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Abstract 

Soil trace heavy metal and metalloid contamination is a serious problem that threatens 

humans and other organisms’ well-being. Trace metal heavy contaminated rice paddy fields 

have become of worldwide concern since an increasing amount of paddy soils are contaminated 

with trace heavy metals. Rice has a high capacity to accumulate trace heavy metals and 

metalloids, especially arsenic, into its grains which has potential adverse effects on public 

health. Hence, it is essential to regulate the bioavailability of these pollutants in paddy soil if 

the aim is to reduce their concentration in rice grains and subsequent exposure to humans. The 

ability to control soil-to-solution partitioning of these trace heavy metals and metalloid from 

the reductive dissolution process of iron oxides has been identified as the key to limiting heavy 

metal uptake by rice plants. Compared to other remediation technologies, bioelectrochemical 

systems (BES) appear to be a promising solution to this problem. BES are able to provide an 

inexhaustible electrode for oxidation and the energy needed for the extraction of heavy metal 

to less toxic species and from the soils, respectively. In this context, the application of the 

sediment microbial fuel cell (sMFC) in soil remediation was investigated in this thesis. The 

mechanisms involved and the way the sMFC anode changes soil properties to enable heavy 

metal remediation were examined. 

The effect of the sMFC on the soil biotic and abiotic components were observed. The 

microbial community analysis revealed that the sMFC deployment can significantly influence 

the community composition within the soil profile. The results also indicate that the relic DNA 

generated by operating the sMFC has minimum effect on the culture independent estimates of 

microbial community composition. Moreover the effects of the sMFC’s bioanode at different 

external resistance were examined. The results indicate that external resistance has a significant 
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effects on sMFC power production, organic matter removal efficiency and microbial beta 

diversity. 

Moreover, the sMFC bioanode can significantly influence the behavior of trace element 

in soil. Our results showed that the sMFC was able to limit arsenic and iron reduction by 

creating a competition for organic substrate between sMFC bioanode and the iron- and arsenic-

reducing bacteria in the soils. However, we observed an increase in iron and arsenic release 

into the soil porewater when the sMFC was deployed in soil with high dissolve organic matter 

content. This was ascribed to the acidification effect of sMFC bioanode and the increase of 

iron reducing bacteria in the sMFC bioanode vicinity and associated bulk soil. Nevertheless, 

when the sMFC was coupled with wet-dry cycles to decrease dissolve organic matter, we 

observed a decrease in the release of iron and arsenic into the soil porewater. These results 

indicated that sMFC can be used to limit arsenic bioavailability in soil porewater. In addition 

to soil pore water iron and arsenic, the behavior of cadmium, copper, chromium and nickel was 

also influenced by the bioanode. 

Furthermore, we used the sMFC to limit the accumulation of trace metals in the rice 

plant parts. The results demonstrate that the sMFC can significantly reduce the total arsenic 

concentrations in the stems, leaves, husks, and rice grains. The total arsenic concentrations in 

the stems, leaves, husks, and rice grains were significantly decreased by 53.4%, 44.7%, 62.6%, 

and 67.9%, respectively in the plants with sMFC compared to the control. Similarly the effect 

of the sMFC on the accumulation of cadmium, copper, chromium and nickel in the rice plant 

parts were also investigated. The results showed that the sMFC can significantly limit the 

accumulation of cadmium, copper, chromium and nickel. The concentration of cadmium, 

copper, chromium and nickel in rice grains were 35.1%, 32.8%, 56.9% and 21.3% lower in the 

sMFC, respectively, than the control. Our work showed for the first time that operating the 

sMFC can significantly influence the behavior of paddy soil trace elements in soil. We also 
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showed for the first time that the sMFC can be used as a promising technique to limit toxic 

trace metal bioavailability and translocation in the rice plants while simultaneously producing 

electricity. 
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Chapter 1 : General Introduction to the application of the 

soil microbial fuel cell in soil heavy metal remediation 

1.1. Introduction 

Rapid industrialization, urbanization and the increasing use of pesticides and fertilizer 

in today’s society have introduced many environmental challenges; such as air, water and soil 

pollution by numerous heavy metals pollutants from several anthropogenic sources (Li et al., 

2014). Due to the excessive application of heavy metal containing agrochemicals, fossil fuel 

consumption, non-point source metal pollutants from mining and smelting operations, the 

improper disposal of industrial waste and irrigation of farmlands with contaminated water, 

most of the agricultural soils around the world are contaminated with heavy metals (Bolan et 

al., 2014; Facchinelli et al., 2001; Liu et al., 2018). It was estimated that over 100 million ha 

of land are contaminated by different heavy metal in China alone (He et al., 2015). These heavy 

metal pollutants impair food quality. Furthermore heavy metal pollutants are consumed by way 

of the food chain since they accumulate in living organisms (Jaishankar et al., 2014; Liu et al., 

2018). The accumulation of these metals threatens the well-being of living organisms, resulting 

in detrimental effects such as biomembrane deterioration in plants (Marques et al., 2009) and 

carcinogenic symptoms in animals (Sajana et al., 2016). For example, chronic exposure to 

arsenic has left thousands in Bangladesh and India with dermal lesions, peripheral vascular 

disease and skin cancer (Chowdhury et al., 2000). Similarly, the accumulation of cadmium has 

also been linked to organ failure and lung cancer (Järup and Åkesson, 2009; Zukowska and 

Biziuk, 2008). 

Bringing such activities associated with heavy metal production to a complete halt will 

negatively influence the socio-economic development of a nation. Hence, research has focused 

on developing a range of in-situ and ex-situ remediation techniques such as physical, chemical 
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and biological treatments to control and remediate heavy metal contaminated soil. Physical and 

chemical techniques such as the replacement of contaminated soil, the electrokinetic’ methods 

(application of an electric current to extract metal pollutants) and the addition of chemical 

reagents to immobilize heavy metals or to mobilize as in the case of soil leaching has been 

explored (Liu et al., 2018; Yao et al., 2012). Moreover, biological methods including 

phytoremediation (Marques et al., 2009) and microbial remediation has also been utilized to 

alleviate soil of heavy metal contaminates (Gadd, 2004; Khan et al., 2000).  

For example, microbial secretions and other metabolites have been used for the 

absorption, precipitation, oxidation or reduction of heavy metals (Yao et al., 2012). However, 

most of the methods that are available are not practiced on a large scale because they are 

expensive and in some cases will lead to the production of secondary pollutants and ecological 

destruction or simply just re-enter the environment as in the case of phytoremediation. 

Therefore the metals that were are stored in the leaves and stem of the plants are return to the 

environment when the leaves shed and when the wood is burnt (Marques et al., 2009). 

Nonetheless, compared to the chemical and other physical remediation techniques, 

bioremediation is considered to be the most environmentally friendly and cost-effective (Li and 

Yu, 2015; Pandey and Fulekar, 2012). Bioremediation employs the soil functional microbial 

community that are able to utilize many diverse metabolic routes to be immobilized or 

transform soil heavy metals pollutants into less toxic forms (Li and Yu, 2015) . However 

bioremediation still faces many challenges such as the limited electron acceptors/donor, low 

efficiency and poor controllability (Li and Yu, 2015; Pandey and Fulekar, 2012). Therefore, 

the search for more simple and effective ways for heavy metals bioremediation in soil are 

essential.  

Bioelectrochemical systems (BES) appear to be a promising solution to this problem, 

since BES are able to overcome the limitations of other bioremediation techniques (Li and Yu, 
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2015; Thrash J. and D, 2008). BES are able to provide an inexhaustible electrode that is 

noninvasive and can easily be deploy to tune the soil microenvironment and promote 

bioremediation (Lovley, 2008). BES which are special types of bioreactors that can be used to 

enhance and accelerate bioremediation by providing an electron acceptor and/or donor for 

simultaneous production of value added products and heavy metal remediation (Abourached 

et al., 2014; Gregory and Lovley, 2005). A typical BES consist of an anode and a cathode that 

are connected via an external circuit (Fig.1.1). The anode and the cathode of the BES can served 

as non-exhaustible electron acceptors and donors during microbial degradation and respiration 

processes, thereby eliminating the need for the addition of electron donors and acceptors. The 

anode of the BEC is located in the anoxic conditions and can accept electrons from the 

microbial oxidized of substrates. These electrons can then flow to the cathode (oxic 

environment) through an external electric-circuit, where they can be used to produce electricity 

and reduce toxic elements species to their less toxic forms (Logan et al., 2006). 

Although many reviews have discuss the use of BES for remediation of wastewater and 

soil organic pollutants (Li and Yu, 2015; Wang et al., 2015b; Wang and Ren, 2014; Wu et al., 

2018), very few have focused on the application of the BES in soil heavy metal remediation. 

In this review we discuss how BES, with special focus on microbial fuel cells (MFC), can be 

applied as soil bioremediation tool. Moreover, the mechanisms involved and the way the sMFC 

anode changes soil properties to enable heavy metal remediation are also discussed.  
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Figure 1.1 Schematic detail of a typical soil bioelectrochemical systems BES (US DOE., 
2005) 

1.2. Bioelectrochemical systems 

1.2.1. Microbial Fuel Cells  

Microbial Fuel Cells (MFC) are bioelectrochemical systems that capitalize on electrons 

produced by exoelectrogenic bacteria during metabolic activities to generate electricity (Liu et 

al., 2010; Min et al., 2005; Rozendal et al., 2007). MFC appears to be a promising green 

technology with prospective applications in green energy production and pollution remediation. 

Since the first report of MFC in 1911 by Potter when he observed electric current being 

generated by bacteria (Potter, 1911), MFC has under gone numerous modifications in its 

architecture, in its application (Logan, 2008) and numerous sources of organic matter have also 

been explored (De Schamphelaire et al., 2008). In the quest for higher electricity generation, 

columbic efficiency, stability, longevity and cost efficiency various materials have been used 

to construct the anode and cathode in MFC.  



32 
 

Previously, precious metals such as platinum and high energy catholytes such as 

ferricyanide and permanganate have been utilized, however, these materials are expensive and 

in some cases will lead to the production of secondary pollutants (eg. platinum may result in 

contaminating marine or freshwater environment) (Logan, 2008; Wang et al., 2011). More 

abundant and cheaper conductive metals like iron and copper were also employed, nonetheless 

due to their reactive properties these metals had fouled easily. Most recently, researchers have 

begun to use more cost effective carbon or graphite base materials to construct the electrodes 

due to their porosity which allows maximum surface area for electron transfer at the anode, 

biofilm formation and oxygen reduction in the cathodic chamber (Logan, 2008). In terms of a 

sustainable source of organic matter, wastewater, biomass, soil-sediment and many others have 

been identified (De Schamphelaire et al., 2008), however for the scope of this review, only the 

use of sediment are described in detailed. Sediment is a naturally occurring material with 

organic matter content ranging from 0.4 to 2.2 wt% (Rezaei et al., 2007). It is derived from the 

weathering and decaying of plants, animals and other sources of organic matter (Hong et al., 

2010). 

1.2.2. Sediment Microbial Fuel Cell 

Sediment Microbial Fuel Cell (sMFC), is a special type of MFC that employs sediments 

from a large range of flooded environments and its microbial community to produce electricity 

(Bond D. R et al., 2002; Hong et al., 2009; Kaku et al., 2008; Schamphelaire et al., 2008; Song 

et al., 2010). Similar to traditional MFCs, sMFC generates electricity from the flow of electrons 

to the cathode from the anode. Sediment was first employed by Reimers et al. (2001) to produce 

a power density as high as 15mW/m2 using platinum mesh as electron and since then have 

continued to evolve. One of the limiting factors in the sMFC is low oxygen concentration in 

the cathodic chamber (Reimers et al., 2001). Some studies have employed aeration pumps, 
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rotating cathodes (He et al., 2007) and the addition of particulate substrates, however these 

require the input of energy, thus increasing overhead cost.  

To overcome this shortfall, some studies employ the use of photosynthetic algae or 

plants to provide in suit oxygen (del Campo et al., 2013; Wang et al., 2014). As an example, 

Wang et al. (2014), inoculated the cathode of their sMFC with Chlorella vulgaris to generate 

oxygen. The presence of the algae increased the power output of the sMFC by 2.4 folds 

compared with the unmodified cathode (Wang et al., 2014). In another study by Choi et al. 

(2010), a magnet was connected to the cathode in their setup and this increased the current 

output by 18%. They concluded that the increase of current production was due to the magnet 

inducing an increase in flux of oxidant into the cathode surface. Like these studies, other 

researchers focused on improving the sMFC configuration such as finding the optimum 

distance between the buried anode and the cathode to reduce ohmic resistance and produce 

maximum current output while keeping the anodic chamber anoxic (Chen et al., 2016a; Sajana 

et al., 2014; Wang et al., 2011). Further studies have varied the size of the anode and cathode 

(Ueoka et al., 2016) or have changed the design of the sMFC so that cathode is consistently 

exposed to the open air (He et al., 2007). Although a significant portion of research has focus 

on increasing the electrical performance sMFC, sMFC still faces many setbacks such as the 

relatively low power density and poor energy conversion. Also, scaling up does not increase 

voltage (Zabihallahpoor et al., 2015). 

Alternatively sMFC research has shifted towards environmental remediation (Chen et 

al., 2015; Wu et al., 2018). The sMFC appears to be a promising in situ remediation approach 

for a number of reasons. The electrodes of sMFCs are pollutant-free, noninvasive, and 

inexhaustible substrates that can serve as an electron donor or acceptor for microbial 

metabolism and thus sustaining natural bioremediation (Huang et al., 2011; Logan, 2009; Yuan 

et al., 2010). Similarly sMFC can suppress the methanogenesis activities, thus leading to the 
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significant reduction in methane gas emission from marine environment while causing minimal 

disturbance to the surrounding aquatic environment. This occurs as a result of a decline in the 

archaeal community population around the polarized anode (Lin and Lu, 2015). 

1.3. Mechanism of sediment microbial fuel cells in soil remediation 

Many studies have demonstrated the feasibility of applying the sMFC in soil 

bioremediation (Chen et al., 2015; Hong et al., 2010; Hong and Gu, 2009; Wu et al., 2018). 

Based on these studies, the sMFC may influence soil the heavy metals in three main way and 

these mechanism are depicted in Fig.1.2a-b. The mechanisms include significant change in soil 

chemistry, organic matter contain, and microbial community structure. These changes in soil 

physiochemical and biological properties initiated by the sMFC can greatly influence the faith 

and transport of many redox sensitive heavy metal contaminates (Hong et al., 2009; Hong et 

al., 2010). In Fig. 1.2a-b the effect of the sMFC on the behavior of heavy metals co-precipitated 

with mineral oxides are used as an example. As shown in Fig. 1.2a, under anaerobic condition 

extracellular respiring electrogenic bacteria use mineral oxides as a final electron acceptor in 

the absent of the anode. This result in the dissolution of the mineral oxides and the release of 

the metals pollutant that were co-precipitated with it.  

However, when the sMFC anode is present, as illustrated in Fig. 1.2b, it can compete 

with the mineral oxides for electrons thereby limiting their dissolution and increasing the 

concentration of mineral oxide in soil, since the anode is easy to be utilized by anode respiring 

bacteria (Logan, 2009). Hence, this increase the concentration of mineral oxide to fix metal 

pollutants. Moreover, the sMFC anode increases the abundance of mineral respiring microbes 

of the bulk soil in the immediate vicinity of the anode (Kouzuma et al., 2013; Lu et al., 2014). 

The mineral respiring microbes in the bulk soil may reduce the anode via long-rang and 

interspecies electron transfer. Species in the genus Geobacter, has been shown to transfer 

electrons to electron acceptor at distances in the micrometer length away from the biofilm. 
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Geobacter spp., produces proteinaceous filaments call pili that can facilitate the transfer of 

electrons to distance terminal electron acceptors (Bond D. R et al., 2002; Lovley, 2011). In 

addition to influencing soil heavy metal speciation and the sMFC also dictate soil heavy metal 

distribution through electrokinetic (Chen et al., 2015; Habibul et al., 2016a). Below we outline 

some possible mechanisms in detail on how the sMFC influences soil toxic heavy metal 

behavior. 

 

Figure 1.2 The possible coupling behavior of extracellular microbes, mineral oxides and 

metals in soil without the sMFC (a) and in the presence of the sMFC (b). 

In (a) Mineral reduction results in the release of metal into the soil porewater. However in (b) 

the sMFC anode interact with mineral oxides in three different ways; 

1) The organic matter at anode was oxidized to produce hydrogen ion and carbon dioxide. 

This anode half reaction lower the pH of the soil around the anode and promote dissolution 

of mineral oxide, subsequently raising the mineral ion concentration in the soil water.  

2) There is a competition for organic matter in the porewater between microbes in anode and 
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mineral-reducing bacteria in the soil. This lead to limited reduction of mineral oxide by 

bacteria.  

3) The anode can stabilize the insoluble mineral oxide in the soil. Since the anode can be used 

as an alternative electron acceptor for the bacteria in the distance soil via nanometer wire 

(pili) or conductive mineral. The high potential of the anode can compete with mineral in 

soil to alleviate the dissolution of mineral oxides. The embedding the anode into soil also 

changes the community structure of microbes.  

1.3.1. Changes in soil Chemistry 

1.3.1.1. Changes in soil Eh  

When sMFCs are deployed, they can change some of the physiochemical properties of 

soil (Hong et al., 2009; Hong et al., 2010; Kouzuma et al., 2014; Lu et al., 2014). These changes 

in soil property has been shown to be beneficial in reducing soil contaminates (Wang et al., 

2015b; Wu et al., 2018). As an illustration, under flooded conditions the redox potential (Eh) 

of the soil decreases rapidly because of the depletion of oxygen and other electron acceptors 

(Chen et al., 2012). However when an sMFC anode is embedded into the anaerobic soil, it 

functions as a permanent and high potential electron acceptor with low-cost and continuous 

sink for electrons produced from the oxidation of organic substances by the exoelectrogens 

(Huang et al., 2011; Logan, 2008; Yuan et al., 2010). This in turn may increase the soil Eh 

since the reason for the initial rapid decrease was the depletion of final electron acceptors.  

The increase of soil Eh around the anode has been reported in numerous reports. Hong 

et al., (2009) found that the Eh in the vicinity of the anode increased to +246.3+/-67.7mV 

compared to that of the open-circuit soil which was -143.0 ± 7.18 mV (Hong et al., 2009). In 

another experiment, Hong et al. (2010) observed an increase in soil Eh around the vicinity of 

the anode under close circuit conditions when compared with that of the control (open Circuit). 

In their experiment the Eh of the control sample was -185mV+/- 20.5mV (vs. SHE) roughly 
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the same as that of the sampled lake soil (Hong et al., 2010). However, that of the sMFC under 

close circuit was +185+/-37.6 mV.  

The increase in soil Eh is advantageous, because it can prevent the microbial reduction 

of metal oxides and limit the microbial mobilization of many redox sensitive heavy metals. The 

speciation and bioavailability of heavy metals have been closely linked to changes in soil Eh 

(Charlatchka and Cambier, 2000; Yamaguchi et al., 2011). Under oxidizing environments 

(positive Eh), cationic metals such as  ferrous iron can react with sulfide and produce secondary 

insoluble mineral that can trap and immobilize to heavy metals (Burton et al., 2013; Lohmayer 

et al., 2014). For instances, Signespastor et al. (2007) observed that arsenic mobility and 

solubility is strong impeded under oxidizing condition. However under reducing conditions 

(negative Eh) microbes can reduce metal oxides and lead to the release of coprecipitated metals 

(Burton et al., 2013; Lohmayer et al., 2014).  

 Moreover, other studies have also reported that under high redox potential the bio-

methylation of mercury is significantly reduce, thereby reducing methylated mercury release 

into the overlaying water from the sediment (DeLaune et al., 2004; Schamphelaire et al., 2008). 

Furthermore, the elevated Eh conditions can reduce the formation of hydrogen sulfide and 

increase overlaying water quality. Thus the sMFC anode can be used to prevent the release and 

transformation of soil toxic pollutants, through elevating soil Eh. Yuan et al. (2010) 

demonstrated that under close-circuit conditions the sMFC reduces the production of hydrogen 

sulfide. This occurs as a result of the increase of soil Eh, since the production of hydrogen 

sulfide requires the Eh to be below -100 mV (Yuan et al., 2010). Likewise, it has also been 

demonstrated that the sMFC could be successfully used to improve the color of the soil from 

black to brown by suppressing the rate of anaerobic microbial fermentation, methanogenesis 

and sulfate- reducing processes in soil (Jung and Regan, 2011; Ueno and Kitajima, 2012). 
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1.3.1.2. Changes in soil pH  

Moreover, characteristically of anodic reaction, the metabolic breakdown of organic 

matter by the anodophillic bacteria cause the production of protons. The presence of the anode 

support the continuous oxidation of organic matter thus in turn allow for the increase in proton 

concentration which lead to the decrease of soil pH in the anode vicinity. Since the mass 

transfer of protons from the anoxic zone to the oxic zone is slow in soil (Hong et al., 2009). 

The movement of protons in soil is slow due to the poor permeability of the complex soil matrix 

(Huang et al., 2011). However the soil pH increases in the cathode vicinity because of the 

protons consumption. These changes in soil pH can in turn affect the biogeochemical cycling 

of many inorganic and organic compounds. For example, the change in soil pH can greatly 

affect the bioavailability of many redox active metals (Jiang et al., 2014; Signespastor et al., 

2007). 

Previous studies revealed that the increase in soil pH in the cathode region encourages 

the precipitation of iron and other metal oxides in the oxic soil that can then immobilize heavy 

metals pollutants and nutrients (Martins et al., 2014; Wu et al., 2017a; Yang et al., 2016). In a 

study by Martins et al. (2014), the sMFC was found to increase in the amounts of metal bound, 

calcium bound and refractory phosphorus. In another by Yang et al. (2016), similar results were 

obtained where the sMFC enhanced the microbial oxidation of ferrous iron that coprecipitated 

with liable phosphorous from the overlaying water.  On the contrary, the decrease in soil pH in 

the anode vicinity can increase the solubility of many heavy metals and promote their 

migrations from the deep soil to the cathode chamber during electrokinesis. When in the 

cathode chamber these metals can precipitate on the cathode or precipitate with metal oxides 

(Wang et al., 2015a).  
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1.3.2. Substrate competition 

Furthermore, the sMFC provides anodes as an electron acceptor that can stimulate 

continuous anaerobic oxidation of organic matter in soils (Huang et al., 2011; Logan, 2008). 

Hence, the sMFC can create a substrate competition between the microbes in the anode vicinity 

and that of the bulk soil. The simultaneous bioremediation of soil organic matter and electricity 

generation was observed in a study by Hong et al. (2009). Their results showed a direct relation 

between the current generation and the removal rate of organic matter (Hong et al., 2009). 

Hong et al. (2009) observed a significant decrease in organic matter after 160 days of operation 

under close-circuit conditions. Similarly, sludge collected from the riverbank of a tidal river 

had an organic carbon content biodegradation enhanced by 10-fold compared to the natural 

biodegradation, when sMFC technology was used (Touch et al., 2014).  

From the above studies one can conclude that sMFC can effectively decrease organic 

matter bioavailability and create a substrate competition between the microbes in the anode 

vicinity and that of the bulk soil. This is of importance for heavy metal remediation because 

there is a direct relationship between the microbial mobilization of redox sensitive toxic metals 

and organic matter. Organic matter is essential in the microbial mediated reduction of iron 

oxide as it serves as both an electron donor and shuttle for extracellular electron transfer 

(Stuckey et al., 2015; Wang et al., 2016b).  Therefore, if the organic matter in soil is limited 

the rate of microbial liberation of heavy metal will also be decreased. In a study done on 

evaluating the potential effects of biochar on the release of arsenic and iron, it was observed 

that biochar can increase the bioavailability of organic matter which enhances iron and arsenic 

reduction because the increase in organic matter can stimulate bacterial active (Chen et al., 

2016b). Organic matter provides the electrons needed to reduce iron and at the same time 

organic matter can contain quinone-like substances that facilitate electron shuttling. These 

studies indicate that when organic matter concentration is high, an enhancement in iron 
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reduction and the release of iron co-precipitate metals should be expected and vice versa when 

organic is limited. 

1.3.3. Electromigration  

Another mechanism in which the sMFC can influence soil heavy metal remediation is 

through electromigration and electroosmotic flow (Chen et al., 2015; Habibul et al., 2016a). 

Electrokinetic remediation have been applied as a green remediation for soil heavy metal 

remediation (Chen et al., 2015; Habibul et al., 2016a; Yang et al., 2014). In electrokinetic 

remediation an electrical potential is applied to remove heavy metals via the electromigration 

and electroosmotic flow. This technique have been proven to be effective in removing desorbed 

metal pollutants from the soil and soil porewater (Yang et al., 2014). However, this technique 

is not widely practice because it is energy costly and requires the addition of electrolytes (Chen 

et al., 2015; Habibul et al., 2016a).  

Recently the sMFC the have been used to generate the energy that is needed to drive 

the in situ electrokinetic remediation of the toxic metals without the addition of an external 

power source (Chen et al., 2015; Habibul et al., 2016a; Habibul et al., 2016b; Song et al., 2018). 

The current produce by the sMFC was used to accelerate the transfer of contaminants along 

with the pore fluid towards a charged electrode where it may be removed or treated. 

Furthermore, because the sMFC decreases the soil pH in the anode region, this can favor the 

solubilization of the toxic metals from soil particle surface and increase their removal 

efficiency.  

1.3.4. Changes in the soil microbial community composition 

Although naturally the soil microbial community can self-remediate the soil to some 

extent, however this is limited due to the depletion of suitable electron acceptors. To ease this 

problem, some research suggest the addition of external electron acceptors to improve the 
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remediation efficiency (Liu et al., 2018). However this is not widely practiced since many 

oxidants may lead to the generation of secondary pollutants and may incur extra cost (Li and 

Yu, 2015; Liu et al., 2018). The anode of the sMFC can sustain and enrich the growth of the 

functional microbial community that are needed for soil remediation. This in turn causes a 

redistribution of the microbial community structure in soils that employ sMFC. This change in 

microbial structure occurs because the in addition to serving as an electron acceptor, the anode 

can alter soil Eh, pH and nutrient bioavailability (Nicol et al., 2008; Pettridge and Firestone, 

2005; Wu et al., 2017b).  

Studies have shown that operating the sMFC can significantly enhance electrogenic 

microbes in the anode vicinity (Kouzuma et al., 2013; Lu et al., 2014). Xiao et al. (2015), 

examined the microbial community of several anode biofilms from various geographical 

locations in China and identified six core genera, (Azospira, Azospirillum, Acinetobacter, 

Bacteroides, Geobacter, Pseudomonas, and Rhodopseudomonas), of exoelectrogens. Their 

finding further supports the fact that the dominate members of the anodic community belong 

to the electrochemically active Protobacteria clans. Most members of the phylum 

Proteobacteria possess the ability to transfer electrons to extracellular insoluble-electron 

acceptors, such as iron oxides.  

The directly transfer of electrons to the anode can prevent the reduction of metal oxides 

in the soil and prevent the liberation of toxic heavy metals. Eelectrogen, such as Geobacter, 

Shewanella, Desulfuromonas, and Rhodopseudomonas, has be shown to directly or indirectly 

respire the anode (Logan, 2009). Moreover, studies have also shown that sMFC microbial 

community can be used to transform toxic heavy metals to less toxic forms as in the case of 

chromium, uranium, cadmium, lead and copper.  Geobacter sulfurreducens can extract 

electrons from the anode to transform reduces soluble U(VI) and Cr (VI) to insoluble U(IV) 



42 
 

less toxic Cr(III), respectively (Cologgi et al., 2011; Gregory and Lovley, 2005; Wang et al., 

2015a).  

1.4. Application of microbial fuel cell in soil heavy metal remediation 

Different from the remediation of organic pollutants, soil heavy metals cannot be 

microbial degraded and thus are persistent in soil. MFC has already been shown to remove up 

to 100 percent of metal contaminates in the wastewater effluents and shows great potentials for 

the replacement of conventional wastewater treatment technologies such as anaerobic digesters 

(Wang and Ren, 2014). Although not completely transferable, due to design differences, the 

use of MFC in soil heavy metal remediation is highly possible though it has not been widely 

applied (Li and Yu, 2015).  

The sMFC can immobilize and even extract metal species by changing their redox state 

and via electrokinetic processes (Gregory and Lovley, 2005; Li and Yu, 2015; Wang et al., 

2015a) (Table 1.1). Researchers have demonstrated that sMFC can facilitate the reduction of 

numerous positively charged metal pollutants to less harmful species (Gregory and Lovley, 

2005; Li and Yu, 2015; Wang et al., 2015a). In addition, the sMFC has also been used to fix 

some of these pollutants in the soil therefore limiting their bioavailability (Li and Yu, 2015; 

Wang et al., 2015a). This in turn, prevents the pollution of surface and ground water thereby 

limiting the uptake and consumption of these metals by plants and animals, respectively. 

However to date the sMFC have only been applied for the removal of a few heavy metals in 

the soil system.  

1.4.1. Chromium 

Chromium is a toxic heavy metal that enters the soil environment from the improper 

disposal of Cr(VI) and Cr(III) contaminated wastewater (Mathuriya and Yakhmi, 2014). The 

hexavalent form of chromium is more mobile than Cr(III) and possess a serious health risk for 
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cancer development (Kotaś and Stasicka, 2000). Cr(III) in it oxide form is highly insoluble in 

aqueous solution and is hardly bioavailable in the soil system. Thus, the reduction of Cr(VI) to 

Cr(III) has been identified as effective way to limiting chromium toxicity since Cr(III) is 

insoluble. The MFC has been shown to be able to effectively reduce Cr(VI) to Cr(III) by using 

Cr(VI) as a final electron acceptor in the cathode chamber. In a recent study, Wang et al., 2015a, 

showed that Cr(VI), can be successfully removed from soil with sMFC. In their study Cr(VI) 

was reduce to Cr(III) in the cathode chamber. The team observed a 99.1% maximum removal 

efficient in the fluvo-aquic soil when 100 ohm resistance was applied after 16 days. The 

removal rate in the fluvo-aquic soil at 100 ohm resistance was much high than that observed 

when 1000 ohm resistance (64.3%) was applied and also that of the red clay soil (62.7% with 

100 ohm and 50.4% with 1000 ohm) (Wang et al., 2015a). This indicated that soil type and 

resistance applied had a significant influence on the efficiency Cr(VI).  

Similarly, Habibul et al., 2016b, reported a 99% Cr(VI) removal efficiency using plant-

microbial fuel cells (pMFC) and indicated that Cr(VI) removal rate depended on the initial 

Cr(VI) concentrations. This technology can be applied to both soil and wastewater remediation. 

It should be noted that this high efficient rate was a combination of both plant accumulation 

and reduction of Cr(VI), although the reduction of Cr(VI) played a big part (Habibul et al., 

2016b). They indicated that the addition of nutrient medium could be eliminated when using 

pMFC since the plant root secretion can be used as an organic source for microbial metabolic 

activities.  

1.4.2. Uranium 

Uranium is a toxic heavy metal that enters the soil environment through mining, and 

the improper disposal of uranium containing weapons and wastewater (Li and Zhang, 2012). 

The toxicity of uranium is determined by its speciation and the more soluble forms of uranium 

compound are the most toxic (Newsome et al., 2014). Uranium is known to have many harmful 
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effect on the human health such as kidney and liver diseases (Craft et al., 2004). In the soil 

environment under oxidizing conditions, U(VI) is the dominate species and is relative mobile. 

However, under reducing conditions the poorly soluble U(IV) species dominate (Newsome et 

al., 2014). Many iron- and sulfate-reducing bacteria has been shown to be able to reduce U(VI) 

to the less mobile form U(IV) by using U(VI) as an alternative electron acceptor (Gavrilescu 

et al., 2009; Pous et al., 2018). Nevertheless, in the natural environment this process is limited 

due to lack of electron donors and the relatively low abundance of the functional microbial 

community.  

To alleviate this problem, electron donors such as acetate and lactate were often added 

to the soil to promote iron- and sulfate-reducers abundance, stimulate anaerobic conditions and 

consequently the precipitation of U(IV) (Gavrilescu et al., 2009; Pous et al., 2018). However 

this process incur extra cost and may have some adverse ecological impacts. Given that the 

genus Geobacter was observed to be enrich in uranium contaminated soils (Anderson et al., 

2003; Holmes et al., 2015) and was demonstrated to be able to extract electron from the 

electrode to reduce fumarate and nitrate (Gregory et al., 2004), the anode was propose to be 

used to supply the electrons needed to immobilize uranium (Gregory and Lovley, 2005). The 

use of the anode to supply the electron instead of acetate would not only decrease the cost, but 

also reduce the possible negative environmental effects.  

The use of electrodes as an electron donor for soil microbes for the removal of uranium 

was first demonstrated by Gregory and Lovley (2005). Gregory and Lovley (2005) showed that 

by posing the electrodes at -500mV in the presence of microorganism, the electrode was able 

to remove uranium from the soil by changing its redox state. The microbial community of the 

electrode transformed the soluble U(VI) to its insoluble U(IV) form. The U(IV) precipitated 

onto carbon material and be remove from the soil by lifting the electrode from the soil (Gregory 

and Lovley, 2005). 
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1.4.3. Other metals  

The power that is produced by the MFC have also been used to propel toxic heavy 

metals from soil. In a previous study, Chen et al. (2015), used the MFC to produce energy 

required to propel electrolytes and heavy metal ions from the soil and soil porewater via 

electrokinetic remediation. The authors concluded that MFC could successfully provide the 

energy needed to significantly remove zinc and cadmium from paddy soils at a very low cost 

compared to previous electrokinetic remediation systems that are known to be expensive (Chen 

et al., 2015).  

Moreover, in another study Habibul et al. (2016a) obtained similar results where the 

sMFC was used to drive electrokinetic remediation of cadmium and lead from metal 

contaminated soil. They observed 31.0% and 44.1% removal efficiencies for cadmium and lead, 

respectively, in the anodic chamber (Habibul et al., 2016a). More recently, Wang et al. (2016a) 

investigated the ability of sMFC to enhance the electromigration of copper ions. Wang and 

coworkers’ study concluded that sMFC can promote the migration of copper ions from the 

anodic area to the cathodic zone, where the copper ions can be recovered to alleviate the soil 

of the harmful copper pollutants. They also noted that the copper migration was significantly 

related to current production (Wang et al., 2016a). 

 In another study, Song et al. (2018) also showed that the sMFC can be used to reduce 

the risk of heavy metal leaching into groundwater from soil. The authors observed a 37.2% and 

15.1% decrease in lead and zinc removal near the anode after 100 days of operating the sMFC. 

Other reports have shown where the sMFC can reduce toxic Cu(II), Hg(II), and Ag(I) species 

to the less toxic forms (Abbas et al., 2018; Wu et al., 2017a). In a recent study it was shown 

that the sMFC can be used to remove Hg(II), Cu(II) and Ag(I) from the overlaying water by 

97.3%, 87.7%  and 98.5 %, respectively, after 60 days of operation (Wu et al., 2017a).   
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Table 1.1 Summary of previous studies where the MFC was used in soil heavy metal 

remediation 

Heavy metals  Removal mechanism References 

Chromium The Cr(VI) migrates to the cathode chamber 

where it is reduce to Cr(III). The Cr(III) then 

reacts with hydroxides and precipitate out of 

solution. 

