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ABSTRACT 

Excessive phosphorus (P) in aquatic environments promotes eutrophication in 

closed-water bodies. Under anaerobic conditions, microbial reduction of ferric (Fe3+) to 

ferrous (Fe2+) ions releases redox-sensitive P from sediment. For better water quality 

management, it is essential to suppress internal P loading.  In this study, we determined 

the effect of mixing amorphous FeOOH, biochar (BC), and Fe-treated biochar (Fe-BC) 

with agricultural drainage sediment to suppress P release under different dissolved 

oxygen conditions. The addition of FeOOH significantly suppressed P release from the 

sediment. On the other hand, Fe-BC and BC addition suppressed P release under high-

dissolved oxygen conditions. However, low-dissolved oxygen conditions increased P 

release from sediment. Our study suggested that FeOOH has a better potential to suppress 

P release than biochar. Furthermore, we investigated the potential effect of adding Fe2+ or 

Fe3+ ions to sediment microbial fuel cells (SMFCs) on the suppression of P release. 

Mixing Fe3+ with sediment in SMFCs enhanced electricity generation and reduced P 

release from the sediment. In contrast, Fe2+ addition showed similar electricity to 

sediment-only treatment. Our findings suggest that incorporating Fe3+ in SMFCs is more 

effective in mitigating P release. Furthermore, we investigated the P suppression by Fe3+-

incorporated SMFCs on different sediments. Results indicated higher P release from 

organic matter-rich sediment than from sediment with a lower total P content. During 

SMFC operation, P release decreased until day 42. Afterward, P concentrations became 

similar to no SMFC condition. Moreover, Fe addition increased P release from sediment 

probably because of the P mineralization. Our research revealed that Fe precipitation 

caused by SMFCs efficiently suppressed P release for 42 days. However, SMFC operation 

or Fe addition would increase organic matter decomposition in organic matter-rich 

sediment after a long-time, which in turn enhances P release into the overlying water. The 

findings of these experiments suggested the effectiveness and limitations of SMFCs as a 

technology for suppressing P release from agricultural drainage sediment. 

 

Keywords: Iron hydroxide, Iron treated biochar, Electricity, Nitrate, Iron ions, Sulfur 

oxidation, Ammonium. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Background 

Phosphorus (P) is an essential nutrient for plant growth and a common element in 

agricultural fertilizers.  However, when it is exceeding in surface waters causes 

eutrophication, leading to overgrowth of algae and phytoplankton (Schindler et al., 2008; 

Carpenter, 2008). Although external P inputs are well controlled by water treatment 

techniques, lake water quality has not entirely recovered (Munch et al., 2024). 

Remobilization of P stored in sediment has obscured the effects of water conservation 

measures, leading to continuous eutrophication (Stackpoole et al. 2019; Sharpley et al. 

2013; Sharpley et al. 2011). The iron (Fe) redox cycle plays a major role in the P release 

from anaerobic sediment (Nguyen et al., 2016). Under oxic conditions, ferric ions (Fe3+) 

would fix P in sediment by sorption and precipitation (Robertson and Lombardo, 2011). 

As the oxygen concentration depletes, bacteria in sediment switch their energy 

metabolism and reduce Fe3+ to Fe2+ causing phosphate (PO4
2--P) release from sediment 

(Yin et al., 2022; Ohmura et al., 2002).  

Agricultural drainages are one of the primary pathways of P into waterways. In 

many countries, it has been determined that the primary cause of eutrophication in aquatic 

bodies is agricultural runoff (Marella et al., 2022). Phosphorus fertilizer in Italy accounts 

for 71% of the overall P load, and P release from non-point agricultural sources accounts 

for 67% of total pollution discharge in China (Luo et al., 2023). The large quantity of P 

that agricultural runoff releases into waterways has been accumulating in sediment for 

years (Zhang and Baoqing, 2008). Due to continuous P runoff from fertilized or manure-

applied lands, sediment in agricultural drainages may have a high P content.  Phosphorus 

in sediment serves as a hidden P source that leads to water eutrophication if it is released 

into the overlying water under reductive conditions.  To regulate and restore eutrophic 

waterways, it is essential to remediate P release from sediment in agricultural drainages. 

Many studies have reported on the pros and cons of Fe addition in lowering 

internal P loading from lake sediment (Bakker et al., 2016; Immers et al., 2015; Burley et 

al., 2001). In some cases, Fe addition was not efficient in P suppression because Fe3+ and 

https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR82
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sulfate reduction under anaerobic conditions released PO4
2--P trapped by Fe (Munch et 

al., 2024; Kleeberg et al., 2013).  On the other hand, Fe is often used for biochar 

modification because it is naturally abundant and has minimal toxicity (Qian et al. 2021).  

Although Fe-treated biochar has shown a high affinity to P and a low tendency to desorb 

(Strawn et al., 2023), its applicability to suppress internal P loading was not well 

discussed. To improve the management of internal P release using Fe-oxides or Fe-treated 

biochar sediment characteristics and redox reactions must be further investigated. 

Sediment microbial fuel cells (SMFCs) are bio-electrochemical systems that 

produce electricity from anaerobic organic matter decomposition (Algar et al., 2020; Guo 

et al., 2019). These systems are made up of a cathode submerged in water with a high 

oxygen content above an anode embedded in anaerobic sediment (Liu et al., 2022; Liu et 

al., 2019; Schamphelaire et al., 2008). Electrons produced during microbial organic 

matter decomposition are accepted by the anode and transferred to the cathode via an 

external circuit (Hong et al., 2009). These electrons will be consumed at the cathode along 

with protons and oxygen to produce water (Pergola et al., 2023). The release of P from 

anaerobic sediment can be prevented by SMFCs (Takemura et al., 2021). In SMFCs, P 

was retained in sediment because of microbial Fe2+ oxidation and redox potential 

increment that prevented Fe3+ reduction (Wang et al., 2022; Qi et al., 2022; Yang et al., 

2021; Haxthausen et al., 2021; Yang et al., 2016; Martins et al. 2014). According to the 

hypothesis of this study, SMFCs may increase the redox potential at the sediment surface, 

which will prevent redox-sensitive P release, particularly of Fe-bound P. The major bottle 

neck of SMFC field application is high internal resistance in sediment (Wang et al., 2023; 

Guo et al., 2022). To suppress P release from sediment with SMFCs, electrons should be 

effectively transferred from sediment. Iron incorporation with the anode was better in 

catalytic activities when used in SMFCs, which enhanced electricity production (Kim et 

al., 2022; Okavitri et al., 2021; Zhou et al., 2014). However, the effect on P release from 

agricultural drainage sediment by applying Fe-added SMFCs has not been well explored. 

Sediment properties such as organic matter content and nutrient availability can influence 

the activity and composition of microbial communities in the sediment. These microbial 

communities play a crucial role in the release and cycling of nutrients, including P. 

Therefore, variations in sediment properties may impact the efficiency and dynamics of 

P release in SMFC systems. 

https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR97
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1.2 Objectives and Organization of the Thesis 

This thesis aimed to suppress P release from agricultural drainage sediments with 

the use of Fe as a P adsorbent and an electron shuttle in SMFCs. Determining the 

limitations of common P adsorbents, such as Fe-oxides and Fe-treated biochar, under 

different field conditions is also crucial.  

The present thesis has been structured (Fig. 1) to address the following objectives in 

particular chapters: 

I. to determine the effectiveness of adding Fe hydroxide or Fe-treated biochar to 

sediment for reduction of P release from sediment when the O2 supply is varied 

(Chapter 3), 

II. to identify the effectiveness of adding different Fe ions to SMFCs as electron 

donors and P-fixing agents (Chapter 4), and 

III. to assess the effect of Fe-added SMFC on P release from different sediments 

(Chapter 5). 

 

Chapter 2 covered the mechanism of internal P release from sediment under 

anaerobic conditions, as well as typical remedial techniques and their limits. Along with 

the literature, biochar production techniques, P-adsorbing mechanisms, Fe treatment for 

biochar, and their possible uses were addressed in detail. Based on supporting data from 

the literature, the application of SMFCs to P reduction, usage of Fe to increase SMFC 

performances, difficulties to be overcome, and current knowledge gaps were explained. 

This chapter outlines the originality of the research. 

Chapter 3 demonstrated how different dissolved oxygen (DO) conditions affect 

P release from Fe-hydroxides, biochar, or Fe-treated biochar-amended sediments. 

Previous studies suggested adding Fe-hydroxide or Fe-treated biochar as an approach to 

manage internal P loading. To the best of our knowledge, this is the first study that 

investigated the effect of DO conditions in the overlying water on P sorption of Fe-treated 

biochar-amended agricultural drainage sediments. Our study showed that Fe-hydroxide 

addition has the highest P adsorption under low DO conditions. However, continual low 

DO conditions released P and Fe under low amending rates. Iron-treated biochar 

effectively reduced P release when the DO is high whereas lower DO conditions increased 
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P release from Fe-treated biochar added sediment. These findings indicated that Fe3+ and 

Figure 1.1  Organization of the thesis 
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sulfate reduction under anaerobic conditions inhibited long-term suppression of P release 

with lo w rates of Fe-hydroxides, biochar, or Fe-treated biochar-amended sediments. 

Chapter 4 investigated the addition of Fe3+ and Fe2+ in a dual chamber SMFC as 

an electron shuttle or an electron donor. Many studies investigated the power 

enhancement by Fe-incorporated SMFCs. So far, none of the studies identified the 

suitability between Fe3+ and Fe2+ as an anode amendment in SMFCs to suppress P release 

from sediment while enhancing electricity. In this study SMFCs, Fe3+ addition showed 

higher electricity whereas Fe2+ showed similar electricity with the sediment-only 

treatment. During 49 days of the experiment, Fe-added sediments reduced P release from 

sediment. Our research found that Fe3+ addition in SMFCs suppressed P release and 

increased electricity production, acting as an electron shuttle. However, adding Fe2+ did 

not act as an electron donor in SMFCs because Eh increased by SMFCs was not high 

enough to oxidize Fe2+.  

Chapter 5 explored the reduction of P release from sediment by SMFCs, or Fe-

added SMFCs for agricultural drainage sediments with two different nutrient contents. 

Before utilizing SMFCs in the field, it is important to determine their impact on P 

reduction from sediments with various characteristics. According to our results, SMFCs 

suppressed P release from sediment.  The release of P from sediment with high nutrient 

content was higher than the sediment with low P content. In the latter period, SMFCs 

showed a similar P concentration to sediment-only treatment while Fe-added SMFCs 

increased P release more than that was in sediment-only treatment. In addition, SMFCs 

increased Fe release into the overlying water, and sulfur-oxidizing bacteria were abundant 

under SMFC operation. Iron addition or SMFC application in sediments with high 

nutrient contents may increase P release from the sediment to the overlying water due to 

P mineralization resulting from enhanced organic matter decomposition.  

Chapter 6 provides a summary of the novel findings of the current study. The use 

of Fe-hydroxides, biochar, and Fe-treated biochar to suppress internal P loading from 

sediment and the impact of different DO conditions on the success of P suppression were 

concluded. Suppression of P release and enhancing electricity production with Fe-

incorporated SMFCs and their interaction with different chemical properties of sediment 

were summarized. Lastly, additional studies required for further evaluations and novel 

perspectives for future research were proposed. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Eutrophication Due to Phosphorus Release from Sediment 

Eutrophication is described as “an increase in the rate of supply of organic matter 

to an ecosystem.”  It is a severe environmental issue that causes ecosystem imbalance in 

lakes, rivers, and reservoirs. Phosphorus (P) is generally referred to as a "limiting 

nutrient" in aquatic environments (Maberly et al. 2020; Conley et al. 2009; Schindler et 

al. 1977). High P inputs alone caused continued eutrophication by supporting nitrogen-

fixing cyanobacterial blooms at low nitrogen concentrations (Schindler et al., 2008). 

Hence, it is crucial to regulate P in the surface water for the success of lake water 

management.  

Eutrophication is mostly caused by P release from sediment in shallow lakes 

because of the large surface area to water column ratio of the sediment (Munch et al., 

2024; Sondergaard et al., 2003). During the summer, induced algal blooms in shallow 

lakes can make the sediment surface anaerobic, which causes P release from sediment 

(Dael et al., 2020).  

3FePO4 → Fe3(PO4)2 + PO4
3-  (by iron-reducing bacteria)              Eq 1 

As the sulfide concentration increases, Fe-hydroxide dissolution is accelerated by 

anoxic conditions in the sediment. Thereby, Fe3+ reduction prompts the release of PO4
3- 

from sediment and curtails the P binding capacity by forming Fe-sulfides (Smolders and 

Roelofs, 1993; Roden and Edmonds, 1990). 

SO4
2- + 8e- + 8H+→ S2- + 4H2O (Sulfate reducing bacteria)                                 Eq 2 

Fe3(PO4)2 + 3S2-→ 3FeS + 2PO4
3-                         Eq 3 

It was reported that reducing P concentration in the waterways can remediate 

eutrophication (Schindler et al., 2016).  

 

2.2 Remediation Strategies 

Various methods have been used to mitigate internal P release such as biological 
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processes, dredging, in-situ capping, artificial aeration, and chemical adsorption. 

Dredging and the addition of chemical adsorbents are commonly used methods to regulate 

internal P release from sediment (Yin et al., 2021). However, most of them are not 

applicable due to the inconvenience of practical application, environmental toxicity, or 

high cost (Wang et al., 2021). In general, chemical adsorption is widely used to reduce P 

in eutrophic lakes n (Ye et al., 2017). Adding chemical compounds has reduced P release 

from sediment by precipitating P in the overlying water while enhancing P sorption in the 

lake sediment. Iron, aluminum, calcium, or lanthanum-enriched bentonite clay including 

chemical compounds are usually used to control P removal from sediment. Among others, 

Fe has been recognized as an inexpensive, readily available, and environmentally 

harmless P adsorbent (Liu et al., 2011; L. Wang et al., 2021). 

 

2.2.1 Iron-based materials 

For many years, Fe has been added to lakes in a variety of forms, including Fe(III)-

hydroxides, FeCl3, FeCl2, FeSO4, and FeClSO4 (Bakker et al., 2016; Smolders et al., 

2006). In addition, materials based on Fe have been found to be effective at limiting P 

release from sediments such as Fe-salts, Fe-oxides, and zero-valent Fe. Iron can capture 

P by co-precipitation and adsorption (Munch et al., 2024). 

 

2.2.1.1 Iron oxides 

Iron oxides are rich in pore structure, have a large specific surface area, and are 

abundant in hydroxyl functional groups and magnetic properties. The three primary 

mechanisms of P sorption onto Fe-oxides are electrostatic adhesion, precipitation, and 

ligand exchange (Mao et al., 2012). Gong et al. (2019) showed that adding Fe-oxides 

inhibits P release from Lake Erhai Lake, China, attributed to the changes that occurred in 

pH, Eh, and dissolved organic matter in the sediment. Furthermore, according to Xi et al. 

(2017), Fe2O3 coating reduced the total P content of the sediment in Erhai Lake by 

converting active P to inert P. In addition, previous studies reported that the use of Fe-

oxides modified materials effectively reduced internal P release from sediment (Wu et al. 

2020; Lin et al., 2020; Liu et al., 2017). Amorphous Fe-oxyhydroxides have exhibited a 

higher PO4
3- adsorption capacity than crystallized Fe-oxyhydroxides due to the 

availability of more adsorption-reactive sites (Zhang et al., 2021). 

https://www.sciencedirect.com/science/article/pii/S0043135423012848#bib0001
https://www.sciencedirect.com/science/article/pii/S0043135423012848#bib0047
https://www.sciencedirect.com/science/article/pii/S0043135423012848#bib0047
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2.2.1.2 Addition of Iron ions (Fe3+/ Fe2+) 

Iron ions reduce P by precipitating with PO4
2- directly. Iron ions primarily remove 

P by chemical precipitation and adsorption onto corresponding Fe-hydroxides (Wang et 

al., 2021). Phosphorus release from sediment was effectively inhibited by the addition of 

FeCl3, mainly due to the precipitation of Fe-oxyhydroxide and the subsequent P 

adsorption by ligand exchange (Li et al., 2020). According to Perkins and underwood 

2001 Fe2(SO4)3 addition has significantly reduced dissolved P content in sediment. The 

maximum P adsorption capacity was achieved when the molar ratio of Fe3+ to PO4
3- was 

4:1 (Wang et al. 2021). Although oxidation of Fe salt addition enhanced P immobilization, 

those fixed P can be released under different environmental conditions such as pH 

changes and anaerobic conditions (Wang et al., 2021).   

