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Abstract: The present work investigates a two-stage process scheme for cheese whey valorization
through energy recovery in different forms by means of bio-electrochemical systems. The first
stage consisted of an integrated bio-electrochemical process for Hy and electricity production. This
combined dark fermentation with an electrochemical system with the aim of overcoming the typical
thermodynamic/biochemical limitations of fermentation and enhancing H, recovery. The second
treatment stage involved a single-chamber microbial fuel cell, featuring an innovative configuration
consisting of four air cathodes with fly ash as the oxygen reduction catalyst. The bio-electrochemical
process performed in the first stage achieved promising results, displaying a three-times higher Hj
production yield compared to conventional dark fermentation. In addition, the experiments using
the MFC in the second stage were found to successfully exploit the effluent from the first stage, with
COD removal yields of 86% =+ 8% and energy recovery with a maximum current output of 1.6 mA
and a maximum power density of 1.2 W/m3.
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1. Introduction

Every year, huge amounts of urban and agro-industrial organic waste are produced
worldwide and their potential to be a promising feedstock for biorefineries for the produc-
tion of biofuels and biomaterials has gained ever-increasing attention [1-5]. Compared to
the conventional approach for management of organic waste based on biological stabiliza-
tion with the production of compost and/or digestate plus biogas, waste biorefineries are
aimed at obtaining value-added bio-products that can replace their fossil counterparts. At
the same time, the use of waste as a feedstock for biorefineries has the potential to replace
the use of crop biomasses, addressing the well-known energy-vs.-food dilemma [6-8].
Stemming from this, increasing attention has been paid to the investigation of stand-alone
or combined bio-processes aimed at producing high added-value biofuels and /or chemi-
cals from organic waste. Among these processes, dark fermentation (DF) with biochemical
H; generation is widely regarded as a promising option for organic residue valorization,
on account of the well-recognized sustainable profile of H, as an energy carrier [9-13].
Many efforts have been made to increasing the process yield, while attaining stable Hy
production [14-18]. A typical feature of DF is, however, that a considerable fraction of
the initial organic matter remains in the fermentate in the form of metabolic products,
mainly volatile fatty acids (VFAs) and alcohols. Such metabolites thus require further
treatment that may be designed for (1) the selective recovery of acids/alcohols or (2) energy
recovery [19-22]. With a view to identify potentially sustainable energy recovery options
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from the residual fermentate, one interesting alternative is direct electricity recovery from
VFAs by electroactive bacteria through the microbial fuel cell (MFC) technology.

MECs are bio-electrochemical systems for wastewater treatment and simultaneous
power generation. This is achieved by the utilization of electrochemically active bacteria in
the MFC anode, which oxidize the organic compounds contained in the wastewater [23].
This technology has the unique feature of producing electricity, while treating wastewater
at the same time. Compared to anaerobic digestion for biomethane production, this option
provides the benefit of avoiding a third stage where an internal combustion engine would
generate electricity from biomethane. Since the first evidence, a century ago, of electrically
interacting microorganisms with solids [24], a number of processes have been explored to
exploit the electrical potential generated by microorganisms using liquid and solid effluents
as substrates and different system configurations [25,26].

In order for the MFC technology to be practically implemented, cost-effective systems
to treat various types of wastewaters are being assessed. To this end, ceramic cathode
assemblies using sustainable catalysts have been examined as a cost-efficient alternative to
the use of membrane separators and expensive catalysts such as platinum [27,28]. Ceramic
electrodes in MFCs have been reported to provide stable conditions for microorganisms in
terms of pH (low pH gradient between anode and cathode) and resistance to biofouling.
Moreover, the catalyst of cathode reduction may be deposited on the ceramic material
with simple techniques, converting the ceramic separator to a promising cathode electrode,
which may even offer structural support to the MFC configuration [29]. Cost—efficient
catalysts for oxygen reduction in MFCs have also been studied. One example is activated
carbon. which has been reported to perform as well as the more expensive Pt/C cata-
lyst [30]. Additionally, biochar, a product of biomass pyrolysis, has been studied as a
cost—efficient catalyst for oxygen reduction. Comparable power density outputs were
observed when using a Pt cathode and an activated biochar cathode, implying a great
potential of substituting Pt cathodes with biochar materials [31].