(Abbas et al., 2018; Guan et 

al., 2019; Habibul et al., 

2016b; Wang et al., 2015a) 

Cadmium The decrease in soil pH near the anode and the 

weak electric field generated produce by the 

MFC favor the migration of Cd to the cathode 

chamber. At the cathode chamber the higher 

soil pH resulted in the precipitation Cd with 

oxides 

(Abbas et al., 2017; Chen et 

al., 2015; Habibul et al., 

2016a) 

Lead The removal of Pb was similar to that of Cd.  (Abbas et al., 2017) 

Zinc The removal of Zn was similar to that of Cd. (Chen et al., 2015) 

Copper The removal of Cu was similar to that of Cd. (Abbas et al., 2018; Wang et 

al., 2016a; Wu et al., 2017a) 

Sliver The removal of Ag through reductive reaction 

and biosorption by the cathode microbial 

community. 

(Wu et al., 2017a) 

Mercury The removal of Hg was similar to that of Ag. (Wu et al., 2017a) 

Uranium Change in soil chemistry and microbial 

community encourages the transformation of 

soluble U(VI) to insoluble U(IV).  

(Gregory and Lovley, 2005) 
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1.5. Research Aims and Objectives 

Since it has been demonstrated that sMFC can directly or indirectly aid in the removal 

of heavy metals and other electrolytic pollutants, it is reasonable to assume that sMFC could 

have an effect on the behavior of paddy soil trace elements. Understanding the interaction 

between the anode and trace element in paddy soils is therefore crucial. The ability to control 

soil-to-solution partitioning of trace metals from the reductive dissolution process of metal 

oxides is identified as the key to remediation of metal polluted soils. Recent studies have also 

shown that sMFC implanted in paddy soil affects iron redox chemistry (Touch et al., 2017; 

Wang et al., 2015; Yang et al., 2016; Zhou et al., 2015). Thus, based on these studies it can be 

concluded that sMFC could play a crucial role in controlling porewater trace metal 

concentrations. Hence, sMFC can be commissioned in paddy fields to reduce trace metal 

contaminates in soil porewater. However, limited research has been conducted in this area and 

the mechanism of this process is still not fully understood. Therefore in this PhD work, we aim 

to understand the effect of the sMFC anode on the paddy soil microbial community and the 

effects on the fate of soil trace elements. To achieve this aim the following topics were 

addressed. 

Chapter 3: The effect of the soil microbial fuel cell on paddy soil microbial community 

profile 

The sMFC is known to shape the anode microbial community, however scarce data is 

available on its effect on the soil profile microbial community. Moreover, operation the sMFC 

is also known to generate a large amount of extra cellular (relic) DNA, nonetheless the effect 

of this relic DNA on the culture independent estimates of the sMFC microbial community have 

not been investigated. Therefore in this chapter we addressed the following questions. What 

are the effect of the sMFC anode on the paddy soil microbial profile? How far can the sMFC 
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influence the soil profile microbial community? Does the relic DNA that is generate effect the 

culture independent estimates of the microbial community? 

Chapter 4: The effect of the sMFC on paddy soil components at different external 

resistance  

External resistance is an important factor control the performance of the sMFC. 

However, studies examining the influence of the anode at different external resistance on soil 

biotic and abiotic constituents collectively are scarce. No studies has examined the effect of the 

sMFC at different external resistance on the soil and anode microbial community structure. 

Thus in this chapter we asked the following question. Does different external resistance effect 

the microbial community that develop in the sMFC? How the different external resistance effect 

the sMFC abiotic components? 

Chapter 5: The effect of the sMFC on arsenic in soil with low organic matter content 

 The sMFC anode can be used as an alternative electron acceptor. Thus installing the 

sMFC may be able to reduce arsenic release into the soil porewater. Base on the aforementioned 

we asked the following question in this chapter. Can the sMFC be used to manipulate the soil 

iron redox changes and prevent arsenic release? Which factor is the dominating factor that 

needs to be control in order to prevent arsenic liberation into the soil porewater? 

Chapter 6: The effect of the sMFC on arsenic in soil with high organic matter content 

 In chapter 5 we found that the sMFC was able to limit iron and arsenic release into the 

soil porewater by creating a substrate competition between the microbe in the anode and those 

of the bulk soil in a low organic matter soil. However, the following questions remain to be 

answered. What happens when the sMFC is deployed in soil with high organic matter content? 

Can the sMFC be combine with water management to limit arsenic and iron dissolution? 

Hence they were address in this chapter. 
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Chapter 7: The effect of the sMFC on the accumulation of arsenic in rice plant parts 

 We showed in chapters 5 and 6 that the sMFC can be used to limit the release of arsenic 

and iron into the soil porewater. Hence, in this chapter we ask the following questions. Can the 

sMFC be used to limit the accumulation of arsenic in rice plant parts? What are the effect of 

the sMFC on the arsenic transformation genes in the rhizosphere?   

Chapter 8: The effect of the sMFC on the accumulation of other trace heavy metal in rice 

plant parts 

In chapter 7 we showed that the sMFC can reduce the accumulation of arsenic. Thus in 

this chapter we ask the following question; Can the sMFC be used to limit the accumulation of 

other heavy metals in rice plant parts? 
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Chapter 2 : General Materials and Methods 

2.1. Soil Microbial Fuel Cells  

2.1.1. Paddy soils collection and preparation 

All of the soil used in this thesis to construct the sMFCs were collected from various 

contaminated paddy soil in south China. The soil was consider contaminated if the trace metal 

concentration exceed the permissible limited outline in the Chinese Standard (GB15618-1995) 

for agricultural soils.  The soil used in chapters 3, 4 and 6 were from a paddy field in Qiyang 

Hunan, Southern China (GPS N26.760 E111.86). The soil used in chapter 5 was collected from 

a paddy field in Shangyu, Zhejiang, China (N29.159 E119.957) and that used in chapter 7 and 

8 were sample from a paddy field in Shaoguan, Guandong Province (N25.638. E113.3841). 

The soils were sampled from 0–20 cm below the soil–water interface. All of the soils were air 

dried and stored at room temperature until time to use. Prior to being used the soil samples 

were ground and sieved to less than 2 mm.  

2.1.2. Anode and cathode preparation 

Carbon felt (Sanye Carbon Co., Ltd, Beijing, China) interwoven with titanium wire was 

used as the anode and cathode of all the sMFC. Before use the cathode and anode were heat-

treated in a muffle furnace at 450 °C for 30 min to remove the impurities (Feng et al., 2010). 

Carbon felts were used as electrodes because they are sponge-like conductive material with 

many holes and holes increase the surface area on the cathode and anode, hence providing more 

oxygen reduction reaction sites on cathode, or habitats for anode-respiring bacteria. 

2.1.3. Soil Microbial Fuel Cell assembly  

The sMFCs used in chapters 3-6 were built in 1000 ml polyethylene terephthalate 

container (10 cm diameter × 15 cm depth) as previously described by Wang et al. (2016) with 

minor modifications. In general, the anode of each sMFC was buried in the anaerobic soil and 
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the cathode was placed in the overlaying water (Fig. 2.1). Deionized water was used to flood 

all of the sMFC (18.2 MΩ cm, Millipore Corp., Bedford, USA).  For details of the size, shape 

and exact location of each electrode please see the method section of chapters 3-6. All the 

sMFC reactors used in this this thesis were equipped with soil porewater samplers at various 

location (see chapters 3-6 materials and methods for exact location). All of the treatment sMFC 

replicates were connected with an external resistor (close circuit) and no resistor was applied 

to the control sMFC replicates (open circuit) (see chapters 3-6 materials and methods section 

for external resister details).  

2.1.4. Electrochemistry analysis 

The voltage output of all of the sMFCs were recorded with a datalogger unless 

otherwise stated. The current and power density were calculated according to Ohm’s law 

(equation 1):  

I=V/R (1) 

Where I is the current (A), V the voltage between the cathode and the anode (V) and R the 

resistance (Ω). The current (A/m2) and power density (W/m2) were obtained by dividing both 

the current and power by the total anode geometric area (m2). The sMFCs used in chapters 3-

6 were incubated in a dark incubator (Yisheng, DHP-9902, Shanghai China) and maintained at 

30 ºC. Additional deionized water was added daily to each sMFC to compensate for water lost 

due to evaporation. 
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Figure 2.1 Schematic of the sMFC reactor. 

2.2. Soil Microbial Fuel Cells with Rice Plants 

The sMFC with rice plants configuration and electrode size are detailed in chapters 7-

8. Each sMFC was constructed in a cylindrical polyvinylchloride pots (16 cm diameter × 30 

cm depth) that were filled with 3 kg of soil amended with basal fertilizers NH4NO3 (120 mg N 

kg−1 soil) and K2HPO4 (30 mg Pkg−1 soil and 75.7 mg K kg−1 soil). Each sMFC was equipped 

with three anodes and 1 cathode. The anodes were cut into two halves and were connected with 

a titanium wire. The two half anodes were placed 1 cm a part to leave space for the rice roots 

to grow and their exact location in the sMFCs are detailed in chapters 7-8. All the sMFC 

reactors were equipped with soil porewater samplers at various location (see chapters 7-8 

materials and methods section for exact the locations). The cathode was vertically installed in 

the overlaying water in aerobic conditions. Rice seedlings of Oryza sativa (Yliangyou, YLY) 

were germinated on cleaned moist perlite and three uniform rice seedlings were planted in each 

sMFC. The sMFC were first incubated in a plant cultivating room and then transferred to a 
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greenhouse at ambient temperature and natural photoperiod. Water loss via evaporation and 

plant respiration during operation was routinely replenished with deionized water to maintain 

a constant water level of ca. 6 cm. The filamentous algae and duckweed were removed from 

the overlaying water layer regularly. We removed the duckweed and filamentous algae to limit 

the effects of external factors, since the duckweed may change the overlying water chemistry 

and compete with the rice plants for nutrients.  A data logger and Digital Multimeters (UNI-T 

UT71E) were used to record the voltage between the anode and cathode. Current and power 

densities were calculated using the same method described in the sMFC section.  

2.3. Chemical Analysis 

Five milliliters (5ml) of porewater sampled under negative pressure using syringe. 

Prior to sampling, 100 µl of 2M hydrochloric acid was added in each syringe to acidify the 

sample and prevent iron precipitation. 

Trace metals and total Fe concentrations in soil porewater were determined by 

inductively coupled plasma mass spectrometry (ICPMS, NexlONTM 350x, Pekin Elmer, USA) 

and atomic absorption spectrometry (AAS, PinAAcle™ 900,PerkinElmer, USA). Arsenic 

species and Fe speciation in soil porewater were analyzed by ion chromatography with 

inductively coupled plasma mass spectrometry detection (IC-ICPMS) as describe by (Suzuki 

et al., 2009) and the colorimetric reagent 1, 10-phenanthroline (Wang et al., 2016), respectively. 

 The soil samples collected from both the sMFC and the control were homogenized and 

the content of total organic carbon (TOC) and loss on ignition (LOI) carbon were determined. 

LOI carbon refers to the organic matter estimated based on the weight loss on ignition method 

(Santisteban et al., 2004). TOC and DOC (porewater) content were determined with a TOC 

analyzer (Shimadzu TOC-VCPH, Japan). LOI carbon content was determined by heating 10 g 

of soil at 550 ºC for 4hrs in a muffle furnace. Prior to heating at 550 ºC samples were dried at 

105 ºC for 12 h and weighed. The decrease in mass after ignition of soil at 550 ºC from mass 
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obtained at 105 ºC was assumed as LOI carbon (Santisteban et al., 2004). LOI was calculated 

according to the following equation 2: 

LOI (%) = ((D105 –D550)/D105) *100 (2) 

where D105 is the dry mass of the sample heated 105 ºC for 12 hours and D550 is the dry mass 

of the sample after 4 hours of incubation at 550 ºC. Samples were allowed to cool to room 

temperature in a desiccator before determining D550 (Jia-Ping et al. 2013; Touch et al. 2017). 

Soil pH and redox potentials (Eh) were measured using a HACH 440d Multi-Meter 

(Hach, USA) and a combined Pt and Ag/AgCl electrode, respectively. The Eh of the soil was 

allowed to stabilize for 1 h before recording. The pH was determined from a soil slurry made 

by mixing dry soil with deionized water at a ratio of 1:2.5. 

The fluorescence excitation emission matrix (EEM) analysis was conducted by using a 

fluorescence spectrophotometer (Cary Eclipse Fluorescence Spectrophotometer, Agilent 

Technologies, USA). The EEM analysis was used to characterize the DOC composition in the 

soil porewater. All the soil porewater samples were filtered and then adjusted to pH 7.0 with 

NaOH solution before fluorescence EEM spectra analysis (Spencer et al., 2007; Xiao et al., 

2016). The fluorescence EEM were scanned at excitation and emission wavelength ranges set 

from 200 to 475nm and 300-600nm, respectively.  Excitation and emission scanning intervals 

were set at 5 nm and 2 nm, respectively. Scan speed was set at 1200 nm min-1, and excitation 

and emission slit widths were fixed at 10 nm. Photomultiplier detector voltage was fixed at 640 

V. 

2.4. Plant Samples Analysis 

At the maturation (day 120), the rice plants were harvested and washed with ultrapure 

water. The washed plants were placed in an oven at 105°C for 2 h and then dried at 60 °C for 

72 h. Prior to drying, the plant materials were divided into grains, husks, leaves, stems and 

roots. After drying, the samples were ground to powder and 0.5 g of each rice plant sample was 
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weighed and taken in 50 ml polypropylene digestion tube to which 10 ml 1:1 ratio of HNO3 

and H2O2 were added. The samples were then subjected to microwave digestion using a MARS 

6™ Microwave Digestion System (CEM, USA). The digested samples were filtered through a 

0.45 µm pore size filter and diluted with ultrapure water. The total As was then measured using 

the ICP-MS. Duplicate spike standards sample were measured after every ten sample as a 

quality control check. 

2.5. Microbial Community Analysis 

At the end of all the incubation samples were collected from all the sMFCs for microbial 

community analysis. Please see the materials and methods section of chapters 3-8 for details in 

regards to the sampling plan, DNA extraction procedure and treatments before amplification. 

The V4-V5 or the V3-V5 regions of the bacterial and V4-V5 region of the archaeal 16S rRNA 

genes were amplified using the primers listed in Table 2.1. The exact primer used in each 

experiment are detailed in the method section of chapters 3-8. Illumina sequencing adapters 

were also added to the ends of the 16S rRNA amplicons to generate indexed libraries ready for 

downstream NGS sequencing on Illumina Miseq. The PCR products were validated using an 

Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The concentrations 

were quantified using a Qubit and real-time PCR (Applied Biosystems, Carlsbad, CA, USA). 

The purified amplicons were sequenced on an Illumina Miseq sequencing platform (Illumina 

Inc., San Diego,CA, USA) at GENEWIZ, Inc. (Suzhou, China). 
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Table 2.1 Details of primer pairs used in this study. 

Primer name Primer sequences Gene target Reference 

347F 

802R 

5'-CCTACGGRRBGCASCAGKVRVGAAT-3' 

5'-GGACTACNVGGGTWTCTAATCC-3' 

16S rRNA 

(V4-V5) 

(Li et al., 

2017) 

515 F 

907 R 

5'-GTGCCAGCMGCCGCGG-3' 

5'-CCGTCAATTCMTTTRAGTTT-3' 

16S rRNA 

(V3-V5) 

(Sun et al. 

2016; Xiao 

et al. 2016) 

Arch519F 

Arch915R 

5'-CAGCCGCCGCGGTAA-3' 

5'-GTGCTCCCCCGC CAATTCCT-3' 

16S rRNA 

(V4-V5) 

(Yang et 

al., 2016) 

amLt-42-F 

amLt-376-R 

5'-TCGCGTAATACGCTGGAGAT-3' 

5'-ACTTTCTCGCCGTCTTCCTT-3' 

Arsenate 

reductase 

(arsC)  

(Sun et al., 

2004) 

AroAdeg2F 

AroAdeg2R 

5'-GTCGGYTGYGGMTAYCAYGYYTA-3' 

5'-YTCDGARTTGTAGGCYGGBCG-3' 

Arsenite 

oxidase 

(aioA)  

(Inskeep et 

al., 2007) 

arsMF1 

arsMR2 

5'-TCYCTCGGCTGCGGCAAYCCVAC-3' 

5'-CGWCCGCCWGGCTTWAGYACCCG-3' 

Arsenite 

Methylation 

(arsM) 

(Wang et 

al., 2017) 

 

Sequences were processed and analyzed using Quantitative Insights Into Microbial 

Ecology (QIIME 1.8.0) toolkit for 16S rRNA data analysis (Caporaso et al., 2010). The forward 

and reverse reads were joined and assigned to samples based on barcode and truncated by 

cutting off the barcode and primer sequence. Quality filtering on joined sequences was 

performed and sequence which did not fulfill the following criteria were discarded: sequence 
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length <200bp, no ambiguous bases, mean quality score >=0.2 (Range 0-1). Then the 

sequences were compared with the reference database (RDP Gold database) (Wang et al., 2007) 

using UCHIME algorithm (Edgar et al., 2011) to detect and removed chimeric sequences (Li 

et al., 2017b). The average length of the remaining sequences after the removal of the chimeric 

sequences was 450bp. The filtered sequences were used in the final analysis. Sequences were 

grouped into operational taxonomic units (OTUs) using the clustering program VSEARCH

� 1.9.6�  against the Silva 119 database pre-clustered at 97% sequence identity. The 

Ribosomal Database Project (RDP) classifier was used to assign taxonomic category to all 

OTUs at confidence threshold of 0.8 (Lin et al., 2017). The RDP classifier uses the Silva_128 

16S rRNA database (http://www.arb-silva.de/), which has taxonomic categories predicted 

down to the genus level. Sequences were rarefied prior to downstream analyses. 

The alpha diversity indices (observed OTUs, Shannon diversity index and Chao 1 

richness estimator) were calculated in QIIME1.8.0 (Vasileiadis et al., 2012). Beta diversity was 

calculated using weighted principal coordinate analysis (PCoA).  

2.6. Quantitative PCR (qPCR) of arsC, aioA, and arsM genes 

The abundance of the arsC, aioA, and arsM genes in the rice rhizosphere at the ending 

of the maturation stage (day 120) was determined by quantitative PCR (qPCR) performed on 

a real-time qPCR Instrument (LightCycler 480II, Switzerland). Primer pairs of amLt-42-F / 

amLt-376-R (Sun et al. 2004), AroAdeg2F / AroAdeg2R (Inskeep et al. 2007) and arsMF1 / 

arsMR2 (Yang et al. 2018) were used to amplify and quantify arsC, aioA, and the arsM genes, 

respectively. The As transformation genes were quantified according to a previously reported 

method (Wang et al. 2017) with some modifications. Specifically, in each individual PCR, 2 

µL of DNA, 10 µL of 2 × SYBR Premix Ex Taq™ II (Takara, Japan), 0.4 µL of each primer, 

0.2 µL of 0.1% BSA (Takara, Japan) was added. The PCR conditions for the arsC gene were 

95 °C denaturation for 5 min, followed by 40 cycles of 95 °C for 30 s, 56 °C for 35 s, and 72 °C 
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for 1 min. For the aioA gene the conditions were 95 °C denaturation for 5 min, followed by 45 

cycles at 95 °C for 30 s, 60 °C for 30 s, 72 °C for 1 min and then 72 °C for 10 min. The PCR 

conditions used for arsM gene was 95 °C denaturation for 5 min, followed by 35 cycles at 

95 °C for 30 s, 64 °C for 35 s, 72 °C for 1 min and then 72 °C for 10 min. Each sample was 

quantified in triplicate as a quality control measure to ensure the correct amplification. A 

standard curve was constructed using standard plasmids containing known copy numbers of 

the arsC, aioA and arsM genes.  The reaction efficiencies were all between 90% and 110%. 

The quantification of the As transformation were determined from the standard curves and are 

presented as the average copy number/µL DNA.  

2.7. Statistical Analysis 

One-way analysis of variance (ANOVA) followed by the Student–Newman–Keuls test 

were used to determine differences between samples in SPSS Statistical software package 

(IBM, SPSS Statistics 22). A p < 0.05 was considered to be statistically significant. ANOSIM 

was used to determine if the differences among samples was statistically significant using 

Bray–Curtis measure of similarity (QIIME), where the R-value ranges between 0 (complete 

similarity) to 1 (complete separation) (Hari et al., 2017; Li et al., 2017). 
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Chapter 3 : The effect of the soil microbial fuel cell on 

paddy soil microbial community profile 

3.1. Abstract 

Soil Microbial Fuel Cells (sMFC) are devices that can generate electricity by using the 

flooded soil’s anode respiring microbial consortium. When the sMFC starts to work, the 

microbial community in the anode vicinity rapidly changes.  This shift in the microbial 

community results in many dead cells that may release their DNA (relic DNA) and obscure 

culture independent estimates of microbial community composition. Although relic DNA is 

expected to increase in sMFC, the effect of relic DNA has not been investigated in the soil 

sMFC system. In this study the effect of the sMFC on the soil microbial community 

composition within the soil profile and the influence of relic DNA were investigated. Microbial 

community analysis revealed that the sMFC deployment significantly influenced the 

community composition within the soil profile. The phylum Proteobacteria (34.4% vs 23.6%) 

and the class Deltaproteobacteria (16.8% vs 5.9%) significantly increased in the sMFC 

compared to the control, while the phylum Firmicutes (24.0% vs 28.7%) and the class 

Sphingobacteria (5.3% vs 7.0%) were more abundant in the control. Furthermore, the archaeal 

phyla Euryarchaeota (40.7% vs 52.3%) and Bathyarchaeota (10.1% vs 17.3%) were 

significantly lower in the sMFCs, whereas the phylum Woesearchaeota (DHVEG6) (24.4% vs 

19.4%) was slightly enhanced. Moreover, the results showed that relic DNA can affect the 

relative abundance of Geobacter and Candidatus Methanoperedens, however, it has no 

significant effects on the microbial community structure. These results indicate that sMFC can 

influence the soil microbial community profile, nevertheless the relic DNA generated has a 

minimum effect on the culture independent estimates of microbial community composition.  
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3.2. Introduction 

Soil Microbial fuel cells (sMFC) are a type of bioelectrical system that can facilitate 

direct biotransformation of organic matter (OM) to electrical energy. In sMFC, the microbial 

community catalyzes the breakdown of OM and extracellularly transfer electrons to the anode 

to produce electricity (Huang et al., 2011). Recently, sMFC have been introduced in paddy 

fields for energy production and as a bioremediation tool (Chen et al., 2012; Gustave et al., 

2018a; Kaku et al., 2008; Schamphelaire et al., 2008). During rice-cropping season, paddy 

fields are flooded and soil redox potential falls rapidly and becomes reduced. Under these 

reducing environments the natural microbial consortium in paddy soils, may respire the sMFC 

anode in the same manner as what occurs with iron and manganese oxides (Downie et al., 2018; 

Gustave et al., 2018a; Logan and Regan, 2006).  

The distribution of anode respiring bacteria (ARB) in paddy soil has already been 

studied in sMFC. In previous studies, metal reducing microbes were usually enriched at the 

anode (Wang et al., 2015; Yuan et al., 2018). By contrast, other functional microbial groups 

such as methanogens were decreased during this enrichment process (Jung and Regan, 2011; 

Kouzuma et al., 2014). Hence, these changes in the microbial community may result in an 

increase in soil extracellular DNA (relic DNA). After soil microbes die, their genetic material 

may leak into the surroundings and persist in soil from days to years depending on the 

environmental conditions (Dellanno and Corinaldesi, 2004; Morrissey et al., 2015; 

Pietramellara et al., 2009).  

The relic DNA that remains in the soil can be problematic and has the potential to create 

bias in culture independent estimates of microbial diversity, because the current high-

throughput sequencing techniques does not differentiate between intact and lysed cells (Carini 

et al., 2016; Kapoor et al., 2015; Lennon et al., 2018). Carini et al. (2016) and Lennon et al. 

(2018) used propidium monoazide (PMA) and DNase, respectively, to remove relic DNA from 
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soil samples and revealed that relic DNA represents a significant portion of soil DNA. Carini 

et al. (2016) estimated that relic DNA comprises about 40% of the prokaryotic and fungal soil 

DNA. Similarly, Lennon et al. (2018) estimated that relic DNA was normally distributed and 

contributed anywhere between 0 to 83% (mean ± standard deviation [SD], 33± 21.8) of the 

total soil DNA by quantitative PCR (qPCR). However, whether or not this relic DNA can 

obscure and result in misrepresentation of the soil microbial community structure remains 

controversial (Carini et al., 2016; Lennon et al., 2018). 

Moreover, the presence of relic DNA in the sMFC biofilm has received limited 

attention. Recently in Fed-batch microbial fuel cells (MFC) (Dessì et al., 2018) and microbial 

electrolysis cells (MEC) (Cerrillo et al., 2017), complementary DNA (cDNA) was used to 

distinguish between dead and metabolically active bacterial cells. The results showed that 

higher bacterial diversity was observed from the 16S rRNA gene based methods compared to 

cDNA based high throughput sequencing and high degree of variation in community 

composition between the two methods were observed. This suggests that relic DNA could 

hamper the true structure of the anode bacterial community and may result in the 

misrepresentation of the composition. Although, the bacterial community of sMFC anode has 

been extensively studied, to date, no studies have attempted to remove the influence of relic 

DNA on bacterial community estimates of the sMFC.  

Therefore, the aims of this study were to evaluate the effect of the sMFC on the soil 

microbial community composition and the influence of relic DNA within the soil profile. In 

this regard, samples were taken at various locations away from the sMFC anode and a subset 

of the samples were treated with PMA to remove the relic DNA. Both sets of samples were 

then used for bacterial and archaeal community analysis and comparisons were made between 

PMA treated and non-PMA samples.  
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3.3. Materials and Methods 

3.3.1. Paddy Soil Sample  

Paddy soil was sampled from a field located in Qiyang Hunan, Southern China (GPS 

N26.760 E111.86). The main physio-chemical properties of four replicate soil samples were 

determined and are presented in Table S1.  We chose to used four replicated based on our 

preliminary experiments and power analysis results.     

3.3.2. Soil Microbial Fuel Cell assembly 

Eight sMFC were assembled as previously described in chapter 2 with minor 

modifications. Four replicate sMFC were assigned as treatment and four replicates were used 

as control. The treatment replicates were connected with 500 Ω external resistor (close circuit) 

and no resistor was applied to the control replicates (open circuit). The anode, made of carbon 

felts (geometric surface area of 50.2 cm2), was buried in the soil 1 cm above the bottom of 

reactor containing 1kg (dry weight) of soil. A carbon felt with the same dimension as the anode 

was used as the cathode electrode. After installing the cathode the remaining space in the 

reactor was filled with deionized water to simulate natural paddy soil conditions. A data logger 

(USB-7660B, ZTIC, China) was used to record the voltage between the anode and cathode. 

3.3.3. Chemical Analysis 

Soil porewater was sampled through 3 valve ports located in the anode vicinity, 2 cm 

above the anode (middle layer) and 1 cm below the soil-water interface (top layer) at the end 

of the incubation period on day 60.  Total organic carbon (TOC) was determined from 2 g of 

soil. The soil TOC was measured from the top, middle and anode vicinity of each sMFC at the 

end of the incubation period. The trace metals and the TOC concentrations were determined as 

described in chapter 2. 
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3.3.4. Microbial Community Analysis  

Soil samples were collected from the anode vicinity, 2 cm above the anode (middle 

layer) and 1 cm below the soil-water interface (top layer) at the end of the incubation period 

on day 60. The anode vicinity consists of loosely attached soil and biofilm from the anode. A 

sterile razor was used to scrap the loosely attached soil and biofilm from the anode. PMA and 

non-PMA treatment of soil were carried out following the method used by Carini et al. (2016) 

with minor modification. In an earlier study by Carini et al. (2016) 650 W halogen lamp was 

used to activate the PMA, however in our study we used a PMA-Lite™ LED photolysis device. 

Moreover, Carini et al. (2016) subjected their samples to four 30 s/30 s light/dark cycles for 

PMA activation, in our study we subjected the samples to  15 minutes of light (LED output 

wavelength 465-475 nm) as recommended by the manufacturer of our PMA-Lite™ LED 

photolysis device. Briefly, 0.30g of soil in duplicates from each sampling location was re-

suspended in 3ml of sterile PBS (pH 7.4) solution in transparent centrifuge tubes. In total, there 

were 48 samples, 24 from the control replicates and 24 from the treatment replicates. Half of 

the control and half of treatment replicates were treated with PMA to a concentration of 40µM 

in the dark (PMA) and the other samples were not treated with PMA (non-PMA). A PMA 

concentration of 40µM was used because previous studies have shown that this concentration 

range was sufficient to remove relic from a variety of soil types (Carini et al., 2016; Nocker et 

al., 2006; Nocker et al., 2007).  All samples were vortexed in the dark for 4 minutes. At the end 

of the vortexing cycle, 1.5 ml of each sample was transferred to a sterile 2 ml tube. Then, all 

of the samples were loaded on to a PMA-Lite™ LED photolysis device and were subjected to 

15 minutes of light for PMA activation. Immediately following the light exposure, DNA was 

extracted from 960 µl of each sample using Powersoil DNA isolation Kit (MoBio Laboratories 

Inc., Carlsbad, CA, USA) according to the manufacturer’s instructions. The extracted DNA 

were quantified using Qubit (Table S2)  The V4-V5 region of the bacterial 16S rRNA genes 



79 
 

were amplified using the forward primers 347F (5'-CCTACGGRRBGCASCAGKVRVGAAT-

3') and reverse primers 802R (5'-GGACTACNVGGGTWTCTAATCC-3') (Li et al., 2017b). 

The archaeal primers Arch519F (5′-CAGCCGCCGCGGTAA-3′)/Arch915R (5′-

GTGCTCCCCCGC CAATTCCT-3′) (Yang et al., 2016) were used for the amplification of 

16S rRNA genes in the sMFC anode archaeal community. The sequencing, community 

classification and statistical analysis were done as described in chapter 2. 

3.3.5. Nucleotide sequence accession numbers 

The dataset of 16S rRNA gene sequences was deposited in NCBI’s GeneBank with 

accession numbers MG814044 - MG815131 and MF988366 - MF988678. 

3.4. Results and Discussion 

3.4.1. Voltage generation in MFCs 

The voltage production over time was recorded from the sMFC with an external loading 

of 500 Ω. The sMFC voltage increased to 565 mV after 13 days (Fig. 3.1a and Fig. S 3.1) and 

then gradually decreased to 321 mV on day 15. Another peak in the MFCs voltage (445 mV) 

was observed on day 19 and then a steady decrease until day 60. The voltage in the control 

gradually increased to 887 mV until day 60. The rapid increase in the sMFC voltage indicated 

the high substrate content of the soil facilitated the enrichment of electroactive bacteria on the 

anode (Hong et al., 2009; Hong et al., 2010). The maximum power density was 123 ±2.2 

mW/m2 and the internal resistance was 834 ±19.5 Ω (Fig. 3.1b). The high power density 

obtained here was comparable to the values reported in the previous studies (Li et al., 2017a; 

Türker and Yakar, 2017; Xun et al., 2016). 

 

 



80 
 

 

Figure 3.1 The mean voltage variation of four sMFC as a function of time (a). The polarization 

curve of the sMFC (b). The values represent the mean ±standard error of four replicate samples. 

3.4.2. Influences of the sMFC and relic DNA on microbial community diversity 

The microbial community of the sMFC from the anode vicinity and the bulk soil were 

analyzed by next generation Illumina Miseq sequencing. As shown in Table S 3.3 and S 3.4, 

the Goods coverages (99.2-99.8%) confirmed that most microbes were covered in this 

sequencing analysis. The number of bacterial OTUs around the sMFC anode vicinity (1216 

±15 - 1222 ±27) were less than that of the bulk soil regardless of treatment (1359 ±25 - 1532 

±20) (Table S 3.3). Moreover, the OTU numbers in the archaeal community were lower in the 

control anode vicinity (297 ±8 - 303 ±5) as compared to the community in sMFC anode vicinity 

(371 ±3 - 371 ±11) (Table S 3.4). Similar to the bacterial OTUs distribution, the ACE, Chao1 

and Shannon indices were lower in the sMFC anode vicinity as compared to the control and 

bulk soil samples (Table S 3.4). The ACE, Chao1 and Shannon indices ranged from 1428.5 

±24.8 -1432.6 ±21.2, 1434.3 ±27.4 - 1444.3 ±21.6 and 6.7 ±0.02 - 6.94 ±0.09 respectively, for 

the MFCs.  While the ACE, Chao1 and Shannon indices ranged from 1499.9 ±22.3 - 1736.4 ± 

28.5, 1520.3 ± 23.8 - 1761.0 ±25.2 and 8.0 ±0.04 - 8.6 ±0.03 respectively, for the control and 
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bulk soil samples (Table S 3.3). These results indicated that the sMFC can significantly 

enhance specific groups in its anode vicinity while suppressing other functional groups. 

Previous studies have shown that the sMFC can significantly enrich the electrogenic bacterial 

community and suppress other functional microbial groups (Lu et al., 2014; Song et al., 2015; 

Yu et al., 2017). For the archaeal community, the ACE (400.6 ±2.5 - 401.7 ±10.5 vs 338.2 ±5.4 

- 353.8 ±12.2), Chao1 (402.5 ±3.1 - 404.1 ±8.6 vs 338.2 ±7.5 - 358.8 ±18.8) and Shannon 

indices (5.8 ±0.1 - 6.0 ±0.07 vs 5.0 ±0.10 - 5.1 ±0.06) were significantly higher in the sMFC 

anode vicinity compared to that of the control (Table S 3.4). 

However, with regards to microbial community richness and diversity, the ACE, Chao1 

and Shannon indices showed no significant distinction between the PMA and non-PMA treated 

samples. Therefore, the relic DNA in our samples had minimal influence on the microbial 

community richness and diversity estimates. A possible explanation for this was that relic DNA 

from dead cells and that of bacterial community composition were at a state of equilibrium 

(Lennon et al., 2018). Lennon et al. (2018) found that relic DNA will have minimal effect on 

the microbial diversity, even if abandoned, when DNA from intact cells and extracellular DNA 

are at an equilibrium state. In our study we collected samples for microbial community analysis 

after day 60 when the voltage was stable (Fig.3.1a). This means that the microbial community 

may have also reached a state of equilibrium and was stable. Previous studies have shown that 

microbial community of the sMFC, regardless of carbon source will converge to a similar 

community, which was comprised of mostly electrogens, after continuous operation (Kouzuma 

et al., 2013a; Yates et al., 2012). Therefore, we hypothesize that in our sMFC system the relic 

DNA represented a similar microbial community composition to that of the intact cells. 

