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Abstract
To explore the remediation feasibility of heavy metal pollution in wetland soil using a plantmicrobial fuel cell (P-MFC) and the corresponding mechanism, a P-MFC system was constructed
with in situ simulations of real wetland environment. By using Typhalatifolia L. as the trial plant, the
electrochemical properties of the anode under different cadmium (Cd) concentrations are analyzed
by cyclic voltammetry and electrochemical impedance, and the microbial community structure is
determined by high-throughput sequencing. The maximum P-MFC output voltage of 546.65 mV and
Cd accumulation of 36.461 mg/kg at the Typhalatifolia L. roots are revealed. Cd stress could not only
decrease the output voltage and anodic electrochemical activity of the P-MFC system but also affect the
accumulation ability of Typhalatifolia L. and the internal resistance and microbial community structure
of P-MFC. We find it feasible to apply P-MFC to large-scale heavy metal remediation in wetland soil, but
it is critical to consider the tolerance range of pollution stress to achieve the best balance between energy
output and environmental restoration.
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Introduction
Plant microbial fuel cells (P-MFC) are a type of
microbial fuel cell (MFC) system where plants are
involved and their rhizosphere secretions are directly
used as microbial electron donors after photosynthesis
[1]. Microbes with electricity production capability
are enriched at the anode, degrading the organic
substances which are secreted by plant roots, and
transporting the generated electrons to the anode and
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then the cathode through an external circuit load, thus
providing sustainable renewable energy [2].
There have been a few studies on electricity
production from P-MFC through biodegradation,
electrode redox reactions, and plant hyperaccumulation
for
environmental
remediation,
environmental
management technology, and energy engineering
technology, indicating a good perspective [3, 4]. Among
these studies, Wetser et al. inoculated P-MFC with
aerobic wastewater, utilized three layers of graphite
felt stack at the anode and achieved an average power
density of 240 mW/m2 plant growth area [5]. By
adding ferricyanide to reduce the cathode resistance in
the cathode chamber, an average current density of
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83 mA/m2 plant growth area and an average output
voltage of 214 mV were obtained [6]. Moqsud et al. built
the P-MFC system by composting and using carbon
fiber electrode materials, resulting in a maximum
output voltage of 700 mV [7]. Lu et al. [8] modified
the cathode of the P-MFC system by using an activated
carbon catalyst to obtain a maximum current density
of 105 mA/m2. In the field of environmental pollution
control, P-MFC is used in water pollution control [9],
artificial wetland coupling treatment environment
[10], and so on. However, the existing work focuses
on indoor or laboratory conditions, although achieving
high performance, it may not be practical for large-scale
applications.
China has a wetland area of 53.6026 million hectares,
accounting for about 10% of the world’s wetland area,
ranking first in Asia and fourth in the world. The
development of a P-MFC natural metabolic pollution
purification system based on in situ simulations of the
real environment will have great potential in application
prospects. In recent years, the wetland soil pollution in
China is becoming more and more serious, and 25% of
wetland pollution is highly severe and difficult to control
(http://www.shidi.org/). The evaluation of wetland
pollution reveals that the heavy metal Cd generally
has an excessive content, serving as one of the main
pollutants in wetland soil.
In this study, a real wetland environment is
simulated and the P-MFC system is constructed using
Typhalatifolia L. as the trial plant, which is a wetland
marsh plant widely distributed in Asia, Oceania and
other regions, to explore the electricity production
performance of P-MFC under different Cd concertations
and the effects of hyperaccumulation and transfer of
Cd in Typhalatifolia L.The mechanism of electricity
production and environmental remediation of the
P-MFC is studied by analyzing the microbial community
structure through anodic electrochemical performance
test and high-throughput sequencing analysis, aimed
at providing a theoretical basis for scale application of
P-MFC in wetland and feasibility study of electricity
production and soil pollution remediation.

