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Abstract

Microbial fuel cells (MFCs) can evolve in a viable technology if environmentally sound mate-

rials are developed and became available at low cost for these devices. This is especially

important not only for the designing of large wastewater treatment systems, but also for the

fabrication of low-cost, single-use devices. In this work we synthesized membranes by a

simple procedure involving easily-biodegradable and economic materials such as poly (vinyl

alcohol) (PVA), chitosan (CS) and the composite PVA:CS. Membranes were chemical and

physically characterized and compared to Nafion®. Performance was studied using the

membrane as separator in a typical H-Type MFCs showing that PVA:CS membrane outper-

form Nafion® 4 times (power production) while being 75 times more economic. We found

Highlights

✓ PVA, CS and PVA:CS membranes were fabricated and characterized for low-cost

single-use MFCs

✓ PVA:CS membranes show lower oxygen permeability and conductivity compared

with Nafion1

✓ Performance of PVA:CS (MFC assayed) was higher in comparison with the other

studied membranes

✓ Single-use paper-based micro-scale MFC analytical device was designed using

PVA:CS membrane

✓ Paper-based MFC was effective as toxicity assay, more applications can be

envisioned
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that performance in MFC depends over interactions among several membrane characteris-

tics such as oxygen permeability and ion conductivity. Moreover, we design a paper-based

micro-scale MFC, which was used as a toxicity assay using 16 μL samples containing form-

aldehyde as a model toxicant. The PVA:CS membrane presented here can offer low envi-

ronmental impact and become a very interesting option for point of need single-use

analytical devices, especially in low-income countries where burning is used as disposal

method, and toxic fluoride fumes (from Nafion®) can be released to the environment.

Introduction

Microbial fuel cells (MFCs) are well known bio-electrochemical systems (BES) that can be

used to understand how microorganisms manage redox process to sustain life. MFCs can also

be used as a biotechnological tool, helpful in industrial and environmental areas. During the

last decades, applied research involving MFC and same related technology as microbial elec-

trolysis cells (MECs) was mainly focused in energy production (mostly electricity and hydro-

gen) and wastewater treatment processes, using both heterotrophic bacteria as biological

catalysts and organic substrates as fuel [1]. Later on, analytical applications of MFCs were

developed as biosensors for biochemical oxygen demand (BOD), lactate and acetate determi-

nation, toxicity and metabolic biosensors and even as life detectors, among others [2–4].

MFCs have emerged as a new type of analytical devices as they can be miniaturized and even-

tually able to generate enough power to become self-powered devices [5–9]. Moreover, a fuel

cell transducer can be used not only for microbial-based assays, bioassays and biosensors, but

also for enzymatic-based analytical devices, where redox enzymes are typically employed [10].

There is a huge variety of MFC designs, sizes and operation modes, depending on the

intended use and materials availability. For example, large MFC reactors are required for waste-

water treatment units with energy recovery; medium size systems can be enough to power up

small electronic devices and very small MFCs can be able to deliver useful electric signal, as very

simple transducers. Paper-based and micro fabricated devices can be used as MFC-based ana-

lytical devices, since only a small analytical signal (in the nA-mA range) is usually needed for

calibration and quantification. The most typically MFC design is: double chamber MFC that

commonly uses a proton exchange membrane (PEM) to allows a selective transport of protons

from the anode to the cathode compartments, whereas avoids crossover of different dissolved

substances, including gases [11], being Nafion1 the most used [12]. However, Nafion1 has

disadvantages like high cost (c.a. 1767 USD m-2), activation steps at high temperature [13], and

relatively high oxygen permeability [14]. Moreover, some of Nafion1 properties such as

extraordinary chemical and thermal stability [15] become a problem when it needs to be dis-

posed as waste; in order to be burned, the incinerator should have alkaline scrubber facilities to

reduce hydrogen fluoride emissions to an acceptable amount. The recommended disposal for

Nafion1 is landfill, which is not the best option from an environmental point of view, given

that biodegradability of such man-made polymers is very sluggish.

Several studies have explored the use of alternative membranes in MFCs, such as cation or

anion-exchange, glass fiber, osmosis or dynamic membranes; also, earthenware, salt bridges

and other materials or set-ups have been used in order to improve MFCs performance in some

way and reduce their cost [16–18]. Composite materials formed of other polymers such as

poly(ether sulfone) (PES), sulfonated poly(ether ether ketone) (SPEEK) and chitosan (CS)

have been investigated as MFCs membranes with good and promising results in terms of low

cost, reduced biofouling and low oxygen diffusion [19,20]. However, almost all of the studies
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were planned considering mostly the membrane performance (high power/low cost), without

evaluating the environmental impact of the materials synthesized.

Ideally a good membrane for single-use easily-disposable MFC not only should perform

properly, but also should be economic and biodegradable, in order to reduce the environmen-

tal impact and waste disposal costs. Chitosan (CS) has been explored for membrane fabrication

since it is an abundant and natural polymer [21–24]. Moreover, free amine and hydroxyl

groups on the CS’s backbone are potential reactive sites that allow further CS modifications,

which makes cross-linking commonly used to improve CS membranes characteristics [25].

Furthermore, CS can be blended with either hydrophilic or hydrophobic polymers (e.g. PVA)

to enhance its mechanical and thermal stability [26, 27].

An obvious approach to solve all problems related to the use of membranes is evolving to

MFC configurations that do not require two chambers: single chamber or membrane-less

MFC [28,29]. Nevertheless, most membrane-less MFC have some kind of separator such as

polymers or other materials and typically use an air-cathode that requires a separator material

assembled with cathode electrode on anolyte–facing side and on external-cathode facing side

(diffusion layer). Material separator on anolyte–facing side promotes proton transfer and

avoids easy oxygen crossover to anolyte, as well diffusion layer allows oxygen-permeation, pre-

venting water-leakage from anolyte e.g. PVA [30]; and wax paper [31]. Usually, air-cathodes

have to be doped with catalysts as Pt or Ni which increases the economic and environmental

costs (disadvantage of using air-cathode in disposal analytical devices based on MFC) [32, 33].

Hence membrane-less MFCs are not the best option for low cost disposable devices. Research

on low-cost membrane materials is a forefront field for industrial and social BES applications

largely for disposal devices develop such as point of need (PON) devices [34].

PON devices allow a rapid in-situ determination of relevant parameters, mostly related to

water quality (pH, conductivity, toxicity, single analyte determination, etc.). In recent years,

practical PON devices have been introduced by using cellulose filter paper and their close sub-

products [35, 36]. These materials can be used for the development of MFC biosensors used

for toxicity and metabolisms detection [5, 6, 37, 38]. MFCs based biosensors to be used as

PON devices need to be constructed with low cost materials (electrodes, membranes, etc.),

considering fabrication and waste disposal methods, so the environmental impact of the

designed product is minimized. Durability and mechanical stability of the materials become a

minor concern for this application, given that the fabricated device can be preserved (dehy-

drated) during the storage time and be functional to operate just enough time to finish the

analysis, usually hours or minutes.