MFCs have been successfully used for the treatment of a wide spectrum of wastewaters,
producing different amounts of power depending on the configuration and the type of
wastewater [32]. In particular, the treatment of DF effluent has been assessed in a variety
of MFC configurations, as reported by Bundhoo 2017 and Kodk et al., 2021 [19,20]. The
VFA content of the DF effluent has been reported to be rapidly (~24 h) and effectively
decomposed through MFCs [19,33]. A combination of DF with an MFC has been reported
to increase the COD removal efficiency when compared to the single DF process [34]. The
use of single-chamber MFCs to treat DF effluents can significantly reduce the cost of the
two-stage system, since the incorporation of expensive membrane separators is avoided.

In this framework, this work proposes a two-stage process, combining an integrated
bio-electrochemical H/electricity production system with a single-chamber MFC aimed at
maximizing the energy exploitation of industrial organic effluents. In particular, cheese
whey (CW), a carbohydrate-rich by-product of the dairy industry, was used as the organic
feedstock for the two-stage process. The significant organic content of CW, which varies in
the range of 55-117 g COD/L [35], makes it an optimal substrate for biochemical processes
aimed at energy recovery. A number of studies have demonstrated the suitability of CW for
fermentative Hy production [36—41], also thanks to the fact that CW contains an indigenous
hydrogen-producing biomass [42] and, therefore, requires no external inoculum addition.

The novelty of this work lies in the proposed configurations for both stages of the
process: in the first stage, the DF is coupled with an electrochemical method to enhance Hj
production, while the second stage involves a single chamber four-air-cathode MFC, with
fly ash as the oxygen reduction catalyst.

2. Materials and Methods

The applied process for CW treatment was based on the integration of different
biological and electrochemical systems to maximize energy recovery in the form of H, and
electricity. The process layout was arranged in two in-series process stages (Figure 1), one
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Cheese whey

aimed at the bio-electrochemical conversion of CW into Hy, organic acids, and electricity
(integrated bio-electrochemical H, production system, IBH,S), and the second one adopting
an MFC to degrade the fermentate constituents and generate electricity. In particular,
Stage 1 consisted of a DF biological compartment coupled with a galvanic cell to enhance
the bio-electrochemical generation of Hy from CW, while generating at the same time
electricity from the displaced electrons. Stage 2 made use of an aerobically operated
MEFC that produces electricity as a result of bio-electrochemically-mediated oxidation of
the organic components of the effluent from Stage 1. A more detailed description of the
characteristics of the two systems and the associated operating conditions is provided in
the following sections.

Stage 1 Stage 2

Integrated bio-

electrochemical H, N Fermentate: Microbial fuel cell
production system \ VFAs and ethanol (MFC) y

(IBH,S)

Figure 1. Two-stage process scheme for cheese whey valorization.

2.1. Stage 1: Bio-Electrochemical Hy Production

The IBH,S consisted of a DF reactor integrated with an electrochemical compartment
for proton conversion into Hy, with the aim of enhancing the H; yield compared to the
stand-alone biochemical process (see Figure 2). The operating principle of the IBH,S is
based on the electrochemical reduction of the free protons derived from the dissociation
of the VFAs that are generated during the DF process (cathodic reaction in Figure 2). This
electrochemical conversion gives a three-fold benefit, increasing the overall H; yield of the
process; subtracting protons from the system, thus reducing the drop in pH; and generating
electricity from the electron flow from the anode to the cathode.

— Eectonfiou
> ectricit
Electron flow _
—

Gas Flow

> Anion flow
@ DF reactor containing catholyte
@ Anolyte made of ZnSO, solution

@ Anion exchange membrane

Anode: Zinc plate
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< Volatile fatty acids and ethanol

Biochemical and electrochemical
H, production

VFAs from dark fermentation: Cathodic reaction Anodic reaction

R-COOH e H* 2H*+2e < H, || Zn® <> Zn?* + 2e-
I

» For use in stage 2

Figure 2. Experimental setup of the IBH,S (stage 1).
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The electron flow required by the cathodic reaction (2H* + 2e™ — Hy) is generated by
the oxidation of metallic Zn in the anodic compartment (Zn? — Zn?* + 2e~), where a Zn
plate is immersed in a 0.5 M ZnSOy solution. The generated electrons are conveyed through
an external circuit into the cathodic chamber where a titanium grid acts as an inert electrode.
The ion flow that is required to maintain the electroneutrality of the system occurs through
an anion exchange membrane (AEM, surface 67.5 cm?) connecting the cathodic and anodic
compartments. Further details on the IBH;S theory and its preliminary assessment are
reported in a previous study [43].