Material and Methods
Construction of the P-MFC System
The P-MFC was constructed by using Typhalatifolia
L., a perennial Mongolian herb. The schematic diagram
of P-MFC is shown in Fig. 1, composed of a singlechamber structure with graphite felt as the electrode
material. The lower layer was the anode anaerobic region
buried in the soil, and the upper aqueous phase was the
cathode aerobic region suspended in the soil and water
interface. The anode and the cathode were connected by
wires and loaded with an external resistance of 1000 Ω.
The sample soil was obtained from the wetland park at
Changzhou City, Jiangsu Province, containing 31.27%

Fig. 1. A schematic diagram of the P-MFC device.

of moisture, 0.62% of salt, 17.52 g/kg of organic matter,
2.98 g/kg of total nitrogen, 98.6 mg/kg of available
potassium, 40.26 mg/kg of available phosphorus
and no Cd. The size of the experimental device was
Φ15×30 cm, with an anode area of 125 cm 2 and cathode
area of 100 cm2 per the pre-experiment. The soil was
exposed to the CdCl2·2.5H2O solution to accumulate Cd.
According to the Soil Environmental Quality Standard
(GB 15618-2008), soil samples with Cd concentrations
of 0, 1, 5, 10 and 30 mg/kg were obtained and denoted
as T0, T1, T5, T10, and T30, respectively. The original solid
sample without Typhalatifolia L. planting was treated
as the control sample T. Three Typhalatifolia L. were
planted in each soil sample inside a box and cultured
in a greenhouse during an appropriate planting time
(June to September 2016), with ambient humidity of
about 50% RH. Typhalatifolia L. growth was regularly
supplemented with deionized water.

Analysis and Testing
The output voltage was monitored using an Agilent
data collector (Agilent 34970A).
Electrochemical Impedance Spectroscopy (EIS)
analysis was performed on an electrochemistry
workstation (CHI660E) to characterize the internal
resistance of P-MFC. The EIS test conditions were
as follows: the initial voltage of 0 V (vs. SCE),
AC amplitude of 10 mV, and frequency range of
0.1-10 MHz. The equivalent circuit was fitted by
utilizing Zview. The electrochemical performance of
the anode was measured by cyclic voltammetry (CV)
in a three-electrode configuration. The bio-anode of
the P-MFC was used as the working electrode and the
cathode in the reactor as the counter electrode. The
saturated calomel electrode was used as the reference
electrode. The CV test was carried out at a scanning
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identified by 1% agarose gel electrophoresis, and the gel
was recovered using a gel recovery kit. The biomedical
analysis was performed by high-throughput sequencing
at Guangzhou Meige Biotechnology Co., Ltd.

Results and Discussion
Analysis of Electricity Production Capacity

Fig. 2. The daily average output voltage of P-MFC under different
cadmium exposure concentrations.

rate of 10 mV s-1 with a potential window of -0.8 to
0.6 V.
The anode graphite felt was rinsed with deionized
water to remove residual particles and then the anodic
biofilm was collected using a sterile blade for testing.
16S
primers:
forward
primer
515F
(5’-GTGCCAGCMGCCGCGGTAA-3’) and reverse
primer 907R (5’-CCGTCAATTCMTTTRAGTTT-3’)
(Guangzhou Meige Biotechnology Co., Ltd.); Premix
Taq, 100bp DNA ladder, λ-HindIII Marker, and DL
2000 DNA Marker (TaKaRa); agarose (Guangzhou
Haoma Biotechnology Co., Ltd.).
DNA extraction kit and MiSeq pe250 highthroughput sequencer (MOBIO, USA); QuantoniT
Broad-Range DNA Detection Kit (Invitrogen, USA);
Next Ultra II DNA Library Kit (NEB, USA); E.Z.N.A
Gel Recovery Kit (OMEGA, USA); S1000PCR
Instrument (BioRad, USA).
PCR amplification: 6 μL of 10x Ex Taq buffer, 6 μL
of dNTP, 0.6 μL of BSA, 0.3 μL of Ex Taq, 1 μL of
DNA, 1.2 μL of forward primer, and 1.2 μl of reverse
primer, diluted to 60 μL with water.
PCR amplification conditions: pre-denaturation
at 94ºC for 5min; denaturation at 94ºC for 30s and
annealing at 52ºC for 30s; extension at 72ºC for 45s
and amplification for 31 cycles; extension at 72ºC for
10 min. The amplified product was obtained and

