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Abstract. The effect of real dairy wastewater (DWW) additions on the
current density generated by a bioanode was evaluated in a half cell
configuration under potentiostatic control, thus simulating the anodic
chamber of a Microbial Fuel Cell. Low substrate additions increased
current density up to 1655 + 136 mA m ™2, forming a two-current peak
pattern. Then the system was tested with a casein-lactose synthetic
media. A high protein concentration reduced the current density; in-
dividual compounds led to the highest current (330.5 mA m™2 with
casein; 1276 mA m2 with lactose). Moreover, the protein reduced
the current start up time.

Key words: Microbial fuel cell, dairy wastewater, bioanode, current
density, casein, lactose.

Resumen. Se evalu6 la densidad de corriente de un bioanodo con
adiciones de agua residual lacto-alimenticia. A menor volumen de
substrato adicionado, se observd mayor producciéon de densidad de
corriente (1655 + 136 mA m™2), con un patron de dos picos de co-
rriente. El sistema evaluado con un medio sintético de caseina-lactosa
mostrdé que una alta concentracion de proteina afectd negativamente
la corriente producida; los componentes individuales generaron los
valores mas altos de corriente (330.5 mA m™2 con caseina; 1276 mA
m™2 con lactosa). Adicionalmente la proteina favorecié el inicio de
generacion de corriente.

Palabras clave: Celda de combustible microbiana, agua residual de
industria lacto-alimenticia, bioanodo, densidad de corriente, caseina,
lactosa.

Introduction

The microbial fuel cells (MFC) are devices that convert the
chemical energy in organic matter into electrical energy by
the catalytic activity of electrochemical active microorganisms.
MFCs have been used for simultaneous generation of electricity
and wastewater treatment; more recently energy vectors such
as hydrogen or chemical products are produced using bioelec-
trochemical systems [1].

The Fig. 1A schematizes basics of MFC operation. Two
compartments, anodic and cathodic are joined by a selective
membrane that allows the ion H* diffusion from the anolyte
toward the catolyte. Bacteria consume organic matter in the
anolyte forming an electrochemically active biofilm on the
anode. The electrons produced by the microbial metabolic ac-
tivities are transferred to the anode, and then circulate through
an external connection to the cathode producing an electrical
current. The electrical circuit is closed on the cathode, where
the ions H™ and the arriving electrons reduce the oxidant pres-
ent in the catolyte, generally the oxygen. Because of the variety
of wastewater that can be used as fuel or substrate, research
on food industrial wastewater plays a real and practical role
nowadays.

A review on the use of industrial wastewater has been
reported by Pant et al. [2]. Although real industrial wastewater

is a complex mixture, investigations on the effect of its com-
pounds on MFCs performance are seldom reported. Very fre-
quently carbonaceous substrates such as acetate, are preferred
to start up and operate MFCs, moreover research on the effect
of proteins on MFCs performance are less frequent, but it has
been reported the cysteine effect on current generation [3], and
the effect of protein content in meat pack industrial wastewater
on the power generation in MFCs [4].

In this respect, dairy wastewater (DWW) has been evaluat-
ed for energy generation in various systems (Table 1). The dif-
ferent MFC design, inoculum, and DWW characteristics result
in a current density range from 0.037 to 2250 mA m2. Based
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Figure 1. A) Microbial fuel cell components and its basic operation.
B) Schematic view ofthe experimental three-electrode set-up. WE work-
ing electrode, RE reference electrode, and CE counter-electrode.
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on these broad differences, it was remarked that the necessity
of more investigation on the effect of DWW compounds on the
current generation in MFC systems.

In the present work, the effect of real DWW additions on
the current density generated by a bioanode was evaluated in
a half cell configuration under potentiostatic control, thus the
anodic chamber of a MFC. In the second stage, the effect of
individual DWW compounds on current generation was evalu-
ated using a synthetic media composed by casein and lactose
mixtures. Finally, it was identified that the casein-lactose mix-
ture held the highest current density.

Experimental
Inoculum source and experimental setup

The inoculum source was obtained from compost leachate. It
was prepared by mixing 1 L yard compost with a 10 mM NaCl
solution to reach a 3 L final volume. The mixture was agitated
for 12 h and then filtered through a felt cloth. The filtrate was
used as an inoculum, which had the following characteristics:
1.7 g L™! protein concentration, pH 7.56, and 2.56 mS cm™!
conductivity.

