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Abstract: Anaerobic bioprocesses, such as anaerobic digestion and dark fermentation, provide energy
carriers in the form of methane and hydrogen gases, respectively. However, their wastewater-type
residues, that is, the fermentation effluents, must be treated carefully due to the incomplete and
non-selective conversion of organic matter fed to the actual system. For these reasons, the effluents
contain various secondary metabolites and unutilized substrate, in most cases. Only a fraction of
anaerobic effluents can be directly applied for fertilization under a moderate climate. Conventional
wastewater treatment technologies may be used to clean the remainder, but that approach leads to a
net loss of energy and of potentially useful agricultural input materials (organic carbon and NPK
fertilizer substitutes). The rationale of this paper is to provide an overview of promising new research
results in anaerobic effluent management strategies as a part of technological downstream that could
fit the concept of new-generation biorefinery schemes aiming towards zero-waste discharge, while
keeping in mind environmental protection, as well as economical perspectives. According to the
literature, the effluents of the two above processes can be treated and valorized relying either on
membrane bioreactors (in case of anaerobic digestion) or bio-electrochemical apparatus (for dark
fermentation). In this work, relevant findings in the literature will be reviewed and analyzed to
demonstrate the possibilities, challenges, and useful technical suggestions for realizing enhanced
anaerobic effluent management. Both membrane technology and bio-electrochemical systems have
the potential to improve the quality of anaerobic effluents, either separately or in combination as an
integrated system.

Keywords: anaerobic digestion; membrane bioreactor; hydrogen production; bio-electrochemical
system; effluent treatment; integrated system

1. Introduction

Anaerobic digestion (AD) is recognized as a plausible option to treat solid wastes and
wastewaters, and produce biogas (comprising mostly of methane and carbon dioxide)
synchronously with the degradation of organic matter. AD has been routinely practiced
in combination with membrane technology, forming systems called anaerobic membrane
bioreactors (AnMBR). The various AnMBRs have been proven effective as integrated
applications for the in-place management of the bioprocess effluent and possess multi-
fold advantages, in particular (i) the adequate retention (recycling) of active biomass
that can lead to improved biogas productivity; (ii) independent setting of hydraulic- and
solid-retention times, giving an opportunity to aid the degradation of recalcitrant organic
matter fractions; and (iii) the adjustment of permeate (the final effluent) quality (e.g., by
retaining/recovering nitrogenous and phosphorous nutrients) in accordance with discharge
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specifications, aiming to achieve reduced environmental footprints [1–3]. For instance,
the deployment of forward osmosis and membrane distillation was demonstrated to be
successful in regaining purified water, as well as struvite, from digested sludge as a starting
material [4]. AnMBRs can also be assisted by other e.g., chemical precipitation, methods to
attain enhanced treatment efficiencies [5].

Dark fermentation has been at the forefront of renewable energy research due to its
capacity to convert organics into a gas mixture with significant H2 content. However, the
fermentation effluents contain compounds such as volatile fatty acids (VFAs) and hence
need proper treatment. The fact that hydrogen fermentation effluents are rich in such sub-
stances makes them suitable feedstocks for microbial electrochemical technologies driven
by the underlying electro-active bacteria or their consortia. Actually, bio-electrochemical
systems, such as microbial fuel cells and microbial electrolysis cells, have been widely
used to generate either electricity or hydrogen gas as products from particular hydrogen
fermentation effluents [6–8].

The treatment and potential re-use of anaerobic effluents became a bottleneck in the
rapidly growing biogas and bio-hydrogen industry. The aim of this paper is to review
the potential of two groups of novel technologies that seem to be particularly promising
for the environmentally friendly treatment of these effluents. Both membranes and bio-
electrochemical systems are under extensive research and development, and this paper
intends to review recent advances towards this specific goal.

Besides dark fermentation, the efficiency of several other bioconversion systems can
be enhanced with the integration of bio-electrochemical systems. Electro-fermentation
of commercially valuable organic substances, biomethanisation, aerobic and anaerobic
biofiltration of high-strength organic wastewaters and sludge, even artificial wetlands and
other rhizospheric water treatment installations are involved. These systems, however,
exceed the scope of this mini-review.

