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Abstract Wastewater treatment with bioelectrical gener-

ation is an attractive feature with microbial fuel cells. The

chitosan/biodegradable copolymer proton exchange mem-

brane was used to assess its performance with brewery

wastewater in a dual chambered microbial fuel cell. The

biodegradable copolymer was made by thermal condensa-

tion of malic acid and citric acid in 3:1 ratio and then

blended with chitosan to form a membrane via solution

casting and solvent evaporation techniques. The perfor-

mance of the chitosan/biodegradable copolymer membrane

was evaluated in bioelectricity production with brewery

effluent as an anolyte in a carbon electrode microbial fuel

cell. Additionally, the competence of the prepared blend

proton exchange membrane is compared with the com-

mercial Nafion 117 membrane and Agar salt bridge in

separate microbial fuel cell units with the same effluent and

electrodes. At neutral pH, the effect of adding metabolites

such as glucose and acetate to the anolyte was also

investigated. The maximum current density and power

density generated with chitosan/biodegradable copolymer

membrane was 111.94 mA m-2 and 3022.39 mW m-2,

respectively, whereas the Nafion 117 membrane had a

maximum current density of 120.23 mA m-2 and power

density of 3486.73 mW m-2.

Keywords Biodegradable copolymer � Bioelectricity �
Brewery wastewater � Chitosan � Microbial fuel cells

Introduction

Conventional wastewater treatment methods such as aero-

bic digestion and activated sludge treatment are energy

intensive and sometimes ineffective (Perlman 2014).

Therefore, various investigations have been carried out to

minimize energy expenditure in wastewater treatment

(Heidrich et al. 2011; Lefebvre et al. 2011). One of these

investigations introduces microbial fuel cell (MFC) tech-

nology that generates electricity along with the treatment of

wastewater. The dual function of MFC emerges due to the

exploitation of metabolic cycles of respiring bacteria in

addition to mitigating harmful greenhouse gas emissions,

especially carbon dioxide (Logan and Regan 2006).

In the renewable energy sector, bioelectricity generation

from waste has garnered significant interest in recent years.

Researchers like Allen and Benetto (1993), Kim et al.

(2004), Oh and Logan (2005), Ahn and Logan (2013)

among many others made significant progress in bioelec-

tricity production through MFC technology throughout the

years. Studies are further extended to microbial
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optimization, MFC design and operation and characteri-

zation (Lefebvre et al. 2011). The majority of these studies

are focused on bioenergy recovery from liquid waste

streams (Feng et al. 2008; Zhang et al. 2013); however,

limited research has been conducted on the development of

efficient proton exchange membranes in MFC (Du et al.

2007).

Proton exchange media (PEM) is integral in the per-

formance of MFC as it keeps charge separation, minimizes

the effect of recombination and supports prototrophic

transport (Logan 2008). MFC’s treatment level is depen-

dant upon microbial activity and the amount of ions

transported across the membrane. In polymer electrolyte

membrane fuel cells, the membrane is the most expensive

component due to its high manufacture cost, particularly

the Nafion 117 membrane; as a result researchers started to

develop alternative materials based on natural resources

(Winfield et al. 2013). Moreover, utilization of synthetic

polymers generates secondary pollution to the environment

and this led towards the development of a new proton

exchange membrane by using organic waste resources.

Chitosan (CT) is the deacylated derivative of Chitin, the

second most abundant biopolymer after cellulose as it is

present in the shells of sea creatures and insects. Chitosan

bears excellent properties such as hydrophilicity, biocom-

patibility, non-toxicity and chemical and thermal stability

(Rao et al. 2007; Dash et al. 2011; Suginta et al. 2015).

Chitosan is receiving great attention as an alternative

membrane electrolyte material in various types of fuel cells

due to its low cost that possibly lead to the development of

economical fuel cells (Ma and Sahai 2013; Vaghari et al.

2013). Furthermore, chitosan can be modified through

blending, sulphonation, phosphorylation, quaternization,

and crosslinking that makes it as an efficient electrolyte

membrane with high ion conductivity (Mat and Liong

2009). Due to the presence of free amino and hydroxyl

groups in the structure of chitosan, it can be modified easily

to enhance its properties for the desired applications. As

CT is hydrophilic, it undergoes excessive swelling in

wastewater which results in the permeation of oxygen

across the membrane. To employ CT as a proton exchange

membrane in MFC and reduce swelling behaviour, the

cationic CT biopolymer is blended and crosslinked ioni-

cally with anionic copolymer synthesized from malic acid

and citric acid in 3:1 ratio (Popuri et al. 2014), which

contains multiple carboxylic groups. Citric acid and malic

acid are found in produce and are presently used as

crosslinking agents or modifiers in polymer synthesis

(Werpy et al. 2004; Isiklan and Sanli 2005; Reddy and

Yang 2010). The presence of carboxylic and oxide groups

makes the copolymer poly(malic acid-citric acid) (PMC)

