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ABSTRACT

Hydrogen production from food waste by coupling mesophilic dark fermentation (DF) and
microbial electrolysis cells (MEC) was investigated. The main objectives were i) study the
metabolic patterns in DF, ii) fill the gap of knowledge regarding the effect of different DF
metabolic profiles in MECs and iii) calculate the energy output of the coupling. pH and
temperature screening showed the highest hydrogen production at acidic pH 5.5-6 (72 + 20 mL
H>/g CODin) and butyrate-enriched profile (C2/C4, 0.5-0.6) contrasting with an acetate-
enriched profile (C2/C4, 1.8-1.9) and 36 £ 5 mL H/g CODin at pH 7. Assessment of the pH 7
effluents in MECs resulted in a higher hydrogen yield (566-733 mL Hz/g CODin) and VFASs
removal (84 - 95%) compared to pH 5.5 effluents (173-186 mL Hj/g CODin and 29-59 %,
respectively). The energy output showed similar absolute values for the batches at pH 7 and 5.5

(25-30 KJ).
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cells; volatile fatty acids



1. INTRODUCTION

In recent times, research efforts have aimed at tapping into hydrogen enormous potential to
tackle the industry decarbonisation. This enormous challenge requires the combined use of
different renewable technologies, which should unavoidably co-exist to gradually achieve the
so-called climate neutrality. In this context, clean hydrogen has been clearly identified as a
priority area due to its potential to bridge the gap as biofuel for transport alongside renewable
energy storage. In fact, the European Commission predicts a momentous growth of the
hydrogen share in Europe from the current (< 2%) to 13-14% by 2050 (European Commission,
2020). The importance of hydrogen in this strategic change of paradigm lies in its low carbon
footprint, its high energy content (120 MJ/Kg), and the fact that it is considered as the cleanest

energy carrier, only producing water as by-product (Tian et al., 2019).

The incipient growth of the hydrogen sector may go hand-in-hand with the development of
biological hydrogen production. These sustainable and inexhaustible bioprocesses might solve
the dual problem of waste disposal and energy generation since organic residues can be
employed as substrate. Amongst these bioprocesses, dark fermentation (DF) appears to be the
most promising. DF does not require light energy and presents lower energy demands than
conventional carbon based processes. However, the relatively low hydrogen yield is the main
bottleneck encountered, which still prevents the scaling up of this technology (Tapia-Venegas
et al., 2015). In fact, only 30-35% of the energy in DF processes can be converted to hydrogen
(Khongkliang et al., 2017), because of the thermodynamic limit of 4 moles hydrogen per mole
of glucose (Koul et al., 2022). Additionally, a large fraction of the organic matter is hydrolysed
and transformed into volatile fatty acids (VFAS), which are the main co-products present in the
liquid effluent (Zhen et al., 2017). An interesting solution to improve this drawback is to couple
the DF process with microbial electrolysis cells (MECs), in which a very small energy input (-

300 mV vs SHE) is required to break the thermodynamic barriers for the conversion of “dead-



end” metabolites (i.e. acetate) into hydrogen (Zhen et al., 2017). This two-step configuration
would enhance the substrate degradability and the overall hydrogen yield, with a possible
theoretical output of 12 moles hydrogen/mole glucose. A previous research considering this
coupling showed a high variability of MEC performances depending on the substrates assessed
(Marone et al., 2017). As a matter of fact, carbon degradability and substrate conversion to
hydrogen relied on the VFASs spectrum fed into the MEC process. Thus, one limitation of using
MECs after DF is the diverse and unstable VVFA profile that might be obtained during the DF
step. Operational parameters, including organic loading rate, retention time, temperature or pH
affect the VFAs distribution. In fact, both pH and temperature values (Zagklis et al., 2021) play
an important role in DF affecting the optimum activity of microbes and enzymes (i.e.

hydrogenase enzyme) and finally, metabolic pathways.

This experimental study was designed for studying the metabolic patterns at different pH values
and temperatures in DF and fill the gap of knowledge regarding the effect of different VFAs
profiles as feedstock in MEC reactors, using food waste (FW) as substrate. Additionally, the
energy output of the coupling was calculated to identify the strengths and weaknesses of the

coupling.