In the next sections, the main technical characteristics, issues to be tackled, and
improvement opportunities for the two anaerobic bioprocesses will be overviewed and
detailed for providing compact and informative insights into the effluent treatment options
lying in anaerobic membrane bioreactors or bioelelectrochemical systems, particularly
microbial fuel cells. Both groups of technologies have been proven to improve the quality
of anaerobic effluents at the laboratory scale. With the advancement of material science,
microbiology, and three-dimensional computer-aided design, new membrane types, reactor
configurations, system designs, and catalyzers are appearing very fast. As a consequence,
industrial-scale application is lagging behind; therefore, little real substrate operational and
performance data are available on these emerging technologies at present. Their economic
feasibility cannot be included in the scope of this mini-review.

2. Methodology for Article Selection

As for the cited literature, a comprehensive search was conducted for ensuring suf-
ficient diversity. In fact, taking into account the distribution of the papers selected for
the analysis, approximately 70% of the references focus on the latest developments for
providing state–of–the–art information (from the period of 2012–2021), with special em-
phasis given to works published in the last five years (approx. 40% of the references).
Additionally, the articles included in our assessment were collected from a wide range
of internationally recognized journals by surveying scientific databases, e.g., SCOPUS,
using keywords relevant to the topic of “anaerobic membrane bioreactors”, “fermentation
effluents”, and “bio-electrochemical systems” encompassing “microbial fuel cells”. First,
the filtering of the so-obtained list of papers was carried out considering the “Title” and
the “Abstract”.
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3. Effluent Treatment of Biogas Production by Integrating Membranes with
Anaerobic Digesters

Membrane technology can be used for a variety of purposes in the post-treatment of
anaerobic effluents, as seen in Figure 1 [3].
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Figure 1. Potential roles of membranes in effluent treatment.

3.1. AnMBR Configuration

The basic scheme of a biogas-generating AnMBR applies a porous membrane linked
to the (stirred) bioreactor. The cross-flow operation of the membrane is established by a
suitable pressure gradient (using a pump) and, as a result, the concentrate returns to the
bioreactor, while the permeate with improved quality is drawn. Usually, the membrane
can either be of micro- or ultrafiltration-type, and its pore size has a direct impact on the
filtration resistance and, concurrently, on the actual permeate flux [9]. In addition, other key
features of the membrane, including its composition, inner- and surface structures, etc., also
influence the performance and stability of filtration over time. To sustain the required level
of permeate flux in longer terms, the (organic and inorganic) fouling occurring inevitably
demands the choice of cleaning procedures, taking the membrane characteristics into
consideration [10,11]. Although the full regeneration of the membrane is an unlikely
realistic objective—since the fouling, to a certain extent, induces irreversible changes—high
restoration degrees of the initial flux could be achieved, e.g., 96%, as shown in the study
of Jacob et al. [12]. Here, it is underlined that fouling is largely dependent on how the
membrane is used and, thus, proper operating conditions, e.g., by programming switch-
on/switch-off cycles, can help to reduce its negative effect [13]. Besides, adjusting lower
permeate fluxes may delay fouling and, consequently, the increase of hydraulic filtration
resistance could be prolonged. In fact, it was reported by Zhang et al. [14] that the decline
of filtrate flux was associated with the gradually increasing membrane resistance over
a period of 135 days. After subjecting the membrane to chemical cleaning, its residual
resistance was 30% higher in comparison with that of the pristine membrane [14]. Apart
from the strategies focusing on the operational part of the membrane, fouling could be
mitigated by approaches purposefully modifying the composition of the feed stream. For
instance, the loading of adsorbents (activated carbon and zeolite) and coagulants (PAC) to
the fermentation liquor has been found to be beneficial to counteract membrane fouling
because of the promoted aggregation and flocculation of components [15]. Furthermore, the
effective preconditioning of the inlet flow by adjusting its pH to acidic values (pH = 5) was
documented by Yan et al. [16] to decrease the thickness of the fouling layer developing on
the membrane’s surface. Perspective non-chemical defouling methods include intermittent
bubbling, where the recirculated biogas bubbles themselves remove foulants from a tilted
membrane filter [17].

