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Abstract The soil microbial fuel cell (MFC) is a promising
biotechnology for the bioelectricity recovery as well as the
remediation soil. Moreover, there were no studies on the
heavy metal pollution in a soil MFC yet. A soil MFC was
constructed to remediate the contaminated soil, and the elec-
tric field was generated from the oxidation of the acetate at the
anode.We demonstrated the copper migration, the power gen-
eration, and the pH variation in the soil and the electrodes. The
maximal voltage and the power density of 539 mV and
65.77 m W/m2 were obtained in the soil MFC. The chemical
fractionation of copper (Cu) was analyzed with a modified
BCR sequential extraction method. The soluble Cu form and
the total Cu contents from the anode to the cathode increased,
and the difference between them kept growing over time. The
Cu fractions in the soil and the electrodes were converted with
the change of the dramatic pH from the anode to the cathode.

There was a focusing effect leading to the change of the Cu
forms, and the extractable acid form content increased in the
three fifths where the acid and the alkali fronts met.

Keywords Coppermigration . Electric field . Proton
transport . Redox chemistry . Soil microbial fuel cell

Introduction

Soil is fundamental for agricultural production (Kong et al.
2014). However, agricultural soil contamination by copper
happens after long-term use of pig manure and fungicides
(de Boer et al. 2012). The heavy metals in soil gradually re-
lease into pore water results in the pollution of surface and
ground water, contaminating agricultural land and crops.
Thus, the heavily contaminated soils in industrial areas are a
great concern due to their direct and indirect harmful effects
on human health (Wada 2002). Therefore, soil remediation to
minimize downstream damage is essential (Powlson et al.
2011). A range of remediation techniques have been devel-
oped for soil contamination, including biological, chemical,
and physical treatments (Barbosa et al. 2015; Ma and Jiao
2012). However, the application of these traditional methods
in situ is usually expensive and may generate new problems,
such as fertility loss and soil erosion (Khodadad et al. 2011;
Kumpiene et al. 2008). Therefore, microbial fuel cell (MFC)
technique becomes an alternative worthy of attention.

MFCs have advantages of low cost, long sustaining pe-
riods, and minimal impacts on environment (Logan and
Regan 2006; Rinaldi et al. 2008). Abundant microbes exist
in organic matter-rich soils and sediments, which can be alter-
native energy source in MFCs. The soil MFC device filled
with the soil collected from the forest and agriculture and the
MFCs used organic and mineral soil saturated with deionized
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water. The results showed that the performance of agricultural
soil MFCs was about 17-fold higher than the forest soil MFCs
(Dunaj et al. 2012). Therefore, it is feasible to construct MFCs
in soils and get energy from soil MFCs. An H-style or two-
chamber MFC was constructed by Tandukar (Tandukar et al.
2009), and Wang (Wang et al. 2008), respectively. Their
MFCs were applied to remove hexavalent chromium
(Cr(VI)) which was reduced at the cathode. Heijne et al.
(2010) proposed a metallurgical MFC to achieve a combina-
tion of copper removal and recovery at the cathode for detox-
ification. In these MFCs, the organic materials are oxidized at
the anode and the heavy metals are reduced at the anode. For
example, Cr6+ and Cu2+ can be reduced to Cr3+ and Cu, re-
spectively (Heijne et al. 2010; Tandukar et al. 2009; Wang
et al. 2008). However, to the best of our knowledge, currently,
there are no studies on metal removal by soil MFCs. The
outstanding challenge is that there are three phases in the soil
MFC: solid, liquid, and gas, but only the liquid phase is in the
metallurgical MFC.

Electricity is produced by applying biodegradable organic
compounds in a soil MFC. In the restoration of electric field,
the contaminants are transported to the electrode in the electric
field from where they can be brought to the surface. The
electric field drives the contaminants toward the electrodes
by two mechanisms, electroosmosis and electromigration
(Hicks and Tondorf 1994). In order to make the metal trans-
port by electromigration, the metal must be in the solution and
carry a charge. In this study, rhamnolipid is used to realize
metal ion removal from aqueous solutions (Dahrazma and
Mulligan 2007; Hong et al. 2009; Mulligan and Wang 2006;
Mulligan et al. 1999). A new soil MFC device was construct-
ed in this paper; the performance of soil MFCs was studied for
the generation of voltage and polarization curves and the mi-
gration and fractionations of copper during soil MFC
treatment.