2. MATERIAL AND METHODS

2.1. Seed inoculum and substrate

The aerobic inoculum employed in this experimental study was collected from the activated
sludge system at the wastewater treatment plant of Narbonne (France). The sludge was
subjected to a freeze-drying process and stored at -80 °C to avoid changes in dynamic
populations and for a better reproducibility of the results (Dauptain et al., 2021).

Characterization of the sludge revealed a VS/TS ratio of 0.97.



Since FW has higher carbohydrate content and biodegradability than other organic wastes, high
hydrogen production potential and rate are generally achievable. FW was stored frozen at -20
°C to avoid changes in its composition over time as described in previous research (Noguer et
al., 2022). Waste components were cut in small pieces and mashed with a kitchen blender. Once
homogenised and prior fermentation in the digester, the FW was thermally pretreated at 70 °C
for 1 h. This step was carried out to anticipate further use at industrial scale, as required by the
European Union (EU) Regulation 142/2011 (The European Comission, 2011). Afterwards, the
feedstock was sieved through 2 mm mesh. Finally, characterization revealed a VVS/TS ratio of
0.96 and a total and soluble Chemical Oxygen Demand (tCOD and sCOD) relation of

sCOD/tCOD =0.21.

2.2. DF experiments: pH and temperature screening

For pH screening, Biohydrogen potential batch experiments (BHPs) were carried out in 0.5 L
reactors with 0.2 L working volume (Carrillo-Reyes et al., 2020). The ratio V Ssubstrate/V Sinoculum
was 8.7. Initial pH was adjusted at different pH values i.e. 5, 6, 7, and 8 by using 2 M NaOH or
12.18 M HCI. To maintain pH within the range desired, 0.16 M MES buffer was used for pH
5and 6,and 0.16 M NaHCOs at pH 7 and 8. Prior to fermentation, aerobic sludge was pretreated
at 90 °C for 15 min to prevent any methanogenic activity (Parthiba Karthikeyan et al., 2018).
After inoculation all flasks were flushed with nitrogen for 15 min to reach strictly anaerobic
conditions and subsequently capped with a rubber stopper and incubated at 37 °C. Batch tests
were performed in triplicate. Gas production was monitored every 2 h with an automatic
microgas chromatograph (MicroGC, SRA |-GC R3000) equipped with two columns: a
Molesieve 5A 10 m column running at 80 °C, 30 PSI with argon as carrier gas (channel A) and
a PoraPlot U (PPU) 8 m column running at 70 °C, 20 PSI with helium as carrier gas (channel

B), for Hz, O2, N2, CHs and CO2 analyses, respectively. Both channels were equipped with a



micro-thermal conductivity detector (TCD) set at 90 °C. Gas production was estimated by

pressure measurement.

For the temperature screening, 3 L reactors (Applikon Bio 3 L, Getinge, Goteborg, Sweden)
with 2 L working volume were employed. Temperature and pH were controlled and monitored
at 25, 37 and 50 °C and pH 5.5 and 7, respectively, by means of an automatic system (M300,
Mettler Toledo, Greifensee, Switzerland). Temperature was measured with an immersed probe
and regulated by means of a heating blanket, while pH was measured by an in situ probe and
regulated with 3 M NaOH. Mixing was ensured by mechanical stirring (350 rpm). Pressure was
regulated with a control device combining a pressure sensor (LEO3, Keller, Winterthour,
Switzerland) and a peristaltic pump (Masterflex L/S 7554-85, Cole Parmer, Vernon Hills, IL,
USA) following a two-band control law between 1030 and 1070 mbar. Gas production was
measured through the pressure variations inside the fermenter and by using the operating time
of the calibrated peristaltic pump. Produced gas volumes were normalized (T=0°Candp=1
atm).

At the end of both screenings, effluents were sampled for pH and VFAs analysis and centrifuged
at 8,000 rpm for 15 min. The liquid phase was stored at -20 °C for its use in the MECs (as

described in Section 2.3).

