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Abstract

Hydrogen is re-emerging as a serious alternative to fossil fuels. It is a clean gas with
high energy density and its combustion only generates water vapour. Nevertheless, the
hydrogen industry has a significant carbon footprint since this gas is mostly derived
from fossil fuels reforming processes. This project focusses on the development of
sustainable alternatives to conventional hydrogen production, in which approaches
based on dark fermentation (DF) using an inexpensive residue from the brewery
industry as primary feedstock are presented. Firstly, a fungal pre-treatment (FT) was
proposed to degrade a high-strength brewery waste slurry (BWS) to obtain an effluent
with a lower concentration of chemical oxygen demand (COD) but rich in readily
fermentable sugars for the ensuing DF, thus improving hydrogen yields (HY). Secondly,
microbial electrolysis and fuel cells (MECs and MFCs) were proposed to assist DF,
generating electricity in MFCs while improving HY by MECs. Coupling both microbial
electrochemical technologies sequentially after DF did not show any advantage.
However, promising results were obtained for electricity and hydrogen production
when taking a single-staged approach. Treating BWS directly by MFCs produced 2.0
watts/g COD consumed, while the DF process assisted simultaneously by MECs
(DF/MEC) produced 1.6 times more hydrogen than DF alone. An average HY of 2.32 +
0.06 mol Hz/mol glucose was attained between both DF/MEC and DF after FT, hence
approaching the theoretical value of 2.4 mol Hz./mol glucose, representing roughly a
50% improvement compared to DF alone. With an overall COD reduction above 76%,
the DF after FT exhibited the highest energy conversion rate per substrate consumed
(6.3 kJ/g COD). As valuable by-products obtained, up to 31 g/L of fungal biomass, which
is appreciated in many state-of-the-art biomaterials applications, was produced by
using BWS. While in the DF/MEC process, 18 g/L of butyric acid were generated, which
is three times more than with DF alone. Butyric acid being the precursor to butanol and
building block of biodegradable thermoplastics, this result is not without significance.
The proposed approaches not only valorize BWS but also validate their economic and

environmental attractiveness as promising alternative hydrogen production methods.
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Résumé

L'hydrogéne est de nouveau considéré comme solution de rechange aux combustibles
fossiles. Il s'agit d'un gaz propre a haute densité énergétique et sa combustion ne
génere que de la vapeur d'eau. Néanmoins, I'industrie de I’hydrogéne a une empreinte
carbone considérable puisque sa production provient principalement des combustibles
fossiles. Face a ce probleme, ce projet présente différentes approches basées sur la
fermentation sombre (FS), utilisant les boues de brasserie (BRB) comme principale
matiere premiere. Premierement, un prétraitement fongique (TF) a été proposé pour
dégrader le composant organique des BRB pour obtenir un effluent a faible
concentration de demande chimique en oxygene (DCO), mais riche en sucres simples
dans une FS subséquente, améliorant ainsi le rendement en hydrogéne (HY).
Deuxiemement, ['utilisation des cellules d'électrolyse et des piles a combustible
microbiennes (CEM et PCM) a été proposée pour assister la FS. Le couplage séquentiel
des procédés électrochimiques microbiens effectué aprés la FS n'a pas démontré
d'avantages. Cependant, en adoptant une approche en une seule étape, des résultats
prometteurs ont été obtenus en matiére de production d’électricité et d’hydrogene. Le
traitement direct des BRB par les PCM a généré 2,0 watts/g de DCO consommeée, tandis
que la combinaison simultanée de la FS avec les CEM (FS/CEM) a produit 1,6 fois plus
d’hydrogéne que la FS seule. Un HY moyen de 2,32 + 0,06 mol Hz/mol glucose a été
obtenu entre la FS/CEM et |la FS apreés le TF, approchant ainsi la valeur théorique de 2,4
mol Hz/mol glucose, ce qui représente une amélioration d'environ 50 % par rapport a la
FS seule. Ayant réduit la DCO de plus de 76 %, la FS apres le TF a présenté le meilleur
taux de conversion énergétique par substrat consommé (6,3 kJ/g DCO). Soulignons que
la biomasse fongique, utilisée dans plusieurs biomatériaux, a été produite jusqu’a 31
g/L. Dans la FS/CEM, 18 g/L d'acide butyrique ont été générés, soit trois fois plus
gu’avec la FS seule. Il s’agit d’'un résultat significatif considérant I'importance du
butyrate comme précurseur des biocarburants et bioplastiques. Ces approches

valorisent donc les BRB en tant que méthodes alternatives de production d'hydrogene.
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Chapter 1. Introduction

The central objective of this research is the valorization of brewery waste slurry to
produce hydrogen by dark fermentation supported by microbial biotechnologies while

producing value-added by-products and bioremediating the waste.

Firstly, Brewery wastewater (BWW) is an interesting feedstock, rich in carbohydrates
and nutrients for microbial growth?. Its chemically stored energy has been estimated at
around 14 kJ per g of COD?. Conversion of only ~22% of the chemical energy stored in
BWW into methane is enough to cover the necessary energy input to operate feed
pumps, mixing and heating of the reactor contents during the anaerobic digestion
process, in which, in addition, a 99% COD removal can be attained®. However, in
biotechnological processes, a great deal of the energy contained in the substrates is
used to sustain the growth of the microorganisms, so only a fraction of this energy is
recovered. Thus, the conversion potential into methane of the total energy contained
in BWW is normally low (Table 1.1). Yet, anaerobic digestion is still the most common

method applied to manage brewery sludge and wastewaters*.

The purpose of producing hydrogen from brewery wastewaters instead of streamlining
methane yields adheres to the fact that hydrogen is a clean gas with the highest energy-
to-weight ratio of all fuels (122—142 kJ/g)°, and whose combustion generates only
water vapour®. Moreover, although hydrogen’s heating value per mole is ~3 times lower
than that of methane (890 kJ/mol CH4 vs 286 kJ/mol H,), the latter is a greenhouse gas,
which combusted generates CO,, and if it is not used as a fuel, can remain in the
atmosphere for several years, being 20 times more effective in trapping heat than CO.’.
However, the application of hydrogen as a fuel on large scale is hindered by the
substantial carbon footprint behind the conventional ways to obtain it. In this vein, this
project stems from the need to find cleaner technologies for hydrogen production that

can rival current fossil fuel-based techniques.



Table 1.1 Energy recovery efficiencies commonly reported in methane generation from
brewery wastewaters

COD HRT Methane yield CODremoval Energy conversion

Reactortype (/1) (days)  (LigCOD) eff. (%) pergCOD* (%) 1er
EGSB-AF 452  97-133 0.28 82.1 20.8 s
ANMBR 10 68 0.53 598.0 13.4 :
CSTR 42  1-10 025-032 954-985 15.4 10
AnMBR 28.5 42  028-035 99.0 218 3

* Efficiency relative to substrate added, calculated assuming a total energy content in BWW of 14 kJ per g COD
EGSB-AF: Expanded granular sludge bed-anaerobic filter; AnMBR: Anaerobic mixed bed reactor
CSTR: Completely stirred tank reactor

Fermentative hydrogen production processes are more environmentally friendly, and a
wide variety of substrates can be used, of which many are wastes. The use of agro-
industrial residues is attractive because they can reduce costs, and although
biotechnological processes are highly limited by metabolic constraints, these can lead
to the generation of many by-products with commercial interests, thus increasing the
attractiveness of these alternative technologies. In this sense, brewery wastewater can
be an ideal feedstock for fermentative hydrogen production because, in addition to
being abundantly generated worldwide, its composition rich in organic matter can also

be exploited for the obtention of value-added by-products.

With all the above in mind, the essence of this research is to improve energy conversion
rates through the incorporation of other biotechnologies in synergy with dark
fermentation, which combined could contribute to extracting more energy from wastes
like brewery wastewater, while also looking to harness value-added by-products from
the process. Two different strategies are proposed: 1) a pre-treatment with white-rot
fungi, and 2) microbial electrochemical technologies (MFCs and MECs); both
techniques assist dark fermentation separately. In this study, only a few by-products
were addressed from each proposed treatment, described in detail below. Little has
been reported regarding the use of brewery wastewater as a substrate to produce
hydrogen biologically, hence, the present work contributes to the lack of published
information in that regard, in addition to presenting initial considerations for future

research.



1.1 General Hypothesis

Increased hydrogen production can be attained from dark fermentation in synergy with
other biotechnologies using brewery waste slurry as primary feedstock while producing

high value by-products and degrading the waste slurry.

1.2 General Objectives

1. Optimize the dark fermentative hydrogen production process using a high-

strength brewery waste slurry, evaluating the effect of adding glycerol.

2. Pre-treat brewery waste slurry with white-rot fungi to obtain a biodegraded
sugar-enriched effluent for hydrogen production in dark fermentation while

producing fungal biomass as the main by-product.

3. Optimize microbial electrochemical devices by the modification of carbon felt

electrodes with chemical deposition of conductive polymer polyaniline.

4. Determine operational parameters and overall efficiencies of the dark
fermentation alone, assisted by microbial electrochemical process, and after

the fungal treatment.



1.3 Dark fermentation

The first phase of the research study is to determine the potential of brewery waste
slurry as a substrate for hydrogen production in dark fermentation with and without

glycerol as a co-substrate.

The addition of glycerol has been shown to enhance biogas production in anaerobic
digestion''2, Since dark fermentation is the acidogenic part of the anaerobic digestion
process, it is expected that the addition of glycerol will also have a positive effect on
increased hydrogen production. Moreover, there are limited studies on the use of
brewery wastewater in dark fermentation, let alone with other co-substrates, and so far,
there is no literature reporting the co-mixture with glycerol. Another compelling reason
to use this substrate is that it is available in large surplus quantities as a by-product of
biodiesel production and obtainable at low cost!. As the worldwide biodiesel industry

has been growing, glycerol disposal problems have arisen accordingly®3.
Hypothesis

A metabolic pathway can be selected using an appropriate inoculum to optimize
hydrogen and butyric acid production with dark fermentation of brewery waste slurry.

The addition of glycerol as a co-substrate can increase hydrogen production.
General objective

Optimize conditions for the valorization of high organic-loaded brewery wastewater as
a substrate for hydrogen production in dark fermentation using an adapted inoculum

and evaluate the effect of glycerol as a co-substrate on hydrogen yield.
Particular objectives

e Select an appropriate inoculum to carry out the dark fermentation of brewery waste

slurry.

e Determine the maximum COD concentration in the brewery waste slurry at which

the dark fermentation can be carried out.



e Determine the optimum pH as a function of COD degradation and total gas

production in batch fermentations.

¢ Evaluate the effect on hydrogen production of glycerol addition to the brewery waste
slurry, fermented under optimum pH and initial COD conditions in batch

fermentation.

e Model the fermentative hydrogen production process to determine operational

parameters.

e Study the relationships between organic acids production, reduction in COD and

metabolic pathways.

1.4 Fungal pre-treatment

Although numerous strategies integrating a white-rot fungi (WRF) treatment with other
microbial fermentations have been explored in the search for a sustainable biofuel
production process from lignocellulosic biomass, little has been reported in the use of
liquid residues like brewery wastewaters. The high energy content in these residues can
be exploited after a WRF saccharifying pre-treatment while producing fungal biomass,

one of the many valued by-products than can be obtained from WRF.
Hypothesis

White-rot fungal biomass can be substantially produced while significantly treating a
high-strength brewery waste slurry leading to the generation of an effluent rich in

fermentable sugars which will enhance a subsequent dark fermentative process.
General objective

To bioremediate brewery waste slurry with white-rot fungi including the conversion of
recalcitrant molecules to produce a substrate rich in simple sugars and potentially

exploitable by-products.



Particular objectives

e Evaluate the growth of three white-rot fungi strains (Flammulina velutipes, Pleurotus
eryngii and Pleurotus ostreatus), in submerged fermentation using brewery waste
slurry-based media in order to select the strain that generates the highest biomass

production.

e Bioremediation assessment of the brewery waste slurry by the selected strain

determining COD reduction, as well as colour and turbidity removal.
e Determine fermentable sugars in solution after the fungal treatment.

e Assess the potential of the fungal treatment effluent as a substrate for hydrogen

production in dark fermentation.

COD and colour
reduction More fermentable »
e °* O
sugars
Brewery — ® Organic acids
Waste ® Separation
Slurry ° 5

( Fungal biomass )

Figure 1.1 Schematic diagram of the proposed fungal pre-treatment of brewery waste slurry prior to
dark fermentation, obtaining fungal biomass and butyric acid as by-products.



1.5 Microbial electrochemical technologies

Firstly, it is intended to use a carbon-felt modified electrode with polyaniline (PANI) to
enhance not only the conductivity of the electrode, but its capacitance, and promote
the electron transfer between the living cells and the surface of the electrode, given the
well-documented biocompatibility of polyaniline!#. This is to improve the catalytic
activity throughout the process in galvanic (MFC) and electrolysis mode (MEC). On the
other hand, the use of metal oxides such as ruthenium (RuOx) have been employed to
confer extra capacitance to carbon-based electrodes, and in MFC, RuOx nanoparticles
have shown to improve power output by 17 times, while the anode performed as a
biocapacitor'®'6, Therefore, it is also intended to evaluate the effect of adding RuOx
nanoparticles to the PANI-modified carbon felt electrode. Finally, both MFCs and MECs

were configured to work as a single chamber to reduce internal resistance.
Hypothesis

Combining dark fermentation and bioelectrochemical systems can increase hydrogen

production using brewery waste slurry as primary feedstock.
General objective

Evaluate and compare the use of MFCs following dark fermentation, hydrogen
production from dark fermentation assisted by MECs, and MECs following dark

fermentation utilizing a brewery waste slurry as the primary feedstock.
Particular objectives

¢ Modifying an inexpensive carbon felt electrode for both MFCs and MECs by
depositing polyaniline obtained by chemical polymerization of aniline, as well as the

addition of ruthenium oxide nanoparticles.

e Characterizing the performance of the modified polyaniline/carbon felt electrodes,
with and without ruthenium oxide nanoparticles, compared to the bare carbon felt

electrode, by simple electrochemical methods (e.g., cyclic voltammetry).



e Assess the performance of MFCs, in terms of power output and COD reduction, set
with the polyaniline-modified electrodes (with and without ruthenium oxide), fed

with fresh brewery waste slurry and dark fermentation effluent.

e Assess the hydrogen production, COD removal, and organic acids produced in
MECs, poised with a potential of 0.4 V, set with the polyaniline-modified electrodes
(with and without ruthenium oxide), fed with fresh brewery waste slurry and dark

fermentation effluent.

e Determine the feasibility of the use of MFCs and MECs assisting a dark fermentative
process based on the efficiency parameters calculated for each technology:
coulombic efficiency, COD reduction, power output in MFCs; efficiency based on

electric input, substrate input, hydrogen recovery, in MECs.
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Figure 1.2 Schematic diagram of the two proposed DF-METs systems. A) Two-staged integrated system
for dark fermentation of BWS followed by MECs and MFCs. B) Direct treatment of BWS in MFCs (1b) and
dark fermentation assisted by MECs (1a) for hydrogen production and butyric acid recovery.



1.6 Novelty and contributions

Microbial electrochemical technologies are a relatively new field of biotechnology, and
the application of microbial electrolysis is a novel and expanding field, as it is a
technology that has emerged only in the last 15 years. While the use of this technology
to assist dark fermentation to produce hydrogen has been explored in recent years, to
the authors' knowledge nothing has been reported with respect to the treatment of
brewing industry wastes, which represents large volumes of waste generated annually.
Finally, combining a white-rot fungal pre-treatment with dark fermentation is a strategy
with high potential for treatment and valorization of high strength liquid wastes such as
brewery waste slurry, however, there is little to no reported literature on this topic. It is

in these two main aspects where the relevance and novelty of this project lie.
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Chapter 2. Literature review

2.1 Climate change: the ongoing public health, humanitarian, and economical crisis

Amid the continuing threat to public health posed by several diseases around the globe,
and the dire ongoing humanitarian crisis, the world is facing not only the urgent need
to overcome the economic downturn after the COVID-19 pandemic?, but also the grave
consequences from all the absurd geopolitical conflicts of present days. This grim
panorama worsens when we put it all into the perspective of the ever-present, life-
threatening climate crisis. Undeniable is the evidence of global warming and its
deleterious effects. From an economic perspective, weather-related disasters cause
financial instabilities in estimated losses between 1%—7% of the affected country’s
GDP (more than $340 billion USD in losses per year globally), without taking into
account the implications to the economy in the longterm?=%. The latter poses a greater
impact on developing countries, intensifying social inequality and hampering human
development®. While there is yet no direct evidence to correlate the recent pandemic
with climate change, the link between global warming and human displacement is
indisputable. In 2020 alone, an estimated 30 million people were internally displaced
due to weather-related disasters, an increasingly frequent occurrence engendering

human suffering, especially in regions with scarce resources®.

