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A B S T R A C T   

Plant Microbial Fuel Cells (PMFCs) are bioelectrochemical systems able to convert solar energy into bioelectricity 
with the support of rhizosphere microbial populations. The simultaneous bioelectricity and biomass production 
makes PMFCs an interesting nature-based solution for promoting not only energy production, but also soil 
decontamination. This review reports the main bacterial groups involved in microbial fuel cell systems and key 
factors influencing their performances in plant presence. In detail, to implement PMFCs for remediation of 
contaminated soils, it is firstly necessary to know chemical characteristics of pollutants, their concentrations, soil 
physico-chemical characteristics and soil microbial community structure and functioning. Then, based on 
characterization data of the contaminated soil, a plant species able to resist pollutant toxicity and promote soil 
phytoremediation processes (e.g. phyto-extraction, phyto-stabilization, phyto-degradation) can be selected, also 
based on the climatic characteristics of the study area. Finally, electrode materials and their configurations need 
to be designed to ensure an efficient plant growth, adequate electron transfer and the best possible generation of 
bioelectricity and at the same time promoting the degradative activity of microorganisms.   

1. Introduction 

Soil contamination is a serious global problem causing numerous 
treats to natural ecosystems and human health. Due to the rapid global 
increase in industrialization, urbanization, and intensive agriculture, 
soil quality has been seriously compromised by the presence of poten-
tially harmful wide-ranging contaminants such as heavy metals and 
persistent organic pollutants [1,2]. 

Heavy metal (HM) soil pollution can exert several toxic effects on 
biota at different trophic levels, including plant species [3]. In a similar 
way to HMs, persistent organic contaminants can be toxic to terrestrial 
organisms, including plants and microorganisms and limit drastically 
plant development and yield [4]. Restoring polluted lands is crucial to 
recover biodiversity and ecosystem services for achieving Sustainable 
Development Goals (United Nations - Agenda 2030) and implementing 
concrete actions for the ecological transition promoted by the EU 
GREEN DEAL. Innovative and sustainable remediation strategies using 
plants for soil recovery have been developed over the last decade. 
Phyto-technologies for requalification of contaminated areas have been 

tested in several experimental studies and applied in the field [3] 
showing capacity to promote environmentally friendly solutions 
compared to traditional physico-chemical soil treatments. Plants and 
their associated microorganisms interact synergically in the rhizosphere 
and promote contaminant removal and degradation. Microorganisms 
are able to adapt promptly to pollutant presence and show a wide and 
often unexplored metabolic capacity which makes it possible to use 
contaminants as sources of nutrients and energy or to detoxify them. For 
this reason, various decontamination processes driven by the presence of 
specific plants (e.g. rhizodegradation, phytostabilization, phytoex-
traction) can generally be termed “phyto-assisted bioremediation” 
[5–11]. 

Recently, bioelectrochemical systems such as terrestrial microbial 
fuel cells (MFCs) have gained great attention for their capabilities to use 
organic matter and simultaneously achieve soil decontamination and 
energy production [12–18]. Aiming at combining the potential of 
phyto-assisted bioremediation and MFCs, a novel technology named 
Plant Microbial Fuel Cell (PMFC) has been developed. 

PMFCs represent a particular configuration of MFCs, in which the 
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electrolyte is water or sediment/soil (under saturated conditions) and 
the presence of plants can support an increase in electrical output and 
contaminant removal and/or organic matter degradation [15,19]. In 
fact, plants release root exudates, which are a carbon substrate for mi-
croorganisms, promoting the growth of electroactive bacteria (EAB) [20, 
21]. EAB are natural microorganisms able to generate electricity 
through various metabolic processes [15]. They can develope a biofilm 
on cathode (biocathode) and anode (bioanode). In particular, under 
anaerobic conditions, EAB develop a biofilm on the anode and catabo-
lize (oxidize) organic compounds (including various contaminants), 
producing and releasing protons (H+), electrons (e− ), and carbon diox-
ide (CO2). In both MFCs and PMFCs, an organic source/waste is trans-
formed into electricity through microbial electrochemical reactions 
[15]. Electrons released by bacteria are transferred to the anode, and 
then, through an external circuit, to the cathode, where oxygen acts as 
the electron acceptor and form water as the final product [22,23]. 
Protons flow from the anode to the cathode through the electrolyte 
(soil/sediment) [15]. 

PMFCs have the advantage to provide the EAB with both organic 
substances in form of rhizodeposits, root exudates, and root border cells, 
as well as oxygen at the final electron acceptor (cathode), [15,24,25]. 
Plants supply significant amounts of carbon, and up to 60% has been 
estimated to be used as an energy source for microorganisms. A key 
factor in ensuring that a PMFC is operating in the best conditions is the 
development of a root system in the anode compartment under sub-
merged and anaerobic conditions [26]; the latter favour oxidation of 
rhizodeposits and other organic compounds by microorganisms [20]. 
However, although an anode electrode needs to be close to rhizosphere 
for a high power generation, if the roots completely surround it, the 
efficiency can decrease in terms of electrical outputs [27]. 

A schematic diagram of PMFC is illustrated in Fig. 1. 
In PMFCs, plants use nutrients from soil/water for their growth and 

metabolism, decreasing the overall nutrient load and pollutant con-
centration, and contributing to the degradation/transformation or bio-
accumulation of contaminants. PMFC performance depends on several 
factors, including plant species selection, rhizodeposits, physico- 
chemical and microbiological properties of an environmental matrix 
(soil/sediment), MFC setup and configuration, electrode properties, etc. 
[20]. 

Although PMFCs capabilities to generate power using microorgan-
isms for oxidation of organic matter present in wastewater have been 
widely studied, only few studies have evaluated PMFC efficiency for soil 
remediation. In several cases, PMFC systems work as a “black-box” 
because it is unclear if the degradation/removal of contaminants is 
achieved by electrochemical bacteria or specific contaminant degraders; 
moreover, the role of plants in contaminant degradation is only 
explained in few cases [26]. In this framework, the main factors to be 
considered for customizing PMFCs for contaminated soil remediation 
and bioenergy production are here described and discussed. 