2.3. Microbial electrolysis cells (MECs)

The reactor employed for hydrogen production via MEC from fermentation effluents was a
cylindrical two-chamber reactor. Each chamber had a working volume of 0.85 L. The anode
consisted of a carbon felt (G600A, AvCarb Material Solutions, U. S.) pretreated (Paul et al.,
2018) with a projected surface of 70 cm?, screwed onto a 2 mm diameter titanium road
(T1007910/13, Goodfellow SARL, France) as electron collector. The cathode was made of 90
% Platinum-10 % Iridium mesh (Heraeus PSP S.A.S., France). Each chamber was sealed with

silicone grease and a ring of stainless steel to ensure tightness. The membrane selected to



separate both chambers was a cation exchange membrane (CEM, Fumasep FKB-PK, FUMA-
Tech BWT GmbH, Germany) with a thickness of 130 um. The experiments were conducted
using a Silver/Silver Chloride (Ag/AgCl) Reference Electrode saturated with KCI (+199 mV
vs. SHE) (Origalys Electrochem SAS, France). Experimental tests were conducted at a set
temperature of 37 °C and 250 rpm. MEC tests were carried out in series and in duplicate using

the same reactor.

Firstly, two chronoamperometric cycles (CA) of 7 days each were performed to enrich the
anode with an electroactive biofilm. The enrichment cycles were performed using a synthetic
medium. The following composition was used at the anode: 1 g/L acetic acid, 2 g/L NH4ClI, 0.5
g/L KoHPOg4, 9.76 g/L MES (2-[N-morpholino] ethane sulfonic acid) buffer, and 10 mM 2-
brome-ethane sulfonate (BES) to prevent methane production. The medium at the cathode had
the same composition than in the anodic compartment, but neither acetate nor BES were added.
Afterwards, the anodic chamber was inoculated with aerobic sludge (10% v/v), and the anode
potential was fixed at +245 mV vs. Ag/AgCl using a Potentiostat VMP3 (BioLogic Science
Instruments, France) controlled by the software EC-Laboratory v.10.1. For all experiments, the
current density was recorded every 10 min. Cyclic voltammetry (CV) was performed at a scan
rate of 1 mV/s within the potential range of -0.7 V - +0.3 V mV vs Ag/AgCl at the beginning

and the end of each enrichment cycle (control-CV) to monitor the biofilm development.

After the enrichment period, the medium in the anode was almost completely replaced (~ 90 %
v/Vv) by real effluents. First, two batches with fermentation effluent obtained at pH 7, and then
two batches with effluent obtained at pH 5.5. The pH was adjusted to 7.0 in both cases for the
MEC process, and the system was flushed with nitrogen gas to establish anaerobic conditions.
The volume of hydrogen production was measured using a Ritter counter connected to the
cathodic chamber, the gas produced was stored in a Tedlar® sample gas bag. The current

density, gas composition, and volatile fatty acids (VFAS) concentration were monitored along



the experimental time. Duration of experiments lasted for at least three chronoamperometric
cycles (21 days), and were stopped either when VFAs were depleted or increasing methane

concentrations were detected.

2.4. Analytical measurements

Total solids (TS) and volatile solids (VS) were calculated according to standard methods (Eaton
et al., 2005). Total and soluble chemical oxygen demand (tCOD and sCOD respectively) were
measured by using commercial kits (Lovibond, Germany). Prior to metabolite analysis, samples
were centrifuged 15 min at 13,000 g and filtered through 0.2 um (nylon filter 15121499, Fisher
Scientific, Waltham, MA, USA). VFAs were determined by using a gas chromatograph (GC-
580 Clarus, Perkin Elmer, Waltham, MA, USA) equipped with an automatic sampler, an Elite-
FFAP column and a flame ionization detector (FID) at 280 °C. The carrier gas was N>
circulating at a flow rate of 6 mL/min. Other metabolites from the fermentative broth such as
ethanol, lactate, succinate or residual sugars were measured by HPLC (High Performance
Liquid Chromatography). The device was composed of a protective precolumn (Microguard
cation H refill catbridges, Biorad, Hercules, CA, USA) and an HPX-87H column (300 x 7.8
mm, Biorad, Hercules, CA, USA) running at 35 °C coupled to a refractive index detector (R410,
Waters, Milford, MA, USA) at 45 °C. 4 mM HSO4 was used as mobile phase at a rate of 0.3

mL/min.

