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Abstract
In the present study, the valorization of cheese whey (CW) as an electron donor in an air-cathode single-chamber microbial fuel
cell (MFC) was studied. Filter-sterilized raw and pretreated-acidified diluted CW (after 48 h of fermentation at mesophilic
temperature) were used as substrates, in order to investigate the effect of the two different handlings on the MFC performance.
The pretreatment-acidification experiments were performed under different operational conditions (initial dilutions giving chem-
ical oxygen demand (COD) concentrations of 2 and 4 g/L as well as initial pH adjusted to 6.7 and without pH adjustment) in order
to obtain maximum acidification efficiency and energy recovery, in the form of hydrogen. The effect of organic load on the
efficiency of the MFC was studied, aiming at exploring the possibility of achieving a successful operation at the highest possible
initial concentration of CW (smallest dilution). The experimental results showed that CW is a suitable and promising substrate for
electricity production using MFC, with a maximum power density of 3.26 W/m3 (0.33 MJ/kg COD) for filter-sterilized CW
diluted to an initial concentration of 0.8 g COD/L. Combining MFC technology with the pretreatment/acidification process,
during which hydrogen is also produced, a total energy of 2.37 MJ/kg COD could be recovered.
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1 Introduction

Decision 97/80/EC, which sets the provisions for the imple-
mentation of Council Directive 96/16/EC regarding the statis-
tical surveys of milk and its products, defines whey as the by-
product obtained during the manufacturing of cheese or ca-
sein. Cheese whey (CW) contains on average 4.8% lactose,
0.8% protein and 0.2% fats (w/v), corresponding to the resid-
ual organic content after removal of casein andmost of the fats
from the milk [1]. The proportion of its ingredients varies
according to the type of milk used and the type of cheese
made. Generally, CW coming from goat milk is expected to

have higher concentrations of total solids than the respective
coming from cow milk. Due to its high organic content, CW
has a strong organic load, with the values of biochemical
oxygen demand (BOD) and chemical oxygen demand
(COD) ranging from 27 to 60 and from 50 to 102 kg/m3,
respectively [2].

Due to its large production volumes (9 kg of CW is gener-
ated per kg of cheese) and the number of cheese manufactur-
ing units, CW handling is a serious environmental challenge,
especially in countries where the cheese-making sector is
highly developed. Today, the annual amount of cheese pro-
duced in EU 27 exceeds 10.2 million tons and has an upward
trend of around 3% per year.

Ιn Greece, there are numerous small private cheese-
manufacturing units scattered throughout the country, produc-
ing more than 160,000 tons of cheese (data for 2007 by
Hellenic Statistical Authority, ELSTAT 2009–2010) and more
than 700,000 tons of CW annually. Out of this amount, ap-
proximately 250,000 tons are used for the production of the
secondary white cheese called “mizithra”, 50,000 tons for
animal feed, and the rest is inappropriately discarded into riv-
ers, lakes, or other water bodies, resulting in severe water
pollution. Up to now, in Greece, no specific strategies have
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been adopted for the treatment and disposal of CW [1].
However, legislation has recently become stricter, forcing
the cheese factories to treat their wastewaters, by developing
facilities for this purpose on their premises, causing an in-
crease in the capital and cheese production cost [3]. In this
respect, the possibility of exploiting the components such as
lactose or proteins contained in CW for producing useful
products or energy should add value to this by-product, ensur-
ing its treatment and safe disposal while simultaneously re-
ducing the cheese production cost.

Anaerobic biological processes such as biogas or hydrogen
production [4–7] are alternative technologies to other methods
employed in CWmanagement, such as animal feeding or recov-
ery of proteins or other compounds [1]. However, due to the low
bicarbonate alkalinity and high COD value, anaerobic treatment
of CW is not always efficient since CW exhibits a tendency to
get rapidly acidified [7]. CW management with simultaneous
energy recovery using MFCs represents a promising approach
[8], since it operates at neutral pH values and low organic load-
ings, where tendency for acidification is hardly observed.

MFCs are bio-electrochemical systems producing bio-
electricity providing the dual benefit of energy production
and simultaneous wastewater/waste treatment [9]. In
MFCs, microorganisms oxidize the organic compounds,
producing carbon dioxide, protons, and electrons, which
are transferred to an electrode (final electron acceptor of
their metabolism). The electrons are transferred to a current
collector and then migrate through an external resistor to
the cathode, where oxygen is reduced to water, generating
electric current. Power generation depends on the materials
employed, the design of the MFC and the capabilities of
the electroactive bacteria to use the anode as solid electron
acceptor [10, 11]. In this respect, the concept of an air-
cathode single-chamber MFC containing graphite granules
to support biofilm formation is considered promising [12],
offering the possibility of enhanced power generation,
while treating different kind of substrates [13]. The use of
CW as an electron donor in such a single-chamber MFC,
operating in continuous mode, is quite appealing. Up to
now, batch operation of bioelectrochemical systems for
producing either electricity [6, 10, 14] or hydrogen [15]
from CW has extensively been investigated. For instance,
Ghasemi et al. [14] operated a two-chamber MFC, produc-
ing 188.8 mW/m2, when whey at a concentration of 50 g
lactose/L was used as substrate, while Kelly and He [16]
observed an average power density of 0.4 W/m3 when CW
was used as a substrate in a tubular MFC, operated in batch
mode. On the other side, two-chamber continuous systems,
packed with graphite granules, were used for treating un-
diluted dairy wastewater collected from the flotation unit
of a large cheese factory with an initial COD of 0.65–
3.00 g/L, recovering a maximum power density of almost
27 W/m3 [17, 18].