1.1. Physico-chemical soil characteristics and intrinsic pollutant chemical 
properties 

Soil texture, mineralogy, nutrient content (e.g. carbon, nitrogen, 
phosphorous), redox potential and pH influence contaminant persis-
tence and soil microorganism activity. In a soil, electrons are produced 
through transformation of inorganic and organic compounds, such as 
sulphur species, humic acid, and iron(II) [23]. Recently, it has been 
shown that soil pH in PMFCs set up with metal-contaminated or in 
agricultural soils amended with compost or biochar, tended to be higher 
at the cathode than at the anode during long-term operation [25,28,29]; 
this was presumably due to a rapid H+ consumption for oxygen reduc-
tion reactions occurring at the cathode. 

Soil texture, mineralogy and moisture influence oxygen presence. It 
is known that saturated soils are anaerobic and this is a key condition for 
the proper functioning of electrogenic activity at anode in microbial fuel 
cells [13]. 

Moreover, during PMFC operation, a decrease in electrical conduc-
tivity (EC) can be observed due to the root ion absorption and to the 
bioelectrochemical processes that drive PMFC electro kinetics mecha-
nisms [28]. High EC values, that can be registered in the presence of 
saline soils, can reduce plant growth, and therefore limit bio-
electrochemical capabilities of anodophilic soil microrganisms, leading 
to lower electricity production [29]. 

The evaluation of physico-chemical properties and toxicity of pol-
lutants is a key aspect, which allows knowledge of the behaviour of a 
pollutant in a soil (e.g. absorption/adsorption) and its toxicity. This 
information makes it possible to select the plant species to be used that 

Fig. 1. Schematic diagram of a Plant Microbial Fuel Cell (PMFC). The pollutant removal occurs by the anaerobic oxidation of microorganisms, which generate 
electrons in this process. These electrons pass through an external circuit, which allows electricity to be generated. 

V. Ancona et al.                                                                                                                                                                                                                                 



International Journal of Hydrogen Energy 72 (2024) 1116–1126

1118

are most tolerant to a specific soil contamination. For example, poly-
cyclic aromatic hydrocarbons, due to their intrinsic chemical charac-
teristics tend to be adsorbed by organic matter or bing to clay minerals 
[30] and can have a low bioavailability that hampers their biodegra-
dation [30,31]. Persistent organic contaminants, such as poly-
chlorinated biphenyls (PCBs), show high molecular stability, low 
solubility in water and high tendency to adsorb to particulate phase, 
which strongly limit their removal from soil [32]. 

Heavy metals can have different behaviour depending on the soil 
characteristics such as texture, mineralogy, microorganism activity and 
most importantly organic matter content. 

1.2. Microorganisms in plant-microbial fuel cells 

The rhizosphere is a microhabitat comprising roots and the soil 
immediately (a few millimetres) surrounding them, where intense 
chemical interactions occurs between plants and microorganisms [33]. 
The rhizosphere offers a variety of carbon-rich micro-environments, 
which are colonized by beneficial bacterial populations using these 
substrates. Microorganisms communicate between each other and with 
plants through chemical messages (i.e. production of exogenous mole-
cules which act as a signals among different cells), develop synergistic 
actions (including contaminant removal and stress response) and in-
fluence plant functions and yield [33]. In the rhizosphere microbial 
communities of natural soil, electroactive bacteria such as Anaeromyx-
obacter, Azospirillum, Bacillus, Bellilinea, Clostridium, Desulfuromonas, 
Geobacter, Longilinea and Phenylobacterium have been identified [26]. 
Biofilm formation on anode is a key point for PMFC functioning and it 
can be influenced by soil characteristics, temperature, soil humidity, pH, 
dissolved oxygen, etc. Each of these abiotic factors is fundamental for 
PMFC performance and electricity generation. Although many bacterial 
species have been identified, there is a need to study several others that 
exhibit electrical activity and/or are able to promote contaminant 
bioremediation. However, in PMFCs, contaminant removal may occur if 
the microbial community has adapted to the presence of a contaminant 
(its concentration does not inhibit their vital activities) and has devel-
oped remediation capabilities [34]. 

Nitisoravut et al. [23] demonstrated in PMFCs the importance of 
plant-microorganism cooperation and rhizodeposit (e.g. mucigel and 
lysates) accumulation for several decontamination processes (phytoex-
traction, phytostabilisation, rhizodegradation, etc.) [35]. Root exudates 
change from plant to plant in terms of composition and concentration 
within and among species. Consequently, the diversity of microbial 
populations in the rhizosphere also changes depending on the chemical 
composition of a soil. 

For example, the soil-plant-microbe species interactions occurring in 
PMFCs determine specific rhizosphere microbial activities and plant 
physiological responses that anable soil moisture regulation, nutrient 
retention, organic/inorganic ion transport and heavy metal immobili-
sation [36–38]. Overall, the most suitable soil-plant-microbiome com-
binations can act in a PMFC for obtaining electricity production (a 
carbon source for EAB is ensured by plant presence) over a long period of 
time and soil remediation with greater effectiveness than a simple MFC 
[20,26]. 

Logan et al. [39] reported that the extracellular electron transfer or 
the interactions of electroactive microorganisms with electrodes can be 
improved with catalysts or binders. Guang et al. [40], observed that the 
rate of substrate oxidation by electroactive bacteria is directly propor-
tional to the power delivered; therefore, increasing the number of 
electroactive microorganisms using a plant species that provides them a 
favourable environment and rhizodeposit availability can increase 
PMFC power. Although it is expected that exoelectrogen bacteria and 
degrading bacteria work in cooperation, their specific functioning and 
relationships have not been thoroughly investigated so far. 