However, further studies are needed to confirm this hypothesis, since in this study the temporal 

variation of the microbial community was not examined. 
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3.4.3. The effect of the MFCs and relic DNA on microbial community structure 

Principal Coordinate Analysis (PCoA) was used to demonstrate a visual representation 

influence of the sMFC and relic DNA on the microbial community (Fig. 3.2a and 3.2b). PCoA-

PC1 vs PC2 analysis explaining 73.42% of the variance indicated three distinct bacterial groups 

among the samples (Fig. 3.2a). The sMFC anode vicinity formed one group, all the middle 

layer samples (both control and sMFC) and that of the control anode vicinity formed another. 

Whereas, the bacterial community in samples from the top layers clustered together to form a 

third group regardless of the treatment. These results agree with the study of Lu et al. (2014) 

on the distribution of microbial community in sMFC. The microbial community near the anode, 

although from the same paddy soil origin and microbial consortia, differed greatly from that of 

the bulk sediment and the anode community of the control. PCoA analysis was also used to 

assess the anode vicinity archaeal community structure (Fig.3.2b). The PC1 vs PC2 explaining 

67.4% of the variance results showed two separate clusters, the sMFC anode biofilms was 

separated from the controls anode biofilms.  

However, Analysis of Similarity (ANOSIM) revealed that microbial community of the 

sMFCs and the control significantly differed from one another in all locations although PCoA 

analysis did not yield this result. The microbial community structure of the top, middle and 

bottom layer of the sMFC were significantly different from that of the control (p = 0.031, R= 

0.48), (p = 0.022, R=0.77) and (p = 0.018, R= 1), respectively. This indicated that the sMFC 

can significantly alter the microbial community structure in distances of centimeters away from 

the anode and this could be due to the sMFC ability to change the major driver of soil microbial 

community such as pH, redox potential and nutrient availability (Nicol et al., 2008; Pettridge 

and Firestone, 2005; Song et al., 2010; Wu et al., 2017; Zhang et al., 2005; Zhao et al., 2016). 

Gustave et al. (2018a), reported that the sMFC cathode and anode reactions can shape soil 

microbial community by altering soil pH, redox potential and organic carbon. Furthermore, 
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both PCoA and ANOSIM analysis revealed no significant difference between the PMA and 

non-PMA treated samples for both bacteria and archaeal community. 

 

Figure 3.2 Principal Coordinates Analysis (PCoA) of the sMFC and controls bacterial 

community (a) and the sMFC and controls archaeal community (b) composition based on Bray-

Curtis distance. The x- and y-axes are indicated by the first and second coordinates, 

respectively. 
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3.4.4. Influences of sMFC on the microbial community composition  

Fig. 3.3a-b shows the relative abundance in bacterial community at the phylum and 

class levels for each sample. At the phylum level, Proteobacteria was the most predominant 

phylum with sequence percentages ranging from 11.30% to 48.50%, which was consistent with 

previous studies (Gustave et al., 2018a; Lu et al., 2014). Firmicutes, Bacteroidetes, 

Ignavibacteriae and Acidobacteria were the subdominant groups, comprising 12.10%-39.20%, 

10.10%-20.60%, 3.1%-8.90% and 2.50%-8.50% of the community, respectively. At the class 

level, Clostridia (10.40%-35.50%), Deltaproteobacteria (3.90%-27.10%) and 

Betaproteobacteria (0.52%-27.10%) were the dominant groups. 
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Figure 3.3 Relative abundance of bacterial community composition at phylum (a) and class (b) 

levels. The relative abundance values represent the mean of four replicates. 

The microbial community structure at the phylum and class level manifested variation 

between the sampling site in the sMFC and the control. In the top layer, the phylum 

Proteobacteria was more abundant in the sMFC, while phyla Firmicutes and Acidobacteria 

were relatively less compared to the control in all layers. The increase in Proteobacteria in the 
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top layer may be due to the increase in the iron content (18.0 ±5.1 mg/l vs 10.0 ±5.0 mg/l) in 

that layer compared to the control (Table S 3.5). The increase in dissolved iron in the top layer 

of the sMFC has been observed to occur as a result of iron migration due to cathode reactions 

(Gustave et al., 2018a). This increase of iron can be inferred to be responsible for the increase 

in Proteobacteria since most of the many iron oxidizing and reducing bacteria falls within one 

or more classes of the phylum Proteobacteria (Hedrich et al., 2011; Peng et al., 2016). However 

more studies in the metabolic pathways at lower levels are needed to confirm the effect of iron 

on the phylum Proteobacteria. Similarly, iron has also been shown to influence microbial 

community structure of the sMFC (Liu et al., 2017; Liu et al., 2018; Yuan et al., 2018). The 

supplements of both ferric and ferrous iron were demonstrated to increase the relative 

abundance of exoelectrogenic bacteria (Liu et al., 2017; Liu et al., 2018). In our study, 

Deltaproteobacteria (6.5% vs 3.9%), Betaproteobacteria (27.1% vs 0.63%), 

Alphaproteobacteria (4.9% vs 2.0%) and Anaerolineae (5.3% vs 1.8%) (Kouzuma et al., 

2013b; Wang et al., 2015; Yuan et al., 2018) were enhanced in the sMFC top layer top layer as 

known exoelectrogenic classes. Moreover, a reduction in Firmicutes (12.1% vs 15.2%) and 

Acidobacteria (6.5% vs 8.5%) was observed in the sMFC top layer compared to the control. 

Furthermore, at the class level, Clostridia (11.5% vs 35.5%) also decreased in the sMFC top 

layer compared to that of the control. This decrease in Firmicutes Acidobacteria and Clostridia 

was probably due to the decrease in organic matter and increase of pH in that layer (Table S5) 

(Liu et al., 2015; Naether et al., 2012). Previous studies have suggested that marginal increases 

in soil pH can significantly reduce the relative abundance of Acidobacteria (Jones et al., 2009), 

while others have shown a direct relationship between Firmicutes,  Clostridia and organic 

matter (Dunaj et al., 2012; Wang et al., 2015). However, it should be noted that Clostridia 

contains some electrogens such the genera Thermacola and Clostridium sensu stricto 10 (Koch 
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and Harnisch, 2016; Rago et al., 2018).  Nonetheless, no significant differences were observed 

between the sMFCs and control for these genera in the top layer.  

Moreover, Proteobacteria (19.1% vs 14.8%) and Chloroflexi (5.5% vs 4.4%) were all 

significantly enhanced in the middle layer and anode vicinity of the sMFC. Furthermore, at the 

class level Bacteroidetes vadinHA17 (9.5% vs 8.6%), Alphaproteobacteria (3.5% vs 2.9%) and 

Anaerolineae, were enhanced in the middle layer sMFC compared to the control. These results 

obtained here are in agreement with previous studies suggesting that the sMFC enhance the 

relative abundance of exoelectrogens near the anode and associated bulk soils (Dunaj et al., 

2012; Wang et al., 2015; Yuan et al., 2018). The phyla Proteobacteria and Chloroflexi have all 

been reported to be enriched in the anode vicinity and to be comprised of wide distribution of 

electroactive bacteria (Liu et al., 2017; Yuan et al., 2018; Zhao et al., 2016; Zheng et al., 2017). 

Additionally, Deltaproteobacteria, Bacteroidetes vadinHA17 and Anaerolineae are known 

electrogenic classes and have all been reported to be directly involved in electricity production 

(Gustave et al., 2018a; Wang et al., 2015; Yuan et al., 2018). However, it should be noted that 

Gammaproteobacteria (11.4% vs 1.8%) and Betaproteobacteria (18.3 vs 0.63) were found to 

be more abundant in the control anode vicinity compared to that of the sMFC, although these 

classes are known to contain some exoelectrogens (Kim et al., 2006). The predominant genera 

in the MFCs were affiliated with Geobacter (0.98%-25.9%), Lentimicrobium (1.2%-4.8%), 

Clostridium sensu stricto10 (1.4%-2.15%) and Thermincola (0.07%-5.84%). However, in 

control, Lentimicrobium (1.68%-7.17%) and Clostridium sensu stricto10 (1.60%-3.01%) were 

more abundant (Fig. 3.4). The species Geobacter (0.67% vs 26.0%) and Thermincola (0.47% 

vs 5.80%) were selectively enhanced in the sMFC anode vicinity compared to the control 

because both genera are able to use the electrodes as final electron acceptors (Wang et al., 2015; 

Wrighton et al., 2008). The relative abundance of known fermentative bacteria Lentimicrobium 

and Clostridium sensu stricto10 decreased in the sMFC compared to the control, probably due 
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to the decrease of organic matter (Rago et al., 2018; Sun et al., 2016) (Table S 3.5). However 

it should be noted that the genus Clostridium sensu stricto contains some electroactive bacteria 

(Koch and Harnisch, 2016; Rago et al., 2018), although their relative abundance in this study 

was lower in the MFCs. 

 

Figure 3.4 Heat map distribution of bacterial phylotypes classified to the genus level. The 

relative abundance values represent the mean of four replicates. 

Additionally, the archaeal community was also significantly affected by the sMFC 

anode (Fig. 3.5a-b). At phylum level, Euryarchaeota (40.7% vs 52.3%) and Bathyarchaeota 

(10.1% vs 17.3%) were significantly decreased at the sMFC anode compared to the control. 

However, the phylum Woesearchaeota (DHVEG 6) (24.0% vs 19.5%) was slightly enhanced 
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(Fig.3.5a). Further analysis at genus level showed that the genera Methanomassiliicoccus 

(12.3% vs 17.9%) Methanosarcina (10.8% vs 14.6%) and Methanosaeta (0.9% vs 3.9%) were 

also significantly decreased in the sMFC anode vicinity compared to the control (Fig. 3.5b). 

These results further demonstrated that the sMFC played a significant role in the selection and 

enrichment of electrogenic microbes and decreases methanogens (Jung and Regan, 2011; 

Kouzuma et al., 2014; Ni et al., 2016). However, the genus Candidatus Methanoperedens 

(0.98% vs 0.15%) was slightly enhanced in the sMFC compared to the control. Members of 

the genus Candidatus Methanoperedens has been shown to be capable of performing nitrate-

dependent anaerobic oxidation of methane. Candidatus Methanoperedens reduces nitrate 

anaerobically and use methane as the electron donor (Vaksmaa et al., 2017; Welte et al., 2016), 

therefore the marginal increase in their relative abundance in the anode vicinity suggest they 

could possibly be able to use the anode as an electron donor to reduce nitrate. 
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Figure 3.5  Relative abundance of archaeal community composition at phylum (a) and genus 

(b) level. The relative abundance values represent the mean of four replicates. 

3.4.5. Influences of relic DNA on microbial community composition at phylum and class 

levels 

Additionally, a comparison of the microbial community of PMA and non-PMA treated 

samples showed similar taxonomic distributions. However, it should be noted that the relative 
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abundance of the phylum Proteobacteria, although not significant, was slightly higher in the 

PMA treated samples compared to the non-PMA treaded samples in the sMFC irrespective of 

sample location. Moreover, the phyla Bacteroidetes and Chloroflexi were slightly lower in the 

MFCs samples treated with PMA (Fig. 3.3a). In contrast, a significant difference was observed 

at the genus level for the following groups; Geobacter (p < 0.001), Fonticella (p = 0.015), 

Gracilibacter (p = 0.005), Thermincola (p = 0.002), Oxobacter (p = 0.008), BSV13 (p = 0.020), 

Candidatus_Solibacter (p = 0.011) and Mobilitalea (p = 0.013). Also, the relative abundance 

of Candidatus Methanoperedens and Methanosaeta were relatively higher in the PMA treated 

samples, while that of Methanobacterium was slightly higher in the non-PMA treated samples 

(Fig. 3.5). These results suggest that although the sMFC altered the microbial community 

structure, relic DNA from the lysed cells were at a state of equilibrium with that of the intact 

cells. Therefore, in our system, relic DNA only had minimum effect on the culture independent 

estimates of microbial community composition. Numerous factors could be responsible for the 

lack of significant difference between the PMA and non-PMA treatment. For example, after 

cell death, some cells could be preserved by the soil and remain intact. This in turn rendering 

PMA ineffective because the concentration of PMA used in this study was insufficient to 

penetrate the intact cells (Carini et al., 2016). Another reason for the lack of dissimilarity may 

have occurred because the rate of cell death and the rate of extracellular removal may have 

been at a state of equilibrium (Lennon et al., 2018).  

3.5. Conclusion  

This study revealed that anodes of the soil sMFC can influence the microbial 

community structure of the bulk soil profile centimeters away. The phylum Proteobacteria and 

the class Deltaproteobacteria significantly increased in the sMFC compared to the control. 

Similarly, the archaeal community in the sMFC anode vicinity was strongly influenced by the 

anode. At the phylum level, the phyla Euryarchaeota and Bathyarchaeota were significant 
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decreased in the sMFC, while the phylum Woesearchaeota (DHVEG 6) was slightly enhanced. 

PCoA-PC1 vs PC2 analysis and ANOSIM analysis revealed that relic DNA had minimal effect 

on estimation of taxonomic and phylogenetic diversity in the sMFC system. This study shows 

for the first time that the removal rate of relic DNA may be at a state of equilibrium in the 

sMFC system after 60 days of operation and therefore will have minimum influence of culture 

independent estimates of the microbial community. However further studies are needed to 

determine the effect of relic DNA on the temporal microbial community of the soil sMFC.  
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3.7. Supplementary data 

The effect of the soil microbial fuel cell on paddy soil 

microbial community profile 

Table S 3.1 Selected chemical properties of the fresh soils used in this study. 

Soils Texture Fe(g/kg ) As (mg/kg) pH TOC (g/kg) 

Loam Clay 53.7 ±1.8 73.7 ±5.9 6.2 ±0.1 23.2 ±0.9 

 

Notes: Fe, soil total iron, As, soil total arsenic, TOC, total organic carbon. The values 

represent the mean ±standard error of four replicate samples. 
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Table S 3.2 Concentration of DNA in each sample as measured immediately after the 

extraction. 

Sample ID DNA (ng/µL) Sample ID DNA (ng/µL) 

Control-T1 0.51 sMFC-T1 0.30 

Control-T2 0.60 sMFC-T2 0.30 

Control-T3 0.62 sMFC-T3 0.27 

Control-T4 0.62 sMFC-T4 0.31 

Control-M1 0.54 sMFC-M1 0.32 

Control-M2 0.27 sMFC-M2 0.11 

Control-M3 0.71 sMFC-M3 0.80 

Control-M4 0.55 sMFC-M4 0.40 

Control-A1 0.54 sMFC-A1 0.44 

Control-A2 0.44 sMFC-A2 0.28 

Control-A3 0.62 sMFC-A3 0.22 

Control-A4 0.32 sMFC-A4 0.12 

P-Control-T1 0.16 P-sMFC-T1 0.51 

P-Control-T2 0.14 P-sMFC-T2 0.41 

P-Control-T3 0.18 P-sMFC-T3 0.51 

P-Control-T4 0.18 P-sMFC-T4 0.32 

P-Control-M1 0.18 P-sMFC-M1 0.22 

P-Control-M2 0.10 P-sMFC-M2 0.31 

P-Control-M3 0.32 P-sMFC-M3 0.27 

P-Control-M4 0.10 P-sMFC-M4 0.11 

P-Control-A1 0.13 P-sMFC-A1 0.20 
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P-Control-A2 0.19 P-sMFC-A2 0.44 

P-Control-A3 0.13 P-sMFC-A3 0.55 

P-Control-A4 0.15 P-sMFC-A4 0.14 

 

Note T, M and A: represents samples collected from top layer, middle layer and anode vicinity 

respectively. 
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Table S 3.3 Similarity-based microbial OTUs and species richness and diversity estimates (n=4). 

Sample ID Reads 

Observed 

OTUs ACE Chao1 

Shannon 

index 

Good's 

Coverage 

(%) 

Control-T 172320 ±22821 1512 ±12 1694.19 ±7.06 1725.26 ±11.02 8.57 ±0.03 99.20 ±0.00 

Control-M 118892 ±8963 1396 ±8 1543.27 ±9.64 1570.27 ±8.09 8.14 ±0.06 99.30 ±0.00 

Control-A 136342 ±7145 1359 ±25 1499.87 ±22.28 1520.87 ±23.77 8.22 ±0.08 99.40 ±0.00 

P-Control-T 167132 ±24034 1494 ±23 1654.22 ±37.96 1674.55 ±37.88 8.68 ±0.08 99.30 ±0.00 

P-Control-M 170169 ±26012 1372 ±10 1509.23 ±7.93 1535.48 ± 8.56 7.99 ±0.04 99.40 ±0.00 

P-Control-A 136630 ±2479 1344 ±13 1470.42 ±17.46 1496.89 ±17.71 8.08 ±0.04 99.40 ±0.00 

sMFC-T 138423 ±23067 1532 ±20 1736.43 ±28.50 1761.00 ±25.19 8.61 ±0.24 99.20 ±0.00 

sMFC-M 131344 ±22816 1405 ±4 1536.76 ±24.50 1559.40 ±26.46 8.26 ±0.01 99.40 ±0.00 

sMFC-A 133954 ±2479 1216 ±15 1428.48 ±24.83 1434.27 ±27.41 6.94 ±0.09 99.20 ±0.00 
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P-sMFC-T 179308 ±17954 1483 ±19 1655.92 ±28.44 1663.47 ±37.71 8.39 ±0.05 99.30 ±0.00 

P-sMFC- M 142549 ±17060 1385 ±19 1540.01 ±5.22 1555.69 ±6.32 8.11 ±0.04 99.30 ±0.00 

P-sMFC- A 130068 ±6956 1222 ±27 1432.61 ±21.16 1444.29 ±21.58 6.72 ±0.02 99.20 ±0.00 

 

Notes: OTUs, The operational taxonomic units were defined with 3% dissimilarity. T, M and A: represents samples collected from top layer, 

middle layer and anode vicinity respectively. The values represent the mean ±standard error of four replicate samples. 
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Table S 3.4Similarity-based archaeal OTUs and species richness and diversity estimates. 

Sample ID Reads 

Observed 

OTUs ACE Chao1 

Shannon 

index 

Good's 

Coverage 

(%) 

Control-A 124632 ±6459 303 ±5 353.84 ±12.16 358.75 ±18.84 5.11 ±0.06 99.80  ±0.00 

P-Control-A 143249 ±12512 297 ±8 338.20 ±5.36 338.19 ±7.50 5.04 ±0.10 99.80  ±0.00 

sMFC-A 140226 ±7236 371 ±11 400.58 ±2.51 402.46 ±3.14 5.79 ±0.13 99.80  ±0.00 

P-sMFC- A 116289 ±25229 371 ±3 401.72 ±10.52 404.12 ±8.62 6.04 ±0.07 99.80  ±0.00 

 

Notes: OTUs, The operational taxonomic units were defined with 3% dissimilarity. A 

represents samples collected from vicinity respectively. The values represent the mean 

±standard error of four replicate samples. 

Table S 3.5 Results of selected chemical analysis of soil at the end of the experiment. 

Sample ID TOC (g/kg) pH *Fe (mg/l) 

Control-T 20.12 ±0.10 5.85 ±0.10 9.96 ±5.00 

Control-M 19.71 ±0.40 6.20 ±0.03 18.77 ±3.93 

Control-A 19.35 ±0.13 6.20 ±0.06 18.32 ±2.31 

sMFC-T 19.28 ±0.52 6.92 ±0.02 17.96 ±5.07 

sMFC-M 18.33 ±0.27 5.85 ±0.03 35.30 ±5.57 

sMFC-A 17.92 ±0.10 5.61 ±0.15 33.15 ±4.42 
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Notes: TOC indicates total organic carbon. T, M and A: represents samples collected from top 

layer, middle layer and anode vicinity respectively. * The iron presented here represent soil 

porewater total iron. The values represent the mean ±standard error of four replicate samples. 

 

Figure S 3.1 The voltage variation of the MFCs over time. 
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Chapter 4 : The effect of the sMFC on paddy soil 

components at different external resistance 

4.1. Abstract 

The use of soil microbial fuel cells (sMFC) are a novel technique that uses organic matter 

in soils as an alternative energy source. External resistance (ER) is a key factor that influences 

sMFC performance and also alters the soil biological and chemical reactions. However, little 

information is available on how the microbial community and soil component changes in sMFC 

with different ER. Thus, the purpose of this study was to collectively examine the effects of 

different ER on paddy soil biotic and abiotic components. Eighteen paddy sMFC were 

constructed and operated at five different ER (2000 Ω, 1000 Ω, 200 Ω, 80 Ω and 50 Ω) in 

triplicates for 90 days. The effects of the sMFC anodes at different ER were examined by 

measuring organic matter (OM) removal efficiency, trace elements in porewater and bacterial 

community structure in contaminated paddy soil. The results indicate that ER has significant 

effects on sMFC power production, OM removal efficiency and bacterial beta diversity. 

Moreover, ER influences iron, arsenic and nickel concentration as well in soil porewater. In 

particular, greater current densities were observed at lower ER (2.6mA, 50Ω) as compared to 

a higher ER (0.3mA, 2000Ω). The removal efficiency of OM increased with decreasing ER 

whereas it decreased with soil distance away from the anode. Furthermore, principal coordinate 

analysis (PCoA) revealed that ER may shape the bacterial community that develop in the anode 

vicinity but have minimal effect on that of the bulk soil. The current study illustrates that lower 

ER can be used to selectively enhance the relative abundance of electrogenic bacteria and lead 

to high OM removal. 
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4.2. Introduction 

Organic carbon in sediments or soils can be used as a new source of energy when 

employed in microbial fuel cells (MFC). Soil microbial fuel cells (sMFC) are special type of 

MFC that produce electricity by using organic chemicals present in the soils as an energy 

source (De Schamphelaire et al. 2008; Hong et al. 2009; Song et al. 2010; Chen et al. 2012). In 

sMFC, organic matter (OM) is anaerobically oxidized at the anode by the soil microorganisms, 

resulting in the production of electrons. The electrons produced during OM oxidation migrate 

toward the cathode, through an external circuit, where they combine with oxygen and protons 

to form water. sMFCs that employ paddy soil has gained considerable attention recently 

because the unique biological and chemical characteristics of paddy soil makes them ideal for 

power production (Kaku et al. 2008; Huijuan et al. 2012). In addition to power generation, 

sMFC have also found use in stimulating soil bioremediation. For instance, the anode of the 

sMFC can serve as an electron sink for anode respiring bacteria (ARB) and accelerate 

bioremediation of both polycyclic aromatic hydrocarbons and redox active heavy metals 

(Wang et al. 2015; Yu et al. 2017; Gustave et al. 2018).  

However, sMFC deployment in paddy fields has been shown to alter both biotic 

components (e.g. soil bacterial community structure) and abiotic components (Kouzuma et al. 

2014; Lu et al. 2014; Gustave et al. 2018). When an anode of sMFC is embedded into the 

anaerobic soils, it functions as a continuous sink for electrons therefore this alters soil chemistry 

(Logan, 2008; Huang et al. 2011). This in turn increases soil redox potential (Eh), decreases 

soil pH and changes the bioavailability of soil nutrients such as phosphate, nitrogen and carbon 

(Hong et al. 2009a; Touch et al. 2017). Since soil Eh, pH and nutrient bioavailability are major 

drivers of bacterial community structure, the changes in soil chemistry may influence the soil 

bacterial community composition. (Pettridge and Firestone 2005; Nicol et al. 2008; Wu et al. 

2017). Furthermore, sMFC have also been used to prevent the deterioration of overlying water 
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quality and for the removal or stabilization of toxic heavy metals (Chen et al. 2015; Wang et 

al. 2015; Zhou et al. 2015; Gustave et al. 2018). Previous studies have shown that sMFC can 

be used as a mitigation technology in soils contaminated with chromium, uranium, cadmium, 

lead, copper or organic pollutants (Zhang et al. 2012; Chen et al. 2015; Wang et al. 2015; Abbas 

et al. 2017). However, several factors such as dissolved oxygen, temperature, internal 

resistance, microbial activity and anode potential have been shown to impact the performance 

of sMFC (Jang et al. 2004; Min et al. 2008; Huan et al. 2014). 

Among them the anode bacterial community is one of the most important factors that 

determine the capability of the sMFC to function effectively as a remediation technology. For 

example, when non-anode respiring bacteria are abundant in the anode chamber, these 

microbes may compete with ARB for resources, thereby limiting the performance of the sMFC 

(Jung and Regan 2011; Kouzuma et al. 2014). However, regulating the anode potential has 

been shown to effectively tailor the desired ARB consortium and suppress the growth of 

undesirable microbes, such as methanogens (Jung and Regan 2011; Kouzuma et al. 2014). This 

occurs because the anode potentials regulate the anode availability to accept electron from ARB 

and the energy ARB received for growth and development (Torres et al. 2009). Thus at certain 

anode potential, ARB are able to gain higher energy for growth from respiring the anode and 

out compete methanogens for OM (Jung and Regan 2011). Moreover, many studies have used 

a potentiostat to set the anode potential (Torres et al. 2009; Zhu et al. 2014). Although the 

electrode at a certain potential provides a controlled environment as the habitat of electrogens, 

it requires the input of external energy and is not feasible in field application. Furthermore, 

most of these studies have only been done in the double chamber MFC system but not in the 

soil MFC (Torres et al. 2009; Zhu et al. 2014). Therefore, the effect of the anode potential on 

the soil microbial community needs to be investigated, while using a simple method that does 

not incur additional cost. 
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Moreover, adjusting applied external resistance (ER) in sMFC has also been shown to 

affect the anode potential and the metabolic rate of ARB (Song et al. 2010; Rismani-Yazdi et 

al. 2011). Studies on the relation between anode potential and ER have reported that applying 

lower ER results in higher anode potentials (Song et al. 2010; Rismani-Yazdi et al. 2011; Del 

Campo et al. 2014). Del Campo et al. (2014), reported that lowering the applied ER increases 

anode potential because ER influences the transfer of electron from anode to cathode. 

Therefore, at lower ER the transfer of electron from the anode to the cathode is limited by 

internal resistance and this results in the increase of anode potential (Song et al. 2010; Rismani-

Yazdi et al. 2011; Del Campo et al. 2014). Additionally, studies have demonstrated that lower 

ER increases the microbial degradation of OM and current output from the sMFC (Song et al. 

2010). This occurs because different ER and anode potential can greatly impact the anode 

microbial community structure, morphology and sMFC performance (Aelterman et al. 2008; 

Torres et al. 2009; Rismani-Yazdi et al. 2011).  Furthermore, the current produced by the sMFC 

can also stimulate microbial degradation of soil OM by anaerobic bacteria (Pitts et al. 2003; 

Yu et al. 2017). Hence studying the impact of ER in sMFC is important if the sMFC is to be 

applied in the field as a remediation technology. Because the applied ER regulate the bacterial 

activity on the anode which controls the maximum voltage, current, power output and OM 

removal efficiency of the sMFC (Menicucci et al. 2006; Song et al. 2010; Rismani-Yazdi et al. 

2011; Del Campo et al. 2014). 

Although the application of sMFC is increasing, studies examining the effect of anode 

potential on sMFC community have received limited to no attention. Many studies have 

reported changes in sMFC anode microbial community under close circuit conditions 

(Kouzuma et al. 2014; Lu et al. 2014; Wang et al. 2015; Gustave et al. 2018) however, as far 

as the authors are aware the effect of ER on the microbial community of sMFC has not been 

investigated thus far. Moreover, the influence of anode potentials on the biofilm community 
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composition in double chamber MFC have been investigated (Torres et al. 2009; Zhu et al. 

2014), however, to date there is no universal consensus on the effect of anode potential on the 

anode community structure. Torres et al. (2009) observed selective enhancement of Geobacter 

sulfurreducens at lower anode potentials (−0.15V, −0.09V, and 0.02V vs Standard hydrogen 

electrode (SHE)) and an increase in bacterial diversity at higher anode potential (0.37V). On 

the contrary, Zhu et al. (2014), argues that anode community was unaffected by anode potential 

and that electrogenic communities acclimatize to different anode potentials. Nonetheless, to 

date, to the best of our knowledge, no studies have examined the influence of the anode at 

different ER on soil biotic and abiotic constituents collectively. Previous studies have examined 

the effects of ER on soil OM degradations (Song et al. 2010; Cao et al.  2015), nevertheless to 

date no studies have been done to assist the effect of ER on soil microbial community and soil 

porewater heavy metal behavior. Thus, the objectives of this study were, therefore, to 

collectively examine the effects of different ER on soil and anode bacterial community 

structure, OM removal efficiency and selective soil metal behavior at various resistances away 

from the anode. The results from this study suggest that lower ER can be used to enhance ARB 

abundance and increase OM removal. 
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4.3. Materials and Methods 

4.3.1. Paddy Soil Sample 

The paddy soil samples were collected from a rice paddy in Qiyang, Hunan located in 

Southern part of China (GPS N26.760 E111.86). The soil properties, including texture, pH, 

OM content, As and Iron (Fe) were measured to be clay, 6.0, 23.2g/kg, 73.7mg/kg and 53.69 

g/kg, respectively. 

4.3.2. Soil Microbial Fuel Cell Assembly 

Eighteen sMFCs were constructed from the paddy soil and operated at different ER 

(2000 Ω, 1000 Ω, 200 Ω, 80 Ω and 50 Ω) in triplicates for 90 days incubation. Of the eighteen 

sMFC, three were controls, the anodes and cathodes were not connected (open circuit). All 

sMFC were constructed as previously described in chapter 2, with slight modifications. Briefly, 

a columnar polyethylene terephthalate container (10 cm diameter × 15 cm depth) with two 

valve ports (~2 cm above the anode and adjacent to the anode) was used to construct each 

sMFC. Circular carbon felts with geometric surface area of 50.2 cm2 were used as anodes and 

cathodes. A data logger (USB-7660B, ZTIC, China) was used to record the voltage between 

the anode and cathode.  

Using 700 g (dry weight) of soil sample, ~1 cm depth of soil was placed at the bottom 

of the sMFC container. Then, the anode was placed on the surface of the soil layer and then 

buried with additional soil to simulate anaerobic conditions. The cathode was placed above the 

soil in aerobic conditions (half submerged in water and the other half in the open air). Deionized 

water (1L) was added to flood the paddy soil. No external carbon source or electron acceptors 

were added during the entire operational period of the sMFC. 
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4.3.3. Chemical Analysis 

Each constructed sMFC was equipped with two self-made soil porewater sampler. The 

sampler was made from a 0.45 µm hollow fiber membrane (modified polyethersulfone, 

Motimo Membrane Technology Co., Ltd, Tianjin, China), which was inserted into the soil 

through the valve port adjacent to the anode and 2 cm above the anode. The soil porewater was 

sampled and analyzed for As, Ni and Fe as described in chapter 2. Dissolved organic carbon 

(DOC) and loss on ignition (LOI) concentration was determined as outlined in chapter 2. 

4.3.4. Microbial Community Analysis  

Total Genomic DNA was extracted from the anode vicinity and bulk soil using the 

PowerSoil DNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA) from all of the 

treatments including the controls according to the manufacturer’s protocol. The quantity of 

DNA in the extracts was measured at 260 and 280 nm using a Qubit 2.0 Fluorometer 

(Invitrogen, Carlsbad, CA) and the quality of the DNA was verified by agarose gel 

electrophoresis. The DNA extracts were stored at -80 °C until sequencing. The V3-V5 

hypervariable regions of the 16S ribosomal RNA (rRNA) gene in bacteria were amplified using 

primer pair 515f/907R (Sun et al. 2016; Xiao et al. 2016). The procedure for the microbial 

community structure analysis has been previously described in chapter 2. 

4.3.5. Nucleotide sequence accession numbers 

Nucleotide sequences were deposited in the GeneBank database with accession 

numbers MG814044 - MG815131. 

4.4. Results  

4.4.1. Electricity generation from soil MFCs with different external resistors 

In this study each sMFC was loaded with a fixed resistor for the duration of the 

experiment. Five different ER were tested ranging from 50 Ω to 2000 Ω and the current 

production from the sMFC for 90 days of operation is illustrated in Fig. 4.1. The current of all 
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the sMFC sharply increased during the initial stage regardless of ER and it reached a maximum 

current at around 10 days. The highest current produced was observed at an ER of 50 Ω 

(2.6mA), followed by those of 80 Ω (2.1 mA), 200 Ω (1.6 mA) and 1000 Ω (0.8 mA). An ER 

of 2000 Ω produced the lowest current (0.3mA). However after ca. 30 days all the current 

outputs irrespective of ER were approximately the same (0.15-0.2 mA). The insert in Fig. 4.1 

shows change in the controls voltage with time. The voltage in the control reached 

approximately 0.92 V on day 52 and remained relatively stable until the end of the experiment. 

 

Figure 4.1 Current production from sMFC fixed with different external resistances during a 

90-day operation. The insert represent the change in the control’s voltage with time. 

4.4.2. Polarization properties of the sMFC 

The power current curve is an important attribute used to determine the performance of 

MFC. The power current curves in this study were obtained by varying ER from 10KΩ to 10Ω 

and are compared in Fig. 4.2. The power densities of the sMFC set at 1000 Ω and 2000 Ω ER 

were similar and those set at lower ER (50 Ω, 80 Ω and 200 Ω) mirrored each other. As shown 
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in Fig. 4.2, the maximum power density observed in the sMFC at different resistance were 22.2, 

22.2, 24.1, 36.5 and 40.0 mW/m2 for 50 Ω, 80 Ω, 200 Ω, 1000 Ω and 2000 Ω respectively. 

Similarly, the polarization slope method was used to determine the internal resistance for each 

sMFC. The results followed a similar trend to maximum power except for the case of 200 Ω. 

The 50 Ω ER had the lowest internal resistance and 2000 Ω had the highest internal resistance. 

The internal resistance increased in the following order 50 (389 Ω) < 80 (390 Ω) < 1000 (476 

Ω) < 200 (556 Ω) < 2000 (572 Ω).  

 

Figure 4.2 Polarization curves of the sMFC at various external resistance. The filled and open 

symbols represent power and voltage respectively. The error bars represent standard error of 

measured concentrations of triplicate samples. The insert represent the polarization curve of 

the sMFC set at 50Ω. 

The anode and cathode potentials (versus Ag/AgCl reference electrode) for each sMFC 

at different ER are shown in Fig. S 4.1. In general, the anode potential became more positive 

with decreasing ER, however there was negligible difference between the potential of the anode 
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at 50 Ω, 80 Ω and 200 Ω. The working potential of the anode for the sMFC with an ER of 2000 

Ω was much lower than those with other ER, approximately 345 mv lower than those with ER 

of 50 Ω, 80 Ω and 200 Ω. Moreover, the highest cathodic potential was observed in the sMFC 

with 200 Ω ER followed by that of 80 Ω and 1000 Ω. The cathodic potential of sMFC with ER 

of 50 Ω and 2000 Ω were approximately the same. These findings indicate that the cathode was 

responsible for the difference in sMFC performance with different ER, especially at ER of 200 

Ω, 80 Ω and 50 Ω (Song et al. 2010). This was due to the sharp decrease in cathode potential 

with decreasing resistance compared to that of the anode. 