In the present study, a four-air cathode single-chamber
MFC with MnO2 as cathode catalyst and a packed bed as
anode was studied, aiming at the continuous treatment of di-
luted, filter-sterilized CW. The MFC performance was
assessed under two different organic loadings (0.8 and 1.6 g
COD/L.d, at a hydraulic retention time (HRT) of 24 h) in order
to determine the optimal initial CW concentration. The use of
filter-sterilized CW instead of raw CW in this study was based
on previous experiments where raw diluted CW, without any
treatment was used as substrate in a two-chamber MFC [8]. In
that study, it was found that although electricity production
was possible with a high COD reduction efficiency, the cou-
lombic efficiency (CE) was very low, only 1.9%. This was
attributed to a significant substrate bioconversion in the bulk
of the anode. Indigenous non-electrogenic microorganisms
(possibly Lactobacillus sp.) contained in the CW used the
organic matter in the bulk, rather than on the electrode, where
the electrogenic biofilm was established. These results indi-
cated that a pretreatment step of raw CWwas essential prior to
use, and thus, Stamatelatou et al. [6] used CWafter filtration in
order to eliminate solids and microorganisms, in a dual-
chamber MFC, with promising results.

Following the experiments with the diluted filter-sterilized
CW, acidified CW (the rich in acids effluent of dark fermen-
tation (DF) process for hydrogen production), properly dilut-
ed, was used as alternative electron donor in the MFC. Thus, a
two-stage process was developed, where anaerobic DF
(acidification) of CWwas carried out as a first step, generating
hydrogen and fatty acids, while in the second step, the effluent
of the first process was used as substrate in the MFC. Such a
two-stage process (DF-MFC) has been used for other types of
effluents [19]. CW has been efficiently used as substrate when
DFwas integrated with other bioelectrochemical systems such
as microbial electrolysis cell (MEC) for hydrogen production
(DF-MEC concept) by Rivera et al. [20]. In the present work,
CW was used as substrate in a DF-MFC concept for the first
time. With this approach, the effect of acidification on the
MFC performance is assessed and this is important, given
the tendency of CW to get acidified by its indigenous micro-
bial consortium. Finally, in the two-stage process, a dual ben-
efit of hydrogen and electricity production is achieved.

2 Materials and methods

2.1 CW used

A cheese-making factory (producing the traditional Greek
white cheese “feta”), located in the Achaia prefecture,
Western Greece, supplied the CW used in this study. In
Table 1, the mean values of its main characteristics are
presented.
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2.2 Pretreatment-acidification process

Acidification experiments were carried out in duplicate in
160-mL serum bottles with a working volume of 50mL, with-
out inoculum addition, but using the indigenous microbial
consortium contained in CW, a practice that was previously
followed for producing biohydrogen from CW, in continuous
reactors [4, 5]. The effect of initial organic concentration (2
and 4 g COD/L) by performing appropriate dilutions and of
initial pH was studied. Specifically, the initial pH was set to 6
and 7 using phosphate buffer solutions (K2HPO4, 7.928 g/L
and KH2PO4, 18.6 g/L for pH 6 and K2HPO4, 15.493 g/L and
KH2PO4, 8.2285 g/L for pH 7), while experiments with no pH
adjustment were also carried out, at both initial concentrations
of 2 and 4 g COD/L. The experiments were performed at
35 °C for 48 h. The content of the vials was gassed with a
mixture of N2/CO2 (80/20 v/v) in order to secure anaerobic
conditions and sealed with butyl rubber stoppers and alumi-
num crimps. The volume of generated biogas was measured
via a syringe, adjusted to the rubber stoppers. Hydrogen as
well as liquid products (volatile fatty acids (VFAs), lactic acid,
and ethanol), remaining carbohydrates, COD, and pH were
monitored at 0, 24, and 48 h, respectively.

2.3 Electricity production through MFC

2.3.1 MFC apparatus

The experiments were performed using a single-chamber four
air–cathode MFC, similar with the respective of Tremouli
et al. [12] and Antonopoulou et al. [13], but slightly modified
in terms of geometry. Specifically, the anode consisted of a
cylinder made of Plexiglas, with an internal diameter of
12.1 cm and a height of 16.9 cm, with a conical base, with
3.1 cm height. Four tubes, with internal diameter of 2 cm, also
made of Plexiglas, were placed in the anode. The tubes were
homogenously drilled with holes (with internal diameter of
2.5 mm, so as the total geometrical surface area of each tube

being 164 cm2). The internal side of the tubes was covered by
GORE-TEX® cloth coated with MnO2 at a loading of
213.3 mg/cm2, as described in Zhuang et al. [21], serving as
cathode.