hydrophilic, ionically active and easily modified with other

polymers. Therefore, with the theoretical assumptions of

introducing multiple charged groups for enhanced pro-

totrophic transportation and energy production from

brewery wastewater, this novel attempt is approached by

blending the hydrophilic and biodegradable polymers with

opposite charges to prepare a proton exchange membrane

for MFC. In addition, it also seeks to evaluate the perfor-

mance of the synthesized CT/PMC membrane by com-

paring it with other proton exchange media such as Nafion

117 membrane and Agar in bioelectrical generation. Then,

the synthesized CT/PMC membrane with 1:1 ratio is

characterized by Fourier transform infrared (FTIR) spec-

troscopy, X-ray diffraction (XRD), thermal gravimetric

analysis (TGA) and scanning electron microscopy-energy

dispersion spectra (SEM–EDS) to determine its physico-

chemical properties. The present work was carried out in

Department of Biological and Chemical Sciences, The

University of the West Indies, Barbados during 2013–2014

academic years and the characterization of the membranes

is done at Southern Taiwan University of Science and

Technology and Da-Yeh University during January to

December, 2014.

Materials and methods

Materials

Citric acid (CA), DL-malic acid (MA), L-cysteine hydrogen

chloride monohydrate and chitosan were purchased from

Sigma Aldrich Co., USA. Sodium dihydrogen orthophos-

phate, potassium dichromate, potassium ferrous cyanide,

mercuric sulphate, silver sulphate, potassium dihydrogen

orthophosphate were obtained from BDH Chemicals. Glu-

cose and sodium acetate and commercial Nafion 117 mem-

brane were also procured from Sigma Aldrich Co., USA.

Agar was procured from Thomas Scientific, USA, and the

800-mL polypropylene containers along with the � inch

connecting poly (vinyl chloride) pipingwere obtained from a

local hardware store. The effluent being used was collected

from a local brewery, and the carbon brush electrodes were

supplied by a local mechanical service company. Deionized

and distilled water was used throughout this study.

Preparation of CT/PMC membrane

CT/PMC blend membranes used in this study were syn-

thesized by solution casting and solvent evaporation tech-

nique. 2% chitosan solution was prepared by dissolving 4 g

of chitosan in a 2% acetic acid solution overnight at 55 �C
and combined with 2% of PMC copolymer solution in

equal proportions (1:1 ratio). This blend solution was

mixed by stirring until the resulting solution appeared

homogenous. The bubble free solution was casted on a
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clean glass plate, and the solvent was allowed to evaporate

slowly at room temperature for 48 h. The resulted CT/PMC

blend membrane was peeled off from the glass plate, dried

and kept in a desiccator.

The biodegradable copolymer PMC was synthesized

through thermal condensation process by mixing the

monomers malic acid and citric acid in 3:1 ratio. Mono-

mers were subjected to melting followed by condensation

polymerization using programmable thermal furnace. The

detailed description of synthesis of PMC reported else-

where (Popuri et al. 2014).

Microbial fuel cell setup

Dual chambered MFC setups with different proton

exchange media were constructed in the laboratory as

presented in Scheme 1. The laboratory MFC setup con-

tained 800-mL volume polypropylene containers joined by

a PVC hollow tube with a detachable coupling. The anolyte

brewery effluent (pH 6) and the catholyte 50 mM potas-

sium ferricyanide (pH 13.5) solutions with a volume of

650 mL were transferred into respective chambers. Carbon

brushes (2.4 9 3 cm; 9 mm thickness; surface area

24.12 cm2) were used as electrodes and were submerged

into the catholyte and anolyte. The chamber caps and

perforations used for electrodes were sealed with Teflon

tape to ensure anaerobic environment.

A total of three MFC units were fabricated in the lab-

oratory for studying the effect of various proton exchange

media in bioelectricity production. The Agar salt bridge

was prepared by dissolving 0.5 g of potassium chloride and

100 g of Agar in 1000 mL of deionized water. The molten

agar solution was casted into the tube and allowed to cool

at room temperature. Nafion 117 and synthesized CT/PMC

membranes were arch punched, sandwiched between non-

woven fabrics and fixed in between the O-ring washers of

PVC coupling (see inset in Scheme 1).

These MFC setups were continuously stirred while in

operation and voltage measured daily at regular intervals,

with 100 X resistance to obtain the current and power

density profiles. The current and power densities were

calculated by the following Eqs. (1) and (2):

J ¼ V

R� A
ð1Þ

P ¼ I � V

A
ð2Þ

where J is current density, P is power density, V is voltage,

A is electrode area, R is resistance and I is current.

The pH of the anolyte was maintained neutral using 1 M

sodium hydroxide solution, and the performance of each

MFC setup was also evaluated by adding two metabolites

such as glucose and sodium acetate. Care was taken to keep

out oxygen from the anodic chamber by adding a small

amount of L-cysteine monohydrate to the solution to

maintain anaerobic environment.

Chemical oxygen demand determination

The chemical oxygen demand (COD) was determined to

find the level of organic substance removal by the bacteria

in according to the American Public Health Association

standard methods of water and wastewater analysis (AHPA

2005).