4.4.3. Microbial community structure 

The Illumina MiSeq sequencing of the 16S rRNA gene yielded a total of 2164539 

bacterial sequences (average read length 450 bp). The valid reads clustered into 1162 OTUs at 

a 3% distance. The rarefaction analysis showed a clear saturation trend indicating that the 

sequencing depth of 30,000 was sufficient (Fig. S 4.2). The notion of sufficient depth being 

met was also supported by the high Good’s Coverages (>0.99) (Table S 4.1). The observed 

alpha diversity indices showed that the bacterial communities in the vicinity of the anode were 

less diverse than that of the bulk soil and that applying different ER had a negligible influence 

on bacterial diversity (Table S 4.1).  

Beta diversity indices, PCoA (Fig. 4.3) and NMDS (Fig. S 4.3) analyses of the bacterial 

community composition reveal three distinctive clusters. Where the bulk soils bacterial  

community clustered together regardless of applied ER, while the samples from anode vicinity 

posed at high ER  (1000 Ω and 2000 Ω) clustered with the control and that of the lower 

resistances (50 Ω, 80 Ω and 200 Ω) formed another cluster. These findings demonstrate for the 

first time that the ER may shape the bacterial communities that develop in the anode vicinity 

of sMFC but have minimal effect on that of the bulk soil.  
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Figure 4.3 Principal Coordinates Analysis (PCoA) of the sMFC and controls bacterial 

community composition based on Bray-Curtis distance. The x- and y-axes are indicated by the 

first and second coordinates, respectively, and the values in parentheses show the percentages 

of the community variation explained. 

Phylum and class level analysis reveal that fourteen bacterial phyla and fourteen 

bacterial classes, respectively made up the vast majority of total 16S rRNA gene sequences, 

accounting for 92% and 78% of total reads, respectively. Taxonomic classification at the 

phylum showed that the phyla Proteobacteria, Chloroflexi, Nitrospirae and Chlorobi were 

enhanced with decreasing ER and Bacteroidetes, Acidobacteria and Euryarchaeota were 

suppressed (Fig. S 4.5). The relative abundance of Proteobacteria in the anode biofilms were 

29.7% (50 Ω), 26.5% (80 Ω), 27.2% (200 Ω), 23.2% (1000 Ω), 22.6% (2000 Ω) and 21.3% 
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(control) respectively, when Chloroflexi accounted for 10.8% (50 Ω), 11.7% (80 Ω), 11.5% 

(200 Ω), 10.3% (1000 Ω), 8.04% (2000 Ω) and 9.86% (control). The relative abundance of 

Nitrospirae and Chlorobi followed a similar trend 11.5 and 2.56 % (50 Ω), 14.1 and 2.36% (80 

Ω), 13.9 and 1.64% (200 Ω), 8.01 and 1.06% (1000 Ω), 7.00 and 1.34% (2000 Ω) and 5.2 and 

0.86% (control) respectively. Analysis on the class level showed that Deltaproteobacteria, 

Bacteroidetes vadinHA17, Nitrospira and Subgroup18 were strongly influenced by ER. Further 

analysis at the genus level showed that the Geobacter and Lentimicrobium were the most 

sensitive genus to ER. Geobacter was enhanced with decreasing ER in both the bulk soil and 

the anode vicinity, while in the bulk soil Lentimicrobium was suppressed (Fig. 4.4). 

 

Figure 4.4 Relative abundance of bacterial community composition at genus level (a) anode 

vicinity and (b) bulk soil. 

4.4.4. Organic matter removal and Change in soil pH 

The loss on ignition (LOI) value was used as a proxy to estimate the OM content in the 

soil and its removal efficiency was used to analyze the effect of ER on degradation of organic 

carbon by the sMFC. Figure 4.5 illustrates the removal efficiency of LOI from the soil samples 

at two distances (~1cm and 2cm) away from the anode at different ER. The removal efficiency 
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of LOI increased with decreasing ER and distance away from the anode. The removal 

efficiency of LOI in the vicinity of the anode were 2.0%, 4.9%, 6.9%, 6.5% and 7.4% higher 

than the control, for sMFC loaded with 2000 Ω, 1000Ω, 200 Ω, 80 Ω and 50 Ω ER,  respectively. 

A similar trend was observed in the removal efficiency of OM in the bulk soil. A significantly 

(p < 0.05) higher removal efficiency of LOI irrespective of location was observed between the 

control and all the treatments except for 2000 Ω (anode vicinity). The results obtained here 

demonstrate that the anode could enhance bacterial degradation of organics and decreasing ER 

can further promote this process. Moreover, ER also influences the sMFC soil pH (Table S 

4.2). In general, the soil pH in the anode vicinity decreased with decreasing ER and the pH in 

of the bulk soil slightly increased with decreasing ER. The soil pH in the anode vicinity were 

5.75, 5.84, 5.56, 5.60 and 5.67 for  sMFC loaded with 2000 Ω, 1000Ω, 200 Ω, 80 Ω and 50 Ω 

ER,  respectively. While the pH in the bulk soil were 5.88, 5.66, 5.77, 5.73 and 5.70 for  sMFC 

loaded with 2000 Ω, 1000Ω, 200 Ω, 80 Ω and 50 Ω ER, respectively. 

 

Figure 4.5 Removal efficiencies of lost on ignition carbon. The error bars represent standard 

error of measured concentrations of triplicate samples. 
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4.4.5. Changes of porewater As, Fe and Ni  

 The concentrations of As, Fe and Ni in the bulk soil porewater and in the anode vicinity 

were tested from day 0 to 60 at intervals of 10 days and then tested at the end of 90 days (Fig. 

4.6a-d and Fig. S 4.5a-b). As shown in Fig. 4.6a-b and Fig. S 4.6a-b no significant (p >0.05) 

differences was observed in bulk soil porewater for As, Fe and Ni  with time irrespective of 

ER, however the concentration of both Fe and As was slightly elevated in the treatments 

compared to the controls at the end of 90 days. In the vicinity of the anode the concentration 

of As, Fe and Ni were lower in the treatments compared to the control. In general, the 

concentration of these metals decrease with decreasing ER in the anode vicinity. 

 

Figure 4.6 a-d Fe and As variation in soil porewater along with incubation time. Panels a and 

b represent Fe concentration in the bulk soil and anode vicinity respectively. Panels c and d 

represent As concentration in the bulk soil and anode vicinity respectively.  The error bars 

represent standard error of measured concentrations of triplicate samples. 
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4.5. Discussion 

Various studies have shown that the applied ER can greatly affect the current 

production, because ER plays an important role in the enrichment process of ARB on the anode 

(Mohan et al. 2008; Rismani-Yazdi et al. 2011). These studies revealed that low resistance 

stimulated ARB growth on the anode and thereby improved current production (Aelterman et 

al. 2008; Torres et al. 2009; Rismani-Yazdi et al. 2011).  As illustrated in Fig. 4.1, the currents 

in sMFC increased with decreasing ER and were in agreement with previous reports (Song et 

al. 2010; Cao et al. 2015). The rapid initial increase in the sMFC current occurred as a result 

of the high readily oxidized organic content of the soil and the accumulation of the 

electrochemically active biofilm on the anode (i.e. Geobacter) (Logan et al. 2007; Quan et al 

2013; Yu et al. 2017). The steady decrease in current observed after day 10 can be attributed 

to a number of factors such as reduction in the bioavailable DOC in the anode vicinity, cathode 

limitations and soil pH.  Firstly, since no external DOC was supply to the sMFC and the mass 

transfer of DOC is limited in soil, a decline in DOC near the anode could have resulted in the 

current decrease (Holmes et al. 2004; Hong et al. 2009), because DOC is the main electron 

donor to ARB (Reimers et al.2001; Hong et al. 2009; Gustave et al. 2018). Furthermore, the 

cathode potential may have also contributed to the decrease in current as depicted in Fig. S 4.1 

by the sharp decrease in cathode potential with decreasing resistance compared to that of the 

anode, which that the cathode became the limitation for the current generation (Song et al. 2010; 

Wang et al. 2012).  Additional, the decrease in pH in the anode vicinity could have also 

contributed to the drop in current. Previous studies have shown that the ARB activity was 

slower in slightly acidic pH conditions (Ishii et al. 2008; Jadhav et al. 2009).  The results 

obtained in this study were in accordance with that of Hong et al. (2009) and Holmes et al. 

(2004). In both studies, a maximum current was achieved within 10-20 days which was 

followed by a gradual decrease in current production with time. 
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The different intensity observed in current peak at different ER, was probably due to 

the increase in internal resistance with increasing ER (Fig. 4.2) (Song et al. 2010; Cao et al. 

2015). Since lower ER can reduce the extracellular electron transfer resistance which results in 

the increase of electron transfer rate (Gill et al. 2003). Although the internal resistance of sMFC 

depends on the applied ER, it was not constant. A number of other limiting factors such as soil 

conductivity, organic matter availability, electrode resistance, and bacterial activity and soil 

pH can also affect the internal resistance (Logan 2008; Hong et al. 2009; Jadhav et al. 2009; 

Huan et al. 2014). In our study, we observed higher OM removal efficiencies and lower pH in 

the sMFC at 200 Ω compared to the sMFC at 1000 Ω. Thus, the lower pH and OM in the sMFC 

at 200 Ω could have been responsible for the higher internal resistance. Zhuang et al. (2010) 

observed that higher pH in the anode chamber improved MFC performance and lowered 

internal resistance. Moreover, because there is a direct relation between OM bioavailability and 

ARB activity, the lower OM in the sMFC at 200 Ω could have resulted in lower ARB activity. 

Further,  the relatively high voltage observed in the control suggest that anode was under 

anaerobic conditions and the cathode was in aerobic conditions, since voltage is the difference 

in potential between that anode and the cathode (De Schamphelaire et al. 2008; Hong et al. 

2010). 

The increase in current with lower ER led to the higher removal efficiency of LOI in 

treatments fixed at low ER due to stimulated increase of anaerobe metabolic activities (Fig. 

4.5). Previous studies have shown that current can accelerate the metabolic reaction rate in 

anaerobic bacteria by enhancing the release of enzymes and altering the permeability of 

anaerobes cell membrane (Pitts et al. 2003; Yu et al. 2017). Thus, increase in electron transfer 

rate from anode to cathode due to lower ohmic resistance improved bacterial metabolism of 

both the anaerobic bacteria in the anode vicinity and the bulk soil. This consequently led to the 

higher removal of OM by the sMFC with the 50 Ω, 80 Ω, and 200 Ω and 1000 Ω circuit load. 



124 
 

The relatively lower current at 2000 Ω circuit load results in minimal OM removal compared 

to the control. Many studies have reported that enhanced OM removal at lower ER attributes 

this phenomenon due to increase in bacterial activity (Song et al. 2010; Cao et al.  2015).  

The increase in current and decrease in OM content in the treatment were probably 

responsible for the slightly lower concentration of As, Fe and Ni in the anode vicinity. Studies 

have shown that organic carbon is the main electron donor for anaerobic reduction of Fe oxide 

minerals bearing metals and metalloids. A positive correlation has also been observed between 

Fe and As mobilization and DOC bioavailability in paddy soil (Gustave et al. 2018). Gustave 

et al. (2018) observed a positive correlation between dissolved Fe and As in porewater and 

DOC concentration in sMFC.  Moreover, the reduction of Ni in the anode vicinity of the 

treatment was probably due to electromigration and immobilization of Ni on the anode (Giannis 

et al. 2010).  

 The effect of different ER on bacterial community structure enriched in the bulk soil 

and the anode vicinity revealed differences in community profiles in the vicinity of the anode 

and minor changes in that of the bulk soils. As shown in the PCoA analysis (Fig. 4.3) and 

NMDS (Fig. S 4.3) the anode community can be divided into two groups. Samples taken from 

the anode vicinity with lower circuit loads (50 Ω, 80 Ω and 200 Ω i.e. high current) were similar 

and those from higher ER (1000 and 2000 Ω i.e. low current) were more comparable to the 

control. The results observed here suggest that distinct bacterial communities developed at 

different current densities.  

The similarity in anode potential in groups with lower or higher ER could be the reason 

for the observed pattern. Numerous studies have shown that bacterial community varied 

depending on the anode potentials (Aelterman et al. 2008; Rismani-Yazdi et al. 2011). In 

addition, the anode has been shown to accelerate the metabolic rate and development of 

electroactive bacterial community in its vicinity (Aelterman et al. 2008; Rismani-Yazdi et al. 
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2011). In a study on the effects of ER on the anode Rismani-Yazdi et al. (2011), observed 

higher anode potential and columbic efficiency with lower ER. The authors concluded that 

lower ER produces higher current and that ER can be used to control anode potential and for 

the selection of ARB. Thus, it could be assumed that higher ER possibly limited ARB 

colonization and metabolic activities on the anode and vice versa when ER were reduced. 

Therefore, our results demonstrates for the first time that lower ER could be used to selectively 

enhance ARB in the anode vicinity and the associated bulk soil. 

 Moreover, taxonomical analysis of the anode community indicated that reducing ER 

enhances ARB such as Deltaproteobacteria and Nitrospira. This occurred because when ARB 

transfers electrons to the anode with higher electrochemical potentials, these ARB obtain more 

energy (Aelterman et al. 2008; Srikanth et al. 2010; Huan et al. 2014). Thus, at lower ER higher 

current generation and relative abundance of ARB were observed. Previous studies have 

demonstrated that Geobacter sp. current generation properties and growth were strongly 

affected by the anode potentials (Srikanth et al. 2008; Wei et al. 2010). Torres, et al. (2009) 

investigated the bacterial  community at different anode potential and found that lower anode 

potential had a high selection of the Geobacter sp. since they are able to transfer electrons to 

the anode efficiently with minimal energy loss. These results were in line with our findings 

where Geobacter relative abundance increased with decreasing ER (Fig. 4.4). The results 

obtained here demonstrate that ER can significantly influence the composition of anode 

bacterial communities by selectively enhancing electrogenic bacteria. 

4.6. Conclusions 

 In this study the effect of different ER on the sMFC performance, OM removal and 

bacterial community composition were collectively investigated. The results showed 

significant influences of ER on current production, OM removal efficiency and bacterial 

diversity. In particular, greater current densities, OM removal efficiencies and enhancement of 
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Geobacter were observed at lower ER (50 Ω, 80 Ω and 200 Ω). The current study illustrates 

that lower ER can be used to selectively enhance ARB relative abundance and increase OM 

removal efficiencies while decreasing metal concentration in soil porewater. 
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4.8. Supplementary data 

The effect of the sMFC on paddy soil components at different external resistance  

Table S 4.1 Similarity-based OTUs and species richness and diversity estimates. 

Sample ID Reads ACE Chao1 Shannon index Simpson Good's Coverage 

50Ω-S 65782 ±6751 1062 ±4.36 1079 ±3.50 8.28 ±0.13 0.991 ±0.00 0.997 ±0.00 

80Ω-S 61413 ±10933 1058 ±4.64 1080 ±4.20 8.22 ±0.01 0.991 ±0.00 0.998 ±0.00 

200Ω-S 61978 ±6980 1055 ±10.50 1064 ±14.03 7.99 ±0.04 0.988 ±0.00 0.997 ±0.00 

1000Ω-S 64995 ±7878 1049 ±1.71 1057 ±5.57 8.08 ±0.05 0.989 ±0.00 0.998 ±0.00 

2000Ω-S 60396 ±5919 1054 ±2.20 1069 ±6.58 8.16 ±0.05 0.990 ±0.00 0.997 ±0.00 

Control-S 56614 ±2383 1003 ±6.52 1010 ±9.16 7.89 ±0.04 0.986 ±0.00 0.997 ±0.00 

50Ω-A 52651 ±2032 1083 ±9.25 1097 ±9.28 7.81 ±0.06 0.987 ±0.00 0.996 ±0.00 

80Ω-A 52177 ±5131 1061 ±13.44 1064 ±11.77 7.79 ±0.05 0.986 ±0.00 0.997 ±0.00 

200Ω-A 50053 ±1202 1055 ±6.89 1067 ±8.51 7.52 ±0.03 0.982 ±0.00 0.996 ±0.00 

1000Ω-A 75216 ±14811 1108 ±4.62 1123 ±17.53 8.10 ±0.02 0.989 ±0.00 0.997 ±0.00 
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2000Ω-A 59405 ±2795 1075 ±27.95 1086 ±3.44 7.77 ±0.01 0.986 ±0.00 0.997 ±0.00 

Control-A 60832 ±822 1097 ±5.82 1104 ±8.05 8.24 ±0.04 0.991 ±0.00 0.997 ±0.00 

 

Notes S and A: represents samples collected from bulk soil and anode vicinity respectively. The values represent the mean ±standard error of 

three replicate samples. 
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Table S 4.2 Changes of pH in soil samples of sMFC set at different external resistance at the 

end of the experiment. 

 Sample ID 

Location 2000 Ω 1000 Ω 200 Ω 80 Ω 50 Ω Control 

Bulk soil 5.88±0.01 5.84±0.02 5.77±0.01 5.73±0.01 5.70±0.0 6.47±0.04 

Anode 

Vicinity 5.75±0.03  5.66±0.02 5.56±0.02 5.60±0.01 5.67±0.01 6.81±0.01 

Notes: Values represents mean ± SE (n = 3). 

 

Figure S 4.1 Anode (filled symbols) and cathode (open symbols) polarization curves. The error 

bars represent standard error of measured potentials of triplicate samples. 
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Figure S 4.2 Rarefaction curves showing the diversity of OTUs (similarity cut off of 97%). 

OTUs, Operational Taxonomic Units  
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Figure S 4.3 Non-metric multidimensional scaling (NMDS) ordination diagrams of the 

variations in bacterial community structures for the sMFC with different external resistance 

and controls. The ordination is based on Bray–Curtis similarity matrices of the relative 

abundance data obtained from high-throughput amplicon sequencing for the bacterial 

community. 
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Figure S 4.4 Relative abundance of bacterial community composition at phylum and class 

levels ((a) = anode vicinity; (b) =bulk soil).   
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Figure S 4.5 Variations in Nickel in soil porewater along with incubation time. a and b represent 

nickel concentration in the bulk soil and anode vicinity, respectively. The error bars represent 

standard error of measured concentrations of triplicates samples. 
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Chapter 5 : The effect of the sMFC on arsenic in soil with 

low organic matter content 

5.1. Abstract  

Arsenic (As) behavior in paddy soils couples with the redox process of iron (Fe) 

minerals. When soil is flooded, Fe oxides are transformed to soluble ferrous ions by accepting 

the electrons from Fe reducers. This process can significantly affect the fate of As in paddy 

fields. In this study, we used a novel technique to manipulate the Fe redox processes in paddy 

soils by deploying soil microbial fuel cells (sMFC). The results showed that the sMFC 

bioanode can significantly decrease the release of Fe and As into soil porewater. Iron and As 

contents around sMFC anode were 65.0% and 47.0% of the control respectively at day 50. The 

observed phenomenon could be explained by a competition for organic substrate between 

sMFC bioanode and the iron- and arsenic-reducing bacteria in the soils. In the vicinity of 

bioanode, organic matter removal efficiencies were 10.3% and 14.0 % higher than the control 

for lost on ignition carbon (LOI) and total organic carbon (TOC), respectively. Sequencing of 

the 16S rRNA genes suggested that the influence of bioanodes on bulk soil bacterial 

community structure was minimal. Moreover, during the experiment a maximum current and 

power density of 0.31 mA and 12.0 mWm-2 were obtained, respectively. This study shows a 

novel way to limit the release of Fe and As in soils porewater and simultaneously generate 

electricity.  
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5.2. Introduction 

Rice paddy soils are rich in iron (Fe) oxides, which serve as a potent repository for 

many soil contaminants, especially arsenic (As) (Li et al., 2011; Wang et al., 2009). When 

paddy soil becomes anoxic, bacteria oxidize organic matter (OM) to carbon dioxide (CO2) and 

use soluble and insoluble electron acceptors such as sulfate, nitrate, arsenate (As(V)) and Fe 

(oxy)hydroxides as the final electron acceptors (Lovley et al., 2004; Lovley and Phillips, 1986; 

Qiao et al., 2017a; Qiao et al., 2017b). The transfer of electrons to Fe (oxy)hydroxide by iron 

reducing bacteria (IRB) is prevalent in flooded paddy soils and this results in the dissolution of 

Fe and consequent release of As(V), which can then be reduced to arsenite (As(III)) by As(V)-

reducing and dissimilatory As(V)-reducing microorganisms (Qiao et al., 2017b; Roden et al., 

2010; Shelobolina et al., 2003). In addition, the direct reduction of As(V) to As(III) from the 

surface of metal oxides can also enhance the release of As into the soil porewater (Qiao et al., 

2017b; Takahashi et al., 2004). The reduction of Fe(III) and As(V) in turn increases As 

bioavailability and subsequent uptake of As by rice plants via the silicon pathway (Seyfferth et 

al., 2014; Seyfferth et al., 2017; Seyfferth et al., 2018; Williams et al., 2006; Zhu et al., 2008). 

The increased bioavailability of As in flooded paddy soil is a major concern because rice is 

consumed worldwide and the chronic consumption of As tainted rice expose individuals to this 

harmful carcinogen (Barragan et al., 2011; Chaney et al., 2016; Vithanage et al., 2017; Zhu et 

al., 2008). Hence there is an urgent need to develop ways to limit As bioavailability in paddy 

soil. 

The redox cycles occurring in paddy fields give rise to electricity upon implantation of 

soil microbial fuel cells (sMFC) (Chen et al., 2012; De Schamphelaire et al., 2010; Kaku et al., 

2008). A simultaneous outcome is that sMFCs are environmentally friendly bioelectrochemical 

systems that have the capacity to remove pollutants (Li and Yu, 2015). In sMFCs, 

exoelectrogens oxidize organic substrates and transfer electrons to the bioanode (Logan, 2008; 
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Rezaei et al., 2007). The electrons are then transferred to the cathode across an external circuit, 

where they reduce oxygen (Logan et al., 2006). Thus the bioanode of the sMFC is able to work 

as a continuous sink for electrons produced during the oxidation of organic substrates and in 

the same way influence soil redox chemistry and microbiology (Huang et al., 2011; Logan, 

2009).  

Previous studies have shown that the sMFC can immobilize and even extract metal ions 

by changing their redox state or via electrokinetic processes. It has been demonstrated that 

sMFC can facilitate the reduction of carcinogenic and mutagenic substance such Cr(VI) and 

U(VI) to the less harmful species (e.g. Cr(III) and U(IV)) in the cathode chamber (Wang et al., 

2015a). Similarly, the bioanode has also been used to for the in situ bioremediation of U(VI) 

(Gregory and Lovley, 2005). Chen et al. (2015) demonstrated that the sMFC can be used to 

produce sufficient energy to extract zinc and cadmium removal from paddy soils via 

electrokinetic transport to the cathode chamber. In addition to metal remediation, sMFC have 

also been utilized in nutrient (Martins et al., 2014; Xu et al., 2017; Yang et al., 2016; Zhang 

and Angelidaki, 2012) and OM (Morris and Jin, 2012; Song et al., 2010; Xun et al., 2016; Zhu 

et al., 2016) removal. The sMFC favors phosphate and nitrogen removal from overlying waters 

by increasing soil redox potential, Fe(III) concentration and overlying water pH (Martins et al., 

2014; Yang et al., 2016). However, few studies have investigated the influence of the bioanode 

on bulk soil Fe oxides and the elements coupled with Fe cycle in contaminated paddy soils.  

When the sMFC operates in paddy soils, the bioanode may change the bacterial 

community (Lu et al., 2014), acidify soils (Hong et al., 2009; Jang et al., 2004) and deplete 

bioaccessible organic substrate (Morris and Jin, 2012; Song et al., 2010; Xun et al., 2016; Zhu 

et al., 2016). Recent studies have provided evidence that Fe containing mineral reduction in 

flooded soils might also be influenced by the buried bioanode (Touch et al., 2017; Yang et al., 

2016). However, it is still unknown whether the bioanode can affect the behaviors of Fe and 
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soil trace elements, especially As bound with Fe mineral, in paddy soils, which have great 

significance in both plant nutrition and food safety. Given that the bioanode may affect Fe 

mineral behavior and can stimulate dissolved organic carbon (DOC) removal (Xu, 2015), we 

tried to manipulate redox processes in As-contaminated paddy soils by deploying sMFCs and 

observing changes in soil porewater total Fe and As concentration over time. Additionally, the 

effect of the bioanode on the bacterial community and paddy soil physiochemical properties at 

various distances away were also elucidated.  

5.3. Materials and Methods 

5.3.1. Paddy Soil Sample  

Subsurface paddy soil was collected from an arsenic-contaminated paddy field in 

Shangyu, Zhejiang, China (N29.159 E119.957). The soil contained 140 mg total As kg-1 due 

to contamination from nearby mining activities. Selective soil properties were determined and 

are presented in Table S 5.1. 

5.3.2. Soil Microbial Fuel Cell Assembly 

Eight sMFCs, were assembled following the method previously described in chapter 2 

with few modifications. Four were replicate treatments (close circuit) and four replicate 

controls (open circuit). Each sMFC contained 1 kg (dry weight) of paddy soil. A light-proof 

columnar polyethylene terephthalate container (10 cm diameter × 15 cm depth) was used to 

construct each sMFC. Soil porewater was sampled through 3 valve ports (Top: 1cm below the 

soil water inter phase, Middle: ~2 cm above the bioanode and Bottom: adjacent to the bioanode) 

by using a self-made sampler with 0.45 µm hollow fiber membrane (modified polyethersulfone, 

Motimo Membrane Technology Co., Ltd, Tianjin, China). Both the anode and cathode of the 

sMFC were prepared from circular carbon felt with a geometric surface area of 50.2 cm2. A 

data logger (USB-6225, National Instrument, Austin, USA) was used to monitor the voltage 

between the anode and cathode continuously across a 500 Ohm resistor.  



145 
 

In each sMFC container, a 1 cm depth of soil was added and then the anode was placed 

on the surface of the soil layer. The remaining soil sample was then used to bury the anode. 

Then deionized water was used to flood the paddy soil to stimulate the natural conditions 

leaving 500 ml of overlying water. Additional water was added daily to each sMFC to 

compensate for water lost due to evaporation. The cathode was installed in the overlaying water 

in aerobic conditions. All of the cells were incubated in the dark for 60 days at 28 ºC.  

5.3.3. Chemical Analysis 

Total As and Fe concentrations in soil porewater were determined from day 0 to 50 at 

10 days intervals. The soil from top, middle and bottom layers were collected on day 60 from 

both the sMFC and the control. The samples were homogenized and the content of total organic 

carbon (TOC) and loss on ignition (LOI) carbon was determined. Soil pH and redox potentials 

(Eh) were measured. The Eh of the soil was measured approximately 0.5 cm above the 

bioanode and was allowed to stabilize for 1 h before recording. The pH was determined from 

a soil slurry made by mixing dry soil with deionized water at a ratio of 1:2.5. All of the above 

were determine according to the methods describe in chapter 2. 

5.3.4. Microbial Community Analysis  

The bacterial communities of all the sMFC were characterized at the end of the 

experiment by 16S rRNA gene targeted Illumina sequencing. Briefly, 0.25 g of soil was 

carefully sampled from the top and middle location within each replicates sMFC. Whereas in 

the anode location, 0.25 g of attached soil and biofilm were carefully scraped from the anode 

with a sterile razor and the genomic DNA was immediately extracted from the samples using 

Powersoil DNA isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) according to the 

manufacturer’s instructions. The DNA concentration was quantified by a spectrophotometer 

(Qubit 2.0 Fluorometer, Thermo Scientific, USA) and was stored at - 80 °C until sequencing. 

The V4-V5 region of the bacterial 16S rRNA genes were amplified using the forward primers 
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347F (5'-CCTACGGRRBGCASCAGKVRVGAAT-3') and reverse primers 802R (5'-

GGACTACNVGGGTWTCTAATCC-3'). Details for Illumina sequencing, experimental steps 

and data analyses are described in chapter 2.  

5.3.5. Nucleotide sequence accession number 

Nucleotide sequences were all deposited in the GeneBank database with accession 

numbers MG100883-MG101815. 

5.4. Results and Discussion  

5.4.1. Power output of sMFC in As contaminated soil  

 Current from the sMFC during the experiment is shown in Fig.5.1a. The produced 

current increased sharply after connecting the 500 Ohm external resister, without any lag time 

and reached the first peak at around 0.2 mA on day 10. Afterwards, the current was quasi-

steady, with slight fluctuations until the end of the experiment. The rapid increase in current 

production is indicative of the acclimatization of electrogenic bacteria on the bioanode and the 

oscillating current production that followed was probably due to the heterogeneous nature of 

DOC in soil (Hong et al., 2010). 
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Figure 5.1 Relationship between current output (a), porewater DOC concentration (b), anode 

and cathode potential (c) over time. The error bars represent standard error of measured 

concentrations of four replicate samples. 

In addition to current production, the change of porewater DOC concentration and the 

potential of both the anode and cathode are also shown in Fig. 5.1b-c. The DOC concentration 

increased rapidly within 30 days and then decreased slightly before stabilization at 163 mg L-1 

on day 50. The anode potential rose sharply from 128 mV to 457 mV on day 20, then decreased 
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to 218 mV on day 30 where it remained relatively stable until the end of the experiment. The 

cathode potential fluctuated between 513 mV and 571 mV from day 0 to day 20. Afterwards 

the cathode potential decreased to 332 mV and varied slightly until day 60. These results 

indicate that the anode performance determined the current produced by the cell, which was 

dominated by the bioavailable DOC content of the soil porewater.  

A polarization curve was obtained on day 15 when the power was quasi-stable. As 

illustrated in Fig. S 5.1, the maximum power density (normalized to the anode geometric 

surface area) was found to be 12.0 m Wm-2, when the current density was 50.0 m Am-2 and the 

external resistance was 1000 Ohm. The power density obtained in this study was comparable 

to those observed in other studies (Kaku et al., 2008; Sajana et al., 2014; Takanezawa et al., 

2010) and could be attributed to the DOC content, since DOC serves as the main substrate pool 

for bacterial extracellular respiration (Fig.5.1b).  

5.4.2. Effects of the sMFC on soil OM, pH and Eh 

Both TOC and LOI carbon were measured and used to indicate the change in the amount 

of OM during the sMFC operation. The removal efficiencies of soil OM were calculated by 

comparing the soil OM content at the end of the experiment to the initial soil OM content. As 

shown in Fig. 5.2a and b, high OM removal was observed in the vicinity of the anodes, which 

were comparable to those obtained in previous studies (Song et al., 2010; Xu, 2015; Zhu et al., 

2016). The removal efficiencies of TOC were 29.9%, 34.9% and 38.6% in the top, middle and 

bottom layers respectively in the sMFC. Meanwhile, the removal efficiencies of LOI carbon 

followed a similar pattern, which were 12.5%, 17.7% and 28.8% in the top, middle and bottom 

layers respectively in the sMFC. The overall removal efficiency of soil OM in sMFC treatment 

was higher than that of the control in all the layers. When comparing each layer, the difference 

in top layer between treatments and controls were insignificant (p = 0.31), but very significant 

in bottom layers (p = 0.002). Our findings suggest that the bioanode facilitates OM degradation. 
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This is reasonable because the bacterial community in the soil can use the bioanode as a final 

electron acceptor under anaerobic conditions to oxidize OM when other electron acceptors such 

as oxygen, nitrates and sulfates are depleted (Morris and Jin, 2012; Song et al., 2010; Xun et 

al., 2016; Zhu et al., 2016).  

 

Figure 5.2 Removal efficiencies of LOI carbon (a) and total organic carbon (b) in three layers 

of soil (Top, Middle, and Bottom) for the sMFC and the control. The error bars represent 

standard error of measured concentrations of four replicate samples. 

In addition to decreasing soil OM content, the sMFC also influenced the soil pH and 

soil potential (Eh) and the results are presented in Table S 5.2. The soil pH in the top layer 

increased approximately 0.4 in the sMFC (6.09) versus the control (5.61), while the pH became 

more acidic with distances closer to the anode. The pH in the middle (5.39 vs 5.86) and bottom 

(5.21 vs 5.88) layer were significantly lower in the sMFC compared to the control. The 

oxidation of OM in the sMFC results in the production of protons in the vicinity of the bioanode 

and the reduction of oxygen on cathode consumed protons (Hong et al., 2009; Jang et al., 2004). 
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This led to the decrease in pH in the middle and bottom layers since the mass transfer of protons 

is slow in soil (Liu et al., 2016). Moreover, the Eh in the sMFC (-133 mV) was significantly 

higher than that of the control (-445 mV), which indicated the bioanode altered the redox 

processes in soils (Hong et al., 2009; Inseop et al., 2006).  

5.4.3. Change in total Fe and As concentration  

Iron is one of the major redox active elements in paddy soils and the reductive 

dissolution of Fe(III) plays a vital role in the release of metals. Significant differences in Fe 

behavior were noticed in the control versus sMFC. Figure 5.3a-c, shows the soluble Fe 

concentration in different layers increased with incubation time. In the controls Fe 

concentration dramatically increased in the soil porewater of the top, middle and bottom layers 

from 0.13 to 57.1 mg L-1, 0.17 to 162 mg L-1 and 0.24 to 233 mg L-1, respectively from day 0 

to 50. A similar trend in Fe release from the soil to soil porewater was observed in the sMFC. 

The dissolved Fe concentration in the top, middle and bottom layers increased from 0.20 to 

83.1 mg L-1, 0.16 to 109 mg L-1, and 0.19 to 144 mg L-1, respectively from day 0 to 50. 

Furthermore, average Fe concentration in the soil porewater of the sMFC was lower than that 

of the control in the middle and bottom layer but not the top layer. In the top layer the 

concentration of Fe was higher in the sMFC. These results suggest that the bioanode 

significantly reduced Fe reduction in its vicinity with time. Since the dissolved Fe in the middle 

and bottom layer of the sMFC was significantly lower (p = 0.008 and 0.001, respectively) than 

that of the control treatment. On the contrary, the results also showed that in the top layer the 

concentration of Fe was significantly higher (p = 0.021) in the sMFC compared to the control.  
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Figure 5.3 Iron (Fe) and Arsenic (As) variation in soil porewater as a function of incubation 

time. Panels a, b and c show Fe concentration in the top, middle and bottom layers, respectively. 

Panels d, e and f show As concentration in the top, middle and bottom layers, respectively. The 

error bars represent standard error of measured concentrations of four replicate samples. 