The reactor had a volume of 1943 mL and was filled with
conductive graphite granules (0.904 ± 0.0303 g/mL density),
serving as anode and also as carrier for the biofilm support.
Graphite granules, properly treated with HCl as described in
Antonopoulou et al. [13], were connected to the circuit using a
graphite rod. The graphite rod and the four cathodes were
connected via copper wires, with a 100 Ω external resistor,
to close the electrical circuit.

The MFC was placed in a constant temperature chamber
and a temperature of 28 °C was maintained throughout the
experimental period. The MFC potential (Ucell) was recorded
every 50 s, using a data acquisition system (ADAM-4017),
while the current through the cell was recorded using a preci-
sion multimeter (Mastech, MY64). Power density was calcu-
lated using the polarization curves, obtained by changing the
external resistance of the circuit from 0.1 to 1000 kΩ and
recording the potential and current values (normalized with
the reactor volume). The coulombic efficiency, CE (%), de-
fined as the ratio of total charge actually transferred to the
anode from the substrate to the maximum theoretical charge
that would result if all the substrate removal produced current,
was determined according to Eq. (1):

CE ¼ M*I
F*b*q*ΔCOD

ð1Þ

where I is the current (A), M = 32 is the molecular weight of
oxygen, F is the Faraday’s constant (96,485 C/mol-e), b = 4 is
the number of electrons exchanged per mol of oxygen, q is the
volumetric rate (L/s), and Δ(COD) is the change in s-COD.

2.3.2 MFC operation

The acclimation phase was performed for four successive cy-
cles in batch mode, until an electrogenic microbial consortium
was established in the cell, as described in Antonopoulou et al.
[13]. Briefly, glucose at an initial concentration of 0.8 g COD/
L also supplemented with a buffer solution (for pH 7) of
Na2HPO4·2H2O: 3.4472 g/L and NaH2PO4: 3.668 g/L,
NaHCO3: 5 g/L, KCl: 0.16 g/L, a solution of 10 mL/L with
trace metals and methanogenic sludge in 10% (v/v), were
added in the MFC, which operated as a sequencing batch
reactor, for four cycles. At the end of each cycle, the liquid
contents were emptied and the MFC was refilled with fresh
medium.

Methanogenic sludge was obtained from the wastewater
treatment plant of Metamorphosis, Attica, Greece, with the
following characteristics: pH = 7.40 ± 0.10, total COD
(T.COD) = 21.23 ± 0.15 g/L, dissolved (d.COD) = 1.09 ±

Table 1 The main characteristics of the CW used in the present study

Characteristic Value

pH 6.13 ± 0.01

Total suspended solids, TSS (g/L) 6.65 ± 0.03

Volatile suspended solids, VSS (g/L) 6.39 ± 0.05

Total carbohydrates (g/L) 52.80 ± 1.53

Soluble carbohydrates (g/L) 49.83 ± 0.81

Reducing sugars (g/L) 41.89 ± 0.04

Total chemical oxygen demand, T-COD (g/L) 73.31 ± 3.08

Soluble COD, S-COD (g/L) 63.71 ± 1.44

Total Kjeldahl nitrogen, TKN (g/L) 0.35 ± 0.04

Total phosphorous (g/L) 0.31 ± 0.02
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0.14 g/L, total suspended solids (TSS) = 37.42 ± 0.29 g/L, and
volatile suspended solids (VSS) = 16.45 ± 0.21 g/L.

Following the acclimation phase, the reactor operation was
shifted to continuous mode, using a glucose-based synthetic
medium with an initial concentration of ~ 0.8 g COD/L (0.78
± 0.03 g COD/L) (organic loading rate (OLR) 0.8 g COD/L.d)
at an HRT of 24 h. The glucose-based medium was also sup-
plemented with the buffer solution, NaHCO3, KCl, and trace
metal solution, as described above and in Antonopoulou et al.
[13]. In the sequel, diluted, filter-sterilized CW, also supple-
mented with the buffer solution, NaHCO3, KCl, and trace
metals solution, was used as electron donor, initially at a con-
centration of ~ 0.8 g COD/L (0.86 ± 0.04 g COD/L) (OLR: ~
0.8 g COD/L.d) and then at a concentration of ~ 1.6 g COD/L
(1.60 ± 0. 09 g COD/L) (OLR: ~ 1.6 g COD/L.d). Finally,
pretreated, acidified CW (the effluent of the acidification pro-
cess), which was filtered and properly diluted, at a concentra-
tion of ~ 1.6 g COD/L (1.53 ± 0.09 g COD/L) (OLR: ~ 1.6 g
COD/L.d) and supplemented with the buffer solution,
NaHCO3, KCl, and trace metal solution, was used as sub-
strate, in order to assess the effect of acidification as a pre-
treatment of CWonMFC performance, due to the tendency of
CW to get acidified, owing to its indigenous microbial
consortium. The main characteristics of filter-sterilized CW
(prior to dilutions) were: d.COD = 66.895 ± 1.185 mg/L,
sugars = 52.320 ± 850 mg/L, while the respective of
diluted pretreated-acidified CW used, were: d.COD = 1535
± 90 mg/L, sugars = 29.19 ± 0.01 mg/L, acetic acid: 276.49
± 29.75 mg/L, butyric acid: 455.41 ± 51mg/L, lactate: 157.96
± 4.2 mg/L, and ethanol: 106.25 ± 5.3 mg/L. The use of raw
diluted CW (contained mainly lactose) and acidified CW
(contained mainly acids) as substrates on the MFC was per-
formed in order to assess the effect of different electron donors
on its performance and on energy recovery.