Characterization of the membranes

Morphology studies were carried out to determine the char-

acteristics of the synthesized CT/PMC and Nafion 117 mem-

branes before and after MFC operation. Surface texture of the

membranes was captured by a multi-function (Joel JSM-

7401F) scanning electron microscope (SEM) at 10009 and

30009 magnifications. Energy dispersion spectrum (EDS)

was generated by a potential of 15 kV, and an image was

captured by PentaFETx3-75 EDS simultaneously. Fourier

transfer infrared spectroscopy (FTIR) was conducted to the

CT/PMC and Nafion 117 membranes using Shimadzu IR

affinity-1 Spectrophotometer over the range of

4000–500 cm-1 with a resolution of 50 cm-1. X-ray diffrac-

tion (XRD) was conducted using a Shimadzu XRD-6000

powder X-ray diffractometer to further analyse the solid-state

morphology of the membranes. X-rays were generated using

Cu-Ka radiation in the range of 10�–110�with a rate of 3� per
minute, with an accelerating potential of 30 kV and electron

probe current of 30 mA. Additionally, thermogravimetric

analysis was studied in the range 29–900 �C in 2 �C intervals

at scan rate of10 �C min-1 for themembranes before and after

MFC operation to check its thermal properties. Themembrane

samples were cut into small pieces according to the sample

holder size and analysed by using a Da-Yeh University-self-

designed thermo-destructive analyzer.

Sorption studies were carried out with the synthesized

CT/PMC blend and Nafion 117 membranes to study the

swelling behaviour of the membranes during MFC opera-

tion. Small pieces of membranes were weighed then placed

in solutions of pure water and brewery effluent. The films

were taken out after 24- and 48-h soaking periods and

weighed after carefully wiping out excess liquid to estimate

the amount absorbed.

The percentage sorption and degree of swelling were

calculated from the following Eqs. 3 and 4:

%Sorption ¼ Ms �Md

Md

� 100 ð3Þ

Degree of Swelling ¼ Ms

Md

ð4Þ
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where Md is the weight of dry membrane and Ms is the

weight of the swollen membrane.

Results and discussion

Biodegradable polymers are environmentally attuned and

can be tailored in various ways. The biodegradability,

non-toxic behaviour, hydrophilicity and easy chemical

modification properties of these polymers allow them to

be used in various applications and replace of many

synthetic polymers utilized presently. In the present

investigation, the synthesized copolymer PMC possesses

reactive carboxylic and hydroxyl functional groups and

the biopolymer chitosan has amino and hydroxyl func-

tional groups. Due to the anionic nature of PMC

copolymer and cationic nature of chitosan, it is expected

that both polymers may interact ionically during the

blending step of the CT/PMC membrane manufacture.

The free carboxylic groups of the PMC chains are mostly

present as carboxylate, and the amino groups of chitosan

are protonated, resulting in the formation of new salt

bonds (Cardenas et al. 2003) through electrostatic inter-

actions. The ionic complexation reaction or poly-ion

complex formation between cationic group (–NH3
?) of

chitosan polymer and anionic group (–COO–) of copoly-

mer is presented in Scheme 2. Since both the chitosan and

PMC copolymer possesses hydrophilic attributes, it is

projected that the resulting blend polymer CT/PMC

membrane absorb water preferentially owing to the

extensive interaction arising from intra- and intermolec-

ular hydrogen bonding and dipole–dipole interactions

between water and the functional groups of CT/PMC

membrane, such as amine, acetal and hydroxyl besides

unreacted amine moieties (Scheme 2).

Characterization of the membranes

The physicochemical properties of the synthesized CT/

PMC membrane are needed to understand the underlying

microstructures that may possibly affect electrical perfor-

mance. As aforementioned, measurements to determine

these properties were taken and described in detail.

FTIR analysis

Fourier transform infrared spectroscopy (FTIR) was done

to analyse the structure of the synthesized CT/PMC

membrane and Nafion 117 membrane before and after

MFC operation as shown in Fig. 1. A 2% chitosan mem-

brane was also analysed as a term of reference to determine

comparable characteristic trends within the CT/PMC

membrane. The chitosan membrane in Fig. 1 showed the

characteristic –OH and –NH stretching peaks, –CH peak at

3296 and 2939 cm-1, respectively, along with a prominent

–CO stretch at 1041 cm-1. A peak at 1632 cm-1 indicates

the amide group of chitosan. The FTIR spectra of

copolymer PMC showed peaks at around 3450,

1700–1740, and 2900–3100 cm-1 which represents –OH

stretching, –COO- stretching and –CH stretching, respec-

tively (Popuri et al. 2014). The band at 1240 cm-1 was due

to –CO stretching of ether groups formed after condensa-

tion of the monomers (Popuri et al. 2014). These peaks

were also observed in the CT/PMC membrane; however,

the peaks have decreased in its intensity in comparison

with the CT and PMC membrane. The peak at 1668 cm-1

can be attributed to the NH3
? deformation, while a peak at

1282 cm-1 corresponds to –CO stretching and –OH

deformation that occurs on polymer blending (Beppu et al.