In paddy fields As release usually occurs as a consequence of Fe(III) and As(V) 

reduction. Therefore, similar to Fe, the release of As in the sMFC was significantly (p < 0.05) 

reduced compared to that of the control in the middle and bottom layers (Fig.5.3d-f). The As 
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concentration increased sharply with increasing incubation time in both the control and the 

sMFC. However, the rate of As released in the sMFC was lower than that of the control on 

average from day 10 to 50 in the middle and day 30-50 in the bottom layer. In the bottom layer 

on day 0, 10 and 20 the As concentration was lower in the control (17.6 vs 19.5 µg L-1, 51.8 vs 

71.6 µg L-1 and 400 vs 567 µg L-1, respectively), compared to the sMFC. In contrast, higher 

As concentrations were observed in the top layer of the sMFC compared to the control. A 

repeated measures ANOVA with a Greenhouse-Geisser correction revealed that applying the 

sMFC significantly (p < 0.05) impaired As mobility in the middle and bottom layers in long 

flooded paddy soils. However, in the top layer of the sMFC dissolved As was significantly 

higher (p = 0.005) than that of the control.  

 A correlation analysis was done to test whether As release in the sMFC was related to 

Fe reduction (Fig. S 5.2). The release of As in the top (R2 = 0.925, p < 0.05), middle (R2 = 

0.785, p < 0.05) and bottom (R2 = 0.883, p < 0.05) layers correlated positively with the increase 

in Fe concentration. Arsenic mobility in flooded soil is closely associated with Fe reduction 

and solubilization (Roden et al., 2010; Shelobolina et al., 2003).This observed correlation 

provides confirmatory evidence that the decrease in As concentration in the sMFC middle and 

bottom layer was probably due to a decrease in Fe reduction. While the increase in As 

concentration in the top layer may be due to Fe reduction and ion migration. 

5.4.4. The interaction between anodes and Fe oxides: role of organic substrate, Eh, pH 

and functional bacterial organisms 

 Fe and As releases into soil porewater after IRB or As(V)-reducers oxidize OM and 

transfer the electrons to As bearing Fe minerals or As(V) (Islam et al., 2004; Wang et al., 

2017a). The rate at which Fe and As(V) reduction occurs strongly correlate with the 

bioavailability of DOC. Because IRB’s and As(V)-reducer’s catalyzing the dissolution of Fe 

minerals and As(V), respectively, by using DOC as an electron donor. Therefore, if the 
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bioavailability of DOC is high, more Fe oxide and As(V) reduction is expected to occur (Knorr, 

2012; Stuckey et al., 2015).  

In our study the application of the sMFC significantly reduced DOC content in the 

vicinity of the bioanode and limited Fe and As release into the aqueous solution of the sMFC 

middle and bottom layers (Fig.5.4a-c). These results suggests that significantly lower (p < 0.05) 

DOC concentration in the sMFC than the control might be responsible for the decrease Fe oxide 

and As(V) reduction in the sMFC middle and bottom layers. The Fe and As contents around 

sMFC anode were 65.0% and 47.0% of the control respectively at day 50. The reduction in As 

observed here were comparable to that of other remediation technologies use is soil porewater 

As mitigation (Cutler et al., 2014; Hartley et al., 2004; Yang et al., 2015; Zhou et al., 2017). 

The limited microbial reduction of Fe oxide in the sMFC middle and bottom layers compared 

to the control may be the mechanism responsible for the decrease of As release into the soil 

porewater of these layers. This rationale is feasible because Fe oxides are potent repositories 

of As (Li et al., 2011; Roden et al., 2010; Shelobolina et al., 2003; Wang et al., 2017a) and was 

support by the strong positive correlations observed between Fe and As release in this study 

(Fig. S 5.2). Several studies have suggested that a DOC is the main fuel for the microbial driven 

release of As into the soil solution from the surface of Fe oxides. In two separate studies done 

on evaluating the potential mechanism of As release in groundwater, Nickson et al. (2000) and 

Whaleymartin et al. (2016) reported that the reduction of arseniferous iron-oxyhydroxides 

under anaerobic conditions was responsible for the release of As into the groundwater. 

Moreover, the more negative Eh in the control may explain the higher As and Fe in the middle 

and bottom layers. In reductive environments an increase in the microbial dissolution of the Fe 

oxide and the release of As(V) occurs (Islam et al., 2004; Yamaguchi et al., 2011). The released 

As(V) can then be reduce to As(III) and this may have contributed to the higher dissolved As 
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in the control as As(III) has a lower affinity for Fe oxide compared to As(V) (Beiyuan et al., 

2017; Frohne et al., 2011; Gorny et al., 2015; Qiao et al., 2017b; Seyfferth and Fendorf, 2012).  

 

Figure 5.4 DOC variation in soil porewater as a function of incubation time. Panels a, b and c 

represent top, middle and bottom layers, respectively. The error bars represent standard error 

of measured concentrations of four replicate samples. 
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Furthermore, As(V) reduction to As(III) may be limited by the lower DOC in the 

treatment, then resulted in less As in the soil porewater of the sMFC in middle and bottom 

layer. Previous studies have shown that reduction of As(V) to As(III) is a major mechanism for 

the release of As into aqueous solution (Qiao et al., 2017b; Takahashi et al., 2004; Wang et al., 

2017b). It was estimated that the reduction of As(V) reduction to As(III) contributes to roughly 

50% of the total As release in anaerobic paddy soils (Takahashi et al., 2004). However, in this 

study As speciation was not directly examined to confirm As(V) to As(III) reduction. 

Nonetheless, studies has shown that As(III) is the predominant As speciation in soil porewater 

under anaerobic condition and that As(V) has strong tendency to precipitate with most mineral 

oxides (Goldberg, 2002; Takahashi et al., 2004; Yamaguchi et al., 2011). Therefore, we 

hypothesized that the majority of the total As in this study was As(III) and that limited As(V) 

reduction along with Fe oxide dissolution contributed to the decrease in total Fe and As in the 

sMFC middle and bottom layer soil porewater. 

Conversely, the higher Fe and As concertation observed in the sMFC top layer may be 

due to cathodic reactions. Soil pH is an important factor for the mobility of Fe and As, because 

pH can influence the surface charge and solubility of Fe oxide (Antoniadis et al., 2017; Burstein, 

1997; Jiang et al., 2014). When the sMFC runs, cations (e.g. ferrous ions) move from anode to 

cathode and precipitate at the soil-water interface, forming an Fe-oxidizing layer. Because in 

the cathode zone, protons are consumed (Logan, 2008), thus leading to an increase in soil pH 

which facilitates the Fe oxide precipitation (Weber et al., 2006). Consequently the dissolved 

Fe in the deeper soil layer migrates upward because of the diffusive and electrical forces that 

are created by operating sMFC. Therefore the higher Fe and As concentration observed in the 

top layer of the sMFC (1 cm below the Fe oxide layer) was probably due to the ferrous ions 

migration driven by the electric field generated between cathode and anode and the diffusive 

force created by the Fe oxide layer.  
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 Furthermore, the inconsistency that is observed in the bottom layer on day 10 and 20, 

where the Fe reduction rate was lower in the sMFC compared to the control (Fig 3b), but more 

As was present in the sMFC (Fig. 5.3d) during that period, was probably due to the lower pH 

observed in the vicinity of the anode and the direct reduction of As(V) to As(III) by As(V) 

reducing bacteria (Tufano et al., 2008; Wang et al., 2017b). This occurred because low pH 

environments influence the desorption behavior of As and Fe oxide through altering Fe oxide 

surface charge thereby leading to a reduction in As sorption sites (Ascar et al., 2008; Gorny et 

al., 2015; Houben et al., 2013; Masscheleyn et al., 1991). 

5.4.5. Bacterial community structure  

The bacterial community of the bioanode and the bulk soil were investigated by 

Illumina high-throughput sequencing. As shown in Fig. S 5.3 and Table S 5.3, both rarefaction 

curves and Good’s coverage indicated that sufficient sequencing depths were achieved. This is 

evident by the observed saturated trend in the rarefaction curves with increasing sequence and 

the high Good’s coverage (99.6 - 99.7) obtained in all of the samples. High quality sequences 

reads ranging from 132409 – 198845 were achieved from the samples after removing chimeric 

sequences and classified into operational taxonomic units (OTUs) at a 97% similarity threshold. 

As shown in Table S 5.2, alpha diversity measures revealed that in general samples taken from 

the control cells were more diversified than those obtained from the sMFC. This was not 

unusual since sMFCs’ bioanodes have been shown to enhance specific groups of microbes 

(Wang et al., 2015b; Zhou et al., 2015) on the anode and associated bulk soil. However, it is 

worth noting that the sMFC top layer surprisingly had the lowest alpha index as opposed to the 

sMFC bioanode. The lower diversity seen in the sMFC top layer was probably due to the thick 

Fe oxide layer and the increase in soil pH due to cathodic reactions. Soil pH has been identified 

as a key determinant of bacterial community structure (Nicol et al., 2008; Wu et al., 2017). 
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In addition, beta diversity and Anosim analysis were conducted to further assess the 

influence of the sMFC on bacterial community structure distribution. Principal Coordinates 

Analysis (PCoA)-PC1 vs PC2 (explaining 55.0%) showed that sMFC strongly altered the 

bacterial community on the anode and the top layer compartments compared to the control (Fig. 

5.5). The results revealed the formation of three distinctive clusters. Where samples from 

sMFC anode and the top layer formed two separate groups, samples from the control (all layers) 

and sMFC middle layers comprised the third cluster. Anosim analysis further confirmed that 

bacterial community on the sMFC anode (p= 0.026) and the top layer (p= 0.035) were 

significantly different from that of the control, while no significant difference was observed in 

the middle layer between the two. The results showed sMFC had minimal influence on the 

bacterial community in middle layer of the bulk soil, but significantly altered the bacterial on 

top layers and anodes. 
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Figure 5.5 Principal Coordinate Analysis (PCoA) of the sMFC and controls bacterial 

community composition based on Bray-Curtis distance. The x- and y-axes are indicated by the 

first and second coordinates, respectively, and the values in parentheses show the percentages 

of the community variation explained. 

The relative abundance of the sequences obtained from the sMFC and the control at the 

phylum level are shown in Fig. S 5.4. The top 5 dominant phyla in all samples were 

Acidobacteria (30.0-54.3%), Proteobacteria (7.45-43.6%), Firmicutes (1.10-27.8%), 

Bacteroidetes (3.58-8.18%) and Chloroflexi (2.79-5.64%). However, in the sMFC 

Parcubacteria (10.5% vs 0.438%), Nirtospirae (2.79% vs 0.580%) and Chlorobi (3.59 vs 

0.580%) were more abundant compared to that of the control. Affiliates of the phylum 

Parcubacteria have been shown to be actively involved in anaerobic methane oxidation, 
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hydrogen production and sulfur and Fe cycling (Borrel et al., 2010; Peura et al., 2012; Reis et 

al., 2016; Wrighton et al., 2012). The phyla Nirtospirae (Xu et al., 2017) and Chlorobi 

(Thompson et al., 2017) contains members that are actively involved in denitrification. 

Nirtospirae and Chlorobi, may have encouraged the precipitation of Fe (III) from the soil 

porewater and consequently As during denitrification. Since nitrate-reducing bacteria could 

influence the fate of As under anaerobic conditions, via the nitrite-driven oxidation of Fe(II) 

and As(III) (Gnanaprakasam et al., 2017; Hohmann et al., 2009; Omoregie et al., 2013).  

On the contrary the phylum Firmicutes was more abundant in the control, accounting 

for 27.5% of the controls anode bacterial community. Firmicutes contains known classes of 

Fe(III) and As(V) reducing bacteria and they may have played a role in the increase of Fe and 

As concentration in the control cells (Hohmann et al., 2009; Oremland and Stolz, 2005; Song 

et al., 2009). At the class level Clostridia (25.0%) was higher in the control’s anode. The class 

Clostridia contains both dissimilatory Fe(III) and As(V)-reducing lineages (i.e. Clostridium sp. 

OhiLAs and C. beijerinckii) (Dobbin et al., 1999; Langner and Inskeep, 2000; Stolz et al., 2007; 

Wang et al., 2017a; Wang et al., 2017b). In a recent study, Qiao et al. (2017a) observed a 

significantly strong positive correlation between the number of Clostridium with Fe(III) 

reduction. This suggests that Clostridia could have facilitated the reduction of Fe oxide and 

As(V) in the control and resulted in the higher Fe and As in the control middle and bottom 

layers. Furthermore at the genus level Anaeromyxobacter and Geobacter were statistically 

enhanced (p < 0.05) in control’s bulk soil compared to the sMFC (Fig. S 5.5). Both 

Anaeromyxobacter and Geobacter have been shown to have the capability to reduce Fe 

minerals and As(V) during the catabolism of OM leading to an increase in the solubility of the 

metals in soil porewater (Chen et al., 2016; Lovley and Phillips, 1988; Qiao et al., 2017a). In 

addition the relative abundance of Bacillus was slightly higher in the control bulk soil 

compared to the sMFC. Bacillus abundance has been observed to positively correlate with 
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dissolve As is soil porewater (Yang et al., 2018). Studies have demonstrates that Bacillus stains 

can reduce Fe oxides and As(V) to facilitate the release of As into paddy soil porewater (Qiao 

et al., 2017a; Qiao et al., 2017b; Wang et al., 2017a). These findings demonstrate that the 

bacterial community within control bulk soil probably contributed to the relatively higher Fe 

and As concentration in the soil porewater, while the bacterial community on sMFC bioanode 

may have favored Fe (III) and As (V) precipitation. 

5.5. Conclusions  

In summary, this study demonstrates that the sMFC can generate electricity in As-

contaminated paddy soils and at the same time decrease the release of Fe and As in paddy soil 

porewater. Although still under development, sMFC might be used as a novel tool in limiting 

As mobilization for management of contaminated soil. Since the bioanode can potentially be 

used as a mitigation strategy to limit As mobility in paddy soil, which consequently may reduce 

As accumulation in rice grains. This is of importance, because rice has high As accumulation 

potential and consumption of contaminated rice poses a major health concern due to increasing 

the dietary intake of As in the human body. In addition, long-term exposure of As, poses a 

significant risk of chronic disease to the Asian populations. Nonetheless, this study is still in 

its infancy and the direct transfer of this technology to the field warrant further research in 

terms of application and cost. New sMFC design is highly required to overcome the challenges 

associated with laying two pieces of carbon felts into the paddy fields. The production cost and 

benefits maybe be balanced by using cheap and inexhaustible electrode materials. Moreover, 

we acknowledge that the power out of the sMFC was low in this study. It should be noted that 

the soil used here contained low OM. Further, chemical reagents that are known to also 

encourage As precipitation such as hematite and goethite can also be used to modifying the 

electrodes and improve soil conductivity to increase the power output of the sMFC in order of 
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magnitudes. Thus, we conclude that the sMFC can be used to limit As and Fe release into the 

soil porewater, however the transfer of this technology into the field warrant further research. 
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5.7. Supplementary data 

The effect of the sMFC on arsenic in soil with low organic matter content 

Table S 5.1 Selected properties of the fresh soils  

Sample 
Soil 

texture 
pH 

OM 

(g/Kg) 

TN  

(g/Kg) 

TS 

(g/Kg) 

Fe 

(g/kg) 

As 

(mg/kg) 

Mn 

(mg/kg) 

Mg 

(g/kg) 

Zhejiang 

Shangyu 

Sandy 

loam 

5.88 

±0.14  

14.4 

±1.14  

1.30 

±0.2 

0.31 

±0.01 

39.7 

±3.9 

140   

±2.67 

977 

±13.0 

2.10 

±2.5 

 

Notes: OM: Organic matter content; TN: Total nitrogen and TS: Total sulfur. The values represent the mean ±standard error of four replicate 

samples. 
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Table S 5.2 Changes of pH and redox potential in soil samples of sMFC and control at the end of the experiment. 

 
Sample ID 

 
sMFC-T sMFC-M sMFC-B Control-T Control-M Control-B 

pH 6.09 ±0.04 5.39 ±0.01 5.21 ±0.01 5.61 ±0.03 5.86 ±0.01 5.88 ±0.01 

Eh (mV vs 

Ag/AgCl) - - -133 ±10 - - -445±1 

Notes: T, M and A: represents samples collected from top layer, middle layer and anode vicinity respectively. Mean ± SE (n = 4) 
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Table S 5.3 Similarity-based OTUs and species richness and diversity estimates. 

Sample ID Reads ACE Chao1 Shannon index Simpson 

Good's 

Coverage 

sMFC-T 153048 ±11331 623 ±41.1 642 ±46.8 7.03 ±0.20 0.977 ±0.00 0.997 ±0.00 

sMFC-M 132409 ±7106 748 ±9.17 762 ±7.47 7.39 ±0.06 0.986 ±0.00 0.997 ±0.00 

sMFC-A 192839 ±3326 690 ±11.0 701 ±10.7 6.95 ±0.15 0.975 ±0.00 0.996 ±0.00 

Control-T 151873 ±1026 766 ±29.6 772 ±33.8 7.33 ±0.13 0.981 ±0.00 0.997 ±0.00 

Control-M 142537 ±8886 740 ±8.16 753 ±11.9 7.30 ±0.06 0.983 ±0.00 0.996 ±0.00 

Control-A 198845 ±5177 722 ±10.3 735 ±11.3 7.73 ±0.03 0.989 ±0.00 0.997 ±0.00 

 

Notes: T, M and A: represents samples collected from top layer, middle layer and anode vicinity respectively. The values represent the mean 

±standard error of four replicate samples.
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Figure S 5.1 Polarization and power density curves for the sMFC after 15 days of operation. 

The error bars represent standard error of measured concentrations of four replicate samples. 
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Figure S 5.2 Correlation between iron and arsenic release in the sMFC 
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Figure S 5.3 Rarefaction curves showing the diversity of OTUs (similarity cut off of 97%) 

 

Figure S 5.4 Relative abundance of bacterial community composition at phylum level 
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Figure S 5.5 Heat map of the relative abundance of bacterial community composition at genus 

level 
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Chapter 6 : The effect of the sMFC on arsenic in soil with 

high organic matter content  

6.1 Abstract  

Arsenic (As) mobility in paddy soils is mainly controlled by iron (Fe) oxides and Fe 

reducing bacteria. The Fe reducing bacteria are also considered to be enriched on the anode of 

soil microbial fuel cells (sMFC). Thus, the sMFC may have an impact on elements’ behavior, 

especially Fe and As, mobilization and immobilization in paddy soils. In this study, we found 

dissolved organic matter (DOC) abundance was a major determinate for the sMFC impact on 

Fe and As. In the constructed sMFCs with and without water management, distinctive 

behaviors of Fe and As in paddy soil were observed, which can be explained by the low or high 

DOC content under different water management. When the sMFC was deployed without water 

management, i.e. DOC was abundant, the sMFC promoted Fe and As movement into the soil 

porewater. The As release into the porewater was associated with the enhanced Fe reduction 

by the sMFC. This was ascribed to the acidification effect of sMFC anode and the increase of 

Fe reducing bacteria in the sMFC anode vicinity and associated bulk soil. However when the 

sMFC was coupled with alternating dry-wet cycles, i.e. DOC was limited, the Fe and As 

concentration in the soil porewater dramatically decreased by up to 2.3 and 1.6 fold, 

respectively, compared to the controls under the same water management regime. This study 

implies an environmental risk for the in-situ application of sMFC in organic matter rich 

wetlands and also points out a new mitigation strategy for As management in paddy soils.  
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6.2. Introduction 

Paddy fields are important farmlands that are used to cultivate rice; a crop that accounts 

for more than half of the global population’s caloric and essential micronutrients intake (Chen 

et al., 2018; Fitzgerald et al., 2009). However rice consumption poses a health risk, because 

heavy metals are increasingly found in paddy soils worldwide, especially arsenic (As) (Islam 

et al., 2016; Sun et al., 2009). Arsenic is a highly toxic and carcinogenic metalloid element that 

exists mainly as arsenate (As(V)) and arsenite (As(III)) in natural environments with the latter 

being more toxic (Zhu et al., 2017). Arsenic contamination in soil decreases rice quality, 

threatens food safety and may lead to land abandonment. Moreover, the removal of heavy 

metals from the soil matrix is very difficult and costly, which farmers cannot afford (Khalid et 

al., 2016; Wan et al., 2016). As a consequence many heavily As-contaminated paddy fields 

have been abandoned, hence alternative methods are required to make good use of these 

contaminated lands.   

Arsenic mobilization from in paddy soil has been linked to the complex processes in 

paddy soils. Several mechanisms have been proposed to explain As mobilization in paddy soils.  

The reduction of Fe oxide (Wang et al., 2009) and the direct reduction of As(V) to As(III) has 

been proposed as the primary mechanisms controlling the mobilization of As (Li et al., 2011; 

Zhu et al., 2017). In aerobic settings, As in paddy soil is mainly absorbed onto the surface of 

Fe oxides, consequently having restricted mobility. On the contrary, when rice fields are 

flooded during cultivation, the bulk soil becomes anaerobic favoring the growth of Fe-reducing 

bacteria which can transfer electron produced from the oxidation of organic matter (OM) to 

insoluble Fe oxides and/or As(V) in the soil. This results in the release of As(V) and/or the 

reduction of As(V) to As(III) by As(V)-reducing and dissimilatory As(V)-reducing 

microorganisms (Yamaguchi et al., 2011). This reduction of As(V), results in the increase of 

As (III) bioavailability in the soil environment, that can then be taken up by rice plants via the 
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silicon pathway and stored in their grains (Islam et al., 2016). This is a major health concern 

because consuming high quantities of As increases the risk of developing various terminal 

illnesses, such as skin and liver cancers (Minatel et al., 2018).  

In addition to cultivating rice, paddy fields have been utilized as bioelectrochemical 

systems in the form of in-situ soil microbial fuel cells (sMFC) in small scale experiments and 

the results are promising (Kaku et al., 2008). In these systems the anode of sMFC was buried 

in the anaerobic soil and served as a terminal electron acceptor for electrons produced during 

the anaerobic microbial degradation of OM. The sMFC anode can sustain the growth and 

metabolic activity of exoelectrogens in its vicinity (Gustave et al., 2018b) enhances 

bioavailable dissolved organic matter (DOC) in soil porewater degradation. Besides 

influencing DOC concentration, the anode can also influence soil, nutrients availability, pH, 

redox potential (Eh), methane emissions and microbial community structure (Gustave et al., 

2018a; Hong et al., 2009; Kouzuma et al., 2013; Touch et al., 2017). Although, enhancement 

of exoelectrogens is beneficial for power output of the sMFC (Logan, 2009) and removal of 

organic pollutants (Huang et al., 2011), in As contaminated paddy soil this may be problematic, 

since the enhancement of Fe-reducing bacteria (IRB) and the decrease in soil pH favors Fe 

oxide reduction and As mobility (Gustave et al., 2018a; Yamamura et al., 2018). 

However, the influence of sMFC on soil trace metal mobilization has not been well 

investigated. In some previous work, the impact of the sMFC on solubilization of Fe oxides 

has been described (Gustave et al., 2018a; Touch et al., 2017; Wang et al., 2015; Yang et al., 

2016; Zhou et al., 2015). Nevertheless, the reports on the impact of sMFC on Fe dissolution in 

soil porewater are contradictory. Several studies observed that the anode immobilized Fe and 

prevented Fe release into the soil porewater (Gustave et al., 2018a; Touch et al., 2017; Wang 

et al., 2015; Yang et al., 2016). This phenomenon was explained by the oxidation of Fe(II) to 

Fe(III) during anode bacterial growth, changes in soil Eh (Touch et al., 2017; Wang et al., 2015; 
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Yang et al., 2016) and decreased DOC availability in the soil porewater (Gustave et al., 2018a). 

On the contrary, it has also been reported that the sMFC enhances reduction and consequently 

increases soil porewater dissolved Fe in lake sediment (Zhou et al., 2015). The reasons claimed 

for the increase solubility of Fe was attributed to the enhanced Fe reduction by IRB and high 

DOC concentration (Zhou et al., 2015). All of the results above indicate, that the behaviors of 

Fe and elements (especially As) that was precipitated with Fe would change when sMFC is 

installed, followed by the change of DOC availability, soil Eh and pH changes, and/ or the soil 

microbial community that developed. However, the influence of those factors on Fe and As 

cycling in the sMFC remains unclear. 

When sMFCs are proposed to be deployed in wetlands whether to produce electricity 

or decrease pollutants, it is important to understand how the sMFC will impact the 

biogeochemical behavior of Fe and the associated elements of environmental concern. Hence 

in this study, we aim to reveal the effects of the sMFC on Fe and As mobility in paddy fields, 

a typical artificial wetland in agriculture. We hypothesized that the impacts of sMFC on Fe and 

As behaviors are linked with DOC abundance, the acidification effect of sMFC bioanode, and 

the anode microbial community. To disentangle the mechanism, water management was 

applied as a moderate method to control soil DOC levels with small disturbance of other soil 

properties. Thus, we considered two scenarios, a simple paddy soils MFC system (sMFC) (high 

DOC) and paddy soils MFC coupled with water management (sMFC-WM) (limited DOC). We 

coupled the sMFC with water management because alternating wet-dry cycles has been shown 

to enhance DOC mineralization from paddy soil (Li et al., 2015; Saidpullicino et al., 2016).  
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6.3. Materials and Methods 

6.3.1. Paddy Soil Sample  

The paddy soil was collected from a rice paddy in Qiyang Hunan, southern China (GPS 

N26.760 E111.86). The total carbon, As and Fe concentration were measured to be 23.2±0.9 

g/kg, 73.7±5.9 mg/kg and 53.7±1.8g/kg, respectively (Table S 6.1). 

6.3.2 Soil Microbial Fuel Cell Assembly 

Eight sMFC were constructed from the paddy soil and operated for 60 days to examine 

the effect of the anode on Fe and As movement in paddy soil. In this experiment, all cells were 

left at open circuit for ten days prior to adding the external resistor and only after adding the 

external resister was the voltage recorded.  Of the eight sMFC four were control replicates, the 

anodes and cathodes were not connected to any resister (open circuit). The remaining four were 

treatment replicates and were connected to a 500Ω external resistance (close circuit). All sMFC 

were constructed according to a previously reported method in chapter 2. Briefly, a columnar 

polyethylene terephthalate container (10 cm diameter × 15 cm depth) with a three valve port 

was used to construct each sMFC. The valve ports were located 1 cm below the soil water 

interphase (top layer), 2cm above the anode (middle layer) and one adjacent to the anode 

(bottom layer). Circular carbon felts with geometric surface area of 50.2 cm2 were used as 

anodes and cathodes. A data logger (NI-USB-6225, USA) was used to record the voltage 

between the anode and cathode every ten minutes.  

Using the 1kg (dry weight) of soil sample, ~1 cm depth of soil was placed at the bottom 

of the sMFC container. Then the anode was placed on the surface of the soil layer and buried 

with the remaining soil. Deionized water was added to flood the paddy soil. The cathode was 

placed above the soil in aerobic conditions (half submerged in water and the other half in the 

open air).  
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6.3.3. Dry-wet Cycles  

In this experiment sMFC were constructed as described above with slight modifications. 

Each cell was equipped with three soil porewater sampler and a draining valve to facilitate the 

drying cycles adjacent to the anode. The control sMFC (control-WM), were left at open circuit 

and treatment sMFC (sMFC-WM) were connected to a 500Ω external resistor immediately 

after construction. All cells (control-WM and sMFC-WM) were drained by opening the drain 

valve to allow the water to leak out of the cell during each draining cycle. The cells were 

subjected to drying phases to allow oxygen diffusion into the anaerobic soil to enhance DOC 

mineralization (Li et al., 2015; Saidpullicino et al., 2016). Water was refilled when the sMFC 

voltage dropped below 20 mV. Soil porewater was collected prior to each dry phase on day 7, 

14, 21, 28 and 35. There were 4 replicates for each treatment. 

6.3.4. Chemical Analysis 

Soil porewater was analyzed for total As, total Fe and dissolved organic carbon (DOC) 

concentration. In this study DOC is a measurement of the amount of OM in soil porewater after 

filtration through a 0.45 µm filter. The fluorescence excitation emission matrix (EEM) analysis 

was to characterize the DOC composition in the soil porewater. Soil Eh was determined with 

a platinum (Pt) and Ag/AgCl electrode. Both the Pt and the Ag/AgCl electrode were inserted 

in the soil ca. 0.5cm above the anode and the Eh was allowed to stabilize for 1 hour before 

being recorded. Soil pH was measured with a soil pH meter by mixing soil with water at a ratio 

of 1:2.5. All of the analysis were conducted according to the methods descried in chapter 2. 

6.3.5. Microbial Community Analysis 

Soil samples were collected from the anode and associated soil, 2 cm above the anode 

and 1 cm below the soil water interphase in the sMFC. In the sMFC with water management 

soil samples were collected only from anode and associated soil and the bulk soil (BS) at the 

end of the incubation period for extraction of genomic DNA. The genomic DNA was extracted 
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immediately after collection from 0.25g of each sample using MoBio Laboratories Inc.’s 

Powersoil DNA isolation Kit (MoBio, Carlsbad, CA, USA) according to the manufacturer’s 

instructions. The V4-V5 region of the bacterial 16S rRNA genes were amplified using the 

forward primers 347F (5'-CCTACGGRRBGCASCAGKVRVGAAT-3') and reverse primers 

802R (5'-GGACTACNVGGGTWTCTAATCC-3'). Details for Illumina sequencing, 

experimental steps and data analyses are described in detail elsewhere (You et al., 2016) and 

Chapter 2. 

6.3.6. Nucleotide sequence accession number 

The nucleotide sequences can be found at NCBI GeneBank database with accession 

number MF949071-MF950889 and MH989602 - MH990255. 

6.4. Results  

6.4.1. sMFC performance  

The sMFC’s performance and DOC variation over 60 days are shown in Fig. 6.1. The 

current initially increased to a maximum of 1.15mA on day 13 then decreased gradually. The 

cathode potentials increased slightly and remained relatively stable during the whole 

operational period while the anode potential increased steadily. Additionally, the DOC 

concentration near the anode gradually decreased with time. These results suggest that the 

current changes were mainly controlled by the anode potential and DOC bioavailability. 

Furthermore, the variations in current from the sMFC-WM are shown in Fig. S 6.1. The 

maximum current output of the sMFC-WM (0.6mA) was observed during the second cycle. 

However the current decreased with dry-wet cycles. A maximum power density of 123.0 ±2.2 

mWm-2 and 43.4 ±2.8 mWm-2 were observed in the sMFC and the sMFC-WM, respectively. 
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Figure 6.1 The variations of current output, organic matter concentration (DOC), anode and 

cathode potential over time. The error bars represent standard error of measured concentrations 

and potential of four replicate samples. 

6.4.2. Effect of sMFC on the soil physiochemical properties  

The change in soil Eh and pH were examined in the sMFC and the sMFC-WM. In the 

control and control-WM, the soil Eh sharply decreased to -460±3.3 mV and -314.8±28.5 mV 

(vs the Ag/Cl electrode). In contrast, the soil Eh around the anode of the sMFC and sMFC-WM 

increased to -154.6±6.6 mV and 110.0±23.5 mV (Table 6.1). Furthermore, the soil pH at the 

bottom and middle layers were more acidic in the sMFC compared to the control (Table 6.1). 

While the pH in the top layer of the sMFC was more basic than that of the control. Similar pH 

patterns were observed in the sMFC-WM. The pH in the bottom and middle layer of the sMFC-

WM were lower than that of the control-WM.  Moreover, the pH in the top layer of the sMFC-

WM was also higher than that of control-WM (Table 6.1). However it should be noted that the 

pH in the sMFC-WM were higher than that of sMFC in all layers.
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Table 6.1 Changes of pH and redox potential in soil samples of reactors at the end of the experiment 

Sample ID 

 sMFC-

T 

sMFC-

M 

sMFC-

A 

Control-

T 

Control-

M 

Control-

A 

sMFC-

WM-T 

sMFC-

WM-M 

sMFC-

WM-A 

Control-

WM-T 

Control-

WM-M 

Control-

WM-A 

 

pH 6.9 

±0.02 

5.9 

±0.03 

5.6 

±0.2 

5.9 

±0.1 

6.2 

±0.03 

6.2 

±0.1 

7.7 

±0.1 

6.7 

±0.04 

6.5 

±0.03 

6.9 

±0.1 

7.1 

±0.1 

7.3 

±0.1 

 

Eh (mV vs 

Ag/AgCl) 

- - -154.6 

±6.6 

- - -460.0 

±3.3 

- - 111.0 

±23.5 

- - -314.8 

±28.5 

Notes: T, M and A: represents samples collected from top layer, middle layer and anode vicinity respectively. Mean ± SE (n = 4) 
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The DOC concentration gradually decreased with time in both the sMFC and the control 

(Fig. S 6.2). No significant differences were observed in the top, middle and bottom layers 

between the DOC in the sMFC and control treatment. However when the sMFC was combined 

with dry-wet cycles accelerated DOC degradation was observed in all layers of the sMFC-WM 

compared to control-WM (Fig. 6.2). The results showed that sMFC-WM, could significantly 

enhance DOC mineralization. The DOC concentration was 1.5 folds lower in sMFC-WM 

anode vicinity compared to the control-WM on day 35. Moreover, fluorescence spectroscopy 

was used to characterize the soil porewater DOC composition to understand the mechanism 

behind the enhanced DOC removal in sMFC-WM. Figure S3a-h and. Figure S4a-h shows the 

change in typical EEM feature of DOC with time in the sMFC-WM and sMFC respectively. 

In Fig. S 6.3 and S 6.4, peaks corresponding to tryptohan-like components (ex < 240 and em 

shorter than 360) (Fellman et al., 2010) decreased significantly after 30 days of incubation in 

all treatments. Furthermore, the concentration of ultraviolet C (UVC) humic acid-like 

component (ex 320-360 and em 420-460) (Fellman et al., 2010) significantly decreased in 

sMFC-WM with time compared to the control-WM. The components assigned to terrestrial 

humic acid-like (ex 220-235 and em 478) and fulvic acid-like (ex 220 and em 408) (Derrien et 

al., 2017) (Lapierre and Del Giorgio, 2014) significantly increased in sMFC-WM with time. In 

the control-WM the concentration of UVC humic-like component increased with time. These 

results suggest that the sMFC-WM favored the transformation of DOC components from UVC 

humic-like to more fulvic acid-like. However no substantial differences was observed in the 

sMFC and the control. 
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Figure 6.2 DOC variation in the sMFC-WM and Control-WM soil porewater as a function of 

incubation time. Panels a, b and c show DOC concentrations in the top, middle and bottom 

layers, respectively. The error bars represent standard error of measured concentrations of four 

replicate samples. 