2.4 Analytical methods

The measurements of TSS, VSS, d.COD and T.COD were car-
ried out according to standard methods [22]. For the quantifica-
tion of the total and soluble carbohydrates, the method of
DuBois et al. [23] was used, while reducing sugar concentration
was estimated by the DNS (3,5-dinitrosalicylic acid) method
and was expressed as glucose equivalents [24]. For total phos-
phorus determination, the persulfate digestion method and the
ascorbic acid method were used [22], while total kjeldahl nitro-
gen (TKN) was determined according to standard methods [22].

The hydrogen content of the produced gas was quantified
with a gas chromatograph (SRI 8610c MG#1) (two columns
in series: molecular sieve column, 6 ft., O.D. 1/8 in., I.D.
2.1 mm and silica gel column, 6 ft., O.D. 1/8 in) equipped
with a TCD (thermal conductivity detector). The column oven
temperature was 80 °C, the injector valve 90 °C, and the TCD
oven 100 °C. Nitrogen was used as carrier gas at 20 mL/min.

Detection of methane was also carried out, using the same
method, but helium was used as carrier gas. Determination
of liquid metabolites (VFAs, ethanol, lactic acid) was per-
formed as presented in Antonopoulou et al. [25].

2.5 Statistical analysis

A two-sample t test with a threshold p value of 0.05 was
applied in order to analyze statistically the effect of organic
loading on the hydrogen yields, expressed as mol H2/mol
consumed sugars, at the same pH value.

3 Results and discussion

3.1 Pretreatment-acidification of CW

In order to obtain maximum energy recovery in the form of
hydrogen and acids, different operational conditions were test-
ed, i.e., the initial organic concentration and pH value. In
Fig. 1, hydrogen yields in terms of L/LCW (Fig. 1a) and mol/
mol consumed sugars (Fig. 1b), at different pH values (6 and 7
and without pH adjustment) at both initial concentrations of
CW, are presented. It is obvious that both COD concentrations
led to high hydrogen yields, e.g., the highest was 13.16 L/
LCW, for pH 7 and initial organic loading of 4 g COD/L and
the lowest was 9.73 L/LCW, for initial organic loading of 2 g
COD/L, without pH adjustment.

A t test of the hydrogen yields, under the two organic load-
ings, showed that at the same pH value, the average yields
were not affected significantly (p = 0.84, 0.99, and 0.36 > 0.05
for pH = 6, for pH = 7, and no pH addition, respectively),
which in turn implies that there is no inhibition or kinetic
limitation, under the conditions tested.

From Fig. 1b, it can be seen that the yields expressed in terms
of mol H2/mol consumed sugars are very high, compared to the
maximum theoretical ones, i.e., 4 mol/mol, when acetic acid is
the final metabolic product and 2 mol/mol when butyric acid is
the final metabolite [25]. The highest hydrogen yield was ob-
tained in the case of no pH adjustment and was approximately
2.65 mol/mol at both organic loadings, while a high hydrogen
yield of 2.36 mol/mol was also obtained, when the pH was
initially adjusted to 7 at an initial organic loading of 4 g COD/L.