MFC generally output voltage in three stages:
delay, rising and stable stages [11]. The voltage outputs
from 6 sets of MFC are shown in Fig. 2. While other
conditions are consistent with the case, the start time
and the output voltage are proportional to the Cd
exposure concentration, indicating a long start time and
a low output voltage of the MFC at a high Cd exposure
concentration. The photosynthesis of carbon from higher
plants can be released into the soil through the form of
root exudates, providing nutrition and energy for the
rhizosphere micro environment, producing microbes,
and generating persistent electrons [12, 13]. However,
Cd stress destroys the chloroplast bilayer structure of
plant leaves, disintegrates the basal stacks, decreases
the chlorophyll content, inhibits the photosynthetic
efficiency of plants, and reduces the microbial activity
in plant rhizosphere soil [14]. In this study, T1 has the
shortest start time and reaches the stable stage on the
29th day with a stable output voltage of 512.07 mV,
while T5, T10, and T30 are stabilized on the 30th, 31th, and
35th days, with stable output voltages of 451.52, 429.47,
and 389.07 mV, respectively, compared with T0, which
is stabilized on the 29th day outputting a voltage of
546.65 mV. This fully demonstrates that Cd stress could
affect the electricity production capacity of P-MFC.
Yadav et al. [10] constructed a wetland-based microbial
fuel cell (CW-MFC) for dye wastewater treatment
and found that with the increase of dye wastewater
concentration, electricity production performance
decreased. Wang et al. [15] found that the addition of
nitrate contaminates reduced the corresponding output
voltage of MFC and prolonged the start period. This is
consistent with our findings in this study that pollution
stress will affect the electricity production capacity of
P-MFC. De et al. constructed a rice-MFC and found

Table 1. The transfer and accumulation of Cd under different concentrations in Typha latifolia L.
P-MFC

Initial Cd
(mg/kg)

Shoots
(mg/kg)

Roots
(mg/kg)

Transfer Factor*

T1

0.837

0.482

5.375

T5

4.050

0.647

T10

8.368

T30

24.439

Bioaccumulation Factor*
Shoots

Roots

0.090

0.576

6.422

9.532

0.068

0.160

2.354

1.153

21.822

0.057

0.138

2.608

2.857

36.461

0.078

0.117

1.492

*The Transfer Factor refers to the ratio of cadmium content in the shoots to the cadmium content in the roots; The Bioaccumulation
Factor is to the ratio of cadmium content in the shoots/roots to the cadmium content in the soil.
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that the MFC with plant had an electricity production
efficiency of 0.1 W/m2, which was about 7 times that
of the plant-free MFC [16]. Liu et al. [17] planted
water spinach in an artificial wetland environment, and
the electricity production efficiency of MFC increased
142% to 12.42 mW/m2. In this study, the start time of
T is 12 days longer than that of T0, and its stable output
voltage is 36.31% lower, indicating that to a certain
extent, the involvement of plants can promote the
electricity production capacity of MFC.
In recent years, a number of research groups around
the world have worked hard to improve electricity
output of P-MFC from the initially reported efficiency
of 6 to 390 mW/m2 [18-20]. It is worth noting that the
high electricity production efficiency of P-MFC has
been achieved only in laboratory conditions or through
microbial inoculation [21]. In situ wetland simulation of
this study may not produce the best performance, but it
is the only way to explore the large-scale application of
P-MFC.

Accumulation and Transfer of Cd
in Typhalatifolia L.
It has been reported that a variety of
hyperaccumulators accumulate Cd in root organs when
remediating Cd-contaminated soil [22, 23]. Table 2
shows that at the end of the experiment, more heavy
metal is found to have accumulated in roots than shoots
of T1, T5, T10, and T30. When Cd enters the plant, it will
combine with pectinate, protein and other substances to
form a ligand, reducing the transfer of Cd ions through
the membrane. The cell wall is the first barrier to
prevent Cd ions from entering the plant cell, making the
root cell wall a major site for Cd accumulation [24]. The
increase of Cd concentration is negatively correlated
with the bioaccumulation factor (BF) of Cd and output
voltage. At a Cd concentration of 1 mg/kg, the BF and
output voltage achieve the highest. When the Cd stress
increases from 5 to 10 mg/kg, the change of BF is not
obvious, and the stable output voltages are much lower
than that of T1. When the Cd concentration rises to
30 mg/kg, the plant is close to the tolerance threshold,
and the BF decreases significantly and the output voltage

Table 2. Impedance values of P-MFC obtained by fitting the
equivalent circuit.
P-MFC