6.4.3. The impacts of sMFC on Fe and As behavior in the paddy soil porewater  

The concentrations of porewater total Fe and As in different layers of the sMFCs are 

illustrated in Fig. 6.3a-f. The Fe concentration increased with time in both the sMFC and the 

control to a maximum and then decreased. The decrease in porewater Fe could be due to the 

formation of new insoluble Fe minerals. However significantly higher soil porewater Fe was 
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observed in the sMFC compared to the control in all layers. The biggest difference between the 

sMFC and the control was observed in the bottom layer (Fig. 6.3c, P = 0.014) compared to that 

of the middle layer (Fig. 6.3b, P = 0.040) and top layer (Fig. 6.3a, P = 0.031), indicating that 

the effects of the anode decrease with increasing distance away the anode. A similar trend was 

observed for As concentration in soil porewater (Fig.6.3d-f). The mean concentrations of As 

were elevated in the sMFC compared to those of the control in all layers. The increase of As 

irrespective of distance away from the anode highly correlated with the increase of Fe (R2 = 

0.61 p < 0.005, R2 = 0.45 p < 0.005 and R2 = 0.80 p < 0.005 in the top, middle and bottom 

layers respectively), suggesting that As release could be due to an increased reduction of Fe 

oxides (Fig. S 6.5a-c). Furthermore when dry-wet cycles were applied, the sMFC-WM 

significantly limited Fe reduction which consequently led to a decrease of As concentration in 

the soil porewater with time in all layers (Fig. 6.4a-c). After 35 days of operation the 

concentration of As in sMFC-WM anode vicinity (288.0±98.6 µg/L) was significantly lower 

than the control-WM (737.2±145.0 µg/L).  
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Figure 6.3 Iron and As variation in the sMFC and control soil porewater as a function of 

incubation time. Panels a, b and c show Fe concentrations in the top, middle and bottom layers, 

respectively. Panels d, e and f show As concentrations in the top, middle and bottom layers, 

respectively. The error bars represent standard error of measured concentrations of four 

replicate samples. 
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Figure 6.4 Iron and As variation in soil porewater as a function of incubation time. Panels a, b 

and c show Fe concentrations in the top, middle and bottom layers, respectively. Panels d, e 

and f show As concentrations in the top, middle and bottom layers, respectively. The error bars 

represent standard error of measured concentrations of four replicate samples. 

6.4.4. The impacts of sMFC on Bacterial community structure  

The bacterial community was investigated by the Illumina high through-put sequencing 

technique. Rarefaction curves displayed a saturated trend, indicating sufficient sequencing 

depths were achieved (Fig. S 6.6). Alpha diversity measures revealed the richest diversity in 

the bulk soil irrespective of treatment and lowest diversity in the anode vicinity of the sMFC 
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and sMFC-WM (Table S 6.2).  It should also be noted that higher diversity was observed in 

the sMFC compared to the sMFC-WM. Furthermore, the bacterial community in the sMFC top 

layer (p =0.031), middle layer (p =0.022) and anode vicinity (p =0.018) were significantly 

different from that of the control. The bacterial community in the bulk soil (p =0.026) and 

anode vicinity (p =0.026) of the sMFC-WM was significantly different from that of the control-

WM. Moreover the bacterial community that developed in the sMFC was significantly different 

from that of the sMFC-WM. 

At the class level, the dominant class differed among different sample locations and 

treatments. The majority of the bacterial reads belonged to Clostridia, Deltaproteobacteria, 

Betaproteobacteria, Sphingobacteriia, Gammaproteobacteria, Bacteroidetes vadinHA17, 

Ignavibacteria, Alphaproteobacteria, Acidobacteria, Actinobacteria, Bacilli and Anaerolineae 

(Fig. S 6.7a-b). In the top layers of sMFC and the control, Betaproteobacteria was the most 

dominant group with a relative abundance of 21.8% and 18.24%, respectively. Whereas, in the 

middle layers and the anode vicinity of the control Clostridia was relatively higher than the 

others. The control middle layer and the control anode vicinity had 30.5% and 35.5% Clostridia, 

respectively. The middle of the sMFC contained 30.3% Clostridia. The relative abundance of 

Deltaproteobacteria in the anode vicinity of the sMFC was significantly (28.5%)  (p< 0.001) 

higher than that from all other locations. Similar to the control, Clostridia (34.4%-38.9%) 

dominated the bulk soil and anode vicinity of the sMFC-WM. Deltaproteobacteria (13.6%-

14.1%) in the bulk soil and anode vicinity of the control-WM was higher than that of sMFC-

WM. The sequences were further classified to the genus level and the top 8 genus are illustrated 

in Fig. 6.5a-b. The genus Geobacter (0.98%-25.9%) and Thermincola (0.07%-5.84%) were the 

most dominant groups in sMFC. Moreover, in control Lentimicrobium (1.68%-7.17%) and 

Clostridium sensu stricto10 (1.60%-3.01%) were more abundant. In the sMFC-WM 

Clostridium sensu stricto10 (6.5%-6.9%) and f family XVIII unclassified (6.5%-11.4%) were 
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more abundant. Anaeromyxobacter (10.3%-11.3%) and Flavisolibacter (2.3%-2.9%) were the 

most dominant groups in control-WM. 

 

Figure 6.5 Relative abundance of microbial community composition at genus level for the 

sMFC without (a) and with water management (b).T, M, A and BS: represents samples 

collected from top layer, middle layer, anode vicinity and bulk soil respectively. The value 

represent the mean of four replicates 
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6.5. Discussion 

6.5.1 Current generation in the sMFC and sMFC-WM 

In all the cells assembled in this study, the current raised sharply in the beginning, and 

dropped when DOC concentration decreased (Fig.6.1 and Fig. S 6.1). This suggests that the 

current was most likely to be controlled by the availability of organic substrate, as indicated by 

the DOC and current production trends (Fig. 6.1).  Furthermore, a simultaneous drop of sMFC-

WM current and DOC was found when the cells were dried and re-wet (Fig. S 6.1). The 

observed results suggested that DOC became a limiting factor of current generation when DOC 

decreased. Although the DOC (ca 150 mg/l) was high in our study, the current decreased 

observed here was probably due to the DOC being mostly composed of biorefractory 

components such as humic acid (He et al., 2013). The fluorescence EEM spectra analysis 

showed that the DOC composed mostly of biorefractory ultraviolet C (UVC) humic acid-like 

components (He et al., 2013). The bioavailable DOC is considered to be important for 

production of electricity in sMFC and bioavailable DOC concentration has been shown to 

positively correlate with electricity generation and power output (Hong et al., 2010; Song and 

Jiang, 2018).  

6.5.2. sMFC enhances porewater Fe and As when soil OM is abundant 

 In this study, higher dissolved Fe and As concentration were observed in the sMFC 

compared to the control. Our results were in agreement with Zhou et al. (2015) study, which 

applied the sMFC to prevent the occurrence of black water agglomerate (deterioration of water 

quality caused by cyanobacteria bloom). In both case, sMFC was operated under high DOC 

conditions and enhanced Fe reduction. When DOC was abundant, an accelerated degradation 

of DOC by sMFC cannot be observed (Fig. S 6.2), which suggests there was no clear 

competition for DOC between anode community and the bacteria in bulk soil. Thus, we 

hypothesized that the enhancement of total Fe and As in soil porewater can be explained by 
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two mechanisms: the acidification effect of anode reactions and functional bacteria re-

distribution influenced by the anode bacteria community. 

In the sMFC, the anode can sustain the growth and metabolic activates of IRB (Wang 

et al., 2015; Yuan et al., 2018) and enhance DOC degradation by serving as an electron sink 

(Gustave et al., 2018a; Song et al., 2010). The continuous degradation of DOC results in the 

production of protons and carbondioxide (Gustave et al., 2018a; Hong et al., 2009), which in 

turn may have led to the decrease in soil pH in sMFC middle layer and the anode vicinity (Table 

6.1). Therefore, this decrease in paddy soil pH may have contributed to observed increase in 

porewater Fe and As concentrations in the sMFC, since acidic soil conditions favor the 

formation of soluble Fe phases (Gorny et al., 2015; Hutchins et al., 2007). Furthermore the 

lower soil pH could have also affected the surface charge of Fe oxides thus influencing the 

adsorption-desorption behavior of As on Fe oxides (Table 6.1). Jiang et al. (2014), observed a 

negative relation between the dissolved Fe and soil pH. A similar relationship for soil porewater 

As concentration was also reported in a study by Signespastor et al. (2007). Moreover, the 

gradual decrease in the amount of dissolved Fe and As in both the sMFC and the control could 

be due to the formation of insoluble iron minerals such as iron sulfide and iron carbonates 

minerals. Previous studies have shown that under anoxic conditions microbially-derived 

sulfide can react with Fe and As to produce Fe sulfide minerals (e.g., pyrite and mackinawite) 

and As-sulfide-like species (e.g., orpiment and realgar), respectively (Burton et al., 2011; 

Hashimoto and Kanke, 2018). Studies have shown that under reducing conditions that these 

newly form Fe and As sulfide species can induce As precipitation and insolubilization (Burton 

et al., 2011; Hashimoto and Kanke, 2018).  Similarly, iron carbonate minerals have also shown 

remove As from water solutions under anoxic conditions (Guo et al., 2013). However, in this 

study we did not measure Fe mineralogy to confirm the above, thus further studies are needed.  

Nonetheless the paddy soil environment is suitable formation of secondary Fe minerals that 
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can reduce the aqueous concentration of Fe and As (Burton et al., 2011; Hashimoto and Kanke, 

2018). 

Furthermore, changes in the bacteria community could have also contributed to the 

increase of Fe and As solubility. The class Deltaproteobacteria was enriched in the vicinity of 

the sMFC anode and is known to contain many dissimilatory Fe and As reducing bacteria (Hori 

et al., 2010). Moreover, at the genera level two well-known Fe reducing genus, Geobacter and 

Thermincola (Logan, 2009; Marshall and May, 2009) were enriched on the anode and bulk soil 

of the sMFC (Fig. 6.5a). Species from the Geobacter clade demonstrates the ability to use DOC 

as an electron donor to reduce both Fe(III) and As(V) (Chen et al., 2016; Lovley and Phillips, 

1988; Qiao et al., 2017). Similar to Geobacter, members of the genus Thermincola can utilize 

insoluble Fe oxide as an electron acceptor. The most prevalent Thermincola sequence found in 

the sMFC was closely related to Thermincola ferriacetica, a known metal-reducer (data not 

shown) (Zavarzina et al., 2007). Thermincola ferriacetica was found to reduce amorphous Fe 

oxide with acetate as an electron donors (Zavarzina et al., 2007). Additionally, members of the 

Bacteroidetes environmental groups VadinHA17 was also significantly higher in the sMFC 

middle layer (Fig. S 6.7a). Bacteroidetes have been observed to degrade complex DOC while 

using nitrate or elemental sulfur to produce acetate with hydrogen and carbondioxide as 

byproducts (Baldwin et al., 2015; Grabowski et al., 2005; Krespi et al., 2006). The acetate that 

is produced by Bacteroidetes, could have been used by IRB as an electron source and the 

carbondioxide possibly contributed to the lower pH and the increase in soil porewater Fe and 

As in the bulk soil of the sMFC.  

Diffusion and cathodic reactions might explain the elevated Fe and As levels in the 

sMFC top layer (Gustave et al., 2018a) (Fig. 6.5a). The concentrations of dissolved Fe and As 

in top levels were much lower than those in middle and bottom layers, thus Fe and As could 

continuously be diffused upward due to diffusive forces. At the same time, the overlaying water 
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and top soil layers were alkalized by the cathode of the sMFC, which consumed proton to 

reduce oxygen (Logan, 2008). The near neutral condition in surface water facilitated Fe(II) 

precipitation and the co-precipitation of As with Fe oxides (Weber et al., 2006).  

6.5.3. sMFC decreases porewater Fe and As when soil DOC is limited 

When sMFC was coupled with water management, the soil porewater Fe and As 

behaviors were distinct from the previous results obtained in sole sMFC experiment. We 

observed a significant decrease of total Fe and As in the sMFC-WM treatment compared to the 

control-WM (Fig. 6.4a-c). This could be due to the bacterial re-distribution and substrate 

competition. In the control-WM, known iron and arsenic reducing bacteria such as Geobacter, 

Flavisolibacter, Anaeromyxobacter and Azospira were significantly (p< 0.001) higher in the 

control-WM bulk soil than that of the sMFC-WM (Fig. 6.5b). Geobacter, Flavisolibacter, 

Anaeromyxobacter and Azospira have been reported to achieve dissimilatory Fe and/ or As -

reduction and owing to their dominance in the control-WM bulk soil, these genera may have a 

role in Fe and As enrichment in the soil porewater control-WM through dissimilatory reduction 

processes (Kudo et al., 2013; Peng et al., 2016).  

Moreover DOC was also dramatically decreased in the sMFC after implementing dry-

wet cycles (Fig. 6.2). In sMFC-WM we verified that soil DOC was responsible for the enhance 

Fe and As mobility as was evident in sample Day 7, before commencing the dry-wet cycles 

(Fig. 6.4a-c). Even though the sMFC-WM was operational, under high DOC loads, similar to 

the sMFC an increase in total Fe and As concentration was observed in all layers (Fig.6.4 a c). 

This result supports our hypothesis that under high DOC content the sMFC enhances Fe and 

As release. Furthermore, EEM spectra results of DOC samples suggest that the increase in Fe 

and As may have occurred because the DOC contained a high abundance of UVC humic-like 

molecules (containing quinone-like structures) (Fellman et al., 2010) (Fig. S 6.3a). Since UVC 

humic-like molecules could have been used to facilitate electron shuttling to reduce Fe-oxide 
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and As(V) in the bulk soil (Chen et al., 2003; Kappler et al., 2016; Roden et al., 2010) and led 

to the higher As concentration in the soil porewater. Zhou et al. (2015), observed similar results 

when sMFC was applied in soil with high DOC concentrations. In their study higher dissolved 

Fe was observed in soil porewater of sMFC amend with cyanobacterial bloom biomass (CBB) 

compared to non-CBB sMFC and control sMFC. Likewise, higher dissolved Fe was observed 

in the non-CBB sMFC compared to the control sMFC (Zhou et al., 2015). Their results agreed 

with ours, suggesting that the sMFC will enhance Fe reduction under high DOC conditions. 

The decrease in DOC in the sMFC-WM may have led to the significant decrease in soil 

porewater As concentration compared to the control-WM (Fig. 6.2a-c).  Many studies have 

shown a positive relationship between Fe oxide and DOC with As mobility in soil porewater 

(Gustave et al., 2018a; Stuckey et al., 2015; Wang et al., 2016). The microbial As release was 

mainly due to the reduction of As bearing Fe oxides or As(V)  and DOC was a limiting factor 

(Gustave et al., 2018a; Stuckey et al., 2015). Therefore, because the sMFC-WM made DOC a 

limiting factor this may have resulted in a shortage of electron donors to IRB in the bulk soil 

and consequently decrease As concentration in the soil porewater. In addition to the decrease 

in DOC, the change in DOC composition from UVC humic acid-like molecules to less aromatic 

like humic may have also resulted in the incidence of fewer redox active aromatic compounds 

to facilitate electron shuttle between bacteria to Fe oxide in the bulk soil. This thereby may 

have limited the activity of bacteria that uses electron shuttles during anaerobic reparation 

(Chen et al., 2003; Kappler et al., 2016; Roden et al., 2010). However, to the best of our 

knowledge, the exact mechanism in which the dry-wet cycles enhance DOC mineralization and 

transformation in the sMFC-WM is not fully understood yet. One putative pathway is that 

during the wet-dry cycles oxygen was introduced into anaerobic soil and reacted with Fe(II) 

and/or the reduction of aromatic components of DOC to produce •OH via Fenton reactions. 

The •OH then rapidly reacts with DOC and enhances the degradation of the reluctant DOC to 
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produce degraded aromatic and non-aromatic molecules (Trusiak et al., 2018). Nonetheless 

further studies are required to confirm this mechanism. 

6.6. Conclusions  

The results obtained here demonstrate for the first time that the sMFC may enhance the 

risk of As if operated in As-polluted paddy soils with high OM. This occurs because the sMFC 

can promote the mobilization of As through the decrease in soil pH and the increase in bulk 

soil Fe and As reducing bacteria. Therefore, the in-situ use of sMFC in high OM wetland 

environments should be carefully evaluated in respect to environmental risk. Furthermore, this 

study also shows that incorporating sMFC with water management practices in OM rich soil 

can reverse this negative effect by decreasing DOC and UVC humic acid-like molecules. 
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6.8. Supplementary data  

The effect of the sMFC on arsenic in soil with high organic 

matter content  

Table S 6.1 Selected properties of the fresh soils. 

Soils Texture Fe(g/kg ) As (mg/kg) pH TC 

(g/kg) 

Loam Clay 53.7±1.8  73.7±5.9 6.2±0.1 23.2±0.9  

 

Notes: Fe, soil total iron, As, soil total arsenic, TC, soil organic carbon. The values represent 

the mean ±standard error of four replicate samples. 
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Table S 6.2 Similarity-based OTUs and species richness and diversity estimates. 

Sample ID ACE Chao1 Shannon index Simpson 

Good's 

Coverage 

Control-T 1694.2 ±7.06 1725.3 ±11.6 8.60 ±0.03 0.990 ±0.00 99.2 ±0.00 

Control-M 1543.3 ±9.64 1570.3 ±8.09 8.10 ±0.06 0.990 ±0.00 99.3 ±0.00 

Control-A 1499.9 ±22.3 1520.9 ±23.8 8.20 ±0.08 0.990 ±0.00 99.4  ±0.00 

sMFC-T 1736.4 ±21.6 1761.1 ±21.6 8.60 ±0.02 0.990 ±0.00 99.2 ±0.00 

sMFC-M 1536.8 ±5.22 1559.4 ±6.32 8.30 ±0.04 0.990 ±0.00 99.4 ±0.00 

sMFC-A 1428.5 ±28.4 1434.3 ± 37.7 6.90 ±0.05 0.960 ±0.00 99.2 ±0.00 

Control-WM-BS 631.0 ±3.18 632.9 ±4.28 7.30 ±0.18 0.980 ±0.00 99.9 ±0.00 

Control-WM-A 628.2 ±6.06 635.6 ±8.25 7.40 ±0.15 0.980 ±0.00 99.9 ±0.00 

sMFC-WM-BS 629.6 ±212 631.8 ±1.18 7.60 ±0.07 0.990 ±0.00 99.9 ±0.00 

sMFC-WM-A 621.6 ±7.95 629.3 ±5.63 7.30 ±0..31 0.980 ±0.00 99.9 ±0.00 

Notes: T, M, A and BS: represents samples collected from top layer, middle layer, anode vicinity and bulk soil respectively. The values represent 

the mean ±standard error of four replicate sample
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Schem. 1 Schematic diagram of the sMFC retractor 
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Figure S 6.1 Current variation of the sMFC-WM over time. The red and blue arrows indicates 

the start of dry and wet periods respectively.  
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Figure S 6.2 Dissolved organic carbon (DOC) variation in soil porewater as a function of 

incubation time. Panels a, b and c show DOC concentration in the top, middle and bottom 

layers, respectively. The error bars represent standard error of measured concentrations of 

four replicate samples 
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Figure S 6.3 EEM fluorescence spectra of DOC in soil porewater. Panels a, c, e and g show 

DOC spectra in sMFC-WM. Panels b, d, f, and h show DOC spectra in the control-WM. P is 

tryptohan-like, H ultraviolet C (UVC) humic acid-like, F is fulvic acid-like and TH is terrestrial 

humic acid-like. 
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Figure S 6.4 EEM fluorescence spectra of DOC in soil porewater. Panels a, c, e and g show 

DOC spectra in sMFC. Panels b, d, f, and h show DOC spectra in the control.  
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Figure S 6.5 Association between Fe and As release in the sMFC. Panels a, b and c represent 

the top, middle and bottom layers, respectively.   
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Figure S 6.6 Rarefaction curves showing the diversity of OTUs (similarity cut off of 97%). T, 

M, A and BS: represents samples collected from top layer, middle layer, anode vicinity and 

bulk soil respectively. The value represents the mean of four replicates. 
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Figure S 6.7 Relative abundance of bacterial community composition at class level for the 

sMFC without (a) and with water management (b). T, M, A and BS: represents samples 

collected from top layer, middle layer, anode vicinity and bulk soil respectively. The value 

represents the mean of four replicates.  
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Chapter 7 : The effect of the sMFC on the accumulation of 

arsenic in rice plant parts 

7.1. Abstract  

Rice (Oryza sativa L.) consumption is a major route of dietary exposure to arsenic (As) 

in humans. One main reason for the high accumulation of As in rice grain is the high 

bioavailability of As in porewater of flooded paddy soil. Recently, it has been shown that the 

application of soil microbial fuel cell (sMFC) can significantly reduce soil porewater As 

concentration, however, the effect of sMFC on As accumulation in rice is unknown. Hence, 

the aim of this study was to assess the effects of the sMFC in reducing As uptake in rice grown 

in As contaminated. Thus, a pot experiment was performed to investigate As distribution in 

rice tissues and the functional microbial communities in soil when the sMFC was installed. The 

As in the soil porewater and rice plant parts were analyzed by ICPMS. 16S rRNA sequencing 

and Quantitative PCR were used to examine the microbial community and to quantify the 

relative abundance of As resistance genes in the rhizosphere, respectively. The results 

suggested that the sMFC can simultaneously work as an electricity generator and As mitigator. 

The total As concentrations in the stems, leaves, husks, and rice grains were significantly 

decreased by 53.4%, 44.7%, 62.6%, and 67.9%, respectively in the plants with sMFC compared 

to the control. This decrease in As accumulation in the sMFC treatment may be explained by 

the decrease in the soil porewater dissolve organic matter content and abundance of As 

reducing gene (arsC). Moreover, known As reducing classes such as Clostridia, Bacilli and 

Thermoleophilia were significantly enhanced in the control treatment. Integrating the sMFC in 

rice paddy soil offers a promising way to mitigate As accumulation in rice tissue and reduce 

dietary As exposure, while simultaneously producing electricity.   
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7.2. Introduction 

Rice (Oryza sativa L.), a staple food worldwide and is the major route of dietary 

exposure to arsenic (As) (Zhu et al. 2008). The health risk of As exposure through rice raises 

with increasing As level in paddy soils, which has been frequently reported in many countries 

(Patel et al., 2005; Zhu et al. 2008; Seyfferth, et al., 2014; Li et al. 2019). The As accumulation 

in rice grain is first determined by the bioavailability of As in paddy soil.  Most of the As are 

fixed on the solid phase of iron (Fe) oxide in oxic soils, however, the release of As from the 

soil solid phase to the porewater accelerates when soils are flooded (Yamaguchi et al. 2011; 

Yamamura et al. 2018).  This occurs because under these reducing condition, microorganisms 

able to reduce Fe oxide and arsenate (As(V)) thrive.  

Iron and As reducing microbes transfer electrons from organic substrates to Fe oxide 

and As(V), respectively. The microbial reductive dissolution of Fe oxide results in the 

transformation of solid ferric (Fe(III)) minerals to dissolved ferrous (Fe(II)) ions and As 

liberation. Moreover, the direct reduction of absorbed As(V) from the surface of Fe oxide to 

arsenite (As(III)) also enhances the As bioavailability because As(III) is more mobile than 

As(V) (Qiao et al. 2017b; Takahashi et al. 2004). On the contrary, the excessive Fe(II) that is 

generated can react with microbially-derived sulfide and/or carbonate to form more stable 

secondary Fe minerals that can co-precipitate with As from the soil porewater (Burton et al. 

2011; Hashimoto and Kanke 2018). However, As bioavailability is still relatively high in the 

anaerobic soil porewater, since As(III) is normally the dominant As species and has a lower 

tendency to precipitate with Fe minerals as compared to As(V) (Takahashi et al. 2004). 

Therefore, methods that are able to interfere with the microbial dissolution process of Fe oxides 

may be effective in reducing As bioavailability in flooded paddy soils. 

Many studies have shown that the microbial reduction of Fe oxide and As(V) in flooded 

condition are impeded when chemical amendments, such as nitrates, metal-oxides and sulfates, 
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are added into the soil (Hu et al. 2007; Wang et al. 2019; Zhang et al. 2017). These studies 

suggested that the amendment can be used by soil microorganisms as a substitute final electron 

acceptor thereby limiting As(V) and Fe oxide reduction (Hu et al. 2007; Wang et al. 2019; 

Zhang et al. 2017). For example, in a previous study, Zhang et al. (2017) used nitrate to 

stimulate anaerobic oxidation of As(III) to As(V) and reduce As bioavailability in the paddy 

soil porewater. However, there are several disadvantages to such treatment because the 

oxidizing compound will eventually be consumed by the soil microorganisms, thus losing its 

function, and/or the compound have negative impacts on soil quality and plant growth (Liu et 

al. 2014; Sahrawat 2005). Recently, carbon electrodes of the soil microbial fuel cells (sMFC), 

which are inert in most environments, were found to be a stable sink of electrons and are able 

to slow down Fe oxide reduction and mitigate As risk in soils (Gustave et al. 2018a).  

Plant sMFC, are special types of sMFC that can be used to convert solar energy to 

electricity. In plant sMFC, the electrogenic bacteria in the soil oxidizes organic compound and 

root exudates from the rhizosphere produce electricity (Kouzuma et al. 2014; Takanezawa et 

al., 2010, Schamphelaire et al. 2008). Plant sMFC have been tested for electricity production, 

however the sMFC power output was relatively low (Kaku et al. 2008; Schamphelaire et al. 

2008; Khudzari et al., 2019). Subsequently, sMFC research has shifted towards environmental 

remediation (Chen et al. 2015; Gustave et al. 2018a; Gustave et al. 2018b). The sMFC have 

been shown to be a cost-effective way to reduce As concentration in soil porewater and 

simultaneously produce electricity in lab scale experiments (Gustave et al. 2018a). In the sMFC, 

the anode sustains the microbial degradation of dissolve organic carbon (DOC) by acting as an 

alternative electron acceptor, thereby limiting Fe and As reduction (Gustave et al. 2018a; 

Gustave et al. 2018b). This consequently results in less As being release into the paddy soil 

porewater which could possibly limit As uptake and translocation by rice plants (Gustave et al. 

2018a).  Moreover, it should be noted that the sMFC could also influence the behavior of redox 
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sensitive metals/ metalloids via electromigration and electroosmotic flow. Recently, sMFC 

have been used to generate energy that is needed to drive in situ electrokinetic remediation of 

the toxic metals without the addition of an external power source (Chen et al., 2015; Habibul 

et al., 2016a; Habibul et al., 2016b; Song et al., 2018). The current produced by the sMFC was 

used to accelerate the transfer of contaminants along with the pore fluid towards a charged 

electrode where it may be removed or treated. Nonetheless, as the dominant species of As in 

flooded paddy soils is As(III) and it is neutrally charged, the electromigration only has a minor 

influence on the soil porewater As(III). This phenomenon was confirmed in our earlier studies 

where we found electromigration had only minimal influence on As mobility (Gustave et al. 

2018a; Gustave et al. 2018b). Our results showed sMFC’s anode bacterial community’s ability 

to out compete the As reducing bacteria in bulk soil for organic substrate was the dominating 

factor controlling As release into the soil porewater (Gustave et al. 2018a; Gustave et al. 2018b). 

However, to date, the effect of the anode on As and uptake in rice plants have not been reported. 

Therefore, we proposed a hypothesis that the sMFC can be used to reduce As 

bioavailability and limit total As uptake by the rice plant. The sMFC will decrease DOC in the 

soil porewater which in turn will limit microbial Fe and As reduction. Thus, the major objective 

of this study were to investigate the effects of the sMFC on (i) the bacterial community and As 

transformation genes in the rhizosphere and to (ii) determine whether the sMFC can reduce 

total As accumulation in rice grown in As contaminated soils. 

7.3. Materials and Methods 

7.3.1. Paddy Soil Sample 

The paddy soil (0-20cm) was collected from Shaoguan, Guandong Province 

(N25º6’38’’, E113º 38’41’’), PR China. The collected samples were air-dried and sieved to 

less than 2mm. The main physio-chemical properties of the soil were determined and are 
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presented in Table S1. The total carbon, As and Fe concentrations were measured to be 

21.2±0.7 g/kg, 44.8±3.5 mgKg-1 and 38.3±1.2 g/kg, respectively (Table S 7.1). 

7.3.2. Soil Microbial Fuel Cell Assembly 

Eighteen sMFC were constructed from the paddy soil and were operated firstly in a plant 

cultivating room for 38 days and then transferred to an outdoor greenhouse until the end of the 

experiment. Of the eighteen sMFC, nine were control replicates, in which the anodes and 

cathodes were not connected to any resistor (open circuit). The remaining nine sMFC were 

treatment replicates and the anodes and cathodes were connected to 500Ω external resistors 

(close circuit). On day 110, all of the 500Ω external resistor were replaced with a 100Ω external 

resistor. All the sMFC were constructed according to our previously reported method (Gustave 

et al. 2018a) with few modifications. Briefly, 60 kg of homogenized soil was amended with 

basal fertilizers, NH4NO3 (120 mgN kg−1 soil) and K2HPO4 (30 mgP kg−1 soil and 75.7 mgK 

kg−1 soil). Then, 3kg of amended soil was used to construct the sMFC in the individual 

cylindrical polyvinylchloride pots (16 cm diameter × 30 cm depth) with a three valve ports. 

The valve ports were located adjacent to each anode. Circular carbon felts with geometric 

surface area of 850 cm2 were used as anodes and a rectangular carbon felts with geometric 

surface area of 706.9 cm2 was used as cathodes. A data logger (USB-7660B, ZTIC, China) was 

used to record the voltage (which was the difference in potential between the anode and the 

cathode) from day 0 to day 38. After day 38, a handheld Digital Multimeters (UNI-T UT71E) 

was used to record the voltage every 24 hours. We cease to use the automatic data logger on 

day 38 because the sMFCs were transported from a plant cultivation room to an outdoor 

greenhouse.   

As depicted in Fig. 1, in each container, 2 cm depth of soil was added and then the 

bottom anode was placed on the surface of the soil layer. Then, 4 cm of the soil was used to 

bury the bottom anode. The middle anode was then placed on the surface of the soil layer and 
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buried with another 4 cm of soil before installing the top anode. The remaining soil sample was 

then be used to bury top anode. The anodes were cut into two pieces and were connected with 

a titanium wire. The two half anodes were placed 1 cm a part to leave space for the rice roots 

to grow. It should be noted that the three carbon felt used as the anode in each of the sMFCs 

were connected to each other and operated as a single anode with three layers, rather than three 

individual anodes. The cathode was vertically installed in the overlaying water in aerobic 

conditions. The water loss via evaporation and plant respiration during operation was routinely 

replenished with deionized water to maintain a constant water level of ca. 6 cm. However, prior 

to harvesting the rice, from day 110 to day 120, the sMFCs and controls were allowed to run 

dry.   

7.3.3. Preparation of Rice Seedlings  

Rice seeds of Oryza sativa (Yliangyou, YLY) were disinfected according to the method 

mentioned in study Chen et al. (2012) and then germinated on cleaned moist perlite.  Prior to 

being transplanted into the sMFC the seedlings were grown in a non-contaminated (trace metal 

within the Chinese standard (GB15618-1995) specification for agricultural soils)   soil in a 

plant cultivating room until the fourth leaf expanded. Then three uniform plantlets were 

transplanted into each sMFC. The rice plants were first grown in a plant cultivating room for 

38 days in the sMFC at 25 °C during the day and night. The natural light was supplemented 

with led lights (1200 Lux) with photoperiod of 12h light/12 h dark. On June 8, 2018 the rice 

plants were moved to an outdoor greenhouse at ambient temperature and natural photoperiod.   

7.3.4. Chemical Analysis 

During the rice growing period, the soil porewater was collected every 10 days for the 

first 30 days and then collected every 20 days for remaining operational period using a custom-

made rhizon sampler with a hollow fiber membrane (modified polyethersulfone, Motimo 

Membrane Technology Co., Ltd, Tianjin, China). The soil pH, soil redox potential (Eh) and 
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DOC were also measured. All of the analysis were conducted according to the methods 

descried in chapter 2. 

7.3.5. Plant Samples Analysis 

At the end of 120 days, the rice plants were harvested and washed with ultrapure water. 

The analyses were conducted according to the methods descried in chapter 2. 

7.3.6. Microbial Community Analysis  

At the end of the maturing stage, the anodes and rhizosphere soils were sampled from 

four randomly selected sMFCs and four controls for genomic DNA extraction. In each of the 

four treatment samples were taken from rhizosphere and the three individual anodes. The 

sample from the three anodes of one cell was combined to form one composite sample. Then 

the total DNA was extracted immediately after collection from 0.25g of each sample using a 

HiPure Soil DNA isolation Kit (Magen, China) according to the manufacturer’s instructions.  

The extracted DNA quantity and quality were check by a Nanodrop® ND-1000 UV–vis 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). The V4-V5 region of 

the bacterial and archaea 16S rRNA genes were amplified using the forward primers 347F (5'-

CCTACGGRRBGCASCAGKVRVGAAT-3') and reverse primers 802R (5'-

GGACTACNVGGGTWTCTAATCC-3') (Li et al., 2017). Details for Illumina sequencing, 

experimental steps and data analyses are described in chapter 2. 

7.3.7. Quantitative PCR (qPCR) of arsC, aioA and arsM genes 

The abundances of aioA, arsC and arsM genes from the rice rhizosphere at the ending 

of the maturation stage was determined by quantitative real-time PCR (qPCR) performed on a 

real-time qPCR Instrument (LightCycler 480II, Switzerland). Details for qPCR, experimental 

steps and data analyses are described in chapter 2. 
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7.3.8. Nucleotide sequence accession number 

The 16S rRNA-based high-throughput sequencing reads have been submitted to NCBI 

GeneBank database with accession number MK235250 - MK235990. 

7.4. Results  

7.4.1. Voltage generation 

The average voltage from the sMFCs and controls over 120 days are showed in Fig. 

7.1a. The voltage rapidly increased after connecting the 500Ω external. Afterwards, the voltage 

progress in an increasing direction until day 104. On day 110 the 500Ω external resistor was 

replaced with a 100Ω external resistor and the voltage dropped to around 63 mv. The control 

open voltage also increased without any lag time and was around 879 mV on day 120. As 

shown in Fig. 7.1b, the maximum power output was found to be 22.2 mW/m2 when the current 

was 2.42 mA.  

 

Figure 7.1 Voltage variation over time (a) and polarization curve (b). The arrow represent the 

time when the external resistor was changed to 100 Ω. 
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7.4.2. Effects of sMFC on soil pH, Eh, DOC and plant growth. 

The pH was significantly (p < 0.05) lowered in the sMFC anode (7.42 ±0.06) vicinity 

compared to that of the control (8.16 ±0.8). However the pH in the sMFC rhizosphere (8.48 

±0.1) was higher than that of the control (8.03 ±0.1). In addition, the Eh in the sMFC 

rhizosphere soil was significantly (p < 0.05) higher than that of the control. The Eh in the sMFC 

was (84.4 ±10.6) and that of control was (-108.0 ±19.9). 

The porewater DOC steadily decreased in all of the layers, regardless of treatment, from 

day 10 to 30, however on day 50 an increase in DOC was observed in the control (Fig.7 2a-c).  

This could have been due to DOC input from the rice roots. Nonetheless, DOC concentrations 

in the sMFC were consistently lower than that of the control in all layers. On day 110 the DOC 

concentration was 48.1%, 40.0% and 46.3% lower in the sMFC compared to the control (Fig. 