In Table 2, the main characteristics of the pretreatment-
acidification experiments after 48 h of fermentation are present-
ed. Both parameters, such as the initial pH and initial COD
concentration, influenced the acidification efficiency and the final
metabolic products distribution, as presented in Fig. 2 and
Table 2. The acidification efficiency is defined as the ratio of
the sum of COD of the metabolic products detected in the fer-
mentation broth (ethanol, lactic, butyric, propionic, and acetic
acids) to the experimentally measured COD. The difference in
these two values corresponds to the COD of non-consumed
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carbohydrates measured as glucose units as well as to the non-
identified metabolic products during fermentation. Since the
main metabolic products of CW fermentation were determined
(approximately 80–90%), the main contribution to the low acid-
ification efficiency in the case of no pH adjustment could be
attributed to the non-consumed carbohydrates, i.e., 681.35 ±
20.25 mg sugars/L (50.9% acidification efficiency, 60.8% carbo-
hydrate consumption efficiency) and 907.09 ± 85.35 mg sugars/
L (57.9% acidification efficiency, 67.7% carbohydrate consump-
tion efficiency) for the initial concentration of 2 and 4 g COD/L,
respectively. Under these conditions, the pH at the end of the
experiments was also low, almost 4. These results are in agree-
ment with other studies in which the effect of pH (6.5–3.5) on
hydrogen production during DF of sweet sorghum extract was
investigated [26]. In that study, it was shown that microorgan-
isms under low pH values were unable to consume high amounts
of carbohydrates contained in sweet sorghum extract.
Specifically, while the efficiency of total carbohydrate consump-
tion in glucose equivalents was higher than 97% at the pH range
of 6.5–4.6, this value decreased to 72.9% when the pH dropped
to 3.5. In the present study, the low carbohydrate removal effi-
ciency at this lowpHvalue could justify the high hydrogen yields
in terms of consumed sugars, since the hydrogen production
efficiency was high, even in the case that only 50.9 and 57.9%

of the carbohydrates were transformed to acids/ethanol, respec-
tively, at 2 and 4 g COD/L.

From Fig. 2, it is obvious that the main metabolic products,
for the majority of the experiments, were acetic and butyric
acids, which, based on the metabolic reactions of glucolysis,
favor hydrogen production. For the experiments with initial
pH of 7, a mixed acid fermentation occurred, and especially in
the case of low organic loading (2 g COD/L), lactic acid,
ethanol, and acetic acid were produced at high concentrations
(500 mg/L, 330 and 507 mg/L, respectively), while butyric
acid concentration was very low (only 50.5 mg/L) compared
to the other experiments. Under the latter conditions, the pH
was 6.29, a value in which the generation of more reduced end
products such as lactate and ethanol is favored. Lactate and
ethanol are known as metabolites generated in zero-hydrogen
balance pathways, which is consistent with the lower hydro-
gen production yields, obtained in this experiment (1.9 ±
0.2 mol/mol).

A significant parameter for the process, is the ratio of the
experimentally measured hydrogen production (nH2) to the
theoretical calculated hydrogen based on the stoichiometric
reactions (R1)–(R3), Υexp/theor (Table 2). The theoretically cal-
culated hydrogen corresponds to the sum of 2 mol H2 per
1 mol of acetic acid (nacetic), 2 mol H2 per 1 mol of butyric

Table 2 The main characteristics of the acidification experiments after 48 h of fermentation (at the end of the experiments)

Initial pH 2 g COD/L 4 g COD/L

No pH adj. 6 7 No pH adj. 6 7

Final pH 4.01 ± 0.02 5.84 ± 0.04 6.29 ± 0.04 3.99 ± 0.06 5.52 ± 0.08 6.10 ± 0.09

Carbohydrate consumption 60.99% 96.65% 96.23% 67.73% 96.91% 97.5%

Acidification efficiency 50.90% 83.00% 97.80% 57.90% 84.30% 97.80%

Υexp/theor 71.13% 73.53% 78.99% 76.23% 76.61% 76.2%

adj. adjustment

0

1

2

3

4

dleiy
nego rdy

H
(

l o
m/l o

m
sragus

de
musnoc

)

 2 g COD/L  4 g COD/L

no pH adjustment pH: 6 pH: 7
0

5

10

15

20

dleiy
negordy

H
(L

/L
C

W
)  2 g COD/L  4 g COD/L

no pH adjustment pH: 6 pH: 7

a b

Fig. 1 Hydrogen yields in terms of L/LCW (a) and mol/mol consumed glucose (b) at the end (48 h) of the pretreatment/acidification experiments, for
initial CW concentrations of 2 and 4 g COD/L, under different pH values
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acid (nbuturtic), minus 1 mol of H2 per 1 mol of propionic acid
produced (npropionic):

Υ exp=theor %ð Þ ¼ nH2

2 nacetic þ 2 nbutyric−npropionic
*100 ð2Þ

From this ratio, the metabolic pathways which may have
been followed by the implicated microorganisms could be
assumed, elucidating the basic biochemical reactions which
might take place. From Table 2, it is obvious that for almost
all the experiments, the experimentally measured hydrogen
production is lower than the theoretically calculated one. In
the case of the initial COD concentration of 2 g/L, the ratio
ranged from 71.13 to 78.99%, while for the higher concentra-
tion of 4 g COD/L, the ratio was 76%. The difference between
the two values could be attributed to other reactions which
may have taken place, i.e., hydrogen consumption towards
acetate from homoacetogenic bacteria (R4) or glucose degra-
dation towards acetate without hydrogen production (R5)
[26].