As it can be seen from the technical information in Table 1, most membranes used in
the treatment of anaerobic digestion effluents are composed of several polymers and, in
addition, inorganic (ceramic) membranes can also have relevance for the same purpose.
Regardless of the materials, both the polymeric and inorganic membranes are fabricated,
either as micro- or ultrafiltration modules, with pore sizes ranging typically from 30 nm to
450 nm or, alternatively, the rejection characteristics are described by the cut-off value.
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Table 1. Features of membranes applied in the treatment of anaerobic digester/bioreactor effluents.

Material Type Pore Size Reference

Ceramic (αAl2O3
with active TiO2

layer)

Microfiltration 200 nm
[9]Ultrafiltration 50 nm

Ultrafiltration 20 kDa cut-off

PVDF Microfiltration 450 nm [11]
Polyethylene Ultrafiltration 30 nm [13]

Polyethersulphone Ultrafiltration 20 kDa cut-off [14]
PVDF Microfiltration 220 nm [15]
PVDF Microfiltration 450 nm [16]

Technically speaking, a separate membrane unit is connected to the digester in most
of the applications, as shown in Figure 2. The effluent is pumped to the membrane unit
and the permeate is then evacuated from the system while the retentate is recirculated to
the digester.
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In AnMBRs, the permeate quality with regard to its organic matter content is often
monitored via the BOD/COD ratio. Generally, the relatively high 0.6–0.8 BOD/COD in
the feed of the AnMBR is favorable and indicates good biodegradability. On the contrary,
permeate should have low a BOD/COD ratio, meaning that the biodegradable organic
matter has been utilized well and an inert, hardly-convertible COD fraction is only left
behind. Substances with low biodegradability under anaerobic conditions could be, for
example, different pigments [18]. Still, quasi-stabilized permeates with a low BOD/COD
ratio might be exploited as soil conditioners to aid humification [19]. To reach the desired
permeate quality in the AnMBR and assist the balanced performance, the membrane
filtration process can be designed as a cascade, where each step in the sequence is operated
at its own optimum. A relevant example was demonstrated by Stamatelatou et al. [20],
where the final permeate quality was set via the chain of filter pressing, ultrafiltration, and
reverse osmosis.

To facilitate the proper decomposition of substrates into biogas, AnMBRs may be
attached with pre- or post-treatment technologies. As a matter of fact, process perturbation
can deteriorate the microbiological harmony of AnMBRs and, subsequently, metabolic
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and/or population shifts occur. A well-known example is related to the accumulation of
volatile fatty acids and inherent acidification of the bioreactor, which act against the growth
and activity of methane-forming archaea. To overcome this issue, separate acidogenesis (as
pre-treatment) and methanogenesis can be proposed, in which a pre-digestate at a controlled
loading rate is fed to produce biogas [21]. In the research of Ravi et al. [22], a two-stage
system was suggested for proper biogas production using plant residues as a raw material.
The effluent of the first, acidogenic reactor was filtered by a ceramic membrane and the
permeate (with reduced particulate and inert organic matter content) was methanized in
the second reactor, leading to 25–40% improvement in the methane yield.

Regarding the post-treatment units connected to AnMBRs, they play a role in removing
certain components accumulating during biogas fermentation. Actually, one particular
application field could be the removal of ammonium nitrogen (NH4-N) so as to (i) avoid
the risk of process inhibition, (ii) adjust the permeate composition, and (iii) accomplish
resource recovery. Physico-chemical treatment of the permeate from the AnMBR was
implemented by Busato et al. [23] via combined air stripping and sulfuric acid dosing to
obtain ammonium sulfate. Moreover, hydrophobic gas permeation membranes submerged
into the fermentation liquor of AnMBR were investigated in the work of Bayrakdar et al. [24].
In contrast to the coupled configuration shown in Figure 2, the membrane may be integrated
within the anaerobic digester, such as in the above case of NH4-N removal. The general
scheme of such integrated membranes is presented in Figure 3.
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In such a system, the (porous) membrane (contactor) mediates the concentration difference-
driven passage of dissolved ammonia to a strip solution (e.g., 0.2–0.3 M H2SO4) [25]. The rate
of ammonia removal can be affected by factors such as the effluent pH and the separation
temperature [26]. Concerning the inhibition effect of ammonia on biogas production in AnMBRs,
Shi et al. [27] concluded that the concentration of free ammonia reduced to 40 mg N L−1