2.5. Calculations

Substrate degradation into metabolites (% COD-met/CODin) was assessed by calculating the
ratio of the sum of the COD of each metabolite produced to the COD of the substrate introduced

into the reactor, as follows (Equation (1)):

CODmet CODCZ +C0DC3 +C0Di—C4+CODC4+CODi—C5+CODC5+CODi—C6+CODC6+CODLaCt+CODEtOH

% CcoDin CODy, Eq (1)

with CODcn, CODrac, and CODeion corresponding to the stoichiometric COD of each

compound required to completely breakdown each of these acids to carbon dioxide. VFASs



removal was calculated according to Eq. 2, where CODin is the total organic matter fed into

the system and CODout is the total organic matter recovered in the effluent:

VFASj—VFASqy:

VFAs removal (%) = STy ra— 100 Eq (2)

The organic acids produced during fermentation were converted to acetic acid equivalents using

Eq. 3 (Murali et al., 2021):

VFASga—eq = C2 + (C3 -T2 - 2¥E2) 1 (4. Toce . MHE2) . (5. Toce  MbCe)
q TOcz MWcs TOcz MW, TOc, MWcs

Eq (3)
where MW refers to the molecular weight of acetate (MWc2), propionate (MWoc3),

butyrate/isobutyrate (MWoc4) and valerate/isovalerate (MWcs) and TOcx refers to the
theoretical amount of oxygen required to completely breakdown each of these acids to carbon

dioxide.

The performance of the MEC reactors was compared based on: Coulombic efficiency (CE),
cathodic hydrogen recovery (recat), hydrogen production rate (L Ho/Ld), maximum current
density (A/m?) and global yield (ru2). CE was calculated as nce/ni, Where nce was the number
of hydrogen moles that could be recovered based on the measured current and ny was the
theoretical maximal production based on VFAs removal. Rcat Was calculated as nHa2/nee, where
nH2 iIs number of moles of hydrogen produced at the cathode. Finally, ru2 was calculated by

multiplying reat and CE.

Energy considerations are crucial to assess the feasibility of the coupling of these two
bioprocesses. Based on our experimental results, the energy output (EO, KJ) generated in the

fermentation (first step) was calculated according to Equation (4) (Jia et al., 2020):

E1 =pH2-qH2-V1 Eq (4)



where E1 is the generated energy of hydrogen from DF (KJ); pH: is the hydrogen density
hydrogen (0.0899 kg/m3); qH: is the calorific value of hydrogen (1.43-10° KJ/Kg); and V1 is

the hydrogen yield from DF (m?).
Hydrogen energy from the MEC was calculated as follows:
E2 =pH2-qH2-V2 Eq (5)

where E is the generated energy of hydrogen from MEC (kJ), and V2 is the hydrogen yield

from MEC (m®).

2.6. Statistical analysis

The results are given as the average + standard deviation for descriptive statistics. Analysis of
variance (ANOVA) was carried out for comparisons of DF and MEC data obtained in all the

experiments. The level of significance was set at p < 0.05.

3. RESULTS AND DISCUSSION
3.1. Dark Fermentation

3.1.1. Selection of the most suitable storage method for the inoculum

BHPs were carried out using both fresh and freeze dried aerobic sludge as inoculum to evaluate
hydrogen production. The aim of these batch assays was to validate the freeze drying method
reported by Dauptain et al. (2021) as an appropriate storage method for the aerobic sludge
inoculum. Additionally, the influence of a heat shock pretreatment to the sludge at 90 °C for 30
min prior fermentation was assessed. Since aerobic sludge contains less strict anaerobic
methanogenic archaea than anaerobic sludge, its use can be beneficial to promote hydrogen
production. Similar yields were obtained with both kind of inoculum. Hence, prior to DF at the
different pH values, the seed inoculum was freeze-dried and subjected to a heat shock

pretreatment at 90 °C for 30 min, to homogenize the starting conditions of each assay



3.1.2. Effect of initial pH value on biohydrogen production and VFAs profile

To evaluate the hydrogen potential and metabolic patterns using FW as substrate, BHPs tests
were carried out at pH values ranging from 5 to 8. At these conditions, as shown in Fig. 1A, the
hydrogen production was clearly influenced by the initial pH. Hydrogen produced was
maximum at pH 6 (136.0 + 5.3 mL Ha/g VSin), followed by pH 5 (64.2 £ 0.2 mL Ha/g VSin),
pH 7 (55.0 £ 3.6 mL Hz/g VSin), and pH 8 (38.3 = 10.2 mL H/g VSin) (Figure 1 A, p-value <
0.05). Final pH values at the end of the fermentation were 4.4 £0.1,5.4 + 0.1, 6.9 £ 0.1, and
7.2 £ 0.1, for assays carried out at pH 5, 6, 7 and 8, respectively. FW residues are often rich in
soluble carbohydrates leading to high hydrogen yields when appropriate process parameters
(pH and temperature) are employed. The high hydrogen yield observed at pH 6 compared to 5
and neutral and slightly basic pH values (pH 7 and 8) might have been linked to the original pH
from the inoculum, which was close to 6. Consistently, a similar study using FW as substrate
reported the highest maximum H; yield (1.63 mol Hz/mol hexoseadded) at low pH (5.3), whereas
the lowest yield was 0.88 mol Hz/mol hexoseadded at pH 7 (Lee et al., 2014). Following the same
trend, a recent investigation showed the effect of initial pH from 4 to 11, concluding that the
initial pH of 5 (followed by pH 6) produced the highest cumulative hydrogen yield (70 and 60