Rs / Ω

Rct / Ω

W/Ω

T0

5.73

51.29

4.78 × 10-3

T1

4.49

48.22

6.93 × 10-3

T5

4.53

33.99

7.58 × 10-3

T10

4.98

34.68

7.73 × 10-3

T30

6.33

98.95

2.45 × 10-3

T

6.28

71.55

5.83 × 10-3

is the lowest. It is known that the first step in the entry of
metal ions into the plant is root absorption, which is the
first rate-limiting step for hyperaccumulators [25]. It has
been reported that the root activity of Typhalatifolia L.
is closely related to Cd concentration. With the increase
of Cd concentration, the toxic effect gradually increases,
leading to the decrease of root activity [26], so the high
Cd concentration will result in low BFs of plants.
Morari et al. constructed an artificial wetland
system with Typhalatifolia L. to carry out urban
sewage treatment. The removal rates of various heavy
metals such as Al, Cu, and Cd were 31-96% and the
BF of Cd was 1.62 mg/kg [27]. Chen et al. achieved a
Cr removal rate of up to 87% via the water culture of
Typhalatifolia L. [28]. Through the hydroponic system
under greenhouse conditions, Pilonsmitsfound that the
accumulation of Cd increased under the influence of
Ca and Fe, achieving a Cd adsorption rate of up to 71%
from a nutrient solution, and it mainly occurred in the
roots [29]. Many studies have proven that Typhalatifolia
L. is a type of hyperaccumulator that can remediate
heavy metal pollution, but the study of Typhalatifolia L.
incorporated with P-MFC for soil pollution remediation
is rarely reported.

Analysis of Anodic Electrochemical
Performance
For P-MFC running under anaerobic conditions,
electricigens consume organic matter at the anode to
obtain the energy required to sustain the growth of the
microorganism and produce electrons. The electrons
reach the cathode through the external circuit to form
the current loop [21]. The microbial transmission of
electrons at the anode is the key step to achieving
energy conversion [2], therefore, through the cyclic
voltammetry and electrochemical impedance test of the
anode, we can understand the microbial activity and
internal resistance of P-MFC.

Cyclic Voltammetry
Cyclic voltammetry (CV) can be used to
characterize the electrochemical activity of microbes
[30] or determine whether there is an electron shuttle or
electron mediator produced by microorganisms in the
system for electron transfer [31].
Fig. 3 shows that there are obvious redox peaks in
the CV curves of T0, T1, T5, T10, and T30 at a scan rate
of 10 mV/s, indicating that microbes are present in the
anode of the P-MFC under different pollution stresses
[32]. The intensity of the peak represents the ability of
the microbes to generate and transfer electrons. The
oxidation peaks of T0, T1, T5, and T10 are located at
about 0.1 V, while the oxidation peak of T30 shifts to
0 V. Both T0 and T1 have reduction peaks at -0.4 V, and
their oxidation peaks are located at a similar position,
suggesting that their anode microbes have similar
characteristics of electricity production. Two reduction
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Fig. 3. CV curves of P-MFC anodes under different Cd concentrations.

peaks are found at -0.2 and -0.5 V on the CV curve of
T5 and T10, and only one reduction peak can be identified
at -0.5 V for T30.
T0 has the largest anodic and cathodic peak
current and the highest intensity of redox peaks
among all P-MFC, indicating the strongest microbial
electrochemical redox reactions with the highest redox
activity. Peak intensity decreases with the degree of
Cd pollution, as the electrochemical activity of P-MFC
anodes is inhibited, which is consistent with the trend
of electricity production capability of P-MFC under
different concentrations of Cd stress. It is probably
because, with the increase of Cd concentration, the
toxic effect of heavy metals on microbes becomes
significant enough to affect the electrochemical activity
of microbes in the anode, leading to the decrease of
electricity production capacity.
T has no obvious oxidation peak, but a reduction peak
appearing at -0.5 V with the lowest peak intensity. It is
clear from the above discussion that without the growth
of Typhalatifolia L., no root exudates are available to
nurture the microbial at the anode, resulting in a weak
microbial activity to inhibit electricity production, and
thus the lowest output voltage.