The external resistance in the electrical circuit was set at 1.3 (), which is considered
to be low enough in order to maximize the electrical current flow, achievable with this
configuration. The two compartments had an individual working volume of 0.5 L and
were completely mixed and maintained under mesophilic conditions (T = 38 = 1 °C).
The cathodic chamber was fed with CW as the substrate (see Table 1), and the initial pH
was adjusted to 7.5 using 2 M NaOH, while no further pH control was performed during
the tests.

Table 1. Characterization of the CW used as the substrate in Stage 1.

Parameter Unit of Measure Value !
Total solids (TS) g/L 741+3
Volatile solids (VS) g/L 639 +3
Carbohydrates 2 g/L 385+ 3.8
Total organic carbon (TOC) g C/kg 39.3+37
pH - 3.6+0.1
Acetic acid mg HAc/L 364 £71
Ethanol mg EtOH/L 3360 + 82

! Average value + standard deviation; 2 Carbohydrates are expressed as g-glucose /L.

2.2. Stage 2: Microbial Fuel Cell

A four-air cathode single-chamber MFC (see Figure 3) was used for the energy ex-
ploitation of the effluent from the cathodic chamber of the IBH;S. The reactor consisted of
a single Plexiglas chamber (11.8 cm X 9.6 cm x 9.6 cm; 1.6 cm wall thickness) equipped
with four mullite (Bonis S.A., Athens, Greece) cathode tubes (2-cm ®, 15-cm L), simi-
lar to Tremouli et al., 2021 [44]. The inner side of the tube was coated with the catalytic
paste containing the oxygen reduction catalyst consisting of coal fly ash supplied by
the Megalopoli Power Plant (Arcadia, Greece). The catalytic paste used was similar to
Kamperidis et al., 2022 [45], consisting of 5 g fly ash, 10 mL HSF graphite paint, 10 mL
xylene, and 10 mL ethanol.

The anode compartment was made of 250 g of graphite granules (type 00514, Le
Carbone, Belgium), with diameters ranging between 1.5 and 5 mm, employed as biofilm
support and conducting material, while a graphite rod (13-cm length and 7-mm diameter)
was embedded into the packed bed of granules for the external connection as well as the
electron transfer. The MFC had an effective anolyte volume of 0.15 L. Prior to use, the
granules were washed in 32% HCl for 24 h and the process was repeated four times with
the aim of removing the metals from the external surface and the inner pores [46].

An external resistance set at 100 () was connected to the MFC at all times, except when
the open circuit voltage (OCV) measurements and the electrochemical experiments were
conducted. The MFC was operated in a thermostatic room set at 30 °C.
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Figure 3. Single-chamber MFC layout using the fermentate from Stage 1.

2.3. Substrate and Inoculum

In the first stage, CW provided by an Italian dairy industry producing mozzarella
cheese, was used as the substrate for the IBH,S. No inoculum was added to the system,
relying on the indigenous biomass in CW for the DF reactions.

In the second stage, a single-chamber four-air-cathode MFC was used for the treat-
ment of the first stage effluent. The MFC was acclimated using glucose medium (glu-
cose corresponding to 1.5 g COD/L; 5 g/L NaHCOs, 0.16 g/L KCl, 4.8 g/L NaH,POy,
3.44 g/L NapHPOy, and trace elements, detailed elsewhere [47]). Anaerobic sludge was
used as the inoculum (10% v/v), obtained from the Lykovrisi Wastewater Treatment Plant,
Athens, Greece.

After the acclimation period, synthetic DF waste (SDF, 150 mL) was used as the
feedstock (four cycles). Similar concentrations to the real IBH;S effluent (see Table 2) were
employed: 1.2 g/L acetic acid, 3.5 g/L butyric acid, and 2.5 g/L ethanol in diluted form
with deionized water.