mL Ho/g VSS, respectively) (Tang et al., 2022).

Total organic acids produced (g COD/L) were minimum and significantly lower (p-value < 0.5)
atpH5 (4.5+0.2) thanatpH 6, 7 and 8 (6.0 £ 0.1, 6.3+ 0.6 and 6.1+ 0.2, respectively) (Figure
1B). Consequently, organic matter conversion into metabolites from the organic matter fed in
the system was maximum at these pH values (59.6 = 0.9, 61.0 + 1.9 and 62.9 = 0.1,
respectively). With regard to the organic acid profile obtained, no sugars nor lactate were
detected, suggesting that they were consumed during DF. Organic acids distribution was
dependent on the pH assessed. Acetate increased significantly (p-value < 0.5) from 24.5 £ 3.5

%atpH5and 36.4 £1.4atpH 6t051.9 £ 7.5 and 53.4 £ 4.0 % at pH 7 and 8, respectively,



being the most abundant product in the latter experiments. Conversely, butyrate concentration
was maximized at pH 5 and 6 (57.3 £ 1.1 and 44.3 + 1.0) with respect to the concentrations
obtained at pH 7 and 8 (27.4 £ 0.5 and 30.6 + 2.2). This metabolite profile dependence on pH
values agreed with what it is commonly found in literature where butyrate concentration tended
to increase whilst acetate concentration decreased at acidic pH values (Lee et al., 2014). Acetate
and butyrate represented around 80% of the COD transformed in all the effluents regardless the
pH value assessed. Propionate was only present at pH 7 and 8 in concentrations ranging from
6 to 20 % in COD basis and other compounds such as iso-butyrate, iso-valerate or ethanol were

only present in a minor extent.

Hence, the use of different process pH (acidic or neutral/basic) resulted in effluents with a
different composition in terms of VFAs distribution. From this point, one effluent from each
pH value was studied: i) a process pH value in the acidic range (5.5) to favour butyrate

production and ii) a process pH value in the neutral range (7) to favour acetate production.

3.1.3. Effect of temperature value on biohydrogen production and VFAs profile

Finding a trade-off between organic acids and hydrogen production in DF is crucial to select
the optimum operational conditions for hydrogen production and at the same time to obtain an

effluent with an appropriate organic acid distribution to feed a MEC.

The highest hydrogen production was achieved at 37 °C for both pH values (73 £ 21.2 mL H2/g
VSin at pH 5.5 and 53.5 £ 10.6 mL Hz/g VSin at pH 7). Both temperatures of 25 and 50 °C did
not improve the hydrogen yield of the process, resulting in values as high as 20 mL Ha/g VSin
(in the case of 25 °C). The fact that the inoculum was collected from a mesophilic source might
have been decisive, explaining the low hydrogen yields observed at both 25 and 50 °C.
Interestingly, organic matter conversion into organic acids achieved its highest value at 25 °C

with a pH of 5.5 (51.6 £ 1.2 % COD-met/CODin) and 7 (66.1 £ 2.4 % COD-met/CODin).



However, these results were very similar to those found at 37 °C (49.0 + 0.5 % and 65.1 £ 2.9
% for pH 5.5 and 7, respectively) (Figure 2). At thermophilic conditions (50°C) the lowest
hydrogen and organic acids yields were observed regardless of the pH value. With regard to the
organic acid profile, it was more influenced by the process pH than the temperature. In fact, at
pH 5.5 and all temperatures assessed, butyrate production was as important as acetate. In
contrast, at pH 7, acetate dominated the organic acids profiles followed by butyrate and
propionate. Interestingly, as observed at pH 5.5, the profile obtained at pH 7 was similar
regardless of the temperature evaluated. This fact highlighted that the process pH was more

determining than temperature to shape the organic acid distribution.

