaerobic pretreatment of SOM-MFC is very helpful for the performance improvement of 

SOM-MFC. 

 
Figure 4.7. The bacterial species in SOM-MFC [281, 287, 323, 326, 328, 334, 335, 381, 388, 
418, 425, 461, 475-482]. 
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4.7 CHALLENGES AND FUTURE POTENTIAL OF SOM-MFCS 

4.7.1 Challenges and possible solutions 

In the development of renewable energy sources, despite the limitations of SOM-MFCs, 

due to the naturally low carbon source release rate and subsequent slower redox reactions, 

they still have a key role to play in the realization of the potential contribution of bio-

electrochemical systems. This review provided a detailed overview of developments in SOM-

MFCs and highlights insightful areas for further research within each category. Most 

importantly, as pointed out in this review, several limitations are inherent. In summary, the 

seven main limitations of SOM-MFCs apparent from this review include:  

(a) Low coulombic efficiency;  

(b) High mass transfer resistance but low mass transfer rate;  

(c) High internal resistance;  

(d) Low biodegradation/hydrolysis rate of SOM carbon source substrates;  

(e) Slow microbial reactions at low temperature;  

(f) Potential for biofouling; 

(g) High cost of cation exchange membranes; 

(k) Lack of uniform normalization parameters to compare different work results. 

Based on our analysis of the papers covered in this review, future studies can generally 

improve the performance of SOM- MFCs by considering:  

(a) The design, improvement, and stabilization of the energy harvesting systems in SOM-

MFCs are important. Optimization of the choice of electrode materials and MFC design 

configurations - for example, usage of low cost, high-performance electrodes, catalysts 

and exchange membranes, larger anodic or stacked compartments;  

(b) Development of new and efficient pretreatment methods of SOM carbon source substrates;  

(c) Further optimization of SOM-MFC carbon source substrates to improve mass transport. 

Researchers should especially pay attention to their choice of carbon source substrate 

(should pretreatment be needed) while exploring several types of carbon source substrates;  

(d) A combination with other electrochemical technologies (e.g. MEC, hydrogen-powered 
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fuel cell) to develop multi-functional and large-scale SOM-MFCs. Beyond laboratory tests, 

more SOM-MFC studies need to be designed to examine integration with other emerging 

fields to make the most impact. For example, SOM-MFC integration with other Internet of 

Things (IoT), Artificial Intelligence tools as well as agriculture especially towards 

methane reduction are viable approaches that can have an immediate impact; 

(e) Genetic engineering of microorganisms found in SOM-MFCs to improve transfer 

efficiency; 

(f) All research articles have their own result parameters, such as voltage density, power 

density and current density according to unit volume or anode surface. Thus, the absolute 

power density data and normalized data should be provided in research articles to make 

readers understand more accurately and make it possible to compare different work. 

4.7.2 Future potential and conclusion 

Since SOM-MFCs can last for several years due to their slow-release, producing an 

analog electrical signal without any input of external/additional energy, they can be used in 

many environments. This effectively means that SOM-MFCs can have multiple practical 

applications in the future such as powering small electronics as a power supply for a 

biosensor in the field, as part of a group of more complex and multifunctional SOM-MFC 

sensors, and a combination with other forms of renewable energy generation, including solar 

power in highly forested areas. Furthermore, as electroactive microorganisms found in SOM-

MFCs utilize the same carbon source substrates used by methanogenic organisms in many 

cases (particularly in low carbon source substrate concentrations and low temperatures under 

20 °C) the rate and production of methane can be regulated by integrating SOM-MFC 

components. Such an approach could mean infusion with methanogenic digesters (which 

were already adapted in wide commercial applications) or use in controlling methane 

emission from plants. SOM-MFC could also be incorporated with methanogenic anaerobic 

digestion technology to expand its scale, improve its efficiency and application in the future. 

Innovative ideas such as incorporating disinfectant properties into SOM-MFC that digest 

household wastes are examples of future applications that may help improve sanitation in 
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some countries and regions, especially in the developing world.  

Overall, based on the findings in this review, it can be concluded that SOM-MFCs are 

promising avenues for achieving the potential of bio-electrochemical systems, although 

several optimization efforts, as well as more studies focused on practical utilization, are 

needed. 
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CONNECTING TEXT 

From the literature review in Chapter II-IV, MFC, as one of the main BES technologies, 

has the huge potential to combine with hydroponic technology to solve the problems in 

hydroponic cultivation agriculture. However, rare studies report applying the H-PMFC 

system in rice CH4 control field. Besides, for the MFC configuration, the anode and cathode 

electrodes have a crucial influence on the performance of MFC systems. Especially the 

cathode reactions have a more severe impact on the MFC performances for bioelectric 

generation due to the irreversible responses and processes. Also, the cathode accounts for the 

central part of high cost and low power density problems due to its components' high value 

and slow oxygen reduction kinetics at a neutral medium. Therefore, it is particularly 

important to choose suitable electrodes.  

In Chapter V, to have the best performance of the H-PMFC system, a continuous flow 

solution single-chamber MFC with an air-floating cathode was designed. Carbon cloth and 

carbon felt as anode materials in continuous flow solution single-chamber MFC were 

evaluated. Furthermore, effective and economical 3D floating air-cathodes were developed 

using a simple dip-drying method. 
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CHAPTER V 

EFFECTIVE AND ECONOMICAL 3D CARBON 

SPONGE WITH CARBON NANOPARTICLES AS 

FLOATING AIR-CATHODE FOR SUSTAINABLE 

ELECTRICITY PRODUCTION IN MICROBIAL 

FUEL CELLS 

5.1. ABSTRACT 

The effective and economical three-dimensional (3D) floating air-cathodes were 

fabricated by a simple dip-drying method with carbon black (CB), ethanol, and PTFE 

solution. Pristine Type-I polyurethane sponge (5 pores/mm) and Pristine Type-II 

polyurethane sponge (3 pores/mm) were used as the support. The deposition of CB on 

the Pristine Type-I and Pristine Type-II materials was detected by scanning electron 

microscopy and Fourier transform infrared spectroscopy. The carbon loss rate test 

exhibited good CB adhesive stability on both air-floating cathodes. Besides, Type-

I/CB floating air-cathode displayed 3.7 times higher tensile strength, 10.58 times 

higher elongation at break, and 3.3 times lower cost than carbon felt. The electricity 

production ability of carbon cloth (CC) anode with carbon felt (CF), Type-I/CB, and 

Type-II/CB cathode microbial fuel cells (CC-CF-MFC, CC-I-MFC, and CC-II-MFC) 

were evaluated. After 130 days, the CC-I-MFC showed a maximum PD of 92.58 

mW/m3, which was 4.6 times higher than the CC-CF-MFC. Compared with Type-

II/CB, Type-I/CB cathode improved the maximum power density by 160% due to the 

smaller pores, rougher surface, and higher surface wettability. Further, CC-I-MFC 

exhibited the best overall oxidation-reduction performance and chemical oxygen 

demand removal efficiency. Consequently, Type-I/CB floating air-cathode opens a 

new opportunity for scaling up simple, inexpensive, and high-performance MFCs for 
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energy production. 

Keywords: Economic cathode; electricity production; microbial fuel cell; three-

dimensional floating air-cathode 
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5.2. INTRODUCTION 

Along with the increased human population, industrialization, rapid urbanization, 

and increasing energy crisis, all have a huge impact on environmental pollution. 

Therefore, it is necessary to resolve the energy crisis and environmental pollution 

problems. There are three main energy sources, fossil fuels, nuclear and renewable 

[483, 484]. Fossil fuels and nuclear are non-renewable sources that harm human health 

or the environment [485, 486]. Fossil fuels as a traditional energy source have severe 

influence on human life due to their drastic aftermaths, such as heating pollution, 

atmospheric pollution (e.g., CO, SO2, ash, etc.), and global warming [487]. In recent 

years, interest has grown in using environmentally and economically sustainable 

renewable energy systems [488, 489]. Extracting energy from organic/inorganic wastes 

is an alternative potential way to address both energy and environmental issues. 

Microbial fuel cells (MFCs) have attracted more researchers these years due to 

their combustion-less, pollution-free, bioenergy generation with the degradation 

ability of residual biomass in wastewater [194, 490, 491]. The essential components of 

a functional MFC include carbon sources, anode, and cathode electrodes. Typically, 

the anode draws much attention to the exploration and investigation of the 

exoelectrogenic bacteria that grow in the anode chamber, and the cathode is usually 

neglected [492]. However, due to the irreversible reactions and processes, cathode 

reactions severely impact the MFC performances for a bioelectric generation [294]. 

Besides, the cathode accounts for the central part of high cost and low power density 

(PD) problems due to the high value of its materials and slow kinetics of oxygen 

reduction at a neutral medium [493]. The air-cathode is a sustainable advanced design 

that can substantially decrease operational costs by supplying oxygen through passive 

air diffusion [494]. One most desirable structures of the cathode material is an open 

three-dimensional (3D) microporous structure, which enables internal colonization 

and substrate efficient transportation [495]. The advantages of 3D microporous 

materials include high specific surface area, stable chemical characteristics, and good 

biocompatibility [495, 496]. The ideal 3D electrode should have a porous 
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interconnected framework, a thin layer coating of electroactive materials, and a self-

supported structure free of organic binder [497]. Sponge, an inexpensive material, has 

a typical continuous 3D microporous surface and is virtually no interrupting junctions, 

which facilitates biofilm attachment and internal microbial growth [498]. Besides, the 

sponge can be made into any shape to fit the various sizes of MFCs. Therefore, it 

could be easier to use conductive materials with continuous skin to sponges [495] and 

has been used as the anode electrode in MFCs [498-500]. In comparison with fixed 

cathode electrodes, the floating cathode is more flexible to fit various water volumes, 

e.g., wetland, ocean, hydroponic, greenhouse, etc. Due to the typical structure of a 

floating cathode, floating MFC has unique advantages in water monitoring. Massaglia 

et al. [21] reported that the marine floating MFC could work as portable power supply 

for sensors. Furthermore, the risk of oxygen limitation at the cathode is eliminated 

with a floating design especially in natural settings where MFCs integration have been 

explored. This work was designed to contribute to that practical feasibility, hence the 

design choice. MFCs could benefit from using floating cathodes that have direct 

contact with air, leading to increased performance [501]. Despite sponge materials 

being used as electrode materials in MFCs, previous studies only focused on the 

anode of MFCs. As far as we know, there are few research reports on using sponge 

materials as cathode electrodes in MFCs [495, 502]. However, the MFC configurations 

are usually complicated, expensive, and whether the pore size of carbon black coated 

sponge cathode influences the MFC efficiency has rarely been reported. 

Due to the influence of covid-19, it is also hard to get traditional cathode 

materials online these years. Therefore, in this study, we simplified the cathode 

fabricate processing. Two kinds of 3D sponges (Type-I and Type-II) based on floating 

air-cathode without any additional metal catalysts were manufactured using 

commercial sponges by simple dipping drying methods. To determine the most cost-

effective and highest efficient cathode electrode material in MFCs, the influence of 

the cathode pore size was tested. The 3D floating air-cathodes and traditional 

electrode carbon felt (CF) were characterized by scanning electron microscopy (SEM), 

Fourier transforms infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA), 

https://www.sciencedirect.com/topics/engineering/layer-coating
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mechanical property analysis, water contact angle (WCA), carbon loss rate, cyclic 

voltammogram (CV), voltage, PD, as well as chemical oxygen demand (COD).  

5.3. MATERIALS AND METHODS 

The research was performed for 130 days in the Post-Harvest Engineering 

Laboratory, McGill University (Sainte-Anne-de-Bellevue, Québec, Canada).  

5.3.1 Anode electrode  

Carbon cloth anode carbon felt cathode microbial fuel cell (CC-CF-MFC) and 

carbon felt anode and carbon felt cathode microbial fuel cell (CF-CF-MFC) were 

designed to choose the best performance of anode electrode material. According to the 

power density (PD) result in Figure 5.1. Before day 40 CF-CF-MFC exhibits higher 

PD than CC-CF-MFC, however after day 40 CC-CF-MFC shows the higher PD than 

CF-CF-MFC until day 100. Generally, the rice plant growth cycle is more than 40 

days [503]. Thus, we chosen CC as the anode electrode.  

 

Figure 5.1. Changes in power density in CF-CF-MFC, CC-CF-MFC. 
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5.3.2 Floating air cathode material fabrication  

The processing of the floating air-cathode fabrication is shown in Figure 5.2. 

[495]. The commercially available Type-I blue polyurethane sponge (diameter: 10 cm, 

projected surface area: 78.54 cm2, height: 1.0 cm, 5 pores/mm) and commercially 

available Type-II yellow polyurethane sponge (diameter: 10 cm, projected surface 

area: 78.54 cm2, height: 1.0 cm, 3 pores/mm) as the 3D support matrix. Carbon black 

(CB, Vulcan XC 72R, 50 nm, Fuel Cell Earth Co., Ltd) was used as the conductive 

layer and catalyst. Polytetrafluoroethylene (PTFE, 60 wt% dispersion in H2O, Sigma-

Aldrich Co., Ltd) was used as the binder. The fabricating process was performed 

according to the provided protocol with some modifications [504]. Briefly, 0.24 g CB 

and 1.6 mL PTFE was put into 24 mL ethanol. Subsequently, a uniform CB-PTFE 

suspension was obtained after 30 min ultrasonication. The sponge matrix was dipped 

into the suspension solution and dried in the oven under 50 °C several times until the 

resistance of Type-I/CB and Type-II/CB cathode materials was stable (Table 5.1.). 

The CB of Type-I/CB and Type-II/CB cathode materials was about 80 wt%. 

Table 5.1．The resistance changes of floating air-cathodes according to dipping times. 
Dipping number Type-I/CB resistance (Ω) Type-II/CB resistance (Ω) 

1 2000~1400 5000~3000 

2 500~300 650~500 

3 300~200 500~300 

4 150~85 195~180 

5 120~85 120~130 

6 70~50 110~100 

7 70~40 100~85 

8 56~40 73~60 

9 49~32 65~50 

10 47~30 60~50 
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Figure 5.2. The processing of cathode fabrication and the schematic diagram. 

5.3.3 Characterization of cathode material properties 

5.3.3.1 Scanning electron microscopy 

The surface morphology of electrode surfaces was explored utilizing a scanning 

electron microscope (SEM, TM3000, Hitachi High-Technologies Corporation., Tokyo, 

Japan). 

5.3.3.2 Fourier transform infrared spectroscopy analysis 

The FTIR analysis was conducted for Pristine Type-I, Pristine Type-II, Type-

I/CB, Type-II, and carbon felt materials. The experimental data were obtained by an 

infrared spectrometer (Thermo Scientific, Nicolet iS5, MA, USA) with 64 scans. The 

resolution was 4.0 cm−1 and the scan range was 4000-550 cm−1. The background 
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spectrum was scanned before analyzing each sample with an ATR diamond cell. 

5.3.3.3 Mechanical property analysis 

Material samples (50 mm × 10 mm) were tested on a tensile testing machine 

(INSTRON 4502, United States) with the tensile strength of electrodes (25 mm, 50 

KN). The crosshead speed was 25 mm/min. Tensile strength (TS) and the percent 

elongation (EB) at the breakpoint were calculated as follows: 

TS (MPa) = F/(a × b) 

EB (%) = ΔL/L0 × 100% 

where F (N) refers to the stress of film at break, a (mm) refers to film thickness, and b 

(mm) refers to film width; ΔL (mm) was elongated length of film, L0 (mm) was 

original lengths of film. 

5.3.3.4  Thermogravimetric analysis 

The thermal behavior of Pristine Type-I, Pristine Type-II, Type-I/CB, Type-II/CB, 

and carbon felt materials was evaluated by TGA. High-purity nitrogen provided the 

inert atmosphere needed to perform pyrolysis at 60 mL/min. A TGA Q50 (TA 

Instruments, DE, USA) was utilized at 25 °C and heated up to 700 °C at a rate of 

10 °C/min. 

5.3.3.5 Water contact angle (WCA) 

The surface wettability was tested by a static water-drop method. The WCA was 

tested under room temperature with 2 μL high purity water to quantify the 

hydrophobicity of Pristine Type-I, Pristine Type-II, Type-I/CB, Type-II/CB, and 

carbon felt materials according to the smartphone-based contact angle method 

developed by Chen et al. [505]. The tests were repeated 10 times for each sample, and 

the averaged WCA was calculated. A smartphone camera was used to record the 

images, and the ImageJ software was used to measure the WCA. 

5.3.3.6 Carbon loss rate 

The carbon loss rate of Type-I/CB and Type-II/CB cathode materials were tested 
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at room temperature (27 ± 3℃). All samples were weighed and dipped into the 

Kimura nutrition solution at room temperature. Then, all samples were dried in an 

oven (30 ± 5℃) until the constant weight. All samples were weighed on the dipping 

day 0, 2, 4, 6, 8, 10, 13, 16, 19, 22, and 30. The carbon loss percentage was calculated 

as follows: 

Loss percentage =  

where, m1(g) was the initial weight of the cathode sample, and m2(g) was the 

weight after dipping in the Kimura solution. 

5.3.4 Microbial fuel cell operation  

5.3.4.1 Nutrition solutions 

The Kimura solution with sodium acetate and peat moss were used as the carbon 

source. The Kimura solution with sodium acetate solution was consisting of MgSO4 

(280 µM), (NH4)2SO4 (180 µM), Ca(NO3)2 (180 µM), KNO3 (90 µM), KH2PO4 (90 

µM), H3BO3 (3 µM), MnCl2 (0.5 µM), CuSO4 (2 µM), ZnSO4 (0.4 µM), 

(NH4)6Mo7O24 (1 µM), and CH₃COONa (10 µM) prepared as described by Ueno et al. 

[506] with some modification. 2 mM NaOH was used to adjust the pH of nutrient 

solution. 

5.3.4.2 Microbial fuel cell design 

Three single-chamber air cathode MFCs: carbon cloth (CC) anode, carbon felt 

cathode MFC (CC-CF-MFC), CC anode Type-I/CB cathode (CC-I-MFC), and CC 

anode Type-II/CB cathode MFC (CC-II-MFC) were constructed using polyvinyl 

chloride (PVC) water pipe (diameter: 100 mm, length: 250 mm, reactor volume: 1.96 

L). The detailed MFC setup is shown in Figure 3.2.  

Peat moss was utilized as the support matrix and filled with 3/5 of the volume in 

all MFCs. The anode electrode (CC, 100 mm, 60 mm) was placed horizontally at the 

bottom of MFC under peat moss matrix. The floating air-breathing cathode electrode 

(100 mm, 50 mm) was placed at the surface of the peat matrix. The insulated 
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stainless-steel wires (thickness: 0.45 mm) were used as the current collectors. The 

distance between the anode and cathode electrode was 150 mm connected by 

insulated stainless steel wires with conductive cement. An outlet port, 6.35 mm in 

diameter by 90 mm in length, near the bottom to export waste solution in the beaker 

(1L capacity). The MFC was inoculated with 5 mL of anaerobic sludge with about 40-

50 g/L volatile suspended solids (Lassonde Inc., Rougemont, QC, Canada) with 5 mL 

phosphate buffer (K2HPO4: 2 g, Na2HPO4·7H2O: 2.55 g, NaH2PO4·H2O: 0.55 g). A 

programmable peristaltic pump (15 W capacity) was used to pump the Kimura B 

solution (hydraulic retention time: 1 h). The MFCs were operating under a continuous 

mode with the flow rate of 5 mL/h. 