Electrochemical Impedance Analysis
of the Anode Biofilm
To study the composition and change of the internal
resistance of the P-MFC system under different
Cd concentrations, the electrochemical impedance
spectroscopy (EIS) test is carried out when the output
voltage is stable. On the complex impedance plane, the

Fig. 4. The equivalent circuit of P-MFC at different Cd concentrations.
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Fig. 5. Nyquist plots of P-MFC at different Cd concentrations.

real part (Z’) and the absolute value of the imaginary
part (-Z”) of the measured impedance are taken as the
abscissa and the ordinate to plot the Nyquist diagram.
The EIS test results at different Cd concentrations are
shown in Fig. 5. The alternating current impedance
diagram is simulated with Zview, and the equivalent
circuit is shown in Fig. 4. The electric double layer
between the electrode and the solution is generally
expressed by the equivalent capacitance. In practice,
since the carbon felt has unevenness and is attached
with a biofilm, a “diffusion effect” is generated so
that the double layer resistance is represented by a
constant-phase angle element CPE. Rs is the ohmic
internal resistance, and Rct is the internal resistance
of the charge, which reflects the characteristics of
the activation process. W is the diffusion impedance
(Warburg Impedance), representing the characteristics
of the mass transfer process [33].
Table 2 shows the impedance values of P-MFC
obtained by fitting the equivalent circuit. For T0, T1, and
T5, their Rct accounts for 89.94%, 91.47%, and 88.22%,
respectively, of the total impedance, indicating that
the electrochemical reactions of the anode biofilm are
controlled by the charge transfer process. It can also
be seen that Rct of T1 and T5 decreases by 5.99% and
33.73% compared to T0. This suggests that when Cd
stress is lower than 5 mg/kg, the increase of the stress
leads to the decrease of Rct, and the activation energy
barrier of microbial catalytic reactions is lowered. It is
very likely that an appropriate amount of heavy metal
ions are deposited to modify graphite felt and improve
the anode performance so that the electron diffusion
is enhanced, thus reducing Rct [34]. Furthermore, Rct of
T10 increases slightly, while Rct of T30 increases sharply,
achieving 1.93 times of that of T0. We believe that at
a very high concentration, the toxic effects of heavy
metals on the anodic microbes are significant, and they
inhibit the microbial activity and affect the electron
transfer process [35]. Therefore, the internal resistance
of the anode rises sharply and the output voltage of
P-MFC is dramatically reduced.
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Rct of T is 91.12% of the total resistance and 1.40
times that of T0. This makes clear that the growth of
Typhalatifolia L. can improve the anode performance
to generate a much higher output voltage. Therefore,
in the practical application of P-MFC to remediate
Cd-contaminated media, it is necessary to pay special
attention to the pollutant concentration and the tolerance
threshold of hyperaccumulators to achieve high removal
efficiency and energy recovery efficiency.

Analysis of the Anode Microbial
Community Structure
The microbial community plays an important role in
the process of electron transfer to the electrode and the
degradation of the pollutants. To analyze the changes of
P-MFC microbial community structure under different
Cd concentrations, the anodes of T0, T1, T5, T10, and T30
are sampled for high-throughput sequencing analysis,
and the results are shown in Fig. 6. In this study, the
microbes of P-MFC are originated from the in-situ
wetland soil.
Fig. 6a shows the relative abundance of the microbes
on the phylum level. The microbial community in all
five samples mainly consists of 11 phylums, including
Proteobacteria,
Bacteroidetes,
Actinobacteria,
Acidobacteria, Chloroflexi, Firmicutes, Spirochaetes,
Planctomycetes, Verrucomicrobia, Crenarchaeota, and
Euryarchaeota.
Among them, Proteobacteria is the most dominant
species in the anode of all five P-MFC with a relative
abundance range of 21.19-42.85%. With the increase
of Cd concentration, the relative abundance of
Proteobacteria first increases and then decreases, and
it reaches the highest value of 42.85% in T5, but drops
to the lowest value of 21.19% in T30. It is demonstrated
that the charge transfer resistance of the anode
increases with the increase of Cd concentration up
to 5 mg/kg (T5). It has been reported that most of the
electricigens are derived from Proteobacteria [36], and
the abundance of Proteobacteria may affect the internal
resistance of P-MFC, where a high relative abundance
of Proteobacteria leads to a low internal resistance.
Bacteroidetes is the second most dominant species
with a relative abundance range of 11.15% (in T0)
to 20.21% (in T5). Among the rest of the phylum
species, the relative abundance of Actinobacteria and
Chloroflexi (3.43-18.79%) are relatively high, and they
reach the highest values of 18.79% and 18.15% in T0
and T5, respectively. The relative abundance of
Acidobacteria and Firmicutes are low, with only
2.27-6.71% and 1.78-5.44%, respectively. However,
they are also electricigens with low electricity
production capacity [37-39]. In T30, the microbial
community structure is drastically changed, and the
relative abundance of Euryarchaeota increases from
0.29-2.42% (in T0, T1, T5 and T10) to 29.43% (in T30),
making Euryarchaeota the most dominant species in
the anode.