Table 2. Characterization of the IBH,S effluent used as the substrate for Stage 2.

Parameter Unit of Measure Value !
Total solids (TS) g/L 59.44 £+ 0.28
Volatile solids (VS) g/L 41.08 £+ 0.60
Carbohydrates 2 g/L 18.0 £ 0.1
Total organic carbon (TOC) g C/kg 26.7+£0.1
Soluble COD mgO, /L 67,267 + 329
Total COD mgO,/L 80,106 £+ 572
pH - 35+0.1
Conductivity mS/cm 15.36
Acetic acid mg HAc/L 1188 £ 333
Butyric acid mg HBu/L 3493 + 293
Ethanol mg EtOH/L 2428 4+ 192

! Average value + standard deviation; 2 Carbohydrates are expressed as g-glucose /L.
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After the MFC operation with SDF, the feedstock was switched to real dark fermenta-
tion (RDF) wastewater. Prior to use, the IBH;S effluent was filtered using a 5 um bag filter.
A total of three different cases were studied of RDF mixed with DI water, 10% v/v IBH,S
effluent, 50% v/v IBH;S effluent, and 10% IBH,S effluent with increased conductivity by
KCl addition. In all cases, the pH of the RDF solution was adjusted to 6.5 by 2 M NaOH
addition. Each condition was tested in duplicate, in order to confirm the reproducibility of
the results.

The characteristics of the two feedstocks (SDF and RDF) are presented in Table 3.

Table 3. Characteristics of the synthetic and the real dark fermentation wastewaters (SDF, RDF) used
as MFC feedstock.

Conductivity ! Concentration 1
1 y

Test pH (mS/cm) (g COD/L)
SDF 6.2+0.1 1.6+0.2 48 +0.2
10% RDF 6.4 39+0.1 6.2 +0.1
50% RDF 6.5+04 14+ 04 322 4+0.1
10% RDF + KCl1 74+08 14 +£ 0.6 6.4+04

! Average value + standard deviation.

2.4. Analytical Methods

The biogas production during the first stage was recorded through a volumetric gas
counter (Bioprocess Control) with a 2 mL accuracy. The biogas was collected in gasbags
and the composition was periodically analyzed with a gas chromatograph (Model 3600 CX,
Varian, Walnut Creek, CA, USA). The measured volume was corrected for pressure and
temperature and reported at standard conditions (T = 273.15 K, P = 10° Pa).

Acetate, butyrate, and ethanol concentrations were determined in the CW and in
the fermentate after 0.2 um filtration and acidification with HCI (pH = 2) using a gas
chromatograph equipped with a flame ionization detector (FID).

The analysis of chemical oxygen demand (COD) as well as total and volatile solids
(TS, VS) were conducted according to the Standard Methods for the Examination of Water
and Wastewater [48].

Carbohydrates were determined according to the colorimetric phenol-sulfuric acid
method using glucose as the standard [49] and expressed in terms of g-glucose/L.

Total organic carbon (TOC) was measured with a Shimadzu TOC analyzer (Shimadzu,
Kyoto, Japan; TOC-VCHS and SSM-5000 module).

Conductivity and pH were measured through WTW INOLAB PH720 probes (Ther-
moFischer Scientific, Waltham, MA, USA).

The MFC voltage was recorded in regular intervals (2 min) by a Keysight LXI Data
Acquisition system (Santa Rosa, CA, USA). Electrochemical experiments (Linear Sweep
Voltammetry—LSV and Electrochemical Impedance Spectroscopy—EIS) were conducted with
a Potentiostat—Galvanostat (PGSTAT128N—AUTOLAB, Metrohm AG, Herisau, Switzerland).
The electrochemical experiments were carried out at the start of the operation cycle, after the
MEC was allowed to reach an OCV. LSV was done from OCV to 0 V with a negative step
(5 mV/s) to measure the power output of the MFC.