Initially, all MFCs were run under an open circuit. Then, the polarization test (P-

test) was done (day 2, day 6, and day 26) to calculate the external resistance (Rext), 

which was carried out according to a method described elsewhere [507]. Briefly, 

disconnect the Rext of MFC for 30 min to measure open-circuit voltage (OCV). 

Thereafter, reconnected and progressively decreased the Rext (5 mins intervals) in 

descending order of 50 kΩ, 25 kΩ, 10 kΩ, 5 kΩ, 2 kΩ, 1 kΩ, 500 Ω, and 100 Ω and 

then in ascending order. After reading the OCV of the last resistance, the P-test was 

completed. During normal operation, the output voltage measurement of each MFC 

was logged at intervals of 1 min using a data acquisition system (34,970A, Agilent 

Technologies, Santa Clara, California, USA) controlled by BenchLink Data Logger 

software (Version 3.04, Agilent Technologies, Santa Clara, California, USA). A Vee 

Pro 8.0 automated software (Agilent Technologies, Santa Clara, California, USA) was 

used for obtaining the data used to calculate the internal resistance (Rint) during the 

polarization test. 

5.3.4.3 Cyclic voltammetry test 

The traditional three-electrode electrochemical cell was used to examine the 

direct electrode reaction of bacterial cells in all MFCs. The three-electrode 

electrochemical cell consists of an MFC setup with Ag/AgCl reference electrode 

(diameter 0.381 mm), a functional generator (PI-8127, PASCO, Oakville, Canada), 
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and a data acquisition system (34,970A, Agilent Technologies, Santa Clara, California, 

USA). Measurements were carried out at the scanning rate of 5 mV/s under room 

temperature. All experiments were repeated three times.  

5.3.4.4 Chemical oxygen demand test 

According to the Standard Methods (APHA 1995), the closed reflux colorimetric 

method with a spectrophotometer (MiltonRoy, Model Spectronic 21D) was used to 

examine the COD of all MFCs.  

5.3.5 Statistical analysis 

The SPSS software (SPSS Inc., Ver. 18, Chicago, IL, USA) was used to analyze 

experimental data. The analysis of variance (ANOVA) was performed using Duncan 

multiple range test to separate the means and to establish significance (α= 0.05). 

5.4. RESULTS AND DISCUSSION  

5.4.1 Characterization of cathode materials 

The morphologies of all Pristine Type-I and Pristine Type-II materials (Figure 

5.3.(a) & (d)), Type-I/CB, Type-II/CB, and carbon felt cathode materials (Figure 

5.3.(b), (c), (e), (f), (g), & (h)) are seen clearly in SEM images. It can be noticed that 

bare Pristine Type-1 (Figure 5.3.(a)) and Pristine Type-II materials (Figure 5.3.(d)) 

made up of polyurethane exhibited an open 3D hierarchical microporous structure 

with continuously large specific surfaces. Compared with Pristine Type-II material, 

Pristine Type-I material displayed a tighter pore structure with a smaller size and 

rougher surface. These microporous structures and rough surfaces were conducive to 

increasing carbon black loading capacity. Xu et al. [508] proved that the rougher 

structure could help material electrodes to have better conductivity and capacitance. 

By the simple dip-drying method, the insulated Type-I/CB and Type-II/CB 

cathode materials gained conductive electricity ability. Figure 5.3.(b) & (e) 

observation confirmed carbon black was well attached to both Type-I/CB and Type-

II/CB materials. Compared with Figure 5.3.(a) & (d), the small size of carbon black 
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powder enabled it to fill macropores of the materials with the help of a PTFE binder. 

Carbon black-PTFE composites were agglomerated and connected with another 

carbon black as a bulk. This result indicates a continuous carbon black coating layer, 

which could offer good conductivity for the entire 3D matrix. 

Further, Type-I/CB material showed a tighter structure than Type-II/CB material, 

which resulted in lower ohmic resistance (Table 3.1.). Carbon felt textile exhibited a 

layered structure with uniform microfibers (Figure 5.3.(g)). However, the layered 

independent fiber structure could interrupt contact between the carbon felt textile 

fibers, causing uneven spacing between fibers and low electrical conductivity [495]. 

Moreover, different from carbon felt textiles with limited thickness, materials are 

isotropic and can be processed into any shape to accommodate various device 

configurations [495]. 

Figure 5.3.(c), (f), & (h) showed the SEM results of Type-I/CB, Type-II/CB, and 

carbon felt cathode materials after 130 days of operation in MFCs, which revealed the 

biofilm covering the cathode materials. Yang et al. [509] noticed that the single-

chamber air-cathode MFCs usually grow the biofilm on the air-cathode surface 

because of membraneless between the anode and cathode compartments. Compared 

with Type-I/CB (Figure 5.3.(c)), Tye-II/CB and carbon felt cathode materials (Figure 

5.3.(f) & (h)) demonstrated more obvious biofilm growth. This may be due to the 

Type-I/CB cathode material not being suitable for microbial attachment with a 

smoother and tighter surface (Figure 5.3.(c)) than Type-II/CB and carbon felt cathode 

materials (Figure 5.3.(e) & (g)). Different from Type-II/CB cathode material, where 

the biofilm covers the surface of the material, carbon felt showed an opened 3D 

structure, where the biofilm covers the surface of the single fibers and leads to higher 

internal resistance. This phenomenon was consistent with the results of the P-test. 

Biofilms have been considered as the diffusion barriers for the transport of mass ion 

to the cathode interface, thus influence the transport of H+/OH- and the electrode 

surface overall reaction rate [510].  
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Figure 5.3. The ×500 magnify SEM images of (a) Pristine Type-I material, (b) Type-

I/CB cathode material, (c) Type-I/CB cathode material after 130 days running in MFC, 

(d) Pristine Type-II material, (e), Type-II/CB cathode material, (f) Type-II/CB cathode 

material after 130 days running in MFC, (g) carbon felt material, (h) carbon felt 

cathode material after 130 days running in MFC. 

5.4.2  Fourier transform infrared spectroscopy analysis 

FT-IR spectroscopy is a practical method for gaining organic material qualitative 

information [511]. As shown in Figure 5.4.(a) carbon felt did not present apparent 

peaks because of this simple C/C-composed material with very few oxygens 

functional groups, which was similar to the results reported by Wang et al. [512]. 

Similar spectral fingerprints were observed between the Pristine Type-I and Pristine 

Type-II, presenting several functional groups such as the N-H stretching at 3304 cm-1, 

the C-H stretch of CH3, CH2, and CH at 2950-2850 cm-1, the C=O carbonyl stretching 

of urethane and at 1736 cm-1, the C=C stretching at 1535 cm-1, as well as the vibration 

of ring C-O-C at around 1224 cm-1 [513]. Compared to the Pristine Type-I and Pristine 

Type-II, Type-I/CB and Type-II/CB did not form covalent bonds after combining the 
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carbon black and PTFE. Therefore, around similar major peaks in all the Type-I/CB 

and Type-II/CB cathode materials, the different absorptions show that all compound 

interactions were more likely due to physical response [514]. Besides, the Type-I/CB 

and Type-II/CB cathode materials showed more intensive spectral absorptions than 

Pristine Type-I and Pristine Type-II materials. This indicated the more vital molecular 

forces of functional groups after the combinations of carbon black by PTFE. Besides, 

compared with Type-II cathode materials, Type-I/CB cathode material displayed more 

intensive wavebands, demonstrating that the size and number of pores of sponge 

materials could affect the combination properties with carbon black and PTFE. 

 

Figure 5.4. The (a) FTIR spectrum, (b) TGA curve, (c) DSC curve, (d) carbon loss 

rate of carbon felt, Pristine Type-I, Pristine Type-II, Type-I/CB, and Type-II/CB 

materials. 

5.4.3 Mechanical properties  

TS and EB are two valuable parameters used to describe material mechanical 

properties. TS represents the cohesion property between polymer chains, and the EB 
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indicates the flexibility and extensibility of material before material fracture [515]. All 

results are shown in Table 5.2. Compared with Pristine Type-I, Pristine Type II, Type-

I/CB, and Type II/CB, the carbon felt material showed significantly low TS and EB 

values of 0.09 ± 0.05 MPa and 12.46 ± 6.04% (p< 0.05), respectively. This is due to 

the carbon felt being a C/C composite material; the overall load-bearing performance 

of the composite structure is determined by the fiber and matrix connect interface 

[516]. In particular, the stress transfer from the matrix to the fiber is determined by the 

interface bonding quality [517, 518]. As shown in Figure 5.3.(g), carbon felt fibers 

displayed a random direction pathway, and the layered independent fiber structure 

could interrupt contact between the carbon felt textile fibers, causing uneven spacing 

between fibers, then resulting in a poor mechanical property. Pristine Type-I and 

Pristine Type-II were all polyurethane materials with the same molecular structure; 

therefore, they had similar EB before and after treatment (p > 0.05). However, Pristine 

Type-I materials presented a significantly high TS than Pristine Type-II materials 

before and after treatment (p < 0.05). This was caused by the pore-stress 

concentration effects. As described before, Pristine Type-I showed a tighter and more 

uniform pore structure than Pristine Type-II materials. Due to small pore sizes, the 

interaction between crack and pore limit the pore-stress concentrations effects, which 

lead to a high TS [519]. Besides, Type-I/CB and Type II/CB cathode materials showed 

slightly higher mechanical properties than pristine materials (p > 0.05). This means 

combining carbon black and PTFE will not change the chemical structure of 

polyurethane materials, which gave consistent results with the FTIR approach. The 

higher mechanical properties of Type-I/CB and Type II/CB cathode than carbon felt 

also demonstrated that the polyurethane-based cathode materials have more 

application value in large-scale MFCs. 

Table 5.2. The mechanical properties and water contact angle of all sample materials. 
 Carbon felt Type-I Type-II Type-I /CB Type-II/CB 

TS (MPa) 0.09 ± 0.05c 0.32 ± 0.03a 0.17 ± 0.02b 0.34 ± 0.04a 0.19 ± 0.01b 

EB (%) 12.46 ± 6.04b 125.37 ± 5.14a 128.57 ± 6.65a 131.83 ± 6.47a 132.87 ± 5.21a 

WCA (°) 150.98 ± 0.35a 131.36 ± 0.67b 114.36 ± 0.28c 67.62 ±0.81d 77.18 ± 0.27e 
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Notes: Different letters in the same row indicate significant differences (p < 0.05) 

5.4.4 Water contact angle analysis  

In the floating air cathode MFC, surface wettability is one of the critical 

parameters, especially the floating air-cathode, which has a complex three-phase 

interface: air (oxygen), water (protons), and solid (electricity) [520]. According to 

Chai et al. [521], the better cathode material surface hydrophilic property favors the 

electron transfer between electrolyte surface  and electrode surface, thereby 

accelerating oxygen reduction reaction (ORR) kinetics. Therefore, the floating air 

cathode should have a specific ability of surface wettability to provide more surface-

active area for the ORR [522]. The WCA of different solid surfaces are as follows: 

θ<5°, super-hydrophilic; 5°<θ<90°, hydrophilic; 90°<θ<150°, hydrophobic; and 

θ>150°, superhydrophobic. As shown in Table 5.2. the carbon felt shows the highest 

WCA value, slightly higher than 150°. The Pristine Type-I and Pristine Type-II 

materials present a WCA value of 131.36 ± 0.67° and 114.47 ± 0.27°, respectively. 

These results indicated that the Pristine Type-I and Pristine Type-II materials are 

hydrophobic but could provide a higher surface-active area with water and oxygen 

surface than carbon felt. Besides, the WCA of Type-I/CB and Type-II/CB materials 

were 67.63 ± 0.81° and 77.17 ± 0.27°, respectively. The surface wettability of a solid 

is associated with the surface chemical composition and morphology. Therefore, we 

proved that the carbon black could alter the surface characterization of the sponge 

materials, which is consistent with the results of the SEM and FTIR test (Figure 3.3 & 

3.4.), enhancing the hydrophilic characteristics of cathodes. Meanwhile, Type-I/CB 

displayed a significantly low WCA value than Type-II/CB material (p < 0.05), thus, 

we speculated that the Type-I/CB cathode material has a higher electron transfer 

ability than the Type-II/CB cathode material. 

5.4.5 Thermogravimetric analysis 

The thermal stability and degradation mechanism of the Pristine Type-I, Pristine 

Type-II, Type-I/CB, Type-II/CB, and carbon felt were measured by the TGA and 
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derivative thermogravimetric (DTG). The initial temperature was defined as the 

temperature at which the weight loss at 5 wt% [523]. Figure 5.4.(b) & (c) indicate 

that the carbon felt is stable over the whole tested temperature range (0-700 °C). The 

Pristine Type-I and Pristine Type-II materials show a similar TGA and DTG 

thermograms trend, which indicates a process of two-stage thermal degradation. The 

first stage of thermal degradation temperature for Pristine Type-I and Pristine Type-II 

materials occurred in the range of 240-306 °C with a significant weight loss of 

30.48% and 24.17%, respectively. This phenomenon was corresponding to physically 

absorbed water release and toluene diisocyanate liberation, which is caused by 

urethane depolymerization and urea groups bisubstitution [524]. These results are 

consistent with the results obtained by the FTIR (Figure 5.4.(a)). The second stage is 

the main pyrolysis region of Pristine Type-I and Pristine Type-II materials, which 

occurred in 326-440 °C with a weight loss of 55.69% and 61.78%, respectively. This 

is due to the decarboxylation reactions and dehydration, producing combustible gases 

(e.g., ketones, ethers, and aldehydes) [523].  

Different from Pristine Type-I and Pristine Type-II materials, there are three 

similar degradation steps in Type I/CB and Type-II/CB cathode materials. The third 

step weight loss of Type-I/CB and Type-II/CB cathode materials, occurs in the 

temperature range 494-627 °C, which approaches the thermo-oxidation of carbon 

black [525-527]. This demonstrates that the polyurethane phase was decomposed, and 

the main component is carbon black which rules the overall decomposition of the 

material. Besides, incorporating carbon black into the Pristine Type-I and Pristine 

Type-II networks demonstrates a higher initial degradation temperature with stronger 

thermal stability. Therefore, a retarded weight loss rate and an improved char yield in 

the higher temperature area of Type-I/CB and Type-II/CB cathode materials were 

obtained. This is primarily because of the high thermal stability and blocking effect of 

nanosized carbon black-based coating, which took part in the homogeneous hybrid 

network formation [523]. The higher char production for Type-I/CB and Type-II/CB 

cathode materials suggested that less volatiles were released from the nanocomposites 

during heating process, and the reduced volatiles release rate implied the flame 
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retardance of the nanocomposites was enhanced [528, 529].  

5.4.6 Carbon loss rate analysis 

The results of the carbon loss from Type-I/CB and Type-II/CB cathode materials 

are displayed in Figure 5.4.(d) During the first 4 days of dipping into the Kimura 

solution, both Type-I/CB and Type-II/CB cathode materials show a high loss rate of 

carbon mass of 1.49% and 1.41%. After day 16, the Type-I/CB and Type-II/CB 

cathode materials showed a stable weight value. Compared with Type-II/CB material, 

Type-I/CB material exhibited a higher weight value, which may be due to the tight 

and rough structure that could enhance the surface adhesion of carbon black [530]. 

Furthermore, after 30 days of testing, the carbon loss rate of Type-I/CB and Type-

II/CB cathode materials were only 1.61% and 1.66%, which have no obvious 

difference from the initial weight value. This result indicated the good carbon black 

adhesive stability when the Type-I/CB and Type-II/CB materials were air-floating 

cathodes.  

5.4.7 Performance at startup  

In the beginning, all MFCs were run under open-circuit mode (OCM), and 

continuous monitoring was started after 10 days. The initial polarization curves and 

PD curves of the P-test of all MFCs are shown in Figure 5.5.(a)-(c). CC-I-MFC 

showed the highest open-circuit voltage (603.78 mV) with a maximum PD of 1397 

mW/m3 normalized by the anode volume at the current density of 2314.80 mA/m3. 

Thus, CC-I-MFC has a higher capacity to accumulate charge under P-test open circuit 

mode [531]. Based on the P-test, the Rint of CC-CF-MFC, CC-I-MFC, and CC-II-MFC 

were about 8180 Ω, 2757 Ω, and 2272 Ω, respectively. Then, the MFCs were started 

with the fixed Rext of 7000 Ω, 2700 Ω, and 2170 Ω. Under the closed-circuit mode, 

strong fluctuations appeared before monitoring day 26 on all MFCs due to the poor 

connections (Figure 5.6.).  

Further, the last P-test was performed on monitoring day 26 (Figure 5.5.(d)-(f)). 

The MFC with Type-I/CB material cathode showed the lowest slope, indicating that 
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the polarization of CC-I-MFC was the lowest, the extracellular electron transfer rate 

was accelerated, and the Rint was reduced [498]. The maximum PD of CC-CF-MFC 

was 92.28 mW/m3, 4 times lower than CC-I-MFC (436.44 mW/m3) and CC-II-MFC 

(439.76 mW/m3). The Rint of CC-CF-MFC and CC-I-MFC was slightly decreased to 

5532 Ω and 2250 Ω, respectively. However, it was increased by 2 times (4721 Ω) for 

CC-II-MFC (Figure 5.6.(c)). A stable trend of voltage was noticed after the 

introduction of 5510 Ω, 2670 Ω, and 4930 Ω Rext for CC-CF-MFC, CC-I-MFC, and 

CC-II-MFC, respectively (Figure 5.6.(a)-(c)). The voltage of CC-CF-MFC reached 

the maximum value of around 71.56 mV. However, beyond day 40, the output voltage 

of CC-I-MFC and CC-II-MFC continued to increase. CC-I-MFC keeps showing 

higher value than CC-II-MFC. This behavior was attributable to the Rint from 

polarization tests, where CC-I-MFC consistently displayed the lowest Rint, followed 

by CC-II-MFC and CC-CF-MFC (Figure 5.6.(a)-(c)) similar to the results reported 

by Adekunle et al. [277]. Besides, the cathode biofilm shown in SEM results (Figure 

5.3.) also increases the Rint of MFCs, which subsequently decreased the generation of 

electricity [532, 533].  

In this work, to improve and stabilize output power, the Rext of MFCs was 

adjusted according to the estimated Rint determined from the polarization test. 

