
Use of microbial fuel cells for soil remediation: A 

preliminary study on DDE

Abstract

DDE (2,2-bis (p-chlorophenyl)-1,1-dichloroetylene) is a very persistent and bioaccumulative 

pesticide and its residues are continuously found in the environment. Among the green remediation 

strategies for soil recovery, terrestrial Microbial Fuel Cells (MFC) are arousing great interest in 

scientific community. MFCs transform energy stored in the chemical bonds of organic compounds 

into electrical energy thanks to exo-electrogen microorganisms naturally occurring in soil, which 

catalyse oxidation and reduction reactions in the area between two graphite electrodes. This work 

reports preliminary data on the use of MFCs for promoting soil decontamination from DDE. Several 

experimental conditions (e.g. addition of compost and open/closed circuit) were applied for assessing 

how to improve MFC performance in favouring DDE removal. MFCs promoted a significant DDE 

removal (39%) after 2 months, while at the same time any pesticide decrease was observed in the 

batch condition. Compost addition stimulated microbial activity and improved MFC performance for 

a longer time.

Keywords: MFC; DDE; Bioremediation; Exo-electrogen microorganisms

Introduction

DDT (1,1,1-trichloro-2,2-bis (4- chlorophenyl) ethane) is an insecticide synthesized in 1873 by an Austrian 

chemist, Othmar Zeidler, and subsequently rediscovered by the Swiss chemist Paul Hermann Müller during the 

research of a product suitable to fight lice carriers of typhus. The use of this insecticide was massive in the past 

because it made it possible the malaria elimination in 1939 (by killing the anopheles mosquito), of the above-
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mentioned typhus and from 1945 the arthropod controls in agriculture [1–5]. DDT is a Persistent Organic 

Pollutant (POP), and in fact it is currently found in the environment not only as parent compound, but especially 

in its two main transformation products: DDE (2,2-bis (p-chlorophenyl) −1,1-dichloroetylene) and DDD (1,1-

dichloro-2,2-bis (p-chlorophenyl) ethane) [2,6]. Although its use as a pesticide has been banned in most of the 

world countries, large quantities of DDT and its toxic polychlorinated metabolite DDE still persists in soils. 

DDE is a very persistent and bioaccumulative compound [6,7] and its residues are continuously found in the 

environment [7–11]. In fact DDE is even more persistent than its parent compound DDT [12].

Several remediation strategies have been proposed to find solutions to the pollution caused by these recalcitrant 

and ubiquitous molecules; among them, physical-chemical methods have been reported as the best results in a 

short time [13–16]. However, these methodologies are not only expensive, but can also produce harmful by-

products and move the contamination issue from a specific polluted site to that of waste storage and disposal, in 

contrast to the principles of Green Remediation [17]. In this context, bioremediation of soil which exploits the 

natural capability of natural microbial communities in degrading contaminants is in line with the environmental 

sustainability, rehabilitating ecosystems and giving benefits from both an economic and social point of view [18].

Although the degradative pattern of DDT has been extensively studied, its degradation has not been established 

in each transformation step, especially regarding DDE. In fact, it can be formed from DDT through several 

complex reaction pathways: aerobic degradation, abiotic dehydrochlorination and photochemical decomposition 

[6,14].

Among the most recent "green strategies" developed over the last few decades, bioelectrochemical systems 

(BES) are promising techniques in promoting environmental bioremediation. BES rely on exo-electrogens 

microorganisms that have the extracellular electron transport ability. These microorganisms grow in anaerobic 

condition and catabolite organic compounds, including several contaminants, producing and releasing electrons 

outside the cell, which are transported through different mechanisms to final acceptors, producing electricity [19,

20]. BES have multiple applications such as: fuel cell (producing electricity), electrolyzer [21], microbial 

desalination and chemicals production [22]. BES are characterized by two electrodes, anode and cathode, that 

are connected through an electrical circuit. The anode acts as an electron acceptor and promotes the development 

of a rich and diversified bacterial community with exo-electrogens microorganisms. The latter can degrade 

organic molecules in their metabolism, including organic pollutants, generating current and/or secondary 

products through redox reactions between the anode and cathode [23]. The electrode presence has several 

advantages: the anode is a permanent and stable electron acceptor, ensuring the oxidation of organic compounds 

that could be limited by the electron acceptors available in the matrix contained in the BES. The general 

principle that exo-electrogen bacteria catalyse a reduction reaction at the anode and an oxidation reaction at the 

cathode has been recognized [24]; however, the bacterial mechanisms which make possible electron exchange 

with the electrodes have not yet been fully understood [25,26]. BES have been applied successfully for 

increasing the degradation of many organic pollutants, including highly persistent ones, in laboratory conditions [

27–36], while field tests are still scarce [37].