(instead of 70 mg N L−1) by applying a membrane contactor was able to increase the relative
abundance of methanogenic microbial communities and, consequently, the biogas productivity
by 50–60%. In view of the gases dissolved in the liquid phase of anaerobic digesters, the
problems with methane have to be addressed. As remarkable quantities of CH4 can be present in
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the fermentation mixture and in the permeate of AnMBR, fluctuations in system performance are
potential threats, even under steady-state conditions [28]. Losses of methane may not exclusively
contribute to unstable operation, but, in addition, create negative environmental impacts due to
the significant global warming potential of this compound (more than 20 times higher than that
of CO2) [29]. Based on the literature, the deployment of non-porous, hydrophobic (e.g., PDMS)
gas–liquid membrane contactors is a feasible solution for effective methane recovery from
the effluents of anaerobic bioreactors [30,31]. Therefore, the controlled recovery of dissolved
methane is key for the stabilization of the digester effluent, after which (thanks to its residual
organic matter and nutrient contents) it can more safely undergo successive valorization to
cultivate microalgae, for instance [32].

3.2. AnMBR in Complex Systems

In fact, microalgae, depending on the AD effluent composition and operational settings
of the photobioreactor, are capable of utilizing the components with N- and P contents [33].
The harvesting of algal biomass could be conducted by ultrafiltration and, interestingly,
Xie et al. [34] observed that the filtration cake over the membrane surface (consisting of
Chlorella vulgaris and powdered activated carbon) prolonged the operation cycle by pro-
tecting the membrane better from fouling. For algal membrane photobioreactors exploiting
anaerobic fermentation effluents, it is crucial to find operating strategies and technological
schemes that can effectively deal with their varying qualities in terms of their occasional
toxicity and adverse optical properties [35,36]. Microalgae-based integrated systems for the
closed-loop treatment of anaerobic effluents (coming from biohydrogen fermenters) have
been proposed by various papers, e.g., Bakonyi et al. [37]. Figure 4 represents the scheme
of this circular treatment system:
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It is noteworthy that membrane contactors could be employed not only for methane
recovery, but also for intensifying anaerobic digesters via boosting hydrogenotrophic
methanogenesis as a result of better feed gas (H2/CO2) delivery in the frame of the so-
called power–to–gas concept [38,39].

4. Bio-Electrochemical Systems (BES) for the Treatment of Dark Fermentative
Hydrogen Production Effluents

The conversion efficiency of various biological systems can be enhanced if assisted by
integrated bio-electrochemical systems. This effect is due to:

• Simultaneous occurrence of different (and usually subsequent) phases of the redox
processes in electrically linked distant spaces of the reactor, which, in practice, behaves
as an additional stirring,



Energies 2022, 15, 1643 7 of 14

• Leveraging effect of the additional electric potential on the biochemical processes; this
allows complementary endotherm reactions that would not occur in the absence of
external potential,

• A supplementary selection advantage of electro-active microbial strains that increases
the variety of organic compounds to biodegrade.

• Among the possible biological systems, the bio-electrochemical assistance to dark
fermentation is reviewed in the following section.

4.1. BES Configurations

Both microbial fuel cells (MFC) and microbial electrolysis cells (MEC) break down
organic compounds by removing hydrogen from molecules. The exo-electrogenic mi-
croorganisms transfer the removed electrons to a positively charged anode, while the
corresponding protons are ejected to the medium. These protons migrate to the cathode
through a cation exchange membrane, while the electrons do the same through an external
circuit. The difference is that, in an MFC, the protons and electrons recombine with oxygen,
where the redox reaction supplies the necessary energy. Meanwhile, in the MEC, they
recombine with each other, the necessary energy being supplied by external electric power.
The two systems are compared in Figures 5 and 6.

In accordance with the literature, the composition of the dark fermentation effluent
(the concentration and relative ratio of VFAs) can vary depending on the actual hydrogen
fermentation conditions [40] and, thus, it can take an effect on the achievable electron
recovery efficiency and electrochemical performance of microbial fuel cells [41]. Apart
from the VFAs (acetic acid, propionic acid, and butyric acid), the hydrogen fermentation
effluent may contain lactate, valeric acid, capronic acid, ethanol, etc. [42]. Although VFAs
are generally favored substances for electro-active strains, the type of VFA (e.g., acetic
acid vs. butyric acid) can notably determine the microbial fuel cell performance [43]. In
the study of Kiely et al. [44], it was inferred from the results of a year of experimentation
in a microbial fuel cell that the distribution of H2 fermentation dead-end products (e.g.,
formic acid, acetic acid, lactic acid, and succinic acid) played a major role pertaining to the
obtainable process efficacy.