This work involves the synthesis of three economic and environmentally friendly mem-

branes (materials, fabrication procedure and disposal) for MFCs devices, based on CS, PVA

and PVA:CS. Relevant properties such as chemical composition, morphology, water uptake,

conductivity, thickness, oxygen diffusion and MFC-performance were assayed for all mem-

branes prepared here and compared with Nafion1. After MFC performance was assayed in a

classical two-compartment H-type cell, the best membrane (PVA:CS) was further incorpo-

rated into a disposable paper-based micro-scale MFC biosensor constructed with paper

(anode and cathode) chambers. As a proof of concept, it was assayed as a water toxicity biosen-

sor, showing a fast response time (about 10 min) to 0.1% formaldehyde solution.

Materials and methods

Reagents and Nafion1 commercial membranes

Poly(vinyl alcohol), degree of polymerization ~1600, degree of hydrolysis 97.5–99.5 mol % and

chitosan (poly-(1,4)-β-N-acetyl-D-glucosamine) low molecular weight with around 50%
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deacetylation degree were supplied by Sigma Aldrich. Analytical grade acetic and sulfuric

acids were obtained from the same company. Dextrose anhydrous, sodium sulphite, methylene

blue, NaCl, KCl, K2HPO4 and formaldehyde 37% were also used. All the reagents were used

without further purification and all the solutions were prepared with Milli-Q water. Nafion1

117 membrane was obtained from DuPont Co. (Wilmington, DE, USA) and used after a rec-

ommended activation procedure [13].

Membrane synthesis

Three types of membranes were synthesized using solution casting and solvent evaporation

technique, based on previously reported methodologies [39–42]. After the synthesis procedure,

all membranes were washed with Milli-Q water and stored at room temperature in a Falcon

tube containing Milli-Q water. The procedure for the synthesis of each membrane is briefly

described below.

CS membrane. Aqueous solution of CS (2% w/v) was prepared by dissolving 1 g of chito-

san in 50 mL of acetic acid aqueous solution (2% v/v). The solution was stirred at 1000 rpm for

12 h at room temperature. After the complete dissolution of chitosan, the solution was filtered

and stored at 4˚C for 24 h. Thereafter, 20 g of chitosan solution was casted on a glass Petri dish

and left to dry for 24 h at room temperature, followed by a dehydration step for 6 h at 60˚C.

The dried membrane was neutralized in NaOH 2M for 5 min and washed with abundant

Milli-Q water. Then, the membrane was cross-linked by immersion in H2SO4 0.5 M for 24 h at

room temperature.

PVA membrane. 5 g of PVA were added at 50 mL of Milli-Q water (10% w/v aqueous

solution of PVA) and hydrated for 24 h. Then, PVA was dissolved under stirring (500 rpm) at

80˚C for 2 h. Thereafter, 20 g of the homogenous PVA solution was casted on glass Petri dish

and dried at 60˚C for 6 h. The dried membrane was dipped in H2O2 at 10% v/v for 1 h, washed

and then cross-linked by immersion in H2SO4 (10% v/v) for 12 h.

PVA:CS membrane. The prepared aqueous solutions of CS (Section 2.2.1) and PVA (Sec-

tion 2.2.2) were mixed in a 1:1 proportion and stirred at 500 rpm for 2 h. After a complete mix,

the solution was stored at 4˚C for 24 h. Then, 20 g of the resulting PVA:CS solution was casted

on a glass Petri dish. It was left for 24 h at room temperature, followed by a dehydration pro-

cess for 6 h in an oven at 60˚C. The membrane obtained was neutralized in NaOH 2M for 5

min and washed with abundant Milli-Q water. Cross-linking was performed by immersion in

H2SO4 0.5 M for 24 h at room temperature.

Physical and chemical membrane characterization

Ion exchange capacity (IEC). Square membrane pieces of 9 cm2 were weighted and then

immersed in 1 M H2SO4 aqueous solution during 24 h. After that time, they were washed and

kept in 50 mL of 1 M NaCl solution for 24 h. The amount of H+ released was titrated with a

0.01 M NaOH solution using phenolphthalein as indicator [43, 44]. IEC (meq. H+ g−1) of dry

membrane was calculated using the following equation:

IEC ¼
VNaOH � 0:01NaOH

Wdry
ð1Þ

where, VNaOH is the volume of NaOH spent at titration, and Wdry is the dry weight of the mem-

brane in g.

Fourier transform infrared spectroscopy (FTIR). The functional groups of PVA, CS and

its blend PVA:CS before and after cross-linking were determined using the Fourier transform

infrared spectrophotometer (Nicolet™ iS50, Thermo Fisher Scientific, MA, USA) and

New composite membrane for microbial fuel cell analytical devices

PLOS ONE | https://doi.org/10.1371/journal.pone.0222538 September 30, 2019 4 / 22

https://doi.org/10.1371/journal.pone.0222538


attenuated total reflection technique (ATR). Measurements were done in the wavenumber

range of 4000–400 cm−1 with 64 scans.

Surface topography study. Morphology of the membranes was observed with a field

emission scanning electron microscope (FE-SEM Carl Zeiss NTS SUPRA 40, USA). The sam-

ples were dehydrated by immersion in alcohol solutions of 25, 50 and 100% v/v followed by

sputter-coating with a thin layer of gold (20 nm) using a current of 30 mA for 30 s.

Water uptake capacity. The water uptake capacity was determined by measuring mem-

brane weight changes during the hydration process, following a previously reported method

[45, 46]. The membranes were first dried in an oven at 30˚C for 15 h and then weighted

(Wdry). Once dried, membranes were immersed in Milli-Q water for an initial period of 1 min

and after that, membranes were wiped with tissue paper and immediately weighted (Wwet).
This operation was repeated several times. Finally, the membranes were immersed in Milli-Q

water and maintained at room temperature for 24 h. This measurement was conducted in trip-

licate. The water uptake (W) was calculated using the equation:

W ¼
Wwet � Wdry

Wdry
ð2Þ

We express sometimes our results as % of water uptake (W×100), for comparative

proposes.

Conductivity determination. Four-point probe electrochemical impedance technique

was used to determine proton conductivity of the synthesized and Nafion1 117 membranes.