2007). The columbic interactions between amino groups in

chitosan and carboxylate ions lead to an increase in the

Scheme 1 Microbial fuel cell

setup: fabricated microbial fuel

cell setup (with membrane

placement inset)
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affinity of CT/PMC membrane towards water by the

increase in charge density. The intensity of the character-

istic peaks decreased and presence of additional peaks was

observed in the FTIR analysis post MFC operation

(Fig. 1c), indicates the presence of foulants on the mem-

brane (Her et al. 2000; Xu et al. 2012). The Nafion 117

membrane spectra before MFC operation in Fig. 1 pos-

sessed characteristic peaks at 2987 cm-1 and a doublet

Scheme 2 Depiction of the

ionic crosslinking between

chitosan and malic acid citric

acid copolymer

Fig. 1 FTIR spectra of CT/PMC and Nafion 117 membrane before and after MFC operation in comparison with pure chitosan

Int. J. Environ. Sci. Technol. (2017) 14:1535–1550 1539

123



peak at 1034 cm-1 which indicates the presence of –CH, –

CF and –SO3
- groups, respectively. The slight shift to the

right of the spectra of Nafion 117 membrane after MFC

operation indicates the presence of a foulant which could

have been from bacterial accumulation to the membrane

(Her et al. 2000).

Surface morphology of PEMs: SEM/EDS studies

SEM studies were conducted to determine the surface mor-

phologies of the synthesized CT/PMC and Nafion 117

membranes, along with EDS which was used to determine

the surface chemistry of themembranes prior and subsequent

to their operation in the MFC units. Similarly, plain CT

membranewas used to compare the degree of contribution of

the PMC copolymer in the CT/PMC membrane matrix.

The SEM images of the CT, CT/PMC and Nafion 117

membranes used before and afterMFCoperation are shown in

Fig. 2. FromFig. 2a, b, the surface of the CT/PMCmembrane

before MFC operation generally appeared clean and uniform

with no major cavities or protrusions. However, after MFC

operation as shown in Fig. 2d, e, the surface morphology was

discernibly contrasting, as many contaminants accumulated

on the surface of the membrane, thus resulting in the dramatic

reduction of membrane coverage that could be observed by

the SEM. It was speculated that the entire membrane surface

of the CT/PMC after MFC operation was covered with con-

taminants, both biotic and abiotic entities, thus the resulting

SEM image should be attributed solely to the dehydrated form

of the suspended solids in the anolyte (Oh et al. 2010; Jang

et al. 2013). However, it is worthy to note that due to agitation

of the liquor in the dual chamber MFC unit, and the high

biological constituents in the anolyte, possibly biological self-

layering occurred and it is reasonable to assume that this

bacterial self-assembly surface layering could be biofilm

formation on the anodic chamber PEM surface (Park et al.

2011; Lee et al. 2014). Although microbial analysis was not

performed, aggregatedmicrobial communities were observed

with film-layermorphology, with colonies aggregated to form

arbitrarily grouped shapes with community sizes of about

4–6 lm (Ping et al. 2014). In addition, due to MFC time

evolution andwith the requirednutrients available, therewas a

probability that biofilm formationwas supported (Erable et al.

2012).

The Nafion 117 membrane surface morphology prior to

use in the MFC was quite comparable to that of the CT/

PMC membrane, as was shown in the SEM image, repre-

sented by Fig. 2g, h. In addition, the surface of the Nafion

117 membrane had minor but distinct grain marks on its

surface, which was deemed to be negligible as it was

expected that these impressions were attributed to the

impact of the packaging material and packaging process,

on the surface of the purchased Nafion 117 membrane

(Hamel and Fréchette 2011). The observed Nafion 117

membrane in Fig. 2j, k after MFC operation also appeared

to exhibit a similar trend of accumulation of biotic and

abiotic substrates on the anolyte surface of the PEM. This

phenomenon has been previously ascribed as accumulation

or membrane fouling (Xu et al. 2012).

EDS analysis of the membranes (Fig. 2c, f, i, l, o along

with Table 1) revealed that the surface chemistries varied

significantly as a result of MFC operation. In the CT/PMC

membrane, the major constituents used for synthesis were

biopolymers chitosan and PMC, where PMC possess a car-

bon backbone with oxygen moieties to complete their

chemical composition (Popuri et al. 2014). The initial atomic

carbon content of the CT/PMC was 60.7%, and increased to

71% after MFC operation, conversely a decrease in atomic

oxygen content was observed in the spectra shifting from

39.2 to 20%. These variances have been attributed to the

accumulation of foulants on the PEM surface. In addition,

the non-metal sulphur, an essential component in bacterio-

logical cells also appeared on the surface of the membrane as

a minor with 7.68% (Wu and Fane 2012; Ping et al. 2014).

Analogously, there was a similar trend observed for the

changes in chemical composition on the surface layer of the

Nafion 117 membrane. The new surface morphology was

previously speculated to be bacterial self-assembled surface

layering or biofilm formation, however, due to the high atomic

ratios of the metals, it can also be deduced that the dissolved

metals chelated on the putative metal-binding sites on the

protein surfaces of the biofilm (Paquete et al. 2014). Thus, these

metals such as potassium (0.82%), sodium (0.6%), iron (0.5%)

and platinum (0.11%)were subsequently present on the surface

of the dried Nafion 117 membrane.