Bioanode formation was achieved under potentiostatic
control [5, 6]. A graphite felt electrode (2 cm x 2 cm, Carbone
Lorraine) was placed in a three-electrode electrochemical cell
containing 150 mL compost leachate, then a potential equal
to +0.1 V/SCE was imposed during 1-2 d with a potenciostat/
galvanostat BioLogic SAS (software EC-Lab ver.10.14). The
applied potential was selected after results showed the anode
potential evolution in a two-chamber MFC fed with DWW [5].
The electrochemical cells were maintained in a water bath at
40 °C (Julabo). A Standard calomel electrode (SCE) was used
as reference and a platinum mesh (2 cm x 2 cm) as a counter-
electrode (Fig. 1B).
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Real dairy wastewater experiments

The carbon felt electrodes were pretreated by dairy waste im-
pregnation in order to promote biofilm development on the
nutritious layer [7]. The electrodes were immersed in a con-
tainer with DWW, and sonicated for 10 min to enhance fibers
and waste contact. The pretreated electrodes were placed in the
electrochemical cells containing compost lixiviates and the bio-
film was developed for 1 day at a +0.1V/SCE fixed potential.
Once the bioanode was formed, 100, 300, 900 and 2500 pL of
DWW were added in the cells. DWW had the following char-
acteristics: pH 3.6-4.8, 4-6 mS cm™! conductivity, and 136.5 =
37.9 g L'! chemical oxygen demand (COD). Current genera-
tion was determined in duplicate cells for each condition by
14 d.

Casein-Lactose synthetic media experiments

Biofilm was developed for 2 d on carbon felt electrodes im-
mersed in compost lixiviate at +0.1V/SCE fixed potential. Once
the bioanodes were formed, they were transferred to electro-
chemical cells containing the casein-lactose mixtures.

The casein-lactose mixtures were prepared in a humic acid-
solution (1.5 g L") to simulate compost lixiviate [17]. Casein
was dosed at 0, 1.5, and 15 g L™! concentrations, and lactose
was at 0, 0.5, 5 g L™! concentrations, then the 9 casein-lactose
mixtures were prepared. The middle concentrations (1.5 g L™!
casein; 0.5 g L™! lactose) were selected according to the real
concentrations in DWW.

Chemical and electrochemical analysis

The pH and conductivity of solutions were measured with a
potentiometer (CG 882 Schott Gerate GmbH) and a conductim-
eter (Metrohm 660). Wastewater parameters COD and total or-
ganic carbon (TOC) were determined with the Hach Company

Table 1. Comparison of MFCs fed with dairy compounds or DWW. Performance reported from polarization curves.

Electrochemical cell Inoculum Source Dairy compound or DWW Maximum current (mA m 2) Reference
configuration characteristics (mg COD L™!; pH)

Two chamber E. coli Lactose 0.82

Single chamber Sludge Casein 0.112

Two chamber DWW 1487 ; 5 1632-2040 b 10
Continuous single Anaerobic mixed 3700 ¢; 7.1 95 11
chamber consortia

Single chamber Anacrobic digestor sludge 700 ; 8.7 125 12
Single chamber E. coli 1200 ; 7.7 2250 13
Single chamber Bioaugmented consortium 1562 ;5.3 0.037 14

with Sh. oneidensis

Tubular Activated sludge 1000 ; 10 500 © 15
Two chamber Aerobic isolated bacteria 1600 ; 7 320 16

2 Data reported in mA. No additional information available for current density estimation.

b Calculated form reported data in the experimental section.
¢ Organic loading rate 2.67 kg COD m™3
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kit 8000 and 10128 methods respectively. Briefly, for the COD
reflux method, 2 mL sample were incubated during 2 h at 550
°C in a reaction tube containing an oxidant solution (K,CrO; in
H,SO,). Then the chromic ion was quantified at 600 nm against
a reaction blank in a spectrophotometer (HACH France SAS).
TOC determination was based on the organic carbon oxidation
by persulfate in acid medium, and the color change of the pH
indicator measured at 598 and 430 nm. The lactose was quanti-
fied by an enzymatic method following the supplier indications
(Boehringer Mannheim/R-Biopharm UV method). Briefly, the
lactose was hydrolyzed to galactose and glucose, then the ga-
lactose was oxidized by NAD+, and the NADH formed was
quantified at 340 nm. The casein was monitored by the Lowry
colorimetric method for protein quantification [18].