The analysis was made scanning a frequency range between 10−1 and 106 Hz at open circuit

potential with an amplitude of 5 mV, using a commercial potentiostat (Interface 1000, Gamry,

PA, USA). A four-electrode cell was constructed in the laboratory by using Teflon blocks and

Pd wires, according to previously reported work [47]. When a fixed AC current flows between

two outer electrodes, the conductance of the membrane can be calculated from the AC poten-

tial difference measured between the two inner electrodes. Thereby contact resistance, lead

resistance and lead inductance do not interfere with the signal that is being measured [42]. A

schematic representation of the used setup is presented (Fig A in S1 File).

The analysis was performed at room temperature under 100% RH (relative humidity),

achieved by immersing the membranes in Milli-Q water before each measurement. In order to

evaluate the reproducibility, each analysis was repeated three times. Gamry Echem Analyst

software was used to simulate equivalent circuits and data tuning to extract the ohmic or bulk

resistance of the membrane. The conductivity was calculated with the equation, as follow:

s ¼
l

RS
ð3Þ

Where σ is conductivity (S cm-1), l is the distance between the electrodes (cm), R is the

ohmic resistance (O) of the membrane sample and S is the cross-sectional area of the mem-

brane (cm2) [42].

Oxygen diffusion across membrane determination. Oxygen transport was measured

with an oxygen probe (oxygen meter Model DO-5510 by Lutron Electronic Enterprise Co.,

Ltd., Taipei, Taiwan). A small diffusion cell was used, made by replacing the original oxygen

diffusion membrane of the oxygen electrode (as provided by the company) by the fabricated

membranes (or Nafion1) to be assayed. Before each measurement, we proceeded to equili-

brate the receptor (electrode chamber) and donor chambers, by bubbling N2 until a stable

reading, close to 0 mg L-1 of dissolved oxygen (DO), was obtained (approximately 30 min).

After that, the N2 stream was stopped and air was bubbled at the donor chamber. DO was
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monitored in the receptor chamber. The oxygen transfer coefficient (kO2
) was determined

using the following mass balance equation.

kO2
¼ �

V
At

In
CO2
� C

CO2

 !" #

ð4Þ

Where V is the receptor chamber volume (50 μL), A is the membrane cross-sectional area,

CO2
is the saturated oxygen concentration in the donor chamber, C is the DO concentration in

the receptor chambers at time t [46, 48, 49]. A schematic representation of the used setup is

presented (Fig B in S1 File). Oxygen diffusion coefficient (Do, cm2 s-1) was calculated using

membrane thickness (Lt) as follows:

DO ¼ kO2
Lt ð5Þ

Characterization of membranes in bioelectrochemical systems

H-type MFC architecture and operation. The performance of membranes circles (1.3

cm2) was evaluated by polarization studies; by placing each membrane as separator of an

H-Type MFC; anodic and cathodic compartments were of 16 mL each. All membranes used

were disposed after each experiment (5 h of operation approximately). Toray paper (4 cm2)

was used as anode and cathode electrodes. The MFC was sterilized with 30% v/v H2O2 and

70% v/v ethanol during 15 minutes for each solution. The cathode compartment was filled

with 16 mL of a phosphate buffered (0.1 M, pH 6.2) solution containing potassium ferricya-

nide (50 mM), in order to avoid cathodic limitations [2], whereas the anode compartment was

filled with LB medium containing E. coli (OD = 1) and 100 μM methylene blue (MB) as added

redox mediator. We chose E. coli (a non-electrogenic bacterium) to obtain almost immediate

electric response, avoiding the time needed to establish an electrogenic biofilm (several hours

to days). Avoiding the variability of a complex structure growing over the anode, as biofilm is,

we were able to get a fast and reproducible method to compare membrane performances. It is

worth noting that the aforementioned conditions (externally added mediator at the anode and

ferricyanide cathode) are not sustainable when the objective is producing energy. Nevertheless,

they can perform perfectly as reagents when an analytical goal is pursued and a fast and repro-

ducible response is a key factor, as in MFC-based analytical systems. Before MFC measure-

ments, the anode compartment was bubbled with N2 during 5 min to reach anoxic conditions.

MFCs were maintained in a thermostatic chamber at 30˚ C during experiments. Potential

measurements were done after 1 h at open circuit voltage (OCV) and recorded with a data

acquisition board (NI-USB 6210, National Instruments, USA) connected to a personal com-

puter. Current (I, ampere) was calculated as shown in Eq 6, where R was the external circuit

resistor. Power (P, watt) was calculated as shown in Eq 7.

I ¼ E=R ð6Þ

P ¼ IE ð7Þ

These values were normalized using the electrode geometrical area (4 cm2 when H-type

MFC was assayed), to obtain the current (j, A m-2) and power (p, W m-2) densities. Polariza-

tion and power curves (E vs. j and p vs. j, respectively) were obtained by applying different

resistors to the circuit as an external load, ranging from 1 MO to 100 O. Resistors were con-

nected sequentially, starting from OCV and then 1MO; to lower values, for 20 min each, to

allow stabilization. All H-type MFC experiments were carried out by duplicate. We assembled

a minimum of two cells of each membrane.
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Paper-based micro-scale MFC biosensor. The membrane that showed the best perfor-

mance at H-type MFC experiments (Section 2.4.1) was also examined in a paper-based micro-

scale MFCs. The membrane was used to separate anodic and cathodic reservoirs, made of filter

paper (Whatman N˚ 1). Toray paper electrodes were used, details about the design and con-

struction are presented in the Supplementary Information (Fig C in S1 File). The volume of

each compartment was chosen to be 1000-folds smaller than the H-Type MFC used, of 16 μL.

The cathodic compartment solution was the same previously used (Section 2.4.1), whereas the

anode compartment was filled with a solution containing E. coli (1.0 × 109 CFU mL-1) in a

minimal medium constituted by phosphate buffer (0.1 M, pH 6.2), glucose (20 g L-1), sodium

sulfite (0.1 g L-1) and methylene blue (100 μM). As a proof of concept, the paper-based micro-

scale MFC was used as a toxicity bioassay; in such experiments formaldehyde (0.1%) was also

added to the anolyte solution. MFC potential was continuously monitored by using a 100 KO

load, and converted to current by using Ohm law. MFCs were operated with toxic or control

samples during 1 h and all the experiments were performed at least by duplicate.