XRD analysis

X-ray diffraction studies can provide information about the

morphological properties of the crystalline structures pre-

sent in materials. Thus, X-ray diffraction analysis of the

CT/PMC and Nafion 117 membranes prior and subsequent
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Fig. 2 SEM images of CT/PMC membrane before MFC operation at

91000 (a), 93000 (b) and after MFC operation at 91000 (d), 93000

(e); Nafion 117 membrane before MFC operation at 91000 (g),
93000 (h) and Nafion 117 after MFC operation at 91000 (j), 93000

(k) chitosan at 91000 (m), 93000 (n). EDS images of CT/PMC

membrane before (c) and after MFC usage (f); Nafion 117 membrane

before (i) and after (l) MFC usage and chitosan membrane (o)

Int. J. Environ. Sci. Technol. (2017) 14:1535–1550 1541
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to MFC operation, as well as a pure chitosan membrane,

was performed, and the results are shown in Fig. 3.

The X-ray diffractogram of Nafion 117 membrane

exhibited the characteristic 2h peaks at *16.5� and

*18.8�; however, the convulsion of these peaks increased

after MFC operation. These low 2h diffraction angles have

been previously attributed to hexagonal structure of Nafion

117, in which the amorphous and crystalline regions

overlap due to the presence of perfluorocarbon chains. In

addition, after MFC operation, these peaks shifted slightly

to the left being observed at lower 2h diffraction angles and

exhibited peak contraction, thus indicative of a reduction of

the most probable maximum grain size. The broad band

observed in both Nafion 117 membranes at about 2h = 40�
is associated with the characteristic polyfluorocarbon

chains. It is seen that the characteristic peaks of the CT/

PMC membrane in Fig. 3 appeared at 2h = 38�, 44�, 64�
and 77� (Popuri et al. 2014); however, these peaks shifted

slightly to the left after MFC operation, which is indicative

of oxidation of organic material on the membranes surface,

but no significant change in their 2h values indicate that the
average intermolecular distance is same in blended

Fig. 3 X-ray diffraction

profiles of CT/PMC and Nafion

117 before and after MFC

operation

Table 1 EDS data for

membranes before and after

investigation

Element Membrane

After MFC Nafion 117 Nafion 117 After MFC CT/PMC CT/PMC Chitosan

Wt% At.% Wt% At.% Wt% At.% Wt% At.% Wt% At.%

C K 44.09 60.64 17.62 25.21 58 71.07 48.22 56.01 53.61 60.7

O K 14.69 15.17 7.87 8.46 22.67 20.86 49 42.72 46.12 39.2

F K 11.39 9.9 71.6 64.77 – – – – – –

Na K 0.78 0.56 – – – – 0.9 0.54 – –

P K 0.93 0.5 – – – – – – – –

S K 21.68 11.17 2.9 1.56 16.72 7.68 – – – –

Cl K 0.85 0.39 – – – – 1.34 0.53 0.26 0.1

K K 1.93 0.82 – – – – 0.55 0.2 – –

Ca K 0.53 0.22 – – – – – – – –

Fe K 1.78 0.53 – – 1.02 0.27 – – – –

Pt M 1.35 0.11 – – 1.58 0.12 – – – –

Total 100 100 100 100 100
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polymer membrane chains. The level of noise was

increased in the X-ray diffractogram of CT/PMC mem-

brane after MFC operation indicates the accumulation of

impurities on the membrane surface. The shift in the CT/

PMC membrane after MFC operation is very small, and

this shows that there was little or no change in crystalline

structure which is indicative of anti-fouling properties (Her

et al. 2000).

Thermal degradation behaviour of CT/PMC membrane

The measurement of the change in mass of the synthesized

CT/PMC membrane due to thermal degradation was

acquired via thermal gravimetric analysis (TGA). In this

study, an inert nitrogen atmosphere was used to acquire

these weight measurements with respect to temperature and

presented in Fig. 4. The membrane under study had a

major weight loss at 500 �C with the final decomposition at

550 �C although weight loss started at 450 �C. The PMC

copolymer was detached and degraded from 281 �C
onwards (Popuri et al. 2014) followed by chitosan degra-

dation at 450 �C and undergoes depolymerization (Dha-

wade and Jagtap 2012). Thermal stability of the membrane

was up to 400 �C; this indicates the extent of ionic

crosslinking and the resilience of the membrane to be used

in MFC or other fuel cell applications (Reddy and Yang

2010).

Sorption and COD studies

Sorption studies were conducted for the Nafion 117 and

CT/PMC membrane in pure water and brewery effluent to

evaluate the swelling behaviour of the membranes and its

suitability for MFC experiments. The effect of equilibrium

sorption percentage of CT/PMC blend membrane and

Nafion 117 membrane in brewery effluent and water are

shown in Table 2. From the table, it was demonstrated that

the sorption percentage of CT/PMC membranes was same

for 24 and 48 h of swelling for both water and effluent;

however, Nafion 117 membrane sorption percentage

decreased from 24 to 48 h in pure water, but remained the

same in brewery effluent. The synthesized CT/PMC

membrane showed significant increases in the degree of

swelling and sorption percentage from brewery effluent to

pure water. The maximum sorption % of CT/PMC and

Nafion 117 membranes was 275 and 14.29 for brewery

effluent and 350 and 12.50 for pure water, respectively.