Before the COVID-19 outbreak, according to the IRENA, the energy-related CO-
emissions in 2019 were 34 Gt, and barely decreasing to 33 Gt by 2050, far from the 9.5
Gt Paris Agreement’s goals’. We have seen encouraging sings when greenhouse gas
(GHG) emissions were reduced during the great lockdown in 2020, although the effects
of climate change will not recoil just for a temporary respite?. To put into perspective, a
reduction in emissions of 17% was observed in April 2020 compared to the same period
in 2019, and the sector that contributed the most to this change was surface
transportation (-43%)8, and by the end of 2020, it was estimated that global emissions
will be 8% lower®. Nevertheless, even though traffic and transportation significantly

reduced the carbon footprint during the pandemic, this change is negligible compared
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to the accumulated emissions from past years. In the same month of April 2020 an
average CO concentration in the atmosphere of ~416 ppm was measured, the highest
since 1958, Furthermore, the experience of previous crises demonstrates that while
carbon footprint temporally drops during a crisis (e.g. GFC in 2009), a dramatic
increase in emissions follows throughout the years after re-establishing economic
activity?. In this vein, many experts and international organizations view this current
situation as a critical turning point toward a low-carbon-based economy!!. To prevent
a disproportionate upsurge of CO, emissions and to provide a sustainable, resilient
economic recovery, many countries are implementing more fiscal stimulus and finance
packages to accelerate the transition to low-carbon economies in the short-term.
Similarly, some organizations (The World Bank, the OECD, the UNEP, and the WTO,
among others) recommend several policies to achieve a low-carbon recovery, some of

them related to energy and carbon emissions?.

In this context, it is necessary to address climate change, investing more in clean
technology and green jobs, otherwise, there is the risk we will continue in a fossil-based
economy with implications nearly impossible to escape!!. Among many other promising
clean energy sources, hydrogen re-emerges as a fossil fuel substitute. The European
Union's strategy to overcome the economic crisis in 2020 included a plan to invest
€470 billion by 2050 in green hydrogen, although to secure EU’s energy
independence, the targeted production planned by 2030 was increased by 250%, and
recently, the European Commission unveiled in 2022 a €300 million public-private
program to fund hydrogen research'23, For their part, the governments of the UK and
France have approved the release of an investment of £4 billion and €30 billion,
respectively, to strengthen their hydrogen sector by 2030415, In the case of Canada,
the Federal government aims to be among the top ten hydrogen producers, investing
$1.5 billion “in a Low-carbon and Zero-Emissions Fuels Fund to increase the
production and use of low-carbon fuels, including hydrogen”t6. With all of the above,

why hydrogen now?
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Table 2.1. Comparison properties of hydrogen and hydrocarbon fuels!’

Property Hydrogen Methane Gasoline Propane Ethanol Methanol
Ho CHa CsHs CsHs C2HsOH CHsOH
Molecular weight 2.02 16.04 102 44.10 46.07 32.04
Molar carbon to hydrogen ratio 0.000 0.250 0.444 0.375 0.333 0.250
Stoichiometric air/fuel ratio, mass 34.32 17.20 15.11 15.67 9.00 6.45
Latent heat of vaporization (kJ/kg) 446 509 348 449 921 1176
Lower heating value (MJ/kg) 119.93 50.02 44.50 46.40 26.86 19.93

Flammability limits (% by volume) 41-740 53-150 14-67 22-95 43-190 7.3-36.0

Self-ignition temperature (K) 855 813 530 755 696 737
Combustion speed in air (m/s) 2.933 0.355 0.356 0.432 0.455 0.455
Octane number (R+M)/2 130+(R) 120+ 86-94 104 100 100

2.2 Fossil fuels substitute: why hydrogen?

The enormous energy potential of hydrogen as an alternative to fossil fuels is not new
to the scientific community or industry. In fact, the practical use of hydrogen as a fuel
at a large scale can be placed, at least, at the dawn of the space race in the 1950’s!8,
and the first internal combustion automobile invented was powered not with
conventional hydrocarbons fuels, but with hydrogen, back in 1806'°. Hydrogen gas (H>)
has a high energy density (122—142 kJ/g)?°, however, it is not an energy source, rather
it has to be produced from another feedstock, therefore it is referred to as a potential
secondary energy carrier (like electricity)?!. It is nonpolluting; virtually the only exhaust
product of its conversion into energy is water. Nonetheless, despite the historical
background and the fact that it is the most abundant element in the universe (nearly
75% accounts for hydrogen), this molecule is rarely present on Earth in its elementary
form. Besides, due to its lightness and diffusivity, hydrogen gas can easily escape to
outer space, and so it barely constitutes 0.5-1.0 ppm of the atmosphere??*Z,
Therefore, to exploit all its potential, hydrogen must be obtained from various sources,

such as fossil fuels and water, which are abundant resources on our planet.
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Sources of hydrogen is not the challenge to be met; in fact, it is used globally on a
massive scale (Figure 2.1). Currently, hydrogen demand is 70 million tons annually,
mostly destined to synthesize ammonia and petroleum refining?324, It is used as well to
produce methanol and has found application in several chemical syntheses in food,
metal formation, plastics, and electronic industries?>. While the capacity to produce
hydrogen is not a problem, the challenges for its application as an energy carrier on a
large scale are rather related to sustainability. Some experts even claim that hydrogen
is too valuable to be burned?. On the one hand, storage, transport, and distribution are
one side of the problem. As the lightest molecule, H, diffuses easily through most
materials containing it. Also, at normal ambient conditions, H; is a gas, making it
difficult to condense to a liquid due to its low critical point (Tc =-240.01 °C, Pc=12.96
bar)?’. The latter not only poses a safety problem regarding storage and transportation,
given its flammability but also represents less volumetric energy, compared to other
liquid fuels. Despite having a high energy density (~4 times higher than gasoline), in
terms of volumetric energy (kJ/volume), H. presents a much lower value than that of
gasoline (~102 times lower)?8. Notwithstanding, H. still could be used as a secondary
energy carrier, and mixed with other gases, like methane or ammonia, it considerably

increases the gas mixture’s energy potential?®3°,

More importantly, lies the environmental impact of the conventional platforms of H-
production, which are based mainly on the thermochemical decomposition of
hydrocarbons. As mentioned above, H: is obtained from several abundant resources,
however, more than 90% of the H, produced is linked to the fossil fuels industry. Natural
gas and oil reforming are the most widespread methods, accounting for 78% of the
world’s H. production, followed by coal gasification (18%) and water conversion
(4%)?83t, Moreover, around 45—-60% of energy input is lost to produce synthetic
carbons or ammonia from hydrogen?*. In this sense, to distinguish the hydrogen
production platform in terms of GHG emissions, a colour classification system is
commonly used. Generally, a three-colour system is widely accepted??, although one or

more colours could be added, depending on the literature source.
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Figure 2.1. Hydrogen production platforms (left), and hydrogen demand and applications (right)?324

Firstly, most of the hydrogen currently used industrially and produced through the
gasification/steam reforming of fossil fuels is referred to as ‘Gray’ hydrogen; sometimes
‘Brown’ is to classify fossil fuels gasification, and Gray refers to steam reforming of
methane only. Either way, these two are the platforms with the highest environmental
impact. Then, comes ‘Blue’ hydrogen, which is the gas obtained from steam reforming
of natural gas with the addition of a carbon capture technology. ‘Green’ hydrogen is the
most environment-friendly group, in which water electrolysis is comprised, provided
that the energy employed comes from a renewable source, given the high power
requirement (~4.5 kW*h/Nm3 per mol of H,)3334 Therefore, even though hydrogen
combustion does not generate GHG emissions, water electrolysis could pose a
significant impact on the environment, thus compromising the character of hydrogen

as a clean energy?>%,

Hydrocarbon reforming has proven to be a low-cost and more efficient process than
other methods, although it is not a clean process and not based on a renewable
source3¢3’. Among the reforming routes of methane, steam reforming (SMR) is the least
expensive and most accepted to generate hydrogen from natural gas. SMR catalytic

process undergoes a series of reactions between methane and steam3é:



catalytic

CH4 + H,O — CO + 3H, Eq. (2.1a)
catalytic

CH, + 2H,0 — CO, + 4H, Eq. (2.1b)
catalytic

CO+H,0 — CO, +H, Eq. (2.2)

Methane can also be pyrolyzed, from which no CO nor CO: is generated since oxygen is

not involved in the decomposition reaction3:

Hydrogen from oil reforming also relies on the same reforming routes as natural gas,
i.e., steam reforming, partial oxidation, as well as pyrolysis. The process undergoes the
same four stages as methane reforming (desulfurization, reforming (with steam and/or
oxygen), water—gas shift, and purification). Hence, the general reactions for hydrogen

from any given hydrocarbon are the following3&:

catalytic
Steam reforming: C,H,, + nH,O — nCO + (n+ 0.5m)H, Eq. (2.4)
catalytic
Partial oxidation: C,H,, + 0.5n0) ——— nCO + 0.5mH, Eq. (2.5)
A
Pyrolysis: C,H,, —— nCO + 0.5mH, Eq. (2.6)

Other alternatives to conventional production processes are biomass-based methods
in which hydrogen is obtained either thermochemically or biologically from different
renewable sources, and as in the case of water electrolysis, they could be classified as

‘Green’ hydrogen.
2.3 Biohydrogen

By convention, hydrogen obtained from biomass conversion is referred to as
biohydrogen®. Wood, whether as raw material or waste, is since the dawn of time, the
largest biomass source that is still used to produce energy, and in the same vein,

biohydrogen is also mainly obtained through the pyrolysis of lignocellulosic
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materials3'4°. Other thermochemical technologies are merely an extension of the
conventional processes mentioned above (i.e., steam reforming and gasification of

biomass-derived chemicals*'-43), which represents the same environmental impact.

On the other hand, several biological technologies offer some unique opportunities
using raw biomass as well as biowastes as feedstocks. But could these biotechnologies
be considered among those ‘Green hydrogen’ production platforms? In the following
section, the main biological processes extensively researched and exploited to produce
hydrogen will be presented in a broad manner presenting their advantages and

disadvantages.

2.3.1 Biotechnologies for hydrogen production.

Biophotolysis

Biologically, hydrogen can be obtained from photoautotrophic microorganisms and
their sunlight-to-chemical-energy enzymatic conversion process under anaerobic
conditions, fueled by the low potential reducing agents released from water splitting,

and from which it can be distinguished by two different pathways*4.

Light
2H,0 — 2, 0, + 4H" + de”

Eq. (2.7)
Light energy
CgH 0, + 2H,0 —k fermentation | 11+ 2CH,COOH + 2CO, Eq. (2.9)
Light energy
2CH;COOH + 4H,0 8H, + 4CO, Eq. (2.10)

In the first pathway, as described in Eq. 2.7, a carbon-independent pathway known as
direct biophotolysis, the solar energy is captured by two light-harvesting protein
complexes (LHPC) in the cell wall of green algae and cyanobacteria®. These complexes
mediate the light-dependent oxidation of water, splitting it into protons, and yielding
electrons and oxygen“. The energy harvested from the water-splitting reaction leads to

an electron transport chain from the LHPC mediated by several enzymes embedded in

18



the cell wall until reaching the terminal electron acceptor ferredoxin (Fd)**. Finally, the
energy transferred to Fd is stored in molecular hydrogen by the enzymatic action of
hydrogenases, while the remaining energy is stored in lipids and carbohydrates within

the cell (i.e., starch and glycogen), by the reduction of CO, via the Calvin cycle**4.

In the second pathway, as described in Eq. 2.8—2.10, named indirect biophotolysis, the
reducing agents (electrons) do not come directly from the splitting of water, but from
the oxidation of intracellular carbohydrate reserves formed in the fermentative
metabolism (Calvin cycle), thus serving as chemical energy carriers between the water-
splitting photosynthetic process and the hydrogen-producing reaction*”48, Therefore,
this process is essentially comprised of two stages: 1) accumulation of carbohydrates
via fermentative metabolism; 2) dark fermentation of the reserved carbon sources to
generate ATP and further production of hydrogen. This pathway has been observed in

many organisms such as Chlamydomonas, Platymonas, and Chlorella®.

Photofermentation

Similarly, as in the indirect photosynthetic pathway occurring in biophotolysis, certain
bacteria can evolve H, via nitrogenases under anaerobic conditions®°. However, if in
indirect biophotolysis the reducing agents were accumulating carbon-based reserves
in the inner cell, in photofermentation, an external carbon source is necessary for
bacterial growth. Photoheterotrophs such as purple non-sulphur bacteria (e.g.,
Rhodobacter, Rhodopseudomonas, Rhodovulum) are capable to produce H. from
sunlight energy and reduced organic compounds, mainly organic acids (i.e., lactate,
malate, succinate, butyrate), although other carbon sources are also employed, like

simple sugars, amino acids, alcohols, inter alia*®.,

Through the photosynthetic activity, ATP and electrons are generated from the
breakdown of organic sources, rather than from water splitting, and hydrogen evolution
occurs as a means to create the necessary redox balance for the metabolic route, in
which electrons are finally transferred to nitrogenases via Fd, where nitrogen gas is

reduced into ammonia. Therefore, in these microorganisms, H: is a by-product of nitrogen
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fixation, following the principle in Eq. 2.11%55253, Photofermentation is definitely a more
efficient process for H, production than biophotolysis. Some works have reported an
overall efficiency of around 80% of conversion, despite common setbacks like low solar
energy conversion®l. This is mainly because nitrogenases are fundamentally the sole
entity in which H; is produced, and since O; is not generated during the metabolic

process, their activity is not inhibited®3.

N, + 8H* + 8e* + 16 ATP —— 2NH; + H, + 16 ATP + 16 Pi Eq. (2.11)

Dark fermentation

Anaerobic digestion comprises the anaerobic degradation of organic matter by
heterotrophic bacteria and microalgae. The process known as dark fermentation (DF),
naturally occurs in the first two phases of the anaerobic digestion process where these
microorganisms hydrolyze and partially oxidize complex organic substrates producing
organic acids (i.e., acetate and butyrate) while releasing H. and CO,. The hydrogen-
producing microbes involved in this anaerobic fermentation are facultative anaerobes
and strict anaerobes. Theoretically, 12 mol of H. can be obtained from 1 mol of glucose,
although this reaction is energetically unfavourable concerning biomass growth, and
the real conversion is usually lower®. Low acidic environments and high H. partial
pressure are important factors that have a direct impact on H. yield as well.
Additionally, enteric bacteria produce other fermentation products (lactate, acetate,
etc.) which can inhibit H, production if allowed to accumulate®. In consequence, the
maximum H, yield is 4 moles of H, per mole of glucose®®. In fact, H. yield in DF hardly
achieves over 33% of the theoretical 12:1 ratio®”. Notwithstanding, DF’s greatest
potential lies in its versatility and lower reaction volumes when compared to the
aforementioned technologies. Only a 1/50 of the photofermentation reaction volume is
needed, and more than 20 times smaller than indirect biophotolysis to produce the

same amount of volumetric energy (Table 2.2).
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Table 2.2. Size of bioreactor required to power PEM fuel cells (modified)*®

System Size of bioreactor required (m?®) to power PEM fuel cell of:
1.0KW 1.5KW 25KW 5.0 KW
Direct biophotolysis 341 512 856 1710
Indirect biophotolysis 67.3 101 169 337
Photofermentation 149 224 374 758
Dark fermentation 291 4.38 7.31 14.62

Bio-catalyzed electrolysis

Finally, in the past two decades, Microbial Electrochemical Cells (MECs) have been
studied to produce H, from the electrolysis of water and oxidation of organic matter, as
it would be performed in a conventional electrolysis cell. In these devices, the organic
matter is oxidized by bacteria in the anode to yield protons and electrons, and the
electrons transferred to the cathode reduce H.0 to produce H, and OH- (Eq. 2.12,
2.13). However, this coupled redox reaction is thermodynamically unfavourable,

therefore, an external potential must be applied.