The electroactive microorganisms associated with rhizosphere in 
PMFCs can be present on both the anode and cathode. Logan [39,41] 

highlighted the potential of a biocathode, not only for oxygen reduction, 
but also for nitrate reduction and hydrogen development. 

The exoelectrogenic microorganisms (anodic microorganisms) 
identified in recent studies are listed in Table 1. These microorganisms 
have mainly been studied for their action mechanisms in MFCs. How-
ever, as noted by Nitisoravut et al. [23], this knowledge can be extended 

Table 1 
Main microorganisms and type of mechanisms (Direct: DT and indirect: IDT, see 
the text and Fig. 2) involved in electron transfer, substrate and function at an-
odes in MFCs and PMFCs.  

ANODE 

Species Electron 
transfer 
mechanism 

Substrate Function References 

Geobacter 
sulfurreducens 

DT acetate and 
H+

Metal and 
sulphate 
reduction 

[29,42] 

Geobacter 
metallireducens 

DT acetate and 
H+

Metal 
reduction 

[29,42] 

Geobacter grbiciae DT acetate and 
H+

Fe(III) 
reduction 

[29,42] 

Geobacter 
hydrogenophilus 

DT acetate and 
H+

Fe(III) 
reduction 

[29,42] 

Aeromonas 
hydrophila 

DT  Fe(III), nitrate 
and sulphate 
reduction 

[42] 

Anaeromyxobacter DT acetate, 
lactate, 
pyruvate 

Fe(III) 
reduction 

[29] 

Rhodoferax 
ferrireducens 

DT glucose Acetate 
oxidation and 
Fe(III) 
reduction 

[44,45] 

Rhodopseudomonas 
palustris 

DT acetate, 
lactate, 
valerate, 
fumarate, 
ethanol, 
glycerol 
and yeast 
extract  

[46,47] 

Pseudomonas 
aeruginosa 

IDT  Organic 
solvent 
metabolization 

[22,48] 

Pseudomonas putida   Organic 
solvent 
metabolization 

[22] 

Shewanella 
odeniensis 

IDT  metal 
reduction 

[29,42] 

Bacillus tequilensis IDT  Cr(VI) reducing [22] 
Shewanella 

putrefaciens 
DT lactate, 

pyruvate 
and 
formate 

Fe(III) and Mn 
(IV) reduction 

[29,42] 

Bacillus tequilensis IDT  Cr(VI) 
reduction 

[22] 

Actinobacillus 
succinogenes 

IDT  succinic acid- 
production 

[49] 

Alcaligenes fecalis IDT glucose  [45] 
Enterobacter cloacae IDT cellulose  [22] 
Enterococcus 

gallinarum 
IDT glucose  [22] 

Proteus vulgaris IDT   [49] 
Desulfubulbus 

propionicus 
IDT lactate, 

pyruvate, 
or ethanol 

Fe(III)- 
nitrilotriacetic 
acid reduction 

[50] 

Desulfuromonas 
acetoxidans 

DT acetate or 
other 
organic 
compounds  

[49] 

Desulfovibrio 
desulfuricans 

IDT lactate sulphate- 
reduction 

[51,52] 

Geothrix fermentans IDT  Fe(III) 
reduction 

[43]  
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to the PMFC system. Soil-plant-microbiome relationships can make 
microbial fuel cells more structured and performing. As above 
mentioned, they transfer extracellular electrons to the anode and thus 
produce current. Electroactive microorganisms described for performing 
extracellular electron transfer mainly include prokaryotic cells, but in 
some cases also fungi. Electron transfer occurs in various ways (Fig. 2), 
including direct and indirect mechanisms. Direct mechanisms consist of 
direct electrode contact with the formation of complex biofilms with a 
highly organised multi-cellular and multi-species structure. In biofilms, 
cells are linked together and embedded in a matrix composed mainly of 
proteins, nucleic acids, and carbohydrate polymers [39]. Another direct 
mechanism is the contact of a microorganism surface via membrane 
cytochromes or the formation of electrically conductive pili (nanopiles). 
On the other hand, indirect mechanisms can occur via released mole-
cules or exogenous compounds, so-called electron transporters or me-
diators such as flavins, phenazines, hydrogen, eukaryotic metabolic 
shuttles [26,42,43]. 

Most common microorganisms that form biocathodes are electro-
trophic microorganisms (cathodic microorganisms). Some examples are 
reported in Table 2. They comprise bacteria and archaea species. Bac-
teria on cathodes can be grouped into two types: aerobic microorgan-
isms that use oxygen as an oxidant and assist in the oxidation of 
transition metal compounds, such as Mn(II) or Fe(II) to release electrons 
to the oxygen; anaerobic microorganisms that use compounds such as 
nitrate, sulphate, iron, manganese, selenate, arsenate, uranate, fumarate 
and carbon dioxide as terminal electron acceptors. 

A different category of microorganisms, called interelectrode space 
microorganisms [22], can be present on plant root surfaces and sur-
rounding electrodes. These microorganisms cooperate with the exoe-
lectrogenic microorganisms, supplying them with simple compounds 
because of the decoupling of complex organic plant waste compounds 
and root secretions. 

Evidence from various authors shows that electroactive microor-
ganisms are species from all bacterial groups, including α-, β-, γ-, δ- 
Proteobacteria and Firmicutes, sulphate-reducers and acetogens. 

The first bacterial genera identified, and the most recognised for 
potential application in PMFCs, are Geobacter and Shewanella, which are 
able to utilise minerals containing Fe(III), Mn(III) or Mn(IV) as terminal 
electron acceptors [22,26]. In these two genera, extracellular electron 
transfer is possible thanks to the direct involvement of multiheme cy-
tochromes, which transfer electrons from the periplasmic proteins to the 
bacterial surface, and porin-type external membrane proteins, which 
physically transfer electrons directly to the minerals or electrode [26]. In 

addition, the outer membranes possess conductive nanowires that can 
mediate the transfer of electrons to minerals/electrodes (electron 
transfer could also be ensured over long distances of more than one cm 
at a rate of 109 electrons per second) [58] and make physical connec-
tions with neighbouring cells possible. 