There are different types of BESs depending on various factors: the matrix, the type of contaminant and the 

operational conditions. In particular, the Microbial Fuel Cells (MFCs) have been recently proposed as a 

bioremediation technology for restoring contaminated soils [20]. MFCs transform energy stored in the chemical 

bonds of organic compounds (as fuel) into electrical energy thanks to exo-electrogen microorganisms naturally 

present in the soil, catalyzing oxidation and reduction reactions in the area between two graphite electrodes [20]. 

It is interesting to note that the MFCs represent a very promising solution as they have the capability to produce 



energy from different wastes [22,38,39]. In typical applications, such as wastewater treatment, the MFC 

produces energy as long as organic load is present. If the water is pure, no electricity can be generated. This 

suggests a possible use of MFC as a sensor of contamination [40]. This circumstance, together with the intrinsic 

simplicity of the MFC structure, makes this solution very interesting for remote, off grid applications, as well as 

in Developing Countries.

The anode, used as an electron acceptor in anaerobic conditions, promotes the development of a bacterial biofilm 

around it. The electrons flow from the anode to the cathode through an external circuit, while protons flow 

through the soil directly to the cathode: here, in aerobic conditions, electrons and protons react with oxygen 

producing water. Although MFCs are a quite recent technology, they are proving to be innovative with several 

advantages such as the bioenergy production and for the bioremediation of matrices contaminated by dangerous 

organic substances. Cao et  al. [41] and Guan et  al. [42] demonstrated the MFC removal efficiency of 

hexachlorobenzene (HCB) and Cr (VI). Song and Jiang [43] studied MFC performance using sediments for 

power generation, bioremediation and sensoring. They analysed several sediment types and observed that the 

activation time (i.e. the time for reaching maximum power generation) is different depending on the sediment 

type. The strong concentration of nutrients enhanced cell performance reducing the start-up period and electricity 

production. A nutrients content of 1–3% is generally sufficient to produce energy.

Gajda et al. [44] described an interesting concept based on terrestrial MFC using carbon fibre veil as anode, 

activated carbon as cathode and terracotta as electrolyte. During the cell operation, catholyte was produced close 

to the cathode. Such catholyte was then successfully used to precipitate heavy metals dispersed in water 

solutions. Liu et al. [45] demonstrated the capability of MFC in reducing sulphide content (>70%) and COD 

(>54%) in wastewater, producing up to 2.34 V and 3.29 mA. Moreover, removal mechanism of sulphide and 

electric generation in the MFC was further demonstrated by Zhang et al. [46].

Among POPs, the degradation of DDE has never been tested with this technique so far. In this work, terrestrial 

Microbial Fuel Cells (MFCs) were used to test their effectiveness in promoting DDE degradation in soil, 

stimulating its dechlorination. In particular, the feasibility and potential of electrical biostimulation through the 

MFCs was examined. MFCs were set up using DDE spiked soil (1  mg/kg) under various experimental 

conditions such as the addition of organic matter (compost) and using an open (OCV) or a close circuit condition 

(CCV). The pesticide degradation, the electrical outputs and the microbial activity were evaluated over the 

experimental time.

Materials and methods

Soil sampling and spiking

The soil was sampled from the first 30 cm (surface layer) of an ex-agricultural area located in central Italy. The 

soil had a neutral pH (7), 1.35% organic carbon and the texture was 28% sand, 24% silt and 48% clay. Organic 

carbon and pH (1:2.5 soil-water suspension) were measured following Ancona et al. [47].

A municipal solid waste compost, produced and supplied by Progeva Spa (Laterza (TA), Italy), was mixed (3%) 

with the soil used for the experiment. The compost quality was certified on the basis of ISO/IEC 17025, and the 

main characteristics are shown in previous works [48]. The organic carbon content was 26%.

Soil and compost were air dried and then sieved at 2 mm to remove stones, gravel and roots.



About 350 g of soil were employed for each microcosm (BATCHs or MFCs). The compost was added and 

mixed (3%) to half of the soil used for the experiment to stimulate microbial community activity [48].

DDE was purchased from Sigma-Aldrich and used to prepare the stock solution in acetone (HPLC Plus, for 

HPLC, GC, and residue analysis, ≥99.9%purity, Sigma Aldrich). Aliquots of distilled water and calculated 

quantity of stock solution were prepared to obtain a final DDE expected concentration of 1 mg/kg for each 

microcosm (batches or MFCs). The spike-solution was poured drop by drop, covering the entire surface of the 

soil. Each contaminated soil was put in closed glass containers and vigorously mixed overnight on a roller mixer. 

This procedure assured the best DDE mixing to soil.