This was mainly due to the hydrophilicity of the CT/PMC

membrane and thus indicates that CT/PMC blend mem-

brane had more interaction towards water than Nafion 117

membrane (Riva et al. 2011). The Nafion 117 membranes

showed little water uptake as its surface was not as avail-

able for the absorption of water molecules (Moilanen et al.

2008). Additionally, the proton conductive channels are not

as connected in Nafion 117 membrane as it is with the

Fig. 4 Thermogravimetric

analysis of synthesized CT/

PMC membrane blend
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synthesized CT/PMC membrane, where the latter has a

greater degree of connectivity due to design and structure

(Wu et al. 2013) (Table 2).

The COD studies (see Table 3) revealed that the highest

rate of organic removal from the brewery wastewater came

from the Nafion 117 membrane MFC unit, followed by the

CT/PMC membrane and the Agar MFC units. The COD

removal rate and in turn the columbic efficiency of the

MFC setups of different proton exchange media are

dependent on the removal of electrons and protons, where

Nafion 117 membrane is most efficient, although CT/PMC

membrane is a promising alternative.

Bioelectricity generation in MFCs

The MFCs with different proton exchange media (CT/PMC

membrane, Nafion 117 membrane and Agar) were operated

for 86 days with continuous monitoring, and readings were

recorded twice in a day with an average of one reading for

every 12 h. Different types of substrate such as glucose and

sodium acetate were added to the three MFCs when the

potential (voltage) values fell to minimum and remained

stable. The power density and current density values of the

MFCs before and after the addition of substrate with dif-

ferent proton exchange media are presented in Figs. 5 and 6.

Effect of proton exchange media on energy production

Figure 5 indicates the generation of power density and

current density of pristine brewery effluent in MFCs with

different proton exchange media. The results indicate that

the power density of CT/PMC membrane and Nafion 117

membrane showed a general trend of increase from

Fig. 5 Effect of proton

exchange media on energy

production: power density of

MFC units with various PEM

Table 2 Sorption behaviour of

synthesized CT/PMC and

Nafion 117 membrane in pure

water and brewery effluent

Membrane Time (h) Degree of swelling Sorption %

Anolyte Anolyte

Pure water Brewery effluent Pure water Brewery effluent

CT/PMC 24 4.50 3.75 350 275

48 4.50 3.75 350 275

Nafion 117 24 1.14 1.14 14.29 14.29

48 1.29 1.14 12.50 14.29

Table 3 COD removal from brewery effluent during MFC operation

COD (mg L-1) AGAR NAFION-117 CT/PMC

Initial 3288 3288 3288

After 9 days 1485 910 970

% Removal 55 72 70
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Fig. 6 Effect of different

metabolites [glucose (a) and
sodium acetate (b)] and
increasing metabolite

concentration (sodium acetate)

(c) on power density and current

density in MFC using various

PEM

Int. J. Environ. Sci. Technol. (2017) 14:1535–1550 1545

123



commencement. The initial power density of MFC unit

containing CT/PMC membrane (1226 mW m-2) was

higher than the Nafion 117 membrane (159 mW m-2) on

day 1 and the trend continues up to day 7 where the CT/

PMC membrane produced 3882 mW m-2. Current density

fluctuated within the first 4 days of operation and this is

probably due to the acclimation of the microbes to the

environment. The exponential increase in potential can also

suggest that there is a greater amount of exoelectrogenic

bacteria present in the substrate, which will directly con-

tribute to electrical generation (Wang et al. 2008). The

power generation of CT/PMC membrane from day 7

onwards decreased exponentially with time and finally

reach to minimum of 272 mW m-2 by day 13; however,

the power generation of Nafion 117 membrane maintained

the increasing trend with time up to day 14 and generated a

maximum of power density 4245 mW m-2, followed by a

sharp decrease trend to 824 mW m-2 by day 17. On con-

trary of CT/PMC and Nafion 117 membranes, the Agar

media generated a maximum power density of

637 mW m-2 by day 13 and reduced to a minimum of

374 mW m-2 within a day. In the Agar salt bridge, the

protons have to travel farther in the media than with the

PEM membranes CT/PMC and Nafion 117. Additionally,

the maximum electrical generation time needed to extract

the maximum amount of power in Nafion 117 membrane;

CT/PMC membrane and Agar MFCs are 14, 7 and 13 days,

respectively. The synthesized CT/PMC membrane MFC

converts the substrate’s chemical energy into electricity in

half the time of Nafion 117 MFC unit and also generates

higher energy in the initial days; however, the maximum

energy generation was marginally less than the Nafion 117

membrane and relatively unsustainable. The CT/PMC

membrane showed a greater bioelectricity generation due

to the hydrophilic nature of chitosan and the proton con-

ductive channels that are present in the CT/PMC mem-

brane, that eventually allow the positively charged ions to

move faster through the membrane barrier via proton

conductive mechanisms: vehicle and structural diffusion

(Wu et al. 2013). Vehicular conductive mechanism is

prototrophic movement in bulk water and as the membrane

reaches a high hydrated state, it allows the protons to be

carried across the membrane at an increased rate via a

mechanism called structural diffusion or Grotthuss diffu-

sion (Moilanen et al. 2008; Wu et al. 2013). Agmon (1995)

describes this diffusion as protons ‘‘hopping’’ from one

aqueous cationic structure to another via the forming and

cleavage of covalent and/or hydrogen bonds. The increase

in prototrophic movement (Grotthuss diffusion) would

relate to an increase in current density, as shown in Fig. 5.