2.5. Evaluation Parameters and Calculation

The Hj production yield (HyPY) from Stage 1 was evaluated as the cumulative Hj
volume produced per unit of initial TOC of the substrate (L H,/kg TOC). The amount
of electric charge (C) mobilized during the IBH,S process was derived as the integral of
the measured electric current. The associated theoretical amount of electrochemical Hy
produced was also calculated on the basis of the electrons displaced.
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The organic matter utilization in Stage 2 was evaluated for each batch cycle in terms
of soluble COD removal efficiency (CODye):

o ACOD
COPre (%) = OD initial
where ACOD is the COD variation over a cycle.

The conversion of COD into electricity was assessed through the coulombic efficiency
(ece), defined as the ratio between the total charge transferred from the substrate to the
anode (experimental C, C,y) and the theoretical charge calculated as if the all the substrate
that was removed produced current (theoretical C, Cye,) [50]:

Cox M- [;1dt

te (%) = &~ = Fpv.ACOD

where C,y is derived from the integration of the electric current intensity produced by the
cell over a single cycle, M is the molar weight of O, F is the Faraday’s constant, b is the
number of electrons exchanged per mole of Oy, and v is the anolyte volume.

The power output (P) was calculated as P =1 - V and expressed in mW/m? considering
the volume of the anodic solution of the single chamber MFC. The internal resistance of the
MEFC was calculated using Jacobi’s law (maximum power transfer theorem).

3. Results and Discussion
3.1. Bio-Hydrogen Production from Stage 1

The IBH;S achieved a HpPY in the range 75.5-78.8 L Hy /kg TOC, showing a three-fold
improvement compared to the stand-alone biochemical process performed under identical
DF conditions, which reached a H,PY of 22.4 L H, /kg TOC. Table 4 summarises the main
results of that study [43].

Table 4. Main results for the IBH,S (stage 1).

Parameter Unit of Measure Value
Test duration h 213
mol e” 0.073
Electricity produced by the IBH,S C 7086
kJ/kgTOC 6.63
Measured H, production in the IBH,S L 1.380
Theoretical electrochemical H, production in
the IBH,S L 0.823
Measured Hj, production yield in the IBH,S L Hy/kg TOC 68.7
Total Hy production yield in the IBH,S g
(including the estimated leakage) ! L Ha/kg TOC 75.5-78.8
Theoretical electrochemical Hp production
yield in the IBH,S L Hp/kg TOC 410
Measured H, production yield in the L H,/kg TOC 04

stand-alone biochemical process

! Gas leakage through the AEM estimated to lie in the range 0.64-0.95 mL/h through dedicated H, leakage
measurement tests.

The electron flow generated by the IBH,S during one batch test cycle was measured
to be 7086 C (corresponding to a specific energy production of 6.63 kJ/kg TOC), which
is equivalent to a theoretical electrochemical H,PY of 40 L H, /kg TOC. This implies that
the expected HyPY would be around 62 L H, /kg TOC, while the measured H,PY in the
IBH,S was about 20% higher. It was then argued that the benefits of the biochemical
and electrochemical processes were not simply additive, but rather the biochemical Hj
production was enhanced by the electrochemical process.
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The pH buffering effect that was expected from the electrochemical conversion of
excess protons to Hy mainly occurred during the first 13 h of the tests. The electrical current
showed an inverse trend compared to the pH evolution, decreasing when the pH increased
(see Figure 4). On the other hand, at the later stages of the DF process, the electrochemical
proton consumption was found to be unable to counteract the acidification effect caused by
the progressive VFA accumulation in the cathodic chamber, so that the pH was observed to
drop to final values below 4.

50

45 - 7

40 -
<35 1 B
S F 3
= 30 A -
5 25 4 L 4T
= |
s

10 - 2

5 - -1

0 v LB AL T LB ALLL} L] LA AL ) v LB AR} v L 0

0.01 0.10 1.00 10.00 100.00
Time (h)
——I1 ——pH catholyte

Figure 4. pH and electricity trends in Stage 1.

The measured electrical current was found to decrease gradually towards the end of
the test despite the availability of protons in the cathodic chamber, indicating that the Hp
production potential of the IBH,S was not fully exploited using the current experimental
configuration and, therefore, required further optimization of the process conditions. It is
tempting to hypothesize that a passivation effect occurred on the metallic Zn plate in the
anodic compartment, probably caused by the progressive accumulation of a layer of zinc
oxide/hydroxide precipitate onto its surface that was clearly identifiable even by the naked
eye. This opens up room for process optimization for strategies to prevent passivation of
the anode.