Energies 2022, 15, x FOR PEER REVIEW 7 of 15 
 

 

4. Bio-Electrochemical Systems (BES) for the Treatment of Dark Fermentative Hydro-

gen Production Effluents 

The conversion efficiency of various biological systems can be enhanced if assisted 

by integrated bio-electrochemical systems. This effect is due to:  

• Simultaneous occurrence of different (and usually subsequent) phases of the redox 

processes in electrically linked distant spaces of the reactor, which, in practice, be-

haves as an additional stirring, 

• Leveraging effect of the additional electric potential on the biochemical processes; 

this allows complementary endotherm reactions that would not occur in the absence 

of external potential, 

• a supplementary selection advantage of electro-active microbial strains that increases 

the variety of organic compounds to biodegrade.  

• Among the possible biological systems, the bio-electrochemical assistance to dark 

fermentation is reviewed in the following section. 

4.1. BES Configurations 

Both microbial fuel cells (MFC) and microbial electrolysis cells (MEC) break down 

organic compounds by removing hydrogen from molecules. The exo-electrogenic micro-

organisms transfer the removed electrons to a positively charged anode, while the corre-

sponding protons are ejected to the medium. These protons migrate to the cathode 

through a cation exchange membrane, while the electrons do the same through an external 

circuit. The difference is that, in an MFC, the protons and electrons recombine with oxy-

gen, where the redox reaction supplies the necessary energy. Meanwhile, in the MEC, they 

recombine with each other, the necessary energy being supplied by external electric 

power. The two systems are compared in Figures 5 and 6. 

 

Figure 5. MFC. Figure 5. MFC.



Energies 2022, 15, 1643 8 of 14
Energies 2022, 15, x FOR PEER REVIEW 8 of 15 
 

 

 

Figure 6. MEC. 

In accordance with the literature, the composition of the dark fermentation effluent 

(the concentration and relative ratio of VFAs) can vary depending on the actual hydrogen 

fermentation conditions [40] and, thus, it can take an effect on the achievable electron re-

covery efficiency and electrochemical performance of microbial fuel cells [41]. Apart from 

the VFAs (acetic acid, propionic acid, and butyric acid), the hydrogen fermentation efflu-

ent may contain lactate, valeric acid, capronic acid, ethanol, etc. [42]. Although VFAs are 

generally favored substances for electro-active strains, the type of VFA (e.g., acetic acid 

vs. butyric acid) can notably determine the microbial fuel cell performance [43]. In the 

study of Kiely et al. [44], it was inferred from the results of a year of experimentation in a 

microbial fuel cell that the distribution of H2 fermentation dead-end products (e.g., formic 

acid, acetic acid, lactic acid, and succinic acid) played a major role pertaining to the ob-

tainable process efficacy. 

From a taxonomic viewpoint, to increase MFC performance, species belonging to the 

genus Geobacter should be promoted in the anodic biofilm keeping in mind that the cor-

responding species may reflect distinct metabolic versatilities and hence affect system be-

havior [45]. In this aspect, when the feed of MFCs contains complex organic matter that 

electro-active microorganisms might be insufficient to deal with directly, rate limitations 

may arise from the preliminary hydrolysis/conversion steps [46]. For cases when MFCs 

meet complex feedstocks, mixed-source inocula could be viable to select and adapt the 

required (synergistic) microbes; defined co-cultures accommodating task-specific bacteria 

seem to be applicable as well. As for co-culture deployment in MFCs, Ren et al. [47] pro-

vided evidence for the feasibility of electricity generation in line with cellulose degrada-

tion using Clostridium cellulolyticum and Geobacter sulfurreducens. In another work 

[48], the constructed co-culture of Shewanella oneidensis and Klebsiella pneumonae was 

applied with success to convert glycerol into electricity in MFCs. 

4.2. BES in Complex Systems 

In addition to the engineering and design of effective exo-electrogenic communities 

in MFCs, pre-treatments can be considered for enhancing the degradation of complex ma-

terials. A pre-treatment may include fermentation or digestion, as shown, for instance, in 

the research of Chookaew et al. [49] and Kannaiah Goud and Venkata Mohan [50] on glyc-

erol (the by-product of biodiesel production) and food waste, respectively. 