Results and discussion

Physical and chemical characterizations of the synthetized membranes

Ion exchange capacity (IEC). The IEC values obtained for Nafion1 (commercial), and

the fabricated membranes of PVA, CS and PVS:CS (the last three after cross-linking) were

0.88 ± 0.07, 0.04 ± 0.01, 0.29 ± 0.03, 0.11 ± 0.01 meq. H+ g−1, respectively. Nafion1 value was

similar to the informed in the technical datasheet, supporting the simple methodology used to

measure IEC. CS membranes showed similar values as previously reported, of 0.24 ± 0.28 and

0.30 ± 0.23 meq. H+ g−1 for CS and sorbitol-CS membranes, respectively [50]. However, PVA

displayed very low IEC result in comparison with values obtained by other authors, from 0.16

to 0.4 meq. H+ g−1 [43,51]. The low IEC value for PVA based membranes is due to PVA struc-

ture (mainly -OH), without any polarizable group [26]. In this regard, our PVA:CS blend

membrane presented low IEC, similar to the values reported by Witt (2010), between 0.097–

0.11 meq. H+ g−1 [23]. PVA:CS membranes have only 13% IEC compared with Nafion1.

Fourier transform infrared spectroscopy (FTIR). In order to identify surface groups

and chemical structure changes in the membranes FTIR was done before and after cross-link-

ing. FTIR spectra are showed in Fig 1. The broad peak around 3300 cm−1 visualized in PVA

(Fig 1A) is associated to polymeric alcohols -OH stretching vibration [52]. PVA spectra

reported the acetal linkage (-C-O-C-) stretching vibrations at 1087 cm−1 as well the C-O

stretching at 1236 cm−1, which has a slight increase in intensity after cross-linking, so weak sul-

phonic acid group integration happens during the process [26,43].

The wide-ranging peak around 3250 cm−1 visualized in CS spectra (Fig 1B) is linked to pri-

mary amino R-NH2 as well OH groups [52]. Before cross-linking CS, the spectra showed peaks

around 1576 cm−1 and 1646 cm−1, associated with primary (-NH2) and secondary (-NH-)

amino groups, respectively. The peaks at 1151 cm−1 and 1026 cm−1 are related to the saccha-

ride structure of chitosan biopolymer [22]. CS peaks obtained here have been previous

reported [50, 53]. After CS cross-linking, the peak at 1151 cm−1 (C-H) disappeared. The bands

stretching around 1026 cm−1 appeared with lower intensity (1020 cm−1). The peak at 1576

cm−1 shifted to lower frequencies at 1526 cm−1 due to cross-linking of chitosan chains with

sulfuric acid. The -SO4 group have columbic interaction with the chitosan’s free amino groups

[39,54].

Important variations of FTIR spectra obtained before and after cross-linking PVA:CS mem-

brane were observed. The evidence was the decreasing of a broad band around 3300 cm-1

(related to R-NH2 and OH groups). Likewise, after cross-linking PVA:CS with sulfuric acid,
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the characteristic peak for PVA (after exposition to sulfuric acid) at 2909 cm-1, corresponding

to the duplet stretching vibration of–CH2 groups [43] showed lower intensity, despite its

reduction was not logged after PVA cross-linking. Reduction of the peak (-C-O-C-) at 1082

cm−1 and the shift to lower frequencies at 1068 cm−1 in the cross-linked PVA:CS also suggests

that reactive groups of chitosan interact with hydroxyl group of PVA as well as both functional

groups (-NH, -OH) interact with sulphonic groups. Cross-linked PVA:CS membranes also

showed a new small and sharp absorption peak at 1541 cm-1 which can be assigned to the

stretching of NH-SO4 bonds. Frequency diminution of stretching vibration means formation

of hydrogen bonds of chitosan and PVA. Results showed association with previous studies

[52,55]. FTIR as well IEC results confirm the presence of cross-links formed by coulombic

interactions between the amino groups in chitosan and sulphate ions.

Surface topography study. FE-SEM pictures of CS membranes reveals a rough surface

and porous structure with pores of different diameters and heterogeneous distribution (indi-

cated by open arrows in Fig 2A). On the other hand, PVA and PVA:CS membranes showed a

non-porous structure, with a mostly smooth surface (Fig 2B and Fig 2C, respectively). PVA:CS

membrane presented features mainly of PVA, as the smooth surface and the presence of crys-

tals, which can be seen in Fig 2C, (indicated with solid arrows). Surface topology is an impor-

tant factor that determines the fouling tendency of membranes, as well other properties.

Rough surfaces foul more easily than smooth surfaces, due to the increase of the surface area

[20]. Hence, the PVA and PVA:CS membranes will probably suffer less fouling than the CS

membrane.

Water uptake capacity. All membranes were quickly hydrated as is shown in Fig 3. All of

them, including Nafion1 got full hydrated in less than 20 min. Water uptake was similar after

20 min and 24 hours for all membranes tested. Nafion1 water uptake value obtained was

23.32 ± 0.77%, whereas synthesized membranes achieved more than 100% of their dry weight.

Water uptake values obtained were 111.47 ± 3.28% for CS, 105.18 ± 4.86% for PVA and

108.73 ± 1.72% for PVA:CS. Hydration capacity of membranes depends on the distribution of

hydrophilic groups in the polymer. The abundant presence of hydrophilic groups such as -OH

and -NH3 in PVA and CS membranes contributes to their wettability, increasing their hydra-

tion capacity [23, 42]. Meanwhile Nafion1 shows a lower wettability than synthesized mem-

branes due to the presence of mostly CF groups.

The higher water intake shown by the synthesized membranes (when compared with

Nafion1) could be of great advantage considering ionic transport in water. Swelling of the syn-

thesized membrane (over 100%) benefits the ion transport through them as its high hydrophi-

licity lowers ion transport resistance [56].

Membrane conductivity. In the analysis of MFCs parameters such as voltage and current,

the membrane ionic conductivity is an important aspect to analyze as well. The mechanisms to

describe the proton transfer across the membranes (usually the main charge transporter) are

related to the ‘Grotthus mechanism’, where protons flow from one proton carrier to another, as

-NH2, -NH3
+ or -SO3H, which dissociate H+ and form hydrogen bonds. There is also a second

mechanism named the ‘vehicle mechanism’. In this mechanism protons are combined with

water molecules to produce hydronium ions (e.g. H3O+, H5O2
+, and H9O4

+) that can migrate

through a stream of water [45]. Four types of membrane were measured in this study: CS,

PVA, PVA:CS and Nafion1. The latter is widely used in MFCs set-ups, allowing sound com-

parisons against the in-house synthesized membranes presented here. The proton conductivi-

ties obtained were 11.9, 3.9, 11.3 and 81.0 mS cm-1 for CS, PVA, PVA:CS and Nafion1,

Fig 1. FTIR spectra before and after cross-linking process. (a) PVA, (b) CS, and (c) PVA:CS membranes.

https://doi.org/10.1371/journal.pone.0222538.g001
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respectively. The CS and PVA:CS membranes displayed higher conductivity values than PVA

membranes. These results are totally in line with IEC data, where the highest values of IEC

were obtained with CS-based membranes, due to ionic interactions between the amino group

of CS’s backbone and sulphonic group of cross-linking agent that increases the transport of

protons [25].