Materials and methods

Experimental soil

The soil sample was collected from the agricultural plots near
Yangtze River in Nanjing, China. It was dried sieved (<2 mm)
and stored at room temperature. The pH was 7.91, the organic
carbon was 3.71 ± 0.14 g/kg, the total nitrogen was 0.20
±0.08 g/kg, and the total phosphorus was 0.42±0.18 g/kg.
The chosen soil was contaminated artificially by adding cop-
per to the soil. The detailed procedures were as below: 5 kg
soil was weighted and added with copper solution containing
8.792 g Cu(NO3)2 (purity 99.0 %), stirred, air dried, and aged
for 1 month for homogeneity. The total copper content in the
contaminated soil should be 600 mg/kg according to the third

grade in BEnvironmental quality standard for soils of China^
(GB15618 1995).

Soil MFC construction

The soil MFCs was constructed in the top soil, and its sche-
matic diagram was illustrated in Fig. 1. The constructions
were fabricated from a glass cylinder with an internal diameter
of 35 mm and a length of 150 mm. About 1 cm of soil was
placed at the base of the MFC container before anode instal-
lation which was made of granular activated carbon (GAC, 3–
5 mm in diameter with a specific area of 500–900 m2/g), and
the contaminated soil was deposited on the top of the anode
with a depth of 10 cm. The GAC cathode was placed above
the contaminated soil, allowing oxygen interaction with the
cathode. The total mass of soil and GAC in soil MFC systems
were 130 g (dry weight) and 20 g (dry weight), respectively.
All the assembled MFCs were then incubated at 30±1 °C in
the dark until final destructive sampling and analysis (total
56 days).

Each MFC contained a mixture of contaminated soil and
12 ml concentrated anaerobic sludge from a wastewater treat-
ment plant that were homogenized and saturated with the nu-
trient solution. The nutrient medium was consisted of (per L)
0.78 g KCl, 0.58 g NaCl, 0.68 g KH2PO4, 0.80 g K2HPO4,
0.10 g MgCl2, 0.28 g NH4Cl, 0.10 g CaCl2 · 2H2O (Tandukar
et al. 2009), and 1 mL of trace elements (Rabaey et al. 2005b).
MgCl2 was used instead of MgSO4 to avoid sulfate reduction
and abiotic Cu2+ reduction by sulfide (Tandukar et al. 2009).
In order to get more water-soluble copper and make microor-
ganism growth better, 2.0 % rhamnolipids (Huzhou Zijin
Biological Technology Co., Ltd., China) and 6.00 g/L

Fig. 1 Configuration of the soil microbial fuel cell
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CH3COONa were added into the distilled water with
pH=7.00.

There were two groups named test group and CK
group in this experiment. The anode and the cathode em-
bedded with carbon cloth (30×10 mm) were connected by
titanium wires (1 mm in diameter). The epoxy was used
to prevent the titanium wire from making a direct electri-
cal contact with the cathode electrode. There was a closed
circuit with an external resistance of 1000 Ω in the test
group and an open circuit in the CK group. All the ex-
periments were conducted in triplicate and each sample
was measured three times.

Soil sampling and chemical speciation of copper

The MFCs were put in the ultra-low temperature freezer (−79
±1 °C, Haier BioMedical, DW-86l388A, China) for 1 h be-
fore sampling in order to prevent soil disturbance. The MFC
was divided into six sections and marked as S1–S6 from the
cathode to the anode, respectively (see Fig. 1), for further
analysis. The activated carbon in the cathode and the anode
was marked as S1 and S6, respectively. The contaminated soil
part was evenly divided into four sections that were marked as
S2–S5. The six subsamples were freeze dried, grinded, and
sieved (100 mesh) before analysis. All the data in this paper
were reported on a dry weight basis.