The metabolic products that were detected in the fermentate indicated that DF was
mainly governed by the acetate and butyrate pathways. As reported in Table 5, the
metabolic products examination in the anodic chamber showed the occurrence of a migra-
tion phenomenon through the AEM of the anions derived from the organic acid dissociation,
although most of them remained in the cathodic chamber. This suggests that they also con-
tributed to the migration of anionic species (generally OH™ and Cl™) required to maintain
the electroneutrality. Future studies may thus include exploring methods to constrain the
passage of organic anions through the AEM, in order to increase the amount of species that
can be directed to the second treatment stage, or alternately investigate techniques of acid
recovery from the anolyte.

Table 5. Metabolic products from the IBH,S (stage 1).

Metabolites Catholyte Anolyte AEM Migration
mg/L! mg/L! %

Acetic acid 1188 454 28

Butyric acid 3493 746 18

Ethanol 2428 <DL? -

1 mg/L of the relative metabolite; 2 DL = Detection limit.
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3.2. MFEC Operation with SDF and RDF (Stage 2)

The evolution of the electric current output from the MFC and the COD concentration
in Stage 2 using SDF as the feedstock is presented in Figure 5.

3.0 6000
25 ° o L 5000
r O L Q
b [ =
- ) 2
Z 20 L 4000 =
= ] [ =
] ] i g
2 154 L 3000 2
5 ] i ]
O ] [ =
1.0 - 2000 =
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0.5 - 1000
Y| I " S L I a2
0 100 200 300 400 500 600 700
Time (h)
O Inmitial COD ® CODovertime — I

Figure 5. Current output and COD concentration versus time for the MFC operation with SDF.

As can be seen from Figure 5, a decrease in the maximum electrical current output
was observed from Cycle 1 to Cycle 2 (from 1.8 mA to 0.5 mA). Following this decrease, the
maximum current output remained approximately constant for the subsequent operation
cycles (third cycle: 0.6 mA, fourth cycle: 0.6 mA). This drop was partially attributed to an
acclimation period of the biofilm due to the switch from the glucose medium (previously
used for biomass acclimation) to the SDF wastewater. The COD removal efficiency was high
in all cases (86% = 8%). The coulombic efficiency ranged from 1.4% to 3.2%, indicating that
the MFC performance was hindered by parasitic activities, such as antagonistic microbial
reactions [51]. The pH of the MFC effluent was almost stable (6.3 &= 0.2).

Furthermore, the electrical current generation was inhibited by the low initial conduc-
tivity of the SDF solution (1.6 &£ 0.2 mS/cm, Table 3). The electric conductivity of the MFC
effluent showed a decreasing trend from Cycle 1 to Cycle 4 (4.2 mS/cm in the first cycle,
1.6 mS/cm in the second cycle, 1.4 mS/cm in the third cycle, and 1 mS/cm in the fourth
cycle). The electric conductivity in the first cycle was influenced by the residual synthetic
medium in the porous anode electrode. In Cycles 2 to 4, the effect of the low conductivity
of the SDF wastewater on the current generation of the MFC was observed, resulting in a
maximum current output of 0.6 mA.

Afterwards, SDF was replaced with filtered and diluted RDF (IBH;S effluent). Initially,
10% RDF was used as the feedstock, followed by 50% RDEF. The effect of the initial RDF
concentration on the MFC performance was examined. To further compare the two cases,
the electric conductivity of the 10% RDF was adjusted from 3.9 mS/cm to 14 mS/cm
(Table 3) by the addition of KCI. The evolution of the electric current output from the MFC
and the COD concentration is presented in Figure 6.
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Figure 6. Electric current output and COD concentration versus time for the MFC operation with
RDF (10% diluted RDF—Ileft, 50% diluted RDF—middle, 10% diluted RDF with KCl—right).