Moreover, the key functional groups (for example car-

boxylic groups of PMC copolymer and amino group of

chitosan) possess the ability to absorb bulk water and swell

faster than Nafion 117 membrane (see Table 1) (Asano

et al. 2006; Wu et al. 2013). These functional groups may

also attract and hold the positive ions with lesser binding

forces than the highly electronegative functional groups of

Nafion 117 at low hydration levels, and can deliver the

protons to the cathodic chamber. The Nafion 117 mem-

brane would be at a low hydration level within the first

5 days, and at this point the electronegative groups would

make it difficult for protons to pass through (Moilanen

et al. 2008).

Effect of glucose on MFC performance

Glucose 160 mg L-1 glucose was added to the brewery

wastewater in anodic chamber of each MFC and operated

for 23 days with the measurement of both voltage and

current. The performances of three MFC units were eval-

uated by measuring voltage and current output. Glucose is

a molecule that can be used for microbial respiration

without prior modification (Logan and Rabaey 2012).

Experimental data presented in Fig. 6a revealed that the

power density after the addition of glucose increases sig-

nificantly within a 1 day time period for each MFC setup

due to the ease of which glucose can be metabolized. The

synthesized CT/PMC membrane MFC unit showed a tri-

fold increase in bioelectricity generated from initial with a

maximum power and current densities of 2349 mW m-2

and 100 mA m-2. The current density at its peak almost

doubly increased from its initial and then decreases to

10 mA m-2 while power density steadily decreased for the

next 3 days from its maximum value to 238 mW m-2.

Nafion 117 membrane MFC unit produced the highest

bioelectricity generation after the addition of glucose

among three MFC units used in this study with a fourfold

increase from its initial to a maximum power density of

2468 mW m-2 with a corresponding current density

96 mA m-2. The power density showed a decline from

maximum value in the period of 1.5 days to 1021 mW m-2

and remained constant for 5 days. Agar salt bridge had the

lowest degree of bioelectrical production, reaching a

maximum power density of 1184 mW m-2 with a corre-

sponding current density of 65 mA m-2, which relates to a

onefold increase from initial.

After the addition of glucose to the anodic chamber, the

microbes in wastewater would have consumed the glucose
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rapidly and produce an increased number of protons which

would be carried across the membrane at increased levels

and correlates to the sharp increases of bioelectricity pro-

duction in the MFC units. The exhaustion of the additive

left the microbes with little to utilize to generate electricity

resulting in the power and current densities were decreas-

ing to its minimum then remained constant. Glucose has

sustained bioelectricity generation for 4 days for CT/PMC

MFC unit and 3 days for both Nafion 117 and Agar MFC

units. The bioelectricity sustainability of these MFCs with

glucose metabolite was significantly smaller than the gen-

eration times quoted prior with original brewery wastew-

ater (see Fig. 5), and this is due to the unintentional

reactions (fermentation acetogenesis and methanogenesis)

that glucose undergo (Logan and Rabaey 2012; Chae et al.

2009; Pant et al. 2010).

Effect of sodium acetate on MFC performance

Sodium acetate is a non-fermentable substrate that readily

dissociates in aqueous solutions to provide microbes with

acetate, which can be metabolized to create protons and

electrons (Logan and Rabaey 2012). As sodium acetate does

not undergo unwanted side reactions like methanogenesis, it

is more widely used as a substrate in MFC (Pant et al. 2010).

Therefore, 160 mg L-1 of sodium acetate was intro-

duced to each MFC unit; it is revealed in Fig. 6b that the

power generated was sustained over a longer time period

compared to glucose at the same concentration. The syn-

thesized CT/PMC membrane MFC unit generated a 20-fold

increase in maximum bioelectricity generation with power

density of 1434 mW m-2 with a current density of

60 mA m-2 in comparison with the initial electrical energy

production. The maximum power generation of this MFC

was obtained 3 days after initiation and tapered slowly for

4 days until minimum at day 48. The Nafion 117 mem-

brane MFC unit had the highest power production of

1675 mW m-2, with a current density of 78 mA m-2

which was reached in 4 days and is possibly due to the

increase in proton conductivity (Wu et al. 2013). This

electrical generation dropped within 1.5 days to

647 mW m-2 at day 47 and gently decreased to a mini-

mum of 203 mW m-2 on day 53. Agar salt bridge MFC

unit outperformed the synthesized CT/PMC MFC unit by

generating a maximum power density of 1388 mW m-2 at

a current density of 70 mA m-2, 4 days after initiation.

The Agar MFC unit may have at this time been hydrated

enough to allow a mass movement of protons across

chambers, despite the distance needed to travel. Power

generation sharply decreased within 1.5 days from maxi-

mum to 313 mW m-2 on day 49 where the power gener-

ation subsequent gently decreased and reached its

minimum at 107 mW m-2 on day 53.