Overall, the highest hydrogen yields were achieved at 37 °C, being maximized at pH 5.5.
Meanwhile, organic matter conversion into organic acids was optimum at 25 and 37 °C and pH
7. This result indicated that using 25 °C along with the use of neutral pH could be an interesting
approach to promote organic acid productions whilst increasing the cost-effectiveness of the
DF process due to the low process temperature employed. As the results were nevertheless quite
similar, the effluents obtained at 37 °C were further used in MEC to employ the same

temperature conditions in both bioprocesses.

3.2. Microbial electrolysis cells

3.2.1 Current density generation and Coulombic efficiency

After two chronoamperometric cycles with synthetic medium, an electroactive biofilm was
successfully developed as evidenced by the cyclic voltammetry (CV) analysis made at the
beginning and end of the enrichment process. The maximal current densities achieved were
around 5 A/m?, which are the values expected when using acetate as substrate (3-5 A/m?) as
reported by Marone et al. (2017). For assays with real effluents (or DF effluents), the highest
current densities (J, A/m?), recorded during CAs, were achieved with the fermentation effluents

obtained at pH 7, and reached a maximum at the beginning of the experiment (1.36 + 0.39 and



1.19 + 0.49 A/m?, for batch A and B, respectively) when both, acetate and propionate were
available. The high initial current densities recorded at the beginning of the batch with real
effluent from DF at pH 7, were similar to current densities obtained during enrichments. This
fact was consistent since both, real and synthetic effluents, were rich in acetate. However, for
DF effluents produced at pH 5.5, the initial high current density peaks were not registered and
the values remained in the range of those found for pH 7 when acetate was depleted (0.69 +
0.27 and 0.52 + 0.28 A/m?). As effluents obtained at both pH showed similar acetate
concentrations but different butyrate contents with a considerably higher value at pH 5.5, a
possible inhibiting phenomenon might have occurred (See Section 3.2.2). With regard to the
Coulombic Efficiency (CE), results obtained from the tested effluents were remarkably higher
for acetate-rich effluents coming from DF at pH 7 over those coming from DF at pH 5.5 (83-
91 % vs 8-12%). In this sense, the CE diminution was entirely attributed to the shift in the
organic acid profile even though there is other phenomena observed in long time operating
MECs such as efficiency losses due to some undesired electron sinks reactions of alternative
metabolisms (Koul et al., 2022). In this sense, organic acids might have been consumed by
electrochemically inactive fermentative bacteria that gradually increased on the MEC
colonizing the bioanode. Still, the CEs observed throughout the experimental time when acetate
was promoted (DF from pH 7) were higher than those obtained in other studies using fermented
effluents as substrate to feed MECs. For instance, a study evaluating six different fermented
residues for hydrogen production in MECs resulted in an average CE of 62.7 + 10.4 % (Marone
et al., 2017). Overall, the CE and J evidenced the influence of the organic acid profile in MEC

performance

3.2.2 Organic acids removal

The organic acids removal efficiency observed in MECs ranged from 84-95 % in the effluents

from pH 7 and from 29-59 % in the effluents from pH 5.5. This variability was attributed to the



initial organic acid distribution and the experimental time. Effluents from DF carried out at pH
7 (Figure 3, A-B) had acetate as most abundant metabolite followed by butyrate and propionate.
Additionally, all effluents presented other acids such as the isoforms of butyrate and valerate
(accounting for less than 10 % of the COD), which remained unconsumed regardless of the
effluent assessed. For the first experiment assessed (Figure 3-A), acetate was preferentially
consumed during the first days of experiment (up to day 10), and only when it was depleted,
propionate and butyrate consumption took place. This result coincided with the findings of
Yang et al., (2015), who evaluated these acids independently using synthetic media and
evidenced the preference for acetate to be consumed. However, for the second effluent
evaluated (Figure 3-B), acetate, propionate and butyrate consumption occurred simultaneously
(up to day 20), and it was even accelerated when acetate was depleted. The consumption of
these three acids at the same time might be linked to the fact that the experiments were carried
out in series. Hence, an adaptation likely occurred and the system was able to degrade not only
acetate, but also propionate and butyrate at the given concentrations. Overall, these results
showed that acetate could be easily oxidized by anode bacteria in MEC, while butyrate and

propionate are harder to be oxidized to the same degree.