MFC and BATCH setup

Several operational conditions have been recently proposed aiming at maximizing the electricity yields (or the 

reduction of organic contents) of the MFC by changing materials for the anode, cathode, catalyzers, electrolytes 

etc. [22]. For example, in Papaharalabos et al. [49] shape and material of a MFC were optimized to maximize 

COD reduction and electricity yields. Positive results were obtained but they were case-specific, and no definite 

guidelines were obtained.

In this work, the main aim was to test the MFC as a strategy for bioremediation of soils contaminated with 

persistent organic pollutants. Consequently, a single chamber MFC with a simplified configuration was used. 

The MFC consists in a single chamber with inert, and graphite-based electrodes (anode and cathode); graphite is 

an appropriate conductor and an easily available material. The soil used, having its own electrical conductivity, 

acts as an electrolyte for the movement of hydrogen ions to the cathode, as well as providing both the bacterial 

community and the nutrients existing naturally in the matrix. The soil (ca. 350 g in each MFC) was adequately 

prepared and completely saturated in order to obtain anaerobic conditions. In fact, the water content (WC) is a 

key factor for the MFC performance because it regulates the chemical processes [50] underling this technology. 

It is very important that the WC in a terrestrial MFC is maintained quite constant and above a threshold value 

(estimated around 24%), which makes it possible the cell to operate at a full capacity, guarantying energy 

production. Beyond this point, the energy generation increases as the water content increases and this trend 

continues until the soil reaches, or slightly exceeds, its field capacity. Because the saturation threshold can vary 

according to the composition of the soil, in this work a threshold of 30% was adopted.

A soil layer (1 cm) was packed into the bottom of each MFC. Then, an anode was placed on the top of the soil 

and after that, each container was filled with other soil (at least 5 cm). After any step of this procedure, soil and 

anode were squished so forming a smooth layer and removing air bubbles. The cathode was then placed on the 

top of the soil and was exposed to air. This type of MFC does not require the use of semipermeable membranes 

because in this cell, aerobic microbes, naturally present in the soil, would act as a filter, consuming oxygen and 

preventing infiltration into the anodic compartment. Each anode and cathode were then connected each other 

with an external circuit to make the electron movement possible. The MFCs were set up by adopting different 

experimental conditions. Moreover, soil samples with the same treatments as for MFCs were prepared for 

BATCH condition (Table 1) and used as controls. BATCHs consisted of closed glass beakers (1 L). MFCs and 

BATCHES were put in the dark.

alt-text: Table 1
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Soil samples were collected (0 day) from each different conditioned soil just before their input in the MFCs or 

BATCHES for evaluating any possible acute effect of DDE and or compost addition on the microbial number, 

viability and activity. After the initial soil characterization, at selected times (2, 6 and 12 months), the electrical 

measurements, chemical and microbiological analyses were performed. Each sampling was destructive and two 

MFCs for each condition were sacrificed.

Electrical measurements

Fuel cells are energy conversion systems which directly convert the chemical energy stored in a fuel in electric 

energy without any intermediate combustion process. The main advantage is the higher theoretical efficiency 

when compared to thermal cycles, that are affected by the Carnot limit. However, in real cases limited ions 

diffusion through the electrolyte (here the soil) affects the electric efficiency of this technology.

The basic scheme of a MFC is described in Fig. 1.

Experimental set up in MFC and BATCH conditions.

Classification Materials Voltage condition

MFC

Soil Soil Open circuit

Soil + compost Soil with compost addition Open circuit

Soil + DDE (ocv) Soil spiked with DDE Open circuit

Soil + DDE (ccv) Soil spiked with DDE Closed circuit

Soil + DDE + compost (ocv) Soil spiked with DDE and compost addition Open circuit

Soil + DDE + compost (ccv) Soil spiked with DDE and compost addition Closed circuit

Batch

Soil Soil –

Soil + compost Soil with compost addition –

Soil + DDE Soil spiked with DDE –

Soil + DDE + compost Soil spiked with DDE and compost addition –

i
The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.
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Electric power is generated by the electron flow from the anode to the cathode.

Power generation is an essential parameter to estimate the performance of a cell. In this case, power was 

calculated using Ohm's law

where P is the power of the cell, calculated in mW, V is the voltage, measured in mV, and R is the resistance 

used.

The electrical measurements were carried out on daily basis, to track the cell performance. Two different 

procedures were used over the 12-month sampling period:

• 0–180 days: voltage and power generation were measured using a digital multimeter once per 

day. The closed-circuit condition was obtained by inserting a resistance of 1500 Ohm;

Basic Scheme of a Microbial Fuel Cell (from Ref. [22], modified).

alt-text: Fig. 2

Fig. 2

Measurement station: photo of the measurement station (on the left); electronic scheme (on the right).