 

2.2.1.3 Zero valent iron 

Zero valent iron (ZVI) also has been identified as a potential element to reduce P 

release from sediment. The primary mechanism via which ZVI immobilized P was the 

formation of Fe-P precipitates (Zhao et al., 2016). However, high pH and low dissolved 

oxygen conditions would inhibit the corrosion reaction of ZVI and consequently inhibit 

P adsorption (Li et al., 2019).  

 

2.2.1.4 Limitations of Phosphorus suppression by adding iron 

Adding Fe was generally considered successful in P suppression if the redox cycle 

of Fe was not affected by sulfate reduction and organic matter degradation (Bakker et al., 

2016). Sulfate reduction results in sulfide (H2S), which precipitates Fe-sulfides and 

removes Fe2+, sequestering Fe in the sediment. However, Fe-addition can improve P 

retention if the ferrous  PO4
2- mineral vivianite (Fe3(PO4)2·8H2O) is formed or organic-

metallic compounds are produced by combining with organic matter, which is particularly 

stable in anoxic conditions (Munch et al., 2024). 

 

2.2.2 Biochar as a P adsorbent 

Biochar is a high-carbon substance that is produced by thermochemically 

converting biomass under low or no oxygen conditions (Gokalp and Sancar et al., 2022). 

Wastes from forestry processes, sewage treatment plants, and agriculture can be used to 

https://www.sciencedirect.com/science/article/pii/S0043135423012848#bib0001
https://www.sciencedirect.com/science/article/pii/S0043135423012848#bib0001
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/phosphate-mineral
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/vivianite
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produce biochar. (Panwar et al., 2019).  Biochar is considered a low-cost, beneficial, and 

sustainable material that can be used for soil conditioning, pollutant treatment, and 

agricultural purposes.  

Biochar has a great potential for P recovery from high P-concentrated wastewater 

(Wang and Wang, 2019) because of its porous structure, large number of surface groups, 

high concentration of mineral components, and abundant active sites (Mohan et al., 2014; 

Wang et al., 2020).  Recently, a number of studies have been conducted on using biochar 

as a P adsorbent. The mechanisms of P adsorption by biochar include physical adsorption, 

surface precipitation, complexation, electrostatic attraction, and ion exchange (Dai et 

al., 2020).  The adsorption capability of biochar is primarily associated with its 

physicochemical characteristics. 

 

2.2.2.1 Functional biochar 

Recently, various biochar modification methods have been suggested to improve 

the adsorption characteristics (Wang et al., 2017). Loading metals such as Mg, Ca, Fe, La, 

and Bi has been recognized as a successful method to obtain better adsorption properties 

(Luo et al., 2022). Functional biochar is more effective than pristine biochar for 

environmental management, soil remediation, and energy storage (Jiao et al., 2021). The 

primary methods of functional biochar preparation are pre-treatment, the thermochemical 

process, and post-treatment. 

 

• Pre-treatment 

Pre-treatment is the process of modifying raw feedstocks to improve the preferred 

characteristics of biochar. Commonly used pre-treatment methods are washing, drying, 

crushing, and enhancement of the intended elements. The main purpose of washing and 

drying biomass feedstocks is to eliminate impurities and moisture. A crushing process is 

followed to acquire the appropriate particle size. The biomass was dipped solutions to 

increase the availability of specific elements in biochar. 

 

• Thermochemical process 

Gasification, combustion, pyrolysis, hydrothermal carbonization, and other processes can 

be used to produce biochar (Tripathi et al., 2016). A deeper understanding of each of these 

https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR133
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR87
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR22
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR135
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR130
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR53
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processes was given by Luo et al. 2023. Pyrolysis seems to be widely used in biochar 

production. Pyrolysis is a process that yields primarily charcoal by heating biomass in the 

absence of oxygen (Lamichhane et al., 2023). Physicochemical properties of biochar such 

as pore structure, surface area, functional groups, and zeta potential vary on the biomass 

feedstocks, heating rate, residence time, and pyrolysis temperature (Sun et al., 2014).  

 

• Post-treatment  

Post-treatment defines a range of physicochemical processes used to improve the 

adsorbent properties of biochar. The most common physical modifications are ball milling 

and steam activation (Wang et al., 2017). These processes increase the surface area and 

result in more microporous and mesopores in modified biochar, which enhances its 

adsorption ability for heavy metals, nutrients, and organic pollutants (Lyu et al., 2018). 

 

2.2.2.2 Iron modified biochar 

Iron is frequently utilized to modify biochar because of its natural abundance and 

low toxicity (Qian et al., 2021; Han et al., 2021). When the pH of water is neutral, P 

mostly exists as H2PO4
−. Biochar treated with Fe primarily fixed P by ligand exchange 

between OH− and H2PO4
− formed surface complexes with Fe (Yuan et al., 2020). The 

amorphous hydroxide, amorphous hematite, and metal hydroxyl groups served as active 

PO4
3- adsorption sites in biochar (Ren et al., 2015). The increased zeta potential of the Fe-

modified biochar promoted electrostatic attraction. Phosphate adsorption was aided by 

ligand exchange, which occurred when the OH− group was replaced with H2PO4
− (Luo et 

al., 2023). 

 

2.2.3 Sediment microbial fuel cells 

Sediment microbial fuel cells (SMFCs) are a type of microbial fuel cell that 

produces electricity using electrons resulting from anaerobic microbial respiration in 

sediment. The anode is buried in the sediment, where organic matter in the soil is 

decomposed and produces CO2, H
+, and electrons (Kaur et al., 2014). Electrons move 

from the anode to the cathode via an external circuit, while the positive charge of a cation, 

which is generally H+, moves via the electrolyte to the cathode (Haxthausen et al., 2021). 

Dissolved oxygen at the cathode reacts with electrons and H+ to create water molecules. 

https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR97
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR42
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR169
https://link.springer.com/article/10.1007/s10311-022-01519-5#ref-CR102
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Thereby, SMFCs reduce the oxygen demand and limit reductive reactions in the sediment.  

 

 

 

 

 

 

 

Studies on SMFCs have identified various reactions that contribute to the 

production of electrical current. These include (i) the chemical oxidation of reductants 

produced by microorganisms, such as humic acids, Fe2+, and particularly sulfur 

compounds at the anode, (ii) the microbial oxidation of organic substances like acetate, 

and (iii) the microbial oxidation of S0 to SO4
2− (Schamphelaire et al., 2008). These 

processes release electrons that are captured by the anode, resulting in the generation of 

current within an electrical circuit. The operating factors of SMFCs include the type and 

abundance of microbial species present in the sediment, the availability of organic matter 

for microbial metabolism, the design and configuration of the fuel cell system, and 

environmental conditions such as temperature, pH, and salinity (Hamdan and Salam, 

2023; Schamphelaire et al., 2008). These factors can influence the efficiency and 

performance of SMFCs in generating electricity. Researchers are continuously studying 

and optimizing these operating factors to enhance the effectiveness of SMFC technology 

for sustainable energy production. 

 

2.2.3.1 Types of SMFC designs 

Many implementation designs have been put in place to increase the efficiency of 

Figure 2.1: Electricity generation from SMFCs 
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microbial fuel cells. Among those, single-chamber and dual-chamber microbial fuel cells 

are commonly used for research purposes. 

 

• Single chamber SMFC 

A single-chamber SMFC is a type of microbial fuel cell that consists of a single 

chamber where both the anode and cathode are located. In this design, the sediment serves 

as the electrolyte, allowing for direct interaction between the microbial community and 

the electrodes. Single-chamber SMFCs are relatively simple in design and operation, 

making them easy to deploy and maintain. However, they may face challenges related to 

oxygen crossover and limited control over the electrochemical reactions. 

 

• Dual chamber SMFC 

A dual chamber SMFC consists of two separate chambers: an anode chamber and 

a cathode chamber, separated by a proton exchange membrane. In this design, the 

sediment serves as the electrolyte in the anode chamber, while an external electrolyte 

solution is used in the cathode chamber. Dual chamber SMFCs offer better control over 

the electrochemical reactions, reducing issues such as oxygen crossover and pH 

imbalance. This design allows for improved efficiency and performance compared to 

single-chamber SMFCs, but it may be more complex to operate and maintain. 

 

2.2.3.2 Effect of sediment type on SMFC performance 

The characteristics of sediment play a crucial role in influencing the catalytic 

abilities of the sediment microbial community and the overall power output of the 

system.  Factors such as particle size distribution can influence the performance of 

bioremediation by affecting the availability of substrates and nutrients in the sediment 

pore water. Additionally, sediment properties determine the composition of the microbial 

community in the sediment, which in turn impacts the establishment of an 

electrochemically active biofilm (Hamdan and Salam, 2023). 

The conductivity of the sediment is another important factor that affects the 

function of SMFCs. Marine sediments, with their higher conductivity due to salinity, tend 

to have better electron and proton transfer processes, leading to improved bioremediation 

performance (Song et al. 2012; Guo et al. 2021). However, marine sediments may lack 
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the necessary Fe-reducing microbial community for the formation of an electrochemically 

active biofilm (Wang and Tam 2019; Hamdan and Salam 2020). This is attributed to the 

low Fe concentration in marine environments and the prevalence of sulfate-reducing 

microbial populations. 

Furthermore, the presence and concentration of organic matter, nutrients, and 

secondary pollutants in sediment can also significantly impact the performance of 

microbial fuel cells by influencing the sediment microbial ecosystem (Mathuriya et al. 

2018). 

 

2.2.3.3 Phosphorus immobilization in sediment using SMFCs    

In the context of P fixation, Fe-oxidation plays a significant role. Within the 

sediment, Fe minerals, such as Fe-sulfides (e.g., pyrite) or Fe-oxides (e.g., ferrihydrite), 

can serve as electron acceptors for microbial respiration. According to Martins et al. 

(2014), electrons from Fe3+ hydroxide were transported to the anode in sediment and then 

to the cathode in the oxygenated water, by which P was stabilized in sediment. When 

microorganisms oxidize Fe2+ to Fe3+, they release electrons that can be harvested by the 

SMFCs to generate electricity. The process of Fe2+ oxidation in SMFCs creates a 

favorable environment for P fixation. Moreover, the operation of the SMFC increased the 

sedimentary redox potential, preventing Fe3+ reduction and ultimately resolving the Fe-

bound P release from the sediment under reductive conditions (Qi et al., 2022). Thus, 

redox-sensitive P release from anaerobic sediment can be controlled with the use of 

SMFCs.  

In SMFCs, the P fixation of the sediment can also be increased by inhibiting Fe-

scavengers such as sulfide. An SMFC-increased redox potential may prevent sulfide 

formation in sediment under anaerobic conditions (Kubota et al., 2019). Microorganisms 

capable of oxidizing sulfur can transfer electrons from the SMFC anode (Bond et al., 

2003). Algar et al., (2020) showed a reduction of sulfide in sediment pore water due to 

the SMFC operation. Thereby, Fe-sulfide (FeS) formation can be controlled by SMFCs 

and available Fe2+ will increase P fixation in sediment.  

 

2.2.3.4 Iron addition into SMFCs 

One of the primary obstacles to be overcome in the practical application of SMFCs 

https://www.sciencedirect.com/science/article/pii/S0025326X2300574X#bb0035
https://www.sciencedirect.com/science/article/pii/S0025326X2300574X#bb0035
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is low electricity generation due to higher internal resistance (Emalya et al., 2021). To 

improve the performance of SMFCs, adding conductive materials is a simple but efficient 

approach that can be easily applied in the field (Zabihallahpoor et al., 2015).  The addition 

of Fe to SMFCs has been shown to improve electron transfer efficiency, leading to 

increased power output. Most Fe-oxides are conductive or semi-conductive and may act 

as electron carriers between bacterial cells and long-distance electron acceptors, such as 

the electrodes in electrochemical cells (Kato et al., 2013).  

The presence of Fe has been shown to not only enhance the degradation of organic 

pollutants but also promote the growth of electrochemically active bacteria, ultimately 

leading to increased electricity production (Nosek et al., 2023). In addition, Zhou et al. 

(2014) showed that adding colloidal Fe-oxyhydroxide increased the electricity produced 

from sediment with low organic matter. In addition to its role as a conductive material, 

the introduction of zero-valent Fe into sediment has been suggested for utilization in 

SMFCs to increase the potential difference and serve as a voltage booster (Kim et al., 

2023; Okavitri et al., 2021; Cai et al., 2018). 

 

2.3 Lack of Knowledge to be Explored 

The effectiveness of Fe addition for lake restoration has long been questioned. 

According to previous studies, adding Fe would potentially be able to reduce the amount 

of total P in the water column (Immerse et al., 2015; Smolders et al. 2001; Groenenberg). 

However, certain field variables, such as redox potential, the presence of Fe scavengers 

such as sulfide, and the availability of Fe with P, may have a significant impact on the 

efficiency of P fixation (Bakker et al., 2016; Kleeberg et al., 2013). The effectiveness and 

durability of Fe treatment may differ according to environmental characteristics, 

including sediment geochemistry. For better water quality management, understanding 

the long-term effect of P suppression due to Fe addition and how it impacts sediment 

biogeochemical processes is vital. Thus, it is necessary to evaluate the success of Fe 

addition in P suppression according to the sediment characteristics before directly 

applying it to the field.  

Although Fe-treated functional biochar has demonstrated greater success in 

removing P from water (Qian et al., 2023), the detrimental consequences of biochar on 

sediments are still unknown (Gao et al., 2021). Biochar itself has the potential for P 
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desorption under certain conditions, such as pH increments. However, the success of Fe-

treated biochar in an anaerobic environment to control P is questionable. Therefore, the 

risk of P release from Fe-treated biochar-loaded lake water under depleting O2 

concentration cannot be ignored.  Therefore, to avoid endangering the ecological balance 

of lakes, it is necessary to examine the dynamic changes in sediments and water bodies 

before using biochar for lake restoration. 

According to Wang et al. (2021), the efficiency of P immobilization in sediment 

by adding Fe ions can be increased if the sediment redox potential could be changed from 

a reductive to an oxidative condition. As discussed in Section 2.2.3, SMFC operation 

enhances sedimentary redox potential and thereby suppresses P release from sediment. 

Efficient electron transport from the sediment is required to counteract reductive 

conditions in anaerobic sediment. In SMFC systems, adding conductive material is 

essential for bioremediation as well as power generation. However, previous SMFC 

studies mainly focused on power enhancement from conductive material incorporation. 

Thus, the effect of P immobilization from Fe-added SMFCs is still unclear. Different Fe-

compounds in SMFCs have shown varying effects on the generation of electricity. Zhou 

et al. (2014) showed colloidal Fe addition increased electricity generation, but crystalline 

and amorphous Fe-oxyhydroxides were not effective. On the other hand, the addition of 

zero-valent Fe or steel slag significantly increased electricity generation. Although it was 

evidenced that microbial Fe2+ oxidation can be facilitated by SMFCs, the potential of Fe2+ 

to act as an electron donor is uncertain. 

Additionally, the performance of SMFCs may vary according to their sediment 

properties (Hamdan and Salam, 2023). It was mentioned that high electricity generation 

from SMFCs would enhance organic P mineralization due to induced organic matter 

decomposition (Haxthausen et al., 2021). Therefore, it is necessary to understand the 

interactions between electricity generation and suppression of P release according to the 

sediment properties. Adding Fe has increased organic matter decomposition in SMFCs 

(Kim et al., 2021). But its impact on the P release is yet to be discovered. Thus, it is 

important to evaluate the success of Fe addition in SMFCs for P suppression according to 

the sediment characteristics before directly applying it to the field. 
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CHAPTER 3 

REDUCING PHOSPHORUS RELEASE FROM SEDIMENT BY 

ADDING IRON-HYDROXIDE OR IRON TREATED BIOCHAR  

 

3.1 Introduction 

Excessive nutrient loading in surface water causes eutrophication, endangering 

the aquatic environment in both freshwater and marine ecosystems (Liu et al., 2019; 

Wilkinson, 2017; Chislock et al., 2013). Eutrophication mitigation measures for lake 

systems can be controlled by reducing a single nutrient input, which is phosphorus (P) 

(Schindler et al., 2016). Transportation of P from agricultural fields to irrigational 

drainages is one of the primary contributors to watershed eutrophication (Wildemeersch 

et al., 2022; Haque, 2021; King et al., 2015). Phosphorus has accumulated in agricultural 

drainage sediment for decades due to high manure and fertilizer application, and 

remobilization of this legacy P can further deteriorate water quality, masking the efforts 

of water conservation initiatives (Stackpoole 2019; Sharpley et al. 2013). According to 

Seidel et al., (2021) and Sondergaard, (2003), seasonal changes such as oxygen depletion 

by induced microbial activity in summer, would promote eutrophication. Under 

prolonged anoxic conditions, P was suspected to be released due to the microbially 

mediated reductive iron (Fe) oxyhydroxides dissolution (Ding et al., 2016).  Therefore, 

to maximize the utility of sustainable water treatment efforts, it is vital to investigate P 

removal efficiency in water resource management protocols. 