C6H12O6 þ 2H2O→2CH3COOHþ 2CO2 þ 4H2 ðR1Þ
C6H12O6→CH3CH2CH2COOHþ 2CO2 þ 2H2 ðR2Þ
C6H12O6 þ 2H2→2CH3CH2COOHþ 2H2O ðR3Þ

4H2 þ 2CO2→CH3COOHþ 2H2O ðR4Þ
C6H12O6→3CH3COOH ðR5Þ

From these results, it is obvious that pH adjustment is cru-
cial for obtaining maximum acidification efficiency and hy-
drogen production recovery. Given though that CW was used
as seed inoculum, without addition of extra microbial source,
a practice that has also been applied in the past, in the contin-
uous DF of CWat lab and full scale [5, 6], it is very important
for the operation of a full-scale plant suggesting that no extra
energy will be required either for the start-up of the reactor or
for the pasteurization or sterilization of the influent. Taking
into account that the effluent of this process will be used for
electricity production in a MFC operating at an adjusted pH of
7 and developing a two-stage process for the exploitation of
CW at the higher organic loading, the concentration of 4 g
COD/L and the initial pH of 7 were selected as optimum
operational conditions for the acidification process.

3.2 Electricity production through MFC

3.2.1 Acclimation phase

The MFC was initially operated in batch mode using anaero-
bic methanogenic sludge and a synthetic nutrient glucose-
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based medium, where acclimation of the mixed anaerobic
microbial culture in the novel air-cathode MFC system was
conducted. In Fig. 3, the voltage output and COD consump-
tion during the four successive cycles of acclimation phase are
presented.

As seen in Fig. 3, in the first cycle, a few hours after glu-
cose addition, the voltage reached approximately 0.2 V, which
implied that electrochemically active bacteria were contained
in the inoculum used in this study. The COD removal efficien-
cy for the first cycle of the acclimation phase was 61.5%, with
a duration time of almost 300 h. Therefore, a fresh medium
with glucose and anaerobic sludge was added after draining
the previous one and the voltage increased rapidly to 0.409 V
and then to 0.469 V. The duration of the cycle was shorter, i.e.,
150 h. In the third cycle of the acclimation phase with glucose
and inoculum addition, the voltage and the COD removal
efficiency increased to 0.550 V and 68.4%, respectively.
Finally, in the fourth cycle, the voltage and the COD removal
efficiency were approximately the same with those of the third
cycle (0.572 V and 69.0%, respectively). These observations
are in accordance with the literature, where anaerobic sludge
has been used as seed sludge for electricity generation [13].

3.2.2 Continuous operation

Following the enrichment of the MFC with electrochemically
active bacteria contained in the anaerobic sludge, the reactor
operation was shifted to continuous mode using initially
glucose-based synthetic medium, at initial concentration of
~ 0.8 g COD/L. The use of synthetic substrate was performed
for comparative reasons, with the respective CW. Thereafter,
diluted, filter-sterilized raw CWat the same concentration was
used and, when a steady state was reached, the concentration
of CW in the feed increased to ~ 1.6 g COD/L. Finally, acid-
ified diluted CW, which was the effluent of the pretreatment-
acidification experiments (DF), after filtration, was used as
substrate, at a concentration of approximately 1.6 g COD/L,
in order to assess the effect of acidification, as a pretreatment
method, developing thus a two-stage process, for hydrogen
and electricity production, in DF-MFC concept.

The cell voltage (Ucell) and the COD of the effluent, as well
as the main characteristics of the MFC at all steady states are
presented in Fig. 4 and Table 3, respectively. In Fig. 5, the
polarization curves, i.e., the fuel cell voltage vs. current den-
sity and the power density vs. current density, at all conditions
tested, are presented. As shown in Fig. 4, the MFC voltage
varied from 0.40 V, when glucose was used as electron donor,
to 0.30 V (last handling), when pretreated-acidified CW was
used. Specifically, when glucose was replaced by diluted
filter-sterilized CW at the same approximately concentration,
the voltage slightly decreased, i.e., from 0.4 to 0.38 V. This
could be attributed to the fact that glucose and diluted CW had
a different composition, since sugars represent almost 72% of

the COD of CW, with the rest 28% being other soluble com-
pounds. These voltage values of approximately 0.5–0.4 Vare
typical for single chamber MFCs, under similar working con-
ditions (R = 100 Ω) [27]. However, when the COD concentra-
tion increased, the voltage output decreased to 0.31 V and
remained almost constant (0.30 V) when pretreated-acidified
CW was fed, at approximately the same organic loading.