However, because of the Rint changes, significant variations were observed until the 

last P-test in all MFCs over time. This could mean the Rext optimization method is not 

appropriate for MFCs. The Rint may not change as quickly as in MFCs with more 

soluble organic matter to fit too frequently changing Rint [534]. Therefore, a fixed Rext 

value is suggested, which should be similar to the initial Rint. Otherwise, it could 

result in unstable performance. 
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Figure 5.5. Polarization curves of (a) CC-CF-MFC, (b) CC-I-MFC, (C) CC-II-MFC on monitoring day 1, and (d) CC-CF-MFC, (e) CC-I-MFC, 

(f) CC-II-MFC on monitoring day 26. 
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Figure 5.6. The internal resistance of (a) CC-CF-MFC, (b) CC-I-MFC, (c) CC-II-MFC and the voltage curves of (d) CC-CF-MFC, (e) CC-I-

MFC, (f) CC-II-MFC. 
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5.4.8 Power production of microbial fuel cells 

As shown in Figure 5.7. the PD curve exhibits three distinct regions of all MFCs 

throughout the study. During the first 26 monitoring days, the PD of all MFCs was 

unstable. In addition to the bad wire connection between the anode and cathode 

electrodes, this was most likely due to the immature anodic biofilm. Besides, periodic 

changes in Rext (Figure 5.6.(a)-(c)) and pH (Figure 5.7.) can also lead to fluctuations 

in power outputs [531]. Monitoring day 40 from the start is noteworthy. After about 40 

days of monitoring, all MFCs turn into a stationary trend. These stable output voltages 

mean the maturation of anodic biofilm [535]. CC-CF-MFC registered its maximum 

PD of 20.05 mW/m3 at a monitoring day of 40. Then followed by a gradual declining 

trend until monitoring day at 130. At the end of the monitoring day, the highest value 

of PD was gained in CC-I-MFC at 92.58 mW/m3, followed by CC-II-MFC at 35.63 

mW/m3. It was clear that MFC with a floating air-cathode had higher PD than MFC 

with a normal cathode when coordinated with the same anode electrode material. This 

might have resulted from the oxygen intrusion into the MFCs. Khudzari et al [27] 

proved that oxygen could flow into the anode chamber via a porous air-cathode. The 

presence of oxygen could consume electrons through chemical and biological oxygen 

reduction processes, leading to increased anode potential, resulting in lower cell 

voltage and energy output. In comparison to the carbon felt cathode, the floating air-

cathode displayed a tighter microstructure in the SEM test (Figure 5.3.). Hence, CC-

CF-MFC was more likely affected by oxygen diffusion. Besides, as shown in SEM 

results, more biofilms grown on Type-II/CB and carbon felt cathode materials, which 

may consume part of the available oxygen through aerobic respiration, thereby 

reducing the cell voltage [510]. Compared with CC-II-MFC, CC-I-MFC showed 4.6 

times higher PD, therefore, it proved that the Type-I/CB cathode material has a higher 

electron transfer ability than the Type-II/CB cathode material. This result is consistent 

with the WCA test. Further, the PD of floating air-cathode MFCs keeps increasing at 

the end of the experiment demonstrating floating air-cathode are more suitable for 

long-time MFC operation. 
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Figure 5.7. Changes in power density and pH measured in CC-CF-MFC, CC-I-MFC, 

and CC-II-MFC. 

5.4.9 Electrochemical analyses 

The electrochemical performance of the three cathode surfaces was evaluated by 

CV at the experiment completion. As demonstrated in Figure 5.8.(a) all the cathode 

samples exhibited several asymmetrical redox peaks. This result suggested the 

generation of electro-activated compounds during the electricity production process. 
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The anodic oxidation peak of these three electrodes was carbon felt (0.000097 mA) > 

Type-I/CB (0.000045 mA) > Type-II/CB (-0.000004 mA). The reduction reaction of 

these three electrodes was Type-II/CB (-0.000136 mA) > Type-I/CB (-0.000017 

mA) > carbon felt (-0.000038 mA). A higher peak current indicates a higher 

electrocatalytic value [536]. Thus, the carbon felt electrode was the best in the anodic 

oxidation reaction but the worst in the reduction reaction; Type-II/CB cathode was the 

best in the cathodic reduction reaction but the worst in the oxidation reaction. 

Therefore, the Type-I/CB cathode electrode performs better overall oxidation-

reduction. 

 

Figure 5.8. (a) CV of carbon felt, Type-I/CB, and Type-II/CB cathode materials at a 

scan rate of 5mV/s; (b) COD concentration from the CC-CF-MFC, CC-I-MFC, and 

CC-II-MFC. 

5.4.10 Performance in chemical oxygen demand removal 

The COD removal levels of all MFCs with all cathode electrodes were also 

tested. The influent COD was 288.21 ± 1.62. During the cycle of electricity 

generation, a decrease in the COD trend of all MFCs was observed. After 10 days of 

monitoring, the COD concentrations in the CC-CF-MFC, CC-I-MFC, and CC-II-

MFC effluent were 247.11 ± 1.63, 252.85 ± 1.63, and 257.45 ± 1.63 mg/L, 

respectively (Figure 5.8(b)). By day 50, the COD was decreased to 190.79 ± 1.62, 

191.94 ± 3.25, and 198.84 ± 1.63 mg/L in CC-CF-MFC, CC-I-MFC, and CC-II-MFC, 
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respectively. At the end of the electricity generation cycle, a marked decrease 

occurred in CC-I-MFC. Notably, the COD decreased from 252.85 ± 1.63 mg/L to 

137.92 ± 2.82 mg/L, resulting in the highest COD removal of 45.45%, followed by 

CC-CF-MFC at 36.74% and CC-II-MFC 33.48%. Clearly, the Type-I electrode is 

most effective at COD removal. Thus, MFC equipped with Type-I floating air-

cathodes was more efficient in increasing mass transfer rate, thereby facilitating the 

conversion of organic/inorganic carbon into electricity. However, Type-II/CB and 

Type-I/CB electrodes showed a different COD removal ability in this study. U. Abbasi 

et al. [537] reported that COD removal efficiency is directly proportional to the 

amount of voltage generated. As mentioned in the power density and SEM test, Type-

I/CB has the higher PD due to its tighter pore structure, smaller size, and a rougher 

surface than Type-II/CB. Therefore, the microstructure has a crucial influence on 

COD removal rate. 

5.4.11 Cost of assessment of floating air-cathode 

The cost of Type-I floating air-cathode was calculated according to the current 

North American market. The cost of carbon felt cathode is $0.02/cm2. The price of 

Type-I material, carbon black, and PTFE are $0.04/cm2, $1/g, and $0.74/mL, 

respectively. For one Type-I cathode, 2.4 g/cm2 carbon black and 16 mL/cm2 PTFE 

will be utilized. Thus, the estimated cost of a Type-I cathode will be $0.006/cm2. For 

future studies, stainless-steel mesh could be used to improve the electrical 

conductivity of Type-I cathode. The price of stainless-steel mesh is 0.013/cm2. Hence, 

the cost of Type-I could be 0.019/cm2. This is still less compared with carbon felt 

cathode (0.019/cm2 < 0.02/cm2). 

5.5. CONCLUSION 

In this study, two kinds of inexpensive 3D air-floating cathodes were made by 

commercially available material through the simple dip-drying method. The SEM 

results showed that PTFE was utilized as a binder with carbon black successfully 

coating on the sponge matrix. Although the ideal 3D cathode should be free of organic 
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binder, PTFE in the cathode could introduce oxygen transfer and limit electrode water 

losses [538]. PTFE has chemical stability and hydrophobic nature and can form a 

porous microstructure network in the electrodes, significantly enhancing the active 

area and mass transport in the electrodes [539, 540]. Electricity was constantly 

monitored for 130 days from CC-CF-MFC, CC-I-MFC, and CC-II-MFC. Compared 

with carbon felt cathode material, floating air-cathodes show tighter and more 

continuous microstructure, which results in 4.52 (CC-I-MFC vs. CC-CF-MFC) and 

3.82 times (CC-II-MFC vs. CC-CF-MFC) higher maximum PD. According to 

previous studies, 3D sponge anode performs better due to its specific surface area and 

higher affinity for living bacterial cells, which allows sufficient substrate exchange to 

support the growth of internal bacterial biofilms [541]. However, in our study, when 

3D sponge utilized as cathode in MFCs, the biofilms on cathode electrode surface 

have been considered as the diffusion barriers for the transport of mass ion to the 

cathode interface, which has negative effects of MFCs [510]. Also, biofilms grown on 

the cathode surface may consume part of the available oxygen by respiration progress, 

causing low voltage [510]. 

During the CV test, the carbon felt electrode exhibited the best result in anodic 

oxidation but the worst in the reduction reaction. Type-II/CB cathode showed the best 

effect in the cathodic reduction reaction but the worst in the anodic oxidation. 

Whereas Type-I/CB cathode electrode offers the best overall oxidation-reduction 

performance. Further, CC-I-MFC is most effective at COD removal of 1.24 and 1.36 

times higher than CC-II-MFC and CC-CF-MFC, respectively. The essential estimated 

cost of a Type-I/CB cathode will be $0.006/cm2 less than a carbon felt cathode. 

Therefore, the air-floating cathodes investigated in this study demonstrated the 

potential application in MFCs. The Type-I/CB cathode electrode is an efficient and 

cost-effective cathode material for the MFC setups. Further studies could use 

stainless-steel mesh on both sides of cathode to enhance the wire connection between 

the electrodes and the electrical conductivity of Type-I/CB floating air-cathode.
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CONNECTING TEXT 

This Chapter V explored carbon cloth and carbon felt anodes, as well as the new 

low-cost 3D air floating cathode to improve the efficiency of hydroponic MFC. The 

results showed that the carbon cloth anode and Type-I/CB cathode microbial fuel cell 

(CC-II-MFC) had the best overall performance for 130 days running. Type-I/CB 

cathode has the lowest cost compared with carbon cloth and Type/II cathode. 

Therefore, carbon cloth anode and Type-I/CB cathode will be used in the following 

H-PMFC studies. 

The potential application of PMFCs to decrease CH4 in rice plants has been 

summarized in the literature review. However, no study has reported the effects of H- 

PMFC on rice CH4 emission. Chapter VI investigated the influence of bioelectricity 

production on CH4 emission from H-PMFC cultivated by rice plants. The impact of 

H-PMFC and potted rice plants on the CH4 production, plant growth, and plant 

biomass production were also be compared.  
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CHAPTER VI 

THE ROLE OF HYDROPONIC MICROBIAL 

FUEL CELL IN THE REDUCTION OF METHANE 

EMISSION FROM RICE PLANTS 

6.1 ABSTRACT 

In this study, to achieve low-carbon agriculture, we built an innovative flow-through 

hydroponic microbial fuel cell (H-MFC) to decrease rice plants' methane (CH4) 

emissions. A single-chamber H-MFC equipped air-floating cathode design was 

modified for the hydroponic cultivation of Hayayuki rice plants (Oryza sativa L.). For 

comparison purposes, two hydroponic plant microbial fuel cell (H-PMFCs) seeded 

with rice (PMFC-A, PMFC-B), two H-MFCs with no plant (NPMFC-A, NPMFC-B), 

and two potted rice plants (Control-A, Control-B) were tested. Then, the output power 

density (PD), effluent COD, rice plant biomass yield, and methane flux emission were 

evaluated. PMFC showed the highest power density 504.39 mW/m3 (PDmax), which is 

4.88 times higher than NPMFC. The higher PDmax observed in the PMFCs can be 

attributed to an increased hotpot of microbes’ activity in the rhizodeposition zone, 

leading to increased (1.45 times higher) average COD concentration in PMFCs when 

compared to NPMFCs. The average CH4 emission flux in the Control (2.03 ± 5.21 

mg/m2/h) was 1.97 times higher than PMFC (1.03 ± 0.05 mg/m2/h). These results 

showed that integrating MFC technology could decrease CH4 emissions from rice 

plants in hydroponic systems. In addition, the rice plants grown in PMFC and Control 

have similar shoot heights (58.9±1.85 cm vs. 59±1.75 cm) and root weight 

(0.1964±0.0047 vs. 0.1777±0.0078). The integration of H-MFC has no significant 

influence on the biomass production of rice plants.  

Keywords: cleaner bioelectricity production; hydroponic microbial fuel cell; low-

carbon agriculture; methane control 
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6.2 INTRODUCTION 

For the sustainable development of the earth, green growth, clean energy, and 

environmentally friendly concept gain lots of attention around the world. However, 

traditional agriculture, such as rice crops, has brought severe environmental damage 

due to greenhouse gas emissions, which is a considerable threat to sustainable 

agriculture. Compared to wheat and maize, the global warming potential of rice crops 

is 467% and 169%, respectively [4]. Rice cultivation is a primary source of vital and 

long-lasting greenhouse gases, primarily CH4. The rice fields account for 30% of 

global agricultural CH4 emissions [5]. Annually, 1×1014 g of CH4 is released by rice 

plants, accounting for 1/5 of the total amount of produced CH4 around the world [542]. 

However, CH4 has 28 times higher global warming potential than CO2 [2]. Therefore, 

this indicates the essential need for conventional agriculture to switch toward clean 

energy agriculture. 

Facultative anaerobic archaea are the primary bacteria that could produce CH4 in 

the rhizodeposition (e.g., exudates, secretions, lysates, etc. [15, 16]) around plants’ 

roots   [543]. The rhizodeposition can account for more than 50% of total CH4 

production [544]. The rice paddy field CH4 production is around 0~60 mg CH4/m2/h 

[545-547], corresponding to an electrical current of 0~804 mA/m2 [24]. However, the 

rice paddy field emission of low concentration of CH4, and a substantial portion of it 

is immediately consumed by methanotrophs before being released into the air [548]. 

Therefore, it cannot be used to serve as capturable energy.  

Microbial fuel cell (MFC) is a renewable developing technology that can utilize 

living microbes as electrode catalysts to produce electricity [18] and capture the latent 

energy in CH4 from rice paddy fields [549]. According to research in 2008, a variant 

of MFCs built with a growing plant - Plant MFC (PMFC) could generate up to 120 

mA/m2 [16]. This current value is well within the same order of magnitude as CH4 

emission from the paddy field. Previous studies have shown that PMFCs could reduce 

rice paddy CH4 by up to 50% [24, 25]. However, most of those studies sampled the 

CH4 from portable containers [24, 26]; only two directly measured CH4 gas from rice 
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plants [27, 28]. Besides, these studies mainly focused on the influence of plants on 

MFCs; only Khudzari et al. [550] discussed the effect of MFCs on plant growth. 

However, they grew rice plants in solid MFCs, far from the natural environment 

where rice plants grow. 

Furthermore, to solve the shortage of soil, hydroponics is gaining more and more 

attention. In up-to-date literature reports, no study has investigated the performance of 

such a system in growing modern agriculture - hydroponics.  

Hydroponic agriculture has gained wide recognition due to its ability to increase 

plants by exposing plant roots to nutritious liquid, eliminating the reliance on the soil 

medium [23]. The advantages of hydroponic systems include: addressing the water 

and soil scarcity problems; enhancing the productivity of various crop species; 

without seasonal restrictions; having a wide range of nutrient sources promising the 

nutrition supply, etc. [29, 49]. 

In this study, we proposed a hydroponic-MFC system (H-MFC) and investigated 

the influence of bioelectricity production on CH4 emission from hydroponic rice 

cultivation. This work analyzed CH4 production levels, rice plant growth, and plant 

biomass production data in Control and experimental units. We also investigated the 

performance of the H-MFC operating in such conditions. This research is the first to 

investigate and report the impact of coupling MFC to rice plants growing hydroponic 

systems and their overall effect on CH4 emission. The MFC-hydroponic agriculture 

system could provide a promising method to achieve the energy-clean and low-carbon 

agriculture of a sustainable and new smart city. 

6.3 MATERIALS AND METHODS 

The duration of the experiment was 130 days. In the Post-Harvest Engineering 

Laboratory at Macdonald Campus, McGill University (Sainte-Anne-de-Bellevue, 

Québec, Canada), the photoperiod was 12 hours light (26±2 °C) and 12 hours 

darkness (23±2 °C) which 1000 W LED Plant Grow Light controlled (TOLYS) at 

room temperature. 
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6.3.1  Analytical methods and stock solutions 

Chemical oxygen demand (COD) was measured according to the Standard 

Methods (APHA 1995) with a spectrophotometer (MiltonRoy, Model Spectronic 21D).  

The nutrient solution of all H-MFCs and rice plants was made according to the 

Kimura B solution with some modifications. MgSO4 (280 μM), (NH4)2SO4 (180 µM), 

Ca(NO3)2 (180 μM), KNO3 (90 μM), KH2PO4 (90 μM), H3BO3 (3 μM), MnCyl2 (0.5 

μM), CuSO4 (2 μM), ZnSO4 (0.4 μM), (NH4)6Mo7O24 (1 μM) EDTANa2Fe(III) (10 

μM) [551]. 2 mM NaOH was used to adjust the pH of nutrient solution. 

6.3.2 Hydroponic-microbial fuel cell design 

All H-MFCs were constructed using polyvinyl chloride (PVC) water pipe, 100 

mm in diameter by 250 mm in length. Cocopeat moss was utilized as the support 

matrix and filled 3/5 of the volume in H-MFCs. A carbon cloth anode (CC, 100 mm × 

60 mm) was placed horizontally at a depth of 150 mm under the cocopeat matrix, and 

a round floating air-cathode (100 mm × 50 mm) was placed on the surface of the 

cocopeat matrix. The insulated stainless-steel wires (0.45 mm thickness) were used as 

the current collectors and connected with the electrodes using conductive cement. An 

outlet port, 6.35 mm in diameter by 90 mm in length, near the bottom to export waste 

solution in the beaker (1 L capacity). A submersible pump (15 W capacity, 5 mL/h 

flow rate) for pumping Kimura B solution [506]. 

An airtight headspace was placed on the top of the setups with a sampling port 

positioned halfway to trap gases for the CH4 test. A small electric blower on the 

headspace was used for air mixing. The detailed MFC and airtight headspace setups 

are shown in Figure 6.1.(a). 
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Figure 6.1. The schematic diagram of (a) airtight headspace for methane collection; 

(b) H-MFC setups; (c) 3-leaf stage rice plants. 

6.3.3 Experimental design and H-MFC operation 

Two H-MFCs without rice plants (named MFC-A, MFC-B) and two H-MFCs 

with rice plants (named PMFC-A, PMFC-B) were used to study the effect of rice 

plants on the bioelectricity production of H-MFCs. Two potted rice plants (Control-A, 

Control-B) and the mentioned two PMFCs were used to study the influence of flow 

H-MFC on CH4 emission from hydroponic cultivation of rice plants.  

Initially, the external resistance (Rext) used in the closed-circuit H-MFCs ranged 
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between 1000-2000 Ω. The internal resistance (Rint) of each H-MFC was calculated 

by periodic polarization test (P-test) to optimize power production. The P-test was 

carried out according to a method described elsewhere [507]. Briefly, open-circuit 

voltage (OCV) was measured by disconnecting the Rext from the H-MFC for 30 min. 