Oxygen diffusion across membrane. Oxygen diffusion through the membrane is a key

factor in MFCs operation, since anoxic conditions are necessary in the anodic chambers to

Fig 2. FE-SEM micrograph of the synthesized membranes. (a) CS, (b) PVA and (c) PVA:CS membranes. Open

arrows indicate the pores, and solid arrows the PVA crystals.

https://doi.org/10.1371/journal.pone.0222538.g002
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avoid competition between the electrode and oxygen as electron acceptors. Also, oxygen can

be toxic for bacterial species that have obligate anaerobic metabolism [57]. Table 1 summarize

the oxygen mass transfer coefficient (kO2
) and oxygen diffusion coefficient (Do) obtained for

all the membranes studied here. CS membrane shows the highest oxygen mass transfer (kO2
),

of 6.67 × 10−4 cm s-1 (Fig 4) which can be related to its porous structure, as is revealed in SEM

pictures (Fig 2A). This characteristic can allow easy oxygen permeation but it is undesirable in

MFCs utilization. PVA and PVA:CS membranes were very similar in their behavior (kO2
).

Compared with CS membranes, the presence of PVA reduced approximately 4 times the oxy-

gen permeability through the membrane (from cathode to anode compartment), which means

less oxygen toxicity in the anode chamber for MFC packed with PVA membranes. PVA and

PVA:CS are the two membranes with better characteristics to be used as MFC membranes,

respecting to this parameter. Nafion1 shows an intermediate oxygen diffusion coefficient

(Do), lower than CS and higher than PVA and PVA:CS.

Although synthetized CS-based membranes showed the best values of ionic conductivities,

results of the oxygen transfer coefficient minimize their advantage on MFC performance. The

high oxygen diffusion coefficient not only increases the amount of oxygen present in the

anodic chamber, which is toxic for the anaerobic metabolism of electrogenic bacteria, but also

decreases the amount of electrons that can be captured by the electrode since bacteria prefer

oxygen as final electron acceptor [48].

Fig 3. Kinetics of membrane hydration process. Water uptake of CS (□), PVA (�), PVA:CS (Δ), and Nafion1 (5)

membranes. Standard deviations are presented at all data points.

https://doi.org/10.1371/journal.pone.0222538.g003

Table 1. kO2 and DO for CS, PVA, PVA:CS and Nafion1membranes. kO2
and Do were calculated from Eqs 4 and 5,

respectively.

Membrane 104 kO2 (cm s-1) (RSD%) 106Do (cm2 s-1) (RSD%)

CS 6.67 (9.8) 6.67 (9.8)

PVA 1.70 (5.6) 2.04 (5.6)

PVA:CS 1.50 (1.5) 1.99 (1.5)

Nafion1 2.71 (10.8) 4.07 (10.8)

https://doi.org/10.1371/journal.pone.0222538.t001
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Characterization of membranes in bioelectrochemical systems

MFCs performance in H-type cells. MFCs performance depends to a great extent on

each particular configuration, architecture, materials, microorganism and operation mode

chosen. In order to evaluate the membrane’s effects under practical operational conditions, all

components used in this study were identical for the MFCs tested, so the unique variable was

the membrane. From the comparison between the three membranes synthesized here and

Nafion1 117, we made our results stronger and comparable with respect to other published

work. First, the OCV of all the MFCs was measured for 1 hour, to obtain a stable OCV value.

Then, the performance of each MFC was studied by polarization experiments adjusting the

external load on the circuit and measuring the stabilized potential. Polarization curves are pre-

sented in Fig 5. Among the membranes assayed Nafion1 and PVA showed the lowest maxi-

mum power (pmax), of about 5.6 ± 0.1 and 5.7 ± 0.9 mW m-2, respectively. In contrast,

membranes containing CS showed higher values of 20.8 ± 2.9 and 11.5 ± 2.7 mW m-2 for

PVA:CS and CS respectively. For the synthetized membranes, these results were expected

according to the ion conductivity results. Interestingly, H-type MFC packed with Nafion1 did

not recorded the best pmax values, even though it had the highest ion conductivity. Likewise,

pmax of PVA:CS exceeded 2 times pmax of CS H-types MFC set-up though their ion conductiv-

ity were very close. These results could be explained because oxygen diffusion plays a major

role in the MFC performance.

It is well known that membranes in these reactor configurations affect the internal resis-

tance (Rint) and therefore the global performance in the MFC system [46]. Nonetheless, the CS

membrane shows the lowest internal resistance but achieves the second-best power density.

This result could be attributed to the high oxygen permeability of this membrane due to its

porous structure (Table 1); when oxygen is transported from the cathodic compartment into

the anodic compartment, the oxygen acts as final electron acceptor instead of the electrode. As

Fig 4. Oxygen diffusion across membranes. (□) CS, (�) PVA, (Δ) PVA:CS, and (5) Nafion1 (reference membrane).

Standard deviations are presented for all data points.

https://doi.org/10.1371/journal.pone.0222538.g004
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consequence, there is loss of energy, and in general the MFC’s efficiency decreases. Moreover,

the MFCs assembled with the CS membranes showed the highest Jmax values, which also made

them an alternative membrane to be used in single-use disposable MFC devices. However, the

heterogeneous porous structure (Fig 2A) seems to produce low reproducibility and high devia-

tions as it is demonstrated in Fig 5. On the other hand, the PVA:CS membranes showed great

characteristics related to the oxygen permeability, conductivity, and power density in MFC

assays; these results indicate that this membrane has the potential to be employed as alternative

to Nafion1 at least in disposable, low power MFC systems. Table 2 summarizes the relevant

data obtained in this work; comparing pmax, of the membranes we observed that PVA:CS is 4

times more efficient than Nafion1 117 (Table 2). Low cost membranes as designed here, are a

perfect match for the construction of MFCs paper-based devices, to be used in PON applica-

tions and of easy disposal by simple burning, which sometimes is the only available disposal

method in low-income countries.

Despite the huge difference in ion conductivity of Nafion1 and PVA membranes, the

power density obtained was similar when they were used in a MFC set-up. This similarity

could be explained due to the fact that membrane conductivity is influenced by the nature of

working solutions and water content in the membrane [58]. Cation species like Na+, Mg2+,

Cu2+, Zn2+, Fe3+ that were present in the anodic solution (LB grown media), can interact with

sulphonic groups of Nafion1, producing a shielding effect and decreasing proton transport

selectivity [59,60]. In contrast, PVA water uptake is 4.7 times greater than Nafion1, which

supports proton mobility. Likewise, for MFCs use complex solutions, such as culture mediums

or wastewater, the ion conductivity of the membrane is not the most important factor. Oxygen

diffusion should be mostly considered owing to high oxygen diffusion is a negative characteris-

tic for microbial populations of this kind of systems. Table 3 shows membranes with a lower

conductivity than Nafion1 that are integrated in MFC systems and surpass Nafion1 (with the

exception of agar 2% and PVA-borosilicate membrane).