The soil pH was measured by mixing soil with water at a
ratio of 1:2.5 using pH meter (Sartorius, PB-10, Germany).
Soil samples were sequentially extracted according to an im-
proved BCR (European Communities Bureau of Reference,
now Standards, Measurements and Testing Programme) se-
quential extraction method. The five fractions could be cate-
gorized as step 1—water soluble fraction (F1), step 2—acid-
extractable fraction (F2), step 3—reducible fraction (F3,
bound to Fe-Mn oxides), step 4—oxidizable fraction (F4,
bound to organic matter and sulfides), and step 5—residue
fraction (F5) (Rauret et al. 1999; Ure et al. 1993). To deter-
mine the total concentration of Cu in the soil samples, 0.5 g of
sample was digested with a mixture of acids (9 ml of concen-
trated HNO3+3 ml of concentrated HCl) in a microwave unit
(MDS-6G, Sineo, China), according to EPA method 3051A.
The concentration of every fraction was analyzed by atomic
absorption spectrometer (Perkin-Elmer AAS400). The results
of the original contaminated soil and activated carbon obtain-
ed in the BCR extraction procedure were shown in Table 1.

Statistical analysis

The voltages (V) generated from soil MFCs were recorded
every 8 h by a data acquisition module (DAM-3057 and
DAM-3210, Art Technology Co. Ltd., China). The power
density (W/m2) was calculated according to P= IU/V. Where
I is the current, U is the voltage, and V is the working volume
of the anode. The internal resistance was calculated by the
linear region of the polarization curve (Puig et al. 2012). The
results were analyzed using an analysis of variance (ANOVA)
procedure, and the multiple comparisons was performed by
Duncan’s new multiple range method by SAS 8.0, and all the
figures were plotted by Sigmaplot 11.0.

Results

The electrical characteristics of soil MFC

The experiment lasted for 56 days. Figure 2 showed soil
MFCs’ voltage and the polarization curve. In the first 7 days,
the voltage was stable around 30 mV and rose quickly to
108 mV when the soil MFC was injected with sodium acetate
nutrient solution. When sodium acetate solution was added
into the system on the 14th day, 21st day, 28th day, and
42nd day, the voltage peak appeared on the 26th day, 35th
day, and 46th day, and the voltages were 336, 539, 488, and
499 mV, respectively. The polarization curve of MFC was
obtained by transforming resistance from 100 to 100,000 Ω.
The internal resistance of soil MFC was 984 Ω, and the max-
imum power density was 65.77 m W/m2.

pH variation

The pH from the cathode to the anode in the soil MFC
changed significantly, while the pH in the CK group was
generally stable at about 8.00 as shown in Fig. 3. The pH in
the test group reduced significantly from S1 to S6. The pHs in
sections S1 and S2 were dramatically higher than that in CK,
while the pHs in sections S3–S6were lower (P<0.05). Hence,
there was a pH jump zone in section S3.

Spatial and temporal distribution of soluble copper

Figure 4 showed the spatial and temporal distribution profiles
of water-soluble Cu (F1) in the CK and the test groups. There

Table 1 The copper fractionation
of Cu by BCR sequential
extraction in contaminated soil
and activated carbon
(concentration in mg/kg)

Water soluble Acid extractable Reducible Oxidizable Residual Total Cu

Contaminated soil 0.22 564.96 36.97 8.54 24.57 635.27

Activated carbon - 1.82 0.16 0.44 5.67 8.10

B-^ indicates that the value is not detected
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was no significant difference in every period of S2–S5 for the
CK group, and the F1 concentration ranged from 157.32 kg to
173.04 mg/kg (Fig. 3b). The F1 concentration in the cathode
and the anode was significantly higher than in the original
activated carbon, with the contents ranging from 47.14 to
53.53 mg/kg, and no dramatic difference with time which
was varied with time in the different locations for the test
group (Fig. 3a). The F1 fraction in the soil part began to
migrate gradually by electricity although the voltage was be-
low 200 mVat the beginning of the experiment. The concen-
trations of F1 fraction were 193.99, 203.91, and 183.15 mg/kg
from S2 to S4, respectively, which were higher than that in the
CK with an average value of 63.46 mg/kg. It showed that F1
formed in the soil migrated from the anode to the cathode and
was mainly concentrated in sections S2 and S3 at the end of
the 14th day. The F1 concentration escalated from sections S5
to S2 in sequence from 222.35 to 140.27 mg/kg when the
voltage continued to rise to 539 mV. Meanwhile, the contents
of F1 in sections S2 and S3 were higher than that in the CK

(164.39 mg/kg), and the content of F1 in section S5 was lower
than that in the CK. This suggested that Cu in the soil moved
from the anode to the cathode and accumulated in section S2
gradually, and the migration of F1 fraction did not cease in the
soil MFC but continue to migrate until reaching the cathode.