7.2a-c). This indicates that the sMFC accelerated the degradation of DOC. Moreover, the sMFC 

influenced the plant height and tiller number. Average plant heights per pot were higher in the 

sMFC (92.3 ±0.9 cm/ pot) than that of the plants in the control (80.9 ±1.6 cm/ pot). Similarly 

the average tiller number were higher in the sMFC (36.2 ±1.6/ pot) compared to the control 

(28.2 ±1.6/ pot). As compared to control, both the plant heights and tiller number increased by 

12.4% and 22.2% respectively.   
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Figure 7.2 Variations in DOC in the sMFC and control treatment. Panels a, b and c show DOC 

concentrations in the top, middle and bottom layers, respectively. 

7.4.3. Effect of sMFC on porewater As and Fe concentration  

Figure 7.3a-f illustrates the soil porewater total As and Fe in the sMFC and control 

samples over the course of the 110 days of incubation. The porewater total As concentration 

was consistently lower in the sMFC than that of the control in all layers. On day 110 the total 

As concentrations were 25.2%, 41.8% and 39.1% lower in the sMFC top, middle and bottom 

layers respectively compared to the control (Fig. 7.3a-c). These results demonstrate that the 

sMFC limited the mobilization of As into the soil porewater. Furthermore, As(III) was the 
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predominate As species in the soil porewater on day 110 and  accounted for more than 80% of 

the total soil porewater As in the control (Table S 7.2).  

Moreover, a rapid increase in dissolved total Fe was observed on day 10, and then gradually 

declined in both the sMFC and the control. Similar to the porewater total As concentration, the 

total Fe concentrations were lower in the sMFC compared to the control in all layers on day 10 

(Fig. 7.3d-f). However, with the increase in incubation time, the concentrations in the soil 

porewater total Fe became slightly higher in the sMFC compared to the control. Nonetheless it 

should be noted that the sMFC porewater also had higher concentration of Fe (III) than that of 

the control (Table S 7.2). 
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Figure 7.3 Variations in As and Fe concentration in the sMFC and control treatment. Panels a, 

b and c show As concentrations in the top, middle and bottom layers, respectively. Panels d, e 

and f show Fe concentrations in the top, middle and bottom layers, respectively. 

7.4.4. Effects of sMFC on As accumulation in rice 

The total As content in the roots, steams, husks and rice grains in the different treatments at the 

mature stage are given in Fig. 7.4.4. In general, regardless of the application of the sMFC, the 

distribution pattern of total As in the rice roots, stems, leaves, husks and grains follow the order 

of roots > leaves > stems > husks > grains. However, the total As content in the stems, leaves, 

husks and grains were lower in the rice plants grown in the soil with the sMFC compared with 

that of the control. This suggests that the sMFC can effectively impede the migration of As to 
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rice plants. In sMFC treatments, total As content in rice grains, husks, leaves and stems were 

reduced at the end of the mature stage (day 120) compared to the control. The total As content 

in rice grains, husks, leaves and stems were, 0.9, 1.2, 3.2 and 2.4 mg/kg, respectively in the 

control. Compared with control, the contents of total As in rice grains, husks, leaves and stems 

decreased by 53.4%, 44.7%, 62.6%, and 67.9%, respectively. Moreover, no significant 

differences were observed between the As concentration in the rice roots from the sMFC and 

those from the control although the total As concentration was higher in the rice roots from the 

sMFC. However, Fe concentration in the sMFC rice roots (13.1 ±1.2 g/kg) were higher than 

that of the control rice roots (11.1 ±0.4 g/kg). Nonetheless, it should be noted that Fe plaques 

were not separated from the rice roots in this study.  

 

Figure 7.4 The concentration of As in the rice parts at maturation. 

7.4.5. arsC, aioA and arsM genes abundance 

Quantitative PCR assays were conducted to quantify absolute abundance of three As 

transformation genes in the rhizosphere from the sMFC and control samples (Fig. 7.5). The 
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results showed that the copy number of the arsC, aioA and arsM genes were significantly 

influenced by operating the sMFC. The abundance of the arsC gene that is responsible for the 

microbial transformation of As(V) to As(III) was significantly (p= 0.04) lower in the sMFC 

rhizosphere as compared to that of the controls rhizosphere. Furthermore aioA and arsM genes 

that are responsible for the microbial oxidation and methylation of As, respectively, were 

higher in the sMFC rhizosphere compared to that of the control. These results suggest that 

direct microbial reduction of As(V) to As(III) in the control could be responsible for the higher 

soil porewater total As. Moreover, these results also indicate that the transformation of As(III) 

to As(V) and the methylation of As could have played a role in the decrease of As mobility 

into the sMFC soil porewater. 

 

Figure 7.5 Absolute abundance of the (a) arsC, (b) aioA and (c) arsM genes in the sMFC and 

control rhizosphere soil at the end of the incubation period. The asterisk shows a statistically 

significant difference as compared with control (p < 0.05). 

7.4.6. Functional bacterial community 

The diversity of the bacterial community in both the anode vicinity and the rhizosphere 

were assessed by high-throughput sequencing of the 16S rRNA gene. In all of the samples the 

Good’s coverage were above 99%, indicating that size of all the libraries were sufficient to 
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cover the bacterial communities (Table S 7.3).  Based on the OTUs classified at 97% similarity, 

the sMFC had the highest richness compared to the control in both the anode vicinity and 

rhizosphere. Moreover, a higher diversity was observed in anode vicinity compared to the 

rhizosphere regardless of treatment. A similar trend was observed in the OTUs distribution, 

suggesting that the bacterial community in the anode vicinity were more diverse than that of 

the rhizosphere (Table S 7.3). 

In addition, beta diversity and Anosim analysis were used to study the variances in the 

bacterial community between the sMFC and the control. The results showed that the sMFC 

bacterial community were significantly different compared to that of control. Principal 

Coordinates Analysis (PCoA)-PC1 vs PC2 (explaining 74.9%) showed that the sMFC 

significantly altered the bacterial community in the anode vicinity and rhizosphere soil 

compared to the control (Fig. 7.6). The bacterial community clustered into three main groups. 

Where samples from anode vicinity and rhizosphere of the sMFC formed two separate groups, 

while all the samples from the control comprised the third cluster. Moreover, Anosim analysis 

also supports the conclusion that bacterial community on the sMFC anode vicinity (p= 0.03) 

and the rhizosphere (p= 0.02) were significantly different from that of the control. 
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Figure 7.6 Principal Coordinates Analysis (PCoA) of the sMFC and controls bacterial 

community composition based on Bray-Curtis distance. The x- and y-axes are indicated by the 

first and second coordinates, respectively. 

The composition of the microbial community in the sMFC and control were further 

investigated and classified into taxonomic groups. In all the treatments, Alphaproteobacteria, 

Anaerolineae, Clostridia, Deltaproteobacteria, Gammaproteobacteria, Actinobacteria, 

Bacteroidia, Bacilli, Thermoleophilia and Chloroflexi were the dominant classes and 

accounted for over 84% of the total OTUs (Fig. 7.7a). As expected Deltaproteobacteria (21.0% 

vs 6.2%), and Actinobacteria (10.4% vs 5.5%) dominated the anode vicinity of the sMFC, 

while Alphaproteobacteria (10.8% vs 15.6%), Anaerolineae (9.4% vs 15.6%), Clostridia (7.6% 

vs 15.9%) and Bacilli (4.3% vs 3.8%) were more abundant in the control anode vicinity. In the 

rhizosphere, Deltaproteobacteria (9.3% vs 4.7%), Gammaproteobacteria (14.1% vs 11.5%), 

Actinobacteria (15.4% vs 6.9%), and Bacteroidia (6.6% vs 3.5) were high in the sMFC 
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compared to the control. However, in the control rhizosphere Alphaproteobacteria (10.2% vs 

17.4), Anaerolineae (8.9% vs 16.1), Clostridia (12.5% vs 13.3%), Bacilli (4.1% vs 5.0%) and 

Thermoleophilia (2.7% vs 4.3%) were more abundant.  

At the genus level, Geobacter (1.4- 11.3%), Anaerolinea (1.5- 2.6%) and Bacillus (2.3-

4.4%) were the most dominant groups in all of the samples. Geobacter, Nocardiodes and 

Anaeromyxobacter were significantly higher in the sMFC compared to the control in the anode 

vicinity (Fig. 7.7b). However, Bacillus, Anaerolinea and Defluviicoccus were significantly (p 

< 0.05) higher in the control compared to the sMFC in the rhizosphere.  



238 
 

 

Figure 7.7 Relative abundance of bacterial community composition at class (a) and genus (b) 

levels. The relative abundance values represent the mean of four replicates. 

7.5. Discussion  

7.5.1. Voltage output  

The high voltage generation without any lag time in the sMFC was likely due to the 

accumulation of electrogenic bacteria on the anode. Since, the start-up time is highly related to 

the biofilm attachment rate around anode (Song and Jiang 2018). The genera Geobacter, 

Aneromyxobacter and Nocardioides were significantly enhanced on the sMFC anodes 
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suggesting that they are able to respire the anode and contribute to the high voltage output. 

Previous studies have shown that these genera are able to transfer electrons outside of the cell 

membrane to respire solid mineral oxides (Gustave et al. 2018a; Qiao et al. 2017a). Moreover, 

the genera Geobacter and Aneromyxobacter are known electrogens and have been positively 

correlated to the sMFC performance (Kouzuma et al. 2014). The fluctuating voltage that was 

observed throughout the sMFC operation is characteristic of oxygen input from plant roots into 

the anode vicinity of the sMFC (Chen et al. 2012; Kouzuma et al. 2013; Liu et al. 2018). The 

plant roots accelerate the potentials near the anode because of oxygen loss from roots tip and 

this results in a decrease voltage due to a competition for electron between oxygen released 

from the roots and the anode (Kaku et al. 2008; Liu et al. 2018; Schamphelaire et al. 2008). 

The high power output of the cell was probably due to the ready available DOC from the plant 

roots and the development of a stable electrogenic community on the anodes (Schamphelaire 

et al. 2008). 

7.5.2. The effect of the sMFC on the As and Fe mobility in the soil porewater 

The anode of the sMFC is able to serve as an alternative electron acceptor for both As and Fe 

reducing bacteria (Gustave et al. 2018a). Thus, many known As and Fe reducers have been 

found to be enhanced in the vicinity of the anode and respire the anode of the sMFC thereby 

limiting the release of As and Fe (Gustave et al. 2018a; Wang et al. 2015; Wang et al. 2016). 

Recently, in a study investigating the effects of sMFC on As and Fe behaviors in paddy soil 

porewater, it was reported that the sMFC can reduce the soil porewater As and Fe by 53% and 

35%, respectively (Gustave et al. 2018a). In the present study, our results demonstrated that 

the sMFC can significantly decrease As mobility in the rhizosphere which was consistent with 

the previous study results. Our results were also consistent with previous studies that observed 

As(III) as the dominant As speciation and very low concentration of DMA in the soil porewater 

after prolong flooding (Wang 2019 et al., Zhao et al., 2013). However, we observed an increase 
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in total Fe concentration in the sMFC as compared to the control after day 10. This suggest that 

up to day 10 Fe dissolution was responsible for the release of As, but after day 10 the release 

of As was independent of Fe release (Mirza et al. 2014; Zhang et al. 2018). The independent 

release of As has also been reported in other studies (Das et al. 2016; Mirza et al. 2014). The 

exact mechanism for the decoupling of As and Fe release is not well understood. However, 

previous studies have suggested that decoupling of As and Fe release occurred due to direct 

arsenic reduction and formation of secondary Fe minerals or the precipitation of Fe(II) on oxide 

surfaces. This may have occurred because it is thermodynamically more favorable for As(V) 

reduction to As(III) to happen before the reduction of  secondary iron minerals such goethite 

and hematite to Fe(II) (Postma et al. 2010; Radloff et al. 2007).  

The decoupling of As and Fe release in our study may have occurred as a results of 

direct As (V) reduction. Evidence from previous studies showed that some microbes are able 

to directly reduce As(V) from the surface of Fe oxides facilitating the release of As(III) (Das 

et al. 2016; Qiao et al. 2017a; Qiao et al. 2017b; Zhang et al., 2018). In the present study, 

sequences related to bacterial genera capable of direct As(V) reduction, such as Clostridia, 

Bacilli and Thermoleophilia were more abundant in the control samples. Moreover, the As 

reducing gene (arsC) was also significantly higher in the control (Villegas-Torres et al. 2011). 

These results coupled with the high concentration of immobilized As in the sMFC soil, led us 

to hypothesize that decoupling of As and Fe in our study may have been due to direct As 

reduction. Das et al., (2016) and Zhang et al., (2018) observed a similar phenomenon in their 

investigations on the decoupling of As and Fe in groundwater. In both studies, the authors 

concluded that direct As reduction was a major process leading to increase of As in the 

groundwater (Das et al., 2016; Zhang et al., 2018). Another reason for independent mobility of 

As could be due to the chemicals released by the rice roots to increase Fe bioavailability. The 

rice growth in the sMFC were much better than that of the control and previous studies have 
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shown that rice roots can secrete phytosiderophores to rhizosphere and chelate Fe(III) to 

enhance the bioavailability of Fe (Boonyaves et al. 2017). In our study, the concentration of 

dissolved Fe(III) was significantly higher (p < 0.05) in the sMFC compared to the treatment. 

Furthermore, As immobilization by sMFC application could be explained by multi-

mechanisms affiliated to the installation of sMFC, including the decrease of soil DOC, increase 

in soil Eh and the redistribution of the As reducing genes and bacterial community. The sMFC 

and the control treatments were constructed from the same paddy soil with 21.2±07 g/kg TOC 

(Table S1). Although we did not measure the DOC prior to day 10, we assume that the initial 

DOC concentrations were relatively the same in both sMFC and the control treatments. 

However, from day 10, the sMFC application significantly increased DOC mineralization from 

the soil porewater, which has been reported to decrease As release (Gustave et al. 2018a; 

Stuckey et al. 2015). Studies have shown that DOC is the main electron donor for the reduction 

and liberation of As (Jia et al. 2013; Stuckey et al. 2015). Hence, because the sMFC decrease 

DOC content in the soil porewater and DOC is the main electron donor this thereby could have 

led to a decrease in the rate of As reduction by As reducing and dissimilatory bacteria in the 

soil (Gustave et al. 2018a). Moreover, the increase in soil Eh also favor the decrease in soil 

porewater As. The direct reduction of As is more likely to occur under reducing condition 

rather oxidizing conditions (Takahashi et al. 2004; Yamaguchi et al. 2011). 

Additionally, the sMFC significantly affected the abundance of functional genes and 

microbes that are involved in the As transformation. Microbes transform As by using different 

As transformation genes (Zhang et al. 2015). Studies have shown that the relative abundance 

and activity of these genes determine the bioavailability and speciation of As in the rice paddy 

soil (Jia et al. 2013; Qiao et al. 2017a; Zhang et al. 2015). Dissimilatory arsenic reduction is 

the main pathway that increase As mobility in paddy soil and is catalyzed by the respiratory 

arrA genes (Malasarn et al. 2004) and the detoxification arsC genes (Villegas-Torres et al. 
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2011) which transform As(V) to As(III). Conversely, As(III) oxidation by the aioA and aioB 

genes and As(III) methylation by the arsM genes favor As immobilization and vaporization in 

paddy soils respectively (Slyemi and Bonnefoy 2012; Yang et al. 2018). 

In the sMFC the As reducing gene (arsC) was significantly suppressed in the 

rhizosphere. Thus, the decrease in the abundance of arsC gene and porewater total As suggests 

that the sMFC limited As(V) reduction. As(V) has a high tendency to co-precipitate from soil 

porewater with metal oxide as compared to As(III) which has a lower affinity for metal oxides 

(Yamaguchi et al. 2011). Moreover, the sMFC was also found to significantly increase the 

abundance of the As oxidizing (aioA) and methylation (arsM) genes. The aioA could have 

enhance the transformation of As(III) to As(V) which then favors the precipitation of As from 

the soil porewater (Jia et al. 2014; Slyemi and Bonnefoy 2012).  

Furthermore, the increase of the classes Clostridia, Bacilli and Thermoleophilia may 

have also contributed to the release of As in the control soil porewater. Members of these 

classes have also been found to be associated with soils that have high As content (Das et al. 

2016; Qiao et al. 2017a; Qiao et al. 2017b). Further analysis to the genus level shown a near 

two fold increase in the abundance of Bacillus related sequences in the control rhizosphere. 

The genus Bacillus has been shown to enhance As mobility in flooded paddy soils (Qiao et al. 

2017a; Wang et al. 2017). However, it should be noted that Geobacter and Anaeromyxobacter 

(members of class Deltaproteobacteria) was significantly enhanced in the sMFC rhizosphere. 

Although both  Geobacter and  Anaeromyxobacter are known As reducers (Qiao et al. 2017a; 

Wang et al. 2017) the lower total As observed in the sMFC could be due to long distance 

electron transfer to the anode thus prevent As reduction (Lovley 2017). Geobacter can transfer 

electron to the anode via quinone-mediated electron shuttle and the use of nanowires (Reguera 

et al. 2005; Wu et al. 2018). 
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7.5.3. The sMFC significantly reduce total As accumulation in the rice grains 

In this study, the uptake of As was determined to be highly dependent on As availability. 

Thus, with the decrease in total As concentration in soil porewater sMFC, total As 

accumulation in the rice leaves, stems, husks and rice grains were significantly decreased in 

the plants with the sMFC application. This occurred as the uptake of As is strongly dependent 

on the As bioavailability and speciation (Suriyagoda et al. 2018). As (III) is taken up through 

aquaporins in the rice plant roots and then enters the stele through the silicon- (Si) uptake 

pathway, while As(V) is taken up through the phosphate uptake system (Suriyagoda et al. 2018). 

In our study, As(III) was the dominant species and was more abundant in the control samples, 

hence higher As accumulation was observed in the rice grown in the control.   

Moreover, higher As in the rice roots from sMFC suggest that the rice roots impede the 

translocation of As to other above ground plant tissues (Rahman et al. 2007). The rice roots are 

able to retain As and impede its translocation due the present of Fe plagues that form around 

the roots (Chen et al. 2005). The root Fe plaque was formed due to the oxidation of Fe(II) to 

Fe(III) by oxygen release from the roots surface. Ferric hydroxides is the main component of 

root plaques and has a high adsorption capacity for As from the soil porewater (Liu et al. 2005). 

However, the adsorption of As by the Fe(III) oxides is strongly affected by DOC concentration. 

The DOC in the soil may compete with As for adsorption sites thereby decreasing As 

adsorption and may enhance As release to the soil porewater (Williams et al. 2011). In our 

study, the rice roots in the sMFC had a thicker Fe plaque as was suggested by the higher Fe 

concentration and the DOC concentration in sMFC was significant lower than that of the 

control.   

7.6. Conclusions 

In this study the effect of the sMFC on the accumulation of As in the rice plants was 

investigated. The total As in the rice grains decreased by 53.4% in the sMFC compared to the 
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control and similar decreases were also observed in leaves, stems, husks and grains. The reason 

for the decrease in As in the rice tissue was due to the decrease in As bioavailability in the soil 

porewater.  Furthermore, a maximum power output of 22.2 mW/m2 was produced by the sMFC. 

These results demonstrate for the first time that the sMFC can be used to significantly reduce 

As accumulation in rice tissues and simultaneously generate electricity to power small devices. 

However it should be noted that the concentrations of As in the plant tissues were not 

standardized to the mass of the whole plants. 
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7.8. Supplementary data 

The effect of the sMFC on the accumulation of arsenic in 

rice plant parts 

 

Table S 7.1 Selected properties of the fresh soils. 

 
Soils Texture Fe(g/kg ) As (mg/kg) TOC (g/kg) 

Sandy loam 38.2±1.2 44.8±3.5 21.2±07 

Notes: Fe, soil total iron, As, soil total arsenic, TOC, total organic carbon. The values 

represent the mean ±standard error of four replicate samples. 

 

Table S 7.2 As and Fe speciation in the soil porewater on day 110. 

Sample ID As(III) (µg/L) As(V) (µg/L) Fe(II) (mg/L) Fe(III) (mg/L) 

sMFC-T 30.6±1.1 13.1±0.5 28.3±3.8 12.2±1.7 

sMFC-M 30.1±1.2 9.0±0.4 24.4±4.3 10.2±1.9 

sMFC-B 39.9±1.8 4.3±0.2 35.8±3.6 15.4±1.5 

Control-T 45.9±1.7 11.5±0.4 18.2±2.3 2.4±0.2 

Control-M 
 

60.0±2.2 7.4±0.3 30.5±5.5 4.0±0.9 

Control-B 66.1±3.0 7.3±0.3 25.4±2.7 4.0±0.9 

Notes: T, M and A: represents samples collected from anode 1, anode 2 and anode 3 vicinity 

respectively. The values represent the mean ±standard error of nine replicate samples. 
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Table S 7.3 Similarity-based OTUs and species richness and diversity estimates. 

Sample ID 

 

 

OUTs  ACE Chao1 
Shannon 
index Simpson 

Good's 
Coverage 
(%) 

sMFC-Rh 546±66 617±23.0 610±34.7 7.20±0.7 0.98±0 99.8±0 

sMFC-A 616±4 645±4.7 657±5.7 7.65±0.1 0.99±0 99.8±0 

Control-Rh 527±15 600±13.7 609±16.6 7.70±0.1 0.99±0 99.8±0 

Control-A 584±13 611±14.3 619±16.5 7.78±0.1 0.99±0 99.8±0 
Notes: OTUs, The operational taxonomic units were defined with 3% dissimilarity. Rh and A: 

represents samples collected from rhizosphere and anodes vicinity respectively. 

 

Figure S 7.1 Schematic diagram of soil microbial fuel cells 
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Chapter 8 : The effect of the sMFC on the accumulation of 

other trace heavy metal in rice plant parts  

8.1. Abstract  

The increase in toxic heavy metal pollutants in rice paddies threaten food safety and 

poses a serious health hazard. Therefore, there is an increasing need for low-cost remediation 

technology for decreasing the mobility and bioavailability of these trace metals. In this study, 

we showed that the application of the soil microbial fuel cell (sMFC) can greatly reduce the 

accumulation of Cd, Cu, Cr and Ni in the rice plant parts. In the sMFC treatment, the 

accumulation of Cd, Cu, Cr and Ni in rice grains were 35.1%, 32.8%, 56.9% and 21.3% lower, 

respectively, than the control. The reduction of these elements in the rice grain was due to their 

limited mobility into the soil porewater of the soils there were equipped with the sMFC. The 

restriction in Cd, Cu, Cr and Ni bioavailability was ascribed to the sMFC ability to immobilize 

trace metals through both biotic and abiotic means. The results suggest that the sMFC may be 

used as a promising technique to limit toxic trace metal bioavailability and translocation in the 

rice plants. 
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8.2. Introduction 

 Paddy fields are important ecosystems that provide more than half of the world’s caloric 

intake (Zhu et al., 2008). However, an increasing amount of paddy soils are contaminated with 

heavy metals (Liu et al., 2016; Zeng et al., 2015; Zhao et al., 2014). Heavy metal contamination 

in rice paddy soil is of growing concern since these toxic metals has potential adverse effect on 

the food chain and subsequently public health (He et al., 2019; Mao et al., 2019). Cadmium 

(Cd), copper (Cu), nickel (Ni) and chromium (Cr) has all been shown to induce a variety of 

serious health effects and reduction in agricultural yield (Adrees et al., 2015; Liu et al., 2018b; 

Ramzani et al., 2016; Zhang et al., 2014). Cadmium, in particular has been associated with 

renal and lung failure (Järup and Åkesson, 2009; Zukowska and Biziuk, 2008), while Cu, Cr 

and Ni can affect a number of physiological processes in plant which results in the retardation 

of plant growth and yield (Adrees et al., 2015; Gardea-Torresdey et al., 2004; Liu et al., 2018b; 

Ramzani et al., 2016). Heavy metal pollutants, unlike organic pollutants are not biodegradable 

and tend to persist in the soil environment for long periods (Ahemad, 2012). However, the 

toxicity of these harmful metals are strongly dependent on their redox state and bioavailability 

for plant uptake (Violante et al., 2010). For example, Cr (VI) is a known carcinogen and is 

highly bioavailable in the soil. However, the reduce form Cr(III) is sparingly bioavailable and 

less toxic (Bhattacharyya et al., 2005). Hence, there is an urgent need to develop cost-effective 

techniques to limit the bioavailability and remediate toxic heavy metal pollutants in soil. 

Numerous conventional soil cleaning technologies such as soil washing, electrokinetic 

extraction and soil excavation have many drawbacks such as the production of secondary 

pollutants (Liu et al., 2018c; Yao et al., 2012). Recently, soil microbial fuel cell (sMFC), which 

are a type of bioelectrochemical cells (Kaku et al., 2008; Schamphelaire et al., 2008) appears 

to be a promising technology that may be applied to either immobilize and/or the extract metal 

contaminates from the soil matrix (Chen et al., 2015; Gustave et al., 2018a; Gustave et al., 
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2018b; Hong et al., 2010; Hong and Gu, 2009; Wu et al., 2018a). The sMFC employs the soil’s 

anode respiring bacteria to convert chemical energy stored in the organic matter into electrical 

energy (Kaku et al., 2008; Schamphelaire et al., 2008). The anode of the sMFC serves as an 

electron acceptor and the electrons deposited onto the anode flow through a conductive material 

and a resistor to the cathode where they combine with protons and oxygen to form water. The 

two distant reactions that occurs in the sMFC anode and cathode chamber can greatly influence 

soil biotic and abiotic properties (Gustave et al., 2018b). For example, the sMFC can decrease 

the soil organic matter content, change the soil pH, and alters the soil functional microbial 

community (Hong et al., 2009; Touch et al., 2017). 

Based on these characteristics the sMFC have been applied for soil remediation in a 

few studies recently (Abbas et al., 2017b; Chen et al., 2015; Wang et al., 2015; Zhang et al., 

2012). The sMFC has been employed to limit the bioavailability of numerous redox sensitive 

heavy metals and metalloids such as arsenic (As), iron (Fe), uranium (U) and Cr (Gregory and 

Lovley, 2005; Li and Yu, 2015; Wang et al., 2015). Previous studies have demonstrated the 

ability of the sMFC to significantly reduce soil porewater As and Fe (Abbas et al., 2017a; 

Gustave et al., 2018a). Moreover, the sMFC has also been employed to significantly decrease 

Cr in the porewater (Habibul et al., 2016b). In addition to influencing redox sensitive metals 

that sMFC can also produce the energy that is needed to propel heavy metals out of the soil 

matrix (Chen et al., 2015; Gustave et al., 2018b; Habibul et al., 2016a). In a recent study the 

sMFC was used for the in-situ electrokinetic remediation of soil toxic heavy metals. It was 

observed that the sMFC can produce the energy required to remove 37% and 15.1% of lead 

(Pb) and zinc (Zn) from the soil after 100 days of operation (Song et al., 2018).  

However, to the best of the authors' knowledge, no investigation has been made on the 

effect of the sMFC on heavy metal translocation in plants. Therefore, based on the above 

studies, we hypothesis that the sMFC can be potentially applied to directly or indirectly reduce 
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the bioavailability toxic trace metals in the soil porewater and subsequently limit their uptake 

by plant. Hence, in this study we investigated the application of the sMFC in reducing the 

accumulation of Cd, Cu, Cr and Ni in the rice plants parts.  

8.3. Materials and Methods 

8.3.1. Paddy Soil Sample  

The paddy soil was sampled from a field located in Shaoguan, Guandong Province 

(N25.638. E113.3841). The total carbon, Cd, Cu, Cr and Ni concentrations were measured to 

be 21.2 ±0.7 g/kg, 3.4 ±0.3 mg/kg, 78.6 ±2.2 mg/kg, 177.7 ±8.5 mg/kg and 67.7 ±3.4 mg/kg. 

8.3.2. Soil Microbial Fuel Cell Assembly 

The sMFCs (18 reactors) were assembled in individual cylindrical polyvinylchloride 

pots (16 cm diameter × 30 cm depth) with three anodes and three sampling valve ports located 

adjacent to each anode. Each sampling valve port was equipped with a Rhizon soil moisture 

sampler. Circular carbon felts were cut into two halves and then the two halves were rejoined 

1 cm apart with a titanium (Ti) wire were as the anodes. The total surface are of each anode 

were 850 cm2. Rectangular shaped carbon felts (706.9 cm2) was used as the cathodes. In each 

sMFC 3kg of soil that was previously amended with basal fertilizers (Khan et al., 2013) was 

added in each pot. Anode 1 of the sMFC was buried 2 cm above the bottom of the pot with 

4cm of soil. Then anode 2 was added and buried with another 4 cm of soil. The remaining soil 

was used to bury anode 3 and the cathode was place vertically in the overlaying water. The soil 

layer between anode 3 and the cathode was 4 cm thick. Of the 18 sMFCs nine were connected 

to a 500Ω external resister (treatment) from day 0 to day 110 and then the 500Ω external 

resistor was replaced with a 100 Ω external resister until the end of the incubation period. The 

remaining reactors were not connected to any external resisters (control). It should be noted 

that all of the anodes in each individual sMFC reactors were connected together with Ti wire 

and operated as a single anode. The voltage between the anode and the cathode were recorded 
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using a data logger (USB-7660B, ZTIC, China) from day 0-38 and then a Digital Multimeters 

(UNI-T UT71E) was used to record the voltage every 24 hours until the end of the incubation 

period.  

8.3.3. Preparation of Rice Seedlings  

 The rice seeds (Oryza sativa YLY) were disinfected with 30% H2O2 and were 

germinated on perlite until the 4-leaf stage. Then three uniformly geminated seedlings were the 

transplanting to each sMFCs reactor. The plants and reactors were firstly incubated in a plant 

cultivating room (25 °C and 12h light (1200 Lux) /12 h dark) for 38 days before being 

transferred to a greenhouse with natural day-night cycles and ambient temperature. The sMFC 

was allowed to dry prior to harvesting the rice plants. 

8.3.4. Chemical Analysis 

 The soil porewater (5ml) was collected with a Rhizon soil moisture sampler under 

negative pressure using syringe. Prior to sampling, 100 µl of 2M hydrochloric acid was added 

in each syringe to acidify the sample and prevent precipitation. Soil pH and Eh were measured 

on the final sampling day. All of the analysis were conducted according to the methods descried 

in chapter 2. 

8.3.5. Plant Samples Analysis 

 At the end of the grain maturity, sample of the grain, husk, leaves, stem and roots were 

collected. The plant parts were dried, grinded and digested following the technique in chapter 

2. The total concentrations of Cd, Cu, Cr and Ni were determined by ICPMS. 

8.3.6. Microbial Community Analysis 

 On the final incubation day soil samples were collected from the anodes vicinity and 

rhizosphere from four of the sMFC reactors. The anode soil samples from each individual 

sMFC were combined to form one composite (four composite anode samples in total). 

According to the manufacturer protocol, DNA was extracted from 0.25g of each sample using 
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a HiPure Soil DNA isolation Kit (Magen, China). The quality of the extracted DNA was 

assessed via gel electrophoresis (1% agarose) and the DNA quantity was determined by a 

Nanodrop ND-1000 UV–vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, 

USA). The universal forward primer 347F (5'-CCTACGGRRBGCASCAGKVRVGAAT-3') 

and reverse primers 802R (5'-GGACTACNVGGGTWTCTAATCC-3') (Li et al., 2017b) with 

the incorporation of sequencing adapters were applied to amplified the V4-V5 region of the 

bacterial and archaea 16S rRNA genes. Illumina sequencing and the library preparations were 

outsourced to GENEWIZ, Inc., Suzhou, China. Details for Illumina sequencing, experimental 

steps and data analyses are described in Chapter 2.  

8.3.7. Nucleotide sequence accession number 

The 16S rRNA sequencing reads have been submitted to NCBI GeneBank database 

with accession number MK235250 - MK235990. 

8.4. Results and Discussion  

8.4.1. Current generation and power output  

 Figure 8.1 shows the average current variation in the sMFCs over the incubation period. 

The current increase rapidly from day 0 without any lag time and reached a maximum current 

output of ~1.20 mA during the course of the experiment. The rapid increase in the current 

output of the sMFC can be attributed to the establishment of the anode respiring bacteria on 

the anode and the abundance of organic matter in the soil porewater (Mohan et al., 2008; 

Rismani-Yazdi et al., 2011). The fluctuation observed in the current over time was probably 

caused by oxygen influx into the anode compartment from the rice roots (Liu et al., 2018a; Lu 

et al., 2015). Previous studies have reported that the oxygen lost from roots can negatively 

impact the current output of the sMFC since it creates oxic condition in the anode vicinity (Liu 

et al., 2018a; Lu et al., 2015).  
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Figure 8.1 Current variation overtime. 

The rapid decrease in the current that occurred on day 110 was due to replacement of 

the 500Ω with a 100Ω external resister. Studies have shown that the decrease of external 

resistance increase microbial metabolic breakdown rate of organic matter (Pitts et al., 2003; Yu 

et al., 2017) and this could have resulted in the decrease in current due to lack of electron 

donors in the anode vicinity. The maximum power density of the sMFC was 22.2 ±1.6 mW/m2. 

The current and power density obtained here are comparable to the results obtained in the 

previously published works where the sMFC was used to alleviate soil of trace metal pollutants 

(Song et al., 2018; Habibul et al., 2016a). 
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8.4.2. Change is soil porewater metal concentrations  

 

Figure 8.2 Variations in Cu and Cr concentration in the sMFC and control treatment. Panels a, 

b and c show Cu concentrations in the top, middle and bottom layers, respectively. Panels d, e 

and f show Cr concentrations in the top, middle and bottom layers, respectively. 

 The change in soil porewater Cu and Cr in the vicinity of the anode are shown in Fig. 

8.2a-f. The trace metals were significantly affected by the sMFC operation. The concentrations 

of both Cu and Cr were lower in the sMFC compared to the control in all of the sampling points. 

On day 110 the concentration of Cu was 67.1-72.2% lower in the sMFC compared to the control 

and that of Cr was 41.4-46.7% less in the sMFC soil porewater. Similar to Cu and Cr, the Ni 

concentration in sMFC was also significantly reduced in the sMFC porewater compared to the 
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control (Fig. S 8.1). The concentration of Ni was 48.1-64.0% lower in the sMFC. Different 

from Cu, Cr and Ni, Cd was only detected in the sMFC and control porewater on day 10. 

However on day 10 the concentration of Cd in the sMFC porewater was 31.0-56.8% less than 

that of the control. The reason for the lack of Cd in the soil porewater after day 10 was due to 

the fact that Cd is not mobile under anaerobic conditions. Under sulfur reducing condition Cd 

tend to precipitate with the reduced sulfur to form CdS which has low solubility in water (Qiao 

et al., 2018).  