When the microbes exhaust the substrate, the electricity

generated goes to a constant minimum where the microbes

are in a dormant state (Lappin-Scott and Costerton 1990)

and continues in this state to ensure survival. When sub-

strates are introduced to the microbial system, the microbes

would increase the rate of metabolism and thus an

increased rate of bacterial respiration. This high metabo-

lism rate will create electrons and protons which can result

in sharp increases of bio electricity generation for each

MFC setup (Prakash et al. 2010). The Nafion 117 MFC

setup began to produce significant amounts of electrical

energy just after 1 day of operation, due to its state of

hydration. The Nafion 117 membrane possesses a slower

hydration rate than that of the synthesized CT/PMC

membrane and reached a state of high levels of hydration at

day 41 which allows more protons to be are carried across

the membrane via the aforementioned Grotthuss diffusion

(Wu et al. 2013). The current density graph for the Nafion

117 membrane MFC unit showed that the highest current

generation was between day 42 and day 44, which relates

to a significant increase in bioelectricity generation. The

sharp increase in power generation in the CT/PMC MFC

unit is also attributed to the rapid metabolism of the

introduced substrate, but as the membrane is highly

hydrophilic, it would have been fully hydrated at day 41.

This maximum hydration indicates that Grotthuss diffusion

is at a maximum for prototrophic mobility and plays a

minimal role in this investigation. The Agar salt bridge

showed a slower response time to the addition of the

additive, as the prototrophic distance is increased in this

MFC unit but still generated a significant amount of

energy.

The electricity generation times for all of the MFC units

were approximately 6 days, which when compared to the

glucose investigation is an increase. This is because sodium

acetate is metabolized at a slower rate in microbes and can

thus sustain the electrical generation for longer periods.

Additionally, there is not as much microbes available to

metabolize acetates, so this effect can also be a factor to the

enlargement of these times (Pant et al. 2010).

Effect of metabolite concentration

Figure 6c shows the effect of adding an increasing con-

centration of a metabolite; sodium acetate on different
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proton exchange media in MFC and the sections indicate

the region by concentration. Upon the increase in con-

centration of the metabolite, the trend is a general increase

in electrical production (Cheng and Logan 2011) and was

seen in the Nafion 117 membrane MFC unit (see Fig. 6c)

power density graph. The CT/PMC membrane setup

showed an attenuation of maximum power generation, with

the increase in sodium acetate concentration from

1434 mW m-2 at 160 mg L-1 to 91 mW m-2 at

1000 mg L-1. The Agar MFC setup also follows the trend

of decrease, even though the maximum power generation

increases slightly when the concentration 1000 mg L-1. It

should be noted that the Agar MFC unit generally out-

performed the CT/PMC MFC unit as the agar was now

fully solvated and could carry a greater number of protons

via vehicular mechanisms. However, the Nafion 117

membrane MFC setup has shown a significant power out-

put at the 1000 mg L-1 mark which can be attributed to

Grotthuss and vehicular diffusion. There is a large drop in

power when the concentration of acetate was increased to

500 mg L-1 which can be attributed to the loss of bacteria

in the anodic chamber due to the harsh change in envi-

ronmental conditions. In addition, the increase in concen-

tration may have had an inhibitory effect on the CT/PMC

and Agar salt bridge MFC setups as the excess acetate

could not have been utilized at a rate to limit microbial

death and this could have led to fouling of the proton

exchange media which is solely responsible for pro-

totrophic transport which is seen in the CT/PMC FTIR

spectra after MFC operation (Her et al. 2000; Ghoreyshi

et al. 2011).

Conclusion

This comparative study revealed that the use of CT/PMC

membrane in a microbial fuel cell using brewery wastew-

ater can yield a maximum power density of

3882 mW m-2, which is competitive to the bioelectricity

output from Nafion 117 membrane MFC, with a power

density of 4245 mW m-2. The CT/PMC membrane also

has shown competiveness in its MFC unit bioelectricity

start-up times, which allowed it to generate electrical

energy earlier than the comparative proton exchange media

Nafion 117 membrane and Agar salt bridge MFC unit. The

decrease in maximum hydration times is an interesting

property of the synthesized CT/PMC membrane, as it can

improve prototrophic movement; hence improve retention

times for MFC electrical generation. Sodium acetate

metabolite showed a greater bioelectricity output over

time, with the longest duration of generation. The increase

in concentration of the metabolite only resulted in a

nominal increase in the Nafion 117 membrane unit; con-

versely an attenuation of generation with the synthesized

CT/PMC membrane was seen. The efficiency of the CT/

PMC membrane as PEM is high in bioelectricity genera-

tion using brewery effluent along with fermentable and

non-fermentable additives. The usage of unwanted mate-

rials to create a PEM for MFC has a twofold advantage as it

would minimize the impact of liquid and solid waste in the

environment, along with electrical generation. Further

research is needed to investigate the anti-fouling properties

of the synthesized CT/PMC membrane in MFC as it is

promising for long-term usage.
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