Thereafter, the Rext is reconnected and progressively decreased (5 min interval) in a 

descending order (50 kΩ, 25 kΩ, 10 kΩ, 5 kΩ, 2 kΩ, 1 kΩ, 500 Ω, and 100 Ω), and 

then in ascending order. 30 min later, by reading the final OCV, the P-test was 

finished. The P-test was performed on day 3, 9, 15, 22, 29, 36, 57,75, and 99 of the 

tests. Then calculated current (I, mA) and power (P, mW) to plot polarization (voltage 

vs. current) and power (output power vs. current) figures. The slope of the linear part 

of the current-voltage polarization curve corresponding to ohmic losses was used to 

estimate the total Rint. During regular operation, the output voltage measurement of 

each H-MFC was logged (1 min interval) by a data acquisition system (34,970A, 

Agilent Technologies, Santa Clara, California, USA) controlled by BenchLink Data 

Logger software (Version 3.04, Agilent Technologies, Santa Clara, California, USA). 

A Vee Pro 8.0 (Agilent Technologies, Santa Clara, California, USA) automated 

software was used for obtaining the data used to calculate the Rint during the P-test. 

6.3.4 Rice plants cultivation and characterization 

6.3.4.1 Rice plant cultivation 

Oryza sativa L. cultivar Hayayuki was used in this study. Hayayuki is a cold-

tolerant as well as short-grained brown rice [552]. The seeds of Hayayuki were 

obtained from LA SOCIÉTÉ DES PLANTES (Quebec, Canada). Before germination, 

the seeds were soaked in distilled water for 48 hours. Then, all seeds were germinated 

in the plate and transplanted at the 3-leaf stage (Figure 6.1.(b) & (c)). 

6.3.4.2 Measurement of methane 

CH4 production from H-MFCs and Control group potted rice plants were 

quantified by the static chamber method [27]. All of them were sealed by a headspace 
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chamber according to the dark photoperiod for 12 hours under room temperature. 

Firstly, turn on the internal blower to thoroughly mix the air in the headspace. Then a 

2.5 mL gas sample was extracted through the sampling port, and all samples were 

done in triplicate. The concentration of CH4 (parts per million, ppm) was measured by 

an HP 5890A gas chromatograph (Hewlett Packard, Palo Alto, California, USA) 

equipped with a Porapak-N column (120 mm ×3mm, 149-177 microns) and a thermal 

conductivity detector. The helium was used as the carrier gas. The injector 

temperature was 210 °C. The detector and analysis temperatures were 210 °C and 

45 °C, respectively. The CH4 emission flux (F, mg/m2/h) was calculated following 

equation (6.1) [553, 554]: 
F = H × (MW/MV) × [273.2/(273.2 + T)] × (∆C/∆t) 6.1 

Where H is the chamber height, m. Mw is the CH4 mole mass, 16.123×10-3 mg. Mv is 

the CH4 mole volume, 22.41×10-3 m3. T is the chamber air temperature, 23 °C. ∆C/∆t 

is the change in the CH4 between the initial and final measurement per unit of time 

(12 h), ppm. The CH4 measurement was performed on the day.  

6.3.4.3 Measurement of plant growth parameters 

The height of the plants was measured by a measuring tape as an indicator of rice 

growth. The nutrition solution pH was measured by a pH meter (AB150, Fisher 

Scientific, Canada). 

At the end of the experiment, the whole rice plants were harvested. The plants 

were soaked in the sodium hexametaphosphate solution to facilitate the separation of 

peat moss from the roots [27]. Cut the roots from the shoots, then separately place 

them in the paper bag to dry. Under 50 °C, after 48 h drying in the hot air oven, the 

dry matter content of the shoots and roots were weighed.   

6.3.5 Statistical analysis 

The experimental data were analyzed by analysis of variance (ANOVA) of the 

SPSS software (SPSS Inc., Ver. 18, Chicago, IL, USA). The Duncan multiple range 

tests were applied to separate the means and to establish significance, which was 

accepted at p < 0.05. 
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6.4 RESULTS AND DISCUSSION 

6.4.1 The performance of setup and adjustment of Rext 

At the start of the experiment, all H-MFCs were operating under open-circuit 

mode. All H-MFCs voltage kept showing positive values. Khudzari et al. [531] 

recommended temporarily running MFCs under an open circuit to compensate for 

anodophilic activity caused by carbon consumption, which could also help harvest 

more electrical energy. One week later, the circuit condition was switched from open 

to closed circuit by connecting 1180 Ω resistors. A marked decrease was noticed for 

all H-MFCs after Rext was connected. Menicucci et al. [555] reported that the decline 

in output value was more significant when the Rext was less than 3000 Ω. This was 

attributed to the limitations imposed on the electrode reaction kinetics at the current-

limiting electrode [555]. From day 22 to day 40, the output voltage increased 

significantly with the increase in Rext for PMFCs and NPMFCs. A similar 

phenomenon was also reported by Ghangrekar and Shinde [556]. This makes the Rext 

regulate anode potentials [557]. The anode potential became more negative and steady 

with the higher Rext. [558], which resulted in a higher voltage value. While low anode 

potential cannot afford enough energy for electron transfer and cell maintenance [559]. 

Hence, the optimal value of Rext was close to the Rint, as shown in Figure 6.2. where 

the output voltage is more stable.  

In this study, a total of nine P-test were done to adjust the Rext close to its Rint. 

However, too frequent adjustment causes an unstable performance for PMFCs and 

NPMFCs (Figure 6.2.). Helder et al. also found a similar phenomenon [560]. 

Therefore, the fixed Rext value is more appropriate for PMFCs and NPMFCs.  
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Figure 6.2. The curve of output voltage and external resistance of all H-MFCs. 

6.4.2 Polarization tests 

The P-test was used to estimate the maximum H-MFC power by estimating the 

Rint and adjusted Rext values. P-test was performed at day 3, 9, 15, 22, 29, 36, 57,75, 

and 99. As shown in Figure 6.3. the changes in the Rint of PMFCs (966-2051 Ω) were 

higher than NPMFCs (1014-1557 Ω), and the day 36 is worth noting. Before day 36, 

the Rint of all H-MFCs has similar Rint values and trends. From day 36 to day 99, the 

Rint of PMFCs increased from 1598 Ω to 2051 Ω of PMFC-A, from 1385 Ω to 1913 Ω 

of PMFC-B. However, NPMFCs showed an opposite trend, which decreased from 

1511 Ω to 1460 Ω of NPMFC-A, from 1488 Ω to 1201 Ω of NPMFC-B. In the 

NPMFCs, In the MFCs, the Rint is decided by the anode resistance, cathode resistance, 
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electrolyte resistance, and membrane resistance [36]. Therefore, the Rint tested by P-

test can be written as follow: 
Rint = Ranode + Rcathode + Rmembrane + Relectrolyte 6.2 

Anode resistance is mainly decided by the size of the anode and the activity of the 

exoelectrogenic bacteria, as well as both the anode biofilm and planktonic bacteria in 

bulk solution contribute to the power production of MFCs in the mixed bacterial 

culture environment [561]. Relectrolyte is proportional to the electrode spacing while 

inversely proportional to the cross-sectional area of the MFC reactor and the 

concentration of charge transfer electrolyte; therefore, according to Fan et al., the 

internal resistance equation of single chamber MFC is as follows [562]: 

Rint = ranode/Sanode + rcathode/Scathode + aL/(Sr × Celectrolyte) 6.3 

where ranode/cathode and Sanode/cathode are the area-specific resistance and the 

projected areas of anode/cathode, respectively; a is a constant; L is electrode spacing; 

Sr is the cross-sectional area of the reactor; Celectrolyte is the concentration of charge 

transfer electrolyte. 

In this study, PMFCs and NPMFCs utilized the same size and material of anode, 

cathode, and chambers. Fan et al. [562] found that when the MFCs are equipped with 

the anode and cathode with the same size and material, the anode only accounted for 

5.4% of the Rint, while the cathode and the electrolyte each contributed 47.3%. Thus, 

Celectrolyte is an important factor in MFCs’ internal resistance. Due to plants' 

consumption of ions in the nutrient solution, the Celectrolyte of PMFC was lower than 

Celectrolyte of NPMFC. Therefore, according to eq (6.3), the Rint of PMFC is higher than 

NPMFC. With the plants growing in PMFCs, rice plants’ ability to absorb nutrients 

was enhanced, leading to low Celectrolyte, resulting in the improvement of the Rint trend 

of PMFCs. 

The highest PD value during the P-test was noticed on NPMFC-B 707.92 

mW/m3 (Day-9). Besides, at the end of P-test, the overall average PDmax of PMFCs 

(349.50 mW/m3) was higher than NPMFCs (306.86 mW/m3). It was observed that 

when PDmax was inversely related to Rint for PMFCs. However, on the last P-test, the 

PDmax was increased with the Rint increase. Similar results were also reported by 
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Timmers et al. [563], who found that the polarization had a distinct hysteresis; the 

increased Rint makes it challenging to interpret the maximum power output of the 

PMFC. Besides, the microbes’ hotspots that occurred in the rhizosphere could 

enhance microbial activity and exudation [564]. The intensity of microbes turnover 

processes in their hotspots in the rhizodeposition zone is at least one order of 

magnitude higher than the normal soil [564]. Therefore, we assumed that the hotspots 

of microbial activity in PMFCs also have a key impact on the PDmax during P-test.  

 

Figure 6.3. A comparison between internal resistance and maximum power density 

from polarization test. 
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6.4.3 Power production of rice PMFCs and MFCs 

Figure 6.4. shows the power density (PD) during 141 days of all H-MFCs. The 

PD curve exhibits three distinct regions. Initially, the PD of all H-MFCs fluctuated. 

Except for the poor connection between anode and cathode electrodes, the immature 

anodic biofilm and periodic changes of Rext (Figure 6.2.) also influenced PD [531]. 

About 55 days later, the PD of all H-MFCs turned into a stationary trend, which 

marked the maturation of anodic biofilm [535]. The PD between PMFCs and 

NPMFCs has no significant difference during Part A and Part B periods. After 

monitoring day 74, an exponentially increasing trend was observed for PMFCs. The 

highest PDmax was achieved by PMFC-A at 504.39 mW/m3, followed by PMFC-B at 

290.63 mW/m3, NPMFC-B at 285.16 mW/m3, and NPMFC-A at 103.30 mW/m3 

(Figure 4.4.). This difference was attributed to the rhizodeposition and microbes’ 

hotspots [564, 565]. However, the rhizodeposition decreases when the plants get older 

[18]. Therefore, declining trends were noticed for PMFC-A and PMFC-B near the end 

of the experiment. 

The O2 has main influence on MFC performance. Generally, O2 could be 

transported from the atmosphere via a well-developed aerenchyma system to the plant 

root area, inhibits methanogens, reducing CH4 emission [566]. Besides, in the cathode 

chamber of PMFC, under aerobic conditions, with the participation of incoming 

electrons and hydrogen ions, cathode will occur the reduction of molecular oxygen 

and water formation as follows [567]: 
O2 + 4e- + 4H+ → 2H2O 6.4 

The oxic conditions in MFCs lead to the consumption of electrons through 

chemical/biological oxygen reduction, then reducing the number of available 

electrons for electrical generation [568]. Therefore, the PMFC and MFC generally 

have similar power output due to the oxygen release from the plant root system [27]. 

However, in this study, the average PDmax of PMFCs was higher than MFCs (364.98 

vs. 164.93 mW/m3) (Figure 6.4.). This is because the rhizosphere around plant roots 

could produce organic matter to anode microbes and the flowing nutrition solution 
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removes excess O2 from the anode chamber.  

 

Figure 6.4. The performance of all H-MFCs in terms of power density. 

6.4.4 Relationship between chemical oxygen demand and output voltage 

The COD concentration in the outlet nutrition solution of MFCs could represent 

the number of reduced organics [16]. As the microbial substrates, the reduced organics 

form the source of electrical energy in the whole setup [16]. Figure 6.5. shows the 

relationship between the COD concentration and output voltage. For 141 days, the 
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COD concentration in all H-MFCs kept decreasing until day 55, and NPMFC-A 

showed a maximum COD of 37 mg/L. After day 55, COD concentration remained 

fairly constant in both NPMFCs but increased in PMFCs to reach a maximum at 

around day 100. Then the COD values decreased slowly till the end of the experiment.  

The output voltage showed a similar trend as COD concentration increased with 

the COD concentration increase. The average COD concentration in the PMFCs was 

1.45 times higher than the COD concentration in NPMFCs. Moreover, after day 90, 

the output voltage of PMFCs exhibited more fluctuations than NPMFCs. This 

indicated that rhizodeposits worked as COD concentration increased in PMFCs [569]. 

Rhizodeposits provide C and N to help microbial growth and affect the anode 

potential [569]. As described before, the anode potential could affect the output 

voltage. However, the amount and specific action of rhizodeposits are related to the 

physiological state of individual roots and changes with the root life cycle [570]. Thus, 

the fluctuations in the amount and action of rhizodeposits resulted in changes in 

output voltage (Figure 6.3.), especially from day 92 to day 130.  

The positive relationship between COD and output voltage indicates that the 

COD derived from rice plants acts as the electron donor for electricity generation in 

PMFCs. The output voltage significantly increased during the active growth period of 

plants, suggesting that the excreted compounds, sloughed-off cells, mucilage, etc., 

could make up the anodic substrate [16]. Further, a slight increase was also noticed for 

NPMFCs. This may be causing the need for periodic replacement Rext. As mentioned 

before, Rext influences the anode potential, which may alter the anode metabolic 

activities, while the microbial species could provide different mechanisms for the 

organic matter utilization [571].  
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Figure 6.5. The curve of output voltage and COD concentration of all H-MFCs. 

6.4.5 Methane flux emission 

Figure 6.6. displays (a) the current generation of PMFCs, and (b) the 

progression of CH4 production from Control and PMFCs as a function of operation 

time. From day 100-110 to day 110-120, the CH4 emission flux of potted rice plants 

sharply increased, and then it continued its gradual increase until the end of the 

experiment. This phenomenon is attributed to the physiological changes in rice plants 

[572]. During the entire vegetation period, the CH4  from rice plants (90%) travels up 

from the soil to the atmosphere by the plant aerenchyma [573]. The emission rate of 

CH4 in rice plants generally peaks towards the end of the tillering stage, then 
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decreases as the growing season ends [26]. For the entire duration of the experiment, 

the CH4 flux from Control was significantly higher than the PMFCs, especially after 

days 100-110. From Table 6.1. the CH4 emission fluxavg/plant of the Control was almost 

two times higher than PMFC (2.0254±5.2061 mg/m2/h vs. 1.0281±0.0480 mg/m2/h). 

These results indicated that the PMFCs could effectively reduce CH4 emissions. The 

possible reason for this phenomenon is that in the MFCs, the electrogens present in 

the anaerobic environment can oxidize organic matter to generate current. The 

electrogens on anodes may compete with methanogens for carbon substrates, thereby 

suppressing methanogenesis [24] (Figure 6.7.). Previous studies have reported that 

anodic installation around rhizosphere could alter the microbiome structure by 

stimulating the growth of exoelectrogenic bacteria, particularly Geobacter species, 

and inhibits the growth of competing methanogens [574, 575]. When the anode is 

introduced into the waterlogged rhizosphere, the composition of methanogens will be 

affecting results in a delayed methanogenesis [576, 577]. Besides, Rozendal et al., [284] 

found that the anodic oxidation of organic matter causes a decrease in pH during the 

current generation, while methanogenic metabolism will be prevented by the decrease 

in pH [578]. 

As shown in Figure 6.6.(a), current production decreased during the first 40 

days of the experiment. Then, the current remained fairly constant at about 0.03 mA 

till day 80 in PMFC-B and day 90 in PMFC-A. A rapid increase followed the above 

result to about 0.07 mA in both PMFCs, and the current remained around that value 

till the end of the experiment in PMFC-B. PMFC-A's current increased to 0.10 mA 

during the last ten days. In PMFC-B, it was observed that the increase in current 

production from day 80 to day 90 was associated with a decrease in CH4 emission 

flux from 1.88 to 1.46 mg/m2/h (Figure 6.6.(b)), followed by a slight decrease in 

current production between day 90 and day 110. During that time, the CH4 emission 

flux in PMFC-B increased from 1.46 to 2.14 mg/m2/h. Similar trends were also 

noticed for PMFC-A. Jung and Regan [579] reported similar trends where CH4 

emission lessened in their MFCs as the output voltage increased. Rizzo et al. [200] 

found that the transport processes with a higher current could limit CH4 emission. 
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Kouzuma et al. [577] indicated that the syntrophic interactions between 

exoelectrogenic bacteria and fermentative bacteria could facilitate electricity 

generation in rhizosphere MFCs by promoting the growth of specific types of 

electricity-producing bacteria. Ishii et al. [580] reported that the electrogenesis is 

ecologically superior to methanogenesis. Therefore, we can conclude that the electro-

biochemical reactions taking place in PMFCs can help in the reduction of CH4 

emissions. 

Table 6.1. The average power density, average rice plant biomass production and 

average CH4 emission flux over 141 days. 

 
Shoot 

heightavg/plant 

(cm) 

Shoot 

weightavg/plant 

(g dry mass) 

Root 

weightavg/plant 

(g dry mass) 

CH4 emission 

fluxavg/plant 

(mg/m2/h) 

PMFC 58.9±1.85a 0.1964±0.0047a 0.1133±0.0047a 1.0281±0.0480a 

NPMFC -- -- -- -- 

Control 59±1.75a 0.1777±0.0078b 0.1102±.00047a 2.0254±5.2061b 

Notes: Different letters in the same row indicate significant differences (p < 0.05) 
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Figure 6.6. (a) The current generation of PMFCs, and (b) the CH4 emission flux from 

PMFCs and Controls. 
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Figure 6.7. Schematic of CH4 reaction mechanisms in H-PMFC. 

6.4.6 Rice growth and biomass yield 

During the early stage of the research, the growth of the Controls rice plants and 

PMFCs was good, and the height of the shoot gradually increased over time (Figure 

6.8.). 106 days after the startup of the study, the shoot growth slowed in all Controls 

and PMFCs. At the end of the experiment, PMFC-B (60.75 cm) and Control-B (60.75 

cm) showed the highest shoots, followed by Control-A (57.25 cm) and PMFC-A 

(57.05 cm). The difference, however, was not significant (p ≤ 0.05). Besides, Table 

4.1. showed that the plants with H-MFCs did not significantly affect plant biomass 

yield; the shootavg/plant of PMFCs was 0.1964 ± 0.0047 g dry mass similar to potted 

Controls 0.1777 ± 0.0078 g dry mass. These results indicated that the PMFC 

technology could produce bioelectricity without reducing crop yields [27].  
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Figure 6.8. The height of the rice shoots of all PMFCs and Controls 

6.5 CONCLUSION 

In this study, two flow NPMFCs (NPMFC-A and NPMFC-B), two flow PMFCs 

(PMFC-A and PMFC-B), and two potted rice plants (Control-A and Control-B) were 

utilized to test the influence of flow H-MFC on CH4 emission from hydroponically 

cultivated rice plants. During 141 days of monitoring, PMFC-A showed the highest 

PD of 504.39 mW/m3, which was 1.7 times higher than PMFC-B, 1.77 times higher 

than NPMFC-A, and 4.88 times higher than NPMFC-B. Further, with the help of 

hotspots of microbes in the rhizodeposition zone, PMFCs displayed higher Rint and 

PDmax than the NPMFCs during P-test. The average COD concentration in PMFCs 

was 1.4 times higher than NPMFCs. The output voltage and COD concentration 

exhibited a positive relationship, indicating that the COD derived from plants' root 

secretions could act as the electron donor for electricity generation in PMFCs. 