Fig. 6. The composition of anodic biofilm community under
different Cd concentrations on the level of a) phylum and b)
genus.

On the level of the genus, the microbial community
in all five samples mainly consists of 14 genera,
including
Tolumonas,
Geobacter,
Anaerolinea,
Treponema,
Dechloromonas,
Flavobacterium,
Desulfobulbus,
WCHB1-05,
Anaeromyxobacter,
Hydrogenophaga, Ramlibacter, Blvii28, Thiobacillus,
and HB2-32-21. Among all P-MFC, Geobacter is the
most dominant species, and its relative abundance
decreases with the increase of Cd concentration and
accounts for 2.94% in T30 and 4.96% in T1. Geobacter
belongs to Proteobacteria and is the main electricigen in
the anode microbial community [40], widely distributed
in the Fe(III) reduction environment, such as freshwater
sediments and groundwater sediments with organic or
heavy metal pollution, with an important bioremediation
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function. Combined with the output voltage and
CV curves, it is shown that with the increase of Cd
concentration, the change of electricigens abundance
in the anode affects the electrochemical activity, which
further impacts the output voltage of P-MFC. In T0,
Tolumonas is the second most dominant species with a
relative abundance of 4.19%, and it plays an important
role in nitrogen fixation, plant growth promotion, and
degradation of pollutants [41]. The relative abundance of
Tolumonas in P-MFC first decreases and then increases
with the increase of Cd concentration, with the lowest
value of 0.96% in T1. Desulfobulbus being the second
most dominant species among all P-MFC, and its
relative abundance accounts for 1.56-2.63% and shows
an upward trend with the increase of Cd concentration.
From the microbial community structure under
different Cd stress, it is known that the abundance
changes of the electricigens Proteobacteria on the
phylum level and Geobacter on the genus level are
consistent with the changes of the internal resistance
of the P-MFC and electrochemical activity as
characterized from CV, respectively. This proves
that with the increase of Cd concentration, the
microbial community structure change affects the
electrochemical activity and internal resistance, thus the
output voltage.

Conclusions
The feasibility of P-MFC scale application in
a wetland area is studied by the simulation of the
real wetland environment and the evaluation of the
electricity production and environmental remediation
function of Typhalatifolia L. under different Cd stress.
We find that the output voltage of P-MFC with initial
Cd exposure (T1, T5, T10, and T30) decreases with the
increase of Cd stress and is lower than that of the
pollution-free T0; while all P-MFC with Typhalatifolia
L. growth output higher voltages over T, the plant-free
MFC. The BF is low under the high concentration of Cd
pollution, and the accumulation of Cd is significant in
the roots, suggesting that Typhalatifolia L. is the optimal
trail plant.The electrochemical properties and microbial
community structure of P-MFC are analyzed to explore
the electricity production and remediation mechanism.
Proteobacteria, on the phylum level, and Geobacter, on
the genus level, are the most dominant electricigens and
they account for 21.19-42.85% and 2.94-4.96% of the
microbial community. Geobacter is an internationally
recognized pollution-degrading microbe, which to a
certain extent ensures normal operation of the P-MFC
in the wetland environment. However, with the increase
of Cd stress, the number of electricigens decreases,
as well as electrochemical activity. This indicates that
Cd stress changes the electricity production capacity
of the P-MFC system by affecting the number and
activity of electricigens. Furthermore, when the number
of electricigens in the anode decreases, the BF is
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also reduced and the effect of Cd poisoning, instead
of the anode modification, becomes more serious,
inhibiting the function of the P-MFC and making the
environmental remediation ineffective. In the future
study for large-scale application of P-MFC, the tolerance
threshold for plants and microbial communities need to
be fully considered.
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