In terms of controlling internal P release from sediment, various adsorptive were 

suggested in previous studies (Liu et al., 2017; Xie et al., 2014; Reitzel et al., 2013). 

However, many of those have drawbacks, such as lack of resource availability, high cost, 

and the development of toxicity. Recently, Fe addition was recognized as a reliable 

method to suppress internal P flux when the external P loading, organic matter availability, 

and sulfate (SO4
2--S) concentration were low (Bakker et al., 2016). In addition, several 

studies have also discovered the potential of Fe-based materials for lake restoration 

through P removal (Xia et al., 2022; Wang et al., 2021; Groenenberg et al., 2013; Smolders 

et al., 2001). Moreover, Fe-hydroxide has been shown to effectively immobilize 

phosphate (PO4
3--P) through adsorption and precipitation mechanisms, reducing its 
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availability for release into the water column. However, the effectiveness of P fixing in 

sediment by adding Fe-incorporated materials differed according to the sediment 

characteristics and environmental conditions such as redox potential and pH.  

Additionally, biochar has been recognized as a material that can remove and 

recover P from wastewater by adsorption (Qin et al., 2022; Liu et al., 2022). Currently, 

Fe addition has gained attention as a cost-effective and ecologically friendly organic and 

inorganic pollutant adsorbent (Nobaharan et al., 2021). Biochar is a carbon-rich charcoal-

like substance formed through pyrolysis, which involves the process of heating biomass 

in a limited oxygen atmosphere (Das and Ghosh, 2020). However, PO4
2--P adsorption in 

biochar can be influenced by several factors, including the surface area, pore structure, 

pH, and functional groups present in the material. Biochar without treatment may not be 

as effective at P removal due to its limited surface area and lack of specific functional 

groups that can facilitate PO4
3--P binding.  

Almanassra et al., (2021) and Bolster, (2021) identified Fe included biochar 

composites improved the P adsorption capacity. The Fe in the treated biochar acts as a 

catalyst for PO4
2--P adsorption and precipitation reactions, enhancing the material's ability 

to immobilize PO4
2--P in sediment. This synergistic effect between Fe and biochar 

increases the surface area available for PO4
3--P binding and promotes stronger chemical 

interactions between PO4
3--P and the material. One of the most convenient and 

straightforward methods to introduce Fe onto biochar is pretreating feedstock biomass 

with a Fe solution (Gao and Wan, 2023).  There is a notable lack of studies investigating 

the potential of fixing P in sediment by adding Fe-treated biochar, highlighting a 

promising area for future research in environmental remediation. 

While implementing remedial measures to prevent eutrophication in aquatic 

systems, internal P loading should be considered in addition to external P loading. 

However, so far, the capability of Fe-treated biochar to combat internal P release from 

sediment has not been discovered. The present study was aimed at investigating how P 

release from agricultural drainage sediment changed under different dissolved oxygen 

(DO) concentrations, after Fe hydroxide, biochar, or Fe-treated biochar was amended. 
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3.2 Materials and Methods 

3.2.1 Sediment sampling 

Kojima Lake is a hypereutrophic lake located in Okayama, Japan. The Kojima 

Lake surface sediment contained more Fe-bound, redox-sensitive P than the deep 

sediment, suggesting that large P fluxes may occur under anaerobic environments (Jin et 

al., 2020). Sediment samples were collected at an agricultural drainage in Miyakko Rokku, 

Okayama, Western Japan (34o 34’ 9” N, 133o 54’ 11” E) which falls into Kojima Lake. 

The samples were immediately transported to the laboratory, where the debris and stones 

were removed by passing through a 2 mm sieve. Then those were homogenized and stored 

at 4oC until experimental use. The total Carbon (TC), total nitrogen (TN), and total P 

contents in sediment were 25.2, 2.8, and 4.7 g kg-1 respectively.  

 

3.2.2 Preparing iron oxides and biochar 

Amorphous ferric oxyhydroxide (FeOOH) was prepared by adjusting 0.4 M FeCl3 

solution to pH 7 using 1 M NaOH (Zhou et al., 2014). After allowing the precipitate to 

settle, the supernatant was removed, and the residue was washed three times with 

deionized water. 

Cedar saw wood was used as the feedstock for biochar production. Biochar (BC) was 

made by pyrolyzing the cedar saw dust at 850oC at a rate of 10oC min-1. To produce Fe-

treated biochar (Fe-BC), cedar saw dust was pre-impregnated in a 1:3 Fe(NO3)3 aqueous 

solution and after drying at 50oC, pyrolyzed at an 800oC maximum temperature at 20oC 

min-1 temperature acceleration. 

 

3.2.3 Experimental design 

For the sediment incubation test, a 14.6 cm high acrylic column with a 45 mm 

internal diameter was used with a silicon stopper. Then 5 g of Toyoura sand was used to 

fill up the gaps around the edges, followed by 65 g of sediment. A platinum electrode 

made of 2 cm platinum wire coupled to 10 cm copper wire, was embedded at 1 cm below 

the sediment surface. Then 150 mL of deionized water was filled as the overlying water. 

For the incubation under high DO conditions, the top of the acrylic column was kept open 

from day 0 to 36 to facilitate oxygen diffusion from the atmosphere. Then from day 37 to 

72, a low DO condition was formed by closing the columns by placing a silicon stopper. 
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All the treatments were incubated at 25oC in a dark room.  

 

3.2.4 Analytical methods 

The overlying water samples were collected on day 0, 3, 7, 14, 21, 28, 36, 39, 43, 

50, 57, 64 and 72 and replenished with deionized water. pH in the overlying water was 

measured using a pH meter (F-23, Horiba, Japan). Sedimentary Eh was measured on each 

sampling day by connecting a platinum electrode with a KCl-saturated Ag/AgCl reference 

electrode (PRN-41, Fujiwara, Japan). The concentrations of PO4
3--P and SO4

2--S were 

measured by using a continuous flow analyzer (2-HR, AutoAnalyzer QuAAtro, Bltec, 

Japan) while determining Fe concentrations using an atomic absorption spectrometer 

(ICE 3300 AA, Thermo Scientific, America). Contents of TN TC of dry sediment were 

measured using a CN coder (MT700, Yanaco, Kyoto). 

According to Lukkari et al. (2007) and Rydin (2000), five fractionations of P in 

sediment were recovered after the SMFC operation. To extract loosely bound P (Loose-

P), 0.4 g of sediment was shaken for 1 h at 175 rpm with 0.46 M NaCl (pH 7) and then 

for another hour with 0.11 M NaHCO3/Na2S2O4 to extract Fe-bound P (Fe-P). The residue 

was then agitated for 16 hours with 0.1 M NaOH to extract aluminium-bound P (Al-P) 

from the supernatant. The TP of the solution was measured after digesting with K2S2O8, 

and organic P was derived by subtracting Al-P from TP. Calcium-bound P (Ca-P) was 

produced by stirring the residue for 16 hours in 0.5 M HCl. All the collected suspensions 

were centrifuged for 15 minutes at 4000 rpm before being filtered. The difference between 

the TP and P-fractions denotes the residual - P.  

The N2 adsorption isotherms at 77 K with the Langmuir equation were used to 

determine the specific surface area of biochar (Belsorp II, Bel, Japan). Biochar 

characteristics were determined by scanning electron microscope (SEM) (S-5200, Hitachi, 

Japan) and X-ray photoelectron spectroscopy (XPS) analysis. Biochar (2 g) was mixed 

with 0.4 mL of 1-methyl-2pyrrolidinone (NMP) and PVDF resin in a 10% NMP solution. 

The mixture was distributed uniformly on a glass plate and dried for 24 h in a desiccator. 

The conductivity was then determined using a 4-point probe (PSP probe, Loresta-

GPMCP-T610, Mitsubishi Chemical, Japan).  

Turkeys HSD test was performed using R software (R i386 3.6.0) to analyze 

statistical significance among treatments p = 0.05. 
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3.3 Results 

3.3.1 Properties of sediment and biochar 

Table 3.1 shows the P fractions in the sediment. The sediment contained the most 

P in the form of Al-P, followed by Fe and Ca-P. Aluminium-bound P content was the 

highest while the Fe-bound and calcium-bounds were the next. Contents of organic P and 

loosely bound P were the lowest P fractions in Kojima Lake sediment. 

 

Table 3.1 Phosphorous fractions in sediment 

 

 

 

 

 

 

 

 

The properties of BC and Fe-BC are given in Table 3.2. pH was high and similar 

between both types of biochar. Moreover, electrical conductivity was lower in BC than in 

Fe-BC. In addition, the specific surface area was slightly higher in BC than that of Fe-

BC. 

 

Table 3.2 Characteristics of biochar 

 

Figure 3.1 depicts the Raman spectra of two types of biochar. In Fe-BC, band D 

and G were higher than that of BC. Band 2D was formed only in Fe-BC. 

 

 

P fractions P content (g kg-1) 

Loosely bound P  0.11  

Fe-bound P  0.43 

Aluminium-bound P 3.21 

Calcium-bound P  0.43 

Organic P  0.15 

Parameter BC Fe-BC 

pH  9.74 10.39 

Electrical conductivity (mS cm-1)  74.27 255.84 

Specific surface area (m2 g-1) 535.61  475.03  
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Figure 3.1 The Raman Spectra for BC and Fe-BC. D, G, and 2D bands represent 

structural disorder, graphitic, and layered structure of graphite. 

 

The SEM images of the two types of biochar are shown in Figure 3.2. Iron precipitation 

on the Fe-BC used in this study, was not as high as it was in Qian et al., 2021 (Fig 3.2 a, 

c). The pore sizes of BC were larger than Fe-BC (Fig 3.2 b, d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Scanning electron microscope (SEM) images of BC a) 2.0K, b) 100K 

magnifications and Fe-BC c) 2.0K, d) 100K magnifications. 
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The XPS spectra showed valance states of BC and Fe-BC (Fig 3.3). Although XPS peaks 

of Fe were discovered in both BC and Fe-BC those peaks were lower in BC than in Fe-

BC. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 a) XPS spectra of cedar (BC) and pre-treated biochar (Fe-BC and b) XPS Fe 

2P spectra 

 

3.3.2 Amount of PO4
3--P released into the overlying water 

Figure 3.4 PO4
3--P released from sediment to the overlying water in a) FeOOH, b) BC, 

and c) Fe-BC added treatments (n=3) 

 

Throughout the whole experiment the PO4
3--P amounts were very low in FeOOH 

added treatments (Fig 3.4a). Differently, in control, BC, and Fe-BC treatments the PO4
3-

-P amount increased till day 7 and then gradually decreased until day 36 (Fig 3.4 b, c). 
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After changing to low DO conditions (day 37), PO4
3--P amounts in those once increased 

until day 43 and then decreased. In FeOOH 0.15% treatment, PO4
3--P amount started to 

increase again after day 56.   

During the high DO condition (day 0-36), the highest amount of PO4
3--P in the 

overlying water resulted on day 7. All the treatments reduced PO4
3--P amounts released 

from sediment to the overlying water more than the control treatment (p < 0.05). The 

reduction of PO4
3--P among treatments was 1% FeOOH < 1% Fe-BC < 1% BC (p < 0.05). 

There was no difference in PO4
3--P release among different amending ratios under high 

DO conditions.  

At the end of the low DO incubation (day 72), amounts of PO4
3--P in the overlying 

water were higher than that was under high DO conditions (day 36; Fig 3.4). Our results 

agreed with Van et al. (2016) and James (2017), who documented anaerobic conditions 

cause higher P release from sediment than aerobic sediment. When the incubation 

condition was changed to low DO conditions, PO4
3--P amounts in FeOOH 0.15% 

increased after day 49 (Fig 3.4 a). However, FeOOH 0.3% treatment showed the lowest 

PO4
3--P amount. Amounts of PO4

3--P in BC 1%, BC 2%, and FeBC 1% treatments were 

the highest while control and Fe-BC 2% added treatments showed similar amounts of 

PO4
3--P (Fig 3.4 b, c).  

 

3.3.3 Iron diffusion into the overlying water 

  

 

 

 

 

 

 

 

 

 

Figure 3.5 Relationship of Fe release with PO4
3--P release from sediment to the overlying 

water under low DO conditions 

Treatment Correlation (R2) 

Control 0.002 

FeOOH 0.15% 0.821 

FeOOH 0.3% 0.294 

BC 1% 0.355 

BC 2% 0.087 

Fe-BC 1% 0.039 

Fe-BC 2% 0.050 
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 Figure 3.6 Amount of iron released to the overlying water in a) FeOOH, b) BC, and c) 

Fe-BC added treatments (n=3). 

 

The correlation of Fe and PO4
3--P amounts in the overlying water under low DO 

conditions is shown in Figure 3.5. Only the FeOOH 0.15% treatment showed a strong 

correlation between PO4
3--P and Fe concentrations, while the other treatments exhibited 

very weak relationships. Although Fe amount in the overlying water increased in FeOOH 

0.15% treatment after day 49. There was no clear variation of Fe amount in the overlying 

water of other treatments under both the incubation conditions (Fig. 3.6). 

 

3.3.4 Variation of sedimentary Eh  

Figure 3.7 sedimentary Eh variation at 1 cm below the sediment surface in a) FeOOH, 

b) BC, and c) Fe-BC added treatments. 

 

Under high DO conditions (day 0-36), Eh at 1 cm below the surface gradually 

 

a) b) c) 

 

a) b) c) 
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decreased in all treatments (Fig 3.7). After changing to low DO condition (day 37-72), Eh 

slowly reduced further below -200 mV. 

 

3.3.5 Amounts of SO4
2--S released into the overlying water 

Figure 3.8 Amount of SO4
2--S released into the overlying water in different treatments 

from a) FeOOH, b) BC, and c) Fe-BC added treatment. 

 

In all treatments, SO4
2--S gradually increased under high DO conditions (day 0-

36) and decreased when switched to low DO conditions (day 37-72; Fig. 3.8). The highest 

SO4
2--S amount was in the control treatment. However, SO4

2--S amounts in the overlying 

water were not significantly different among treatments (p > 0.05). 

 

3.3.6 Changes of pH in the overlying water 

 

 

a) b) c) 

 

a) b) c) 

Figure 3.9 Temporal variation of pH in the overlying water of a) FeOOH, b) BC, 

and c) Fe-BC added treatment. 
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The pH in the overlying water changed in-between 6.5 to 8.0 in all the treatments 

during the experimental duration (Fig. 3.9). Under high DO conditions (day 0-36), pH in 

FeOOH 0.3% treatment mostly had lower pH values. After changing to low DO condition 

(day 37-72), pH slightly decreased. However, pH was not affected among different 

treatments.  

 

3.3.7 The concentrations of NH4
+-N and NO3

--N  

 

 

 

 

 

 

 

 

 

Figure 3.10 Amount of NH4
+-N or NO3

--N released into the overlying water in different 

treatments from a,d) FeOOH, b,e) BC, and c,f) Fe-BC added treatment. 

 

On day 0, NH4
+-N amounts in the overlying water were similar among treatments. 

At first, the amount of NH4
+-N in the overlying water gradually increased in each 

treatment and then decreased within the first three weeks. After switching to low DO 

conditions (day 43), a second NH4
+-N peak was observed, which is significantly lower 

than the high DO conditions (p < 0.005).  

At the start of the experiment, NO3
--N was not found in the overlying water. NO3

-
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-N amount gradually increased and then decreased. After day 39, NO3
--N amount in the 

overlying water of each treatment remained negligible until the end of the experiment.  