However, the root life cycle affected the specific action of rhizodeposits, which 

caused the fluctuation in bioelectricity production. Operating the flow PMFC while 

harvesting its electricity does not seem to hinder the growth of hydroponic rice plants. 
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The average shoot height of PMFCs was 59.00 cm, almost the same as Controls 

(58.90 cm). The average shoot dry weight of PMFCs was 0.1964 ± 0.0047 g dry mass, 

similar to potted plants' 0.1777 ± 0.0078 g dry mass. For the entire duration of the 

experiment, the CH4 flux from the PMFCs was about 2 times lower than Controls, 

especially after days 100-110. The current production from PMFCs showed a negative 

relationship with CH4 emission flux, which indicated that the bioelectricity generation 

influences the CH4 emission from the hydroponic cultivation of rice plants. In brief, 

our study has demonstrated the synergy effect between H-MFCs and the hydroponic 

cultivation of rice plants. With the help of H-MFC, the CH4 emission could be 

reduced without a decrease in the biomass yield of hydroponic rice plants. The 

bioelectricity generation and lifetime of PMFCs were also improved by rice plant 

roots’ rhizodeposition and hotspots of microbes’ activity. Future PMFC studies could 

focus on the mechanism of microbe activity hotspots to enhance the performance of 

PMFCs.



 

135 
 

CONNECTING TEXT 

This Chapter VI investigated the influence of bioelectricity production on CH4 

emission from H-PMFCs. The results showed that operating the flow H-PMFC while 

harvesting its electricity does not seem to hinder the growth of hydroponic rice plants. 

The current production from PMFCs showed a negative relationship with CH4 

emission flux, which indicated that the bioelectricity generation has an influence on 

the CH4 emission from the hydroponic cultivation of rice plants. With the help of 

MFC, the CH4 emission could be reduced without decreasing biomass yield of 

hydroponic rice plants. 

Rice is often exposed to Fe deficiency because of its cultivation under 

waterlogged conditions, where Fe is not readily available for plant uptake. In BES, 

metal ions affect not only biocatalysts but also electrolyte conductivity and internal 

resistance of the system. Although some research reported the effects of Fe on rice 

plants or MFC systems, there has been no study to investigate the influence of Fe on 

H-PMFC systems. Therefore, Chapter V studied the effect of concentration and forms 

of Fe chelate fertilization on methane emission and electricity generation from H-

PMFC. The best forms and concentration ratio of chelated Fe ions, which can 

maximize the highest electricity production with reduced methane emission in H-

PMFC, were also explored. 
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CHAPTER VII 

FE FERTILIZATION FORM AND 

CONCENTRATION: THE INFLUENCE ON 

BIOELECTRICITY AND METHANE 

PRODUCTION FROM HYDROPONIC 

MICROBIAL FUEL CELLS  

7.1 ABSTRACT 

This study aimed to evaluate the effect of iron form (Fe2+ and Fe3+) and 

concentration (0 µM, 7.5 µM, and 15 µM) on the biomass production, bioelectricity 

generation, and methane (CH4) emissions of hydroponic plant microbial fuel cells (H-

PMFCs). Rice plants (Oryza sativa L.) were grown in H-PMFCs. During the 90 days 

of operation, the highest power density (PDmax) was observed in Group 7.5-15 of 

949.17 Mw/m3, 4.56 times higher than Group 0-0. When adding single-form iron 

(Fe2+ or Fe3+), the PDmax of H-PMFCs was positively correlated with iron 

concentration. Further, the H-PMFC feed with Fe3+ showed higher power output than 

the feed with Fe2+. Furthermore, the CH4 emission test indicated that the addition of 

iron in rice H-PMFCs can decrease the emission of CH4 in two ways: (i) iron electron 

acceptors directly inhibit methanogens; (ii) iron electron acceptor enhances the 

electricity production ability of MFC to inhibit CH4 production. In comparison with 

Group 0-0, Group 7.5-15 reduced 65% CH4 emissions from H-PMFC. Therefore, 

adding 7.5 µM Fe2+ and 15 µM Fe3+ showed great potential to enhance the 

performance of H-PMFCs on biomass production, bioelectricity generation, and CH4 

emission inhibition.  

Keywords: ferrous iron, ferric iron, plant microbial fuel cell, methane emission  
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7.2 INTRODUCTION 

Global energy demand is increasing rapidly with the increase in human 

population and technology development [581]. As a result, a corresponding increase in 

the use of conventional and non-renewable energy has led to an increase in 

environmental and human health problems. The resulting increase in greenhouse gas 

(GHG) emissions from fossil fuels and land in the atmosphere has contributed to 

global warming in the last few decades [582]. A staple food in several cultures and 

continents, the cultivation of rice is a primary source of vital and long-lasting 

greenhouse gases. Compared to wheat and maize, the global warming potentials of the 

rice crop are 467% and 169%, respectively [4]. Around 30% of global agricultural 

methane (CH4) is emitted from rice fields [5]. On a 100-year time horizon, CH4 

comprises a large share of farm emissions with relative global warming potentials 298 

times higher than CO2 [2].  

Plant microbial fuel cells (PMFCs) have been demonstrated to alleviate the 

greenhouse emissions from rice cultivation [583, 584]. PMFC is considered a 

promising alternative green energy technology that can convert solar energy into 

bioelectricity with the help of microbes found in the rhizosphere zone of plants, 

reducing GHG production in the process. [18]. Other advantages of the technology 

include continuous generation of energy and no adverse effect on plant health [18, 

585]. Nevertheless, some optimization of the technology is needed for practical 

applications. Optimization of both the electrochemical components [586], as well as 

the plants, is needed for better integration and long-term performance. 

Iron (Fe) is of great importance to plant growth and health as the redox-active 

metal which is involved in various biochemical activities (e.g., respiration, 

chlorophyll synthesis, pathogen defense, generation and scavenging of reactive 

oxygen species, nitrogen assimilation, photosynthesis, etc.) [587]. It is also a key 

cofactor for enzymes, acting as a proton acceptor and donor [588]. Chen et al. [589] 

found that the addition of 10 µM EDTANa2Fe(II) and 10 µM EDDHAFe(III) showed 
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the highest biomass production of rice plants. Both Fe deficiency and toxicity can 

adversely affect plants. Strategy I and Strategy II are the primary mechanisms for Fe 

uptake in rice plants [590, 591] (Figure 7.1.). During Strategy I, Fe3+ is reduced to 

Fe2+ by ferric chelate reductase; then, the free Fe2+ is chelated by nicotinamide and 

transported into the cell by ferroprotein. During Strategy II, the root system secretes 

the secondary metabolite magnetic acid to chelate Fe3+, then ferroprotein transports 

Fe3+ into plant cells [592]. Therefore, both Fe2+ and Fe3+ are very important to plant 

health. 

 

Figure 7.1. Mechanism of iron transport in rice. 

The Influence of Fe3+/Fe2+ on the electrochemical performance or anode biofilm 

formation of MFCs has been reported [593, 594]. Iron-chelated materials as cathode 

catalysts in MFC enhance the oxygen reduction reaction (ORR) in MFCs, resulting in 

higher electrochemical activity [595]. Wang et al. [596] found that Fe3+ supplements 

accelerate the rapid enrichment of anodophilic consortium in MFCs. The exogenous 

Fe3+ plays a crucial role in flavin secretion and biofilm formation in MFCs [597]. The 

electrically conductive magnetite derived from Fe3+ facilitates direct interspecies 

electron transfer [598]. Besides, in MFCs, Fe3+ could be reduced into Fe2+ at the 

cathode surface [599], then Fe2+ reoxidation and precipitation as oxi(hydroxi)des [600]. 

However, no study has investigated the influence of Fe2+ and Fe3+ on PMFCs, 

especially the CH4 production from hydroponic PMFCs (H-PMFCs). 
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This work investigates the electrochemical performance, CH4 emission, and 

biomass production of H-PMFCs with different concentrations and ratios of Fe2+ and 

Fe3+. Orthogonal array experimental design is used to optimize the contribution of 

Fe2+ and Fe3+ on H-PMFCs performance. This study is the first to investigate and 

report the influence of Fe chelates fertilization form and concentration on H-PMFCs 

systems; our work provides a more effective method to improve the performance of 

H-PMFCs. 

7.3 MATERIALS AND METHODS 

7.3.1 Analytical methods and stock solutions 

The experiment was 90 days and conducted in the Automated Research 

Greenhouse (McGill University, Sainte-Anne-de-Bellevue, Québec, Canada). A Priva 

Maximizer (Priva North America, Ontario, Canada) was used to control the 

temperature (day: 12 hours light, 26 ± 2 °C; night: 12 hours darkness, 23 ± 2 °C) 

Kimura B solution with some modification was used as the nutrient solution of 

all H-PMFCs [589]. MgSO4 (280 µM), (NH4)2SO4 (180 µM), Ca(NO3)2 (180 µM), 

KNO3 (90 µM), KH2PO4 (90 µM), H3BO3 (3 µM), MnCl2 (0.5 µM), CuSO4 (2 µM), 

ZnSO4 (0.4 µM), (NH4)6Mo7O24 (1 µM), FeSO4/Fe2(SO4)3 (0, 7.5, or 15 µM) [551]. 

The different concentrations and forms of Fe are shown in Table 7.1. 0.1 µM NaOH 

was used to adjust the PH of the nutrient solution. 
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Table 7.1. H-PMFCs with difference of Fe concentration and forms. 

Group Fe(II) (μM) Fe(III) (μM) 

0-0 0 0 

0-7.5 0 7.5 

0-15 0 15 

7.5-0 7.5 0 

7.5-7.5 7.5 7.5 

7.5-15 7.5 15 

15-0 15 0 

15-7.5 15 7.5 

15-15 15 15 

7.3.2 H-PMFCs design 

Polyvinyl chloride (PVC) water pipes were used to construct H-PMFCs. 

Cocopeat moss was utilized as the support matrix. A carbon cloth anode was placed 

horizontally under the cocopeat matrix, and a round floating air-cathode was placed 

on the surface of the cocopeat matrix. The distance between the anode and cathode 

was 150 mm. The insulated stainless-steel wires were used as the current collectors 

and connected with the electrodes by conductive cement. An outlet port near the 

bottom to export waste solution in the beaker. A programmable metering pump was 

used to pump the Kimura B solution [506]. 

Airtight headspace was used to trap gases for the CH4 test. A small electric 

blower on the top of the headspace was used for air mixing. More details about H-

PMFC and airtight headspace configuration are shown in Table 7.2. & Figure 7.2. 
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Table 7.2. The material specifications of H-PMFCs. 

Materials Size 

Polyvinyl chloride Diameter:100 mm; Length 250 mm; Volume :1.96 L 

Cocopeat moss 3/5 of the volume in flow H-PMFCs 

Carbon cloth Diameter:100 mm; Thickness: 5 mm 

Floating air-cathode Diameter:100 mm; Thickness: 10 mm 

Insulated stainless-steel wires Thickness: 0.5 mm; < 5 Ω/m 

Outlet port tube Diameter: 10 mm; Length: 90 mm 

Wastewater beaker 1L capacity 

Pump Capacity: 15 W; fLow rate: 5 mL/h 

Airtight headspace Height: 900 mm; Diameter: 101 mm) 
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Figure 7.2. The schematic diagram of H-PMFC and methane collection arrangement 

in airtight headspace. 

7.3.3 Floating air-cathode fabrication  

The dip-dry method was used to make the floating air-cathodes. The 

commercially available blue polyurethane sponge of 5 pores/mm (diameter: 8 cm, 

projected surface area: 50.27 cm2, thickness: 1.0 cm) was used as the cathode 

electrode support. The conductive layer and catalyst were carbon black (CB, Vulcan 

XC 72R, 50 nm, Fuel Cell Earth Co., Ltd). Polytetrafluoroethylene (PTFE, 60 wt% 

dispersion in H2O, Sigma-Aldrich Co., Ltd) was used as the binder. The CB/PTFE 

with the ratio of 6:1 dispersed in ethanol (ethanol: PTFE = 1:15) under ultrasonication 

(30 min) to form a uniform suspension was setup. The sponge was dipped into the 

suspension and dried in the oven at 80 °C until the resistance of the sponge was stable 
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[504]. 

7.3.4 Experimental design and H-PMFC operation 

The external resistance (Rext) in the closed-circuit H-PMFCs ranged between 

1000-2000 Ω. The internal resistance (Rint) of each H-PMFC was calculated by 

periodic polarization test (P-test) to optimize power production. The P-test was 

conducted by varying the Rext from 10,000 to 50 Ω [507]. The P-test was performed 

on day 2 and 45 of the tests period. The current (I, mA) and power (48P, mW) were 

calculated by plotting polarization (voltage vs. current) and power (output power vs. 

current) figures. The output voltage measurement of each H-MFC was logged (1 min 

interval) by a data acquisition system (34,970A, Agilent Technologies, Santa Clara, 

California, USA). 

7.3.5 Rice plants cultivation and characterization 

7.3.5.1 Rice plant cultivation 

Oryza sativa L. cultivar Indian Rani paddy rice was used in this study. The seeds 

of Indian rain paddy rice were obtained from Rani Foods (United States). Before 

germination, the seeds were soaked in distilled water for 48 hours. Then, all seeds 

were germinated on the plate and transplanted at the 3-leaf stage. 

7.3.5.2 Measurement of methane 

CH4 generation from H-PMFCs was tested by the static chamber method [27]. 

The headspace chamber sealed all the H-PMFCs at room temperature for 12 h. Before 

gas sampling, the internal blower was turned on to thoroughly mix the air inside the 

headspace. Then, a 2.5 mL gas sample was extracted through the sampling port. All 

samples were done in triplicate. The concentration of CH4 was measured by the HP 

5890A gas chromatograph (Hewlett Packard, Palo Alto, California, USA), equipped 

with a Porapak-N column (120 mm × 3mm, 149-177 microns) and a thermal 

conductivity detector. Helium was used as the carrier gas. The analysis was performed 

https://www.amazon.ca/Rani-Brand-Authentic-Indian-Products/b/ref=bl_dp_s_web_38740426011?ie=UTF8&node=38740426011&field-lbr_brands_browse-bin=Rani+Brand+Authentic+Indian+Products
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at a constant oven temperature of 45 °C. The injector and detector temperatures were 

210 °C. The concentrations of CH4 were given in units of parts per million (ppm). The 

CH4 emission flux (F, mg/m2/h) was calculated following Eq.(1) [553, 554]: 
F = H × (MW/MV) × [273.2/(273.2 + T)] × (∆C/∆t) (7.1) 

where, H is the chamber height, m; Mw is the CH4 mole mass, 16.123×10-3 mg; Mv is 

the CH4 mole volume, 22.41×10-3 m3; T is the chamber air temperature, 23 °C; ∆C/∆t 

is the change in the CH4 between the initial and final measurement per unit of time 

(12 h), ppm.  

7.3.5.3 Measurement of plant growth parameters 

A measuring tape measured the height of the highest three leaves of each plant as 

an indicator of rice growth. The nutrition solution PH was measured by a PH meter 

(AB150, Fisher Scientific, Canada). 

At the end of the experiment, the whole rice plants were harvested. The plants 

were soaked in the sodium hexametaphosphate solution to facilitate the separation of 

peat moss from the roots [27]. The roots were cut from the shoots, then separately 

placed in the paper bag to dry. After 48 h drying in the hot air oven at 50 °C, the dry 

matter content of the shoots and roots were weighed.   

7.3.6 Statistical analysis 

The experimental data was analyzed by analysis of variance (ANOVA) of the 

SPSS software (SPSS Inc., Ver. 18, Chicago, IL, USA). The Duncan multiple range 

test was applied to separate the means and to establish significance, which was 

accepted at p < 0.05. 

7.4 RESULTS AND DISCUSSION 

7.4.1 Effect of iron concentration and Fe2+/Fe3+ ratio on plant growth 

Figure 7.3. shows the height of rice shoots from 90 experiment days in H-

PMFCs. During the early period (day 30-46), the height of shoots on all rice plants 



 

145 
 

gradually increased. After 1.5 months of the H-PMFC operation, the shoot growth 

slowed in all H-PMFCs; similar results were also reported by Khudzari et al. [27]. 

After day 46, Group 0-7.5 and Group 0-15 exhibited lower plant shoot height in 

comparison with Group 0-0, which indicated that without Fe2+, the exist of Fe3+ in H-

PMFCs would inhibit the growth of rice plants. Giri et al. [601] reported that Fe3+ does 

not sufficiently meet plant needs, leading to iron deficiency and stunted growth. 

Although Fe3+ can be reduced into Fe2+ at the surface of the cathode in H-PMFCs 

[599], Fe2+ will be re-oxidized and precipitated as oxi(hydroxi)des [600]. Besides, in 

comparison with Group 0-0, the shorter plant shoot was also observed in Group 15-0, 

Group 15-7.5, and Group 15-15. This might have resulted result from the Fe2+ toxicity 

to the rice plants, generally occurring at 10-500 mg/L Fe2+ concentration [602]. 

However, although 7.5 µM is higher than 10 mg/L, Group 7.5-0, Group 7.5-7.5, and 

Group 7.5-15 showed higher shoots than Group 0-0. This may be attributed to the fact 

that Fe2+ could be recovered in H-PMFCs by oxidizing to insoluble Fe(OH)3, then 

reduced the toxic effects of Fe2+ [603]. This phenomenon indicates that H-PMFC 

could regulate the concentration of iron in the plant nutrient solution and lowers the 

toxic effect of Fe2+ when the Fe2+ concentration is ≤ 7.5 µM. 
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Figure 7.3. The height of the rice shoots of all H-PMFCs. 

7.4.2 Effect of iron concentration and Fe2+/Fe3+ ratio on plant biomass 

production 

The results of univariate variance analysis for the plant heightavg/plant (shoot + root) 

and plant weightavg/plant (shoot + root) values of experiments are demonstrated in 

Table 7.3. The interaction effect of Fe2+-Fe3+ in H-PMFCs for both plant heightavg/plant 

and plant weightavg/plant were significant (p < 0.001), especially for plant weightavg/plant 

(1.00 > 0.66). When the concentration of Fe2+ was 7.5 or 15 µM, the concentration of 

Fe3+ significantly affected plant heightavg/plant (p < 0.05). When the concentration of 

Fe3+ was 0, 7.5 or 15 µM, the concentration of Fe2+ had a significant effect on plant 

heightavg/plant (p< 0.001), especially when Fe3+ was 15 µM (0.91 > 0.86 > 0.67). 

Besides, when the concentration of Fe2+ was 0, 7.5, or 15 µM), the concentration of 

Fe3+ significantly affected plant weightavg/plant (p < 0.001). When the concentration of 

Fe3+ was 0, 7.5, or 15 µM, the concentration of Fe2+ significantly affected plant 

weightavg/plant (p< 0.001). 