Anodic reaction (for any given carbon source)

CH,O, + 2x — 2)H,0 — (y + 4x — 22)H + (y + 4x — 2z)e” + xCO, Eq. (2.12)

Cathodic reaction

2H* +2¢” ——H, E° = —0.420V vs SHE Eq. (2.13)

Notwithstanding, it has been observed that MECs are capable of generating H, at
greater efficiencies since the theoretical energy input required could be around one-
tenth of that of conventional water electrolysis®. Moreover, besides H, so as in the case
of DF, other compounds can be obtained from MECs by poising the anode at a given
potential to produce methane or H.0.. As an emerging technology, MECs are in the

process of consolidation, although so far, they have proven to be a robust technology
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able to deal with a wide range of organic substrates with direct application in

wastewater treatment®.
2.3.2 Advantages and disadvantages of these biotechnologies.

The aforementioned biotechnologies have attracted more attention in recent years
since they pose a more environmentally friendly platform: they operate at mild
temperatures and low pressures (25°C—40°C, and standard pressure), implying a lower
energy impact compared to conventional thermochemical processes, which operate in
the range of 600°C—1200°C®!, representing considerable high GHG emissions over 15
times more than renewable sources®?. Furthermore, there is an important feature to
consider, as these biotechnologies do not represent competition for feedstock
production lands, since they can be fed with agroindustry and municipal wastes, and
unlike other biofuels (e.g. biogas, biodiesel, etc.), with which CO. is emitted when they
are combusted, the CO, generated during the fermentation processes can be easily
captured or sequestrated in situ®2. However, in this review, we will pay close attention
to dark fermentation and microbial electrolysis cells only, given their advantages over
biophotolysis and photofermentation. Firstly, H> can be produced all day long since the
process is light-independent, and it is not restricted by reactor dimensions, secondly,
a wider variety of renewable carbon sources can be used as a substrate, both in DF and

MECs, producing several valuable end products in the process36:6364,

2.4 Fundaments and challenges of dark fermentation

To fully understand the fundaments of DF it is important to first refer to the Anaerobic
Digestion process (AD), which is the natural process where certain microorganisms, in
the absence of air, decompose complex organic matter at mild temperatures, releasing
a gas, mainly composed by methane. The remaining material, known as digestate, is
rich in nutrients (nitrogen, potassium, and phosphate) and it is a good quality, soil
conditioner. The biogas generated is normally used as a fuel to generate heat and/or

electricity, and in its refined state, it is very similar in composition to natural gas®®.
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Figure 2.2. Anaerobic Digestion schematic process

In the AD treatment process, broadly speaking, several groups of microorganisms are
involved in a series of four steps: Hydrolysis, Acidogenesis, Acetogenesis and
Methanogenesis (Figure 2.2). In the first stages (hydrolysis and acidogenesis), the
species commonly found are Butyrivibrio, Propionibacterium, Clostridium, Bacteroides,
Ruminococcus,  Acetovibrio,  Bifidobacterium,  Eubacterium,  Selenomonas,
Lactobacillus, and members of the Streptococcaceae and Enterobacteriaceae
families®®. In dark fermentation, enteric bacteria are the most studied facultative
anaerobes (e.g., E. coli and other Enterobacter), whereas Clostridium spp. is one of the
most important strict anaerobes; these genera can reach up to 70%—80% of the total

population in a hydrogen-producing bacteria consortium®’.

Hydrogen in DF is produced mainly through two metabolic pathways (Figure 2.3).
Firstly, the complex substrates are hydrolyzed into smaller molecules, mainly soluble
saccharides, amino acids, and glycerol. In the following step, simple sugars, like
glucose, are metabolized to pyruvate via glycolysis. In enteric bacteria, pyruvate is

broken down to acetyl-CoA, simultaneously producing formate, a reaction catalyzed by
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Figure 2.3. Hydrogen production pathways during dark fermentation: A) enteric bacteria; B) clostridia®®.
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the activity of pyruvate formate lyase (PFL). Hydrogen is then derived from formic acid
oxidation by a formate hydrogen lyase complex (FHL), (Eq. 2.14 and Eq. 2.15)%°. The
functionality of PFL is regulated by the level of oxygen in the environment’. In strict
anaerobes, pyruvate is metabolized to acetyl-CoA involving a pyruvate-ferredoxin
oxidoreductases complex (PFOR), producing hydrogen from the reduction of protons

by the action of hydrogenases in the presence of Fe(eq®?°° (Eq. 2.16).

pyruvate + CoA PRELLEIN acetylCoA + HCOO™ AG°® = -16.3 kl/mol  Eq. (2.14)
HCOO™ + H,0 <= HCO; + H, AG®=+1.3 kJmol  Eq.(2.15)

pyruvate + CoA + Fd IR, acetyl-CoA + Fdoq) + CO, AG®° =-19.2 kl/mol  Eq.(2.16)
NADH + H* —— NAD™" + H, AG? = +81.1 kImol  gq.(2.17)
2Fd(red) + 2HY —— 2Fd(0x) + H2 AG® = +3.1 kl/mol Eq. (2.18)

Hydrogen formation occurs before acetyl-CoA derivation into acetate or butyrate, since
the reduction reaction H* into H. gas is thermodynamically more favourable via
Ferredoxin (Fd(eqs/Fdwx) than NAD*/NADH (Eq. 2.17, 2.18)L. Thus, acetyl-CoA is the
key substance for hydrogen production in DF, because its fate will define whether the

process is governed by the acetate or butyrate route.

Several end products can be derived from acetyl-CoA, mainly volatile fatty acids
(VFAs), including acetate, butyrate, propionate, lactate; and alcohols, such as ethanol.
However, to produce hydrogen, at normal conditions only butyrate and acetate favour
the release of hydrogen. In theory, 4 mol Hz/mol of glucose can be produced from
acetate fermentation, and a maximum of 2 mol H./mol of glucose from butyrate
fermentation’2. Nevertheless, the latter is more energetically favourable (Eq. 2.20),
and, considering that a very low partial pressure of hydrogen is necessary to promote
more hydrogen production from acetate (<10 atm), the butyrate route by Clostridium
spp. is often sought®%%¢, Several studies suggest that butyric acid appears to be the

most toxic of organic acids generated in dark fermentation for hydrogen-producing
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bacteria’®74, notwithstanding, energetically wise, microorganisms in anaerobic
conditions prefer to produce the less acidic butyric acid’®. Hence, in the pH range of
5.5-7.0, butyrate is commonly found as the main end-product’®’’. Below pH 5 in DF,
acetogenesis shifts to solventogenesis, leading to the sporulation phase of strict
anaerobes or death*. Moreover, at lower pH, ethanol and lactic acid begin to

accumulate, with the latter’s metabolism impeding hydrogen production®7?,

C¢H,,04 + 2H,0 —— 2CH,COOH + 2CO, + 4H, AG® = =206 kl/nol  gq (2.19)

C6H1206 + 2H20 e CH3CH2CH200H + 2C02 + 2H2 AGO = —255 kJ/i‘IlOl Eq_ (2.20)

In the acetogenic step, VFAs and alcohols are decomposed by obligately hydrogen-
producing bacteria (including homoacetogens), forming more acetate, H. and CO..
Homoacetogens are found in Acetobacterium, Clostridium, and Butyribacterium
genera, inter alia, whereas obligate proton-reducing acetogens have been found in
Syntrophobacter and Syntrophomonas genera, to mention a few®®. Hydrolyzed long-
chain fatty acids (LCFA) and glycerol can also be oxidized in the presence of an electron
acceptor during this phase’®. In this way, acetogenesis normally occurs in

concomitance with the acidogenic stage.

Finally, the production of methane from the oxidized carbon sources formed in the
previous stages is carried out by certain archaea from the order Methanobacteriales,
Methanococcales, Methanomicrobiales, Methanosarcinales, and Methanopyrales,
through three metabolic pathways: 1) hydrogenotrophic, 2) acetoclastic, and 3)
methylotrophic pathways’®. Approximately, one-third of the methane produced
worldwide comes from the hydrogenotrophic pathway, exhibited by Methanococcales,
Methanobacteriales, Methanomicrobiales, and Methanopyrales, in which methane is
derived from carbon dioxide reduction using H as an electron donor (although formate
is also used as a source of electrons, except for Methanopyrus)®. Hence, to efficiently
obtain H; in dark fermentative processes, it is important to suppress the growth of

hydrogen-consuming methanogens.
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2.4.1 Operational parameters

To ensure the desired hydrogenic metabolic routes, proper treatment of the seed
sludge is applied, which normally includes heat treatment, looking not only to suppress
the activity of methanogens but also to reduce at the minimum the activity of some
other species known to hinder hydrogen production, like lactic acid bacteria. After pre-
treatments, the seed sludge is mostly comprised of Clostridiales; about 70%—80% of
the hydrogen producers belong to this genus, coexisting with several other species of
the genera Enterobacter, Bacillus, and Enterococcus®®®, It is known that a proper heat
treatment selectively eliminates hydrogen-consuming microbes and facilitates the
activation of hydrogen-producing spores. Enriched cultures of hydrogen-producing
microbes can be attained by treating the seed sludge for at least 10—20 min at
temperatures between 70-104°C, although after a few days of operation, H:
production in the bioreactor might drop by as much as 80%%. Electric treatment has
also been proposed, or the combination of both heat/electric treatments, in which the
seed culture is subjected to a discharge, applying voltages in the range of 3 V-20V,
suppressing methanogens and other hydrogen-consuming bacteria®®2. An appropriate
hydraulic retention time (HRT) can also help to control bacterial community by washing
out undesirable hydrogen-consuming species. Specific growth rates of methanogens
are very low (0.0167-0.020 h), in comparison to those of hydrogen-producing
bacteria (0.172 h)’t. Methanogens can be fully suppressed by maintaining short
retention times (2—10 h), without affecting hydrogen production, since the optimum

HRT has been reported between 8—14 hours®3.

Controlling the pH is arguably the most important factor to control. The role of
hydrogenases in biohydrogen production systems is vital, since these are the enzymes
responsible for H, formation from the excess of electrons and protons in the
fermentation broth, and like many other enzymes, they are strongly pH dependant®.
Standard H*/H. reduction potentials observed for hydrogenases in vitro are found
between pH 5.5-7.0, and the optimal condition has been found at pH 6.0%. The

suitable pH for hydrogenases activity in vivo ranges between 5.0—6.5, with optimal
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conditions at 5.5 in many strains, including Escherichia coli®®, and below pH 5.0 the
activity of hydrogenases begins to fail®’. Moreover, methanogenesis optimally occurs in
pH conditions close to neutrality, and when the pH drops below 6.5, methanogens are
inhibited’®®, whereas the optimal pH for H, production has been reported to be
between 5.0—6.0%83, Thus, maintaining a low pH can help to control the population in
the dark fermentative reactor. However, many studies have reported maximum

hydrogen production rates at pH between 6.0 and 6.5%-°%,

Another challenge in DF is the partial pressure of H.. If it is too high, the formation of
organic acids is favoured, which lowers the pH of the medium, turning the H,
production process thermodynamically unfavourable. Therefore removal of produced
hydrogen from the system is necessary to maintain the process in optimum
conditions’!. Stirring can decrease the partial pressure, although the most effective
strategy is to sparge the culture medium with an inert gas, like N.. An increase of 68%

to 88% in hydrogen production has been reported by sparging nitrogen gas®.
2.4.2 Hydrogen yield and process limitations

The main challenges of dark fermentation are associated with low substrate conversion
rates. Theoretically, 12 moles of H, can be obtained from 1 mol of glucose, however,

this reaction will never occur’!:

Ce¢H,,04 + 12H,0 —— 6HCO; + 6H" + 12H, AG° = 32kJ/mol Eq. (2.21)

As discussed earlier, hydrogen is obtained spontaneously only when acetate or butyrate
are derived from glucose: Gibbs's free energy is —206 kJ/mol and —255 kJ/mol,
respectively (Eq. 2.19, 2.20). Dark fermentations are the most spontaneous microbial
hydrogen-producing processes; water biophotolysis’ Gibbs free energy is highly
endergonic ( AG°® =+ 237 kJ/mol)*, for example. Yet, the maximum theoretical
hydrogen yield (HY) that can be achieved in dark fermentation is 4 moles per mol of
glucose, derived from the acetate route. Some authors refer that this is 33% of the

maximum theoretical (4 mol/12 mol from Eq. 2.21)%, although in reality is even lower.
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Empirically, it has been observed that butyrate governed most of dark fermentations,
because from an energy conservation point of view, producing butyric acid generates
fewer proton equivalents than acetate, whose formation releases twice as many H* as
butyrate, thus acidifying the medium more rapidly and disrupting NADH reoxidation as
pH drops’®, impeding not only H, formation, but also pyruvate, and so on. Excess of
acetate, therefore, can be recycled to acetyl-CoA, by butyryl-CoA:acetate CoA
transferase, producing more butyrate’®, and then, the theoretical HY of 4 moles per mol
of glucose from the acetate fermentation, in reality, becomes no more than 2 moles®é.
Contrarily, acetate is the major VFA observed at pH above 7 (pH 8—10), due to the
acetoclastic methanogenic activity triggered by CO, and CH4; accumulation, favoured

by the alkaline conditions®*.

Moreover, to produce the other 2 moles of hydrogen to achieve the maximum of 4 moles
per mol of glucose from the acetate route, additional hydrogen must be derived from
the NADH route®2. However, as mentioned above, hydrogen production through NADH
is thermodynamically unfavourable (Eq. 2.17), unless H; partial pressure is extremely
low (<10-3 atm)®¢. Therefore, under normal conditions (1 atm H.), dark fermentations
normally are found between 2 and 4 mol Hz/mol glucose, governed mostly by the more
thermodynamically favourable butyrate route. Thus, all hydrogen yields reported are
normally based on that maximum of 4 moles from acetate, and not on the 33%
aforementioned. Furthermore, as normally butyrate is the major end product, the
empirically observed HY, between 2.4—2.6 mol Hz/mol glucose*¢, can be a baseline

to evaluate the substrate conversion efficiency.

Regarding bioremediation, bacteria in DF partially oxidize the organic matter in the
medium, accumulating end products in the culture broth. Ironically, hydrogen
accumulation is the main issue affecting the entire fermentative process. Thus,
normally 60%—70% of organic load remains in the DF effluent, and it requires further
treatment before disposal®®, although under certain conditions, COD removal above
40% has been observed®. Notwithstanding, in the same way, there is the maximum

molar yield per mass of substrate, the performance of the fermentation can also be
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evaluated in terms of COD consumption, and theoretically, the maximum attainable

volume of hydrogen is 0.47 L H,/g COD, based on glucose as substrate model®®.

Finally, the performance of the dark fermentative process is generally evaluated

according to the following ratios®’:

Volumetric hydrogen production rate (HPR)

Total amount of hydrogen produced (mL)

Reactor volume (mL) x Time duration

Specific hydrogen production rate (SPR)

Total amount of hydrogen produced (mL)

Mass of substrate used x Time duration

Hydrogen production yield (HY)

Amount of hydrogen produced (mol)

Amount of substrate consumed (mol)

To make dark fermentation more cost-effective, different alternatives have been
explored, from optimizing operational conditions to the use of inexpensive wastes, as
well as coupling the process with other techniques. In addition to the natural option of
anaerobic digestion, photofermentation and METs have also been studied. The case of

the latter will be discussed further below.
2.4.3 Bioreactor Configuration and Operational Mode

Dark fermentation can be operated in batch or continuous mode. In lab-scale studies,
batch tests are more often documented because of their simplicity and flexibility,
whereas continuous processes are recommended considering industrial applications,
mainly because of their economic feasibility and their practical engineering design

when treating large amounts of substrates®.