(1)



• Last 6 months: a measurement station (see

• Fig. 2) was designed and realized to perform measurements. The station was able to modulate the 

operating conditions switching between open and closed-circuit conditions, varying the resistance 

and modulating the charge (open circuit) and discharge (closed circuit) period. Resistance values 

analysed were 100, 200, 500, 1000, 2000, 5000 and 10,000 Ohm. Charge and discharge periods 

are set equal to 900 s and 15 s respectively.

Water content in soil

At each sampling time in all experimental conditions, soil samples were collected to evaluate moisture content 

through direct measurement. About 10 g of fresh soil were placed in oven at 105 °C for 24 h. Then dry soils 

were immediately weighed at 3 h intervals until the weight was stable (Method II.2 ″Gravimetric determination 

of the moisture content" of the Italian Decree September 13, 1999).

Chemical analyses of DDE

A DDE extraction method was developed for this experiment. Soil samples (ca 300  g from each MFC or 

BATCH) were dried at 30 °C for 3 days. The soil granulometry was decreased by chopping it gently. The 

samples were then divided in three (soil with compost) or two (soil without compost) aliquots and weighed. 

Three ultrasonic extraction cycles were carried out for 20 min for each aliquot, using an extraction solvent 

(hexane: acetone 1:1). Each extract was placed in an evaporating flask and make up to a volume of about 5 mL 

with a RotaVapor at 30 °C.

A purification step using an ASE 350 Dionex was then made with hexane as a solvent and using neutral silica 

and acid silica in a ratio of 1:4. The purification method was the following: the preheat temperature was 100 °C 

for 5 min, the heat temperature was 100 °C for 5 min, the static time was 5 min for 4 cycles, volume flush 80% 

and purge 60 s, pressure 1500 psi.

Finally, each resulting sample was made up to 200 mL and placed in a glass flask. The extracted samples were 

analysed in GC-MS Thermo Polaris Q. The analytical conditions were: the injector temperature of the oven was 

270 °C in splitless mode for 2 min; the carrier flow gas He was at 1.4 mL/min; the initial oven temperature was 

75 °C for 2 min; the first ramp was from 20 °C/min to 150 °C for 2 min, the second ramp was at 3 °C/min to 

260 °C for 2 min and the third ramp was at 20 °C/min to 300 °C remaining 1 min. The injection volume was 

1 μL. An Agilent VF-5ms column was used (30 m × 0.25 mm ID, DF 0.25 μm). For the Mass-spectrometer the 

MS/MS method was the following: start time 9 min and dumping gas flow 2 mL/min. The DDE precursor ion 

was 318.0 and the product ions were 245.0–250.0. The internal standard 194C13 the precursor ion was 440.0 

and the product ions were 400.0–408.0.

Soil microbial community analyses

Microbiological analyses (Microbial abundance, Cell viability and Microbial activity) were performed at the start 

of the experiment before the MFC and BATCHES set up (day 0) and at 2, 6 and 12 months. The Total microbial 

abundance (No. cell/g soil) was performed using the direct count method with DAPI (4’,6-diamidino-2-

phenylindole) as the fluorescent intercalant of DNA. Two sub-samples (1 g) from each replicate were collected 

and fixed with a sterilized phosphate buffer solution with 2% formaldehyde and 0.5% Tween 20. After shaking, 

the suspension was left for 24 h to allow larger particles to settle out. A DAPI solution was added to an aliquot 

of supernatant and put in contact for 15 min in the dark at 4 °C. The solution was then filtered through a 0.2 μm 



polycarbonate filter. The microbial cells were counted under a Leica DM 4000  B fluorescence microscope 

(Leica Microsystems GmbH, Wetzlar, Germany) [51].

Cell viability (% live cells/live  +  dead) was evaluated in two fresh soil sub-samples (1  g each) from each 

replicate, in accordance to previous works [52,53]. The fluorescent dyes used were the SYBR Green II and 

Propidium Iodide (Sigma-Aldrich, Germany). This method exploits the different size and capability of these 

molecules to pass through membrane cell: SYBR Green II is small so it can enter inside each live cell, while 

propidium iodide is bigger and can only enter in dead or damaged cells. Thanks to this difference, it was possible 

to distinguish viable (green) and dead (red) cells under a fluorescence microscope (Leica DM 4000  B 

fluorescence microscope, Leica Microsystems GmbH, Wetzlar, Germany) [51,53].

Finally, the microbial activity was measured as dehydrogenase activity, which reflects the overall microbial 

respiration rate and therefore the biological oxidation of organic matter [52,54]. The applied method is based on 

extraction and colorimetric determination of the intensely coloured 2,3,5-triphenyl formazan (TPF) produced 

from the reduction of the colourless 2,3,5-triphenyltetrazoliumchloride (TTC) in soil samples 24  h after an 

incubation at 37 °C in the dark [52,54]. Soil dehydrogenase activity was expressed as μg TPF/g dry soil and was 

measured with a Thermo Multiskan FC Microplate Photometer (Thermo Fisher Scientific; Waltham, MA, USA).