Table 7.4. shows the rice plant biomass production at the end of the study. In 
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comparison with Group 0-0, Group 15-0, Group 15-7.5, and Group 15-15 exhibited 

significantly lower plant heightavg/plant and plant weightavg/plant (p < 0.05). This because 

of the Fe2+ toxicity to the rice plants. Besides, previous studies proved that high Fe2+ 

concentrations would lead to an imbalance in nutrient uptake by significantly 

reducing the uptake of other nutrients (e.g., Zn, K, Mn, P, Ca, Mg, etc.), thereby 

reducing the biomass production of rice plants [604, 605]. 

We observed that Group 7.5-15 has the highest plant lengthavg/plant (89.67 ± 1.17 

cm) and plant weightavg/plant (14.91 ± 0.02 g dry mass). Therefore, when the 

concentration of Fe2+-Fe3+ was 7.5-15 in H-PMFCs, the rice plants have the best 

biomass production from H-PMFCs. 
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Table 7.3. Results of univariate variance analysis for the average plant biomass production and average CH4 emission flux value during the experiment. 

Plant lengthavg/plant (shoot & root) 

Iron concentration (µM) 
Fe2+ simple effect Fe3+ simple effect Fe2+-Fe3+ interaction effect 

F p Partial h2 F p Partial h2 F p Partial h2 

0 2.57 0.10 0.22 55.06 < 0.001 0.86 8.71 < 0.001 0.66 

7.5 28.41 <0.001 0.76 18.12 < 0.001 0.67    

15 4.10 0.03 0.22 99.44 < 0.001 0.91    

Plant weightavg/plant (shoot & root) 

Iron concentration (µM) 
Fe2+ simple effect Fe3+ simple effect Fe2+-Fe3+ interaction effect 

F p Partial h2 F p Partial h2 F p Partial h2 

0 60062.92 < 0.001 1.00 18795.33 < 0.001 1.00 52427.89 <0.001 1.00 

7.5 62197.93 <0.001 1.00 146633.80 <0.001 1.00 -- -- -- 

15 16296.70 <0.001 1.00 251840.01 <0.001 1.00 -- -- -- 
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CH4 emission 

Iron concentration (µM) 
Fe2+ simple effect Fe3+ simple effect Fe2+-Fe3+ interaction effect 

F p Partial h2 F p Partial h2 F p Partial h2 

0 783.57 <0.001 0.99 301.48 < 0.001 0.97 77.93 < 0.001 0.95 

7.5 600.56 <0.001 0.99 84.34 0.005 0.90    

15 390.70 <0.001 0.98 137.86 < 0.001 0.94    
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Table 7.4. The average plant biomass production and average CH4 emission flux 

during the experiment. 

 
Plant lengthavg/plant  

(cm) 

Plant weightavg/plant 

(g dry mass) 

CH4 emission fluxsum 

50 days (g/m2) 

0-0 69.19 ± 2.60 c 10.09 ± 0.01 d 122.57 ± 1.25 a 

0-7.5 65.10 ± 2.97 c`de 5.65 ± 0.00 g 85.89 ±1.14 e 

0-15 69.23 ± 2.37 c 6.65 ± 0.01 f 66.84 ± 0.27 f 

7.5-0 86.97 ± 4.97 a 10.25 ± 0.03 c  92.43 ± 0.93 b 

7.5-7.5 74.87 ± 0.64 b 11.87 ± 0.02 b 72.58 ± 1.33 e 

7.5-15 89.67 ± 1.17 a 14.91 ± 0.02 a 43.15 ± 2.00 h 

15-0 66.93 ± 1.90 cd 7.92 ± 0.02 e 91.85 ± 1.68 c 

15-7.5 63.10 ± 0.79 de 5.49 ± 0.02 h 90.46 ± 3.21 d 

15-15 61.03 ± 2.68 e 6.66 ± 0.02 f 56.54 ± 2.22 g 

Notes: Different letters in the same row indicate significant differences (p < 0.05) 

7.4.3 Effect of iron concentration Fe2+/Fe3+ ratio on Rint and Pmax 

At the beginning of the experiment, all H-PMFCs were running under an open 

circuit for two days. The previous study found that operating MFCs under open-

circuit conditions helped compensate for carbon consumption led by the anodophilic 

activity and sustain the long-term energy generation to harvest more electrical energy 

[27, 606]. 

The P-test was conducted on day 2 and day 45. The effect of iron concentration 

on Rint and PDmax from polarization tests on all H-PMFCs is demonstrated in Figure 

7.4.(a) & (b). After 45 days of running, the Rint of all H-PMFCs showed an increasing 

trend, which is in accordance with our previous study [585] (Figure 7.4.(a)). Group 0-

0 has the lowest Rint on both day 2 and 45 (880 Ω & 1024 Ω). This might be attributed 

to the lower concentration of charge-transfer electrolyte in Group 0-0 compared to 
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iron-containing groups. Fan et al. [607] reported that when MFCs equipped with the 

same size and material anode and cathode, the concentration of the charge transfer 

electrolyte is inversely proportional to Rint.  

According to the thermodynamics second law and the Nernst eq, the voltage 

consists of the anode potential and cathode potential: 

∆E = Ecathde - Eanthode (7.2) 

The anode potential (Eanthode) is decided by microbial activity, and the cathode 

potential (Ecathode) could be analyzed by Nernst eq: 

 /M = E° +  
(7.3) 

 

where, E° is standard electrode potential, R is molar gas constant, 8.314 J/mol/K; F is 

Faraday’s constant, 96,485 C/mol;  and aM are the activities of the oxidized Mn+ 

and reduced M species. 

The possible cathode-reaction are as follows: 
Fe3+ + e- ⇌ Fe2+  (7.4) 

Fe2+ + 2H2O → Fe(OH)2 ↓ + 2H+ (7.5) 

6O2 + 24H++ 24e-→ 12H2O  (7.6) 

2Fe2+ + 2H+ + H2O2 → Fe3+ + 2H2O (biologically) (7.7) 

The redox potential of Fe3+ is +0.77 V vs. NHE, pure oxygen is 1.23 V vs. NHE, and 

reaction (7.7) is +850 to 950 mV vs. NHE [608, 609]. The addition of iron in MFCs 

could promote the growth of anode microbes [596], and Fe3+/Fe2+ electron pairs 

around the anode act as an electron mediator to promote the transfer of electrons to 

the cathode [610].  

When the addition of Fe2+ was 7.5, with the concentration of Fe3+ increased, the 

Rint showed a decreasing trend (Rint Group 7.5-0 > Rint Group7.5-7.5 > Rint Group 7.5-15), a similar 

phenomenon also noticed for Group 0-7.5 and Group 0-15 (1150 Ω > 1113 Ω), as well 

as Group 15-7.5 and Group 15-15 (1298 Ω > 1070 Ω). This decreasing trend of Rint is 

possible because a higher Fe concentration inhibits anodically electrogenic 

microorganism activity and increase Eanode [611], leading to a decrease in ∆E (equation 

(7.2)). Yoon et al. [471] reported that the potential of MFCs (E) correlates positively 
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with Rint. However, the Rint of Group 15-7.5 (1298 Ω) and Group 15-15 (1070 Ω) was 

higher than Group 15-0 (1031 Ω). This may be attributed to the H+ and Fe3+/Fe2+ 

electron pairs concentration near the cathode electrode surface having a positive 

influence on the cathode electrode potential when the concentration of Fe2+ was 15 

µM [608] (equation (7.3)-(7.7)).  

In comparison with day 2, the PDmax of all H-PMFCs decreased sharply, which 

was attributed to the Rint of H-PMFCs (Figure 7.4.(b)). Our previous study noticed 

that for H-PMFC, the PDmax is inversely related to Rint, the increasing Rint resulted in a 

decline of PDmax [585]. The highest PDmax value was found in Group 7.5-15 on day 45 

(58.36 mW/m3). This is because the PMFCs can obtain more carbon sources from 

plant rhizodeposition, which vary over growth stages and plant health [612]. Besides, 

the microbes’ hotpots around the rhizosphere could improve the activity and 

exudation of microbes [564]. As mentioned earlier, Group 7.5-15 exhibited the highest 

biomass production capacity; therefore, rice plants grown in H-PMFC with Fe2+-Fe3+ 

concentrations of 7.5-15 μM had the highest carbon source production capacity. 
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Figure 7.4. The (a) internal resistance and (b) maximum power density from 

polarization tests conducted on day 2 and day 45 of all H-PMFCs. 
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7.4.4 Effect of iron concentration and ratio on electricity-generation of H-

PMFCs 

Figure 7.5.(a)-(d) exhibits the power density (PD) performance of all H-PMFCs 

over 90 experiment days. The first peaks for all H-PMFCs were observed at the 

beginning of the experiment (day 10~20), which were attributable to the abundance of 

carbon sources in the cocopeat moss and nutrition solution [27]. Besides, a declining 

trend was noticed for all H-PMFCs at the end of the study, which was associated with 

decreased rhizodeposition. Nitisoravut et al. [18] reported that when plants age, 

rhizodeposition production also decreases. Group 0-0 reached its maximum PD 

(PDmax) of 208.02 mW/m3 at day 10 after being connected with external resistance 

(Rext), followed by a decline in PDmax. Khudzari et al. also noticed a similar 

phenomenon [27], which indicated that Group 0-0 consumed the most easily 

degradable organic materials. Despite the PD of Group 0-0 showing an upward trend 

after day 77 due to the rhizodeposition and microbes’ hotspots, the PDmax between day 

77~90 was still lower than day 10 (183.04 mW/m3 vs. 208.02 mW/m3). Besides, 

Group 0-0 showed the lowest PD over the experiment among all H-PMFCs (Figure 

7.5.(a)-(d)), which may be the result of the Fe deficiency of Group 0-0. Researchers 

demonstrated that due to the low phytosiderophore production, rice plants are highly 

susceptible to Fe deficiency [613], which resulted in decreased abundance of 

photosynthetic proteins [614], reduced electron transport chain components [615], and 

inhibited root elongation [616].  

In Figure 7.5.(a) Group15-0 shows the highest PDmax of 397.84 mW/m3, 

followed by Group 7.5-0 (327.36 mW/m3) and Group 0-0 (208.02 mW/m3). Thus, 

when the F3+ concentration was 0 μM, the PDmax of H-PMFCs increased with the Fe2+ 

concentration increased. A similar trend was also noticed in Figure 7.5.(b), Group 0-

15 exhibits the highest PDmax of 626.51 mW/m3, followed by Group 0-7.5 of 534.85 

mW/m3. It can be seen that H-PMFCs feed with the Fe3+ has higher power output than 

feed with the Fe2+. We hypothesize that the difference in PD was associated with 

oxygen reaction in H-PMFCs around the cathode. A large amount of available energy 
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is required to establish the overpotential to drive oxygen reduction in MFCs [599]. Ter 

Heijne et al. [599] proved that during the conversion of Fe3+ to Fe2+ (equation (7.4)) 

around the cathode in MFCs, the electron transfer reaction considerably reduced the 

cathodic overpotential around the cathode. Therefore, H-PMFC feed with Fe3+ 

showed higher power generation ability than feed with Fe2+. 

When the Fe2+ concentration was constant (7.5 or 15 μM) (Figure 7.5.(c) & (d)), 

the increase of Fe3+ concentration showed a positive fluence on the power output of 

H-PMFCs. In Figure 7.5.(c) Group 7.5-15 has the highest PDmax of 949.17 mW/m3, 

followed by Group 7.5-7.5 (479.40 mW/m3) and Group 7.5-0. Figure 7.5.(d) Group 

15-15 shows the highest PDmax of 573.45 mW/m3, followed by Group 15-7.5 (540.25 

mW/m3) and Group 15-0. Group 7.5-15 is noteworthy, demonstrating the highest 

PDmax among all H-PMFCs. This difference might be attributed to the growth of rice 

plants in Grouup 7.5-15, which exhibited the best biomass yield ability and carbon 

source generation capacity.  
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Figure 7.5. The performance of (a) Group 0-0, Group 7.5-0, and Group 15-0; (b) 

Group 0-0, Group 0-7.5, and Group 0-15; (c) Group 0-0, Group 7.5-0, Group 7.5-7.5, 

and Group 7.5-15; (d) Group 0-0, Group 15-0, Group 15-7.5, and Group 15-15 in 

terms of power density. 

7.4.5 Effect of iron concentration Fe2+/Fe3+ ratio on methane flux emissions 

The results of univariate variance analysis for the CH4 emission from H-PMFCs 

are displayed in Table 7.3. The interaction effect of Fe2+-Fe3+ in H-PMFCs for CH4 

emission was significant (p < 0.001). From the results of the simple effect of Fe2+ and 

Fe3+, when the concentration of Fe2+ was 0, 7.5, or 15 µM, the concentration of Fe3+ 

has a significant impact on CH4 emission (p < 0.01); when the concentration of Fe3+ 

was 0, 7.5 or 15 µM, the concentration of Fe2+ had a significant effect on CH4 

emission (p< 0.001). Besides, the simple impact of Fe2+ was higher than Fe3+ (0.99 > 

0.97). 



 

157 
 

In Table 7.4. Group 0-0 shows the highest CH4 production over 50 days of 

operation (122.57 ± 1.25 g/m2). This phenomenon suggests that feeding iron into rice 

PMFCs helps to reduce CH4 emissions. Some studies found that iron oxides could 

facilitate CH4 oxidation by iron-reducing bacteria, and adding Fe3+ can decrease the 

abundance of methanogens through toxic effects [617, 618]. Besides, Hanke et al. [619] 

pointed out that Fe3+ can inhibit CH4 production from the paddy field by reducing to 

Fe2+, which may also promote metabolism. Hu et al. [620] found that adding Fe2+ leads 

to lower microbial activity and biomass, decreasing CH4 emission. The amount of 

CH4 emission from Group 0-7.5, Group 0-15, Group 7.5-0, and Group 15-0 were 

85.89 ±1.14 g/m2, 66.84 ± 0.27 g/m2, 92.43 ± 0.93 g/m2, and 91.85 ± 1.68 g/m2, 

respectively. This result indicates that Fe3+ has a higher inhibitory effect on CH4 

emission, proportional to its concentration. Besides, it also shows that when the 

concentration of Fe3+ was 0 μM, the CH4 production decreased with the increasing 

Fe2+ concentration. The lowest CH4 emission was found in Group 7.5-15 of 43.15 ± 

2.00 g/m2, followed by Group 15-15 of 56.54 ± 2.22 g/m2. It can be noticed that Fe2+ 

and Fe3+- in H-PMFCs have a synergistic effect on CH4 suppression. However, this 

synergistic effect was weakened when Fe2+ concentration increased to 15 μM. This 

may be because when adding enough Fe2+, equation (7.4) tended to move in the left 

direction, inhibiting the reduction from Fe3+ to Fe2+ [620]. 

Figure 7.6. exhibits the current and CH4 emission flux trend of all H-PMFCs 

from monitoring day 40 to 90. It was observed that the decrease in the CH4 emission 

rate was associated with the increase in the current generation. A similar trend was 

also reported by Jung and Regan [579]. Rizzo et al. [200] also found that the higher 

current transport process can limit CH4 emission. This is probably related to the 

syntrophic interactions between exoelectrogenic and fermentative bacteria. These 

syntrophic interactions can improve the electricity production in the rhizosphere of H-

PMFCs [577]. Therefore, we can conclude that iron addition in rice H-PMFCs can 

reduce CH4 emission in two ways: (i) iron electron acceptors directly inhibiting 

methanogens; (ii) iron electron acceptors promoting the electricity production of MFC 

to inhibit CH4 production. 
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Figure 7.6. The current generation and CH4 emission flux trend of all H-PMFCs for 

50 days. 

7.5 CONCLUSION 

In the present study, nine H-PMFCs were utilized to test the influence of 

different forms and concentrations of iron on rice plants' growth, MFC electricity 

generation, and CH4 emission from hydroponically cultivated rice plants. During the 

90 days of monitoring, Group 7.5-0 shows the highest shoots of 55.47 ± 2.50 cm, 

which is 1.14 times higher than Group 7.5-15. Nonetheless, Group 7.5-15 shows the 

highest overall biomass production, including plant lengthavg/plant (89.67 ± 1.17 cm) 

and plant weightavg/plant (14.91 ± 0.02 g dry mass), which were 1.03 times and 1.45 

times higher than Group 7.5-0, as well as 1.30 times and 1.48 times higher than Group 

0-0. These results indicate that when the Fe2+ was 7.5 µM and Fe3+ was 15 µM, H-

PMFCs can regulate its concentration in the nutrient solution and lower the influence 

of Fe2+ toxicity on rice plants. Besides, the iron at appropriate concentrations 
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facilitated the electricity generation of H-PMFCs. H-PMFCs supplemented with 7.5 

μM Fe2+ and 15 μM Fe3+ obtained the highest PDmax of 949.17 mW/m3+, 4.56 times 

higher than Group 0-0. For the CH4 test, Group 7.5-15 exhibited the lowest CH4 

emission flux of 43.15 g/m2, 2.84 times lower than Group 0-0. Therefore, we found 

that H-PMFCs can decrease the CH4 generation in two ways with the addition of iron: 

(i) iron electron acceptors directly inhibiting methanogens; (ii) iron electron acceptor 

enhancing the electricity production ability of MFC to inhibit CH4 production.  

In brief, our work has demonstrated the potential application of adding Fe2+ and 

Fe3+ into H-PMFCs to enhance plant biomass yield and bioelectricity generation, as 

well as reducing CH4 emissions. However, the influence of iron on microbial 

community diversity in hydroponic rice H-PMFCs is still unclear. Further studies can 

focus on investigating the effects of different forms and concentrations of iron on H-

PMFC microbial species.  
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CONNECTING TEXT 

This Chapter VII evaluated the influence of iron fertilization on biomass 

production, bioelectricity generation, and CH4 emissions of H-PMFCs. The highest 

biomass and bioelectricity were observed in Group 7.5-15 (Plant lengthavg/plant: 89.67 

± 1.17 cm; Plant weightavg/plant 14.91 ± 0.02 g dry mass; PDmax: 949.17 mW/m3). The 

CH4 test showed that the addition of iron fertilizer in H-PMFCs can decrease the 

emission of CH4 in two ways: (i) iron electron acceptors directly inhibiting 

methanogens; (ii) iron electron acceptor enhancing the electricity production ability of 

MFC to inhibit CH4 production. In comparison with Group 0-0, Group 7.5-15 reduced 

65% CH4 emissions from H-PMFC. Therefore, the addition of 7.5 µM Fe2+ and 15 

µM Fe3+ showed great potential to enhance the performance of H-PMFCs. 

In Chapter VIII, to explore an H-PMFC system to address the needs of future 

smart agriculture applications, the possibility of controlling biomass production, 

bioelectricity generation, and CH4 emissions from hydroponic rice plants (Oryza 

sativa L.) under different Rext/Rint ratios were tested. 
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CHAPTER VIII 

EXTERNAL RESISTANCE AS A POTENTIAL 

TOOL FOR BIOELECTRICITY AND METHANE 

EMISSION CONTROL FROM RICE PLANTS IN 

HYDROPONIC MICROBIAL FUEL CELL  

8.1. ABSTRACT 

Recently, hydroponic plant microbial fuel cell (H-PMFC) was incorporated into rice 

plants to decrease methane (CH4) production while generating bioelectricity. 