When the voltage increased to 488 mV, there was an ex-
tremely significant change between the F1 concentration in
the anode and that in the cathode. The F1 concentration in
the cathode (80.91 mg/kg) was higher than that in the anode
(70.25 mg/kg), while the F1 concentration in the anode began
to decline. The F1 concentration increased in the soil part from
S5 to S2, and the F1 concentration of section S2 was higher
than that in S5 and CK by 95.06 and 68.85 mg/kg, respective-
ly. At the end of the experiment, the F1 concentraton in S6
increased from 60.88 to 83.34 mg/kg and declined with the
value of 40.19 mg/kg. The reason was that H+ released in the
anode could neutralize carbonate and OH− and cause copper
to be released from the insoluble form and migrated from the
anode to the cathode in the electric field. The change of con-
centration of the F1 fraction in S1 was different from that in S6
and continuously increased to be higher than that in S6 by
55.28 mg/kg at the end of the experiment. Whereas, the S1
content was lower than section S2 by 141.89 mg/kg. This may
be due to the transformation of copper, and the accumulated
F1 was precipitation in S1 with high pH, for example, acid-
extractable and oxidizable contents increased by 37.77 and
28.18 mg/kg, respectively, compared to that in the CK
(Fig. 5). Simultaneously, there was high mass transfer resis-
tance between the soil and the activated carbon. In the soil
part, the F1 concentration increased significantly from S5 of
138.20 to S2 of 237.36 mg/kg (P<0.05). The results sug-
gested that Cu in the contaminated soil moved from the anode
to the cathode and accumulated in sections S1 and S2.
Furthermore, the difference between them became larger with
the increase of the MFC operation time until the end of the
experiment. These results showed that the soil MFC perfor-
mance improved with electric field and the time which
strengthened the migration of F1 fraction in the soil from the
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Fig. 2 Voltage variation and polarization curve
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anode to the cathode and was enriched constantly in the S1
and S2 (Fig. 4). However, the similar phenomena were not
observed in the CK group.

Spatial distribution and chemical speciation of total
copper

Figure 5 indicated the copper distribution and its fractions.
The initial total copper contents were 635.27 and 8.10 mg/kg
in the contaminated soil and activated carbon. In the test
groups, total copper content increased from sections S5 to
S2 with their contents ranging from 468.33 to 668.01 mg/kg.
The migration showed that copper in the soil transferred from
the anode to the cathode, and the migration quantity was
199.69 mg/kg. The total copper content in the cathode was
278.25 mg/kg, higher than 125.14 mg/kg in the anode, and
was lower in S3–S5 than that in the CK group which meant
the total copper contents reduced in these sections. Water-
soluble (F1) and acid-extractable (F2) fractions were the two
main forms of copper in the soil and the electrodes, whose
concentrations were 124.55 and 405.07 mg/kg in the soil, and

35.92 and 63.13 mg/kg in the electrodes, respectively.
Compared with the CK group, the F1 fraction increased by
7.46 % and rose from S5 to S2 in turn (see Fig. 4). The F2
fraction decreased significantly by 16.18 % in the test group.
In the soil part, the highest concentration of F2 fraction was
313.81 mg/kg in S3, and the lowest was 250.21 mg/kg in S5.
The F2 fraction concentration in the cathode was 97.70 mg/kg,
higher than 34.57 mg/kg in the anode. Reducible (F3) and
oxidizable (F4) contents in the cathode were higher than that
in the anode and in the CK group (Fig. 5a).

Discussion

In a soil MFC, the process of anoxic organic matter oxidation
would be stimulated and possibly accelerated. The basis here-
of lies within the spatial separation of the oxidative, electron-
generating half-reaction at the anode and the electron-
consuming half-reaction at the cathode (De Schamphelaire
et al. 2008a; Lakaniemi et al. 2012). The soil organic matter
or external carbon source (acetate) in the anode could be
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oxidized to electrons, protons, and CO2. At the cathode, oxy-
gen, the final electron acceptor, is reduced to H2O. The elec-
trons transfer from anode to cathode through electrical circuit,
containing a power user (Fig. 6). The peak power output of
soil MFCs was fairly similar to or higher than other MFC
studies that were constructed using organic-rich soils or sedi-
ments. In order to make a better comparison, the voltages and
the powers obtained from the soil and sediment MFCs were
presented in Table 2.