Statistical analysis

Both the chemical and the microbiological results at each sampling time are expressed as means ±  standard 

errors (SE) of two values from each replicate microcosm. Data were analysed using the SIGMASTAT software. 

Analysis of variance (one-way analysis of variance) was used to assess the significant differences in DDE 

concentration, dehydrogenase activity, total microbial abundance among the various conditions. The p-values 

<0.05 were considered statistically significant.

Results

Voltage and power generation

The electrical characteristics, such as voltage and power generation were measured for a total period of 12 

months. However, at month 2 and 6, two of the replicates were opened for biological and chemical tests.

As specified above, the measuring station was available only after the 6th month. It is then useful to split the 

discussion in two intervals: from 0 to 6th month and from 6th to 12th month.

The open circuit voltage and the power produced in the first period are shown in Fig. 3. It is possible to see that, 

in open circuit conditions, the voltage showed a certain modulation around average conditions. This could be 

related to the environmental conditions and/or other external parameters. Interestingly, in this initial period, 

compost did not seem to give an added value. While the Soil + Compost + DDE  cell required about 20 days 

before starting to produce energy, the Soil +  DDE  cell immediately worked, thus indicating a more suitable 

microbial composition [43].

alt-text: Fig. 3
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Unfortunately, the second replicate (i.e. the one opened at 6th month) did not work properly and the produced 

energy rapidly went to zero after 2.5 months (see Fig. 4).

Electrical measurements in the first 6 months: up–voltage; down: power generation.

alt-text: Fig. 4

Fig. 4

Power generation for the second replicate.



In the second test time interval, in addition to recording the voltage in open circuit condition, power curves were 

performed daily in each sample by applying the procedure described in §2.2, in order to monitor the energy 

potential of this technology over time. Thus, during this time, the closed-circuit condition was considered for all 

the samples. Therefore, in the following plots, the distinction between cells under open and closed conditions no 

longer exists. The cells in which DDE was present, are named using a number next to each condition. Fig. 5 

depicts the behaviour of the voltage of the samples in open circuit condition.

The fuel cells containing only DDE still show the highest performance. In fact, they properly work up to the end 

while the Soil + DDE + compost cells show an unstable behaviour. The maximum voltage obtained was of 

540 mV. The shortage of raw material is the responsible for the low voltage value obtained for the Soil and 

Soil + compost MFCs.

Due to the availability of accurate measurements at different resistance, polarization curves were plotted using 

monthly average data collection. Fig. 6 shows the power generation (continuous line) and current (dashed line) 

obtained using the Ohm's law under varying resistances. The 3 pictures make reference to the periods: A) days 

285–315; B) 315–345; C) 345–375.

alt-text: Fig. 5

Fig. 5

Daily voltage measurements of microbial fuel cells for months 6–12.

alt-text: Fig. 6

Fig. 6



Polarization curves of MFCs registered at the 10th month (A), 11th month (B) and 12th month (C) of testing.



The trend observed in the first months remained unchanged over the time: cells with DDE exhibited the best 

performance. The maximum power output was 55 μW, registered in the second week of the 10th month of 

testing. Observing the trend over the months, a first decrease was noticed during the second half of the 11th 

month where the maximum value registered was almost 30 μW, followed by a total collapse in the last month, 

even falling down below 5 μW.

Water content in soil

In Tables 2 and 3 the results of soil water content analyses are reported. In all MFC conditions water content 

drastically reduced at the end of the experiment, with the lowest value in MFCs spiked with DDE 

(18.0 ± 0.2%). Differently, in all the BATCH samples, water content remained constant over the 12-month 

experiment.

alt-text: Table 2

Table 2

Average values (±standard error, s.e.) of DDE removal (%), Total microbial abundance, Cell viability, Dehydrogenase activity 

Water content in soils sampled at different times of investigation (0,2, 6, 12 months) in MFCs and Batch samples (n.d. = not 

detected).

Sample
Time 

(months)

DDE 

Removal 

(%)

Total abundance N. 

cells g
−1  ± s.e.

Cell 

viability 

% ± s.e.

Dehydrogenase 

activity μg 

TPF g−1  ± s.e.

Water 

content 

(%) ± s.