Current generation was followed by chronoamperometry at
fixed potential +0.1 V/SCE along 13-15 d tests. Experimental
charge was calculated from chronoamperograms by integration
of the current along the experimental period.

Results and Discussion
Current generation with real dairy wastewater

The current density during biofilm development (0-1 d) was
stabilized in the range from 200 to 500 mA m2. Thereafter,
100, 300, 900 or 2500 pL of DWW were added. The current
density profiles were similar for all the DWW aliquots supple-
mented. The profiles showed a maximum and then decreased
slowly without reaching the base line. Without another sub-
strate addition, the current density increased again to reach a
maximum that was higher than the first peak observed. Fig.
2A shows the chronoamperograms for 100 uL DWW addition
as example.

It was observed that the current generation decreased by
increasing DWW volume additions. The lowest volume added
(100 uL DWW) resulted in an instantaneous current increase,
while the highest volume added (2500 pL) generated current
densities even lower than the current observed during the bio-
film formation (Fig. 2B).

As it was mentioned before, two current peaks were ob-
served with only an initial substrate addition. It was noted that
the peaks appeared earlier when low volume aliquots were add-
ed. The first peaks were formed between 1.8 and 4.7 d, while
the second peaks appeared between 6.5 and 11.9 d. The current
density reached for the first peaks was in the range from 1009
to 1289 mA m 2, and no relation between current and DWW
volume added was detected. Conversely, the maximum current
density of the second peaks decreased lightly with the volume
added; in this case 1433 to 1796 mA m 2 was attained.

As shown in the Table 1, different MFC designs and in-
oculum sources have been used to test DWW as substrate.
The performance of these systems varies from hundreds to
thousands of mili-amperes normalized to the anode surface.
The current reached in the present work was among the high-
est performance reported and similar to 1632-2040 mA m™2
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Figure 2. Current density from bioelectrode at E = +0.1 V/SCE with
DWW additions. A) Example of chronoamperogram for 100 pL subs-
trate addition showing two current peaks. B) First two days section of
chronoamperograms showing the effect of increasing substrate addi-
tions on current generation. Arrows indicate substrate additions.

obtained for a two-chamber MFC [10].

The reduction of current density with high DWW volume
added was observed in this work, which agrees with the reduc-
tion in the MFC performance with high COD substrate fed in a
two-chamber MFC reported by Elakkiya et al. [16]. However,
the contrary effect has been also reported. A MFC fed with
molasses mixed sewage wastewater showed the highest power
density with the full strength wastewater (9968 mg COD L),
followed by the half-diluted wastewater, and finally by the
centrifuged sample [19].

The differences between the effects of strength wastewater
on the MFC performance are very likely due to differences in
wastewater composition. DWW contains proteins and lipids
that in increasing concentrations could build-up the surface of
the bioanode, thus hindering the mass transfer of soluble sub-
strates toward the biofilm. Otherwise, the reduction of current
density could be explained by the divergent electron fluxes
from the microbial metabolism towards other compounds pres-
ent in the complex medium, provoking a reduction of electron
transfer to the anode [20].

Because the use of DWW to fuel MFCs seems to require
a dilution step, the strategy followed by Sevda et al. [19] con-
sisting in mixing high strength with low strength wastewaters
could be applied to this particular system.

Comparisons considering the experimental charge pro-
duced as function of DWW volume added were also achieved.
The current refers to the electron transfer rate, and the ex-
perimental charge indicates the total electrons transferred in a
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period, thus the maximum current could be high and the charge
low or vice versa. In this work, the experimental charge had
the same comportment than the current density with the DWW
additions; both the experimental charge and the current density
were lower for the first current peaks than for the second current
peaks (Fig. 3A, B).