The maximum NH4
+-N amount in FeOOH treatments was significantly higher 

than the other treatments (p < 0.05). Moreover, the NH4
+-N peak for FeOOH appeared on 

day 7, while in the other treatments, it was on day 3. On the other hand, on day 7, NO3
--

N amount in FeOOH added treatment remained low whereas it was increased in the other 

treatments. However, the different amending rates of FeOOH, BC, or Fe-BC did not affect 

the NH4
+-N or NO3

--N accumulations in the overlying water. 

In general BC and Fe-BC amended treatments showed similar temporal variation 

of NH4
+-N and NO3

--N amounts in the overlying water as that of the control treatment.  

 

3.4 Discussion 

3.4.1 Properties of Biochar 

Biochar showed alkaline pH regardless of pretreatment probably due to high 

pyrolysis temperatures (Table 3.2). pH increment would result when the pyrolysis 

temperature increased because the alkali salts separated from organic materials (Al-Wabel 

et al., 2013). The EC in BC was lower than Fe-BC because of the formation of graphene 

layers in Fe-BC. In Fe-BC, the intensity ratio (I2D/ IG) was 0.8 (Fig 3.1). Lin et al. (2017) 

mentioned that being I2D/ IG less than one indicated the presence of multilayer graphene. 

The specific surface area was high in both types of biochar. However, in BC it was slightly 

greater than Fe-BC. Previous studies suggested that metal-loaded biochar decreases the 

surface area, possibly due to pore blockage with metal oxide precipitates (Ajmal et al. 

2020; Cui et al. 2019).  

In SEM figures, Fe precipitation was not clear in Fe-BC (Fig 3.2). However, High 

Fe peaks indicated the presence of higher Fe-associated surface functional groups in Fe-

BC more than in BC. 

 

3.4.2 Iron oxides to suppress PO4
3--P release from sediment 

Our study suggested that the PO4
3--P release from P-rich agricultural drainage 

sediment was effectively suppressed by the FeOOH amendment for a longer period, 

especially under high DO conditions (Fig 3.4). Similarly, Zhang et al. 2021 exhibited high 

P absorptivity in amorphous FeOOH because of highly available adsorption reactive sites. 
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However, after day 49, FeOOH 0.15% treatment released PO4
3--P, showing a strong 

positive correlation in-between Fe and PO4
3--P amounts in the overlying water (Fig 3.5). 

Similarly, Ding et al., (2016) showed a strong positive relationship between Fe and PO4
3-

-P release which exhibited the Fe-coupled P release from reductive sediment. In our study, 

FeOOH treatments reduced the amount of P release in the high DO conditions, because 

reduced Fe in deep sediment migrated to the oxygenated sediment surface and 

immediately re-oxidized, trapping P in sediment. Iron reduction was evidenced by the 

lower Eh values regardless of incubation conditions (Fig 3.7). A slight reddish colour 

appeared on the sediment surfaces during the high DO conditions confirming re-

precipitation of Fe. Moreover, low DO conditions caused microbial Fe reduction, 

stimulating P and Fe diffusion toward the overlying water. 

However, FeOOH 0.3% treatment showed the lowest P release into the overlying 

water even under low DO conditions, perhaps due to high Fe availability. The sedimentary 

P release was substantially reduced when Fe: P > 30 and Fe: S > 6 (Wang et al., 2018). 

Rothe et al., (2015) mentioned that a higher supply of Fe and lower degree of 

sulphidisation (molar ratio of total sulphur: reactive Fe < 1.1) promoted vivianite 

(Fe3(PO4)28H2O) formation.  Previous studies suggested that Fe precipitation in the form 

of vivianite in eutrophic environments can immobilize P under anoxic conditions 

(Quevedo et al., 2021; Vuillemin et al., 2020; Rothe et al., 2016).  

 

3.4.3 Biochar addition to control PO4
3--P release from sediment 

Although the addition of BC and Fe-BC suppressed P release from sediment to 

the overlying water more than in the control treatment, Fe-BC showed higher P reduction 

under high DO conditions (Fig 3.4, c; p < 0.05). Qian et al., (2023) also showed high P 

adsorption by Fe-modified biochar made of peanut shell, soybean straw, and rape straw 

via electrostatic adsorption or ion exchange. In addition, Bolton et al., (2019) also 

reported that biochar addition decreased P adsorption by forming iron phosphate. 

However, on day 43, BC 1%, BC 2%, and Fe-BC % treatments showed the highest PO43-

-P release from sediment. 

The higher SSA and the Fe present on the biochar adsorbed P under high DO 

conditions (Table 2, Fig 3.4). Higher Fe loaded on to Fe-BC increased P adsorption more 
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than that of the BC in which the SSA was higher (p < 0.05). It has been reported that Fe 

mineral particles loaded on to the biochar can increase the adsorption of P in water mainly 

through electrostatic attraction, ligand exchange, and precipitation mechanisms (Gao and 

Wan, 2023).   During the modification, Fe3+ formed complexes with surface functional 

groups, causing a reduction in the negative charge on the biochar surface and an increase 

in the adsorption of negatively charged PO4
2- ions (Jiao et al., 2021). Although Fe loading 

onto biochar reduced porosity and surface area due to pore blockage, it would increase 

PO4
2- adsorption (Almanassara et al., 2021). 

Presumably, low DO conditions lead those Fe-bound P formed under high DO 

conditions to release back into the overlying water due to induced Fe reduction. The 

addition of BC and Fe-BC would have boosted the growth of extracellular respiratory 

bacteria such as Fe-reducing bacteria by transferring Fe3+ to Fe2+ on its surface. Therefore, 

accelerated Fe- bound P release and Organic-P release due to organic matter 

decomposition would have encouraged P release from BC and Fe-BC added sediment. 

According to Xu et al., (2016), the addition of biochar to soil with a high content of 

organic matter increased the initial hematite reduction under anoxic conditions by 

reinforcing the dissimilatory metal-reducing bacteria growth. In addition, they mentioned 

that biochar leachate reduced hematite abiotically by acting as an extracellular electron 

shuttle. Moreover, Ni et al., (2023) also demonstrated that Fe3+ in Fe-modified biochar 

effectively promoted the extracellular respiration of microorganisms and enhanced the 

anaerobic digestion of pharmaceutical wastewater.  

Although it was not significant, FeBC 2% addition reduced the P release 

comparative to those treatments. Higher Fe3+ availability in FeBC 2% treatment would 

have increased P fixation in sediment. 

 

3.4.4 Effect of SO4
2--S on PO4

3--P release from sediment 

In this experiment, SO4
2--S amount in the overlying water gradually increased in 

all treatments under high DO conditions (Fig 3.8). This evidenced the continuous 

oxidative reactions that occurred at the sediment surface. In contrast, an abrupt SO4
2--S 

reduction resulted immediately after switching to a low DO condition. Similar to our 

results Foti et al., (2007) also observed substantial sulfate-reducing rates for most lakes 

in a saline environment due to the presence of diverse and active sulfate-reducing bacteria. 
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While the SO4
2--S amount decreased in the overlying water PO4

3--P amount 

increased under low DO conditions. This evidenced that sulfate-reducing bacteria activity 

was the primary method for releasing P into the overlying.  Furthermore, in our study, the 

Fe amount was extremely low even under low DO conditions and had no relationship 

with P release except in FeOOH 0.15% treatment (Fig 3.6). This would have resulted 

because reduced Fe precipitated in the form of FeS. The growth of sulfate-reducing and 

Fe-reducing bacteria was promoted by low DO conditions (Lei et al., 2019). Many studies 

revealed that Fe sulfide or hydrogen sulfide formation in anaerobic sediment induced 

PO4
3--P release from sediment to the overlying water (Yamamoto et al., 2021; Chen et al., 

2014; Rozan et al., 2002). Yao et al., 2021 also stated that sulfide-mediated Fe reduction 

derived sulfide from sulfate in anoxic sediment which chemically reduced Fe oxides and 

formed insoluble Fe sulfide precipitates. If Fe amendment is utilized to increase the P 

retention in lake sediment, it is important to consider the ferrous sulfide forming over the 

entire management period because it may require more Fe application (Heinrich et al., 

2022).  

 

3.4.5 Effect of pH changes on PO4
3--P release from sediment 

pH changes in the overlying water of our study did not affect P release from any 

treatment (Fig 3.9). It has been demonstrated that pH changes induced P release from 

sediment (Van et al., 2016; Wu et al., 2014; Li et al., 2013; Huang et al., 2005). The 

highest P contents in the sediment were in the forms of Al-P, Fe-P, and Ca-P respectively. 

Zhao et al., (2021) documented the lowest P release at pH 7, while acidic (pH = 4) and 

alkaline (pH = 10) promoted P release from Ca-P and Al-P respectively. Although BC and 

Fe-BC were alkaline, their in-corporation with sediment did not increase the pH in the 

overlying water. Qian et al., (2023) observed the highest PO4
3--P removal efficiency from 

biochar when the pH of the solution was in-between pH 6-7. Therefore, the P release that 

occurred during this study is likely to be primarily associated with the release of organic 

P and redox-sensitive P. 

 

3.4.6 Mineral nitrogen release from sediment 

During the first period of high DO conditions, NH4
+-N amounts were increased in 

all treatments (Fig 3.10). This increment of NH4
+-N release from sediment was caused by 
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the decomposition of organic matter. Subsequently, nitrification processes ensued, 

leading to a decrease in NH4
+-N amounts and a concomitant increase in NO3

--N amounts. 

This shift was indicative of the conversion of NH4
+-N into NO3

--N through bacterial 

action, which typically occurs under aerobic conditions. Following the nitrification phase, 

the denitrification process occurred, reducing the NO3
--N amounts in the overlying water. 

At the end of high DO incubation, low mineral nitrogen concentrations should be 

attributed to factors such as decreased availability of organic matter for mineralization 

and reduced microbial activity responsible for denitrification.  

The transition to low DO conditions resulted in a significant reduction in NH4
+-N 

amounts. Anaerobic conditions obscured the activity of aerobic microorganisms 

responsible for organic matter mineralization. As a result, there is a diminished 

decomposition of organic matter, leading to lower NH4
+-N production. In addition, 

anaerobic conditions favor the growth of anaerobic microorganisms that are specialized 

in metabolizing organic matter through fermentation and other anaerobic pathways. These 

microorganisms may produce intermediate products such as organic acids and alcohols, 

which are less conducive to NH4
+-N production compared to aerobic decomposition. On 

the other hand, denitrification processes become more prevalent under anaerobic 

conditions. Denitrifying bacteria utilize NO3
--N as an electron acceptor in the absence of 

oxygen, converting it to gaseous forms such as nitrogen (N2) or nitrous oxide (N2O). This 

removal of nitrate through denitrification reduces the availability of nitrate for subsequent 

nitrification and ultimately limits the production of NH4
+-N. 

The addition of Fe-hydroxide into sediment increased mineral N release into the 

overlying water. However, those amounts in BC or Fe-BC were similar to the sediment-

only treatment. Ferric hydroxides can act as an electron acceptor in redox reactions with 

the organic matter present in the sediment. This process would have enhanced the 

decomposition of organic matter, promoting the release of NH4
+-N into the overlying 

water.  

In summary, under high DO conditions, there is a dynamic interplay between 

organic matter mineralization, nitrification, and denitrification processes, leading to 

fluctuations in NH4
+-N and NO3

--N concentrations within the aquatic environment. 

Understanding these nutrient dynamics is crucial for managing water quality in 

ecosystems and ensuring the health of aquatic habitats. 
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3.5 Conclusion 

The addition of FeOOH was efficient in suppressing PO4
3--P release regardless of 

incubation conditions. However, lower amending ratios of FeOOH may lead to PO4
3--P 

release due to Fe reduction under longer periods of low DO conditions. Although BC and 

Fe-BC lowered P release under high DO conditions, low DO conditions in the overlying 

water increased P release from sediment more than the control. Our results suggested that 

BC and Fe-BC application is not an efficient method to suppress P release in the lakes 

with high organic matter containing sediment and low DO conditions may induce Fe-

bound P and organic P release. Reduction of SO4
2--S under low DO conditions was the 

primary culprit associated with the induced P release from sediment in this study. 
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CHAPTER 4 

EVALUATING THE EFFICIENCY OF IRON IONS AS 

PHOSPHORUS FIXING AGENT AND AN ELECTRON DONOR IN 

SMFCS 

 

4.1 Introduction 

Sediment properties and microbial activities at the sediment–water interface were 

identified as prime drivers of phosphorus (P) fixation or release from the sediment in 

reservoirs (He et al., 2017). Particularly, iron (Fe) hydroxides in the sediment provide a 

large surface area with a positive charge that adsorbs phosphate (PO4
3—P) from the 

overlying water (Robertson et al., 2011). As the oxygen concentration depletes, bacteria 

switch their energy metabolism and transfer the electrons to alternative terminal electron 

acceptors such as cations, which are present in the sediment (Moodie and Ingledew, 1990). 

Reduction of Fe3+ to Fe2+ prompts P release from sediment under reductive conditions 

(Rothe et al., 2015). Therefore, it is essential to control P release from the sediment to 

prevent eutrophication of water bodies.  

Sediment microbial fuel cells (SMFCs) are a type of bioreactor that uses anaerobic 

microbial activity to generate energy from organic matter decomposition. This novel 

technique can be used to suppress internal P fluxes from the sediment by diverting the 

flow of electrons from terminal electron acceptors such as Fe3+ to electrodes installed in 

the sediment (Takemura et al., 2021). Exoelectrogens are microorganisms that can 

transfer electrons extracellularly and are typically Fe-reducing bacteria (Logan, 2019; 

Logan et al., 2009). In SMFCs, an anode inserted in anoxic sediment accepts electrons 

and is transferred to the cathode in the oxygen-rich water layer via the external circuit 

(Mitov et al., 2015). Simultaneously, protons (H+) migrate directly from the sediment to 

the overlying water. In this case, the O2 present in the cathode compartment acts as the 

sole electron acceptor and forms H2O molecules at the end of the cathode reaction. 

Therefore, SMFCs may restrain the microbial reduction of Fe3+ in anaerobic sediment 

corresponding to the improved redox conditions (Yang et al., 2016). Martins et al., (2014) 

observed P mobility among different sedimentary fractions and suggested that SMFC may 

have prevented metal-bound P release to the overlying water. 
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Agriculture serves as a nonpoint source that delivers P to riverine sediment and 

ultimately causes a risk of P release into river water (Mainstone and Parr, 2002). SMFC 

operation on a small scale would be simple, and pollution reduction at the source would 

be more efficient. Accordingly, using SMFC in agricultural drainage would be beneficial 

for reducing the internal P loading in eutrophic lakes. However, so far, SMFC operations 

to regulate P release from sediment in agricultural drainage have not been well-

documented. 

Electricity production from SMFCs is low because of the high internal resistance 

for mass and electron transport (Dumas et al., 2007; Song et al., 2011; Li and Yu, 2015). 

Therefore, the potential applications of SMFCs are very limited. Incorporation of granular 

activated carbon, steel slag, and colloidal Fe-oxyhydroxides improved low electricity 

production of freshwater SMFCs (Zhou et al., 2014; Sudirjo et al., 2019; Kim et al., 2020). 

Moreover, steel-slag added in SMFC consistently increased the power generated from 

SMFCs, and functioned as a redox catalyst (Kim et al., 2020). By functioning as a redox 

catalyst in the presence of Fe-oxidizing bacteria, Fe2+ in microbial fuel cells (MFCs) 

increased the generation of energy (Izadi et al., 2019). Moreover, Liu et al. (2017) 

reported electricity enhancement due to alterations in anode-associated microbial 

community structures after adding Fe2+. However, the relationship between the inhibition 

of P release from sediment and the addition of Fe2+ and Fe3+ ions in SMFCs is not well 

understood. 

Reducing P release from sediment in eutrophic lakes has been found to be 

satisfactorily accomplished by adding Fe2+ and Fe3+ ions (Yoo et al., 2016; Liu et al., 

2009). Environmental factors affect the possibility of fixed P being released in sediment 

via Fe ion co-precipitation (Loh et al., 2013; Zaaboub et al., 2014). Iron reduction under 

anaerobic conditions has obscured the long-term effectiveness of Fe addition in organic 

matter and sulfur-rich sediment (Wang et al., 2021). Operation of SMFC would be 

advantageous in terms of P suppression and energy generation because it increases the 

redox potential in sediment and enhances Fe2+ oxidation by Fe-oxidizing bacteria. In 

addition, Fe2+ in SMFCs may have the potential to function as an electron donor and 

improve the production of electricity. 