MFC

Soil + DDE (ocv)

0 – 4.6 × 10
7  ± 1.7 × 10

6
66.8 ± 1.1 62.3 ± 0.8 32.8 ± 0

2 39.4 ± 4.0 7.4 × 10
7  ± 3.6 × 10

6
46.2 ± 4.0 145.3 ± 85.9 29.9 ± 0

6 32.0 ± 3.2 2.1 × 10
8  ± 4.0 × 10

6
72.1 ± 4.3 92.3 ± 1.6 25.3 ± 0

12 35.7 ± 3.5 1.2 × 10
7  ± 2.1 × 10

6
31.4 ± 2.0 15.3 ± 3.0 18.5 ± 0

Soil + DDE (ccv)

0 – 4.6 × 10
7  ± 1.7 × 10

6
66.8 ± 1.1 62.3 ± 0.8 32.8 ± 0

2 38.0 ± 1.8 8.8 × 10
7  ± 6.1 × 10

6
51.3 ± 2.5 103.4 ± 36.6 28.4 ± 0

6 n.d 2.2 × 10
8  ± 2.2 × 10

6
72.5 ± 2.1 133.3 ± 62.3 27.0 ± 0

12 n.d. 9.9 × 10
6  ± 6.08 × 10

5
51.4 ± 0.3 19.3 ± 2.1 18.4 ± 0

Soil + DDE + compost 

(ocv)

0 – 1.4 × 10
8  ± 1.2 × 10

7
61.4 ± 0.1 207.0 ± 24.3 34.4 ± 0

2 25.6 ± 3.0 1.2 × 10
8  ± 1.8 × 10

7
71.8 ± 3.8 116.0 ± 10.8 32.0 ± 0

6 30.4 ± 2.0 8.1 × 10
7  ± 7.7 × 10

6
25.0 ± 1.4 48.2 ± 4.8 33.4 ± 0

12 46.6 ± 1.0 4.1 × 10
6  ± 4.6 × 10

5
49.5 ± 0.8 34.7 ± 2.4 17.6 ± 0

Soil + DDE + compost 

(ccv)

0 – 1.4 × 10
8  ± 1.2 × 10

7
61.4 ± 0.1 207.0 ± 24.3 34.4 ± 0

2 31.3 ± 1.0 1.3 × 10
8  ± 2.0 × 10

7
53.2 ± 1.5 123.9 ± 12.1 33.8 ± 0

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.



6 33.0 ± 2.0 1.8 × 10
8  ± 1.8 × 10

7
55.8 ± 0.2 15.0 ± 11.9 29.1 ± 0

12 34.7 ± 3.0 3.0 × 10
7  ± 2.6 × 10

6
49.7 ± 0.8 19.2 ± 11.9 21.9 ± 0

Batch

Soil + DDE

0 – 4.6 × 10
7  ± 1.7 × 10

6
66.8 ± 1.1 62.3 ± 0.8 32.8 ± 0

2 0 ± 0.1 8.8 × 10
7  ± 2.8 × 10

6
45.4 ± 2.0 73.7 ± 14.2 32.0 ± 0

6 0 ± 0.1 1.4 × 10
8  ± 3.1 × 10

6
67.2 ± 1.2 16.9 ± 1.1 32.4 ± 0

12 60.9 ± 8.2 1.0 × 10
8  ± 1.6 × 10

7
22.3 ± 6.9 47.9 ± 28.5 32.3 ± 0

Soil + DDE + compost

0 – 1.4 × 10
8  ± 1.2 × 10

7
61.4 ± 0.1 207.0 ± 24.3 34.4 ± 0

2 0 ± 0.1 1.4 × 10
8  ± 2.7 × 10

6
54.3 ± 1.7 364.4 ± 112.0 33.4 ± 0

6 0 ± 0.1 4.7 × 10
8  ± 2.8 × 10

7
53.8 ± 0.7 23.0 ± 2.5 33.4 ± 0

12 65.6 ± 8.0 2.1 × 10
7  ± 2.7 × 10

7
17.6 ± 6.2 115.9 ± 7.8 33.9 ± 0

alt-text: Table 3

Table 3

Average values (±standard error, s.e.) of Total microbial abundance, Cell viability, Dehydrogenase activity and Water content 

in soils sampled at different times of investigation (0, 2, 6, 12 months) in MFCs and Batch samples set up without DDE.

Sample
Time 

(months)

Total abundance N. 

cells g
−1  ± s.e.

Cell 

viability 

% ± s.e.

Dehydrogenase activity 

μg TPF g−1  ± s.e.

Water content 

(%) ± s.e.