Paper-based micro-scale MFC biosensor. As a proof of concept, we demonstrated the

construction and utilization of the PVA:CS membrane as a fundamental part of a disposable

paper-based micro-scale MFC bioassay used for toxicity determination. This kind of tech-

nology could replace or complement the commercial toxicity bioassays as Microtox1, that

are not available in a simple set-up, and require refrigeration to keep the sample cold and

the addition of salts (as they use marine bacterium). We exposed the microbial population

present in the anodic compartment to formaldehyde (0.1%), which affected the current pro-

duced by the MFC, showing a decrease of about 64% ± 3% when compared with the control

Fig 5. H-Type MFC performance. a. Polarization curves and b. Power density curves of (□) CS, (�) PVA, (Δ) PVA:CS,

and (5) Nafion1membranes. Standard deviations are presented at all data points.

https://doi.org/10.1371/journal.pone.0222538.g005

Table 2. Relevant characteristic of different membranes assayed in an H-type MFC set-up.

Parameter Membranes

CS PVA PVA:CS Nafion1

OCV (mV) 324.0 ± 68.0 417.5 ± 45.5 493.7 ± 8.5 373.0 ± 25.0

Jmax

�

(mA m-2) 76.1 ± 11.9 23.4 ± 1.9 70.8 ± 6.3 23.2 ± 0.1

pmax (mW m-2) 11.5 ± 2.7 5.7 ± 0.9 20.8 ± 2.9 5.6 ± 0.1

pmax (mW m-3) 144.2 ± 34.1 71.5 ± 11.7 260.4 ± 36.1 70.1 ± 0.9

Rint (KO) 5.6 ± 1.2 23.5 ± 5.5 11.0 ± 3.2 22.9 ± 5.2

�Jmax: current density measured at pmax value.

https://doi.org/10.1371/journal.pone.0222538.t002
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(without any toxic compound). The response was evident 10 min after a 100 kO resistor was

connected in order to slowly discharge the MFC. The use of PVA:CS membranes in a simple

and economic paper-based micro-scale MFC open a myriad of new analytical possibilities,

where PON analysis are required, and simple disposal procedures (as incineration) are the

only available.

Polarization curve of the paper-based micro-scale MFC device is shown in the Supplemen-

tary Information (Fig C in S1 File). The micro-scale MFC assayed here, proposed as simple

PON analytical device has shown several valuable analytical characteristics. OCV was relatively

constant during the first 10 min of operation (dV/dt < 10%), displaying short stabilization

times; which is important for short time analysis, being a characteristic advantage of micro-

scale MFC systems [61]. Moreover, after connecting the external load, the system became sta-

ble and remained so during enough time to gather accurate data (t = 10–30 min, Fig 6).

The micro-scale MFC device presented here, which does not rely on the typically used bio-

film systems, allowed a faster start-up, and delivery of the analytical answer. Comparison with

recent reported MFC-based biosensors is presented in the Supplementary Information

(Table A in S1 File).

Table 3. General features of low-cost membranes and biodegradability comparisons. Nafion1 is used as reference membrane, first line shows data provide by Dupont,

last line our experimental data.

Material σ
(mS cm-1)

104 kO2
(cm s-1)

Ta pmax
(low cost membrane)

pmax
(Nafion1)

Power

output

enhance

(folds)

Biodegradabilityb Ref.

Nafion1 117 100.0 2.82 - - - N/A No [57]c

[65]d

Selemion N/A 0.05 100 d 4.3 Wm-3 3.2 Wm-3 1.3 No [66]

Poly(ether ether ketone) 0.2 0.02 N/A 670 mWm-2 300 mWm-2 2.2 No [67]

Poly(vinylidene fluoride) sulfonated 9.1 4.40 N/A 15.8 mWm-2 9.5 mWm-2 1.7 No [46]

Agar 2% 1.8 2.02 1 h 2.1 Wm-3 14.2 Wm-3 0.2 Yes [68]

Agar 2% 1.8 2.02 8 d 22.6 Wm-3 8.6 Wm-3 2.6 Yes [69]

Poly (ether ether ketone) 1.6 0.03 72–120

h

207 mWm-2 47 mWm-2 4.4 No [70]

Polystyrene-ethylene- butylene-

polystyrene

32.1 0.08 3 w 1.2 Wm-2 0.29 Wm-2 4.1 No [71]

PVA-Nafion-borosilicate 70.0 3.30 8 d 6.8 mWm-3 7.1 mWm-3 1.0 Partially [72]

PVA-borosilicate 30.0 4.38 8 d 2.7 mWm-3 7.1 mWm-3 0.4 Partially [72]

Polybenzimidazole with mesoporous silica 0.05 N/A 96 d 1.5 Wm-3 0.13 Wm-3 12 No [73]

Polyether sulfone N/A 0.33 N/A 59 mWm-2 46 mWm-2 1.3 No [49]

Polydimethylsiloxane N/A N/A 3 w 13.4 mWm-3 12.4 mWm-3 1.1 No [74]

Eggshell membrane N/A N/A 3 w 11.0 mWm-3 12.4 mWm-3 0.9 Yes [74]

Chitosan/poly (malic acid-citric acid) N/A N/A 3 w 3.0 Wm-2 3.5 Wm-2 0.9 Yes [75]

PVA 4.0 1.70 1 h 5.7 mWm-2 5.6 mWm-2 1.1 Yes This work

CS 11.9 6.67 1 h 11.5 mWm-2 5.6 mWm-2 2.0 Yes This work

PVA:CS 11.3 1.50 1 h 20.8 mWm-2 5.6 mWm-2 3.7 Yes This work

Nafion1 117 81.0 2.71 1 h 5.6 mWm-2 5.6 mWm-2 1.0 (our

reference)

No This work

a Elapsed time between inoculation and measurement, in days (d), hours (h) or weeks (w).
b Biodegradability estimated by the membranes proposed in this work and literature.
c,d References for σ and kO2

, respectively.

https://doi.org/10.1371/journal.pone.0222538.t003
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Moreover, as the device was made by low cost and biodegradable materials, the durability

and stability of such materials is expected to be modest, and a good choice when short-term

operation is part of the design. When very low volume systems are considered, evaporation

can be a problem; still, systems as the proposed here could be eventually useful for emergency

power generation, by using large paper-based dehydrated devices [62].