Accordingly, the purpose of this study is to determine the effects of SMFCs with 

the combination of Fe3+ and Fe2+ ions on the suppression of P release from sediment in 
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highly eutrophic sulfur-rich agricultural drainage. This study fills the knowledge gap 

pertaining to the function of Fe3+ and Fe2+ in SMFCs as electron donors or electron 

shuttles for the improvement of P fixation in sediment. 

 

4.2 Materials and Methods 

4.2.1 Study area and sediment sampling 

Fresh sediment samples were collected from an agricultural drainage canal in a 

livestock area (34o 34’ 9”, 133o 54’ 11”) in Kasaoka, Japan on August 08, 2022. The 

sediment sample was homogenously mixed after the removal of stones and organic debris 

by passing through a 2 mm-sized sieve and then stored at 4oC until experimental use. To 

prepare Fe2+ or Fe3+ added sediment, FeCl36H2O or FeCl24H2O was mixed in 0.06% Fe 

on a wet sediment weight basis.  

 

4.2.2 Experimental design 

The laboratory 

experimental setup is shown in 

Figure 4.1. A dual-chamber 

SMFC prototype was prepared to 

prevent disturbance caused by 

oxygen exchange between the 

overlying water and sediment. 

(Kumar et al., 2017). 75g of fresh 

sediment was placed within an 

acrylic column of 14.6 cm in 

length and 4.5 cm internal 

diameter. A 3 x 3 cm (18 cm2) 

sized graphite felt (G150-12, 

AvCarb, Lowell, USA) was 

placed 1 cm below the sediment surface. A platinum electrode was installed 1 cm below 

the anode to measure the redox potential (Eh). A 10 cm long carbon rod (C-100, Kenis, 

Osaka, Japan) was used as the cathode in a 100 mL glass beaker filled with 0.2 M KCl 

solution. A to balance the H+ charges between the two chambers. The salt bridge was 

 

Figure 4.1 Experimental setup of SMFCs 
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made by filling 15% KCl and 4% agar-dissolved ultra-pure water into a glass U-tube. All 

treatments, including sediment only, Fe3+, and Fe2+-added sediment, were incubated at 

25oC in the dark under a non-SMFC or SMFC condition. Before starting the experiment, 

all treatments were pre-incubated for 36 h under a non-SMFC condition until the 

sedimentary Eh dropped to approximately -200 mV. An external circuit consisting of a 

1000 Ω resistor and copper wires was used to connect the two electrodes. The resistor 

was replaced with 100   from day 26 - 32 and day 34 - 49. 

 

4.2.3 Analytical methods 

A data acquisition system (Memory Hilogger, Hioki, LR8431, Japan) was used to 

record the voltage development. The current was recorded at 10-minute intervals using a 

voltammeter (Sanwa, Digital Multimeter, PC720M, Japan). Once the open circuit voltage 

was 600 mV, SMFC treatment was connected. The experiment was conducted for 49 days. 

The overlying water samples were collected for 0 days, 3 days, and then every 7 days. 

Collected water samples were stored at 4oC until analysis. An Eh meter (PRN-41 Fujiwara, 

SPAD, Japan) with a KCl-saturated Ag/AgCl reference electrode was used to measure Eh 

in the sediment on each sampling day. The  PO4
3-- P concentration in the water samples 

was determined by a continuous flow analyzer (AutoAnalyzer QuAAtro 2-HR, Bltec, 

Japan) using colorimetric methods.  

To measure total P in sediment, sediment samples were digested with H2SO4 and 

H2O2 at 300°C, and then PO4
3-- P concentration was determined. An MT-700 carbon coder 

(Yanaco, Kyoto, Japan) was used to measure the total nitrogen (N) and carbon (C) content 

of dry sediment. Using a CHNS elemental analyzer (Perkin Elmer 2400II, Norwalk, 

USA), the total sulfur (S) content of the dry sediment was measured. Insitu measurements 

of agricultural drainage canal water were carried out using a pH meter (SanSyo, SPH 71, 

Japan), a dissolved oxygen meter (Yokogawa, SC 72, Japan), and an electrical 

conductivity (DKK-TOA, DO-31P, Japan). 

 

Moles of electron flow were computed using Eq 4.1 

 

Electron flow (mmol) = 
∑ 𝐼∆𝑡 × 1000

F
                  Eq 4.1 
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I: Current (A) 

Δt: Time interval in measurement (600 s) 

F: The Faraday constant (96, 485 C mol−1) 

 

Tukey's HSD test was used to assess statistical significance at p = 0.05 using R 

software (R i386 3.6.0). 

 

4.3 Results 

4.3.1 Properties of sediment 

The sediment samples were highly anaerobic and odorous. Total carbon, total 

nitrogen, and total P contents in the sediment were 102.7 g kg-1, 8.9 g kg-1, and 1.8 g kg-

1, respectively. The total sulfur content in the sediment was 10.8 g kg-1. Dissolved oxygen 

concentration in the agricultural drainage water was 1.25 mg L-1, while pH and electrical 

conductivity were 7.35 and 1.25 mS cm-1.  

 

4.3.2 Current densities in SMFCs 

Figure 4.2 Current densities resulted from SMFCs. Day 0 denotes the beginning of the 

experiment after the pre-incubation. Error bars show the standard deviations (n = 3) 

 

During our study, Fe3+-added sediment resulted in the highest current density 

among the other treatments (Fig. 4.1). The total number of electrons harvested from Fe3+-

added sediment used SMFC was significantly higher than Fe2+-added sediment used 
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SMFC (Table 4.1; p < 0.05). After replacing a 1000  resistor with a 100  resistor, the 

current density increased in all treatments. 

 

Table 4.1 Electrons transferred by SMFCs. 

 

 

 

 

 

 

4.3.3 Changes of Eh in sediment 

The Eh fluctuation in sediment during the experimental period is shown in Figure 

4.2. At the beginning of the experiment, the initial Eh in the sediment was less than -150 

mV in all treatments. Sedimentary Eh seemed to be increased in Fe3+ or Fe2+-added 

SMFCs (Fig 4.2b, c). However, Eh in sediment-only treatment was similar between with 

and without SMFC operation (Fig 4.2a). Although Eh in Fe3+ added SMFC was slightly 

reduced at the end of the experiment still it was higher than that was in non-SMFC 

conditions. 

 

Figure 4.3 Eh changes at 2 cm below the sediment surface. Day 0 denotes the beginning 

of the experiment after the pre-incubation. Error bars show the standard deviations (n = 

3) 

 

Parameter Number of electrons (mmol) 

Sediment only 7.08  1.26ab 

Fe3+/ SMFC  6.38  0.88a 

Fe2+/ SMFC 9.00  0.20b 

 Days a) b) c) 



39 

 

4.3.4 Phosphorus immobilization in sediment 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Concentrations of PO4
3--P in the overlying water. Day 0 denotes the beginning 

of the experiment after the pre-incubation. Error bars show the standard deviations (n = 

3) 

 

Adding Fe3+ or Fe2+ reduced the PO4
3-- P concentration in the overlying water. 

Initial PO4
3--P concentrations in Fe-added treatments were significantly lower than in 

sediment-only treatments (p < 0.05). After day 3, Fe3+-added sediment reduced PO4
3-- 

P concentration under SMFC operation more than in the non-SMFC condition. In 

sediment-only treatments, SMFCs reduced PO4
3--P more than non-SMFC conditions after 

day 14. In contrast, Fe2+-added sediment showed similar PO4
3- - P concentrations 

regardless of the SMFC operation. 

On day 3, PO4
3-P release from sediment was increased in all treatments. 

Treatments with only sediment and Fe3+-incorporated SMFC showed the highest peak on 

day 3, while other treatments increased PO4
3--P concentrations until day 14. Then the 

PO4
3--P concentration gradually decreased in all treatments. 

 

4.4 Discussion 

4.4.1 Current production from SMFCs 

In our experiment, SMFCs with Fe3+-added sediment produced more electricity 

than those with Fe2+-added sediment (Fig 4.1; Table 4.1; p < 0.05). Contrastingly, 

Gonzalez-Paz et al., (2022) indicated higher current production from Fe2+-added 

 

a) b) c) 
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microbial fuel cells inoculated with sulfate-reducing sludge and acetate because Fe3+ 

acted as an electron acceptor while Fe2+ acted as an electron donor. Moreover, Bensaida 

et al., 2021 showed higher electricity enhancement by both Fe3+ and Fe2+ added sludge 

used in a microbial fuel cell. In the present study, high electricity resulted from Fe3+-

added SMFC, which should be attributed to the effect of redox reactions occurring within 

the anode chamber (Bensaida et al., 2021). In a reductive environment, Fe3+ is more 

reactive than Fe2+. The ability of an element to gain or lose electrons during a chemical 

process is measured by its redox potential.  When Fe3+ is added to anaerobic sediment, 

Fe-reducing bacteria would participate in redox processes by reducing Fe3+ to Fe2+. Then, 

as these reduced agents transferred electrons to the electrodes in SMFCs, an oxidative 

reaction occurred that produced electricity. As a result, the addition of Fe3+ increased 

electricity from SMFCs. However, since Fe2+ is already in a reduced state, it might need 

more energy or favorable conditions to further reduce it to an even lower oxidation state 

(elemental Fe). The sedimentary Eh enhanced by SMFC operation in the current study 

was too low to oxidize Fe2 Fig 4.2). Consequently, the addition of Fe2+ did not assist with 

the electricity production by serving as an electron donor in our study. 

In addition, Fe3+ addition would have increased microbial decomposition of 

organic matter. Wu et al., 2013 reported that adding ferric ions to SMFCs enhanced power 

generation by accelerating the formation of anode biofilms, which can transfer electrons 

from the cytoplasmic membrane to extracellular electron acceptors including electrodes, 

flavins, and soluble and insoluble metals. Kim et al. (2021) also reported that Fe addition 

in SMFCs promotes recalcitrant organic matter degradation by thermodynamically 

destabilizing organic compounds in sediment.  

The contrasting outcomes of adding Fe3+ or Fe2+ to SMFC are probably attributed 

to the differences in the redox state, the reactions of Fe species, and the ability of the 

microbial community to utilize these Fe forms as electron acceptors. 

 

4.4.2 Phosphorus reduction by Fe3+ or Fe2+ addition 

Our study showed adding Fe3+ or Fe2+ into sediment reduced PO4
3--P release into 

the overlying water (Fig 4.2). In addition, PO4
3- reduction by adding Fe3+ or Fe2+ occurred 

through PO4
2--P precipitation or adsorption. For this study, we used ferric chloride (FeCl3) 

or ferrous chloride (FeCl2) as Fe3+ or Fe2+ supplements. Consistently, Smolder et al. 
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(2001) discovered the strongest decrease of PO4
3- in sediment pore water due to the 

addition of FeCl3 and FeCl2. Additionally, Ann et al., (2000) found the highest P 

immobilization from a constructed wetland by adding FeCl3. Fe oxyhydroxide would 

have been formed by adding Fe3+ and Fe2+ to the sediment, which would have caused 

adsorption of P by ligand exchange (Wang et al., 2021). FeCl3 primarily suppresses P 

release from sediment for long terms by changing organic and unstable exchangeable P 

into more stable occluded PO4
3- (Li et al., 2020). 

The addition of Fe3+ or Fe2+ chloride can precipitate and immobilize P in the 

sediment, which can be advantageous for environmental management. It limits P release 

into the overlying water by lowering its bioavailability. As P is a crucial nutrient that 

encourages the excessive growth of algae and aquatic plants, Fe addition would be an 

effective method to avoid eutrophication and prevent algal blooms. 

However, factors, including pH, Fe concentration, and sediment properties such 

as organic matter content, may affect the ability of PO4
3- immobilization via Fe 

addition. To achieve the intended results for P management in anaerobic sediment and to 

optimize the treatment technique, it is vital to comprehend these factors. 

 

4.4.3 Phosphorus immobilization by SMFCs 

Release of P was inhibited by SMFCs (Fig. 4.1 a). Similarly, Xu et al. (2018) 

demonstrated that SMFCs enhanced P mobilization from the overlying water to sediment. 

In addition, Yang et al. (2016) showed that SMFC operation reduced P concentration in 

the overlying water. According to Haxthausen et al. (2021), P co-precipitation with Fe 

caused SMFCs to decrease P release from sediment. On the other hand, Takemura et al. 

(2022) suggested that SMFCs reduced P in sediment pore water by electrochemically 

attracting dissolved P to the anode. In the present study, Fe reduction at lower Eh was 

avoided by SMFCs by transferring electrons via an external circuit. Thus, PO4
2- release 

from sediment was lowered under SMFC operation. 

Our results revealed that Fe3+-added SMFC increased suppression of P more than 

that in Fe2+-added SMFCs or SMFCs with sediment only. Mixed Fe3+ with sediment in 

SMFCs would have been utilized as electron acceptors during microbial respiration. 

Thereby, transferring electrons from sediment as an electron mediator, Fe3+ would adsorb 

PO4
2- ions, reducing P release from sediment. However, Fe2+ showed similar electricity, 
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which showed the scarcity of Fe2+ participation in the electron transfer process of SMFC 

systems as it was in Fe3+-added SMFCs. In this study, PO4
3-adsorption by Fe2+ mixed with 

sediment would be greater than the contribution of SMFC in suppressing P release. 

Therefore, Fe2+-added SMFCs showed similar PO4
3- concentrations regardless of SMFC 

operation. Hence, in the current experiment, while Fe3+ increased electricity generation 

and reduced P release in SMFCs as an electron acceptor, Fe2+ did not typically act as an 

electron donor and therefore did not yield similar effects in SMFCs. 

 

4.5 Conclusion 

The present experiment was conducted to evaluate the effects of Fe3+ and Fe2+ 

additions in SMFCs on electricity production and suppression of P release from 

agricultural drainage sediment. Adding Fe3+ to SMFCs increased current production and 

suppressed P release from sediment by acting as an electron shuttle. Adding Fe2+ to 

SMFCs did not increase electricity by acting as an electron donor, probably due to the 

low Eh in the sediment. However, Fe2+ effectively reduced P release from the sediment 

at the beginning by adsorbing P. This study suggested that adding Fe3+ to sediment 

enhanced the efficiency of P suppression and electricity generation from SMFCs. 
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CHAPTER 5 

EFFECT OF VARYING NUTRIENT CONTENTS IN 

AGRICULTURAL DRAINAGE SEDIMENTS ON PHOSPHORUS 

RELEASE FROM IRON-INCORPORATED SMFCS 

 

5.1 Introduction 

Phosphorus (P) in sediment has the potential to be released, leading to continued 

eutrophication (Li et al., 2023; Li et al., 2021, Tu et al., 2019; Wu et al., 2014; Wang et 

al., 2008). Even after using remediation techniques to reduce external P loadings, internal 

P release resulting from iron (Fe) reduction in sediment has been determined to be a 

primary issue against lake restoration (Tu et al., 2019; Luo et al., 2022; Chen et al., 2018; 

Wang et al., 2015). In summer, higher organic matter decomposition reduces O2 

concentration in the bottom water, which prompts lake sediment to become anaerobic 

(Yang et al., 2021; Sondergaard et al., 2021). Under reductive conditions, Fe3+ in sediment 

is transformed to Fe2+, causing the dissolution of Fe2+ and PO4
3--P into the overlying water 

(Wang et al., 2022; Tammeorg et al., 2020). On the other hand, when sulfate-reducing 

bacteria are present in the overlying water, sulfate (SO4
2-) is converted to sulfide (S2-) 

under anaerobic conditions, promoting the formation of insoluble ferrous sulfide (FeS) 

compounds at the sediment surface (Duverger et al., 2020; Cui et al., 2021; Kankanamge 

et al., 2020; Sun et al., 2016). The approach of adding Fe3+ to control P release from 

sediment was found to be inadequate due to FeS production (Heinrich et al., 2022). 

Therefore, to combat eutrophication in water bodies, minimizing internal P loadings from 

sediment through an innovative method is crucial (Liu et al., 2018).  