MFC

Soil

0 7.7 × 10
7

 ±6.8 × 10
6

72.8 ± 2.1 87.7 ± 0.1 33.1 ± 0.06

2 1.2 × 10
8

 ±9.9 × 10
6

45.6 ± 6.4 209.3 ± 37.3 30.1 ± 0.05

6 1.4 × 10
8

 ±3.4 × 10
7

58.0 ± 5.2 35.8 ± 3.27 27.9 ± 0.57

12 3.0 × 10
7

 ±2.9 × 10
5

32.2 ± 2.0 16.8 ± 4.9 21.2 ± 0.01

Soil + compost

0 1.1 × 10
8

 ±6.2 × 10
6

74.7 ± 0.6 89.2 ± 8.9 34.4 ± 0.01

2 8.0 × 10
7

 ±8.0 × 10
6

58.0 ± 4.1 295.3 ± 48.0 30.8 ± 0.12

6 3.5 × 10
8±8.2 × 10

6
56.9 ± 1.2 18.8 ± 4.6 26.8 ± 0.35

12 4.2 × 10
7

 ±2.0 × 10
6

41.4 ± 3.3 27.1 ± 5.7 20.9 ± 0.18

Batch

Soil

0 7.7 × 10
7

 ±6.8 × 10
6

72.8 ± 2.1 87.7 ± 0.1 33.1 ± 0.06

2 1.0 × 10
8

 ±7.3 × 10
6

44.1 ± 2.0 214.9 ± 52.1 32.9 ± 0.00

6 1.6 × 10
8

 ±9.9 × 10
6

50.1 ± 1.1 15.3 ± 0.35 31.8 ± 0.32

12 1.6 × 10
8

 ±4.8 × 10
6

41.6 ± 1.3 58.2 ± 8.0 30.3 ± 0.06

Soil + compost 0 1.1 × 10
8

 ±6.2 × 10
6

74.7 ± 0.6 89.2 ± 8.9 34.4 ± 0.01

i The table layout displayed in this section is not how it will appear in the final version. The representation below is 

solely purposed for providing corrections to the table. To preview the actual presentation of the table, please view 

the Proof.



DDE assessment

The results of DDE analysis (expressed as removal percentage: %) are reported in Table 2.

At 2 months the average DDE removal in Soil + DDE  MFCs was 38.7% (value calculated between ocv and 

ccv conditions) while in Soil + DDE  +  compost MFCs the average (ocv and ccv), pesticide removal was 

28.45%. In the subsequent sampling (6 months), just a further slight decrease in pesticide removal (ca 3%) was 

observed and only in presence of compost. Unfortunately, because the Soil + DDE (ccv) MFCs did not work 

properly (§ 3.2) they were not considered for the successive chemical analysis. DDE concentrations measured in 

Soil + DDE (ocv) MFCs were not significantly different from those found at 2 months. This suggests that DDE 

degradation stopped at this time in this condition.

On the other hand, in BATCH samples no decrease in DDE was observed.

The chemical analysis performed 1 year from the start of the experiment showed that DDE did not further 

decrease in Soil + DDE  MFCs, while a slight reduction was observed in Soil + DDE + compost MFCs where 

the final average removal was 40.65%. In BATCH conditions a removal of DDE (60%) was observed only at 

this time (Table 2).

Microbial abundance, cell viability and dehydrogenase activity

The microbial abundance, cell viability, and dehydrogenase activity of the MFC and BATCH soils, at different 

time of investigation (0, 2, 6, 12 months), are reported in Tables 2 and 3. An initial detrimental effect (day 0) was 

observed on the soil microbial community after adding DDE; in fact, the microbial abundance, cell viability and 

dehydrogenase activity values were significantly lower in DDE-treated soils if compared to the corresponding 

un-treated ones.

In Soil  +  DDE   +  compost MFCs, the initial microbial abundance values were higher than in the other 

conditions in line with adding bacteria with compost inputs; then the microbial abundances decreased with the 

lowest values at the end of the experiment. Interestingly, in the MFC set up without DDE (Table 3), the 

microbial abundances were higher than those found the presence of the pesticide, suggesting a detrimental effect 

of this chemical on the microorganisms. However, the number of bacterial cells diminished drastically at 12 

months (Table 3). In BATCH samples both in presence/absence of DDE and/or compost the highest microbial 

abundance values were observed at the end of experiment (Table 3).

The average values of Cell viability were higher in Soil + DDE  MFCs than in the other conditions until month 6 

(Tables 2 and 3). The values decreased in all conditions at the end of the experiment.

Finally, the microbial activity, measured as dehydrogenase activity, was quite high in all MFC conditions until 

month 6, with average values of 107  μg TPF  g
−1

 and 102 TPF  g
−1

 in Soil  +  DDE  and 

Soil + DDE + compost, respectively. In the BATCH conditions, the highest values were found in compost 

presence. At 12 months, the microbial activity values were quite high in both BATCH conditions.