Regarding the effluents from DF carried out at pH 5.5, the COD obtained as metabolites
consisted mainly of butyrate followed by acetate. The experiment pH 5.5-A (Figure 3-C) was
running for 21 days and was stopped due to increasing methane concentrations registered in the
gas phase. It must be highlighted that the butyrate concentration employed was notably higher
than that evaluated in other studies. For instance, Flayac et al., (2018) assessed the interaction
of bacterial species for the conversion of butyric acid into electrical current. For this purpose,
the authors employed butyrate concentrations around 0.3-0.4 g/L (0.5-0.7 g COD/L) achieving
an average butyrate removal of 47.3 £ 21.9 in 30 days. In the present study, the batches from

pH 7 (Figure 3, A-B) behaved similarly (removals of 50 and 100 %) in a similar period of time.



With respect to pH 5.5, in the first batch (Figure 3-C) butyrate was barely consumed (removal
of 10 %) since acetate was still available in the medium. However, the second replicate (Figure
3-D) achieved a butyrate removal of 42 % in 46 days using a higher butyrate concentration (2-
3 fold) than one employed by Flayac and co-workers. It is important to highlight at this point
that the bioanode was developed using acetate, thus favouring acetate consumers, and for this

reason, an enrichment with butyrate might be expected to enhance the butyrate removal rates.

3.2.3 Hydrogen generation and yield in the MEC

Performance indicators of the hydrogen production in the MEC process are shown in Table 1.
The highest hydrogen yield was achieved with the effluents coming from DF at pH 7 (733.14
—566.28 mL H»/ g CODin) compared to the ones coming from DF carried out at pH 5.5 (172.98
—186.07 mL Hz/ g CODin) (p < 0.05). Hydrogen yields found in literature are quite diverse as
they often result from the high influence of variables such as the nature of the feedstock
employed in fermentation, the acid organic profile obtained after fermentation, the operational
conditions imposed in the MEC, the electroactive microbial communities and the electrodes
material. In literature, hydrogen yields ranged from 219 mL Hy/g COD up to 1500 mL H./g
COD (Chookaew et al., 2014; Khongkliang et al., 2019; Lalaurette et al., 2009; Marone et al.,
2017). Hence, it can be inferred the high influence that the organic acid profile fed to the MECs
exerts on the final hydrogen yield. The highest proportion of short-chain organic acids (acetate
and propionate) in the effluent from DF at pH 7 led to a better MEC performance (ru2 52-54%)
when compared to the effluent from DF at pH 5.5 (r+2 3-7%) which had a higher relative
abundance of butyrate. Likewise, the higher presence of butyrate in pH 5.5 batches explained

the lower yield per g VFAaa-eq, as the major extent of this compound remained unconsumed.

Finally, it should be highlighted that there was increasing methane production detected at longer
experimental times in all MEC tests (<10%, data not shown). Production of methane lowers

hydrogen production either through conversion of acetate to methane or through



hydrogenotrophic methanogenesis. This is a persisting problem in MECs application for
hydrogen production that might be solved by choosing an appropriate strategy, namely
chemicals additions, the use of pure cultures or employing stress operational conditions (i.e.
low pH and temperature operation, periodic aeration and exposure of reactor or electrodes to

air) (Kadier et al., 2018).

3.4 Energy considerations

In the present work, hydrogen production yields in MECs varied according to the pH conditions
in DF. On one hand, pH 7 promoted a suitable acetate-rich effluent for hydrogen production in
MECs but resulted in a very low hydrogen yield during the first DF step. On the other hand, the
use of pH 5.5 produced higher hydrogen yields in DF but scarce exploitation of butyrate in the
MEC process, which was the main metabolite in the DF effluent. For this reason, the energy
output of the coupled process is crucial to decide which conditions should be applied to
optimize the global process and which aspects should be enhanced. Figure 4 shows a scheme

of the energy balances applied to the DF and the MEC process for the different batches.