The soil MFCs constructed in this study realized elec-
tricity production which played an important role in the Cu
migration process. Moreover, the rhamnolipid could en-
hance the removal rate in alkaline condition and improve
the removal of copper significantly (Dahrazma and
Mulligan 2007). The F1 form changed dramatically with
electricity produced in the soil MFC. Furthermore, the dif-
ference among them became larger with the increase of
MFC operation time until the end of the experiment.
These results showed that the soil MFC performance im-
proved with time which strengthened the migration of F1
form in the soil from the anode to the cathode and enriched
constantly in the S2. In the typical SMFC, the efflux of the
degradation products in the anode, such as the electron and
the proton, was influenced by the diffusion, the charge of
the molecules, and the internal resistance which caused a
potential loss between the anode and the cathode (De
Schamphelaire et al. 2008a; Logan et al. 2006; Rabaey
et al. 2005a, 2007). However, there was a significant con-
centration gradient of F1 from sections S2 to S5. The gra-
dient slope increased over time and was opposite to the

diffusion that spread from the high concentration place to
low (Figs. 4 and 5). It manifested that the migration and
enrichment of F1 were driven by the force rather than the
diffusion. The driver was the electric field produced by the
soil MFC that made the positively charged water-soluble
copper migrate from the anode to the cathode. The distri-
bution trends of H+ and Cu2+ were completely different
though they both carried positive charges. Under the effect
of electric field, Cu2+ migrated to the cathode area con-
stantly. The Cu2+ content in the cathode was higher than
in the anode and increased from sections S5 to S2. The
release of H+ in the anode and the electricity production
in the soil MFC would cause H+ migration to the cathode
and could lead to the lower pH in the cathode than that in
the anode under the same electric field theoretically.
However, the fact was that pH in the cathode was higher
than that in the anode. That was because oxygen in the air
accepted electrons and was reduced to hydroxide which
could neutralize the abundant H+. Moreover, oxygen is a
more preferred electron acceptor than Cu2+ (O2 + 2H2O+
4e−= 4OH−, 0.40 V vs NHE, and Cu2++2e−=Cu, 0.34 V vs
NHE). Cu2+ cannot accept electrons under the alkaline
condition and may precipitate as CuO, Cu2O, or other
forms and may not be available for reduction (Heijne
et al. 2010). Therefore, a Cu2+ enrichment area appeared
near the cathode area.

A mixed potential of both copper and oxygen reduction
could result in a higher cathode potential. There was a com-
petitive relationship between Cu2+ and oxygen to accept elec-
trons (Heijne et al. 2010). At the same time, these dissociative
copper were converted into Cu and its oxide form by reduction
reactions. In this study, the contents of F3 and residual fraction
(F5) in the test group were higher than those in the CK by 2.81
and 41.17 mg/kg, respectively. A metallurgical microbial fuel
cell (MFC) was constructed by Heijne et al., which was used
for copper recovery. Pure copper crystals were formed on the
cathode, and no CuO or Cu2O was detected. The high perfor-
mance of the MFC with Cu2+-reducing cathode (Cu2+ remov-
al efficiencies >99.88 %) could be caused by the following
reasons: the oxygen reduction reaction has a high
overpotential, while the overpotential for Cu2+ reduction is
much lower, and copper might function as a catalyst for the
oxygen reduction reaction (Heijne et al. 2010). The similar
result also appeared in another literature that Cu2+ was re-
duced to cuprous oxide and metal copper in the cathodes of
the MFC (Tao et al. 2011). As a consequence, the reaction
could be more advantageous to reduce Cu2+ and enhance the
efficiency of enriched copper in the soil if the oxygen content
was reduced in the cathode; the electrode potential was appro-
priate, and the competition of accepting electron between ox-
ygen and Cu2+ was moderate. Under the effects of the soil
MFC, not only the F1 content but also the total copper content
changed in the soil MFC. These results illustrated that Cu
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migrated to the cathode by electricity and accumulated in the
S1 and S2.