Figure 6. MEC.

From a taxonomic viewpoint, to increase MFC performance, species belonging to
the genus Geobacter should be promoted in the anodic biofilm keeping in mind that
the corresponding species may reflect distinct metabolic versatilities and hence affect
system behavior [45]. In this aspect, when the feed of MFCs contains complex organic
matter that electro-active microorganisms might be insufficient to deal with directly, rate
limitations may arise from the preliminary hydrolysis/conversion steps [46]. For cases
when MFCs meet complex feedstocks, mixed-source inocula could be viable to select
and adapt the required (synergistic) microbes; defined co-cultures accommodating task-
specific bacteria seem to be applicable as well. As for co-culture deployment in MFCs,
Ren et al. [47] provided evidence for the feasibility of electricity generation in line with
cellulose degradation using Clostridium cellulolyticum and Geobacter sulfurreducens. In
another work [48], the constructed co-culture of Shewanella oneidensis and Klebsiella
pneumonae was applied with success to convert glycerol into electricity in MFCs.

4.2. BES in Complex Systems

In addition to the engineering and design of effective exo-electrogenic communities in
MFCs, pre-treatments can be considered for enhancing the degradation of complex materi-
als. A pre-treatment may include fermentation or digestion, as shown, for instance, in the
research of Chookaew et al. [49] and Kannaiah Goud and Venkata Mohan [50] on glycerol
(the by-product of biodiesel production) and food waste, respectively. Chandrasekhar and
Ahn [51] also proposed the pre-fermentation of piggery wastewater in order to increase the
concentration of VFAs in the subsequent feed of MFCs. For high-organic-strength wastes,
e.g., food waste, dilution with other, less-concentrated wastewaters could also be a practical
approach to maintain proper MFC operation [52]. The scheme of this system can be drafted
as oi Figure 7.

Though MFCs could have the potential to process wastes of the food industry e.g.,
cheese whey [53], treatments prior to the bio-electrochemical systems may further improve
their working efficiency on such substrates [54,55]. A cornerstone of wastewater e.g.,
fermentation effluent management in MFCs, is the electrical conductivity of the solution,
which is often low and may reduce the power density. To resolve this issue, salts might be
added; however, some constraints can be faced by up-scaling the process and the tolerance
of electro-active species to higher ion concentrations is a factor to be taken into account as
well [56]. It is important to mention that MFCs, as pollutant treatment units of anaerobic
effluents, can find a niche not only for organic matter degradation, but also for ammonia
removal [57].
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The performance of a wide range of bioprocesses can be largely improved if hybridized
with bio-electrochemical systems [58], as seen in Figure 8.
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As MFCs have been proven suitable for coupling with other physical, chemical, and
biological systems [58], their direct integration with dark fermentative H2 fermenters can
be possible [59]. Such two-stage processes were illustrated in papers by Sharma and
Li [60] and Varanasi et al. [61]. In the latter investigation, for instance, following H2
fermentation with a yield of 2.92 mol H2/mol cellobiose substrate, the MFC receiving the
effluent ensured 75% COD removal, 13% Coulombic efficiency, and 85 mW/m2 maximal
power density [61]. To enhance the MFC performance on dark fermentation effluent,
centrifugation, pH adjustment and dilution may be viewed as adequate pre-treatments [62].
Recently, Song et al. [63] carried out extensive research on dual-stage H2 fermenter-MFC
systems towards more complete conversion of algal biomass feedstock and revealed the
contribution of each step by monitoring the fate of the carbohydrate, lipid, and protein
contents throughout the operation.

Several biological conversion steps may also be linked to a cascade where each step
is fed with the effluent of the previous one to decompose residual organic matter while
producing a different energy carrier. For instance, Rózsenberszki et al. produced biohydro-
gen from municipal solid waste press liquor in the first step, and then the effluent passed
through a biogas digester. [6] The remaining effluent was finally introduced to a microbial
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fuel cell to produce electricity while breaking down residual organic matter. While the bulk
of the conversion took place in the biogas digester, both the previous and the subsequent
step contributed to the overall conversion, as presented in Figure 9.
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By connecting more MFCs together, the global power production of the stacked
(and scaled-up) configuration operated in the continuous mode could be improved [64];
however, efforts will be needed to eliminate limitations originating from the voltage reversal
phenomenon [65].