There are other species identified as capable of producing high 
electricity in PMFCs, such as Desulfobulbus sp., Anaeromyxobacter sp. 
And Geothrix sp., Pseudomonas sp [35,36]. Other bacteria such as Bacillus 
subtilis and Klebsiella aerogenes are classified as weak exoelectrogens, as 
they produce rather low current densities in pure cultures [39]. 

Analysis of microbial communities in PMFCs shows a very diverse 
species composition, in which there is no single dominant microor-
ganism, since more genera and species are involved in bioelectricity 
generation. 

PMFCs have been used to reduce efficiently organic load of waste-
water effluents and producing electricity, and they have also been used 
for removal contaminants such as hydrocarbons and heavy metals from 
soil or sediments [26]. 

1.3. Plant selection 

Suitable plants for PMFC soil remediation need to exhibit an excel-
lent capability to survive and develop in water-logged condition, to 
prevent oxygen interruption in anode chamber and consequently 
maintain the redox potential gradient [59]. High biomass production 
and photosynthesis rates are fundamental for ensuring appropriate 
PMFC performances [60]. Recently, Shaikh et al. [59] showed that 
marshy grasses can be intended as promising plants for PMFCs thanks to 
their capability to adapt to this system, high biomass production and salt 
tolerance. Recent studies reported the efficiency of several plants species 
for power generation using PMFC (Table 3) [37,61]. 

Several examples of PMFCs in which removal of contaminants occurs 
are listed in Table 3. Wareen et al. [62] explored the PMFC system 

Fig. 2. Graphical overview of electron transfers of microorganisms at the anode 
through direct and indirect mechanisms. 

Table 2 
Main microorganisms and type of mechanisms (Direct: DT and indirect: IDT, see 
the text and Fig. 2) involved in electron transfer, substrate and function at 
cathodes in MFCs and PMFCs.  

CATHODE 

Species Electron 
transfer 
mechanism 

Substrate Function References 

Geobacter 
sulfurreducens 

DT acetate 
and H+

metal and 
sulphur- 
reduction 

[29,42] 

Acidiothiobacillus 
ferrooxidans 

DT  sulphur and Fe 
(II) oxidation 

[42] 

Acidiferrobacter 
thiooxydans 

DT  Fe-oxidation [42,53] 

Desulfovibrio 
vulgaris 

DT  sulphate- 
reduction 

[42,51, 
52] 

Clostridium 
beijernicki 

IDT glucose, 
starch, 
lactate 

Fe(III) 
reduction 

[54] 

Pseudomonas sp. IDT   [42] 
Acinetobacter 

calcoaceticus 
IDT  nitrate and 

phosphate 
removal 

[42,55, 
56] 

Shewanella 
odeniensis 

IDT  metal reduction [42] 

Shewanella 
putrefaciens 

DT lactate, 
pyruvate 
and 
formate 

Fe(III) and Mn 
(IV) reduction 

[29,42] 

Dehalococcoides 
mccartyi 

DT  reductive 
dehalogenation 

[57] 

Methanobrevibacter 
arboriphilus 

DT  reductive 
dehalogenation 

[57] 

Methanobacterium 
formicicum 

DT  reductive 
dehalogenation 

[57]  
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ability to generate energy from organic compounds in sediments 
through exoelectrogenic decomposition during wastewater and heavy 
metal treatment. As above mentioned, the PMFC technology can also 
accelerate organic pollutant degradation through two simultaneous 
phenomena: direct oxidation of organic substances at the anode and 
co-metabolism. 

Yan et al. [63,64] and subsequently Liu et al. [65] used PMFCs with 
the Acorus calamus plant for evaluating possible degradation of various 
contaminants such as phenanthrene, pyrene, and Cr(VI). The highest 
removal efficiency values obtained were 99.47% ± 0.15 and 94.79% ±
0.63 for phenanthrene and pyrene, respectively. The mean voltage 
observed in these PMFCs was 17.1 ± 3.8 mV [63]. Yan et al. [64] 

observed that the degradation rates of pyrene and benzo[a]pyrene in a 
PMFC with Acorus calamus improved by almost 70% compared to a MFC 
without this plant. Finally, Liu et al. [65] reported a Cr(VI) removal 
efficiency of 98.92% at a concentration of 12.07 mg/L, achieving a 
maximum power density of 36.43 mW/m2. 

In another study, crude oil degradation was improved by 40% in the 
PMFC with plants compared to the same system without plants [66]. 

In general, higher availability of carbon sources are associated with 
higher electricity production and higher microbial abundances [22]. 

Organic compounds provided by roots of a PMFC can be converted 
into electricity, exploiting the syntropy between plants and electroactive 
bacteria, as shown in terms of good Coulombic efficiency [23]. Regard 

Table 3 
PMFC applications for organic and inorganic contaminant removal using various plant species. Moreover, microbial community associated with the anode (MIC 
anode), treated matrices and experimental time, anode materials and contaminant removal efficiency are reported.  