The Energy output (Eo) was clearly influenced by the process pH in DF, whose value increased
2-fold at pH 5.5 (Eo=18.5 KJ) compared to pH 7 (Eo=7.4 KJ). This result was expected
according to the yields obtained in Section 3.1.3. Following with the effluents from pH 5.5,
Batches C and D showed low energy generation in MECs (Eo 7.1 and 9.6 KJ, respectively),
which evidences the limitations of the MEC process when butyrate is fed into the system.
Conversely, the acetate-rich effluent generated from DF at pH 7 resulted in a higher energy
production in the MEC stage (Eo 23.5 and 11.2 KJ, respectively), especially in Batch A, due to
the higher acetate availability in this effluent. It is important to highlight at this point, that even
though results might seem similar in terms of total energy produced, the amount of energy per
g CODin in the MEC was 4-fold higher when employing the effluents from pH 7 (7.31-9.45

KJ/g CODin) compared to the ones coming from pH 5.5 (2.22-2.39 KJ/ g CODin). The results



obtained from pH 5.5, in which DF for hydrogen production was optimized, were consistent
with the ones obtained by Jia et al. (2020), who generated more energy during the DF process
(8.34 KJ) than in the MEC (1.48 KJ) when establishing the DF at pH 6. However, it can be
inferred from this result that process parameters (such as pH) can direct the energy production

to either of the processes involved in the coupling.

Overall, batches A (pH 7), C and D (pH 5.5) showed similar total energy productions (25-30
KJ) when considering the coupling DF + MEC. With regard to pH 5.5, effluent exploitation in
the MEC:s field should be investigated to enhance the overall process yields. Future strategies
should be directed to enhance butyrate degradation, which appears as a key step to enhance the

energy output at pH 5.5.

4. CONCLUSIONS

Process pH shaped DF effluent impacting on MEC performance. In this regard, acetate, more
abundant at pH 7, was preferentially consumed in the MEC, whereas the lack of this compound
and a high availability of butyrate at pH 5.5 resulted in lower hydrogen yields in the MEC. The
net energy productions considering the coupling suggested similar performances in the present
study for both pH values assessed, although normalizing the units (KJ/gCODin) clearly showed
a high efficiency of the MEC step when acetate led the VFAs profile. Butyrate consumption in

MECs appears as a key step to enhance overall process efficiency.

E-supplementary data of this word can be found in online version of the paper.
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FIGURE CAPTIONS
Figure 1. A: Total hydrogen production (mL H2/g VS) obtained at the different pH values
assessed; B: Organic matter conversion into organic acids (%) and concentration (g COD/L) in

the fermentations assessed at pH values from 5 to 8.

Figure 2. Organic matter conversion into organic acids (%) and concentration (g COD/L) in
the fermentations assessed at different temperatures (25, 37, and 50 °C).

Figure 3. Organic acids evolution along the experimental time for the effluents coming from
DF at pH 7 (A-B) and at pH 5.5 (C-D)

Figure 4. Energy output generated considering the DF and MEC coupling at the two pH values
assessed being A and B the two batches from DF at pH 7 and C and D those coming from DF

at pH 5.5.



Table 1. Hydrogen production in MECs using as carbon source the different VFA distribution

obtained after DF at two different pH values (7 and 5.5)

pH7-A  pH7-B  pH55-A pH55-B

CODin (g) 2.49 1.53 3.24 4.04
Initial C2/C4 ratio 1.949 1.808 0.603 0.537
H2 Total (L) 1.83 0.87 0.56 0.75
Production rate (L H2/d-L)* 0.083 0.041 0.031 0.026
VFAs removal (%) 84.5 95.0 28.7 59.0
COD-H2/CODin (%) 52.72 40.72 12.44 13.38
mL Hz/ g CODin 733.14 566.28 172.98 186.07
mL Hz/ g VFAaa-eq* 1060.49 817.14 410.33 550.00
CE (%) 83.35 91.42 11.99 7.89
I'cat (%0) 65.39 56.91 56.18 37.63
rH2 54.50 52.03 6.76 2.97

*Production rate (L Ho/d*L) taking into account the first 21 days of experiment; *g VFAaa-eq;

g VFA in acetic acid equivalents
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Figure 1. A: Total hydrogen production (mL H2/g VS) obtained at the different pH values
assessed; B: Organic matter conversion into organic acids (%) and concentration (g COD/L) in

the fermentations assessed at pH values from 5 to 8.
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Figure 3. Organic acids evolution along the experimental time for the effluents coming from
DF at pH 7 (A-B) and at pH 5.5 (C-D)
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Figure 4. Energy output generated considering the DF and MEC coupling at the two pH values
assessed being A and B the two batches from DF at pH 7 and C and D those coming from DF

at pH 5.5.