Different kinds of bioreactor configurations have been used for continuous hydrogen
production, although CSTRs are more common’%®°, Generally, it is associated with a

relatively short start-up phase when compared to other configurations due to better
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mass transfer, but it also needs rigorous supervision due to the disposition of cells to
be washed out. The fed-batch operation also reported high HY. Several studies have
reported maximum hydrogen produced between 2.1 to 3.1 mol per mole of glucose,

using cellulosic wastes (waste powder, starch, etc.)?’.
2.4.4 Organic wastes as feedstock for biohydrogen production

Simple sugars, (i.e., glucose, fructose, xylose, sucrose, and lactose), have been
generally used as model substrates in DF, however, the costs of using them can be high
in large-scale application®l. On the other hand, the limitations of hydrogen production
via dark fermentative processes mentioned above can lead to a negative net energy
balance®. Therefore, among the strategies to overcome those limitations and make DF
more cost-effective, is the use of inexpensive substrates, like food industry organic
wastes. Some of the residues from different industries exploited in DF are shown in
Table 2.3:

Table 2.3. Hydrogen produced from different organic wastes in dark fermentation’!

Operational

Seed sludge Substrate mode Hydrogen yield
Mixed culture Food waste Continuous 3.5 L Ho/L-day
Mixed culture Olive pulp wastewater Continuous 2.8 mol Hz/mol hexose
Sludge compost Sugary wastewater Continuous 2.5 mol Hz/mol hexose
Klebsiella pneumoniae Cane molasses Continuous 11.2 mmol H2/g COD
Mixed culture Dairy waste Continuous 1.6 mmol Hz/L-day
C. saccharoperbutylacetonicum Cheese whey Continuous 2.7 mol Hz/mol lactose
ATCC27021

Thermoanaerobacterium-rich sludge POME Batch 6.3 L Hz/L substrate
C. freundii 01, E. aerogenes E10, and L

R. palustric P2 Distillery wastewater Batch 2.7 mol Hz/mol hexose
Mixed culture Brewery wastewater Batch 6.1 mmol Hz/g COD
Mixed culture Vinasse wastewater Batch 24.9mmol H2/g COD
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2.5 Microbial Electrochemical Technologies (METSs)
2.5.1 Working principle

MECs were developed in two different laboratories simultaneously back in 2005 by
electrochemically assisting Microbial Fuel Cells (MFCs) to produce hydrogen from
acetate!®®19l, MFCs are devices that can convert chemical energy stored in organic
matter into electrical energy through electrochemical reactions involving bacteria as
catalysts. MFCs and MECs are in principle the same technology, although the
difference lies in whether the system is operating in electrolytic mode (MECs), or
galvanic mode (MFCs) (Figure 2.4). In both systems, organic matter is oxidized by
microorganisms in the anode chamber through anaerobic respiration, yielding protons
and electrons. From here the similarities end, and to understand the working principle
of MECs, it must be understood how MFCs work. Firstly, there is the maximum energy
available for bacterial growth from the oxidation of organic matter, governed to some

extent by the anodic potential.
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Figure 2.4. Microbial Fuel Cells (MFCs) and Microbial Electrolysis Cells (MECs) working principles.
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or __ or _ o/ o/
AG® = —nFE® = —nF (Egy . — Egtceptor) Eq. (2.22)

Theoretically, the energy that can be harnessed by microorganisms per mol of acetate,
for example, ranges from —74 to —859 kJ, calculated from Eq. 2.22, since the standard
biological potential of acetate is —0.289 V vs SHE, and the potential of any anode as
the electron acceptor in MFCs ranges between —0.195 V to +0.822 V vs SHE!'®?, It is
evident, therefore, that lower anode potentials furnish less energy per electron
transferred for bacterial growth. Normally, bacterial activity in the anode chamber
results in a negative anode potential around —0.2 V vs SHE!%, which is slightly more
positive than the half-cell reaction potential for acetate. Thus, the potential of the
terminal electron acceptor (TEA) in the cathode is also as important as the anode

potential.

Anodic reaction
CH;COO™ +4H,0 — 2HCO; + 9H" + 8¢~  E° = —0.289 V vs SHE Eq. (2.23)

Cathodic reaction in MFC
0,(g) + 4H*(aq) + 4¢~ —— 2H,0()) E° = +0.840 V vs SHE Eq. (2.24)

Eemf = Ecathode - Eanode Eq. (2.25)

The theoretical electromotive force E, . from the coupled redox reactions above is
+1.129 V (Eq. 2.23, 2.24, reversible potential corrected to standard biological
conditions at pH 7.0), indicating that the oxidation of organic matter in the anode is
spontaneous (AG® is negative) and that the excess of energy can be harvested in the
form of electricity. This is the working principle of MFCs. The reduction reaction in the
cathode is always carried at a higher electrochemical potential than that at the anode,
leading to a spontaneous generation of electrical current. Typically, oxygen is the
preferred TEA given the high reduction potential of the oxygen reduction reaction
(ORR) (Eq. 2.24)'°4, Experimentally, however, cathode potentials are considerably

lower than the theoretical value; +0.3 V to +0.5 V, even with Pt catalyzing the ORR%3,
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While oxygen is reduced in the cathode chamber of MFCs, the transferred electrons
from the anode to the cathode in MECs can further reduce water leading to the
formation of H, and OH-. This coupled redox reaction (Eq. 2.26, 2.27) is
thermodynamically unfavourable since the theoretical cell potential is E®' =-1.23 V

(AG®' is positive, regardless of the pH)!%, hence, an external potential must be applied:

Water electrolysis half-reactions

Anodic reaction
2H,0(1) — O,(g) + 4H™ (aq) + 4e~ E°’ = +1.23 V vs SHE Eq. (2.26)

Cathodic reaction in MEC
2H"(aq) + 2¢” —— H,(g) E°" =0.00 V vs SHE Eq. (2.27)

Eocell = Eocathode - annode Eq. (2.28)

In MECs, the energy input is lower than in conventional water electrolysis since the
organic carbon degradation supplies part of the required energy. This is partly due to
the standard redox potential of biological redox reactions (Table 2.4), and also to the
decrease in the overpotential of the microbial electrolysis system, which helps to
reduce the energy input by greater than 50% (0.2 V-0.8 Vin MECs vs 1.23V-1.8Vin
conventional electrolysis)°*1%6107 Continuing with the use of acetate as a model, under
standard conditions ([H*1=1.0 M, 25 °C, 1 atm) and neutral pH (7.0), hydrogen can be
produced at the cathode at a theoretical potential of —0.420 V vs SHE, therefore, the
standard cell potential, calculated from redox standard potentials in Eq. 2.13 and
Eq. 2.23is E°=-0.131 V vs SHE:

Anodic reaction
CH;COO™ + 4H,0 — 2HCO; + OH' + 8¢~ E°=-0.289V vs SHE Eq. (2.23)

Cathodic reaction in MEC
2H* +2¢” —— H, E° = —0420V vs SHE  Ea.(2.13)

34



Table 2.4. Common biological redox reactions!%,

Redox reaction E° (V) vs SHE
2H* + 2™ — 2H, —0.420
Ferredoxin(Fe’*) + e~ — Ferredoxin (Fe**) —-0.420
NAD* + H* 4+ 2¢” — NADH -0.320
S +2H* +2¢” — H,S ~0.274
SOZ™ + 10H* + 8¢~ — H,S + 4H,0 ~0.220
Pyruvate’~ 4+ 2H* + 2¢~ — Lactate®" —-0.185
FAD* + 2H* + 2¢”~ — FADH, -0.180
Fumarate?™ + 2H* + 2e~ — Succinate?~ +0.031
Cytochrome b(Fe’*) + e~ — Cytochrome b(Fe?*) +0.075
Ubiquinone + 2H* + 2e” — UbiquinoneH, +0.113
Cytochrome ¢(Fe’*) + e~ — Cytochrome ¢ (Fe’*) +0.254
NO; + 2HT +2e™ — NO, +H,0 +0.421
NO, + 8HY + 6™ — NHI +2H,0 +0.440
Fe’* + e~ — Fe?* +0.771
0, +4H* +4e~ - 2H,0 +0.840

All values are valid for pH=7

The latter indicates that to produce hydrogen in the cathode from the biological
oxidation of acetate, it will be required to apply 0.131 V, which is 9.3 times less energy
than the theoretical voltage supply to a conventional water electrolysis process.
Therefore, due to the favourable thermodynamics of organic matter degradations,
typically, more negative potentials are applied to increase gas production!®. Moreover,
besides H», other compounds can be obtained from MECs. Microbial electrolysis is also
used to assist methanogenesis in anaerobic digestion. In this case, the potential
applied accelerates the synthesis of end products in each stage of the AD process, and
it has been found that above a poised potential of 0.6 V, hydrogen-consuming bacterial
communities increased their population in the vicinity of the anode, accelerating
acetogenesis and reducing HRTs!%%11° |n Table 2.5 some reported values of applied

potentials are shown, as well as the respective value-added products obtained.

35



Table 2.5. By-products from MECs at different applied potentials!®.

Product Applied potential Recovery rate Energy efficiency
V) (L/L-day) (%)

H. 0.6 0.53 204
0.4 0.2 267

CH4 0.8 0.17-0.75 240 - 84
0.9 0.12 67

H.0. 0.5 1.25 83.1

2.5.2 Effect of electrode potentials

As discussed above, the higher the anode potential the more energy is gained by
bacteria, but to improve the performance of MFCs, the anode potential must be as low
and the cathode potential as high as possible to increase the electromotive force of the
celll®2, Metabolic routes can be affected dramatically only based on the anode
potential. High cell potentials elicit higher redox oxidative metabolic pathways in the
anodic chamber, improving energy efficiencies, while when the potential decreases,
bacteria deliver electrons to electron acceptors with higher potential, (e.g., sulphate or
nitrates), and in the absence of such compounds, fermentative pathways become the
main processes (acetate and butyrate fermentation routes)'%. It is important to note,
that MFCs must be devised to sustain a constant or intermittent replenishment of
oxidized substrate at the anode to keep high cell potentials over time, otherwise the

system would perform as a biobattery?*!!,

The latter also applies to MECs. High cell potentials trigger higher reduction currents,
stimulate colonization on the surface of electrodes, and it has been observed that
bacteria regulate their respiratory pathway to maximize their energy efficiency!'2.
Furthermore, the anode potential has a significant effect on the growth and distribution
of anode-respiring bacteria. High diversity is observed when a low anode potential is

applied while increasing the anode potential selectively reduces microbial diversity!!3.
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This have a significant impact in hydrogen production. According to reported data, in
general, methanogenesis is favoured at higher applied potentials (0.6 V-1.8 V),
specifically, the activity of hydrogenotrophic methanogens is relieved by the hydrogen
diffusion rate restrictions in the system'%. Hydrogenesis is favoured between 0.4 V—
0.6 V103104 "however, there is always the risk of hydrogen-consuming archaea growing

in the cathode, reducing the MEC system hydrogen yield!!?,

Notwithstanding, as catalysts, bacteria play a vital role in these technologies, and the
contribution to current and hydrogen production is far more complex than just
changing the potential of a certain electrode. Either with single strain or mixed cultures,
regardless of the phylogenetic diversity, only the microorganisms capable of complete
oxidation of organic compounds are the most significant direct contributors to power
production!!4, The materials and the cell design are determinants as well. Several
strategies can be taken to improve the performance of these technologies based only
on the use of certain materials as an electrode. Some of the most important
electrochemically active bacteria, as the materials and cell configurations, are

discussed in the following sections.
2.5.3 Bacteria as catalysts in METs

The microorganisms capable of completely oxidizing organic matter to CO; in the
presence of an electrode serving as the sole electron acceptor, are often referred as to
electrogenic bacteria''®. Only a few species are known to exhibit this feature. The metal-
reducing bacteria Geobacter sulfurreducens and Shewanella oneidensis can use a
conductive material as the sole electron acceptor!¢-118 Such is also the case of the
Gram-positive bacteria Therminocola potens among other Clostridiales'*®.
Nonetheless, there are non-electrogenic bacteria that exhibit electrogenic activity by
the means of mediators. Pseudomonadaceae, Geobacteraceae and Enterobacteriaceae
interact with the surface of electrodes via exogenous or self-secreted mediating
compounds!?, Therefore, provided favourable conditions, several non-electrogenic

species can be electrocatalytically active, both in microbial electrolysis and fuel cells.
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2.5.4 Electron transfer mechanisms in METs

Basically, there are two types of extracellular electron transfer (EET) mechanisms:
Direct Electron Transfer and Mediated Electron Transfer. In the first case, direct contact
between the cell wall and the solid electron acceptor is established through outer
membrane redox proteins or even by cell appendages. Outer membrane c-type
cytochrome complexes are responsible to establish direct interaction with electron
acceptors in Geobacter spp. and Shewanella spp.*?'. G. sulfurreducens can deploy long
pili, called nanowires, establishing electrically active contact with the electrode
surface!??. Nanowires show the presence of aligned cytochromes along the structure in
which electron hopping occurs!?3. S. oneidensis interact with the electron acceptor

surface by extended protuberances from the periplasmic membrane!?4,

Mediated electron transfer is driven by electron shuttles. These mediator compounds
could be either self-produced or artificially added. There is also the specific case for
direct electron transfer in which mediator molecules are attached to the cell wall*?,
The self-produced metabolites widely reported as mediators are flavins produced by
Shewanella spp.*?¢, where riboflavin is dominant in biofilms!?’; and phenazines by
Pseudomonas'®®. These mediators could be secreted in the biofilm (microbial
formation on the surface of the electrode), as well as in the planktonic phase. The most
common exogenous mediators are potassium ferricyanide; colourants such as
methylene blue, methyl viologen, and neutral red; and quinoid-like compounds, like
anthraquinones and resazurin'?®. However, the toxicity of artificial mediators is an
important drawback!?®. Natural organic mediators like flavins have been tested to
enhance electron transfer and current generation in non-electrogenic microbes such

as yeasts and Gram-positive, like the order of Clostridiales and Bacillales*°.

Finally, there is the complex cross-feeding interaction between species in which
microbes from a community interact with each other to gain energy. Ubiquitous humic
acids and analogue molecules (i.e., quinones, anthraquinones, inter alia) can mediate
interspecies electron transfer in several environments!3!. Small electron acceptors like

formate also play an important role as electron mediators'3?. Interspecies direct
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electron transfer has also been observed through extensive nets of connections
deployed, facilitating cytoplasmic exchange between bacteria. These structures have
been referred to tentatively as interspecies nanotubes!33, In other cases, the addition
of a conductive material, like activated carbon, may elicit interspecies electron

transfer, substituting natural appendages interactions!3*.
2.5.5 METs configuration and materials

Oxygen is a major subject in METs configuration. Since it is a good electron acceptor,
it will compete with the anode. Therefore a suitable MET system must be designed to
keep the anode isolated from oxygen!?. The basic MET configuration is a double
chamber device, in which an ion exchange membrane separates both compartments.
In the case of MFCs, several double-chambered versions have emerged with variations
in the electrodes, surface-to-volume ratios, and reactor configurations!*. There are
also single-chambered MFCs in which the anode and the cathode are located in the
same compartment. In this case, the cathode is placed in direct contact with air either
in the presence or absence of a membrane (Figure 2.5). The simplicity associated with
single-chamber air-cathode MFCs also provides another significant advantage
compared to a double-chamber configuration, as it does not require aeration, boosting
the overall efficiency of the system. Also, according to some reports, larger power
densities have been achieved when aqueous-cathodes are replaced by air-
cathodes!®>136, Nevertheless, the absence of a separator increases oxygen cross over
and substrate diffusion, affecting conversion efficiency and electrocatalytic activity of

the biofilm at the anode!?%%’, Therefore, a selective separator is still necessary for MFCs.

In the case of MECs, since O: is not required to be introduced in the system, there is no
need to prevent the gas produced from entering the anodic chamber!®*. The typical
double chamber with anolyte and catholyte separated with a membrane, help to
prevent substrate crossover. However, a single chamber configuration is attractive to
reduce costs, although the H, productivity has shown to be low since this compound

could be employed by the anaerobic bacteria to produce methane!.
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Figure 2.5. Cell configurations. Double and single-chambered MFCs, and single-chamber MECs

Anode materials

The anodic performance is strongly limited by the EET between the anode and

electrogenic bacteria, so the material for the anode must be highly conductive,

biocompatible and stable within the bulk solution'3®. The most versatile material is

carbon, due to its high surface area and good conductivity!!!. Graphite electrodes with

large surface areas, like foams or fabrics, feature higher conductivity than simple

graphite rods, for instance!*. Carbon nanotubes (CNT) and graphene have higher

surface areas and excellent electronic conductivity with good chemical stability!4°,

nevertheless, their high costs are prohibitive, and other inexpensive carbon-based

materials (i.e., cloth, felts, paper) are preferred as electrodes.
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Cathode materials

Oxygen reduction reaction in the cathode is one of the most important hindrances in
fuel cells' performance. ORR is a slow reaction, hence a catalyst must be used to
improve the rates in any given type of fuel cell, where Pt is considered the reference!4..
However, the excessive costs associated with Pt-based catalysts and other precious
metals (e.g., palladium, rhodium, or gold) impede large-scale applications. The large
specific surface area of carbon-based materials is important when choosing a catalyst
for the cathodic reaction. High power densities as obtained with Pt as the catalyst can

be achieved with inexpensive chemical activated carbon fibres, for instance!#2.