Sediment microbial fuel cells became increasingly attractive as both a renewable 

energy source and pollutant treatment technique due to their ability to oxidize reduced 

substances like S2- or organic carbon buried in anoxic sediment (Algar et al., 2020; Guo 

et al., 2019). These systems consist of an anode embedded in anaerobic sediment and a 

cathode placed in the overlying water with high oxygen concentration Liu et al., 2022; 

Liu et al., 2019). The anode is the acceptor of electrons generated by electrogenesis that 

facilitate the decomposition of organic matter (Hong et al., 2009). The electrons are then 

passed to the cathode across an external circuit, where electrons react with oxygen and 
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protons to produce water while generating electricity (Pergola et al., 2023; Zhao et al., 

2017). 

Sediment microbial fuel cells have been recognized as a novel technology to 

immobilize P in anoxic sediment (Sondergaard et al., 2001; Takemura et al., 2022). The 

redox potential was increased by SMFCs, and P was retained in sediment due to microbial 

Fe2+ oxidation (Yang and Chen, 2021; Haxthausen et al., 2021; Yang et al., 2016). In 

addition, the meditative action of electrochemically active bacteria with SMFCs would 

remediate Fe3+ hydroxide reduction, consequently preventing Fe-bound P release (Yang 

and Chen 2021; Qi et al., 2022; Martins et al., 2014). Wang et al. (2022) suggested that 

SMFCs oxidized S2- in FeS and released Fe2+ into the overlying water. After migrating to 

oxygen-rich overlying water, Fe2+ is re-oxidized to Fe3+ and precipitated with PO4
3-. It 

would be beneficial if the mechanism of P immobilization by SMFC were further 

explained based on sediment properties.  

Low power generation limited the practical application of SMFCs (Guo et al., 

2022; Wang et al., 2023), and Fe-incorporation with the anode structure had shown better 

catalytic activities, which enhanced electricity production in SMFCs (Kim et al., 2022; 

Oktavitri et al., 2021; Zhou et al., 2014). However, the effect of P release from agricultural 

drainage sediment by applying Fe-added SMFCs has not been well explored. Accordingly, 

we set up the hypothesis that Fe3+ addition to SMFCs may reduce TP release from 

sediment while producing high electricity. Under short-term SMFC operation for 17 days, 

we found that high P adsorption by Fe3+ oxyhydroxides reduced P release from Kojima 

Lake sediment with high TP content (4.7 g kg-1) regardless of SMFC operation until day 

15 and then Fe3+ addition increased P release into the overlying water (Perera et al., 2023). 

Therefore, additional studies on long-term SMFC operations for Fe-added sediment are 

required. The present study investigated the performances of Fe-added SMFCs using 

agricultural drainage sediments with different TP contents for 98 days.  

 

5.2 Materials and Methods 

5.2.1 Sediment sampling  

Surface sediment samples (0 - 10 cm) were collected from agricultural drainage 

canals in livestock farming (LS: 34o 28' 38" N, 133o 30' 1" E) and a pasture-grown area 

(PS: 34° 28' 33" N, 133° 30' 3" E) of Kasaoka reclaimed land, Japan on August 23, 2023. 
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Sediment properties are shown in Table 1. The drainage canal in the LS area was highly 

eutrophic and odorous due to the discharge from livestock farms. Contrastingly, the PS 

drainage canal showed low nutrient contents of sediment and dissolved oxygen in the 

water was over-saturated. On the other hand, both sediments had similar total sulfur (S) 

and total Fe contents, and the canal water from LS and PS areas showed high electrical 

conductivities of 2 mS cm-1 and 7 mS cm-1, respectively, reflecting the effect of seawater 

intrusion.  

Samples were passed through a 2 mm-sized sieve to remove stones and debris. 

The homogenized sediment samples were then stored at 4°C until the use of the 

experiment. Chemical properties of sediment samples are shown in Table 1. Total carbon 

(TC) nitrogen and P contents (TN, TP) were higher in the LS sediment than in the PS 

sediment (p < 0.05). To prepare 0.05% Fe-added LS (LS/Fe) and PS sediments (PS/Fe), 

FeCl3·6H2O was mixed with sediment on a wet weight basis. The moisture contents of 

fresh LS and PS sediments were 68% and 62% on a wet-weight basis, respectively.  

 

5.2.2 Experimental setup 

A dual-chamber SMFC was designed to prevent oxygen diffusion into the anode 

(Hagoss and Demeke 2015). The SMFC design was illustrated in Perera et al. (2023). The 

anode chamber was made of a 14.6 cm-high acrylic tube with a 4.5 cm internal diameter. 

After placing 5 g of Toyoura standard sand (Toyoura Keiseki Kosyo), 65 g of fresh 

sediment was placed in the anode chamber. Then it was topped off with N2 gas-sparged 

deionized water (110 mL, at 0.2 L min-1 for 5 min). A 4 x 3 cm graphite-felt anode (G150-

12, AvCarb, Lowell, USA) was placed 1 cm below the sediment surface, whereas a 10-

cm long carbon rod (C-100, Kenis, Osaka, Japan) was used as the cathode. Before use in 

the experiment, surfaces of graphite felt were water-saturated. A 0.02 M KCl-filled 100-

mL beaker was used as the cathode chamber, coupled with the anode chamber using a 

15% KCl salt bridge. A platinum electrode was made by placing a copper wire crimped 

with a platinum wire in a glass tube (5 mm diameter), which was enclosed with epoxy 

resin at both ends to avoid any water seepage. Those were installed 3 cm below the 

sediment surface (close to the anode) to measure the sedimentary redox potential. A 1000 

Ω external resistor was used for 42 days and then replaced with 100 Ω until the end of 

the experiment.  
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Two groups of sediment columns with each LS, PS, LS/Fe, and PS/Fe were 

prepared in triplicate. One group was left under an open circuit (OC) condition in which 

the anode and cathode were not connected, and the other was operated as closed circuits 

(CC), which work as SMFCs. Before starting the experiment, all sediment columns were 

pre-incubated at 25oC for two days under OC operational conditions so that sedimentary 

Eh reached about -200 mV. The experiment was carried out at 25°C in the dark. 30 mL of 

overlying water samples were collected every 14 days, and the filtered samples (0.2 µm) 

were stored at 4°C for chemical analyses. After each sampling, the overlying water in the 

SMFCs was compensated by adding N2-sparged deionized water. Water sampling started 

from day 0 before connecting SMFC circuits. 

 

5.2.3 DNA extraction and 16s rRNA gene analysis 

In this study, we examined the changes in the microbial community in sediment 

due to SMFC operation. Total P release was much higher in LS sediment regardless of 

SMFC's operation. To know the mechanism of Fe2+ or S2- oxidation that regulates TP 

release in SMFCs, we measured the microbial community only in LS sediment. At the 

end of the experiment, the anodes of LS and LS/Fe treatments were carefully removed, 

and sediment samples were collected by scraping the anode surface. The DNA was 

extracted from the sediment samples using the FastDNA Spin Kit for Soil (MP 

Biomedicals, Irvine, USA). The extracted DNA (80 µL) was purified using DNA Clean 

and Concentrator-25 (Zymo Research, Irvine, USA). The concentrations and quality of 

the DNA were measured using a spectrophotometer (DS-11, Denovix, Wilmington, USA). 

The DNA samples were stored at -20°C. 

A primer set of V3V4f_MIX and V3V4r_MIX were used for 16S rRNA gene 

amplification (Hugerth et al., 2014). Amplicon sequencing was performed by an external 

analytical laboratory (Bioengineering Lab., Sagamihara, Japan). The FASTX-toolkit (ver. 

0.0.14) and FLASH (ver. 1.2.11) were used to process the raw sequence reads. 

Representative sequences and amplicon sequence variant (ASV) tables were prepared 

after removing chimeric and noisy sequences with the dada2 plugin in Qiime2 (ver. 

2022.8). Taxonomy assignment of the ASVs was performed using the q2-feature-

classifier plugin against the EzBioCloud 16S database. 
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5.2.4 Analytical methods 

The voltages and current were measured at 10 min intervals using a data 

acquisition system (LR8431, Memory Hilogger, Hioki, Nagano, Japan) and an ammeter 

(PC720M, Digital Multimeter, Sanwa, Tokyo, Japan), respectively. The current density 

was calculated by dividing the produced current by the surface area of the anode.  

The water quality of the overlying water in the anode chamber was measured 

every 14 days. Water samples were digested with K2S2O8 (120°C, 30 min), and iron 

colloids formed in the digested tubes due to oxidation were dissolved by adding 11 M 

NaHCO3/NaS2O4 solution (shaken for 1 h) to determine the total P (TP) concentrations 

(Lakkari et al., 2014). Phosphate (PO4
3-- P) and ammonium (NH4

+-N) concentrations 

were measured using a continuous flow analyzer (2-HR, QuAAtro, AutoAnalyzer, Bltec, 

Tokyo, Japan) after filtration (0.2 µm). The below-mentioned anode-half reaction was 

considered to have occurred during organic matter decomposition (Eq 5.1). 

 

CH2O + H2O → CO2 + 4H+ + 4e-                 Eq 5.1 

 

If Fe2+ was released from sediment under SMFC operation by FeS oxidation, electrons 

transferred via SMFCs were assumed to be produced by following anode half-reaction 

(Eq 5.2).  

 

FeS → Fe2++ S
0
 + 2e-                   Eq 5.2 

 

If Fe2+ was released due to corrosion of the anode connection, the chemical reaction may 

occur owing to the charge recovered from zero-valent iron (Fe0) in steel slag.  

 

Fe →Fe2+ + 2e-                   Eq 5.3 

 

The amount of Fe2+ that can be released by the above half-reactions was computed using 

Eq (5.4). 

 

Fe2+ released by FeS or Fe oxidation (g m-2) = 
∑ I∆t × MFe

2F  × A
              Eq 5.4 
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I: Current (A) 

Δt: Time interval in measurement (600 s) 

F: The Faraday constant (96, 485 C mol−1) 

MFe: Mass of Fe (56 g) 

A: Cross-sectional area of acrylic column (m−2)   

Mineralization of N and P during the SMFC operation was calculated by assuming that 

all electrons passed through SMFC circuits were produced from organic matter 

decomposition. 

N (g m-2) = 
∑ I∆t × Mc

4F × C/N × A
                 Eq 5.5  

 

Mc: Mass of carbon (12 g) 

C/N: Carbon to nitrogen mass ratio of sediment 

 

P (g m-2)= 
∑ I∆t × Mc

4F × C/P × A
                  Eq 5.6 

 

C/P: Carbon to phosphorus mass ratio of sediment 

 

The averaged amounts of each component in the overlying water under the OC 

condition were reduced from those under the CC condition at the end of the study to 

determine observed differences in Fe2+, NH4
+-N, or TP amounts between the OC and CC 

conditions. 

An atomic absorption spectrometer (ICE 3300 AA, Thermo Fisher Scientific, 

Waltham, USA) was used to measure Fe concentration in the water samples. Sulfate 

(SO4
2-) was extracted from sediment (1:4 solid: water ratio) with distilled water by 

shaking at 175 rpm for 1 h and then filtered (0.2 μm). Concentrations of SO4
2- were 

determined by ion chromatography (761 Compact IC, Metrohm, Herisau, Switzerland). 

At the beginning and end of the experiment, pH in the overlying water was measured 

using a digital pH meter (F-23, Horiba, Kyoto, Japan). Sedimentary Eh was measured 

every 7 days using the platinum electrode connected to the SMFC and a KCl-saturated 

Ag/AgCl reference electrode (PRN-41, Fujiwara, Tokyo, Japan).  
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The initial chemical properties of the sediment were also analyzed. Sediment 

samples were digested with H2SO4 and H2O2 at 300°C, and then TP content was 

determined by analyzing PO4
3--P concentrations. Using a CN coder (MT-700, Yanaco, 

Kyoto, Japan), the total nitrogen (N) and total carbon (C) content of dry sediment were 

determined. At the end of the experiment, the total Fe and non-soluble S contents in the 

sediment at the surface and the anode were measured by the X-ray fluorescence 

spectrometry (XRF) method (ZSX Primus II-R1, Rigaku, Tokyo, Japan). Before the 

measurement, sediment samples were washed with distilled water to remove SO4
2- from 

the sediment and freeze-dried at -40oC. Sediment water content was determined by oven-

drying at 105oC for 24 h on the dry weight basis. 

Using the R software (R i386 3.6.0), Tukey's HSD test was applied to evaluate 

statistical significance at p < 0.05. Changes in microbial communities between OC and 

CC conditions were determined by LEfSe (Galaxy module, The Huttenhower Lab, 

Harvard University). The threshold for discriminative features on the logarithmic LDA 

score was set at 2.0, and the statistical significance of relative abundance was p < 0.05. 

 

5.3 Results 

5.3.1 Changes of sulfur in the overlying water and sediment  

 

 Table 5.1 Chemical properties of sediments 

 

 

 

 

 

 

 

 

 

 

 

 

 

The initial properties of the sediment are shown in Table 5.1. The total C, N, and P 

Parameter LS   PS 

Total C (g kg-1) 102.7 27.2 

Total N (g kg-1) 8.9 2.05 

Total P (g kg-1) 1.8 0.6 

Total S (g kg-1) 10.8 9.35 

Total Fe (g kg-1) 110.1 104.5 

C/N 11.6 13.3 

C/P 57.1 45.3 
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contents in LS sediment were higher than in PS sediment. However, S and Fe contents 

are similar between the two sediments. 

 

 

Figure 5.1 Dissolved SO4
2-- S amounts in the overlying water of a) LS, b) PS, c) LS/Fe 

and d) PS/Fe treatments. Day 0 denotes the beginning of the experiment after the pre-

incubation. Error bars show the standard deviations (n = 3) 

 

Release of SO4
2--S from PS sediment to the overlying water was higher than LS 

sediment (Fig 5.1; p < 0.05). Amounts of SO4
2-- S in the overlying water gradually 

decreased in PS sediment during the entire period, regardless of SMFC operational 

conditions. Initial SO4
2-- S concentrations in LS and PS sediments were about 300 and 

200 mg kg-1, respectively (no data shown), which account for only a few percentages of 

total S in sediment (Table 1). At the end of the study, SO4
2-- S content in LS sediment was 

2 mg kg-1, while it was 171−233 mg kg-1 in PS sediment. There were no differences 

between OC and CC conditions in both sediments. On the other hand, non-soluble S 

 

Days 
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contents in sediment were similar between 0- and 4-cm depths in both sediments (Fig 5.2).  

 

 

 

 

 

 

Figure 5.2 Non-soluble S and total Fe distribution in the surface and 4 cm below the 

sediment surface of a) LS, b) PS, c) LS/Fe and d) PS/Fe treatments at the end of the 

experiment. Error bars show the standard deviations (n = 3) 

 

5.3.2 Changes in sedimentary Eh 

Sedimentary Eh was negative and varied at -200 mV in all treatments (Fig. 5.3). 

Statistical analysis indicated no significant difference in sedimentary Eh between the OC 

and CC conditions. However, at the end of the experiment, sedimentary Eh in treatments 

under the CC condition was slightly higher than under the OC condition. Our findings 

deviate from previous research findings, as documented by Hong et al. (2009), Yang et al. 

(2021), Haxthausen et al. (2021), Yang et al. (2016), and Xu et al. (2018). These studies 

have consistently reported a notable increase in sedimentary Eh during the operation of 

SMFC systems. According to our results, the effects of Fe addition on Eh changes in OC 

or CC treatments were not clear in each sediment. 

 Percentage (%) 
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Figure 5.3 Eh changes at 3 cm below the sediment surface in a) LS, b) PS, c) LS/Fe, and 

d) PS/Fe treatments. Day 0 denotes the beginning of the experiment after the pre-

incubation. Error bars show the standard deviations (n = 3). Replicates under the same 

conditions were represented by R1,2,3. 

 

5.3.3 Release of Fe from sediment to the overlying water 

Regardless of sediment type, SMFC operation (CC) significantly increased Fe 

release from sediment to the overlying water more than the OC condition (Fig 5.4; p < 

0.05). Adding Fe to SMFCs with LS sediment (LS/Fe-CC) released more Fe than no-Fe 

SMFCs (LS-CC) from 56 - 84 days (Fig 5.4a, c; p < 0.05). Under OC conditions, Fe 

release once increased and then decreased (Fig 5.4).  