While the reviewed bio-electrochemical systems are under extensive study at the
laboratory scale, they have not attained industrial-scale application yet. The vast majority
of the experiments use synthetic wastewaters in order to reduce the number of parameters
to monitor. In addition, the overall performance of a bio-electrochemical system is the sum
of several factors, such as Coulombic efficiency, anodic or cathodic current density, anodic
or cathodic power density, where the density is variably measured either against electrode
surface or electrolyte volume. The performance is sometimes expressed as the efficiency
of nutrient recovery or pollutant removal, too. Different methods are used to measure the
different components of performance, in accordance with the purpose of a given study; the
scientific community has not yet reached a consensus on this issue. The Because of this large
diversity, the experimental results are hardly comparable; therefore this mini-review does
not intend to assess the efficiency of bio-electrochemical systems. Still, such evaluation will
be an important condition for scaling up and technological implementation in the future.

5. Conclusions

In this work, the treatment possibilities of anaerobic fermentation effluents regarding
biogas and biohydrogen production were concisely reviewed. Conventional wastewater
technologies, such as an improved activated sludge method, can be effective as environ-
mentally sound post-treatment for anaerobic effluents. However, they present the double
disadvantage of requiring an additional carbon source for denitrification and of losing
agriculturally useful nitrogen compounds by converting them to N2 gas [66]. Likewise,
by biodegrading an unnecessary portion of the polluting organic matter and releasing
the carbon content as CO2 to the atmosphere, they lose organic carbon compounds that
could serve as much-needed humus precursors in cultivated soils [19]. In addition, a
non-negligible proportion of the CH4 produced in biogas digesters remains dissolved in
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the effluent. It is not only a loss of energy, but also emits a severe greenhouse-effect gas to
the atmosphere as air pollution [30].

Although in different ways, both membrane technology and bio-electrochemical sys-
tems have the potential to improve the quality of anaerobic effluents. It was shown that,
beyond retaining the working microbial biomass in the system, anaerobic membrane
bioreactors could be used to manage anaerobic digestion effluents by separating residual
nutrients that are difficult to handle otherwise. This makes the process more attractive
from environmental and production efficiency viewpoints. Due to issues with membrane
fouling, opportunities for pre- and post-treatments schemes have been analyzed. As for
dark fermentation, it was determined from the literature that microbial fuel cells, as a class
of bio-electrochemical systems, could provide a sufficient platform to valorize the organic
matter found in the H2 production effluent. Such valorization may be implemented either
by microbial fuel cells to produce electricity, or by microbial electrolysis cells to produce
additional hydrogen gas. Alternatively, MEC may be used to improve the energy conver-
sion efficiency in biogas applications, as well. Suggestions to attain process enhancement
in MFCs treating the effluent have been presented and concepts of integrated applications
were outlined.

Beyond the above reviewed applications, bio-electrochemical systems are a promising
tool to enhance the efficiency of other bioconversion systems, if combined. The Research
Group on Bioengineering, Membrane Technology and Energetics at the University of
Pannonia (Veszprém, Hungary) is among those institutions that endeavor at studying such
integration opportunities. These studies involve electrically assisted bio-methanisation,
biofiltration and rhizospheric wastewater treatment in particular. As soon as conclusive
results obtained, they will be published in a separate paper. Although bio-electrochemical
systems are extensively researched at the laboratory scale, they have not reached the
industrial implementation scale yet. Reactor configuration, catalyzers, electrode materials,
and electro-active microbial strains represent major upscaling challenges.

The reviewed processes have already proven their potential utility

• To recover nutrients;
• To recover waste methane;
• To remove residual pollutants from anaerobic effluents;
• To increase the bioconversion efficiency of anaerobic systems.

Further research in material science and microbiology, computer-aided modelisation
and design is needed for scaling them up to the industrial level. Studying their economic
feasibility will become necessary when the first industrial-scale applications appear. A
primary condition to such scale-up is to express the research results in a more comparable
way. This necessitates a future consensus to attain within the scientific community, on the
smallest possible number of the most practical indicators.
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