However, no information is available about the effect of the external/internal 

resistance (Rext/Rint) ratio on the performance of H-PMFCs during rice plant growth. 

To study the possibility of controlling biomass production, bioelectricity generation, 

and CH4 emissions from hydroponic rice plants (Oryza sativa L.) under different 

Rext/Rint ratios, three H-PMFCs (H-PMFC-A: Rext < Rint; H-PMFC-B: Rext = Rint; H-

PMFC-C: Rext > Rint) were built. Results showed that H-PMFC-B (Rext = Rint) has the 

highest biomass yield. H-PMFC-C (Rext > Rint) displayed the highest average power 

density (PD), which was 4.77 and 1.23 times higher than H-PMFC-A and H-PMFC-

B over 131 days of operation. The maximum PD was obtained from H-PMFC-C of 

536.79 mW/m3 when Rext/Rint = 150%. The highest current with the lowest CH4 was 

noted for H-PMFC-A (0.14 mA and 453.52 ± 0.28 g/m2/h). The CH4 emission 

exhibits an inverse trend with current production, decreasing with the Rext/Rint 

decreased from 50% to 5%. The total CH4 emission flux in H-PMFC-A was 1.42 and 

2.07 times lower than H-PMFC-B and H-PMFC-C, respectively. Furthermore, the 

COD removal rate in H-PMFCs negatively correlates with Rext/Rint, and the Rext does 

not affect the COD removal rate when 50% ≤ Rext/Rint ≤ 150%. The above results 

indicated that the performance of H-PMFCs can be controlled by changing Rext/Rint 



 

162 
 

ratio according to actual needs. If the goal is to achieve higher biomass production, 

then Rext = Rint; to obtain the highest PDmax, then Rext > Rint; to get the highest current 

and lowest CH4 generation, then Rext < Rint.  

Keywords: bioelectricity generation control; hydroponic rice plants; methane 

emission control; plant microbial fuel cell 
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8.2. INTRODUCTION 

As one of the main crops, rice dominates food production and consumption 

worldwide, accounting for over 21% of the human caloric requirements and up to 

76% calorific intake of Southeast Asian inhabitants [621]. However, paddy rice 

contributes about 11% of anthropogenic methane (CH4) emissions [622, 623]. Based 

on yield, rice cultivation has more than three times the global warming potential 

(GWP) of greenhouse gas emissions than wheat/maize and twenty-five times the 

GWP of CO2 [576, 624]. The global rice production demand increases as the 

population grows [625]. Therefore, the elevated CH4 concentrations in the atmosphere 

(global average of about 1875 ppb) raise concerns in relation to global warming [626].  

The anaerobic decomposition of organic matter is the leading cause of methane 

formation. Firstly, bacteria degrade organic polymers into monomers. Then, 

monomers are converted to various organic acids. Thirdly, formed acetate, CO2, and 

H2 are transformed into CH4 by methanogens [578]. Under waterlogged conditions, 

about 90% of CH4 exchange with the rhizosphere occurs via plants’ aerenchyma [12]. 

Thus, a promising method to reduce CH4 emissions is to prevent CH4 formation 

around the rhizosphere, e.g., introduce alternative electron acceptors. In recent years, 

microbial fuel cell (MFC) has gained lots of attention in producing renewable 

electrical energy from the degradation of various organic matters by living 

microorganisms [627]. Plant microbial fuel cell (PMFC) is an MFC-derivate device 

that generates electricity by degrading root deposits using anode bacteria. PMFCs 

have biocontrol and bioprocess structures and can be seen as a kind of biosystem that 

could convert solar energy into bioelectricity. The integral component of PMFCs 

consists of living plants, anode, cathode, supporting matrix, and external resistance 

(Rext) [628]. Rext, also called circuit load, dissipates the electrical energy and controls 

the characteristic outputs of PMFCs [629]. Rext affects the performance of PMFCs by 

controlling the flow of electrons from anode to cathode.  Theoretically, the high Rext 

results in high cell voltages and low current, and vice versa. The microbial diversity 
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and metabolism also changes when different Rext was applied to MFCs [559]. Besides, 

Zhang et al. [630] demonstrated that the CH4 emission from constructed wetland-MFC 

(CW-MFC) was significantly reduced after connecting Rext. In MFC studies to date, 

the effect of Rext has been adequately characterized. The lower Rext leads to a higher 

power output and a thinner biofilm [631-633]. The higher Rext result in s higher CH4 

emissions [634, 635]. However, all mentioned studies only consider the effects of Rext, 

they ignore internal resistance (Rint) which will keep changing during the MFC 

operation, especially PMFC due to the growth of plant roots. 

Rext control could be a simple and promising operation tool for MFC-in 

corporation in agricultural processes as it is likely to affect CH4 emission level, 

biomass production and bioelectricity generation from rice hydroponic PMFCs (H-

PMFCs). Therefore, this study evaluates the possibility mentioned above. To achieve 

this goal, three H-PMFCs (H-PMFC-A: Rext < Rint, Rext/Rint <1; H-PMFC-B: Rext = 

Rint, H-PMFC-C: Rext > Rint Rext/Rint >100%) were constructed with different Rext/Rint 

ratio. To the best of our knowledge, this is the first report to explore the control of 

CH4 emission from H-PMFC with rice plants by investigating the ratio of Rext/Rint. 

Our work provides a promising outlook on how low-carbon agriculture may be 

achieved through the incorporation of MFCs in cultivating high greenhouse gas 

emitting plants. 

8.3. MATERIALS AND METHODS 

This study was carried out over 131 days and conducted in the Post-Harvest 

Engineering Laboratory, McGill University (Sainte-Anne-de-Bellevue, Québec, 

Canada). A 1000 W LED Plant Grow Light (TOLYS) was used to control the 

photoperiod (12 hours light and 12 hours darkness) at room temperature (light: 26 ± 

2◦C; darkness: 23 ± 2◦C). 

8.3.1. H-PMFCs design and construction 

Membrane-less air floating cathode H-PMFCs were built using polyvinyl 
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chloride (PVC) water pipes - the H-PMFC design used in our earlier study [636]. 

Briefly, cocopeat moss with sodium acetate was utilized as the support matrix and 

carbon sources. Under the cocopeat moss matrix, a carbon cloth anode was placed 

horizontally. On the surface of the cocopeat moss matrix, a round floating air-cathode 

was placed (150 mm from the anode). The anode and cathode electrodes were 

connected by insulated stainless-steel wires used as the current collectors. An outlet 

port near the bottom to export waste solution in the beaker. Kimura B solution with 

some modification was used as the nutrient solution of all H-PMFCs [551]. 0.1 mM 

NaOH was used to adjust the pH of the nutrient solution. A programmable metering 

pump was used to pump the Kimura B solution [506]. 

Airtight headspace was used to trap gases for the CH4 test. A small electric 

blower on the top of the headspace was used for air mixing. More details about H-

PMFC and airtight headspace are exhibited in Table 8.1. & Figure 8.1. 

Table 8.1. The material specifications of all H-PMFCs. 

Materials Size 

Polyvinyl chloride 
Diameter:100 mm; Length 250 mm; 

Volume :1.96 L 

Cocopeat moss matrix 3/5 of the volume in flow H-PMFCs 

Carbon cloth Diameter:100 mm; Thickness: 5 mm 

Floating air-cathode Diameter:100 mm; Thickness: 10 mm 

Insulated stainless-steel 

wires 
Thickness: 0.5 mm; < 5 Ω/m 

Outlet port tube Diameter: 10 mm; Length: 90 mm 

Wastewater beaker 1L capacity 

Pump Capacity: 15 W; Flow rate: 5 mL/h 

Airtight headspace Height: 900 mm; Diameter: 101 mm) 
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Figure 8.1. The schematic diagram of H-PMFCs. 

8.3.2. Experimental design 

Three H-PMFCs (H-PMFC-A: Rext < Rint; H-PMFC-B: Rext = Rint; H-PMFC-C: 

Rext > Rint), were set as shown in Table 8.2. All H-PMFCs were started in open-circuit 

(OC) mode, then switched to close-circuit (CC) mode. Two polarization tests (P-tests) 

were performed under OC conditions (OC-1 and OC-2), and four P-tests were 

performed under CC conditions (CC-1, CC-2, CC3, and CC-4). 

Table 8.2. The Rext/Rint ratio design of all H-PMFCs. 

 H-PMFC-A H-PMFC-B H-PMFC-C 

OC-1 -- -- -- 

OC-2 -- -- -- 

CC-1 Rext/Rint = 50% Rext/Rint = 100% Rext/Rint = 150% 

CC-2 Rext/Rint = 10% Rext/Rint = 100% Rext/Rint = 500% 

CC-3 Rext/Rint = 9% Rext/Rint = 100% Rext/Rint = 1000% 

CC-4 Rext/Rint = 5% Rext/Rint = 100% Rext/Rint = 2000% 

*OC, open circuit; CC, close-circuit. The number represents the times to do the P-test 

under open circuit or close-circuit  
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8.3.3. Rice plants cultivation  

Oryza sativa L. cultivar Indian Rani paddy rice was used in this study. The seeds 

of Indian rain paddy rice were obtained from Rani Foods (United States). Before 

germination, the seeds were soaked in distilled water for 48 hours. Then, all seeds 

were germinated on the plate and transplanted at the 3-leaf stage. 

8.3.4. Measurement of plant growth parameters and biomass  

A measuring tape was used for measuring the height of the highest three leaves 

of each plant as an indicator of rice growth. The nutrition solution pH was measured 

by a pH meter (AB150, Fisher Scientific, Canada). 

At the end of the experiment, the whole rice plants were harvested. The plants 

were soaked in the sodium hexametaphosphate solution to facilitate the separation of 

peat moss from the roots [27]. The roots were cut from the shoots, then separately 

placed in a paper bag to dry. After 48 h drying in the hot air oven at 50 °C, the dry 

matter content of the shoots and roots were weighed. 

8.3.5. Operation of the H-PMFCs 

The external resistance (Rext) in the closed-circuit H-PMFCs was decided by the 

ratio of Rext/Rint. The internal resistance (Rint) of each H-PMFC was calculated by 

periodic polarization test (P-test) to optimize power production. The P-test was 

conducted by varying the Rext from 50,000 to 50 Ω [507]. The P-test was performed 

on days 1, 43, 40, 84, 108, and 121 of the experiment. The current and power were 

calculated by plotting polarization (voltage vs. current) and power (output power vs. 

current) figures. A data acquisition system (34,970A, Agilent Technologies, Santa 

Clara, California, USA) was utilized to log the output voltage measurement of each 

H-PMFC at one-minute intervals. 

8.3.6. Measurement of methane 

CH4 generation from H-PMFCs was tested by the static chamber method [27]. 

https://www.amazon.ca/Rani-Brand-Authentic-Indian-Products/b/ref=bl_dp_s_web_38740426011?ie=UTF8&node=38740426011&field-lbr_brands_browse-bin=Rani+Brand+Authentic+Indian+Products
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The headspace chamber sealed all the H-PMFCs at room temperature for 12 h. Before 

gas sampling, the internal blower was turned on to mix the air inside the headspace 

thoroughly. Then, a 2.5 mL gas sample was extracted through the sampling port. All 

samples were done in triplicate. The concentration of CH4 was measured by the HP 

5890A gas chromatograph (Hewlett Packard, Palo Alto, California, USA), equipped 

with a Porapak-N column (120 mm × 3mm, 149-177 microns) and a thermal 

conductivity detector. Helium was used as the carrier gas. The analysis was performed 

at a constant oven temperature of 45 °C. The injector and detector temperatures were 

at 210 °C. The concentrations of CH4 were given in units of parts per million (ppm). 

The CH4 emission flux (F, mg/m2/h) was calculated as follows [553, 554]: 

F = H × (MW/MV) × [273.2/(273.2 + T)] × (∆C/∆t) (8.1) 

where, H is the chamber height, m; Mw is the CH4 mole mass, 16.123×10-3 mg; Mv is 

the CH4 mole volume, 22.41×10-3 m3; T is the chamber air temperature, 23 °C; ∆C/∆t 

is the change in the CH4 between the initial and final measurement per unit of time 

(12 h), ppm.  

8.3.7. Chemical oxygen demand removal rate test 

The closed reflux colorimetric method with a spectrophotometer (MiltonRoy, 

Model Spectronic 21D) was utilized to measure the chemical oxygen demand (COD) 

of all H-PMFCs. The RCOD removal rate in H-PMFCs can be calculated as follows:  

RCOD= V·∆COD (8.2) 

where, V is the liquid volume of the reservoir and ∆COD is the amount of removed 

COD within a specified time. 

8.3.8. Statistical analysis 

The experimental data was analyzed by analysis of variance (ANOVA) of the 

SPSS software (SPSS Inc., Ver. 18, Chicago, IL, USA). The univariate variance 

analysis was performed according to the Bonferroni test for average plant biomass 
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production and average CH4 emission study. The Duncan multiple range test was 

applied to analyze the difference between the means and to establish significance, a p 

< 0055 indicates statistical significance. 

8.4. RESULTS AND DISCUSSION 

8.4.1. Effects of Rext on plant growth and biomass production 

Plants can affect the redox potential of MFCs by enhancing the surface area of 

electrodes for the growth of microorganism biofilm and releasing oxygen to the 

rhizosphere area by photosynthesis [637]. Figure 8.2.(a) illustrates the shoot height 

changes over time of all rice plants during the experiment in H-PMFCs. The rice 

plants were transplanted in H-PMFCs on day 22. It can be seen that the shoot height 

of all rice plants increased with time. The growth of the rice plants increased 

gradually during the first 5 weeks (OC-1&2). Then, the development of the rice plant 

shoots slowed in all H-PMFCs (OC-2 to CC-4). The final size of all rice plants was 

42.40 ± 1.46 cm for H-PMFC-A, 43.27 ± 1.07 for H-PMFC-B, and 43.03 ± 1.93 cm 

for H-PMFC-C. The differences, however, were not statistically significant (p > 0.05). 

Besides, in Figure 8.2 (b), the shoot height of rice plants in H-PMFCs had no 

significant difference among CC-1 to CC-4 (p > 0.05). Thus, the changing of Rext has 

no significant effect on the shoot height growth of the rice plants.  
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Figure 8.2. (a) The plant shoot height changes over the time of all H-PMFCs; (b) the 

plant shoot height changes over the test phase of all H-PMFCs for 131 days 

experiment. 

Table 8.3. shows the biomass production of all rice plants from H-PMFCs at the 
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end of the experiment. H-PMFC-B exhibited the highest shoot height (43.27 ± 1.07 

cm), shoot mass (7.67 ± 0.01 g dry mass), root height (42.60 ± 0.54 cm), and root 

mass (4.37 ± 0.02 g dry mass). Of note, the shoot mass, root height, and root mass of 

H-PMFC-B were significantly higher than H-PMFC-A and H-PMFC-C (p < 0.05).  

Overall, the Rext/Rint ratio does not significantly influence plant shoot height 

growth, unlike for biomass production (significant) with the highest production 

recorded when Rext equals Rint. 
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Table 8.3. The plant biomass production and total CH4 emission flux during the experiment. 

 
Shoot heightavg/plant 

(cm) 

Shoot massavg/plant 

(g dry mass) 
Root lengthavg/plant (cm) 

Root massavg/plant 

(g dry mass) 

CH4 emission fluxsum 50 

days (g/m2/h) 

H-PMFC-A 42.40 ± 1.46 a 7.38 ± 0.02 b 29.23 ± 0.95 c 3.48 ± 0.01 c 453.52 ± 0.28 c 

H-PMFC-B 43.27 ± 1.07 a 7.67 ± 0.01 a 42.60 ± 0.54 a 4.37 ± 0.02 a 645.64 ± 0.16 b 

H-PMFC-C 43.03 ± 1.93 a 6.37 ± 0.02 c 32.77 ± 0.25 b 4.03 ± 0.02 b 983.18 ± 0.26 a 

Notes: Different letters in the same row indicate significant differences (p < 0.05) 
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8.4.2. Polarization tests analysis 

The P-test was utilized to estimate the maximum H-PMFCs power by the value 

of Rint and adjusted Rext, performed on days 0, 43, 40, 84, 108, and 121. Figure 8.3. 

shows the Rint and PDmax values gained in the P-test. All H-PMFCs were operating 

under the open circuit (OC) until day 60. Running PMFCs temporarily under OC can 

compensate for carbon consumption by anodophilic activity and help maintain long-

term energy generation [531]. Rint of all H-PMFCs exhibited an opposite trend in 

comparison with PDmax (Figure 8.3.(a)), which is consistent with previous experiment 

results. The PDmax inversely related to Rint, the increasing Rint resulted in a decline of 

PDmax in H-PMFC [550, 636]. 

In Figure 8.3.(b), under the OC mode, the PDmax value of all H-PMFCs 

displayed a similar trend, which was decreased first and then increased at day 60. The 

highest PDmax during the P-test was observed in H-PMFC-C of 92.22 mW/m3 on day 

1. This may be attributed to the growth rates of the plants in H-PMFCs. The plant 

rhizodeposition varies over the growth stages and plant health, which can provide 

extra carbon sources to H-PMFCs [612]. As shown in Figure 8.2. H-PMFC-C has the 

highest plant shoot, which can provide more extra carbon sources. Under close-circuit 

(CC) mode, the PDmax of all H-PMFCs decreased, and H-PMFC-A and H-PMFC-B 

showed similar PDmax (11.09 mW/m3 and 11.13 mW/m3), which are significantly 

higher than H-PMFC-C (6.36 mW/m3) (p < 0.05) on day 121. Helder et al. [638] 

found that more roots lead to lower Rint and higher electricity generation. However, in 

Table 8.3. H-PMFC-C has a higher root length and mass value than H-PMFC-A. 

Thus, we hypothesize that when Rext is higher than Rint, it will inhibit power 

generation from H-PMFCs regardless of internal factors such as root length, as shown 

in this study. 

Further, H-PMFCs operated under OC mode showed higher PDmax value than CC, 

which suggests energy accumulation within the anodic biofilm of H-PMFC under OC 

mode. Logan [639] reported that the anode potential becomes more negative under OC 
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mode. Due to the respiratory enzymes and electron carriers holding electrons being 

oxidized, the anode potential increases when the circuit is reconnected with a load, 

resulting in higher power output. However, Jauharah et al. [27] noticed that the PDmax 

in CC PMFC was two times higher than OC PMFC from the P-test. Similarly, 

Larrosa-Guerrero et al. [640] found that the PDmax value of CC MFC was 4 times 

higher than OC MFC. They proposed that CC MFCs contained more electroactive 

organisms than OC MFCs. The differences between the data noted above were the 

plants and organic matter matrix in PMFCs, and only our study was under a 

hydroponic situation. Therefore, the effect of various plant growth with different 

conditions on the PDmax of H-PMFCs under different operating modes needs further 

investigation. 