The two current peaks observed could be due to an evolu-
tion of DWW organic compounds. In an anaerobic environ-
ment, the organic matter evolves to volatile fatty acids (VFAs)
and alcohols. These VFAs have been reported as substrate in
MEFCs, being the short chain acids easier to consume to produce
electricity than the long-chain acids. That kind of stepwise
oxidation was suggested by results of cyclic voltammetry in a
MFC fed with fermentation effluents [21].

Moreover, long-chain organic acids are transformed to ac-
etate by the microorganisms, and the acetate ultimately led to
current generation. VFAs mixtures have shown to produce two
current peaks; however the current reached in the second peak
was much lower than the first current peak since only a small
amount of acetate was newly formed [22].

A second possible reason for the two current peaks devel-
oped is a diauxic behavior of the substrates consumption, i.e.,
substrate is consumed in two or more phases caused by the
presence of two or more substrates, one of them being easier
to metabolize. Once the concentration of the first substrate
descends, the microorganisms begin to consume the second
one. Because the second current peak in this work was much
higher than the first, and the main compounds in DWW are lac-
tose and casein, it was investigated the possibility of a diauxic
consumption of lactose and casein the former being easier to
metabolize than the later.

Effect of casein and lactose on the current generation

In this stage, electrodes with biofilm previously formed were
immersed in casein-lactose mixtures. It was observed that the
casein concentration had a high influence on the current gen-
eration. Both, in the absence of casein (0 g L™!) and in its
maximum concentration (15 g L™!), the current generation was
lower than 40 mA m™2, but the middle casein concentration (1.5
g L) resulted in 140 mA m™2 in four days (Fig. 4).

The current density without casein or lactose, i.e., the cur-
rent due to the humic substances, decreased from 10 to 2 mA
m 2 in 4 d. Therefore it was assumed that humic substances did
not participate in the current measurements.
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Figure 3. Performance of bioelectrodes fed with dairy substrates at E
= +0.1 V/SCE. A) Maximum current density for each current peak.
B) Experimental charge for each peak and the total charge.
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Both protein and sugar allowed current production. Us-
ing the maximum lactose concentration (5 g L"), the startup
of current generation had a delay of 4 d when casein was not
added, and 1 d delay with a middle casein concentration (1.5
g L1). These observations suggest that the protein compound
triggered the current generation (Fig. 5A). Furthermore, with
the maximum casein concentration (15 g L™!) the current den-
sity was lower than 40 mA m™2, suggesting that an inhibition
by high substrate concentration took place (Fig. 5B).

On the other hand, even in absence of lactose a current was
generated, which indicates that the protein compound was used
as a substrate for the current generation. One possible reason
for this performance could be the acetate formation during the
amino-acids metabolism, particularly the shorter alanine and
glycine [23]. Being the acetate, the model substrate for MFCs,
possibly the newly formed acetate led to the observed current
after protein was metabolized.
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Figure 4. Current density from bioelectrodes at E = +0.1 V/SCE fed
with lactose-casein mixtures. A) 1.5 gL ™! casein. B) 0 g L™! casein.
C) 15 g L' casein. (Note the scale in the Y axis).
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Figure 5. Current density from bioelectrodes fed with lactose-casein
mixtures at E = +0.1 V/SCE. A) Maximum lactose concentration, 5
g L. B) Maximum casein concentration, 15 g L™!. (Note the scale
on the Y axis).

However, the maximum casein concentration (15 g L")
inhibited the current generation, while the middle casein con-
centration produced current up to 320 mA m™? (Fig. 6A).

In a similar comportment, without casein, a current gen-
eration was obtained, nevertheless in all cases a delay in the
current startup was observed. The maximum lactose concen-
tration (5 g L") provoked a decrease in the current density in
comparison with the current reached using the middle lactose
concentration, which was up to 1400 mA m™2 (Fig. 6B).

The maximum current densities obtained with each casein-
lactose mixtures are shown in Table 2.