Plant species MIC anode Highest Power 
intensity/voltage/ 
current 

Experimental 
system and time 

Anode materials Contaminant 
concentration and 
removal 

References 

Lolium perenne Proteobacteria 55 mA/m2 water surface 
120–200h 

graphite granules Cr (VI): 10–20 mg/L; 
90% 

[70] 

Canna indica Geobacteraceae 
Anaerolinaceae 
Rhodocyclaceae 
Comamonadaceae 

50–80 mA/m2 Sediment 
90 days 

graphite disk Cr–Ni: 10 mg/L +
10 mg/L; 
Cr: 76.75% after 24h 
and 56.62% after 48h 
Ni: 83% after 24h and 
29.12% after 48h 

[71,72] 

Phragmites 
communis 

Firmicutes 
Bacteroidetes 
Patescibacteria 
γ-Proteobacteria 
Chloroflexi a-Proteobacteria 
Cynobacteria 
δ-Proteobacteria 
Acidobacteria 
Euryarchaeota 

220 mV Soil 
96 days and 10 
months 

common carbon felts or 
graphite carbon felts 

Cr (VI): 50–500 mg/Kg; 
75% after 96 days and 
78% after 10 months 

[40] 

Pennisetum 
alopecuroides 

220 mV Soil 
96 days and 10 
months 

common carbon felts or 
graphite carbon felts 

Cr (VI): 50–500 mg/Kg; 
75% after 96 days and 
decreases at 65% 
after 10 months 

[40] 

Typha orientalis Proteobacteria 
Actinobacteria 
Firmicutes 
Chloroflexi (Anaeromyxobacter, 
Geobacter, Phenilobacterium 
Azospirillum) 

137.12 ± 13.08 mv Soil 
150 days 

Round shape carbon felts Cd (II): 20 mg/kg; 
30.2% 

[26,29] 

Oryza rufipogon 350.50 ± 74.89 mV Soil 
150 days 

Round shape carbon felts Cd (II): 20 mg/kg; 
22.8% 

Ipomoea 
acquatica 

Geobacter sulfurreducens 
β-Proteobacteria 
Firmicutes 
Calditrichaeota 
Synergistetes 
Acidobacteria 
Actinobacteria 
Bacteriodetes 
Archaea 

114 ± 5.89 mV Sediment carbon cloth Cu: 200 mg/kg; 
71.2% 

[73] 

Acorus Calamus Vogesella 
Pseudomonas 
Flavobacterium 
Rhizobium 
Longilinea 
Bellilinea 
Desulfobacca 
Anaeromyxobacter 

61.4 mV Sediment 
367 days 

graphite felt Pyrene: 
3.2 mg/kg (87%) benzo 
[a]pyrene: 
1.7 mg/kg: 75% 

[64] 

Acorus Calamus 15.84 mW/m2 Sediment carbon cloth Cr (VI) 18.21 mg/L; 
94.1% 

[65] 

Vallisneria 
spiralis 

Firmicutes (Bacillus and 
Clostridium) 
Proteobacteria (Geobacter) 
Nitrospira 
Bacteroidetes 
Actinobacteria 

121.7 mW Sediment three pieces of modified 
polyacrylonitrile-based graphite 
felt 

Pyrene + phenanthrene: 
10 mg/kg; 
88.2% 

[74] 

Hydrocotyle 
umbellate 

Geobacter sulfurreducens 
Shawanella putrefaciens 
Bacillus subtilus 
Azospirillum humicireducens 
Pseudomonas putida 

543.3 mV Sediment 
40 days 

carbon plate Zn (97.6%), Cr (89.4%), 
Cu (88.5%), 
Mn (51.2%), Mg 
(99.5%) 
Ni (95.7%) 

[62] 

Eichhornia 
crassipes 

1120 mV Sediment. 40 days carbon plate Zn (99.8%), Cr (94.3%), 
Cu (95.2%), Mn 
(96.7%), 
Mg (99.9%) and Ni 
(98.4%) 

[62]  
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this aspect, power production can also be improved by an increased 
availability of organic matter, used as the source for the different process 
of the rhizosphere microorganisms [59]. In fact, adding organic matter, 
beneficial effects on both electric production and plant growth have 
been found by Moqsud et al. [67]. In the study by Liu et al. [68], 
different anode locations were investigated (always in anaerobic con-
ditions). These authors showed that the anoxic environment at the 
anode and the presence of root exudates would promote the growth of 
electron acceptor bacteria on the anode, resulting in high electricity 
generation. In addition, the oxygen loss above the anode may have a 
positive effect on current generation by increasing the decomposition 
rate of the high molecular weight compounds exuded by roots and thus 
increasing the content of low molecular weight compounds available for 
EAB. 

Moreover, Pamintuan el al [69]. showed that the enhanced current 
flow rates observed in PMFCs were correlated with plant growth and 
were attributed to the enhanced metabolic processes resulting in an 
accumulation of photosynthetic products. 

Although promising results have been obtained so far in PMFC sys-
tems, there is a need to improve knowledge on their application, such as 
testing the potential of various plant species already used in phytor-
emediation of inorganic or organic contaminants and identifying new 
EAB for promoting bioremediation within this system. 

1.4. Rhizodeposition characterization to unravel interactions between 
plant and soil microbial communities in PMFCs 

The volume of soil with root system of plants (rhizosphere) is char-
acterized by a wide variety of substances released from both growing 
plant species and microorganisms; most chemicals are organic com-
pounds and basic plant constituents originated from photosynthesis and 
other plant processes [75]. The rhizosphere system modifies chemical, 
physical, and biological properties of soils in its immediate proximity. 
The rhizosphere along the axis of each root can be described in terms of 
longitudinal and radial gradients that develop as a result of root growth, 
nutrient and water uptake, rhizodeposition and subsequent microbial 
growth. 

It is well known that root exudates play a key role in driving 
belowground interactions between microbes and plant root systems 
[76–78]. Based on their molecular weight, root exudates can be distin-
guished in two main groups: low and high molecular weight compounds 
(LMWCs and HMWCs, respectively). Carbohydrates, amino acids, am-
ides, aliphatic acids, aromatic acids, miscellaneous phenolics, flavonoids 
and phytosiderophores belong to LMWC group while enzymes, vitamins 
and proteins are included into the HMWC group [6]. 