Cost comparison between Nafion1 117 and synthesized membranes

Materials and reagents needed for the preparation of the best-performing membrane assayed

in a MFC set-up (PVA:CS) are shown in Table 4.

We considered the values offered for bulk quantities, as found in Alibaba.com webpage. CS

and PVA were of pharmaceutical and cosmetic grade, respectively. Manufactured Nafion1

membrane reach values about 2000 USD m-2 in the market [63]. Nafion1 resin was found at

about 1845 USD kg-1 in the aforementioned webpage. 1 kg of resin would be enough to made

approximately 2.8 m2 of membrane (360 g m-2). So, the material cost would be close to 659

USD m-2.

Table 4 shows a calculated cost of approximately 8.9 USD m-2 for the PVA:CS membrane,

meaning that PVA:CS blend is not only more efficient when used in MFC, but also cost-

Fig 6. Paper-based micro-scale MFC as toxicity sensor. Current response of paper based MFC after the addition of a toxic sample containing 0.1% of formaldehyde

compared to a control sample. Standard deviations are presented at all data points.

https://doi.org/10.1371/journal.pone.0222538.g006

Table 4. Cost of the reagents needed to make 1 m2 of PVA:CS membrane.

Raw materials Price, USD kg-1 Amount, Kg USD m-2

PVA 5 0.20 1.0

CS 40 0.04 1.6

NaOH 5 0.80 4.0

H2SO4 5 0.45 2.25

Total membrane 8.85

https://doi.org/10.1371/journal.pone.0222538.t004
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effective, of about 75 times cheaper. Furthermore, PVA and CS are easily biodegradable mate-

rials; CS is a natural polymer and PVA, according to previous work, could be degraded by

microorganisms like Pseudomonas sp., Alcaligenes sp., Bacillus sp. and Phanerochaete crysos-
porium [64]. Low cost and easy to dispose materials are fundamental aspects when a disposable

PON device is in consideration.

Comparison with other low-cost membranes

Table 3 shows a list of low-cost membranes recently tested (in chronological order with the

exception of Nafion1, in the first line). Power output enhance is the relation between the pmax

of different alternative membranes reported compared to Nafion1. The values were calculated

with the following equation:

Power output enhance foldsð Þ ¼
pmax ðalternative membraneÞ

pmax ðNafion1Þ
ð8Þ

Where, pmax (Alternative membrane) is the maximum power obtained with the proposed mem-

brane and pmax (Nafion
1

) is the maximum power obtained with Nafion1membrane. MFC per-

formance is contrasted with Nafion1 among different set-ups presented in each reference

cited (Table 3). Some of the previously presented work references where a new membrane was

presented but not compared with Nafion1 were not included.

Conclusions

Three types of membranes cross linked with sulphonic groups (PVA, CS and PVA:CS) were

synthetized and characterized by FTIR, IEC, SEM, EIS, water uptake, oxygen diffusion, and

finally tested as PEM in MFC systems. Interestingly, PVA-based membranes showed the low-

est oxygen permeability, whereas the CS-based membranes reported the best ion conductivity.

No large differences were recorded between pmax of MFCs containing CS and PVA:CS mem-

branes. In contrast to the PVA:CS membrane, it could be appreciated that CS membrane dis-

play a heterogenic pore distribution which could affect the reproducibility of measurements;

another issue where PVA:CS membranes outperform CS membranes is in regard to the stabil-

ity CS shows at acidic pHs, which can rapidly damage devices made with this membrane. As

good reproducibility is a goal and acid samples are common in industrial environments, we

suggest PVA:CS membranes as the best choice for MFC analytical devices. The maximum

power achieved using PVA:CS membrane in a H-Type MFC was 4 times higher than Nafion1,

as well the cost was about 75 times lower. These results give PVA:CS membrane a superiority

factor (efficiency times cost) of about 300 times compared to Nafion1. Although Nafion1

proton conductivity is higher than the synthesized membranes, the enhanced performance of

some of our membranes could be related to the operation conditions of real MFC systems.

The anodic compartment at MFCs contains a complex culture media where microorganisms

grow, and a diversity of ion transporters, whereas Milli-Q water is used for testing

conductivity.

PVA:CS can overcome some relevant MFC bottlenecks, given its low cost. As a bonus, the

synthesized membranes can be prepared easily without the use of dangerous materials includ-

ing organic solvents and they can be easily disposable, given the fast biodegradability capacity

and non-toxicity character. These are all optimal features for cost-effective, point of need

paper-based disposable analytical systems, as paper MFC-based bioassays. The fabrication of

low-cost and green building materials steps forward MFC technology to an available social

and industrial level. As a further researches carbon nanomaterial could be incorporate into the

polymer matrix to improve ion conductivity and MFC performance.
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14. Lehmani A, Turq P, Périé M, Périé J, Simonin JP. Ion transport in Nafion® 117 membrane. J Electroanal

Chem.1997; 428: 81–89. https://doi.org/10.1016/S0022-0728(96)05060-7

15. Mauritz KA, Moore RB. State of understanding of Nafion. Chem Rev. 2004; 104: 4535–4586. https://

doi.org/10.1021/cr0207123 PMID: 15669162

16. Daud SM, Kim BH, Ghasemi M, Daud WRW. Separators used in microbial electrochemical technolo-

gies: Current status and future prospects. Bioresour Technol. 2015; 195: 170–179. https://doi.org/10.

1016/j.biortech.2015.06.105 PMID: 26141668

17. Kadier A, Simayi Y, Abdeshahian P, Azman NF, Chandrasekhar K, Kalil MS. A comprehensive review

of microbial electrolysis cells (MEC) reactor designs and configurations for sustainable hydrogen gas

production. Alexandria Eng J. 2016; 55: 427–443. https://doi.org/10.1016/j.aej.2015.10.008

18. Li X, Liu G, Sun S, Ma F, Zhou S, Lee JK, et al. Power generation in dual chamber microbial fuel cells

using dynamic membranes as separators. Energy Convers Manag. 2018; 165: 488–494. https://doi.

org/10.1016/j.enconman.2018.03.074

19. Wu H, Fu Y, Guo C, Li Y, Jiang N, Yin C. Electricity generation and removal performance of a microbial

fuel cell using sulfonated poly (ether ether ketone) as proton exchange membrane to treat phenol/ace-

tone wastewater. Bioresour Technol. 2018; 260: 130–134. https://doi.org/10.1016/j.biortech.2018.03.