Aniine  NH2 7
HsC N
o NH
The chemical structure of n X /g

polyaniline contains a quinoid HsC f}‘ N~ "0
ring that can be continuously R
varied by chemical or
electrochemical approach. (NH4),S,04 Isoalloxazine (Flavins)
- CHa,
H Quinoid ring |{|
N
®\ 2
- N
o
1 .
Pyocyanin
Ydn
Emeraldine salt
HsC._ _CH;
HaC._ _CH,
COCH
COOH N
N =
N\ OH N
= & r?l o
N N CH,
2-Hydroxy-phenazine Endophenazine A Endophenazine B

Figure 2.6. Emeraldine general composition from chemical polymerization of aniline in HCI, catalyzed by
ammonium persulfate. Self-secreted mediators like phenazines and pyocyanin by Pseudomonas and flavins
by Shewanella spp. are also presented.
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Carbon-based modified electrodes

Modifying carbon-based materials with polyaniline (PANI) is an attractive option given
its easy preparation procedure, low cost, ability to easily form various nanostructures
and excellent environmental stability!*®. The partially protonated form, named
emeraldine, is the most conductive species, which can be easily synthesized by
chemical or electrochemical polymerization of aniline!**. PANI-modified electrodes
have shown great potential in METs, by virtue of their good electrical conductivity, high
biocompatibility and stability in biological conditions'#. This is due to PANI’s chemical
structure (Figure 2.6), consisting of quinoid rings, closely related not only to most of
the bacterial self-secreted electron transfer mediators but also to molecules that form
part of the electron transfer chain complexes in the respiratory pathway of

microorganisms, in which ubiquinone is on of the electron shuttles in the cell wall'#é.

lon exchange membranes

Membranes play a major role in METs' design, as they directly affect the overall
performance and the final cost, estimated at 38% of the total cost of a conventional
dual chamber device, for instance!#’. Proton exchange membranes (PEM) are currently
the most widely used separators for METs operations, being Nafion® (DuPontTM) the
most commonly used membrane of its kind, due to its high proton conductivity and
excellent mechanical and thermal stability!*. When using a membrane, the
performance of the cells is related to the size of the PEM, rather than the projected
surface area of the electrodes. The power output in MFCs increases with larger PEMs,

regardless of the surface area of the anode, as demonstrated by Oh & Logan'#.

2.5.6 Technological challenges

Several factors affect the performance of METs. The major problem with both MFCs
and MECs is the energy losses due to the internal resistances (Figure 2.7), which leads
to energy inputs higher than theoretically necessary in MECs and low energy recovery
efficiencies in MFCs. As a matter of fact, the strategies to improve the performance of

MFCs and MECs are in the same vein, listed below!!%10:
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1. Optimizing architecture and cells design, to reduce internal resistances allowing
the increase of the current density.

2. Enhancingthe performance of electrodes, using low-cost materials, modifying the
surface of electrodes, developing high-performance catalysts, etc.

3. Selection of better acclimated electrochemically active biofilms in both systems,
in addition to better selective inhibition of methanogens in MECs.

4. Optimizing the separator, even remove it, if possible.

5. Evaluate the mechanisms of extracellular electron transfer processes between
microorganisms and electrodes to improve the kinetics of the process.

6. Scale-up challenges, including voltage reversal in MFCs stacks, energy losses and

low hydrogen recovery in MECs.

Potentiostat

H

Potential losses

PEM —— Cathode @ Due to bacterial electron transfer

@ Electrolyte resistance

@ At the anode

@ External circuit and PEM resistance losses

(&) At the cathode

@ Owing to electron acceptor reduction

+840 mV

—320 mV

Figure 2.7. Potential losses during electron transfer in microbial electrochemical cells.
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In the case of MFCs, the main barrier is the low power output in addition to the capital
required to set up this technology, which can be 30 times higher when compared to
conventional activated sludge treatment!®l. Additionally, the average power density in
MFCs is lower than 100 mW/m?, five orders of magnitude less than in conventional fuel
cells!®2, Notwithstanding, the direct electricity generation associated with low
operational costs (around 10 times lower than activated sludge treatment), and high
COD removal efficiencies, are two major advantages of MFCs difficult to overloook!%3,
Furthermore, integrated systems with MFCs are gaining attention, whether they are
applied as a pre-treatment or post-treatment stage, or even in parallel with other
technologies, specially MECs and DF. A lab-scale integrated MFC-MEC system, for
instance, showed an increase in hydrogen production rates of 38% when a capacitor
system is employed to transfer almost 90% of the energy produced in the MFCs to the
MECs, improving the efficiency up to 60%!°4. Another strategy is the development of
efficient harvesting energy technologies to boost the low current densities delivered.
Santoro et al.'%5, demonstrated to obtain an outstanding power output of 84 W/m? with
the help of a super capacitive air-breathing system, enhancing cathodic performance
with bilirubin oxidase electrodes, demonstrated in addition the proof-of-concept of a

self-powered supercapacitor connected to each electrode of the MFC.
2.5.7 Efficiency of the electrochemical processes.

The most important key factor for evaluating the performance of MFCs is energy
recovery. The overall energetic efficiency, ny, is defined as the ratio of power produced

to the heat of combustion of the organic substrate added, calculated as follows!!!:

1
/ Ecellldt
0

= Eq. (2.29)
N AHgmg q

Where AHg is the heat of combustion (J/mol) of the substrate, and myg is the mass of
substrate added (mol). Eq. 2.29 is usually used when the composition of the substrate
is known. However, when wastewater with unknown substrate composition are

employed, there is another parameter to evaluate the efficiency of the process.
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The Coulombic efficiency, (%CE), defined as the ratio of total Coulombs actually
transferred to the anode from the substrate to the maximum possible Coulombs if all
substrate removal produced current, is a useful parameter to evaluate the microbial

electrocatalytic activity!''. Moreover, %CE can be calculated based on COD

t
s [ na
0

BCE = — 0 Eq. (2.
° FV, ACOD 9. (2.30)

consumption:

Where V,, is the volume of the anodic chamber, and 8 is a constant used for COD based
on M, (32 g/mol) and 4 electrons exchanged per mole of O. If the %CE is low, it means
that bacteria are using alternate electron acceptors or that the process is governed by
fermentative pathways. In the case of MECs, coulombic efficiency is defined as the ratio
of moles of H, that can be recovered based on the measured current to the maximum

theoretical hydrogen that can be produced from the substrate.

fIce

%CE = —
Eq. (2.31
Hih a. (2.:31)

This ratio can also be based on COD removal:

t
/ 1dr
0

Ncg = F Eq. (2.32)
sz/S Vi AS
Mih = M Eq. (2.33)

Where F is Faraday’s constant (96,485 C/mol e) brys is the maximum theoretical

stoichiometric hydrogen production from the substrate (4 mol H. per mol of glucose’®
versus 2.4 mol H, per mol of glucose when butyrate is the main end product®), V; is
the fermentation volume, AS is the change in substrate concentration, and My is the
substrate molecular weight. AS can be substituted by ACOD, with a conversion factor
(e.g., 1.07 g COD/g glucose)**®.
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Finally, the energy efficiency related to the electrical input #z, and that related to the
substrate added #g, are the most common parameters to evaluate the performance of

hydrogen production in a MEC process:

‘[/I/H2 11H2AHH2
g = = Eq. (2.34)
WE WE d
WH2 WH2
ng = = Eq. (2.35)
WS AHS YIS

where is AHy, = 285.83 kJ/mol, ny, is the amount of H. moles obtained during the

process. The efficiency ng is calculated based on the heat of combustion of each
component added as substrate. The electrical energy input Wg is defined by the

following equation:

n

Wy = ) (1 EgyAt = I* R, At) Eq. (2.36)
1

Where E,, is the voltage applied, I and R, are the current measured and the external

resistor closing the MEC circuit.

2.5.8 Coupled systems for hydrogen and electricity production: DF/MEC—MFC

As has been mentioned above, biohydrogen production systems on their own are
limited in many ways. DF exhibits higher H., evolution rates in comparison to
photofermentation or biophotolysis, but the maximum yield is restricted by metabolic
and thermodynamic fundamentals. In order to achieve a more practical, energy-
efficient DF-based hydrogen production process, various attempts have been studied,
such as sequential anaerobic digestion (AD) post-treatment, and two-staged processes

to generate more hydrogen, like photofermentation or METs!19157,

As opposed to photofermentation, in which feeds normally are greatly diluted
substrates, METs usually accept feeds with a higher organic load within the typical DF

discharge range (2—40 g COD/L). Besides, DF effluents are rich in volatile fatty acids
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(VFAs), which can serve as a suitable carbon source for microorganisms in METs!%,
Another advantage is that the dark-fermentative process can be assisted by METs in a
single-staged process!®®. The integration of METs can improve COD reduction to levels
lower than 1 g/L, performing as an effluent polishing process while generating electricity
in MFCs, and further conversion of residuals to H. in MECs!®%. In this sense, there is the
potential to convert more energy through METs from the fermented organic wastes,

overcoming the biological and thermodynamic limitations of the DF process alone.

Some studies on DF coupled with MFCs reported stabilization of the DF effluent by the
increase of COD removal while electrical energy is produced. VFAs served as a readily
biodegradable substrate for the MFCs process rendering a final COD removal between
79%—99%1%%161 Nevertheless, even though several studies have reported the potential
of MFCs as part of an integrated system with DF and AD'®?, the general reported data
for MFCs fed with DF effluents shows a reduction in power output with an increase in
OLR, a situation that limits its application at a large scale (Table 2.6). On the contrary,
as seen in Table 2.7, in the case of DF coupled with MECs, several recent studies
reported the successful integration of both systems, demonstrating an enhanced H-
production rate (HPR) at the end of the process, and in some cases, reporting

remarkable higher H; yields per g of COD consumed.

Finally, as seen in Tables 2.6-2.7, there is a wide variety of organic wastes used as
substrates for both DF/MFC and DF/MEC coupled systems. Nevertheless, little work
has been reported on the use of residues from beer production processes. The use of
brewery wastewater (BWW) has been extensively studied on each technology
separately. In the course of the last decade, for instance, widely varied power outputs
(7—670 mW/m?) have been reported from MFCs fed with BWW163164, However, there is
scarce literature reporting the use of BWW in DF/METs systems, despite the great

potential of these organic residues, as discussed further below.
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Brewing process

Residues

2.6 Valorisation of brewery residues
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Figure 2.8. Brewing process with its residues (own figure).
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Beer is the most popular alcoholic beverage worldwide, despite the decline in its

consumption in the last decades!’®. The global significance of the brewing industry is

reflected in its market size, ~744 billion USD in 2020!"!; and in its impact on the

economy with 1 in every 110 jobs in the world related directly or indirectly to the beer

sector!’?. Notwithstanding the commercial relevance, the environmental footprint of

the brewing process is also of considerable significance due to the large proportion of

high-strength organic waste residues generated!’374. There are four main solid wastes

identified, and the wastewater from the brewing process.
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The fundamental ingredients to produce beer are water, malted barley, hops, and
yeast. Broadly speaking, the brewing process comprises the stages of 1) malting, 2)
milling, 3) mashing, 4) wort separation, 5) wort boiling, 6) wort clarification, 7) wort
cooling and aeration, 8) fermentation, 9) maturing, 10) beer filtration, 11) stabilization
and 12) packaging!’° (Figure 2.8). The most abundant waste is the brewers’ spent grain
(BSG), which comes at the end of every mash, and it constitutes about 85% of all waste
generated during the entire process!’. This residue is destined mainly as livestock
feed, especially for ruminants. BSG can contain 27% protein, 6%—7% fat, crude fibre
15%, and N-free extract 45%'76. However, managing the sheer volumes is often a
problem, so BSG ends up being disposed of in landfills!’¢. Then, there is the spent yeast
(BSY), which is collected by sedimentation from the fermenters. It is mostly comprised
of water (85%—90%), and it represents 10%—15% of the total brewery waste!’4. The
yeast (from the Saccharomyces genera), can be reused, although only up to a maximum
of six times!”’, after that, the surplus yeast is often disposed directly to the sewage
system!’®. The hot trub is a precipitate coming from the wort boiling process. With a
high content of water (80%—90%), the dry matter content consists predominantly of
complexes formed from the coagulation of high molecular weight proteins and
polyphenols from the wort, and it can contain a high sugar content (up to 20%)*"".
Another important solid residue is the kieselguhr sludge, containing the diatomaceous
earths used to clarify the beer. This is a waste with considerable disposal costs, and
while there are methods to regenerate recovered diatomaceous earths, they never
substitute the filtration quality of fresh ones!’3, hence, kieselguhr sludge is often
separated, neutralized with lime, and disposed of in landfills!’®. Finally, there is
wastewater. The production of beer is a very water-intensive process. The water to beer
volume ratio is estimated between 5—15, from which roughly 70% of the water supply
is discharged; that is a wastewater to beer volume ratio of 3—10*7317°, Moreover, these
residues typically contain an organic load of 11-13 g/L soluble COD*®°, although it can
be as high as 200 g/L'8. In general, BWW are pre-treated onsite prior to discharge to
the sewer system. Anaerobic digestion is the most common method applied to manage

brewery sludge and wastewaters!79182,
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Table 2.8. Physicochemical characteristics of brewery wastewater!s3184

Parameter Value

pH 3.0-12.0
Temperature (°C) 18 -40
COD (mg/L) 2,000 - 32,500
BOD (mg/L) 1,200 — 19,500
BOD/COD ratio 1.67
Total Kjeldahl N (mg/L) 25— 450
N-NHa(mg/L) 5.0-21.6
PO4(mg/L) <1-216
TS (mg/L) 5,100 — 8,750
TSS (mg/L) 620 — 3,000
VSS (mg/L) 380 - 4,800

Given their composition, BSG and BSY are exploited in a myriad of applications. As
lignocellulosic biomass, BSG contains a considerable amount of sugars embedded in
the complex matrix of lignin, hemicellulose and cellulose; almost 45% of the dry weight
of BSG is conformed by simple sugars, predominately glucose and xylose, among many
others'®, Proteins for human consumption are isolated from BSG through diverse
physicochemical methodologies, while bioactive peptides are generally obtained by
enzymatic hydrolysis'®. Additionally, BSG is an inexpensive raw material rich in
phenolic compounds, mainly ferulic, vanillic, syringic and coumaric acids, and other
common flavonoids derived from the flavan-3-ol skeleton (e.g., catechin)!®’. These
compounds are highly appreciated for their antioxidant activity and normally are
extracted from the BGS through various conventional chemical methods!®. The BSY is
also an interesting substrate. The high protein content (45%—60% dw), of which about
40% are essential amino acids, in addition to the high level of non-soluble
polysaccharides (85% of total carbohydrates), make BSY a highly appreciated
substrate 8%, As with BSG, the main destination of surplus yeast is as livestock feed!’8,
although it can also find commercial applications in the food industry, as a flavour
enhancer'®?, as a supplement for human consumption, and inexpensive nitrogen

source for several biotechnological processes!.
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Although BSG and BSY attract researchers’ attention the most, brewery wastewaters
(BWW) are an interesting substrate too. The composition of BWW, consisting mainly of
sugars, soluble starch, ethanol, and volatile fatty acids'9>1%3, makes them an attractive,
suitable fermentable substrate for the activity of a wide spectrum of microorganisms as
well. There is the use of MFCs fed with BWW, which has been extensively studied in the
last decade!®%4 so as the growth of microalgae for different purposes (lipids in
Chlorella vulgaris as feedstock for biofuels production!®>!%, and proteins extraction
from Spirulina platensis®’). Moreover, similarly to the case of the lignocellulosic
materials like BSG, wood-decaying fungi have been studied in submerged fermentation
(SmF) of different effluents, including BWW?98199,

Table 2.9. Characteristics of wastewater generated during each step of the brewing process®®

Source Operation Characteristics

Cellulose, sugars, amino acids

Mash tun Rinsing ~3,000 ppm BOD
Lauter tun Rinsin Cellulose, sugars, spent grain
& SS ~3,000 ppm, BOD ~10,000 ppm

. . . Cellulose, nitrogenous material. Extremely high
Spent grain Last running and washing in SS (~30,000 ppm). Up to 100,000 ppm BOD
Boil kettle Dewatering Nitrogenous residue. BOD ~2,000 ppm

. . Proteins, sludge, and wort. High in SS

Whirlpool Rinsing spent hops and hot trub (~35.000 ppm). BOD ~85,000 ppm
Fermenters Rinsing Yeast SS ~6,000 ppm, BOD up to 100,000 ppm

Beer, yeast, protein. High SS (~4,000 ppm).