 The reduction in trace metals in the sMFC soil porewater can be achieved through both 

biotic and abiotic pathways. Previous studies have shown that the sMFC can produce an electric 

field that can drive the migration Cu ions from the bulk soil to the cathode area where the Cu  

ions may react with oxygen and precipitate as CuO and Cu2O(Abbas et al., 2018; Wang et al., 

2016; Wu et al., 2017). Furthermore, other studies has also shown that the anode respiring 

microbes’ biofilm can absorb Cu ions (Li et al., 2017a). In our study the concentration of Cu 

was significantly reduce in the porewater of the sMFC, however the Cu concentration in the 

rhizosphere soil of the sMFC (61.4 ±1.6 mg/Kg) was higher than that of the control (58.8 ±1.9 

mg/Kg). Moreover, the pH of the sMFC rhizosphere soil was (8.48±0.1) was higher than that 

of the control (8.03±0.1). The results obtained here suggest the electromigration and 

precipitation of Cu in the cathode region of the sMFC.  

Furthermore, the sMFC enhance the relative abundance of some microbes that have 

been suggested to be involved in Cu removal. In our study the phyla Proteobacteria, Firmicutes, 

Actinobacteria and Chroroflexi accounted for more than 80% of the bacterial community (Fig. 

8.3). The phylum Actinobacteria and Acinobacteria were observed in higher abundance in the 

sMFC compared to the control. Members of the phylum Actinobacteria and Acinobacteria have 

been shown to be Cu-resistant and capable of removing Cu. At the family level, 

Geobacteraceae (4.0-11.3% vs 1.4-2.7%) was more abundant in the sMFC (Bond D. R et al., 
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2002) (Fig. S 8.2). Geobacter a member of the family Geobacteraceae has been reported to be 

involved in Cu removal via the interspecific synergism and conductive pili (Bond D. R et al., 

2002; Wu et al., 2018b). 

Similarly to the soil porewater Cu, the decrease in Cr and Ni bioavailability in the sMFC 

could be due to electromigration and microbial reduction. Under close circuit condition Cr(VI) 

can be electrokinetically driven to the cathode chamber of the sMFC and be reduced to 

Cr(III)(Chen et al., 2015; Habibul et al., 2016b). This may have contributed to the lower soil 

porewater Cr in the sMFC since Cr(VI) is more soluble than Cr(III) (Miller et al., 2016). 

Furthermore, the microbial reduction and abortion of Cr by the microbial community could 

have also contributed to the reduction of Cr in the sMFC porewater. Many studies have 

demonstrated that the use of microbes to reduce soluble Cr(VI) to relatively insoluble Cr(III) 

(Daulton et al., 2007; Liu et al., 2011; Miller et al., 2016). In the sMFC the phylum 

Proteobacteria (33.6-40.0%) was more abundant compared to the control (29.1-33.6%). A 

large proportion of iron-reducing microorganism belongs to the phylum Proteobacteria and 

iron-reducing microorganisms have been shown to direct or indirectly participate in Cr 

reduction (Liu et al., 2011; Miller et al., 2016). The iron-reducing bacterium Shewanella 

oneidensis MR-1 belonging to the Proteobacteria clan has been demonstrated to direct reduce 

Cr(VI) to Cr(III)(Miller et al., 2016). Additionally, the anode respiring microbes can indirectly 

influence Cr solubility (Liu et al., 2011). The electron transferred to the anode by anode 

respiring bacteria can travel to the cathode and encourage Cr precipitation by changing the soil 

pH and/or direct Cr(VI) reduction (Liu et al., 2011). Analysis of the rhizosphere soil showed 

higher Cr in the sMFC (177.7 ±7.1 mg/Kg) than the control (129.2 ±6.4 mg/Kg). This results 

suggest the precipitation of Cr in the cathode chamber of the sMFC.  

Analogous to Cu removal, Ni removal from the sMFC was probably due to the changes 

in soil chemistry and electromigration (Antoniadis et al., 2017; Rinklebe and Shaheen, 2017). 
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In our study, the concentration of Ni in the soil porewater may have decrease due to the 

electromigration and precipitation of Ni with hydroxides in the sMFC rhizosphere soil. In the 

sMFC rhizosphere soil both the pH and the Eh (84.4 ±10.6 vs -108 ±19.9) were significantly 

higher than that of the control and these conditions are favorable for Ni co-precipitation with 

solid hydroxides (Rinklebe et al., 2016; Moreira et al., 2008). In a previous study it was shown 

that under elevated Eh conditions, Ni mobility was significantly imped compared to the 

reducing conditions (Rinklebe et al., 2016). Furthermore, the increase in soil pH have also been 

reported to favor the precipitation of Ni with solid oxides (Moreira et al., 2008). Moreover, the 

sMFC anode biofilm could have also absorbed Ni from the soil porewater. Some studies have 

suggested the precipitation on and abortion of Ni by the anode and anode biofilm respectively 

(Giannis et al., 2010; Gustave et al., 2018b). 

 

Figure 8.3 Relative abundance of bacterial community composition at the phylum level. The 

relative abundance values represent the mean of four replicates. 
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8.4.3. Decrease in Cd, Cu, Cr and Ni accumulation in rice plant tissue 

In the present study the results suggest that applying the sMFC can significantly limited 

the translocation of toxic trace metals into the rice plants. In general, the order of Cd, Cu, Cr 

and Ni concentrations in the different plant parts followed the order: roots> stems> leaves> 

husks > grains (Fig. 8.4 a-d). The concertation of Cd, Cu, Cr and Ni were lowest in all the rice 

grains grown in the sMFC as compared to the control. The Cd, Cu, Cr and Ni concentrations 

were 35.1%, 32.8%, 56.9% and 21.3% lower, respectively, in the sMFC compared to the 

control. It is well known that plant roots uptake trace metals from the soil porewater 

(Antoniadis et al., 2017). Thus, the decrease in the Cd, Cu, Cr and Ni concertation in the sMFC 

rice grains could be attributed to the decrease of their bioavailability in the soil porewater. 

Although Cd was below the detection limit during the flooded period in both sMFC and the 

control, Cd was detected in the rice grains. The accumulation of Cd in rice grains have been 

shown to occur during the drying period prior to harvesting (Hu et al., 2013). In this study we 

dried the soil prior to harvest and it is believed that during that time the plants accumulated the 

Cd. However, the higher pH in the rhizosphere soil of the sMFC limited the Cd accumulation 

in the rice grains grown in the sMFC soil. Previous studies have shown that Cd solubility 

reduces with increasing soil pH (Houben et al., 2013; Qiao et al., 2018). The higher trace metal 

accumulation in the roots suggest that the trace metal translocation to above-ground parts from 

the roots was highly regulated. For example, Cr translocation from roots to above-ground plant 

parts have been shown to be significantly impede in the root vacuoles. 
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Figure 8.4 The concentrations of Cd (a), Cr (b), Cu (c) and Ni (d) in the rice parts at maturation. 

8.5. Conclusions 

 The bioavailability of trace metals in soil can be limited by applying the sMFC. The 

sMFC employs both biotic and abiotic means to reduce the mobility of heavy metals into the 

soil porewater. In this study we showed that the sMFC can be used to significantly reduce the 

accumulation Cd, Cu, Cr and Ni the in rice grains while simultaneously producing electricity. 

The Cd, Cu, Cr and Ni concentrations were between 21.3-56.9% lower in the sMFC compared 

to the treatment. These results imply that the sMFC can be a promising technique to limit toxic 

trace metal bioavailability and translocation in rice plants. However is should be noted that the 

concentrations of Cd, Cu, Cr and Ni in the plant tissues were not standardized to the mass of 

the whole plants. 

  



266 
 

8.6. References  

Abbas, S.Z., Rafatullah, M., Ismail, N., Nastro, R.A., 2017a. Enhanced bioremediation of toxic 

metals and harvesting electricity through sediment microbial fuel cell. Int. J. Energy 

Res. 41, 2345-2355. 

Abbas, S.Z., Rafatullah, M., Ismail, N., Shakoori, F.R., 2018. Electrochemistry and 

microbiology of microbial fuel cells treating marine sediments polluted with heavy 

metals. Rsc Adv. 8, 18800-18813. 

Abbas, S.Z., Rafatullah, M., Ismail, N., Syakir, M.I., 2017b. A review on sediment microbial 

fuel cells as a new source of sustainable energy and heavy metal remediation: 

mechanisms and future prospectiveInt. J. Energy Res. 41, 1242-1264. 

Adrees, M., Ali, S., Rizwan, M., Ibrahim, M., Abbas, F., Farid, M., Zia-ur-Rehman, M., Irshad, 

M.K., Bharwana, S.A., 2015. The effect of excess copper on growth and physiology of 

important food crops: a review. Environ. Sci. Pollut. Res. 22, 8148-8162. 

Ahemad, M., 2012. Implications of bacterial resistance against heavy metals in bioremediation: 

a review. J. Instit. . Integ. Omics App. Biotech. 3. 

Antoniadis, V., Levizou, E., Shaheen, S.M., Yong, S.O., Sebastian, A., Baum, C., Prasad, 

M.N.V., Wenzel, W.W., Rinklebe, J., 2017. Trace elements in the soil-plant interface: 

Phytoavailability, translocation, and phytoremediation–A review. Earth-Sci. Rev. 171, 

621-645. 

Bhattacharyya, P., Chakraborty, A., Chakrabarti, K., Tripathy, S., Powell, M., 2005. Chromium 

uptake by rice and accumulation in soil amended with municipal solid waste compost. 

Chemosphere 60, 1481-1486. 

Bond D. R, Holmes D. E, Tender L. M, R, L.D., 2002. Electrode reducing microorganisms that 

harvest energy from marine sediments. Science 295, 483–485. 



267 
 

Chen, Z., Zhu, B.-K., Jia, W.-F., Liang, J.-H., Sun, G.-X., 2015. Can electrokinetic removal of 

metals from contaminated paddy soils be powered by microbial fuel cells? Environ. 

Techn. Innov. 3, 63-67. 

Daulton, T.L., Little, B.J., Jones-Meehan, J., Blom, D.A., Allard, L.F., 2007. Microbial 

reduction of chromium from the hexavalent to divalent state. Geochim. Cosmochim. 

Acta 71, 556-565. 

Gardea-Torresdey, J., Peralta-Videa, J., Montes, M., De la Rosa, G., Corral-Diaz, B., 2004. 

Bioaccumulation of cadmium, chromium and copper by Convolvulus arvensis L.: 

impact on plant growth and uptake of nutritional elements. Bioresour. Technol. 92, 229-

235. 

Giannis, A., Pentari, D., Wang, J.Y., Gidarakos, E., 2010. Application of sequential extraction 

analysis to electrokinetic remediation of cadmium, nickel and zinc from contaminated 

soils. J. Hazard. Mater. 184, 547-554. 

Gregory, K.B., Lovley, D.R., 2005. Remediation and recovery of uranium from contaminated 

subsurface environments with electrodes. Environ. Sci. Technol. 39, 8943-8947. 

Gustave, W., Yuan, Z.-F., Sekar, R., Chang, H.-C., Zhang, J., Wells, M., Ren, Y.-X., Chen, Z., 

2018a. Arsenic mitigation in paddy soils by using microbial fuel cells. Environ. Pollut. 

238, 647-655. 

Gustave, W., Yuan, Z.-F., Sekar, R., Ren, Y.-X., Chang, H.-C., Liu, J.-Y., Chen, Z., 2018b. 

The change in biotic and abiotic soil components influenced by paddy soil microbial 

fuel cells loaded with various resistances. J. Soils Sediments, 1-10. 

Habibul, N., Hu, Y., Sheng, G.P., 2016a. Microbial fuel cell driving electrokinetic remediation 

of toxic metal contaminated soils. J. Hazard Mater. 318, 9-14. 



268 
 

Habibul, N., Hu, Y., Wang, Y.K., Chen, W., Yu, H.Q., Sheng, G.P., 2016b. Bioelectrochemical 

Chromium(VI) Removal in Plant-Microbial Fuel Cells. Environ. Sci. Technol. 50, 

3882-3889. 

He, M., Shen, H., Li, Z., Wang, L., Wang, F., Zhao, K., Liu, X., Wendroth, O., Xu, J., 2019. 

Ten-year regional monitoring of soil-rice grain contamination by heavy metals with 

implications for target remediation and food safety. Environ. Pollut. 244, 431-439. 

Hong, S.W., Chang, I.S., Choi, Y.S., Kim, B.H., Chung, T.H., 2009. Responses from 

freshwater sediment during electricity generation using microbial fuel cells. Bioprocess 

Biosyst. Eng. 32, 389-395. 

Hong, S.W., Kim, H.S., Chung, T.H., 2010. Alteration of sediment organic matter in sediment 

microbial fuel cells. Environ. Pollut. 158, 185-191. 

Hong, Y., Gu, J., 2009. Bacterial anaerobic respiration and electron transfer relevant to the 

biotransformation of pollutants. Int. Biodeterior. Biodegradation. 63, 973-980. 

Houben, D., Evrard, L., Sonnet, P., 2013. Mobility, bioavailability and pH-dependent leaching 

of cadmium, zinc and lead in a contaminated soil amended with biochar. Chemosphere 

92, 1450-1457. 

Hu, P., Huang, J., Ouyang, Y., Wu, L., Song, J., Wang, S., Li, Z., Han, C., Zhou, L., Huang, 

Y., 2013. Water management affects arsenic and cadmium accumulation in different 

rice cultivars. Environ. Geochem. Health 35, 767-778. 

Järup, L., Åkesson, A., 2009. Current status of cadmium as an environmental health problem. 

Toxicol. Appl. Pharmacol. 238, 201-208. 

Kaku, N., Yonezawa, N., Kodama, Y., Watanabe, K., 2008. Plant/microbe cooperation for 

electricity generation in a rice paddy field. Appl. Microbiol. Biotechnol. 79, 43-49. 



269 
 

Khan, S., Chao, C., Waqas, M., Arp, H.P.H., Zhu, Y.-G., 2013. Sewage sludge biochar 

influence upon rice (Oryza sativa L) yield, metal bioaccumulation and greenhouse gas 

emissions from acidic paddy soil. Environ. Sci. Technol. 47, 8624-8632. 

Li, W., Yu, H., 2015. Stimulating sediment bioremediation with benthic microbial fuel cells. 

Biotechnol. Adv. 33, 1-12. 

Li, X., Mu, S., Ren, Y., Wang, X., 2017a. Behavior of copper in membrane-less sediment 

microbial fuel cell. J. Renew. Sustain. Energy 9, 023103. 

Li, Y., Hu, X., Yang, S., Zhou, J., Zhang, T., Qi, L., Sun, X., Fan, M., Xu, S., Cha, M., 2017b. 

Comparative Analysis of the Gut Microbiota Composition between Captive and Wild 

Forest Musk Deer. Front. Microbiol. 8, 1705. 

Liu, B., Ji, M., Zhai, H., 2018a. Anodic potentials, electricity generation and bacterial 

community as affected by plant roots in sediment microbial fuel cell: Effects of anode 

locations. Chemosphere. 

Liu, G., Wang, J., Zhang, E., Hou, J., Liu, X., 2016. Heavy metal speciation and risk assessment 

in dry land and paddy soils near mining areas at Southern China. Environ. Sci. Pollut. 

Res. Int. 23, 8709-8720. 

Liu, J., Simms, M., Song, S., King, R.S., Cobb, G.P., 2018b. Physiological Effects of Copper 

Oxide Nanoparticles and Arsenic on the Growth and Life Cycle of Rice (Oryza sativa 

japonica ‘Koshihikari’). Environ. Sci. Technol. 52, 13728-13737. 

Liu, L., Li, W., Song, W., Guo, M., 2018c. Remediation techniques for heavy metal-

contaminated soils: principles and applicability. Sci. Total Environ. 633, 206-219. 

Liu, L., Yuan, Y., Li, F.-b., Feng, C.-h., 2011. In-situ Cr (VI) reduction with electrogenerated 

hydrogen peroxide driven by iron-reducing bacteria. Bioresour. Technol. 102, 2468-

2473. 



270 
 

Lu, L., Xing, D., Ren, Z.J., 2015. Microbial community structure accompanied with electricity 

production in a constructed wetland plant microbial fuel cell. Bioresour. Technol. 195, 

115-121. 

Mao, C., Song, Y., Chen, L., Ji, J., Li, J., Yuan, X., Yang, Z., Ayoko, G.A., Frost, R.L., Theiss, 

F., 2019. Human health risks of heavy metals in paddy rice based on transfer 

characteristics of heavy metals from soil to rice. Catena 175, 339-348. 

Miller, R.B., Giai, C., Iannuzzi, M., Monty, C.N., Senko, J.M., 2016. Microbial reduction of 

Cr (VI) in the presence of chromate conversion coating constituents. Biodegrad. J. 20, 

174-182. 

Mohan, S.V., Mohanakrishna, G., Reddy, B.P., Saravanan, R., Sarma, P., 2008. Bioelectricity 

generation from chemical wastewater treatment in mediatorless (anode) microbial fuel 

cell (MFC) using selectively enriched hydrogen producing mixed culture under 

acidophilic microenvironment. Biochem. Eng. J. 39, 121-130. 

Moreira, C.S., Casagrande, J.C., Alleoni, L.R.F., de Camargo, O.A., Berton, R.S., 2008. Nickel 

adsorption in two Oxisols and an Alfisol as affected by pH, nature of the electrolyte, 

and ionic strength of soil solution. J.  Soils and Sediments 8, 442-451. 

Pitts, K., Dobbin, P.S., Reyesramirez, F., Thomson, A.J., Richardson, D.J., Seward, H.E., 2003. 

Characterization of the Shewanella oneidensis MR-1 Decaheme Cytochrome MtrA 

expression in Escherichia Coli confers the ability to reduce soluble Fe(III) chelates. J. 

Biol. Chem. 278, 27758-27765. 

Qiao, J.T., Liu, T.X., Wang, X.Q., Li, F.B., Lv, Y.H., Cui, J.H., Zeng, X.D., Yuan, Y.Z., Liu, 

C.P., 2018. Simultaneous alleviation of cadmium and arsenic accumulation in rice by 

applying zero-valent iron and biochar to contaminated paddy soils. Chemosphere 195, 

260-271. 



271 
 

Ramzani, P.M.A., Iqbal, M., Kausar, S., Ali, S., Rizwan, M., Virk, Z.A., 2016. Effect of 

different amendments on rice (Oryza sativa L.) growth, yield, nutrient uptake and grain 

quality in Ni-contaminated soil. Environ. Sci. Pollut. R. 23, 18585-18595. 

Rinklebe, J., Antić-Mladenović, S., Frohne, T., Stärk, H.-J., Tomić, Z., Ličina, V., 2016. Nickel 

in a serpentine-enriched Fluvisol: redox affected dynamics and binding forms. 

Geoderma 263, 203-214. 

Rinklebe, J., Shaheen, S.M., 2017. Redox chemistry of nickel in soils and sediments: A review. 

Chemosphere 179, 265-278. 

Rismani-Yazdi, H., Christy, A.D., Carver, S.M., Yu, Z., Dehority, B.A., Tuovinen, O.H., 2011. 

Effect of external resistance on bacterial diversity and metabolism in cellulose-fed 

microbial fuel cells. Bioresour Technol. 102, 278-283. 

Schamphelaire, L.D., Bossche, L.V.d., Dang, H.S., Höfte, M., Boon, N., Rabaey, K., Verstraete, 

W., 2008. Microbial Fuel Cells Generating Electricity from Rhizodeposits of Rice 

Plants. Environ. Sci. Technol. 42, 3053-3058. 

Song, T.S., Zhang, J., Hou, S., Wang, H., Zhang, D., Li, S., Xie, J., 2018. In situ electrokinetic 

remediation of toxic metal-contaminated soil driven by solid phase microbial fuel cells 

with a wheat straw addition. J. Chem. Technol. Biotechnol. 93, 2860-2867. 

Touch, N., Hibino, T., Morimoto, Y., Kinjo, N., 2017. Relaxing the formation of hypoxic 

bottom water with sediment microbial fuel cells. Environ.Tech.1-25. 

Violante, A., Cozzolino, V., Perelomov, L., Caporale, A., Pigna, M., 2010. Mobility and 

bioavailability of heavy metals and metalloids in soil environments. J. Soil Sci. Plant 

Nutr. 10, 268-292. 

Wang, C., Deng, H., Zhao, F., 2015. The Remediation of Chromium (VI)-Contaminated Soils 

Using Microbial Fuel Cells. Soil Sediment Contam. 25, 1-12. 



272 
 

Wang, H., Song, H., Yu, R., Cao, X., Fang, Z., Li, X., 2016. New process for copper migration 

by bioelectricity generation in soil microbial fuel cells. Environ. Sci. Pollut. Res. Int. 

23, 13147-13154. 

Wu, M., Xu, X., Zhao, Q., Wang, Z., 2017. Simultaneous removal of heavy metals and 

biodegradation of organic matter with sediment microbial fuel cells. Rsc Advances 7, 

53433-53438. 

Wu, Y., Jing, X., Gao, C., Huang, Q., Cai, P., 2018a. Recent advances in microbial 

electrochemical system for soil bioremediation. Chemosphere. 

Wu, Y., Zhao, X., Jin, M., Li, Y., Li, S., Kong, F., Nan, J., Wang, A., 2018b. Copper removal 

and microbial community analysis in single-chamber microbial fuel cell. Bioresour. 

Technol. 253, 372-377. 

Yang, Y., Zhang, H., Yuan, H., Duan, G., Jin, D., Zhao, F., Zhu, Y., 2018. Microbe mediated 

arsenic release from iron minerals and arsenic methylation in rhizosphere controls 

arsenic fate in soil-rice system after straw incorporation. Environ. Pollut. 236, 598-608. 

Yao, Z., Li, J., Xie, H., Yu, C., 2012. Review on Remediation Technologies of Soil 

Contaminated by Heavy Metals. Procedia Environ. Sci. 16, 722-729. 

You, J., Wu, G., Ren, F., Chang, Q., Yu, B., Xue, Y., Mu, B., 2016. Microbial community 

dynamics in Baolige oilfield during MEOR treatment, revealed by Illumina MiSeq 

sequencing. Appl. Microbiol. Biotechnol. 100, 1469-1478. 

Yu, B., Tian, J., Feng, L., 2017. Remediation of PAH polluted soils using a soil microbial fuel 

cell: Influence of electrode interval and role of microbial community. J. Hazard. Mater. 

336, 110. 

Zeng, F., Wei, W., Li, M., Huang, R., Yang, F., Duan, Y., 2015. Heavy metal contamination 

in rice-producing soils of Hunan province, China and potential health risks. Int. J. 

Environ. Res. Public Health. 12, 15584-15593. 



273 
 

Zhang, C.P., Shan-Shan, C., Guang-Li, L., ZHANG, R.-D., Jian, X., 2012. Characterization of 

strain Pseudomonas sp. Q1 in microbial fuel cell for treatment of quinoline-

contaminated water. Pedosphere 22, 528-535. 

Zhang, W.L., Du, Y., Zhai, M.M., Shang, Q., 2014. Cadmium exposure and its health effects: 

A 19-year follow-up study of a polluted area in China. Sci. Total Environ. 470, 224-

228. 

Zhao, F.J., Ma, Y., Zhu, Y.G., Tang, Z., McGrath, S.P. 2014. Soil contamination in China: 

current status and mitigation strategies. Environ. Techn. 49, 750-759. 

Zhu, Y., Williams, P., Meharg, A.A., 2008. Exposure to inorganic arsenic from rice: a global 

health issue? Environ. Pollut. 154, 169-171. 

Zukowska, J., Biziuk, M., 2008. Methodological evaluation of method for dietary heavy metal 

intake. J. Food Sci. 73, R21-29. 

  



274 
 

8.7. Supplementary data 

The effect of the sMFC on the accumulation of other trace 

heavy metal in rice plant parts 

 

Figure S 8.1 Variations in Ni concentration in the sMFC and control treatment. Panels a, b and 

c show Ni concentrations in the top, middle and bottom layers, respectively. 
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Figure S 8.2 Relative abundance of bacterial community composition at the phylum level. The 

relative abundance values represent the mean of four replicates. 
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Chapter 9 : General Discussion, Conclusions and Future 

Directions  

9.1. General Discussion and Conclusions 
 

In this thesis, the influence of the sMFC anode on the paddy soil components and its 

possible application for trace metal alleviation in rice grains were explored. We showed that 

the sMFC can significantly influence both the biotic and abiotic components of paddy soils. 

We also showed that the sMFC could potentially be used as a mitigation strategy to limit trace 

heavy metals and metalloids mobility in paddy soil, which consequently reduces their 

accumulation in the rice grains.  

Operating the sMFC has been shown to greatly influence the soil microbial community 

that developed on the anode and the surrounding soil (Lu et al., 2014; Yu et al., 2017; Zhao et 

al., 2016). In addition to affecting the soil microbial community, the sMFC can also alter the 

soil physiochemical properties such as Eh, pH and organic matter content (Hong et al., 2009; 

Touch et al., 2017). These changes in soil properties can play a vital role in the behavior of soil 

trace metal components. For example, the speciation, bioavailability and toxicity of arsenic is 

strongly dependent on the soil’s pH, Eh and the functional microbial community (Charlatchka 

and Cambier, 2000; Qiao et al., 2017; Yamaguchi et al., 2011). Although it is well known that 

the sMFC anode can significantly alter these soil properties, the extent in which the anode 

influence extends remains unclear (Hong et al., 2009; Hong et al., 2010; Kouzuma et al., 2014; 

Lu et al., 2014). In chapters 3 and 4, we investigated the influence of the anode on the soil 

biotic and abiotic components along the soil profile. We also examined the influence of the 

relic DNA generated from operating the sMFC on the culture independent estimates of the 

microbial community. Additionally, the influence of the applied external resistor on the soil 

properties were also studied. The results revealed that the sMFC’s anode can influence the 
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microbial community structure of the bulk soil profile centimeters away and the relic DNA 

have minimum influence on the culture independent community. Furthermore, in chapter 4 we 

also illustrated that applying lower external resistance can selectively enhance the anode 

respiring bacterial community relative abundance and increase the organic matter removal 

efficiencies while decreasing metal concentration in the soil porewater.  

The results obtained in chapters 3 and 4 coincide with the existing literature and offers 

possible explanation to some of the answered questions. Numerous studies have reported that 

the relic DNA present in the samples can negatively influence the culture independent estimates 

of the microbial community (Carini et al., 2016; Dellanno and Corinaldesi, 2004; Morrissey et 

al., 2015). Others however reported that relic DNA does not significantly obscure the results 

and lead to misrepresentation (Lennon et al., 2018). Moreover, very few studies have 

investigated the effect of relic DNA in MFCs (Cerrillo et al., 2017; Dessì et al., 2018) and prior 

to our study none have investigated relic DNA influence on the sMFC community. In the 

studies investigating the effect of relic DNA in well buffered double chamber MFCs and MECs 

the results suggest that the relic DNA hamper the true microbial community structure (Cerrillo 

et al., 2017; Dessì et al., 2018). However, in our study our results coincide with that of Lennon 

et al. (2018) suggesting that the relic DNA had minimal influence on the sMFC microbial 

community estimates. A possible explanation for this was that the microbial community 

sampled in our sMFC was at a state of equilibrium. Meaning that the rate of cell death and the 

rate of relic DNA removal was at a steady state (Lennon et al., 2018). 

In addition to the influence of relic DNA we also provided insight on the extent in which 

the sMFC anode can influence the soil microbial community composition. In accordance with 

Lu et al. (2014), the operation of the sMFC can alter the microbial community at the anode and 

the bulk soil. However, we provided a more detail insight on why this phenomenon occurs 

(chapter 3). Our results suggest that the change in the sMFC microbial community was due to 
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both cathodic and anodic reactions. The reactions occurring at both the anode and cathode can 

alter the sMFC’s soil’s pH, Eh, nutrients and organic matter bioavailability which are known 

determinants of the microbial community structure (Dunaj et al., 2012; Wang et al., 2015; Yuan 

et al., 2018). In the sMFC the pH near the cathode increases while the pH near the anode 

significantly decreases. Moreover, operating the sMFC enhances the metabolic actives of 

electrogens, giving them a competitive edge over other microbial groups such as methanogens 

(Jung and Regan, 2011; Kouzuma et al., 2014).  

Expanding on the results obtained in chapter 3 and of the existing literature (Rismani-

Yazdi et al., 2011; Song et al., 2010; Torres et al., 2009), in chapter 4 we showed that tuning 

the electrode potential by changing the external resistor can significantly influence both the 

soil biotic and abiotic components of sMFC. Similar to the results obtained in previous studies, 

changing the external resistor significantly influenced the sMFC performance and the organic 

matter removal efficiency (Cao et al., 2015; Song et al., 2010). The sMFC equipped with lower 

external resistor produced higher currents and have higher organic matter removal efficiency 

than that of those with higher external resistors. This increase in sMFC performance was 

ascribed to the lower internal resistance observed in the sMFC with smaller external resistors 

which was consistent with previous studies result (Cao et al., 2015; Song et al., 2010). As a 

consequence, the high currents in the sMFC with low external resistors also had higher organic 

matter removal efficiency. This was due to the fact that lower external resistance increase the 

metabolic activity of anaerobic bacteria by simulating the release enzyme and altering the 

permeability of anaerobe cell membranes (Pitts et al., 2003; Yu et al., 2017). Different from 

the previously literature we reported for the first time that changing the external resistance can 

be used to selectively enhance the relative abundance of electrogenic bacteria in the soil 

medium. Our result agrees with those obtained from double chamber MFCs (Jung and Regan, 

2011; Torres et al., 2009). Furthermore, our results also showed that operating the sMFC also 
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affected the behavior of the soil porewater iron, arsenic and nickel. Our data also indicated a 

positive correlation between dissolve iron, arsenic and organic matter.   

Therefore in chapters 5 and 6 we focused on the effect of the sMFC anode on the 

behavior of iron and arsenic mobility into the soil porewater under low and high organic matter 

paddy soil conditions. In chapter 5 the results showed that the sMFC is able to limit the release 

of arsenic in to the soil porewater by creating a substrate competition between the bacterial 

community in the anode vicinity and those in the bulk soil. However, as shown in chapter 6, if 

the soil organic matter contain is high, the sMFC enhances the reduction of iron and increase 

the mobility of arsenic into the soil porewater. Nonetheless, this risk is reversible by combining 

the sMFC with wet-dry cycles. The sMFC combined with wet-dry cycle enhances the 

mineralizing of organic matter and limits the release of arsenic into the soil porewater (chapter 

6). Based on the results obtained in chapters 3-6, we concluded that the sMFC influences was 

able to limit the release of arsenic by creating a substrate competition between the microbes in 

the anode vicinity and those in the bulk soil. When soils were equipped with sMFC the 

dissolved organic matter degradation rate increases and the composition of dissolved organic 

matter changes to become less humic acid-like. This results in less electron donors and shuttles 

being available to bacteria in the bulk soil to reduce iron oxide and liberates the arsenic that is 

coprecipitated with iron oxide into the soil pore water. In addition to preventing iron reduction, 

the sMFC microbial community can also enhance the oxidation of ferrous iron to ferric iron as 

a result of changes in soil redox potential (Touch et al., 2017; Wang et al., 2015; Yang et al., 

2016). 

According to the results obtained in chapters 5 and 6 we showed in chapters 7 and 8 

that the application of the sMFC can be extended to reduce the accumulation of trace heavy 

metals in the rice plant parts. In both of these chapters the sMFC was found to be a promising 

way to mitigate trace heavy metals and metalloids accumulation in rice tissue and reduce their 
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dietary exposure, while simultaneously producing electricity. The concentration of arsenic in 

the rice grains were 68% lower in the sMFC treatment compared to that of the control (chapter 

7). Moreover, the rice grown in the sMFC also contained 35.1%, 32.8%, 56.9% and 21.3% less 

cadmium, cupper, chromium and nickel, respectively in the compered to the control (chapter 

8). These results were comparable to those obtained when iron and other metal oxides as 

sorbents or as an oxidants were employed (Duan et al., 2016; Li et al., 2019; Qiao et al., 2018; 

Suda and Makino, 2016).  

However, the sMFC differs from these other technologies, since the sMFC’s anode can 

serve as an inert and stable sink of electrons. The application of chemical amendments, such 

as nitrates, metal-oxides and sulfates, although can impeded the release of toxic heavy metals, 

has many several disadvantages. These amendments only can served for a short period of time, 

they can lead to the production of secondary pollutants and are not always effective. For 

example, many studies have shown that the addition of iron and the increase of root iron plaque 

can increase or have no significant effects on arsenic uptake (Rahman et al., 2013; Syu et al., 

2013). It was speculated that this may have occurred because iron can upregulate the phosphate 

transporters which enhance the uptake of arsenic (Ward et al., 2008) and root iron plaques are 

less effective in trapping As(III) (Chen et al., 2005). Moreover, although the application of 

sulfur may limit arsenic mobility in porewater and the translocation of arsenic within rice (Hu 

et al., 2007), some studies have reported that the application of  sulfur (gypsum) to arsenic 

contaminated soil had limited potential for minimizing arsenic uptake by rice plants (Boye et 

al., 2017; Chen et al., 2014). These results suggest that even though an amendment can decrease 

soil porewater arsenic, there are still some instances where their application, in the presence of 

plants, were ineffective or promote the arsenic uptake. 

In the present PhD thesis the effect of the sMFC anode on the soil trace element 

behavior was studied. Similarly the application of the sMFC as a mitigation technology was 
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also explored. The results presented in this work show for the first time that operating the sMFC 

can significantly influence the behavior of paddy soil trace elements and the microbial 

community along the soil profile. We also showed for the first time that the sMFC can be used 

as a promising technique to limit toxic trace metal bioavailability and their translocation in the 

rice plants while simultaneously producing electricity. The data presented here might 

contribute to the knowledge available on using the BES as a soil heavy metal remediation 

technology.  

9.2. Future Directions 

In this thesis we have demonstrated the use of the sMFC for the in-situ remediation of 

both redox and non-redox sensitive toxic heavy metals from soil in lab based experiments, 

however data from field application of this technique was not collected. Thus, the future 

research on using sMFC for soil heavy metal remediation should be focused on moving this 

technology from the lab to field application. However, before the transfer of this technology to 

field application technical questions such as the following need to be fully address; 

1. Which sMFC configuration would be most suitable for maximum area of influence, 

sMFC performance and field application?  

2. Given that soil is complex and the effect of the sMFC on soil heavy metals maybe 

influence by soil property, can the sMFC be combined with other remediation 

techniques to improve its efficiency? 

To overcome the above challenges associated with the field application of the sMFC, 

we are proposing the use of “inserting sMFC” with air cathodes. Inserting sMFC will offer 

some solutions to the challenges linked with laying two pieces of carbon felts as electrode into 

the wetland. Moreover, the inserting sMFC can also improve the sMFC performance by 

reducing internal resistance, since the inserting sMFC will eliminate the large spaces between 



282 
 

the two electrodes. Lastly the inserting sMFC will also increase the radius of simulation by the 

sMFC because it will be inserted vertical into the soil. 

In the case of soil with high organic matter content the sMFC can be combine with 

hematite and goethite which can be used to improve organic matter mineralization and soil 

conductivity. Moreover, the sMFC can be combine with phytoremediation remediation. Plants 

that are known to be hyper metal accumulated can be added in the sMFC to improve the 

removal efficiency of metals from the soil porewater. Therefore in the future, more attention 

should be paid to the above to facilitate the transfer of the sMFC to field.  
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