During the MFC operation with 10% RDF as the feedstock (first and second cycle),
the electric current output increased (0.8 mA in the first cycle, 0.9 mA in the second cycle)
compared to the operation on SDF (0.6 mA in the third and fourth cycles—see Figure 5).
In the tests on RDF, the electric current output further increased to 1.6 mA during the
third cycle with 50% RDF as the MFC feed. During the fourth cycle, the maximum current
intensity was 0.9 mA. In order to examine the effect of conductivity, after the operation
phase using 50% RDF the feedstock was switched to 10% RDF + KCl. The addition of KCI
led to an initial conductivity that was similar to the 50% RDF case (14 mS/cm). When using
10% RDF + KCl as the feed, the maximum current output was 1.3 mA and 1.4 mA for the
fifth and sixth cycle, respectively.

The duration of the MFC operation cycles was 212 £ 21 h, displaying an increase from
the duration of the experiments on SDF (167 & 21 h). The COD removal efficiency was
high across all RDF cases, averaging 93% =+ 12%. During the 50% RDF operation, the COD
concentration decreased by 48% in the first 24 h of the cycle (third cycle). Afterwards, the
COD concentration further decreased, achieving a COD removal of 98% after 100 h of MFC
operation. Although the organic matter was almost totally removed from the solution,
the electrical current output became virtually zero only after 509 h of cell operation. This
indicated that the chemical energy obtained from substrate decomposition (first 100 h)
was stored in the system, resulting in a continuous current output for 509 h. It has been
noted by Freguia et al., 2007 [52] that in case of excess substrate, the electrochemically
active biofilm temporarily stores energy. The stored energy is then slowly released by
the electrochemically active bacteria resulting in electricity generation. Furthermore, a
similar MFC behavior was documented by Tremouli et al., 2021 [33] for a different substrate,
with a rapid decomposition of the organic matter and storage of the energy by the biofilm.
The COD concentration in the fourth cycle displayed a similar trend as the third cycle: a
rapid COD decrease (85%) during the first 50 h was observed, which then reached 98%
at the end of the cycle, while maintaining a voltage output for over 300 h. The duration
of the third and fourth cycle was 509 h and 397 h, respectively. The electrical current
generation in both cases lasted for more than 350 h, showing a slow release of energy from
the electrochemically active biofilm.

It should be mentioned that the conductivity of 50% RDF (14 mS/cm) was considerably
higher compared to 10% RDF (4 mS/cm), contributing to the observed difference in the
electrical current output (maximum values of 0.9 mA for 10% RDF and 1.6 mA for 50%
RDF). In both cases, the MFC effluent conductivity decreased, from 3.9 + 0.1 mS/cm to
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1.6 £ 0.2 mS/cm for the 10% RDF and from 14 + 0.6 mS/cm to 1.7 = 0.2 mS/cm for the
50% RDE.

The runs on 10% RDF + KCl achieved similar conductivity values as those on 50%
RDE, resulting in similar electric current intensities (1.6 mA for 50% RDF, 1.4 mA for
10% RDF + KCl). The maximum current intensity for the 10% RDF test was 0.9 mA
with an initial conductivity of 3.9 & 0.1 mS/cm, compared to a value of 1.4 mA for the
10% RDF + KCl test with an initial conductivity of 14 mS/cm. Both the 10% RDF and
10% RDF + KCl feedstocks had similar initial COD concentrations (6.4 and 6.2 g COD/L,
respectively) and high average COD removal yields (82% and 97%). The pH of the MFC
effluent was similar to the initial pH of the RDF solutions studied in all cases. The COD
removal efficiency was high (>82%) for the whole of MFC operation whereas the coulombic
efficiency ranged from 0.7% to 3.7%.

3.3. Linear Sweep Voltammetry Experiments in Stage 2

The LSV experiments were conducted at the beginning of each operation cycle when
the current output of the cycle reached its maximum value.