Storage tanks Rinsing BOD ~80,000 ppm

Cleaning, start-up, end of filtration, Excessive SS (up to 60,000 ppm). Beer, yeast,

Filtration leaks during filtration proteins. BOD up to 135,000 ppm

Beer spills Waste, flushing, etc. 1,000 ppm BOD

High pH due to the chemical used. Also, high SS

Bottle washer Discharges from washer operation and BOD, especially thru a load of paper pulp.

Keg washer Discharges from washing operations  Low in SS (~400 ppm). Higher BOD.

Discharged cleaning and sanitation Relatively low on SS and BOD. The problem is

Miscellaneous materials pH due to chemicals being used.
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2.6.1 Brewery wastewaters as potential substrate for white-rot fungi

Three groups of wood-decaying fungi (also known as xylophagous), are recognized from
the type of decomposition they exhibit in woody materials: brown, soft, and white
rots?%l. The case of white-rot fungi (WRF) is particularly noteworthy. These are mostly
basidiomycetes well known for degrading and mineralizing lignin into CO, and H:0
more efficiently than any other microorganism?°2. Furthermore, besides lignin, the
extracellular enzymatic system of these fungi is capable of oxidizing a wide variety of
structures (halogenated and non-halogenated aromatic compounds as well as some
non-aromatic organopollutants)?®3, In WRF, laccases (Lac), and the lignin (LiP) and
manganese (MnP) peroxidases, are the three main secreted enzymes involved in lignin
mineralization by the action of their non-specific, yet broad spectrum catalysis of
dihydroxy and diamino aromatic compounds oxidation?®*. These ligninolytic enzymes
are known to cleave the carbon—carbon and carbon—oxygen bonds of lignin, regardless
of the chiral conformations of the molecule, generating radicals which may serve as

secondary oxidants, acting as mediators away from the enzymatic active sites?®.

Despite the extensive research over the decades, the mediated decomposition of lignin
by WRF is still a subject of discussion, as it is not clear exactly how the ligninolytic
enzyme complex acts over every different structure due to its unspecific nature?®. In
Lac-mediated reactions, there is a tendency for re-polymerization of free aryl radicals,
whereas LiP and MnP cleaving activities are affected by several conditions (e.g., the
limited lifespan of redox mediators, the necessity of H.O,, which presence is also
dependent on environmental conditions, etc.)?%*. Moreover, some WRF secrete all
three ligninolytic enzymes while LiP, for example, is expressed only by 40% of the
species?®®, Although lignin can be fully degraded, WRF cannot utilize it as a source of
energy for growth, but the substrates embedded in the ligneous material instead;

sugars from the cellulose and hemicellulose, or other carbon sources?®.

Hence, many other enzymes are also involved indirectly as auxiliaries during the lignin
decomposition process (e.g., glucose and aryl alcohol oxidase, glucanases, xylanases,

cellobiose dehydrogenases, inter alia)?*’2%¢, Among the most studied WRFs, there are the
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Figure 2.9. Oyster mushroom (Pleurotus ostreatus), by Michel Langeveld, licensed under (CC-BY-SA 4.0)
Retrieved from https.//www.inaturalist.org/photos/173512182

well-known genera of Trametes spp. and Bjerkandera spp.; species such as Pycnoporus
cinnabarinus, Phanerochaete chrysosporium, and Ganoderma lucidum; as well as the
edible mushrooms Flammulina velutipes (enoki mushroom), Lentinula edodes (shiitake
mushroom), and the genus Pleurotus spp., which includes the edible common oyster

mushroom (Figure 2.9), and king oyster mushroom?%°,

One of the attractive features of WRFs is their ability to degrade xenobiotic pollutants,
like simple aromatic compounds, polychlorinated biphenyls, and polyaromatic
hydrocarbons?®*. Among the studied applications there is the bioremediation of pulp
and paper mill sludge??, decolouration of dyes in industry effluents?!'212, olive mill
residues?324: and other wastes similar to BWW, like those from the ethanol industry
and distillery wastewaters?'>2'¢, |n the case of BWW, the type and concentration of
organopollutants will depend on the brewing process and which stage of it they come
from. Furfuryl alcohol, for instance, is generated mostly during the wort boiling, and

significantly more in darker beers than in lagers?'’. Furan and furfural-derived
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molecules are Maillard reaction end-products, mainly formed when sugars and amino
acids from the cellulosic material in the BSG are subjected to heating. They are known
to inhibit the central carbon metabolism of microorganisms, in fact, the presence of
these compounds demands more resistant strains in the production of ethanol from

lignocellulosic materials?!821°,

Other Maillard condensation products are melanoidins, partly responsible for the
colour and taste of beverages like beer and coffee??°, Due to the randomness of sugar-
amine reactions in Maillard condensation, the structure of melanoidins is hard to
predict, although there are some generally accepted skeleton structures proposed in
the literature??’. The release of melanoidins in wastewaters, however, given their
structural complexity, poses a potential threat to ecosystems by the increased load of
recalcitrant organic material, especially to natural water bodies???>. They can inhibit
microbial growth in biological treatment processes??3. Physical treatments to remove
melanoidins include coagulation, flocculation, adsorption, membrane processes,
electrocoagulation and oxidation??*, nonetheless, the problem of disposal persists, as
the melanoidins are not destroyed. According to some researchers, notwithstanding
the high COD removal yields, conventional aerobic-anaerobic treatment can reduce up
to 6%—7% of melanoidins; consequently, the brown colour remains practically
untouched after the treatment??®. Besides chemical degradation and adsorption
methods, some acetogenic bacteria can reduce melanoidins in waste streams by up to
76% under optimal conditions??6. However, the WRF P. chrysosporium and T. versicolor

can degrade melanoidins above 80%2%?4.

Fungal treatment of residues like BWW is attractive for several reasons. Besides the
aforementioned enzymatic system meant to break down complex lignin-like molecules
such as melanoidins, there is the adsorption of pollutants by the mycelium and
exopolysaccharides produced. Some studies on residues like BWW indicate that ~17%
of the brown colour of molasses and distillery effluents is removed by adsorption of the
mycelium??2, Moreover, the fungal strains generate by-products that can be utilized in

animal feedstuff??* and several other potential applications. Among the by-products of
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commercial interest, the predominant application exploited is related to ligninolytic
enzyme production with the aim, chiefly, to bioremediate diverse coloured effluents??7:228,
Although not as extensively reported as the enzymatic production, there are other
interesting compounds produced as well, such as organic alcohols, like coniferyl
alcohol from ferulic acid???; vanillin®° and benzaldehyde (almond scent)?3!; bioactive
compounds and organic acids like auxin (indole acetic acid), with antioxidant
activities?®?; and functional peptides for medical purposes?:3. And in recent years,

interest in biomaterials from fungal mycelium has blossomed.

Although the natural choice to grow WRFs is in solid state fermentation (SSF), there are
other advantages of fungal growth in submerged fermentation in this field. While the
availability of oxygen is not a limitation in SSF, important parameters like pH and
temperature are easier to control in SmF, as the purification of metabolites produced
by the fungi during the process?34. The intrinsic conditions in SmF allow the production
of pure mycelium, while in SSF, the biomaterial obtained is a rigid composite made out
of the mycelium and the lignocellulosic matrix that supported the fungal growth. These
lignocellulosic composites have gained attention as an alternative to expanded
polystyrene packaging, while pure mycelium exhibits more flexible properties with a
wider range of applications: from skincare and meat alternative products to substitutes
for conventional leather and textiles. In the case of the latter, WRF of the genera
Ganoderma spp., Trametes spp., Pleurotus spp., and Pycnoporus spp., have been used
to produce what it is called ‘myco-leather’?®®, In this regard, BWW offers an inexpensive,
suitable choice of substrate for WRF biomass production, as has been reported recently
for the growth of the edible species Pleurotus ostreatus and Lentinula edodes, so as

Trametes versicolor'e,
2.6.2 Role of white-rot fungi to produce biofuels from brewery residues.

Brewer’s spent grain and yeast have been studied for methane production in anaerobic
digestion, albeit with modest yields, between 70—105 mL CH4 per gram of COD
consumed?’523¢, Low yields of biofuels from ligneous biomass are associated with the

recalcitrancy of lignocellulose structure against microbial fermentation processes?®?.
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To overcome these hindrances, BSG must undergo various treatments, to obtain the
fermentable sugars embedded in the ligneous structure and reduce the impact of the
recalcitrant lignin-derived compounds. These procedures can be physical treatment,
chemical or enzymatic hydrolysis, or all of them combined®’. There is another
biological strategy, which is the use of wood-decaying fungi. As seen in Figure 2.10,
there are four strategies to incorporate white-rot fungal treatment of lignocellulosic
biomass to produce biofuels. The role of WRF goes from an auxiliary step, as part of an
integrated system using physicochemical pre-treatments, enzymatic saccharification
and hydrolysis; to the central role to carry out the entire delignifying/saccharifying
treatments simultaneously, while co-fermenting the biomass along with other

microorganisms to produce butanol, ethanol, and also hydrogen?37238,

1. Separate Hydrolysis and Fermentation

. Pre-treated ) " .
Lignocellulose lignocellulose Saccharification Hydrolysates H Fermentation Biofuel
\ + Pre-treatment \ + Commercial enzyme hydrolysis \ + Fungal inoculum

2. Simultaneous Saccharification and Fermentation

Lignocellulose FGsligatted Simultaneous Saccharification and (Co)-Fermentation Biofuel
lignocellulose

0

k. + Pre-treatment \ + Commercial enzyme hydrolysis \ + Fungal inoculum

3. Consolidated Bioprocessing

Lignocellulose .Pre-treated Simultaneous Saccharification and (Co)-Fermentation
lignocellulose

‘\ + Pre-treatment k + Fungal inoculum

4. Integrated Fungal Fermentation Process

Lignocellulose Simultaneous Saccharification and (Co)-Fermentation Biofuel

‘\ + Fungal inoculum

0 0

Figure 2.10. The schematic diagram of biological processes for biofuel production employing white-rot fungi.
Modified from Tri et al., %%’

58



Cellulose, composed of B -(1—4) D-glucopyranose chains, is the most abundant
material in the biosphere, followed by lignin?3°. Hemicellulose comprises 24%—40% of
woody materials?%®. It is a more complex biopolymer made of linear polysaccharides
composed of different sugars (i.e., xylose, galactose, mannose, and arabinose)?*. The
function of hemicellulose is to bind cellulose and lignin together. Lignin is a highly
branched three-dimensional heteropolymer comprised of intertwined phenolic and
non-phenolic compounds, arranged in a random manner which confers rigidity to the
plants’ stems but also makes it one of the most recalcitrant molecules?*>241, Therefore,
to obtain the carbohydrates from cellulose and hemicellulose and exploit them as raw
materials for biofuel production, lignin must be destroyed first. To release as many
sugars as possible, lignocellulosic biomass undergoes various treatments, the most
common are physicochemical methods (steam-explosion, hydrothermal processes,
ammonia fibre explosion, alkali hydrolysis, organosolvents), which require high energy,
or expensive reactants with toxic waste disposals, besides destroying some
fermentable carbohydrates in the process?¢. Enzymatic hydrolysis is very selective and
efficient, although the cost of the enzymes is prohibitive in large-scale applications,
hence the method is often combined with other physicochemical techniques!®. Among
several microorganisms, WRFs are an attractive option for bio-delignifying ligneous
materials before being processed for biofuel production. Thus, there is ethanol being
produced after wheat straw pre-treated with Pleurotus eryngii and Irpex lacteus®*?, or
even direct ethanol production from different carbon sources by Trametes hirsuta®*.
Biogas production was doubled after fungal pre-treatment of wheat straw with
Pleurotus florida?**. Methane and hydrogen production from pre-treated beech and
cedar wood with different WRF strains was markedly improved; the pre-treatment with
Phanerochaete sordida YK-624 being suitable for methane, while P. chrysosporium-
based treatment showed better results in hydrogen production by the pure strain
Clostridium thermocellum?*. Other studies reported enhanced hydrogen production
after the fungal treatment of wheat straw?*¢, and from the decomposition of volatile

bitumen coal in SmF?¥, both with the WRF P. chrysosporium.
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2.6.3 Brewery residues as substrate for energy conversion biotechnologies

As seen above, what makes BWW an interesting substrate is the content of sugars,
proteins, and other nutrients for the growth of a wide variety of microbial species.
However, recalcitrant compounds derived from lignin can be found in these residues,
which are known to have inhibitory effects over bacteria?3724249 which hinders the
application of BWW as a substrate to convert their chemically stored energy into
biofuels and secondary energy carriers like hydrogen. Some of these toxic substances
occur naturally in the raw materials used to produce beer, like the lignin-derived
aromatic molecules, and humic and fulvic acids?°%25!, Other, as have been mentioned
above, are generated during the brewing process, such as simple and highly branched
Maillard condensation products (i.e., melanoidins, furans, etc.). However, WRF have
the advantage over other microorganisms to thrive in toxic environments, under their
ability to degrade xenobiotic compounds and complex organic matter derived from
lignin better than other organisms. BWW, although not a solid waste, is characterized
by the high content of solids in suspension (Table 2.9), which comes from residual
lignocellulosic biomass of the cereals and hops processed. Hence, according to the
model presented by Tri et al.?*” in Figure 2.10, WRF can be part of a 4t"-level integrated
fermentation process, since BWW are already a residue coming from a pre-treatment,
delignifying and saccharification of lignocellulosic biomass (that is the mash, lauter and
boiling of grains and hops). However, little has been reported in this vein, although the
use of similar residues can provide the sought insight regarding BWW as substrate for

energy conversion technologies.

Such is the case of molasses and distillery wastewater. Fungal treatment of these
wastes is mainly focused on colour degradation and purifying the effluent under aerobic
conditions?%?-2%4, although a few research works have ventured into the study of fungal
treatment as a preliminary step to energy conversion from these wastes, with different
degrees of success. Strong?®® concluded that fungal treatment of winery wastewaters
before methanogenic digestion (AD) was not beneficial in terms of COD removal, hence

economically not feasible in that sense. Contrarily, as an example of combining METs
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with a fungal pre-treatment step, there is the report of MFCs attaining a final COD
degradation of 99% after the fungal pre-treatment of distillery wastewaters. The
maximum power output exhibited was 2.6 W/m?3 (~130 mW/m?) from the organic load
of 1.5 kg COD/m3 of vinasses?%®. Notwithstanding, the use of WRF as part of biofuel
production systems is normally reported in solid-state fermentation of lignocellulosic

biomass, as has been discussed above.

Brewery wastewaters are customarily treated using anaerobic digestion producing
methane, and microbial electrochemical technologies have been widely explored,
although individually. Nevertheless, little has been documented in the case of dark
fermentation, let alone DF/METs combined systems to produce hydrogen from these
residues. In this regard, a recent review paper of bio-hydrogen production from brewery
industrial wastewater?” describes methane production, glucose, sucrose, and lactose
as substrates to produce hydrogen, even about Hippocrates and healthy food; in short,
everything but the actual production of hydrogen from brewery wastewaters... In the
same manner, the documented studies using similar residues can provide a snapshot

of the current state of DF combined with METs to produce hydrogen and electricity.