2 7.9 × 10
7

 ±2.6 × 10
6

63.5 ± 6.2 297.4 ± 21.0 33.4 ± 0.17

6 2.7 × 10
8

 ±1.9 × 10
7

36.3 ± 1.6 12.6 ± 0.64 33.4 ± 0.37

12 1.5 × 10
8

 ±3.1 × 10
7

30.1 ± 3.5 69.3 ± 9.1 33.8 ± 0.26



Discussion

DDE transformation requires complex pathways and it can also occur in anaerobic conditions [55–57]. The 

measurements of MFCs performed at 60 days showed a good electrical performance and DDE removal, in 

particular in the Soil + DDE  MFCs. These results can be ascribed to the bacterial activity in the MFCs which 

presumably favored dechlorination of DDE under anaerobic conditions. The reductive dechlorination process 

requires an electron donor and, in our experiment, it was the naturally occurring soil carbon source or external 

inputs such as adding compost. Bacteria can use chlorinated molecules (i.e. DDE) not as a source of food, but as 

a respiration aid and an electron acceptor.

The results of Soil + DDE  MFCs suggest that there was an initial selective effect of DDE on the natural soil 

microbial community and some bacterial populations able to degrade the pesticide were selected. MFCs were 

effective in promoting the pesticide degradation in the first 60 days in line with the high values of microbial 

numbers, viability and activity. The fact that at 180 days there was no substantial increase in the DDE removal, 

could be due to a decrease in the carbon source for bacteria metabolism.

The MFCs added with compost (Soil + DDE + compost) degraded in the first 2 months less DDE, presumably 

because a fraction of the microbial community was composed by compost bacterial populations not able to 

degrade the pesticide. However, the compost was an additional carbon source and favored DDE degradation for 

a longer time. The reductive dechlorination can take place if an appropriate ratio of electron acceptors to donors 

is present.

After 60 days, several factors can have limited the performance of the MFCs, in addition to the decrease in 

degradable compounds and electron donors and soil water evaporation (a drastic reduction of water content was 

observed in all the MFCs). As demonstrated by Zhang et al. [50], water content plays a key role for the proper 

functioning of this technology. Our MFCs were not well-sealed and a partial water evaporation occurred; this 

phenomenon could have influenced the anaerobic condition at the anode with a detrimental effect on the bacteria 

performance. In line with these results, a significant reduction in the power supplied by the MFCs was also 

observed, showing the connection between the energy production and the bacterial activity.

The overall results suggest that MFCs can be useful in promoting DDE degradation in few days (60 days). In 

fact, the same soil microbial community in BATCH conditions was able to degrade DDE 12 months after the 

start of the experiment. This means that the microbial community employed a lot of time to respond to this 

persistent pesticide.

MFCs are a promising technology in promoting contaminant degradation and the approach of integrating 

electrical, chemical and microbiological measurements make it possible to show the role of bacterial communities 

in their performance. However, all factors which can influence cell functioning need to be controlled. DDE 

degradation is a complex process which can require both anaerobic and aerobic bacterial metabolism. Further 

microbiological analyses are in progress in order to identify the bacterial populations potentially involved in 

DDE degradation from Soil + DDE  and Soil + DDE + compost MFCs. The use of MFCs for soil recovery 

from contaminants are of great interest to scientific community but because few works have been performed so 

far, additional research on persistent contaminants are desirable.

Conclusions



In this work, a preliminary study on the use of MFCs for promoting DDE soil decontamination is presented. 

Various experimental conditions (e.g. compost addition and open/closed circuit) were applied for evaluating the 

performance of MFCs.

The overall results showed that MFCs promoted a substantial DDE removal in 2 months. The compost addition 

stimulated microbial activity for a longer time allowing to achieve DDE removal percentages at 6 months higher 

than those obtained in 2 months in Soil + DDE  MFCs. The MFC power generation decreased strongly over 

time, in line with the decrease in microbial abundance, cell viability and microbial activity.

These preliminary results are encouraging, because they demonstrated that, when used as electrolyte for MFC, 

the soil decontamination process was accelerated, harvesting at the same time energy. The produced power was 

quite low, nevertheless it was sufficient to charge capacitors able to feed micro-sensors. Furthermore, since the 

cell activity was dependent on contamination level, the MFC itself can be used as a contaminant sensor.

Further studies under strictly controlled temperature and water content conditions are desirable to fix the best 

operational conditions for a more effective DDE removal.
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• MFCs showed significant capacity in removing DDE at 2 months of testing.

• Compost addition in MFC stimulated soil microbial activity favouring DDE removal for a longer time.

• MFC power generation decreased over time, in line with a decrease in microbial abundance and activity.



· MFCs showed significant capacity in removing DDE at 2 months of testing

· Compost in MFC stimulated microbial activity favouring DDE removal for a longer time

· MFC power generation and microbial abundance and activity decreased over time