 

Figure 8.3. The (a) internal resistance and (b) maximum power density from 

polarization tests performed on day 1, 43, 40, 84, 108, and 121 of all H-PMFCs. 
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8.4.3. Effects of Rext on electricity generation by the H-PMFC 

Figure 8.4.(a) & (b) shows the voltage and power density changes of all H-

PMFCs in 131 days. H-PMFC-A, H-PMFC-B, and H-PMFC-C had similar voltage 

trends in OC (Figure 8.4.(a)). The larger peaks noticed under the OC mode might be 

associated with the abundance of carbon sources in the peat moss. Besides, H-PMFC-

A showed the highest voltage of 854.93 mV, followed by H-PMFC-C (840.11 mV) 

and H-PMFC-B (835.88 mV) (p < 0.05) under OC mode.  

H-PMFC-A, H-PMFC-B, and H-PMFC-C demonstrated remarkable differences 

under CC mode. A marked decline was exhibited for all H-PMFCs when turned into 

CC mode (Figure 8.4.(a)); this was associated with the electrode reaction kinetics 

restriction by the current-limiting electrode [641]. In CC mode, H-PMFC-A 

demonstrated a decreasing trend of output voltage with the Rext/Rint decreasing from 

50% to 5%. H-PMFC-B showed a stable voltage performance. The voltage of H-

PMFC-C keeps increasing with the Rext/Rint rising from 50% to 2000%.  

Theoretically, the maximum power of MFC is gained when Rext = Rint; therefore, 

when the Rext > Rint or Rext < Rint, the changes in voltage will be noticed and losses in 

power density are expected [642, 643]. However, in our study, the H-PMFC-B (189.14 

± 0.06 mW/m2) presented an average PD 19% lower than H-PMFC-C (232.94 ± 0.13 

mW/m2) under CC mode (p < 0.05) (Figure 8.4.(a) & (b)). Suzuki et al. [644] 

observed a relatively high PD in the MFC when Rext was 1000 Ω compared to Rint 10 

Ω. Similarly, Cano et al. [645] found that the average PD improved 29% when Rext 

was 300 Ω (Rint was 10.1 Ω). Zhang et al. [558] reported that the anode potential was 

more negative and steadier with higher Rext, which lead to a higher voltage. However, 

low anode potential cannot afford enough energy for electron transfer and cell 

maintenance [559]. Thus, the PD of H-PMFC-C exhibited a decreasing trend from 

CC-3 stage to CC-4 stage in Figure 6.4.(b). 

Despite the H-PMFC-C having the highest average PD value (232.94 ± 0.13 

mW/m2) than H-PMFC-B (189.14 ± 0.06 mW/m2) and H-PMFC-A (48.81 ± 0.09 

mW/m3) (p < 0.05), H-PMFC-B exhibited the highest PDmax from CC-2 to CC-4 stage 
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(Figure 8.4. (b)). The results found that an increased Rext/Rint ratio could enhance the 

power density of H-PMFCs but should be within a limitation of 50%. 

The stage CC-3 is noteworthy. An increasing trend of PD was observed for all H-

PMFCs. The highest PDmax was achieved by H-PMFC-B (397.02 mW/m3), followed 

by H-PMFC-C (256.68 mW/m3), and H-PMFC-A (84.64 mW/m3). This interesting 

phenomenon was associated with the rhizodeposition and microbes’ hotspots of rice 

plants, which can offer extra carbon sources and help MFC sustain the power 

production [564, 646]. Furthermore, all H-PMFCs showed a decreasing trend from 

stage CC-3 to stage CC-4, especially in H-PMFC-B, which was decreased by 81%. 

We speculate this towards to the plants getting older and hence oxygen release from 

the plant roots. As summarized in Table 6.3. H-PMFC-B exhibits the longest root 

length and mass. However, the oxygen release from roots could create oxic conditions 

at the anode, which consumed electrons through biological/chemical oxygen 

reduction and reduced the available electrons for electricity generation [568]. 
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Figure 8.4. The performance of all H-PMFCs in (a) voltage and (b) power density for 

131 days experiment. 

8.4.4. Effects of Rext on methane flux emissions 

Figure 8.5. shows the relationship between the current generation and CH4 
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emission. During the 131 days of operation, H-PMFC-A showed the highest current 

production, followed by H-PMFC-B and H-PMFC-C. At the end of the experiment, 

H-PMFC-C showed the highest CH4 emission flux of 983.18 ± 0.26 g/m2/h, which 

was 1.8 times higher than H-PMFC-B and 2.2 times higher than H-PMFC-A (Table 

8.2). These results displayed that the CH4 emission exhibits an inverse trend with 

current production in all H-PMFCs. Previous studies found that the current output 

from PMFCs depends on the metabolism of the microorganism, while the anode acts 

as the electron acceptor for electrochemically active bacteria [647, 648]. Therefore, the 

competition between methanogens and the electrogens on the anode in H-PMFCs for 

carbon substrates suppresses methanogenesis [576]. 

Compared with H-PMFC-B, the CH4 emission from H-PMFC-A keeps 

decreasing with the Rext/Rint decreasing from 50% to 5%. (Figure 8.5.). Similar results 

were also reported by Liu et al. [197], who found the plant-mediated CH4 decreased 

gradually with the decrease of Rext. This may be because of the Rext variation which 

can affect the methanogens’ activity and diversity by altering the potential of the H-

PMFC anode [204]. Rismani-Yazdi et al. [204] reported that the redox potential in 

MFCs determines the methanogenesis process. Lower Rext leads to less negative 

anode potential, thus reducing methanogens’ diversity [197]. Besides, the decreased 

Rext led to the decline in the cathode potential of H-PMFCs. The lower redox potential 

could be unfavorable for methanotrophic activity/CH4 oxidation, thereby resulting in 

the decrease of CH4 emission [649]. 

The above results suggest that setting the value of Rext lower than Rint is an 

optimal choice for ensuring both higher current output and less methane emission 

from the H-PMFCs. 
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Figure 8.5. The current generation and CH4 emission flux trend of all H-PMFCs for 

131 days experiment. 

8.4.5. Effects of Rext on chemical oxygen demand removal rate performance 

The effect of Rext on the COD removal performance of all H-PMFCs is exhibited 

in Figure 8.6. Compared with the OC operation stage, all H-PMFCs showed a 

significantly higher COD removal rate (p < 0.05). This is attributed to the generation 

of current in H-PMFCs; with the installation of Rext, electroactive bacteria need to 

drive the current flow by consuming organic matter, which shows in the COD 
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removal rate [571]. H-PMFC-B showed a similar COD removal rate among CC-1 to 

CC-4 stage (p > 0.05). Besides, H-PMFC-A (34.62 ± 0.67 %), H-PMFC-B (32.51 ± 

0.41 %), and H-PMFC-C (36.55 ± 0.53 %) have no significant difference (p > 0.05) in 

the CC-1 stage. This result indicated that the Rext does not affect the COD removal 

rate when 50% ≤ Rext/Rint ≤ 150%.    

H-PMFC-A showed an increasing COD removal rate from CC-1 to CC-4 stage, 

with the value of Rext/Rint decreasing from 50% to 5%. However, H-PMFC-C showed 

the opposite trend. Thus, it was confirmed that the COD removal rate in H-PMFCs 

negatively correlates with Rext as demonstrated in several studies [571, 650]. This 

tendency may be attributed to the anode potential that can regulate the bacterial 

activity in H-PMFCs. During carbon source oxidation, the microbe available Gibbs 

free energy is proportional to the electron transfer number and the potential difference 

between anode and substrate redox potential [651]. Thus, the lower Rext leads to the 

higher anode potential and the greater current, while the bacteria can obtain more 

energy per unit of time to perform its metabolic activity [642].  

 

Figure 8.6. The COD removal rate of all H-PMFCs for 131 days experiment. 
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8.5. CONCLUSION  

In the present work, we explored the possibility of utilizing Rext control to 

optimize the performance of hydroponic H-PMFCs cultivated rice plants. As shown in 

this work, the Rext/Rint ratios of H-PMFCs do not significantly influence the rice plant 

height growth (p > 0.05) but can significantly affect biomass production. H-PMFC-C 

showed the highest average PD, which was 4.77 higher than H-PMFC-A and 1.23 

times than H-PMFC-B over 131 days of operation. Additionally, increasing the 

Rext/Rint ratio within the 50% limit could improve PD. H-PMFC-A exhibited the 

highest current generation of 0.14 mA (Rext/Rint = 9%) in comparison with H-PMFC-B 

(0.12 mA) and H-PMFC-C (0.11 mA). The CH4 emission exhibits an inverse trend 

with its current production, decreasing with the Rext/Rint ratio decrease from 50% to 

5%. Finally, the COD removal rate in H-PMFCs negatively correlates with Rext/Rint. 

Therefore, the biomass, bioelectricity, and CH4 production from H-PMFCs of rice 

plants can be controlled by changing Rext/Rint ratio. Further studies regarding the 

effect of plant species and plant growth progress on H-PMFC performance need to be 

performed. 
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CHAPTER IX 

GENERAL SUMMARY, SCIENTIFIC 

CONTRIBUTIONS TO KNOWLEDGE, AND 

RECOMMENDATIONS FOR FUTURE 

RESEARCH 

9.1. GENERAL SUMMARY AND CONCLUSION 

This thesis's main emphasis was to explore the potential application of BES for 

sustainable agriculture. We developed a H-PMFC system to evaluate the effect of H-

PMFC on CH4 emission, biomass production, and bioelectricity generation from 

rice plants. Firstly, 3D floating air-cathode was fabricated to lower the configuration 

budget and improve the performance of H-PMFCs. We also explored the background 

level of CH4 emission in a rice cultivation hydroponic system and characterized plant 

health. Furthermore, different concentrations and forms of iron fertilization in rice H-

PMFCs were investigated to optimize the electrochemical components. Finally, we 

explored the potential application to control CH4 emission, biomass production, and 

bioelectricity generation by the ratio of external and internal resistance of H-PMFCs. 

The literature review (Chapter II) summarized the agriculture impacts on global 

warming, especially the CH4 emission from rice paddy. The mechanism of CH4 

emission from rice paddy and the main strategies are also reviewed. However, these 

existing methods have many problems, such as requiring specific soil for plants, 

needing abundant water sources, causing environmental problems, or increasing the 

overall cost. Thus, we discussed the potential application of bioelectrochemical 

technology and hydroponic systems. Hydroponic is a sustainable agriculture 

alternative that emphasizes the effectiveness and efficiency of land and time. We first 
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systematically i) overviewed the main problems hindering hydroponic agricultural 

developments; then ii) conceptualized and discussed the potential solutions of the 

bioelectrochemical systems (BES) to resolve the identified issues, and finally iii) 

provided our perspectives for the future developmental trends of hydroponic-BES. In 

the literature, we found that BES can save energy, treatment wastewater, and 

monitoring of nutrient composition of hydroponic agriculture, and has huge potential 

application to solve the problem of gas emissions from hydroponic systems. Therefore, 

based on the discussion of hydroponic-BES, we proposed hydroponic-plant microbial 

fuel cell (H-PMFC) systems. Until now, there has been no study paying attention to 

H-PMFCs. 

9.1.1. The novel 3D floating air-cathode fabrication 

In the MFC, cathode reactions have a more severe impact on the MFC 

performances for bioelectric generation due to the irreversible responses and 

processes. Also, the cathode accounts for the main part of high cost and low power 

density problems due to its components' high value and slow oxygen reduction 

kinetics at a neutral medium.  

Therefore, Chapter III developed effective and economical 3D floating air-

cathodes using a simple dip-drying method in carbon black, ethanol, and PTFE 

solution. Although sponge materials have been used as electrode materials in MFCs, 

the previous studies only focused on the anode of MFCs. The influence of different 

pore sizes of 3D sponge-based floating air-cathode in MFC was first investigated. 

According to the several advanced characterizations of the traditional carbon felt 

cathode by scanning electron microscopy, Fourier transforms infrared spectroscopy, 

thermogravimetric analysis, mechanical property analysis, water contact angle, carbon 

loss rate, power density, cyclic voltammogram, and chemical oxygen demand, the 3D 

floating air-cathodes (3 pores/mm) showed cost-effectieness and higher performance 

efficcency for electricity production during the MFC operation. Consequently, this 

effective and economical 3D floating air-cathode open a new opportunity for scaling 
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up simple, inexpensive, high-performance MFCs for energy production. 

9.1.2. Hydroponic microbial fuel cells design 

The original work of Chapter IV proposed a hydroponic-microbial fuel cell (H-

MFC) agriculture system fixed with an air-floating cathode from Chapter III, which 

could reduce CH4 emissions by converting CH4 to fuel energy and produce 

bioelectricity during rice cultivation. The main results showed up to 50% reduction of 

CH4 emissions from rice plants in comparison with the control group, and the 

maximum power density was 504.39 mW/m3. Besides, the H-PMFC system had no 

significant effect on biomass production. This work allows CH4 emission reduction 

and control in rice paddy fields. It provides a potential method to achieve low-carbon 

agriculture as well as produce cleaner energy for a sustainable and new smart city in 

the future. To improve the H-PMFC system's performance, the system's optimization 

is still needed. 

9.1.3. Iron fertilization concentration and its effect on  optimization challenges 

In this study, we found the need for iron fertilization concentration level and its 

effect on the biomass production, CH4 emission, and bioelectricity generation of H-

PMFC systems. Although Group 7.5-0 shows the highest shoot height of 55.47 ± 2.50 

cm, Group 7.5-15 exhibits the most increased overall biomass production (plant 

lengthavg/plant: 89.67 ± 1.17; plant weightavg/plant:14.91 ± 0.02 g dry mass). Besides, H-

PMFCs supplemented with 7.5 μM Fe2+ and 15 μM Fe3+ obtained the highest PDmax of 

949.17 mW/m3 with the lowest CH4 emission flux of 43.15 g/m2, 2.84 times lower 

than Group 0-0. These phenomena indicated that H-PMFCs could regulate the iron 

concentration in the nutrient solution, lower the influence of Fe2+ toxicity on rice 

plants, and facilitate electricity generation when the Fe2+ was 7.5 µM and Fe3+ was 15 

µM. We also found that H-PMFCs can decrease the CH4 generation in two ways with 

the addition of iron: (i) iron electron acceptors directly inhibit methanogens; (ii) iron 

electron acceptor enhances the electricity production ability of MFC to inhibit CH4 
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production. 

9.1.4. The control of Rext/Rint ratio for H-PMFC 

In Chapter VIII, we explored the possibility of utilizing Rext/Rint control  ratio to 

optimize the performance of hydroponic H-PMFCs cultivated rice plants. The H-

PMFC system was built based on the results of Chapter VII. The results showed that 

the Rext/Rint ratios of H-PMFCs have no significant influence on the rice plant height 

growth (p > 0.05) but can affect biomass production significantly (p < 0.05). The 

highest biomass production was obtained by H-PMFC-B when Rext = Rint, the highest 

power density was obtained in H-PMFC-C (536.79 mW/m3) when Rext/Rint = 150%, 

and the highest current was obtained in H-PMFC-A (o.14 mA) when Rext/Rint = 9%. 

The CH4 emission exhibits an inverse trend with its current production, decreasing 

with the Rext/Rint ratio decrease from 50% to 5%. Thus, our results indicated that the 

ratio of Rext/Rint can control the performance of H-PMFCs according to the actual 

needs. 

9.2. CONTRIBUTION TO KNOWLEDGE 

This thesis investigated the potential application of H-PMFC systems on biomass 

production, CH4 emission, and bioelectricity generation from rice plants. The 

following are important contributions to knowledge: 

i. This study made an inexpensive and high-performance 3D floating air-cathode of 

hydroponic MFCs. The sponge 3D floating air-cathodes were fabricated by a 

simple dip-drying method, which can be used in hydroponic MFC systems. This 

study proved that the pore size of the 3D cathode played a crucial role in 3D 

floating air-cathode properties. The 3D floating air-cathode are inexpensive since 

the cost of sponge materials is low and the fabrication method is easy. The 

floating ability and soft texture of the sponge can be made into any shape to fit 

the various sizes of hydroponic MFCs. 

ii. The background level of CH4 emission in the rice cultivation hydroponic system 
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was explored. The H-PMFC agriculture system proposed could reduce CH4 

emissions by converting CH4 to fuel energy and product bioelectricity during rice 

cultivation. This study found that up to 50% of CH4 decrease from rice plants 

without affecting the biomass production.  

iii. This thesis demonstrated for the first time that the concentration and forms of iron 

fertilizer affect the performance of H-PMFCs. The results showed when Fe2+ is 

7.5 µM and Fe3+ is 15 µM, the H-PMFC has the best overall performance. 

iv. Our study indicated that the addition of iron in rice H-PMFCs could decrease the 

emission of CH4 in two ways: (i) iron electron acceptors directly inhibit 

methanogens; (ii) iron electron acceptor enhances the electricity production 

ability of MFC to inhibit CH4 production.  

v. The research on the ratio of Rext/Rint shows the possibility of controlling the 
performance of H-PMFCs, including biomass production, CH4 emission, and 
bioelectricity generation. 

vi. This work allows CH4 emission reduction and its control in rice paddy fields’ 
application. It provides a potential method to achieve low-carbon agriculture as 
well as produce cleaner energy for a sustainable and new smart city in the future. 

9.3. RECOMMENDATIONS FOR FUTURE WORK 

H-PMFC system for rice CH4 control is an emerging field of study. Limitations of our 

work include that we did not analyze microbial species, did not have rice field 

applications, did not optimize anode materials, etc. From the insights obtained from 

our thesis work, the following recommendations for further research are presented 

below: 

i. To further enhance the performance of H-PMFCs, future studies could use 

stainless-steel mesh on both sides of the cathode to improve the wire connection 

between the electrodes and the electrical conductivity of Type-I/CB floating air-

cathode in H-PMFCs. 

ii. Further studies could optimize other H-PMFC structural components such as 

reactor design, substrate choice, catalyst, enzyme coating, and bacteria species to 
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improve efficiency and lower the overall cost. 

iii. Both plant roots’ rhizodeposition and hotspots of microbes’ activity could improve 

the bioelectricity generation and lifetime of H-PMFCs. Most of the research 

focused on the rhizodeposition of plant roots. Thus, future PMFC studies could 

focus on the mechanism of microbe activity hotspots to enhance the performance 

of PMFCs. 

iv. Our thesis studied the influence of iron on the performance of H-PMFC (biomass 

production, CH4 emission, and bioelectricity generation). However, the effect of 

iron on microbial community diversity in hydroponic rice H-PMFCs is still 

unclear. Further studies can focus on investigating the impact of different forms 

and concentrations of iron on H-PMFC microbial species.  

v. Our study only focused on the H-PMFC cultivated by rice plants; further studies 

regarding the effect of plant species and plant growth progress on H-PMFC 

performance need to be performed in the future. 

vi. Exploring model systems for H-PMFC to optimize the overall system 

performance. Modeling could simplify the complex H-PMFC system and related 

mechanisms into a simpler form to better understand and represent the whole 

system. 
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