As shown in Fig. 3, the pH gap between the cathode and
the anode was 2.25 units. Gil et al. (2003) also observed the
similar pH decrease in the anode chamber and an increase of
pH in the cathode chamber. It might be because that the
proton transported through the Nafion seemed to be slower
than the proton production rate in the anode chamber and
the proton consumption rate in the cathode chamber.
Furthermore, the oxygen in the air accepted electrons from
the anode and was reduced to hydroxide (O2 + 2H2O+
4e−=4OH−, 0.40 V vs NHE). The hydrogen and hydroxyl
ion production rates were fixed by the current, which were
dependent on the applied voltage and the conductivity of the
medium (Hicks and Tondorf 1994). Anaerobic environment
in the soil MFC could help fermentation; the proton transfer
rate might be limited by the poor permeability of the water-
logged soil, which resulted in a delay in the proton transfer to
the cathode and the accumulation of protons in the anode
(Huang et al. 2011). It was worth notice that the pH in section
S3 was 7.86, which significantly increased by 1.88 in the
cathode and decreased by 0.37 in the anode. Meanwhile,
the F2 mainly existed in the form of carbonate, which could
be dissolved when the pH decreased, and the F1, water solu-
ble, could be migrated in soil MFCs by electricity. During the
electrokinetic remediation operation, the acid and the alkali
fronts migrated toward the opposing electrodes and interacted
at approximately one third of the distance from the cathode to
form a zone of abrupt pH change (Abou-Shady and Peng
2012). In other words, there was a pH jump and focusing
effect in section S3 where H+ met with OH−. This is because
the effective ionic hydrogen mobility is about 1.8 times that
of the hydroxyl ion (Acar and Alshawabkeh 1993). In other
words, there was a distinct pH change zone and focusing
effect leading to changing copper forms and the F2 form
increasing in the section S3 where acid and alkali fronts met.

Conclusions

The migration of heavy metals and pH variation were
closely related to the electricity production in a soil
MFC. In the CK group, the F1 form and total copper
did not change in the whole soil and electrode area over
time. In the test group, they migrated due to the effect of
internal electric field in the soil MFC. The concrete man-
ifestations were (1) pH increased from the anode to the
cathode, (2) the content of copper increased from S5 to S2
and the content in S1 was significantly higher than S6,
and (3) the concentration difference among these sections
were much larger. Hence, the electric field produced by
soil MFC played an important role in cation (H+ and
Cu2+) migration, and the effect could overcome the diffu-
sion to migrate to an opposite direction compared to the
ion charge.

This new soil MFC combines electricity production with
copper enrichment in the cathode and on the top of soil. As
the soil MFC is still under development, it cannot be directly
compared to the electrokinetic remediation. However, signifi-
cant attention has been paid here for copper recovery in the soil
MFC within the generated electricity field. In addition, chem-
ical speciation of Cu changed from water-soluble form to other
reduced and oxidized forms, or pure copper in the cathode.
Thus, the different reactions in the cathode are worth further
study for the improvement of MFC performance, as we have
shown that it can compete with oxygen reduction as an effi-
cient cathode option. The copper removal in the soil enhanced
by the soil MFC expands the application range of MFC and
illustrates once more the flexibility of MFC applications.
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Table 2 Overview of voltage and
power results obtained with soil
and sediment MFCs

Operating characteristics of the MFCS Voltage (mV) Power density
(mW/m2)

Reference

Soil MFCs in laboratory
(activated carbon)

326 77.5 (Cao et al. 2015)

Rice paddy MFCs 26 (De Schamphelaire et al. 2008b)

Agricultural MFCs 42.49 (Dunaj et al. 2012)

Single-chamber MFCs (carbon felt) 162 0.72 (Deng et al. 2014)

Marine sediment in laboratory 10 (Reimers et al. 2001)

MFC coupled constructed wetland
system

610 0.302 (Fang et al. 2013)

Metallurgical MFCs (copper recovery) 0.80 (Heijne et al. 2010)

Dual-chamber MFCs (copper removal) 480 339 (mW/m3) (Tao et al. 2011)

Soil MFCs 539 65.77 In this study
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