The direct neutralisation of unwanted elements in the rhizosphere 
through complexation to organic acids and other carbon-based com-
pounds exudate by a plant’s root system is considered as a first-step 
towards improved tolerance [79]. In accordance with Antoniadis et al. 
[80] the stability of these complexes is affected by the nature of the 
organic acids (higher molecular weight complexes persist insoluble in 
soil solution) and the soil pH conditions (lower pH causes H+ competi-
tion for complexation), among other factors. It has been well docu-
mented that root exudates are important factors affecting plant 
capacities to absorb heavy metals. Under heavy metal stress, low mo-
lecular organic acids secreted by roots form complexes with metal ele-
ments, thus activating their activities in soil [81–83]. Chi et al. [84] 
demonstrated that an increase of malic and citric acids occurs in the 
rhizospheres of maize and Brassica juncea in an intercropping experi-
ment with a cadmium contaminated soil. The organic acids released by 
the plant root favour the growth of maize and its resistance to Cd and 
may improve metal accumulation in Brassica. 

The plant root system can exude degradative enzymes [85] that can 
act a key role in promoting degradation of persistent organic contami-
nants (e.g. nitroreductases, laccases, dehalogenase) as shown by several 
authors [86,87]. Moreover, plant roots can release allelopathic 

chemicals and compounds that can be usefully employed as 
co-metabolites by soil microorganisms in biodegradation of organic 
contaminants [82]. 

In PMFC technology used as a strategy for recovering polluted sites, 
it is fundamental to identify the chemical compounds released by plant 
species in the rhizosphere environment in order to understand how these 
can stimulate and activate soil microbial communities and, as a conse-
quence, to comprehend the decontamination processes triggered by the 
synergistic actions of plant and microbes. 

The assessment of root exudates can be performed by using targeted 
analytical approaches, such as the high-pressure liquid chromatography 
or gas chromatography coupled with tandem mass spectrometry (HPLC- 
MS/MS, GC-MS/MS). These methods can be strategic for studying 
modifications in plant exudation patterns, under different environ-
mental conditions [6]. 

The assessment of rhizodeposition in terms of the amounts of com-
pounds excreted by roots and their chemical identification, the release 
sites, their fate, and their impact still remains a relevant challenge faced 
by scientists [88,89]. Recently, Oburger et al. [90] developed a new 
rapid method for determining total carbon concentrations in root exu-
dates of grass species by using spectrophotometry. Through this inter-
esting approach it was possible to accurately quantify organic carbon in 
exudates with a minimum effort using a standard laboratory equipment 
(UV-photometer) and employing a low amount of sample. At the same 
time, this method was able to increase the amount of data sets, indi-
cating C exudation rates by different plant species under different 
environmental conditions, providing increase of knowledge on C 
exudation dynamics. Fig. 3 reports an illustrative diagram on PMFC 
rhizosphere exudate role and methodologies for their identification. 

1.5. Design of PFMCs 

The main factors to be considered to design electrodes in a PMFC set 
up for soil decontamination are illustrated in Fig. 4. One of the key 
characteristics is the material biocompatibility for supporting both a 
good biofilm growth and current production. Only a non-toxic (for mi-
croorganisms) electrode, in anaerobic conditions, ensures microbial 
proliferation and an appropriate formation of an electroactive biofilm on 
its surface, thus enabling the electrons conduction. Furthermore, it 
should be considered that these units will operate in a highly corrosive 
environment, supporting the possibility of electrode oxidation. At the 
same time, these units need to be highly conductive to allow the 
mobility of electric charges through the circuit [91]. 

Finally, electrode porosity can have an impact on electrical perfor-
mances, because microorganisms can better develop on a material with 
a high specific surface area [92]. 

Carbon based materials seem to be the most convenient choice 
because of their biocompatibility, good chemical stability, reasonable 
conductivity, and relatively low cost [93]. These properties make these 
materials preferable to metal ones which, apart from the stainless steel 
and titanium that are quite expensive, do not fulfil the above-mentioned 
non-corrosiveness condition. The most commonly used carbon based 
materials are graphite felts, fabrics, granules and rods, carbon felts and 
carbon fibers. 

Recent experimental studies focusing on energy production, ach-
ieved in PMFC with different substrates (e.g. organic soil, wetland, 
garden, contaminated soil, etc.) are summarized in Table 4. Some re-
searchers used the same electrode materials, obtaining efficient perfor-
mances in terms of electron transfer and power density [29,94,95], 
although for other authors the use of different materials for the anode 
and cathode resulted in better performances [96,97]. 

Electrode configurations have a significant impact on the actual 
large-scale applications of PMFCs. Horizontal and vertical cells are 
characterized by an extremely simple and cost-effective construction 
process that allows for the effective remediation of refractory organic 
pollutant polluted soils without additional membranes [98]. On the 
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other hand, a more complex architecture, as a cylindrical configuration, 
can have a greater potential for system scalability. 

Some contaminants can be difficult to remove because they are not 
bioavailable to microorganisms. However some authors reported that 

electrical potential differences in PMFC can improve pollutant degra-
dation [99] by mobilising them into more bioavailable fractions and 
guiding them towards the roots, favouring their bioaccumulation [100, 
101]. Moreover, low bioavailable persistent organic pollutants (e.g. PAH 

Fig. 3. Illustrative diagram of the characterisation of rhizodeposits in PMFC: role of root exudates and methodologies for their assessment. LMWC: low molecular 
weight compounds; HMWC: high molecular weight compounds. 

Fig. 4. Main factors to be assessed to customize electrodes in PMFCs set up for soil decontamination.  
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and crude oil) can be degraded better in presence of surfactants. In this 
regard some bacteria or plants able to produce biosurfactants can 
significantly favour hydrocarbon degradation [102]. Indeed, Zhao et al. 
[66] report that the charge-transfer resistance values in the PMFCs 
studied were significantly reduced with the addition of plants, glucose 
and the β-cyclodextrin surfactant. 