Comparing glucose and CWat similar conditions, it is clear
that the COD removal efficiency was quite high (over 76%) in
both cases (Table 3), which indicates that CW consisted of
biodegradable compounds, which were consumed by the mi-
crobial consortium established in the MFC and that the hydro-
lysis of lactose, which is the main component of CW, was not
the limiting rate step. Similar COD removal efficiencies have
also been reported in previous studies using filtered CWas an
electron donor, in a typical two-chamber MFC [6, 28] or using
similarMFC design, but different kinds of wastes/wastewaters
[12, 13]. Increasing the organic loading to ~ 1.6 g COD/L
(Table 3), the COD removal efficiency slightly decreased,
from 76.9 to 69.3% (filter-sterilized CW) and 63.6%
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and pretreated-acidified CWas electron donors. External load: R = 100 Ω
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(pretreated-acidified CW), respectively, which indicates that a
kinetic limitation might have occurred. These results are in
accordance with previous studies in similar MFC designs,
when diluted household food waste extract was used at esca-
lating initial concentrations, i.e., 0.64, 1.23, and 2.13 g COD/
L, respectively [13]. In that study, it was observed that for an
organic loading of 1.23 g COD/L, the COD removal efficien-
cy was 71.3%, but when the concentration increased to 2.13 g
COD/L, the COD removal efficiency was only 55.7%.

The maximum power density, Pmax, was 3.26 W/m3 for
filter-sterilized, diluted CW, at a similar organic loading with
glucose (3.53 W/m3). The CE slightly decreased from 9.2%,
in the case of glucose, to 8.2% in the case of CW. Increasing
diluted CW organic loading to ~ 1.6 g COD/L, the CE de-
creased to 4.1% and the Pmax also decreased to 1.85 W/m3.
Both values were the half of the respective CE and power
output of filter-sterilized, diluted CW, at a half initial concen-
tration. When filter-sterilized CW was replaced by acidified-
pretreated CWat the same initial concentration, the MFC per-
formance was not influenced significantly, since the CE was
4.4% and the Pmax, 1.57 W/m3. This implies that the perfor-
mance is not influenced by the specific compounds (glucose
or acids) which are fed in the MFC, in the case that they are
biodegradable. This is very important due to the natural ten-
dency of CW to get acidified, since either CWor acidified CW
could be used as electron donors in the MFC, without
influencing the process performance.

It should be noted that the Pmax produced by this MFC is
within the range of the power densities reported in previous
studies using air-cathode systems, varying from 2.83 to
50.2W/m3 [13, 29, 30]. Kim et al. [31] reported power densities
of 6.9–24.9W/m3when usingmilk-processingwastewater with
a COD content of 1375 ± 101 mg/L, collected from the primary
clarifier effluent of a wastewater treatment plant, in an MFC
operating at an HRT range of 1–6 h. It should be mentioned that
in that study, very low COD removal efficiencies were ob-
served, i.e., 13.1% at the HRT 6 h and 5.1% at the HRTof 1 h.

The low CEs accompanied by high COD removal efficien-
cies observed in this study imply that other biochemical reac-
tions, competitive to the electrogenesis, are taking place in the
reactor, reducing the MFC performance. Since no methane
was detected in the gas phase of theMFC (measurements were
performed at different time intervals), partial oxidation of the
substrate might have occurred, using the oxygen which might
have been passed through the pores of the cathode material
(GORE-TEX® cloth). The cathode material is in general a
breathable material, permitting oxygen transition from the en-
vironment to the anode [30, 32]. This biochemical reaction of
partial oxidation of the substrate is competitive to the electro-
genic reactions, leading thus to low CEs. Permeability of ox-
ygen into the reactor volume, might have also a negative effect
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Table 3 The main characteristics of the continuous operation of the MFC

Substrate Operational time (h) Initial COD (g/L) COD removal efficiency (%) CEa (%) Pmax
b (W/m3) Energy (MJ/kg COD)

Glucose 0.0–161.4 0.78 ± 0.03 78.1 9.2 3.53 0.39

Filter-sterilized CW 161.4–298.5 0.86 ± 0.04 76.9 8.2 3.26 0.33

Filter-sterilized CW 298.5–460.8 1.60 ± 0.09 69.3 4.1 1.85 0.10

Acidified CW 460.8–570.3 1.53 ± 0.09 63.6 4.4 1.57 0.09

a Coulombic Efficiency
bMaximum power density
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on the anaerobic exo-electrogenic microflora, contributing al-
so to the low CEs. Periodic sparging of the reactor with an
inert gas can be a possible solution in order to maintain anaer-
obic conditions.

Regarding the microbial species which are usually impli-
cated in bioelectrochemical systems such as MFCs, it is well
known that they transfer electrons to the anode, using bacteria
respiration, via three different transfer pathways: indirect elec-
tron transfer (IET), mediated electron transfer (MET), and
direct electron transfer (DET) [33]. The facultative anaerobic
bacterium Shewanella sp., which is among the most frequent-
ly used in MFCs, follows the DET pathway via outer mem-
brane c-type cytochromes and nanowires and the MET path-
way, via endogenously secreted flavins. In contrast with
Shewanella, Geobacter utilizes only DET pathways (via
nanowire and/or c-type cytochromes). In the case of biofilms,
bacteria may transfer electrons by the MET and DET path-
ways [33], forming communities, where microorganisms ei-
ther cooperate or compete with each other [34]. It should be
noticed that all bacteria in biofilms are not electroactive, but
may secrete molecules which facilitate electron transfer or
may degrade organic compounds into smaller molecules, eas-
ily degradable by exoelectrogenic bacteria.