At the end of the experiment, total Fe content at the sediment surface under OC 

conditions was higher than under CC conditions in all treatments except for PS/Fe 

treatment (Fig 5.4). LS-CC and PS/Fe-CC sediment showed high total Fe content at 0 cm 

more than at 4 cm depth. In contrast, those did not differ much in PS-CC and LS/Fe-CC.  
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Figure 5.4 Dissolved Fe amounts in the overlying water of a) LS, b) PS, c) LS/Fe, and d) 

PS/Fe treatments. Day 0 denotes the beginning of the experiment after the pre-incubation. 

Error bars show the standard deviations (n = 3). 

 

5.3.4 Changes in pH in the overlying water 

 

Table 5.2 pH changes in the overlying water at the end of the experiment 

* The same lowercase letters represent no significant differences between treatments on 

each day based on Tukey’s HSD test at p < 0.05 (n = 3). Average H+ concentrations were 

used to calculate the average pH among replicates. 

LS PS 

Treatment Start End Treatment Start End 

LS-OC 7.9a 6.6a PS-OC 7.7a 4.5a 

LS-CC 8.1a 3.7b PS-CC 7.7ab 4.0a 

LS/Fe-OC 7.8a 6.2a PS/Fe-OC 7.9b 4.1a 

LS/Fe-CC 7.7a 3.7ab PS/Fe-CC 7.9b 4.4a 

 

Days 
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At the beginning of the study, pH in the overlying water was about 8 in all 

treatments (Table 5.2). pH values in all treatments dropped at the end of the study. The 

ending pH under CC conditions for LS and LS/Fe sediments was lower than that under 

OC conditions. Contrastingly, PS nor PS/Fe did not show significant pH differences 

between OC and CC conditions. 

 

5.3.5 Amount of NH4
+-N in the overlying water 

Figure 5.5 Amounts of NH4
+-N released from sediment to the overlying water in a) LS, 

b) PS, c) LS/Fe, and d) PS/Fe treatments. Day 0 denotes the beginning of the experiment 

after the pre-incubation. Error bars show the standard deviations (n = 3) 

 

Release of NH4
+-N into the overlying water was higher in LS sediment than in PS 

sediment (Fig 5.5; p < 0.05). The amount of NH4
+-N in the overlying water was increased 

until day 28 in LS sediment, while PS sediment showed the highest NH4
+-N concentration 

on day 14 (Fig 5.5a, b). Although the concentrations were reduced at the latter period, 

treatments under the CC condition showed higher NH4
+-N amounts than those under OC 

treatments. This reduction was significant between LS-OC and LS-CC treatments (p < 

0.05). Adding Fe3+ into both sediments increased NH4
+-N release regardless of operating 

 

Days 
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condition (Fig 5.5c, d). In the overlying water, NO3
--N was not detected during the 

experimental period.  

The difference between calculated N mineralization under CC condition and the 

difference of actual NH4
+-N concentrations between OC and CC treatments at the end of 

the study were given in Table 3. Calculated N mineralization was similar to the actual 

amount of NH4
+-N in the overlying water for LS-CC treatment. However, PS sediment 

and Fe3+ added treatments showed equal NH4
+-N amounts under OC and CC treatments.  

 

5.3.6 Release of TP from sediment to the overlying water 

Figure 5.6 Amounts of total P released from sediment to the overlying water in a) LS, b) 

PS, c) LS/Fe, and d) PS/Fe treatments. The concentration of TP on each sampling day 

was divided by the sediment surface area to calculate the TP amount released from the 

sediment. Day 0 denotes the beginning of the experiment after the pre-incubation. Error 

bars show the standard deviations (n = 3) 

 

The amount of TP released from the LS sediment was higher than that from the 

 

Days 
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PS sediment (Fig 5. 6a, b; p < 0.05). Until day 42, TP amounts under the CC condition 

were lower than those under the OC condition, regardless of the sediment type (Fig. 5.6a, 

b). On day 0, the TP amounts in LS/Fe and PS/Fe treatments were lower than in LS and 

PS sediments (Fig 5.6c, d; p < 0.05). In the latter half of the experiment, Fe3+ addition 

increased TP amounts in the overlying water, unlike the No-Fe treatments (Fig 5.6c, d). 

From day 56 to 70, TP release increased more in the LS/Fe-CC treatment than in the LS-

CC treatment (Fig 5.6a, c; p < 0.05). However, the P release between PS-CC and PS/Fe-

CC was not significantly different. 

 

5.3.7 Electricity generation 

Current densities were similar between the two sediments and were stable 

between 45 and 60 mA m-2 (Fig 5.7). On day 42, current densities increased in all 

treatments when the external resistor was replaced from 1000 to 100 . Cathodes were 

replaced on day 70 due to KCl precipitation on the  

surface. Simultaneously, current densities were immediately increased in all treatments. 

However, after replacing the cathodes, current densities gradually decreased. On the other 

hand, the current density in LS/Fe-CC treatment appeared to be higher than in LS-CC 

treatment (Fig 5.7a, c). However, the cumulative numbers of electrons passing through 

the external circuit were not significantly different in all treatments (Table 3). Drops in 

current densities at the end of the experiment were probably attributed to the failure of 

the anode connection due to corrosion. 

Figure 5.7 Current densities in a) LS, LS/Fe and b) PS, PS/Fe. Day 0 denotes the 

beginning of the experiment after the pre-incubation. Error bars show the standard 

deviations (n = 3)  
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Table 5.3 Calculated electron flow and nutrient mineralization from SMFCs 

Treatment Calculated 

electron 

flow in 

SMFCs 

(mmol) 

Calculated 

carbon 

degradatio

n  

in SMFCs 

(mmol) 

Calculated 

Fe2+ from  

FeS or Fe0 

oxidation  

by SMFC 

(mmol) 

Calculated 

Fe2+  

release 

by SMFC  

(g m-2) 

Observed 

Fe2+ 

differenc

e 

between 

OC and 

CC  

(g m-2) 

Calculated 

TP release 

by SMFC  

(g m-2) 

Observed 

TP 

difference 

between 

OC and 

CC  

(g m-2) 

Calculated 

N release 

by SMFC 

(g m-2) 

 Observed 

NH4
+-N 

difference 

between 

OC and 

CC  

(g m-2) 

LS-CC 12.5  1.4a 3.1  0.4a 6.6  0.7a 220  25a 41.15 0.4  0.1a 0.005 2.04  0.23  1.62  

LS/Fe-CC 17.4  3.5a 4.3  0.9a 8.7  1.7a 306  62a 62.62 0.6  0.1a  -0.010 2.83  0.57  - 0.11 

PS-CC 14.5  2.9a 3.6  0.7a 7.3  1.5 a 256  52 a 24.27 0.6  0.1 a 0.001 2.05  0.42  0.05 

PS/Fe-CC 16.8  4.4a 4.2  1.1a 8.4  2.2a 296  77a 41.67 0.7  0.2a 0.005 2.38  0.62  0.07 
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5.3.8 Microbial community 

 

Figure 5.8 a) 16S rRNA gene sequence for the microbial community in sediment near the 

anode of LS and LS/Fe sediments (family level). Taxa with significantly different 

microbial abundances in b) LS and c) LS/Fe were detected by LEfSe analysis with an 

LDA threshold score of 2.0 and a significance level of p <  0.05. 

 

* Horizontal bars show the effect size for each taxon. Log 10 transformed LDA scores are 

in Fig. 5.8b, c. Green and red colors represent more abundant taxa in OC and CC 

treatments, respectively. The negative LDA values under CC conditions were due to the 

order of the numerator and dominator when calculating the effect size. 

 

Relative abundances of the microbial community at the family level in LS and LS/Fe 

sediment are shown in Fig 5.8a. Anaerolinaceae, Peptostreptococcaceae, 

Erysipelotrichaceae, Clostridiaceae, and Bacteroidales were dominant in all treatments 

(relative abundance > 3%). Most of the microbial families enriched in LS sediment 

represented phylum Firmicutes (>35%), Proteobacteria (>15%), Chloroflexi (>19%), and 

Bacteroides (>5%). The linear discriminant analysis (LDA) score shows the effect size of 

each abundant microbial family under OC and CC conditions in LS (Fig. 5.8b) and LS/Fe 

sediments (Fig. 5.8c). For LS sediment, Erysipelotrichaceae, Chistensellaceae, and 

Planctomycetaceae were abundant under OC conditions, while Clostroiadaceae, 

Peptostreptococcaceae, and Thiobacillaceae, Syntrophaceae families were predominant 
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under CC conditions (Fig. 5.8b; p < 0.05). The genera Clostridium and Romboutsia were 

dominated by the Clostroiadaceae and Peptostreptococcaceae families, respectively. 

Furthermore, the genus Thiobacillus represented the whole Thiobacillaceae family 

(belonging to Beta-proteobacteria), while Smithella and Syntrophorhabdus dominated the 

Syntrophaceae (belonging to Delta-proteobacteria). Only the unclassified bacteria under 

order Bacteroidales were abundant in Fe-added SMFCs (Fig 5.8c; p < 0.05). In this study, 

Fe addition in sediment did not significantly affect the microbial community. 

 

5.4 Discussion 

5.4.1 Sulfur and iron dynamics 

Regardless of sediment type and SMFC operations, amounts of SO4
2-- S in the 

overlying water decreased and became undetectable at the end of the experiment (Fig 5.1). 

They did not differ between OC and CC conditions. At lower Eh (Fig 5.3), SO4
2-- S in the 

overlying water was probably reduced to S2- by sulfur-reducing bacteria (Richards and 

Pallud 2016). Contradictory to our findings, Wang et al. (2022) showed increased SO4
2- 

concentrations in the overlying water or sediment under SMFC operation. This 

discrepancy presumably originated from low oxygen in dual chamber SMFCs, which 

would have prevented S2- oxidation to SO4
2-. In our study, SO4

2-- S reduction to S2- in the 

overlying water and S2- oxidation to elemental sulfur (S0) in sediment would have 

concurrently occurred under CC conditions. Similarly, Angelov et al., (2012) and Perez-

Diaz et al., (2020) demonstrated concurrent reactions of S2- oxidation to S0 in a dual 

chamber MFC and reduction of SO4
2- to S2-. Ryckelynck et al. (2005) also reported S0 

deposition on the graphite anodes of an SMFC installed on a seafloor. In SMFCs, SO4
2- 

reduction would produce S2- by consuming organic substances under anaerobic 

conditions. According to Perez-Diaz et al. (2020) and Daghio et al. (2018), sulfur-

reducing bacteria presumably acted as electron shutters, and S2- was oxidized to S0 at the 

anode.  

At the surface sediment, total Fe increased under OC conditions more than under 

CC conditions, except in the PS/Fe treatment (Fig 5.2). At low sedimentary Eh (Fig 5.3), 

Fe3+ was reduced to Fe2+, which was released from the sediment to the overlying water 

(Tammeorg et al., 2020). Under OC conditions, Fe2+ is probably coprecipitated in the 



60 

 

form of FeS on the sediment surface. As a result, dissolved Fe amounts in the overlying 

water remained low under OC conditions (Fig 5.4; p < 0.05). Similarly, Wang et al. (2022) 

and Pan et al. (2020) demonstrated that S2- formed in anaerobic sediment fixed Fe2+ as 

FeS while SO4
2- decreased in the overlying water. However, in the present study, non-

soluble S in the surface sediment did not increase due to FeS formation (Fig 5.2). The 

non-soluble S increment at the surface sediment due to SO4
2- reduction to S2- in the 

overlying water should be small, as SO4
2--S on day 0 was less than 1% of total S in both 

sediments (Fig 5.1). LS sediments initially contained high S2- contents due to higher 

organic matter (Table 1) and severe eutrophic conditions in the sampling area. In contrast, 

PS sediment showed low carbon and nutrient contents (Table 1). In PS sediment, rapid 

SO4
2- reduction was seen in the overlying water until day 14. This indicates that high rates 

of SO4
2- reduction took place in PS sediment. Production of S2- in pore water is high if 

anaerobic microbial respiration of SO4
2- occurs in sediment (Pollman et al., 2017). In both 

sediments, Fe2+ diffused from sediment to the overlying water would have immediately 

been trapped by high S2- initially present in the surface sediment. Thus, non-soluble S in 

sediment did not change, unlike total Fe. 

In all treatments, Fe concentration in the overlying water was significantly 

increased by SMFCs (Fig 5.4; p < 0.05). As mentioned above, those canals are located in 

a sea-reclaimed area. Both sediments used in our study had high non-soluble S and total 

Fe contents (Fig 5.2) and probably high FeS because marine sediments show high FeS 

contents (Wu et al., 2017). Consistently, Kim et al. (2021) reported that Fe2+ release was 

more increased under CC conditions or steel slag-added SMFCs than under OC 

conditions. In SMFCs, Fe2+ produced from the oxidation of FeS in sediment should have 

diffused into the overlying water. Ryckelynck et al. (2005) mentioned that SMFCs 

released Fe2+ into the overlying water while it oxidizes S2- in FeS or pyrite. Another 

possible reason for Fe increment in SMFCs is that low pH (Table 2) at the anode of 

SMFCs caused the dissolution of Fe2+ or Fe3+ from sediment (Wang et al., 2022; Algar et 

al., 2020, Touch et al., 2017). Additionally, if pH reduction was induced by SMFCs, FeS 

would be dissolved in the overlying water (Algar et al., 2020), which may cause Fe2+ 

dissolution. At the end of our study, similar low pH values were seen in PS and PS/Fe 

treatments under both OC and CC conditions, in which Fe2+ amounts were significantly 

different (Table 2; Fig 5.4). Therefore, Fe accumulation in the overlying water did not 
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occur in our study at lower pH. Instead, pH reduction probably exhibited alkalinity 

removal by utilizing HS- and proton production under SMFC operation (Algar et al., 

2020).  

 

5.4.2 Amount of NH4
+-N in the overlying water 

The amount of NH4
+-N released from LS sediment was higher than that from PS 

sediment due to its higher TC and TN contents (Table 1; Fig 5.5). In the beginning, NH4
+-

N gradually increased in the overlying water, indicating N mineralization. Then, it 

reduced in the latter period, presumably due to weakened organic N mineralization and 

microbial assimilation. In the overlying water, NO3
-- N was not detected during the 

experiment. Inhibited nitrification due to oxygen limitation in dual chamber SMFCs and 

enhanced denitrification increased ammonia accumulation.  

Under CC conditions, NH4
+- N release from sediment was higher than under OC 

conditions. These results were consistent with Perera et al. (2023) and Xu et al. (2017). 

In LS-OC treatment, NH4
+- N reduced significantly at the end due to N immobilization. 

Although microbial assimilation took place in LS-CC treatments, the rate of NH4
+- N 

decrease was masked by the higher N mineralization. Equivalent N amounts between 

calculated and actual NH4
+-N release from SMFCs further explained high N 

mineralization under SMFC operation (Table 3). This NH4
+- N increment under CC 

operation was not significant for PS sediment. Because of the low N availability in PS 

sediment, inorganic N was used for microbial respiration without being released into the 

overlying water. On the other hand, the amount of NH4
+- N in LS/Fe and PS/Fe treatments 

showed no difference between OC and CC treatments (Fig 5.5c, d). Nitrogen 

mineralization would have been induced with Fe3+ addition to sediment regardless of 

SMFC operation, resulting from increased microbial activity. 

 

5.4.3 Phosphorus release from sediment 

The release of P from LS sediment was higher than that from PS sediment due to 

its higher TP content (Table 1; Fig 5.6). The amount of TP reduced over time regardless 

of OC or CC condition. During the experiment, reduction of NH4
+-N and TP exhibited 

nutrient immobilization due to microbial respiration. 

For LS and PS sediments, P release under CC conditions was lower than under 
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OC conditions until 42 days (Fig 5.6a, b) when the external resistance was reduced. 

Increased Fe concentrations induced PO4
3- precipitation under CC conditions, which 

caused a reduction of TP in the overlying water (Fig 5.4). This was explained by the 

increased total Fe at the surface sediment more than at the anode in LS-CC treatment (Fig 

5.2). However, total Fe did not increase in PS-CC treatment because Fe precipitation did 

not occur due to the low TP amount in the overlying water. After day 56, P amounts in 

the overlying water were similar between OC and CC conditions for both sediments. In 

contrast, the calculated TP release due to organic matter decomposition was larger than 

the observed TP increment under SMFC operation (Table 3). Similar TP amounts between 

OC and CC conditions would have resulted from P equilibrium in the sediment-water 

system. When the P release into the overlying water is excessive under CC conditions, P 

is absorbed into the sediment to reconstruct the equilibrium status (Peng et al., 2021; 

Nguyen et al., 2016). 