Figure 7 shows the electric power density versus current density curves (solid lines)
and the voltage versus current density curves (dashed lines). The maximum power density
that was achieved for the SDF feedstock (Figure 7a) was 0.7 W/m?, with an initial COD
concentration of 5014 mg COD/L and an initial conductivity of 1.8 mS/cm. The maximum
electrical power obtained for the RDF feedstock (Figure 7b) was 1.2 W/m?, corresponding
to the 50% RDF case, with an initial concentration of 32 g COD/L and an initial conductivity
of 14.4 mS/cm. During the test on 10% RDF, the MFC achieved 1.1 W/m?, with starting
conditions of 6.4 g COD/L and 3.9 mS/cm. Despite the differences in the initial COD
concentration and electric conductivity, the maximum power output was similar between
the 10% RDF and the 50% RDF. The internal resistance of the MFC was calculated using
the Jacobi’s law for the different experiments. The lowest internal resistance (202 (2) was
observed during the first SDF operation cycle, where the operation of the MFC was affected
by the residual glucose medium. The subsequent cycles showed an increase in the internal
resistance of the MFC (third cycle with SDF: 645 (); fourth cycle with SDF: 509 ). This
was caused by the conductivity of the SDF (1.5 £ 0.3 mS/cm). The switch in the feed
solution from SDF wastewater to diluted RDF wastewater resulted in a reduced internal
resistance (10% RDEF: 369 (): 50% RDF: 248 ()). The higher electric conductivity of the
RDF solutions led to a reduced internal resistance of the MFC, thus improving the power
output (Figure 7b) and the electric current output (Figure 6) across all cases studied. In
both types of experiments, the voltage versus current density lines indicated the ohmic
losses dominating in the MFC.

14 5 -|2(b) 14 - b
12 {—1stSDF — 3rd SDF —4th SDF | 12 3 10% RDF ~ —50% RDF
3 1 =
1 7 s E 13
: 08 _ = 3
0.8 E S <08 ] s
2 068 = E
0.6 5 E E £ 0.6 %
£ 045 T 04 3 >
[ 4 ] ~
' 02 502
A S —————t 0 F¥———
6 9 12 0 3 6 9,
Current density (A/m?) Current density (A/m?)

Figure 7. Electric power density (solid lines) and voltage (dashed lines) versus the current density for
(a) three SDF cycles (1st, 3rd, and 4th) and (b) RDF as feeds to the MFC.
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4. Conclusions

This study was focused on the feasibility of energy recovery from CW by means of a
two-stage process consisting of a bio-electrochemical system with innovative configura-
tions. In the first stage, the fermentation process for H, recovery was combined with an
electrochemical method attempting to overcome the typical biochemical limitations that
hinder the actual H, production yield. The IBH;S fed with CW produced an H; yield in
the range 75.5-78.8 L H, /kg TOC providing a three-fold improvement of the conventional
DF. Therefore, this system demonstrated that it is possible to take advantage of the pro-
tons derived from dissociation of the VFAs produced during DF, producing additional
H, as well as limiting the utilization of chemical agents for pH control. However, the
observed H; yield appeared to be limited by the influence of side reactions that reduced
the actual performance of the IBH,S compared to the theoretical behavior. Potential candi-
dates among the competing factors included the precipitation of solids onto the electrode
surface, common-ion effects altering the dissociation reactions involved, and changes in
ions mobility. Therefore, in order to further improve the H; yield in the IBH,S, additional
investigations may be addressed to (1) explore strategies to prevent the passivation of the
anode, that was recognized as a possible limiting factor during the process, (2) assess the
efficiency of the AEM conductivity to ensure adequate migration of anions along the whole
process, and (3) enhance the degree of dissociation of the organic acids produced during
DF. Additional efforts may also be directed to enhancing the sustainability of the whole
process, e.g., by testing alternative materials for the anodic compartment.

A single-chamber MFC was tested for the removal of the residual organic matter
contained in the IBH,S effluent and the contextual power generation. The MFC that was
proposed as second step also presented an innovative configuration consisting of four
mullite air-cathodes connected in series, where fly ash was the catalyst for the cathodic
reaction. High COD removal efficiencies were achieved (86% =+ 8%) across all cases
examined. The maximum current output (1.6 mA) was observed for the 50% RDF feedstock.
Similarly, the maximum power density (1.2 W/m?) was obtained for 50% RDF feedstock.
Temporary storage of energy by the biofilm was detected for all RDF cases due to the rapid
(24 h) COD concentration decline accompanied by a long (>180 h) duration of electric
current generation. This result showed that high-strength substrates such as the IBH,S
effluent can be successfully treated by this type of MFC and opens up the possibility of
attempting to apply directly the undiluted effluent in future investigations.
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