Another aspect that should be taken into account for low CEs
in suchMFCs is the use of graphite granules as 3-D electrodes. It
is reported that due to their structure and shape, they
form significant dead volumes into the reactor volume, decreas-
ing the available surface of the electrodes for the contact between
microorganisms and substrate [35]. For this reason, a recircula-
tion of the reactor liquid content might probably enhance its
performance, achieving higher organic removal efficiencies and
also higher power densities. Finally, the internal resistance of the
MFC could be estimated from the polarization experiments. This
value corresponds to the external resistance where the maximum
power density occurs [36]. As also confirmed by previous studies
using the similar MFC systems [12, 13], this value was very low
(almost 20 Ω) and could be associated with the advanced design
characteristics of the MFC (geometry, cathode material, etc).

3.2.3 Perspective

From the energy yield values corresponding to Pmax at each
organic loading (Table 3), it can be seen that the lower con-
centration of COD in the feed resulted to a higher yield of
energy (0.33 MJ/kg COD), which was similar to that of glu-
cose (0.39 MJ/kg COD). The energy yield decreased to
0.10 MJ/kg COD when the COD concentration in the feed
increased to 1.6 g/L and to 0.09 MJ/kg COD for acidified
CW. Energy yield values in the range of 1.16–2.17 MJ/kg
d.CODremoved were reported by Kim et al. [31], when using
milk-processing wastewater in a air-cathodeMFC operating at
the HRTs of 1–6 h.

Based on the hydrogen which was produced during the
pretreatment-acidification experiments conducted in the pres-
ent study (13.16 L/LCW) and the T.COD concentration of CW,
the hydrogen and energy yields can be calculated: 179.5
LH2/kg COD, which corresponds to an extra energy of
2.28 MJ/kg COD. Thus, a total of 2.37 MJ/kg COD could
be recovered from the two-stage process (DF-MFC), in the
form of hydrogen and electricity, compared with only
0.33 MJ/kg COD, in the case CW is used directly as an elec-
tron donor in an MFC, in a single stage process. The fact that
the MFC performance of raw, filter-sterilized, diluted CWand
that of pretreated-acidified, at the same organic concentration,
was similar and independent of the type of substrate (raw or
pretreated) suggests that such a two-stage process is highly
efficient.

Comparing the energy recovery of both individual process-
es, it should be pointed out that the energy from the MFC was
very low, comparedwith the respective obtained in the form of
hydrogen, from the first step of the process. In this respect,
establishing a MFC after a DF process, seems not to be ben-
eficial for economical point of view, taking into account the
fixed and operational cost of the MFCs and simultaneously
the low energy recovery. Another drawback of the proposed
processes is the very low initial concentration and thus the
high dilution required for feeding the CW to the MFC. In
order to avoid the use of huge amounts of water for CW
dilution, the MFC technology could not be a stand-alone pro-
cess. In order to improve the process economy, MFC could be
used as a post-treatment step, since it could be installed after
an anaerobic digester (AD) (producing biogas) or after a two-
stage process (DF-AD), producing hydrogen and then
biomethane (during AD), producing electricity from the re-
maining COD. Establishing a MFC after e.g. a DF-AD or
AD system, might have the advantage of increased CW treat-
ment efficiency, decreasing further the COD of the AD efflu-
ent, at levels close to the legal limits. In this respect, a MFC
could be beneficial for the treatment of CW, even in the case that
leads to low energy recovery, in the form of electricity. Such a
process (AD-MFC or DF-AD-MFC) might be conducted on the
premises of a cheese-making factory, since it is simple, not en-
ergy intensive, without requiring experienced labor, or specific
equipment. However, these assumptions need further technical
and economical analysis and experimental demonstration at lab,
pilot, and full scale.

4 Conclusions

In the present study, cheese whey (CW) was used as an elec-
tron donor in an air-cathode single chamber microbial fuel cell
(MFC). The pretreatment-acidification experiments showed
that fermentative hydrogen production and acidification effi-
ciency depended on the initial pH and the initial COD
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concentration. A high hydrogen yield of 13.16 L/LCW was
obtained for 4 g COD/L and initial pH 7, corresponding to a
high acidification efficiency and sugar consumption.
Operation of the MFC under different handlings showed that
acidified CW and filter-sterilized, diluted CW exhibited simi-
lar performances, in terms of their main electrochemical and
biochemical characteristics, at the same organic loadings.
Maximum power density of 3.26 W/m3 was observed for di-
luted raw CW at an initial concentration of ~ 0.8 g COD/L,
corresponding to an energy yield of 0.33MJ/kg COD. The later
value is lower than the energy that could be recovered from a
two-stage process, where in the first stage pretreatment-
acidification with simultaneous hydrogen production is carried
out and then electricity is generated from the acidified CW, in
the second step (2.37 MJ/kg COD in total).
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