Adding Fe3+ into sediment decreased P release from sediment on day 0 (Fig 5.6c, 

d). Previous studies (Wang et al., 2021; Natarajan et al., 2021; Chen et al., 2016; Smolders 

et al., 2001) demonstrated that Fe addition immobilized P in sediment due to its high P 

absorptivity. At the beginning of our experiment, Fe3+ hydroxides that were formed by 

Fe3+ addition absorbed PO4
3--P. However, the Fe3+-added treatments showed higher TP 

amounts than the sediment-only treatments under OC conditions. Wang et al. (2016) 

reported that Fe addition to suppress P release from sediment is less effective when 

organic matter and S2- concentrations are high. Anaerobic fermentation of FeCl3-added 

sludge increased P release due to accelerated SO4
2- reduction (Yang et al., 2019). In the 

present study, Fe3+ addition would have increased microbial activity in sediments such as 

sulfur-reducing and Fe-reducing bacteria. Increased microbial organic matter 

decomposition would have released more P from Fe3+-added sediment. 

In the latter period, LS/Fe-CC treatment increased P release more than in LS-CC 

(Fig 5.6a, c; p < 0.05). Oktavitri et al. (2021) indicated that adding 0.06% of nano-zero-

valent Fe to SMFCs did not reduce P released from the sediment. Rapid decomposition 

of organic matter by Fe3+-added SMFCs released more P into the overlying water (Lu et 

al., 2021). For PS/Fe-CC treatment, this TP increment from SMFCs was not significantly 

different than PS-CC treatment. Lower TP content limited P mineralization in PS 

sediment (Table 1).  
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In this experiment, Fe3+ was not involved in P suppression under SMFC operation. 

Previous studies (Yang et al., 2021; Qi et al., 2022; Martins et al., 2014) reported that 

SMFCs increased the redox potential in sediment, and thereby P concentrations in the 

overlying water were lowered. In contrast, Eh in the SMFCs of this study was not 

adequately increased to avoid Fe3+ reduction (Fig 5.3). When the organic matter content 

and the S2- contents are abundant in sediment, Fe2+ might not be oxidized under CC 

conditions. Instead, the Fe2+ would be released into the overlying water under CC 

conditions (Algar et al., 2020). If oxygen concentration in the overlying water was high, 

these released Fe2+ may oxidize to Fe3+ and precipitate PO4
3- in the overlying water to 

sediment.  

 

5.4.4 Electricity generation 

All SMFCs immediately started to produce electricity, which varied around 45 - 

65 mA m-2 (Fig 5.7a, b). Tran et al. (2019) reported similar results from an SMFC with 

sediment collected from a semi-enclosed bay. Oktavitri et al. (2021) reported starting 

current density from SMFCs similar to our study. In our experiment, current densities 

were similar between different sediments. Song et al. (2019) showed different voltage 

outputs from SMFCs according to the sediment type after 80 days of operation. Kim et 

al. (2020) demonstrated that sedimentary Eh in steel slag-added SMFCs fluctuated around 

-200 mV for 160 days. They further mentioned that increased Eh differences between 

electrodes resulted in higher and more stable electricity production. A steel clip used to 

connect the anode would have acted as Fe0 addition under CC conditions. This would 

have led to higher electricity production from SMFCs. Another critical factor that affects 

electricity production from a dual chamber system is the proton exchange system. Min et 

al. (2005) documented a 2-fold power reduction due to a salt bridge in an MFC. Higher 

internal resistance exerted by the salt bridge would have forced a similar proton transfer 

rate under both sediments. Significant pH reduction under SMFC with LS or LS/Fe 

sediment indicated a weakened proton transferring rate through the salt bridge. Similar 

current densities from the two sediments were attributed to similar electron transfer rates 

under CC conditions. 

Adding Fe3+ seemed to enhance current densities from SMFCs (Table 3; Fig 5.7a, 

b). Stimulated organic matter decomposition due to Fe-reducing microorganisms would 
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have increased the electron production under CC conditions. Our results were compatible 

with Kim et al. (Kim et al., 2021), who demonstrated that Fe addition induced electricity 

production from SMFCs due to enhanced oxidative organic matter degradation at low pH 

with high S2- content. In this study, using the iron clip for the anode clip might have acted 

as Fe0 addition to sediment. If Fe2+ released under CC condition in this experiment 

occurred due to FeS or Fe0 oxidation, its contributions to total electron flow under CC 

conditions were approximately 10%, 14%, 6%, and 9% in LS-CC, LS/Fe-CC, PS-CC and 

PS/Fe-CC treatments, respectively (Table 3). Actual N mineralization in the LS-CC 

treatment showed 79% of calculated N mineralization due to electron flow under CC 

conditions. This difference was not clear for other treatments because Fe2+ addition 

increased NH4
+-N released regardless of operational condition, and low NH4

+-N release 

from PS sediment masked the effect of SMFCs. Electron transferred by LS/Fe-CC was 

approximately 39% higher than LS-CC treatments and only around 16% for PS/Fe-CC 

treatment. Low carbon and nutrient contents in PS sediment (Table 1) would have 

hampered the decomposition of organic matter, resulting in a 16% current enhancement 

under Fe3+ addition. On the other hand, Fe2+-added SMFCs increased electron production 

by 4% for LS sediment by releasing Fe2+, while it was about 3% for PS sediment. 

Accordingly, we can conclude that electricity generation in Fe3+-added SMFCs primarily 

occurred by decomposing organic matter despite the sediment type. However, sulfur 

oxidation by Fe3+-added SMFCs should be investigated more in future studies.  

 

5.4.5 Changes in microbial communities in SMFCs 

Regardless of the operational condition, LS sediment was enriched with 

Anaerolineaceae, which is an electrochemically active bacterial family (Fig 5.8a). This 

family of bacteria has been found to be acidogenic fermenters with the ability to remove 

organic matter from wastewater (Wang et al., 2019). In this study, the operation of SMFCs 

supported the growth of Clostridiaceae, Peptostreptococcaceae, Thiobacillaceae, and 

Syntrophaceae at anode-associated sediment (Fig 5.8b; p < 0.05). Clostridiaceae and 

Peptostreptococcaceae come under the phylum Firmicutes, whereas Thiobacillaceae and 

Syntrophaceae are the families belonging to the phylum Proteobacteria. The abundance 

of electrochemically active bacteria under phylum Firmicutes and Proteobacteria 

primarily supported electricity production and voltage increment of plant microbial fuel 
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cells because of the plant root exudates (Lin et al., 2022). The family Clostridiaceae can 

hydrolyze cellulose from dead plant roots into less-complex substances like fatty acids, 

which electrochemically activated bacteria can use (Lu et al., 2015). Like our findings, 

Song et al. (2019) found an abundance of genus Clostridium in sediments from SMFCs. 

These bacteria are known to ferment various carbohydrates, including starches, organic 

acids, monosaccharides, and disaccharides (Dos-Passos et al., 2019; Kouzuma et al., 

2013). Plant residues in agricultural drainage sediments probably promoted the growth of 

these bacteria due to the SMFC's operation. Bhatti et al. (2022) reported that electricigens 

genus Romboutsia increased in microbial fuel cells with higher molasses and acetate, 

which might be a reason for the increased electricity production from MFCs. The 

abundance of this genus would have supported electricity generation in our study. 

Previous studies mentioned that several species of the genus Thiobacillus have been 

identified as bacteria that derive energy from Fe or sulfur oxidation in anaerobic 

environments (Chen et al., 2016; Smolders et al., 2001; Wang et al., 2016). On the other 

hand, Thiobacillus can remove N from sediment by denitrification (Wu et al., 2022). 

Additionally, Aida et al. (2014) showed that the genus Smithella was possibly able to aid 

in the sulfur oxidation in up-flow anaerobic sludge blanket reactors. In this study, the 

operation of SMFC probably supported S2- oxidation at the anode. 

In LS/Fe-CC, unclassified bacteria under the order Bacteroidales were dominated 

(Fig 5.8c; p < 0.05). This bacterial group might have indicated an electrochemically active 

bacterium.  

 

5.5 Conclusion 

This study aimed to investigate the long-term effects of Fe-added SMFC on 

electricity generation and P release from sediment with different T contents. The SMFCs 

had the potential to reduce P release from sediment due to accumulating dissolved Fe in 

the overlying water. However, TP release from sediment was increased in the late period 

by Fe3+ addition under CC conditions due to high organic matter decomposition and 

thereby P mineralization. This phenomenon was not clear in the short-term experiment. 

Although power generation was not affected by the organic matter content in different 

sediments, the amount of P released into the overlying water depended upon initial TP 

contents in sediment. Sulfur-dependent bacteria abundance in sediment associated with 
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SMFCs suggested S2- oxidation by SMFCs. When the sulfur content in sediment is high, 

Fe2+ oxidation by SMFCs may not occur efficiently. This study indicated that Fe3+ 

addition to sediment stimulated organic P release from sediment while increasing 

electricity production. The effect of SMFC with Fe and sulfur-rich sediment should be 

further studied in the future. 
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CHAPTER 06  

GENERAL DISCUSSION, CONCLUSIONS, AND IMPLICATIONS 

FOR FURTHER STUDY 

 

6.1 General discussion and conclusions 

In our research, we investigated the effects of adding FeOOH to sediment on 

phosphorus (P) release under different dissolved oxygen (DO) conditions (Chapter 3). 

Our findings revealed that FeOOH addition effectively reduced P release from the 

sediment, demonstrating strong P adsorption capabilities under different DO conditions. 

However, when exposed to prolonged low DO conditions, both P and Fe are released into 

the overlying water, particularly at a 0.15% FeOOH treatment. In addition, under low DO 

conditions, P amounts released from FeOOH 0.15% treatment had a strong correlation 

with the amount of Fe released into the overlying water. This phenomenon was attributed 

to the prolonged anaerobic conditions leading to the release of P from the sediment due 

to Fe3+ reduction. However, P release from FeOOH 0.3% treatments was low even under 

low DO oxygen conditions, probably due to the strong adsorption capabilities of FeOOH. 

When FeOOH is added to sediment at high concentrations, it has a greater capacity to 

adsorb and retain PO4
2-  ions, preventing their release into the surrounding environment. 

This strong adsorption ability allows FeOOH to effectively sequester PO4
2- even in 

anaerobic conditions, where other factors may lead to PO4
2--P release. Therefore, the high 

amending rates of FeOOH create a protective barrier that inhibits P release, ensuring that 

the nutrient remains bound to the FeOOH particles rather than being released into the 

overlying water.  

On the other hand, under high-dissolved oxygen conditions, the addition of Fe-

BC and BC suppressed P release respectively (Chapter 3). In contrast, under low-

dissolved oxygen conditions, BC 1%, BC2%, and Fe-BC 1% treatments showed the 

highest P release from the sediment. Moreover, there was no relationship between the 

release of Fe and P in the treatments and the addition of Fe-BC or BC treatments. Our 

results indicated that in those treatments, sulfate reduction under anaerobic conditions 

resulted in the formation of FeS, which induced P release. Furthermore, we observed that 

high amending rates of Fe-BC were more effective in reducing P release compared to low 
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amending rates, perhaps due to the high P adsorption characteristics of Fe. Overall, our 

study suggests that FeOOH has a greater potential to suppress P release from sediment 

than biochar under varying DO conditions. 

In Chapter 4, the addition of Fe2+ or Fe3+ to the sediment decreased P release more 

than in the original sediment conditions by adsorbing P. When Fe3+ was mixed with 

sediment in sediment microbial fuel cells (SMFCs), there was an enhancement in 

electricity generation along with a reduction in P release from the sediment. On the other 

hand, the addition of Fe2+ resulted in electricity generation levels similar to those in the 

sediment-only treatment, indicating a less pronounced impact on SMFC performance. 

These findings underscore the potential benefits of incorporating Fe3+ into SMFC systems 

for effectively managing P release in sediment environments. The increased electricity 

production would be due to Fe3+ aiding in electron transfer and supporting the growth of 

electro-active microbes. The rise in sedimentary Eh indicates the effective transport of 

electrons in SMFCs with added Fe3+, showcasing enhanced efficiency in electron 

movement. As a result, the SMFCs suppressed the reduction of Fe3+ and subsequently 

decreased the release of P from the sediment. In contrast, the limited impact of Fe2+ on 

electricity generation and P release mitigation suggests that Fe3+ may be more effective 

in promoting beneficial outcomes in SMFC systems. The distinct behavior of Fe2+ and 

Fe3+ in sediment emphasized the importance of considering the specific properties and 

reactivity of different Fe species when designing strategies for nutrient management and 

energy production in SMFCs. 

 Findings of Chapter 5 indicated that P release was higher from organic matter-

rich sediment than the pasture-grown area sediment with lower total P content. Initially, 

the SMFC operation led to a reduction in P release up to day 42. The SMFC operation 

significantly increased the Fe concentration in the overlying water. In our study, the higher 

Fe concentrations in the overlying water would have fixed P in sediment, lowering P 

release from sediment. Afterward, P concentrations in the overlying water became similar 

between with or without SMFC conditions. At the latter period, Fe addition into sediment 

also enhanced the P release from the sediment. This increment resulted due to enhanced 

organic matter decomposition and subsequent P mineralization. Under SMFC operation, 

an abundance of sulfur-using microbial families was found in sediments rich in organic 

matter. These findings suggest that sulfide oxidation by SMFCs may have occurred, 
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potentially releasing Fe2+ bound in the form of FeS. Consequently, Fe2+ release from 

sediment might have increased under SMFC conditions. The study showed that the 

formation of Fe precipitates by SMFCs successfully inhibited the release of P for 42 days. 

However, in organic matter-rich sediment, SMFC operation or Fe addition would 

accelerate organic matter decomposition, which may enhance P release into the overlying 

water. 

In conclusion, this thesis revealed that FeOOH addition to sediment effectively 

inhibits P release from sediment, but Fe-treated biochar promotes P release from sediment 

in low-DO environments. On the other hand, using Fe3+-added sediment in SMFCs 

enhanced electricity production more than Fe2+. Operation of SMFCs or Fe3+-

incorporated SMFCs reduced P release. However, enhanced organic matter 

decomposition in nutrient-rich agricultural sediment by SMFCs or Fe3+-incorporated 

SMFCs may in turn release P into the overlying water. The knowledge obtained from this 

study can be applied to internal P management tactics in agricultural drainage sediment. 

 

6.2 Implication for further study 

In our study, we observed that the release of P from sediment is intricately linked 

to the dynamics of Fe and sulfur within the sediment. Specifically, our results showed that 

in sulfur-rich sediment, sulfide oxidation is more prominent compared to Fe oxidation 

processes. This suggests that the presence of sulfur influences the redox reactions 

occurring in the sediment, potentially affecting P release mechanisms. To effectively 

address the issue of P suppression by SMFCs, it is essential to delve deeper into the anode 

reactions associated with sulfur and Fe oxidation. By conducting further research in this 

area, while considering the specific properties of the sediment involved, we can gain a 

more comprehensive understanding of how sulfur and Fe dynamics impact P release and 

how they can be manipulated to enhance SMFC performance in managing P 

concentrations. This future implication underscores the significance of optimizing the 

interactions between sulfur, Fe, and sediment properties to improve the efficiency and 

effectiveness of SMFCs in mitigating P-related issues. By elucidating the complex 

interplay between these factors, we can develop more targeted strategies for P 

management in aquatic environments.  

In our study, we observed that the addition of Fe to sediment in SMFCs increased 
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P release. This phenomenon can be attributed to the enhanced decomposition of organic 

matter facilitated by the presence of Fe. When Fe was mixed with sediment, it likely 

accelerated the organic matter decomposition in sediment, leading to higher levels of P 

release. Based on these findings, it is suggested that modifying the anode with Fe would 

be a more favorable approach compared to simply adding Fe into the sediment as a 

conductive material. Anode modification by Fe might potentially provide the benefits of 

enhanced organic matter decomposition without directly influencing P release from the 

sediment. This approach allows for more targeted control over the processes involved in 

P dynamics within SMFCs, offering a more efficient and effective strategy for managing 

P concentrations in aquatic environments. 
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