Dark fermented distillery wastewaters with COD content ranging from 3.9-24.5 g/L
exhibited cumulative volumes of 86 to 305 mL H./L substrate, and the COD was
reduced between 27.4%—44.3%. The maximum hydrogen yield was obtained with the
highest COD concentration fed removal efficiency of 35.7%%. In another study, the
maximum hydrogen production from dark fermented sugar cane molasses was 276 mL
H./g COD removed. The DF effluent was used to feed MFCs, attaining a power output
of 3.02 W/m?3 and a final COD reduction of 88%2%. Furthermore, a combined system
DF/MEC-MFC not only demonstrated to greatly improve H, production compared to DF
alone (340.5 mL Hy/g cellulose, 41% higher vs DF alone) but also that MECs can be

powered by the MFCs’ power output, obtained simultaneously?°.
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2.7 Conclusions

Dark fermentation is an interesting hydrogen-producing biotechnology without the
need for sunlight, and it is a robust process that can be fed with higher organic loads in
comparison with photofermentation or biophotolysis. Yet, dark fermentation is
constrained by metabolic thermodynamics, and H. molar yields are low compared to
conventional technologies, which are based on fossil-fuels thermochemical reforming.
Although these platforms pose a large environmental footprint, their hydrogen
production rates are still unrivalled by dark fermentative hydrogen production rates.
Nevertheless, the advantages to DF are the mild operating conditions, and the organic
substrates that can be used, including several food and industry wastes; enabling the
production of hydrogen while addressing an environmental issue associated with the
waste used as substrate. Furthermore, this process can be enhanced by other robust
biological technologies. Anaerobic digestion is commonly used as a secondary phase
of treatment after DF, but microbial electrochemical technologies hold great potential
as well. Microbial fuel cells and microbial electrolysis cells can convert the chemically
stored energy in organic substrates by the means of electrochemical reactions
catalyzed by bacteria. MECs are novel technologies, which have grown faster in the last
decade. Hydrogen can be produced in these devices more efficiently than in
conventional water electrolysis, by their intrinsic biological overpotentials, which can
reduce more than 50% of the energy required to split water. On the other hand, MFCs
are devices that can convert chemically stored energy into electricity while reducing
the organic content in several wastes. Combined with DF, these technologies can
greatly improve not only hydrogen production rates but also COD removal efficiencies.
Furthermore, a wide variety of organic wastes can be employed to feed these combined
systems. One of them is brewery wastewater. These residues are intensively generated
by the steady, global beer industry. BWW high generation rates pose a huge

environmental impact.

These residues are usually biotreated under anaerobic digestion before being disposed.

However, BWW biological methane potentials are low. Other strategies have been
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widely documented in the field of METs, in particular in MFCs. In the field of bioenergy
derived from organic residues, little has been documented in the use of BWW besides
methane. On the contrary, similar residues are commonly found in the literature
(distillery and molasses wastewater). The composition of BWW is particularly attractive
given the high content of fermentable carbonaceous substances and nutrients to
sustain microbial growth in processes to produce biofuels, or to obtain secondary
energy carriers, like hydrogen and electricity. Nevertheless, these residues also contain
inhibitory substances for a wide variety of microorganisms, which can limit their
potential. In this regard, white-rot fungi can be part of a BWW co-fermentation process
for hydrogen production, since these filamentous basidiomycetes are able to degrade
lignin-like xenobiotic compounds in liquid wastes, thriving in media rich in lignin-
derived substances, like BWW. In general, WRF-based treatment, as well as DF and
METs technologies fed with BWW-like substrates, are strategies studied separately, or
as part of other systems. The combination of all treatments, despite their well-
documented potential, is barely studied. Regarding the production processes to obtain
different biofuels and in particular, environmentally friendly energy carriers like
hydrogen, the combination of these biotechnologies is attractive to overcome the
intrinsic limitations that each technique exhibits individually. The development of these
biotechnologies combined could represent a solid alternative among others in search
of robust sustainable processes to bridge the gap between the conventional hydrogen
production technologies, thus contributing their bit to turning the table on the global

humanitarian crisis posed by the life-threatening climate change of our times.
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Chapter 3. Valorization of brewery waste slurry with glycerol as co-
substrate for hydrogen and butyrate production using dark fermentation

Abstract

Among the methods to produce hydrogen biologically, dark fermentation stands out
mainly due to its low operating requirements. However, hydrogen yields are lower
compared to conventional technologies. Inexpensive organic wastes, such as brewing
industry waste slurries and glycerol, can provide a cost-effective feedstock with the
additional potential of generating value-added by-products, while addressing a
wastewater treatment issue. The hydrogen production potential in dark fermentation of
a high strength brewery waste slurry inoculated with a selected seed sludge, was
assessed. The optimum conditions for hydrogen production included an initial COD
concentration of 50 — 60 g/L, 6.4 pH and 30h HRT. The main end product was butyric
acid, accounting for over 50% of the analysed carboxylic acids. The efficiency of the
process on the basis of volume of H, obtained per gram of COD converted into organic
acids was 393 + 5 and 430 + 6 mL without and with glycerol, respectively, and the molar
ratio of H, per mol of substrate was 71% of the theoretical molar yield when the
fermentation is dominated by butyrate as the end product. A proposed brewery sludge
treatment system comprising dark fermentation followed by anaerobic digestion is
promising and can be more advantageous than anaerobic digestion alone with recovery
of valuable butyrate, a reduction in 4.3 kg of CO, emissions per cubic meter of sludge

treated, with only a 24% net loss in energy potential.

3.1 Introduction

Beer is the third most popular beverage worldwide, a market worth 605 — 744 billion
USD in 20202, although this industry has a large environmental footprint due to the
high water use and production of high-strength organic waste. The brewing process
requires 3 to 10 L of water per liter of beer produced with a typical wastewater to beer

ratio of between 1.2 — 2.034. Moreover, these residues typically contain an organic load
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of 11 — 13 g/L soluble COD?, although it can be as high as 200 g/L®. This becomes a
problem when considering that all brewery wastewaters must be properly treated to
meet regulatory discharge criteria, either to a municipal sewer system or to the
environment. Nonetheless, the rich content of organic load can be exploited to valorise

these residues.

The most common method applied to manage brewery sludge and wastewaters is
treatment through anaerobic digestion*”, in which biogas is produced from the organic
matter decomposition through a series of metabolic interactions between different
groups of microorganisms. During the first stages, certain groups of bacteria hydrolyze
complex macromolecules into simpler organic compounds (e.g., volatile fatty acids and
alcohols), by obligately hydrogen-producing bacteria (including homoacetogens),
generating Hz and CO.. These gases are consumed by acetogenic bacteria, producing
acetate, and ultimately methane by methanogenic archaea. At the end of the process,
depending on the nature of the digested substrate (dry or wet digestion), the methane
composition can range between 0.4 — 0.8 L per g of volatile solids processed, with a
methane to carbon dioxide ratio of 2:1, and small amounts of H.S, N, H, water vapor,
and other residual gases®°. However, methanogenic archaea can be inhibited, either
by physical or chemical pre-treatment, leading to a partial oxidation of the organic
matter, but also to the accumulation of hydrogen'®. This partial anaerobic digestion
process is known as dark fermentation (DF), a process that has been gaining interest

in recent years amid the development of low-carbon energy sources.

Hydrogen in DF is produced mainly through two metabolic pathways. Firstly, simple
sugars, like glucose, are metabolized to pyruvate via glycolysis. In enteric bacteria, after
pyruvate has been broken down to acetyl coenzyme, hydrogen is derived from formic
acid by a formate hydrogen lyase complex, or FHL. In strict anaerobes, pyruvate is
metabolized to acetyl coenzyme involving a pyruvate-ferredoxin oxireductases
complex, or PFOR, producing hydrogen in the process from the reduction of protons by
the action of hydrogenases in the presence of Fe(.q!"'2. Several end products can be

metabolized from acetyl coenzyme, although only butyrate and acetate favour the

79



release of hydrogen. Theoretically, 4 mol Ho/mol of glucose can be produced via the
acetate fermentation, and a maximum of 2 mol Hz/mol of glucose through the butyrate
fermentation'3. Nevertheless, the latter is more energetically favorable (Eq. 3.1), and,
considering that a very low partial pressure of hydrogen is necessary to promote more
hydrogen production from acetate (<103 atm), the butyrate route by Clostridium spp.
is often sought!415, Although butyric acid appears to be the most toxic of organic acids
in dark fermentation for hydrogen-producing bacteria'®!’, what it is certain is that
energetically wise, in strict anaerobes like Clostridia, microorganisms prefer to produce
the less acidic butyric acid*®. Hence, in the pH range 5.5 — 7.0, butyrate is commonly
seen as the main end-product!®*?, and below that, these microorganisms shift to
solventogenesis, sporulate or die?!. Moreover, at lower pH, ethanol and lactic acid
begin to accumulate, with the latter’s metabolism impeding hydrogen production'?22,
Thus, to achieve the desired metabolic pathway, a proper treatment of the seed sludge
is applied, which normally includes heat treatment, looking not only to supress the
activity of methanogens, but also to reduce at the minimum the activity of the
ubiquitous lactic acid bacteria. Hence, after pre-treatment, the seed sludge is mostly
comprised of Clostridia species; about 70% — 80% of the hydrogen producers belong
to this genus, coexisting with several other species of the genera Enterobacter spp.,

Bacillus spp., and Enterococcus spp.*423.
C¢H,,04 + 2H,0 — CH;CH,CH,00H + 2CO, + 2H,  AG® = —255 kJ/mol (Eq.3.1)
CeH;,04 + 2H,0 —— 2CH;COOH + 2CO, + 4H, AG®° = —184 klmol  (Eq.3.2)

Among the methods to produce hydrogen biologically, DF is generally agreed to be
more effective in comparison to other biocatalytic processes (i.e., biophotolysis and
photofermentation)?4-26, Perhaps its most promising feature lies in two factors: 1), it is
the natural process occurring in the first stages of anaerobic digestion as mentioned
above; and 2), it requires low energy inputs, since the optimal conditions are mostly
carried out at mesophilic conditions (25 — 45°C), and hydrogen yields are higher at low
pressures?”:28, In other words, DF is more environmentally friendly than other hydrogen

production platforms. Some of the by-products can be recovered, valorising the
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process even more. Butyric acid, for instance, (the major carboxylic acid produced as
mentioned above), is widely used in several applications, from chemical, food, and
pharmaceutical industries®. It is commonly obtained from the synthesis of petroleum-
based propylene and represents a growing global market above $175 million USD
(2020), sold at a unitary price of ~$1.8 USD per kg3°3!, Nevertheless, hydrogen yields
in dark fermentation are low (2 — 4 mol of H. per mol of glucose) compared to other
conventional technologies, hence, currently DF continues to be relegated to small-
scale applications3?33, although inexpensive organic residues, with the additional
potential of generating value-added by-products, can provide a cost-effective

feedstock for hydrogen production while addressing a wastewater treatment issue.

Brewery wastewaters are an appropriate substrate for DF as demonstrated from
previous studies, although at organic loading of COD <10 g/L and mostly supplemented
with synthetic media (e.g., glucose, fructose, or xylose, plus micronutrients)3*-3,
Moreover, there are limited studies with the use of brewery wastewater and other co-
substrates, while the mixture of municipal wastewaters supplemented with brewery
residues as a co-substrate is commonly reported®. Some co-substrates investigated
with brewery wastewater include cheese whey®®, corn®, liquid swine manure*, and
brewer’s spent grain*?. To the author’s knowledge there is no literature reporting the
co-mixture with glycerol, a substrate available in large surplus quantities as a by-
product of biodiesel production and obtainable at low cost*3. Theoretically, hydrogen
can be obtained at a ratio of 3 moles per mol of glycerol** However, when it has been
used as the sole carbon source in DF, this substrate has demonstrated low yields at
mesophilic conditions (less than 0.1 mol Hz/mol glycerol at temperatures between 30
—40°C)*. On the other hand, it is well documented that it can boost biogas production
in anaerobic digestion*¢. Depending on factors such as mixing ratio, temperature, and
HRT, the addition of glycerol to sewer sludge can improve methane yield (volume of
CHa4 per g of VS added) in AD up to 115% — 176%*’. Recent research has also reported
that in the co-mixture of food waste and sewer sludge with glycerol at 1% and 3% v/v,
in a two staged system DF/AD, glycerol improved hydrogen production by 48% and

87%, respectively, mainly due to the synergetic effect of the substrates’ composition?®.
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In view of the above, in addition to treating brewery wastewaters to produce hydrogen
with butyrate as the principle by-product in DF, the use of a readily available co-

substrate like glycerol, could serve to further increase hydrogen production.

Therefore, it is the aim of this work to optimize conditions for the valorization of high
organic-loaded brewery wastewater for hydrogen and butyric acid production using an
adapted inoculum and to evaluate the effect of glycerol as co-substrate on hydrogen
yield. Furthermore, a proposed complete low-carbon solution for brewery sludge is
described in Figure 3.1 and consists of applying DF as a pre-treatment followed by
anaerobic digestion to complete the conversion of residual organics, with hydrogen

from the DF enriching the methane produced.

- Applied to any combustion system.
- Promotes complete combustion.

+ - Up to 20% H, composition reduces
o Dark Fermentation storage and combustion safety issues.

—X Enriched biogas
@ - Enhanced biogas thermal efficiency.

® = =
e o Anaerobic Digestion e
Brewery

® » Waste
Slurry

[ ] [ ]
[ ]

Effluent rich in carboxylic acids

o BIOGAS

Figure 3.1. Proposed two-staged system Dark Fermentation/Anaerobic Digestion for hydrogen-enriched
biogas from brewery waste slurry treatment.

3.2 Materials and methods
3.2.1 Feedstocks, chemicals, and reagents

Two defined media were employed: Reinforced Clostridial Medium (RCM) (Oxoid™), and
modified M9 medium (M9OM). The salts and nutrients employed to prepare the latter were:
KH.PO, (Fisher Chemical™), Na,HPO;-7H,O (EMD Millipore™), NaCl (Fisher
BioReagents™), NH4CI (Sigma-Aldrich™), yeast extract (Thermo Scientific™), glycerol
299.5 % (Fisher Chemical™), and the trace salts MgS0. (Sigma-Aldrich™) and CaCl;
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(Fisher Chemical™). Besides KH.PQO,, other buffer salts include K.HPO, (Fisher
Chemical™) and sodium acetate (Alfa Aesar™). This synthetic M9 medium was
prepared according to the standard procedure shown elsewhere in*, using a

concentration of 5 g/L both of yeast extract and glycerol.

The standard solutions for the chromatography analysis were prepared using glacial
acetic acid 299.5% (Fisher Scientific™), n-butyric acid 299.0 % (Sigma-Aldrich™),
lactic acid 98.0% (Sigma-Aldrich™), formic acid 99.0 % (Thermo Scientific™),
propionic acid 299.5% (Sigma-Aldrich™), and the mobile phase was prepared with
H.S04 0.5 N (LabChem®). The gases to obtain the calibration curves for spectrometric
analysis (Hz, CO2, CH4), as well as argon as the carrier, were compressed, pure gases
(299.9%), all provided by Linde® Canada.

3.2.2 Inoculum selection

The residue employed was a brewery waste slurry (BWS) obtained from a regional
brewery in eastern Ontario, Canada (see Table 1). It contains slurry from the brewing
process in addition to waste beer and does not include spent yeast. The BWS was first
filtered through a conventional strainer with a gauze to remove gross solids, and then
stored at 4°C for further experiments. Total suspended solids and soluble COD analysis

were conducted after this coarse filtration.

Table 3.1. Characteristics of the brewery sludge after filtration.

COoD 71.5¢g/L

pH 42-45
Alkalinity —

Total solids 24.8 -30.1g/L
Volatile solids 23.4-28.1¢g/L
Total suspended solids 983 mg/L
Ammonia 17.3 - 24.7 mg/L
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Two different sources of seed sludge were tested to obtain a suitable inoculum for the
DF process. The first was obtained from an anaerobic digestor at a dairy farm located
near the city of Ottawa. The second was obtained from the anaerobic digestor of the
City of Ottawa’s wastewater treatment plant (ROPEC WWTP). The two sludge samples
were heat-treated (boiling for 2 h) to supress methanogens and activate the Ha-
producing spores, as has been reported!**°. After heat treatment, a set of
fermentations in two different defined media, RCM and M9M, were conducted with the
aim of obtaining a suitable inoculum capable of producing butyric acid while
suppressing the production of lactic acid. MOM is a minimal medium use to grow
bacterial strains, particularly, Escherichia coli, although not limited to it, while RCM is
formulated for the cultivation of Clostridium species, microorganisms responsible for

butyric acid production in DF.