133 PMID: 29625284

20. Antolini E. Composite materials for polymer electrolyte membrane microbial fuel cells. Biosens Bioelec-

tron. 2015; 69: 54–70. https://doi.org/10.1016/j.bios.2015.02.013 PMID: 25703729

21. Batista MKS, Pinto LF, Gomes CAR, Gomes P. Novel highly-soluble peptide–chitosan polymers:

Chemical synthesis and spectral characterization. Carbohydr Polym. 2006; 64: 299–305. https://doi.

org/10.1016/j.carbpol.2005.11.040

22. Dashtimoghadam E, Hasani-Sadrabadi MM, Moaddel H. Structural modification of chitosan biopolymer

as a novel polyelectrolyte membrane for green power generation. Polym Adv Technol. 2009; 21: 726–

734. https://doi.org/10.1002/pat.1496

23. Witt MA, Barra GMO, Bertolino JR, Pires ATN. Crosslinked chitosan/poly (vinyl alcohol) blends with pro-

ton conductivity characteristic. J Braz Chem Soc. 2010; 21: 1692–1698. https://doi.org/10.1590/S0103-

50532010000900014

24. Kalaiselvimary J, Sundararajan M, Prabhu MR. Preparation and characterization of chitosan-based

nanocomposite hybrid polymer electrolyte membranes for fuel cell application. Ionics (Kiel). 2018; 24:

3555–3571. https://doi.org/10.1007/s11581-018-2485-7

25. Ye YS, Rick J, Hwang BJ. Water soluble polymers as proton exchange membranes for fuel cells. Poly-

mers (Basel). 2012; 4: 913–963. https://doi.org/10.1002/smll.201101879

26. Rhim J, Park H, Lee C, Jun J, Kim D, Lee Y. Crosslinked poly(vinyl alcohol) membranes containing sul-

fonic acid group: proton and methanol transport through membranes. J Memb Sci.2004; 238: 143–151.

https://doi.org/10.1016/j.memsci.2004.03.030

27. Xu D, Hein S, Wang K. Chitosan membrane in separation applications. Mater Sci Technol. 2008; 24:

1076–1087. https://doi.org/10.1179/174328408X341762

28. Mathuriya AS, Jadhav DA, Ghangrekar MM. Architectural adaptations of microbial fuel cells. Appl

Microbiol Biotechnol. 2018; 102: 9419–9432. https://doi.org/10.1007/s00253-018-9339-0 PMID:

30259099

29. Goswami R, Mishra VK. A review of design, operational conditions and applications of microbial fuel

cells. Biofuels. 2018; 9: 203–220. https://doi.org/10.1080/17597269.2017.1302682

30. Modi A, Singh S, Verma N. Improved performance of a single chamber microbial fuel cell using nitro-

gen-doped polymer-metal-carbon nanocomposite-based air-cathode. Int J Hydrogen Energy. 2017; 42:

3271–3280. https://doi.org/10.1016/j.ijhydene.2016.10.041

New composite membrane for microbial fuel cell analytical devices

PLOS ONE | https://doi.org/10.1371/journal.pone.0222538 September 30, 2019 19 / 22

https://doi.org/10.1016/j.biortech.2016.06.064
https://doi.org/10.1016/j.biortech.2016.06.064
http://www.ncbi.nlm.nih.gov/pubmed/27372008
https://doi.org/10.1016/j.coelec.2018.06.003
https://doi.org/10.1371/journal.pone.0136108
http://www.ncbi.nlm.nih.gov/pubmed/26305330
https://doi.org/10.1080/15583724.2017.1418377
https://doi.org/10.1016/j.ijhydene.2016.08.206
https://doi.org/10.1016/S0022-0728(96)05060-7
https://doi.org/10.1021/cr0207123
https://doi.org/10.1021/cr0207123
http://www.ncbi.nlm.nih.gov/pubmed/15669162
https://doi.org/10.1016/j.biortech.2015.06.105
https://doi.org/10.1016/j.biortech.2015.06.105
http://www.ncbi.nlm.nih.gov/pubmed/26141668
https://doi.org/10.1016/j.aej.2015.10.008
https://doi.org/10.1016/j.enconman.2018.03.074
https://doi.org/10.1016/j.enconman.2018.03.074
https://doi.org/10.1016/j.biortech.2018.03.133
https://doi.org/10.1016/j.biortech.2018.03.133
http://www.ncbi.nlm.nih.gov/pubmed/29625284
https://doi.org/10.1016/j.bios.2015.02.013
http://www.ncbi.nlm.nih.gov/pubmed/25703729
https://doi.org/10.1016/j.carbpol.2005.11.040
https://doi.org/10.1016/j.carbpol.2005.11.040
https://doi.org/10.1002/pat.1496
https://doi.org/10.1590/S0103-50532010000900014
https://doi.org/10.1590/S0103-50532010000900014
https://doi.org/10.1007/s11581-018-2485-7
https://doi.org/10.1002/smll.201101879
https://doi.org/10.1016/j.memsci.2004.03.030
https://doi.org/10.1179/174328408X341762
https://doi.org/10.1007/s00253-018-9339-0
http://www.ncbi.nlm.nih.gov/pubmed/30259099
https://doi.org/10.1080/17597269.2017.1302682
https://doi.org/10.1016/j.ijhydene.2016.10.041
https://doi.org/10.1371/journal.pone.0222538


31. Veerubhotla R, Bandopadhyay A, Das D, Chakraborty S. Instant power generation from an air-breath-

ing paper and pencil based bacterial bio-fuel cell. Lab Chip. 2015; 15: 2580–2583. https://doi.org/10.

1039/C5LC00211G PMID: 25998260

32. Lv C, Liang B, Zhong M, Li K, Qi Y. Activated carbon-supported multi-doped graphene as high-efficient

catalyst to modify air cathode in microbial fuel cells. Electrochim Acta. 2019; 304: 360–369. https://doi.

org/10.1016/j.electacta.2019.02.094

33. Chatterjee P, Ghangrekar M, Leech D. A brief review on recent advances in air-cathode microbial fuel

cells. Environ Eng Manag J. 2018; 17: 1531–1544.

34. Bakonyi P, Koók L, Kumar G, Tóth G, Rózsenberszki T, Nguyen DD, et al. Architectural engineering of

bioelectrochemical systems from the perspective of polymeric membrane separators: A comprehensive

update on recent progress and future prospects. J Memb Sci. 2018; 564: 508–522. https://doi.org/10.

1016/j.memsci.2018.07.051

35. Xia Y, Si J, Li Z. Fabrication techniques for microfluidic paper-based analytical devices and their appli-

cations for biological testing: A review. Biosens Bioelectron. 2016; 77: 774–89. https://doi.org/10.1016/j.

bios.2015.10.032 PMID: 26513284

36. Martinez AW, Phillips ST, Butte MJ, Whitesides GM. Patterned paper as a platform for inexpensive,

low-volume, portable bioassays. Angew Chemie Int. 2007; 46: 1318–1320. https://doi.org/10.1002/

anie.200603817 PMID: 17211899
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