Overall, the current density reached with the bioanode
immersed in the synthetic media, was lower than the current
using the real DWW (1009 - 1796 mA m™2; Fig. 3A). These
observations could be explained by the absence of suspended
microorganisms during the experiments with a synthetic medi-
um. Suspended and fixed microorganisms maintain ecological
interactions to survive, to achieve metabolic activities, and to
obtain the highest energy gain [23, 24]. In addition, the biofilm
ecology includes the detachment and attachment of bacteria to
and from the medium; particularly for electrochemically active
biofilms, the electron transfer to the anode may be affected by
electron shuttles produced by planktonic bacteria [25]. Conse-
quently the lack of suspended microorganism had an impact
on the electron transfer, which was reflected as a lower current
density. Additionally, the synthetic media lacked of other kind
of nutrients (organic acids, lactalbumin, Ca, etc.), and trace
elements that certainly were present in the real DWW sample
contributing to the biofilm performance observed.

Even though the current density was lower with synthetic
media, this test revealed that the majority individual compounds
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(casein or lactose) in DWW favor the current generation in
comparison to the mixtures. In this way, the highest current
density were obtained with 1.5 g L™! casein and 0 g L™ lactose,
reaching 331 mA m2 (or 0.132 mA), and with 0 g L™! casein
and 0.5 g L™! lactose, attaining 1276 mA m™2 (or 0.51 mA).

Interestingly, previous reports on individual lactose and
casein substrates have shown a similar trend (Table 1). A two-
chamber MFC fed with lactose produced 0.8 mA [8], and a
single-chamber MFC fed with casein reached 0.11 mA [9].
These performances are quite similar to that obtained in this
work; unfortunately no additional data on substrate concentra-
tions were reported.

Overall, these results support the initial assumption of a di-
auxic substrate consumption using DWW, even the real DWW
composition is more complex, the observations suggest that the
current startup is promoted by the protein compound.

Analyzing the effect of casein on current generation, it
was noticeable that without the limitation of substrate (15 g
L !casein), the current increased with the lactose concentra-
tion. However the maximum protein concentration resulted in
the lowest current densities of all the casein-lactose mixtures.
For all lactose concentrations, the current decreased with the
increase of the casein concentration (Table 1).

The overall nutrient consumption was determined by the
total organic carbon final concentration (TOC). Final TOC was
in the range from 30 to 71 mg TOC L™! for all mixtures, ex-
cept for the maximum casein concentration (15 g L™"), where
final concentration was from 416 to 447 mg TOC L™!. This
information suggests that the maximum protein concentration
was inhibitory to microbial activity, thus the substrate was not
consumed and the electrons were not transferred.

Using synthetic media allowed evaluate in controlled
conditions the current generation associated to the majority
compounds in DWW. Nevertheless, no mixture generated the
two-peak profile observed by using real DWW (Fig. 2, 3).
Clearly, the effect of the diverse compounds in real industrial
wastewaters on current generation in MFCs requires more sys-
tematic investigation in order to understand and optimize these
bioelectrochemical systems.

Conclusions
In the present work it was evaluated the current generation by

a bioanode formed from compost lixiviate as a function of real
DWW additions. It was found that the highest current density

Table 2. Maximum current density generation (mA m™?2) from bioano-
des fed with casein-lactose mixtures at E = +0.1 V/SCE.

Figure 6. Current density from bioelectrodes at E = +0.1V/SCE fed
with lactose-casein mixtures. A) Minimum casein concentration, 0 g
L!. B) Minimum lactose concentration, 0 g L™!. (Note the scale on
the X axis).

Lactose, g L™
Casein, g L™! 0 0.5 5.0
0 7 1276 166
1.5 331 137 154
15 4 26 44
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is obtained with low substrate concentrations, moreover current
profiles showed two peaks, being in the range from 1009 to 1289
mA m 2 for the first group of peaks, and from 1433 to 1796 mA
m 2 for the second group of peaks. In order to investigate the
possibility of diauxic behavior substrate consumption, it was in-
vestigated the effect of casein and lactose on current generation
using a synthetic medium. It was revealed that high protein con-
centration was inhibitory to current generation; the individual
protein and sugar compounds led to the highest current density,
330.5 mA m 2 with 1.5 g L"! casein, and 1276 mA m 2 with
0.5 g L™! lactose. In addition, the protein promoted the current
startup. These findings confirm that DWW is an alternative fuel
to MFC, even though its complex composition. The differenti-
ated current production as a function of dairy proteins and sug-
ars could be useful to accelerate the startup of MFCs by select-
ing different dairy effluents according to their composition.
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