2. Conclusions 

The Plant microbial fuel cells technology is an innovative and 
promising approach for recovering contaminated environments and 
simultaneously produce electricity thanks to the positive interactions 
established between plants and microbial communities. However, 
knowledge about plants and its associated rhizosphere microbiome is 
still inadequate for fully exploit all possible positive synergic in-
teractions for this purpose. Further studies are needed for identifying, 
selecting and stimulating the most appropriate plant-microorganism 
associations for the removal each specific class of contaminants. More-
over, innovative PMFCs have to be developed and designed for ensuring 
suitable electrical performances in specific contaminated environments. 
Only with a close collaboration between different scientific disciplines 
such as environmental chemistry, microbial and plant ecology, energy 
and electrical engineering can new progresses in PMFC application be 
achieved. 
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Table 4 
Studies on PMFCs energy harvesting potential. Material for electrodes, the plant species and substrate are specified.  

Anode material Cathode material Plant Species Substrate Highest 
Voltage 

Highest 
Power 

Highest 
Current 

Notes Ref. 

Graphite Fabric Graphite Fabric Lactuca sativa L. Panoponics-based PMFC 30-50 mV    [35] 
Graphite Felt Graphite Felt 150 mV    
Stainless Steel Rods Stainless Steel Rods Soil-based PMFC 230 mV    
Carbons Bristle 

Brushes 
Stainless Steel Clip Triticum aestivum Garden soil + Bioslurry 856 ± 26 mV    [103] 

Carbon Felt Carbon Felt Chinese pennisetum Soil from natural 
wetland 

667.94 ±
128.65 mV 

2.86 ± 1.03 
mW/m2   

[104] 

Graphite Granules Carbon Felt Lolium perenne Hoagland’s solution   55 mA/m2 Cr(VI) as pollutant [70] 
Zinc Copper Spathiphyllum 

patinii  
475 mV    [105] 

Bamboo Charcoal Bamboo Charcoal Zea mays Organic Soil 980 mV 320 mW/m2  Horizontal [95] 
620 mV 128 mW/m3  Vertical 

Carbon Fiber Carbon Fiber Oryza sativa L. Soil + Compost (1%wt) 700 mV 39.2 mW/m2   [67] 
Carbon Felt Carbon Felt Oryza sativa Paddyl + Compost(10% 

wt) 
894.39 ±
53.44 mV 

34.78 mW/ 
m2   

[29] 

Granular Activated 
Carbon (GAC) 

Carbon Paper With 
0.4 Mg/Cm2 Pt 

Wachendorfia 
thyrsiflora 

thickened Waste 
Activated Sludge  

1036 ± 59 
mW/m2   

[97] 

Stainless Steel Mesh Stainless Steel Mesh Vigna radiata 
Wilczek 

Garden Soil  0.35 mW/m2   [69] 
Graphite Rods Graphite Rods  0.12 mW/m2   

Carbon Felt Carbon Felt Pennisetum 
alopecuroides 

Wetland Soil 429.61 mV   Cr(VI) as pollutant [40] 

Zinc Mesh Spiral Copper Cordyline fruticosa Mix Soil + fertilizers  3.5 mW/cm2   [106] 
Carbon Felt Carbon Felt Oriza sativa L. Soil  9.6 mW/m2  maximum daily 

average generation 
[107] 

Carbon Felt Carbon Felt  8.5 mW/m2  average continous 
generation 

Graphite Felt Graphite Felt Oryza sativa L. Sandy Loam  6 mW/m2   [108] 
Graphite Felt Graphite Felt With Pt Oryza sativa L. Soil  14.44 mW/ 

m2   
[109] 

Graphite Felt Graphite Felt With Pt 
(0.1 Mg/cm2) 

Oryza sativa L. Rice Paddy field Soil  19 mW/m2   [110] 

Graphite Felt Graphite Felt Spartina anglica Salt Marsh  82 mW/m2  salt marsh PMFC [94] 
Graphite Felt Graphite Felt Phragmites 

australis 
Peat Soil  22 mW/m2  peat soil PMFC 

Graphite Felt Graphite Felt With Pt 
(0.1 Mg/cm2) 

Oryza sativa L. cv. Rice Paddy field Soil  140 mW/m2   [96] 

Graphite Felt Graphite Felt Aglaonema 
commutatum 

Uncontaminated Soil 184.9 mV   PAHs and crude oil 
as pollutants 

[66]  
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[1] Pandey VC, Gajić G. Green technologies for soil remediation. Bull Environ 
Contam Toxicol 2022;108:387–8. https://doi.org/10.1007/s00128-022-03485-8. 

[2] Falconi M, Grenni P. International approaches to contamination management: 
introduction to the RemTech Europe 2021 special series. Integrated Environ 
Assess Manag 2023;19:910–2. https://doi.org/10.1002/ieam.4760. 

[3] Pandey VC, Ancona V, Roy M, Randjelovic D, editors. Aromatic Plant-Based 
Phytoremediation - socio-economic and agricultural stability. Elsevier; 2023. 
https://doi.org/10.1016/C2022-0-00341-X. 

[4] Wani MS, Malik NA, Wani NA, Tantray YR. Environmental pollutants and their 
remediation using medicinal and aromatic plants. Med Aromatic Plants 2021: 
545–69. https://doi.org/10.1007/978-3-030-58975-2_21. Cham: Springer 
International Publishing. 

[5] Ancona V, Grenni P, Barra Caracciolo A, Campanale C, Di Lenola M, Rascio I, 
et al. Plant-assisted bioremediation: an ecological approach for recovering multi- 
contaminated areas. In: Lukac M, Gamboni M, Grenni P, editors. Soil biol. 
Communities ecosyst. Resil. Springer International Publishing; 2017. p. 291–303. 
https://doi.org/10.1007/978-3-319-63336-7_18. 

[6] Ancona V, Rascio I, Aimola G, Barra Caracciolo A, Grenni P, Uricchio VF, et al. 
Plant-assisted bioremediation: soil recovery and energy from biomass. In: 
Pandey VC, editor. Assist. Phytoremediation. Elsevier; 2022. p. 25–48. https:// 
doi.org/10.1016/B978-0-12-822893-7.00012-4. 

[7] Ancona V, Barra Caracciolo A, Grenni P, Di Lenola M, Campanale C, Calabrese A, 
et al. Plant-assisted bioremediation of a historically PCB and heavy metal- 
contaminated area in Southern Italy. N Biotechnol 2017;38:65–73. https://doi. 
org/10.1016/j.nbt.2016.09.006. 

[8] Di Lenola M, Barra Caracciolo A, Ancona V, Laudicina VA, Garbini GL, 
Mascolo G, et al. Combined effects of compost and medicago sativa in recovery a 
PCB contaminated soil. Water 2020;12:860. https://doi.org/10.3390/ 
w12030860. 

[9] Ancona V, Rascio I, Aimola G, Campanale C, Grenni P, Lenola M Di, et al. Poplar- 
assisted bioremediation for recovering a PCB and heavy-metal-contaminated 
area. Agriculture 2021;11:689. https://doi.org/10.3390/agriculture11080689. 

[10] Barra Caracciolo A, Grenni P, Garbini GL, Rolando L, Campanale C, Aimola G, 
et al. Characterization of the belowground microbial community in a poplar- 
phytoremediation strategy of a multi-contaminated soil. Front Microbiol 2020;11: 
1542. https://doi.org/10.3389/fmicb.2020.02073. 

[11] Ancona V, Barra Caracciolo A, Campanale C, Rascio I, Grenni P, Di Lenola M, 
et al. Heavy metal phytoremediation of a poplar clone in a contaminated soil in 
southern Italy. J Chem Technol Biotechnol 2020;95:940–9. https://doi.org/ 
10.1002/jctb.6145. 

[12] Ancona V, Barra Caracciolo A, Borello D, Ferrara V, Grenni P, Pietrelli A. 
Microbial fuel cell: an energy harvesting technique for environmental 
remediation. Int J Environ Impacts Manag Mitig Recover 2020;3:168–79. https:// 
doi.org/10.2495/EI-V3-N2-168-179. 

[13] Borello D, Gagliardi G, Aimola G, Ancona V, Grenni P, Bagnuolo G, et al. Use of 
microbial fuel cells for soil remediation: a preliminary study on DDE. Int J 
Hydrogen Energy 2021;46:10131–42. https://doi.org/10.1016/j. 
ijhydene.2020.07.074. 

[14] Aimola G, Gagliardi G, Pietrelli A, Ancona V, Barra Caracciolo A, Borello D, et al. 
Environmental remediation and possible use of terrestrial microbial Fuel Cells. 
WIT Trans Built Environ 2021:121–33. https://doi.org/10.2495/DMAN210101. 

[15] Garbini GL, Barra Caracciolo A, Rolando L, Visca A, Borello D, Cosentini C, et al. 
Effects of municipal waste compost on microbial biodiversity and energy 
production in terrestrial microbial fuel cells. N Biotechnol 2023;78:131–40. 
https://doi.org/10.1016/j.nbt.2023.10.009. 

[16] Logan BE. Microbial fuel cells. Wiley-Blackwell; 2008. https://doi.org/10.1002/ 
9780470258590. 

[17] Casula E, Kim B, Chesson H, Di Lorenzo M, Mascia M. Modelling the influence of 
soil properties on performance and bioremediation ability of a pile of soil 
microbial fuel cells. Electrochim Acta 2021;368:137568. https://doi.org/ 
10.1016/j.electacta.2020.137568. 

[18] Abbas SZ, Rafatullah M. Recent advances in soil microbial fuel cells for soil 
contaminants remediation. Chemosphere 2021;272:129691. https://doi.org/ 
10.1016/j.chemosphere.2021.129691. 

[19] Guan C, Yu C. Microbial fuel cells and plant microbial fuel cells to degradation of 
polluted contaminants in soil and water. In: Singh SP, Upadhyay SK, editors. 
Bioprospecting of Microorganism-Based Industrial Molecules. Wiley; 2021. 
p. 170–200. https://doi.org/10.1002/9781119717317.ch9. 

[20] Kabutey FT, Zhao Q, Wei L, Ding J, Antwi P, Quashie FK, et al. An overview of 
plant microbial fuel cells (PMFCs): configurations and applications. Renew 
Sustain Energy Rev 2019;110:402–14. https://doi.org/10.1016/j. 
rser.2019.05.016. 

[21] Powell RJ, White R, Hill RT. Merging metabolism and power: development of a 
novel photobioelectric device driven by photosynthesis and respiration. PLoS One 
2014;9:e86518. https://doi.org/10.1371/journal.pone.0086518. 

[22] Rusyn I. Role of microbial community and plant species in performance of plant 
microbial fuel cells. Renew Sustain Energy Rev 2021;152:111697. https://doi. 
org/10.1016/j.rser.2021.111697. 

[23] Nitisoravut R, Regmi R. Plant microbial fuel cells: a promising biosystems 
engineering. Renew Sustain Energy Rev 2017;76:81–9. https://doi.org/10.1016/ 
j.rser.2017.03.064. 

[24] Strik DPBTB, Hamelers Bert HVM, Snel JFH, Buisman CJN. Green electricity 
production with living plants and bacteria in a fuel cell. Int J Energy Res 2008;32: 
870–6. https://doi.org/10.1002/er.1397. 

[25] Deng H, Chen Z, Zhao F. Energy from plants and microorganisms: progress in 
plant–microbial fuel cells. ChemSusChem 2012;5:1006–11. https://doi.org/ 
10.1002/cssc.201100257. 

[26] Garbini GL, Barra Caracciolo A, Grenni P. Electroactive bacteria in natural 
ecosystems and their applications in microbial fuel cells for bioremediation: a 
review. Microorganisms 2023;11:1255. https://doi.org/10.3390/ 
microorganisms11051255. 

[27] Uria-Molto N, Costa RD, Nunziata C, Santiago S, Guirado G, Muñoz-Berbel X, 
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