The fermentations were performed with a 30 mL working volume of each defined media
in 120 mL serum bottles, inoculated with 1.3% v/v of each heat-treated sludge, then
sparged with nitrogen (~3 min) to provide suitable anaerobic conditions, properly
sealed with split stoppers and aluminium open-top seals, finally incubated in orbital
agitation (120 rpm) at 35°C for 24 h. The bacterial culture that met the requirements
was selected and cultured in a 50% BWS (same operational conditions), a provisional
concentration of BWS before defining the desired BWS concentration for the ensuing

DF experiments.
3.2.3 Optimization of organic loading

The effect of BWS organic strength on gas production was evaluated with the objective
of maximizing % BWS. Three COD concentrations were evaluated: 1) 73.1 + 1.6 g/L
(100% BWS), 2) 59.8 + 1.3 g/L (75% BWS), and 3) 46.9 + 0.8 g/L (63% BWS). All were
supplemented with 1 g/L of NH4CI. Triplicates were conducted with 120 mL working
volume in 250 mL KIMEX medium bottles, sparged with nitrogen, then closed tightly
with a hollow cap and self-sealing rubber stopper which allows inserting syringes to
measure the gas volume in the headspace (water displacement method) and taking

samples from the medium without opening the bottle to measure COD concentration.
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Likewise, the bottles were incubated in orbital agitation (100 rpm) at 35°C for 24 h, or
until no more gas was measured. The bottles were inoculated with the selected
inoculum from the heat-treated sludge, at a ratio of 1.3% v/v of the total working
volume. The pH throughout the first tests was left uncontrolled, but the initial pH of
each treatment was set at 7.1 by increasing the alkalinity (addition of 100 mg/L of
CaCO0s), and then adjusting with a 1M NaOH solution. All media and bottles were

autoclaved (121°C, 15 psia for 20 min) before inoculation.
3.2.4 Effect of glycerol addition with uncontrolled pH

After finding the optimum COD concentration, the effect of adding 5 g/L glycerol was
evaluated, following the same methodology: triplicates of 120 mL substrate in KIMEX
bottles capped with self-sealing rubber stopper, inoculated after sterilization). Gas
production and the change of COD were measured. The initial pH was 7.1 and left

uncontrolled throughout the tests, conducted under anaerobic conditions during 48 h.
3.2.5 Optimization of pH

The effect of pH on gas production was evaluated at three pH values. In addition of
alkalinity (100 mg/L of CaCOs), the pH was adjusted to 6.4 with 0.03 M potassium
phosphate buffer (8.9 mM K,HPO, and 21.1 mM KH:PO,), pH 5.8 with 0.03 M
potassium phosphate buffer (1.8 mM K:HPO, and 28.3 mM KH:PO,), and pH 5.3 with
0.025 M acetate buffer solution (20.1 mM sodium acetate and 48.2 mM acetic acid).
The pH 6.4 was selected after the optimization experiment and utilized in further
experiments. As previous tests, triplicates were conducted with 120 mL working
volume in 250 mL KIMEX medium bottles, autoclaved and under anaerobic conditions.

Gas production, COD concentration and change in pH were measured.
3.2.6 Dark fermentation trial at optimal conditions

The experiments described above maintained the gas in the headspace of the serum
bottles, which is appropriate for optimizing operational parameters, however, the

hydrogen yield tends be lower due to the growth of its own partial pressure inside the
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sealed bottles, pushing the gas into the liquid phase and to its own oxidation, thus

reducing hydrogen collection?®.

Therefore, to accurately determine the hydrogen production, a different bottle setup
was used. This consisted of a small glass reactor (max volume of 250 mL) properly
sealed but provided with an inlet and outlet for the gas carrier inflow (Argon) to a mass
spectrometer to detect the gases of fermentation, and with a sampling port, allowing to
collect liquid samples without disrupting the system to determine pH, COD and organic
acids produced. Optimal pH was adjusted at 6.4 as mentioned above. The temperature
was kept at 35°C by submerging the reactor in a water bath. The small reactor, so as
the medium were autoclaved (121°C, 15 psia for 20 min) before inoculation. Duplicate

batches were conducted during 30 h.
3.2.7 Chemical analysis

The production of organic acids was determined by chromatography in an Agilent®
HPLC Series 1200, using a Bio-Rad Aminex HPX-87H column, both Reflective Index
and UV at 210 nm. The column was kept at 60°C and the RID at 50°C. Samples from
the bottles were taken periodically, centrifuged (10,000 rpm, 10 min), and the
supernatant was filtered with a hydrophobic PTFE syringe filter (0.22 um). Finally, 20
uL of each sample was injected and diluted in H.SO4 5 mM as the mobile phase. The
elution time of each sample was 25 min. The fermentation gases accumulated in the
headspace of the bottles were analyzed by gas chromatography using a GOW-MAC
series 350 Gas Chromatograph using a column mole sieve 5X column, setting the
column at 35 °C, and the detector and injector at 180 °C and 50 °C, respectively. The
flow rate was adjusted to 30 cm3/min using helium as the gas carrier. Samples were
taken periodically with a 1000 pL syringe. In the final trials, the gases were monitored
continuously through mass spectroscopy during 30 h in a Dycor Proline Process Mass
Spectrometer (Ametek® Instruments), carried by a stream of argon at 100 mL/min, flow
rate monitored and controlled by a Horiba® VIA-510 Gas Analyzer. Finally, the COD was
determined by the HACH® 8000 Reactor Digestion Method using high range vials (20
— 1,500 mg/L), in which 2 mL of diluted samples (50 — 10 times) were digested in a
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HACH® DRB200 Dry Thermostat Reactor for 2 hours at 150°C. After cooling, the vials
were read in a HACH® DR6000 UV-VIS Laboratory Spectrophotometer to obtain the
COD value in mg/L.

3.2.8 Mathematical model for hydrogen production

The hydrogen production data was processed and modelled using a modified Gompertz
function. Although this equation is not a predictive model, itis commonly used to model

the parameters determining the hydrogen production yield, (as well as methane in the

} (Eq.3.3)

Where H(t) is the cumulative hydrogen (mL) at a given time t, P is the hydrogen

case of anaerobic digestion)31:52,

271828 - R,,

H(t)=P><exp{—exp lT(/l—t)+l

production potential, also referred to ultimate hydrogen production (mL), 4 is the lag
phase (h), and R,, is the hydrogen production rate (mL/h). Data processing was carried
out in Excel, fitting the RSE of the model versus the data obtained from the Mass-

Spectrometer.

3.3 Results and discussion
3.3.1 Inoculum selection

The inoculum selection from two sludge sources and two growth media was determined
primarily by the chromatographic analysis of the end products of each treatment. The
organic acids produced from the two anaerobic sludge sources are presented in Table
3.2. The sludge from the dairy farm anaerobic reactor was inappropriate for hydrogen
production with both growth media as butyric acid was barely produced, and lactic acid
was the major end product. The sludge from the ROPEC WWTP cultivated in MOM
yielded promising results with butyric acid as the main end product, while ROPEC

WWTP sludge cultivated in RCM exhibited high lactic and low butyric acid production.
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Table 3.2. Organic acids concentration in g/L after 24 hours of fermentation in two different anaerobic
sludges, cultured in two different defined media: Reinforced clostridial medium (RCM), and modified
minimal M9 medium (MOM)

Dairy farm anaerobic sludge WWTP anaerobic sludge

Organic acids RCM MOM RCM MSM
Formic 0.5+0.0 0.5+0.1 0.4+0.0 0.5+0.1
Acetic 43+04 3.7+0.2 34+04 0.3+0.0
Lactic 10.9+0.2 79+1.1 5.7+0.1 1.5+0.1
Propionic 7.9+0.5 1.9+0.1 1.8+0.2 0.6+0.0
Butyric 1.0+0.4 0.5+0.0 04+0.1 4.8+0.3
Final pH (24 h) 3.7+£0.0 45+0.1 43+0.1 49+0.1
Gas produced (mL) 12.1+0.2 12.2+0.3 10.9+0.3 16.4+0.5

It appears that RCM, rich in glucose and nitrogen sources, provided a better
combination of nutrients for lactic acid producer development in both sludge sources.
Furthermore, the optimum combination of ROPEC WWTP sludge and M9M produced
the largest gas volume during the fermentation along with the highest final pH. Several
studies observed that when the butyrate concentration is higher than that of acetate,
there is more hydrogen produced?®5354, Therefore, in all following experiments, the
inoculum was always obtained from the heat-treated AD sludge from the ROPEC
WWTP, cultured in minimal M9OM, then transferred after 24 hours to a BWS medium

before any DF experiment, at a certain concentration of BWS, discussed below.
3.3.2 Effect of organic loading

The impact of organic loading (g/L of COD) on the DF process was evaluated with the
objective of maximizing the percent of brewery slurry in the fermentation (Table 3.3).
Complete process inhibition was observed at 100% BWS (73 g/L COD), with no change
in the initial pH and no gas produced. Therefore, with the particular seed sludge used,
COD should be adjusted to a maximum of 60 g/L, corresponding to the highest gas

production observed in this screening trial. In a similar experiment, Balachandar et al.*®
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Table 3.3. Optimum dilution of brewery waste slurry (BWS) for gas production.

COD concentration (g/L) pHa Cumulative Gas
Initial Final 18h 30h (mL/g of COD
consumed)
100% BWS 73.1+1.6 65.7+2.0 7.1+0.0 — —
75% BWS 59.8+1.3 432 +1.2 5.4+0.2 4.7 +0.1 7.1+0.1°
63% BWS 46.9+0.8 30.9+0.6 5.1+0.1 4.7 +0.1 6.8+0.2°

2 jnitial pH = 7.1 (uncontrolled); ® gas accumulated after 30 hours of fermentation

found the maximum hydrogen production, in batch mode, was attained by feeding a
distillery effluent with 50 to 60 g/L of COD with no more hydrogen obtained by
increasing the COD beyond that limit. Given the surprising complete inhibition
observed at 100% BWS and no significant difference in gas produces between 65 and
75% BWS, the cause of the inhibition is unlikely directly related to the organic load or

to the C:N ratio, which was the same for the three loading rates.

The complete inhibition at 100% BWS (73 g/L COD) suggests a toxicity toward the acid
producers in the inoculum. The toxicity could be due to the presence of a diverse group
of molecules commonly found in this type of slurry including humic and fulvic like
compounds®®, diatomaceous earths employed in the clarification process of beers®’,
melanoidins®8, and polyphenols®%; all of which are known to have a certain degree of
inhibitory effect®®¢!, At higher concentrations of brewery effluents the bacterial growth
could be inhibited, particularly acidogens; bacteria directly involved in hydrogen

production, which cannot absorb complex organic matter directly into the cell wall®2.
3.3.3 Effect of glycerol addition with uncontrolled pH

The addition of 5 g/L of glycerol increased gas production by 45% (Figure 3.2). This
represents a 40% increase in gas volume per g COD removed (Table 3.4); which is
similar to what has been reported with anaerobic digestion*¢. However, only 31% of the
glycerol was consumed in the fermentation, possibly due to the choice of inoculum or
to the drop in pH. Analysis of the gasses found no methane detected in both cases and
11.4% = 1.3% CO; in the BWS with glycerol and 7.2% =+ 0.9% without, indicating the

presence of hydrogen in substantial quantities.
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Table 3.4. COD removed, fermentation gases produced, maximum CO: detected, and final pH of the dark
fermentation process of BWS (50 — 55 g/L COD) at 35°C with and without 5 g/L glycerol (BWS + Gro).

Treatment CoD Gas in the head space Gas per grams of COD pH
(g/L) (mL) consumed (mL/g)
Initial Final Yorem. %CO," Cumulative Total Final
BWS 50.1+0.2 31.5x19 37.1 7.2+0.9 94.3+45 5.1+0.7 5.1+0.18
BWS+Gro 54.2+15 352+14 35.1 114+1.3 136.6 7.3 7.2+0.3 5.0+0.15

T maximum peak of gas, measured at 30 h.

A strong decline in COD was observed during the first 6 hrs of fermentation, both with
and without glycerol, and coinciding with limited gas production. This suggests that the
initial COD removed was due to the hydrolysis of more complex molecules in the
medium. The initial rate of COD reduction was lower with the addition of glycerol
suggesting either an inhibition of the hydrolyzing bacteria or a competition between
substrates. Peak gas production was observed between the 18" and the 30" hour, with
the subsequent decline likely due to a combination of substrate limitation and low pH,

as the pH declined from 7.1 to approximately 5.0 at 48 hrs.

COD (g/L) COD (g/L)

70.0 150.0 70.0 150.0
A B

60.0 - - 120.0 60.0 1 F 1200

50.0 + 90.0 500 1 - 90.0

40.0 - 60.0 400  60.0

Cumulative gas (mL)
Cumulative gas (mL)

300 - - 30.0 300 A - 300
20.0 T T T T 200 +—Ah——K—7F—T—F—
0 6 12 18 30 48 0 6 12 18 30 48
Time (h) Time (h)
Cumulative gas volume =——fe— pH COD concentration * *Xe «

Figure 3.2. Cumulative gas produced, COD concentration and pH drop throughout the dark
fermentation process in capped bottles during 48 hours of A) brewery waste slurry alone, B)
supplemented with 5 g/L of glycerol.
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Figure 3.3. Fermentation gases produced per gram of COD consumed (mL/g) at each different buffered pH.

3.3.4 Effect of pH

BWS fermentations were conducted at controlled pH conditions spanning the potential
optimum range for hydrogen production while remaining below pH 6.5, the lower limit
for effective methanogenesis®. The highest gas production was observed at pH 6.4
(12.1 £ 0.2 mL/g COD), with significantly lower volumes recorded at both pH 5.8 and
5.3 (Figure 3.3). COD reductions were similar at pH 6.4 and 5.8 with 38% and 39%
reduction, respectively, while only 28% COD reduction was observed at pH 5.3. The
role of hydrogenases in biohydrogen production systems is vital, since these are the
enzymes responsible of H, formation from the excess of electrons and protons in the
fermentation broth, and like many other enzymes, they are strongly pH dependant®. It
is well known that at pH lower than 5.0 the activity of hydrogenases begins to fail, in
addition to the observed behaviour below this pH value, where the lactic acid route is
favoured, and the butyric fermentation route shifts into solventogenesis, leading to an
irretrievable cessation of gas production®®. Standard H*/H. reduction potentials
observed for hydrogenases in vitro are found between pH 5.5 — 7.0, and the optimal
condition at pH 6.0%. The suitable pH for hydrogenases activity in vivo ranges between
5.0 — 6.5, with optimal conditions at 6.0%7, and in in many strains, including Escherichia
coli, 5.5 is the optimum®. The optimum pH of 6.4 identified in this study corresponds
to other reports using food wastes in DF, where the best performance was found at pH
6.0 — 6.5%7! in contrast to pH 5.5, referred to as the optimum in some reviews!422,
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Figure 3.4. Production rate (mL/min) of hydrogen (o), carbon dioxide (©), and methane (®) during the
treatment of A), 50 — 60 g/L COD waste slurry alone; B), with the addition of glycerol (5 g/L). C), Gompertz
Model of gas production (mL) of hydrogen and the percentage of COD reduced in brewery waste slurry
alone and with the addition of glycerol (5 g/L).

3.3.5 Dark fermentation at optimum conditions with and without glycerol addition

A final set of fermentation experiments were conducted at the optimum conditions of
50 — 60 g/L COD and pH buffered to 6.4, although the pH declined to between pH 5.7-
5.9 after 30 h of fermentation. Hydrogen was produced from the beginning of the batch
fermentations and attained a maximum average flow rate of 35.2 + 0.7 mL Hy/h after
15 hrs without glycerol and 42.0 + 0.8 mL Hx/h after 12 hrs with glycerol, similar to what
has been reported in the literature’?. Beyond the maximum peak of activity, the gas
production substantially dropped in both treatments (Figure 3.4 A,B). This pattern is

also observed with the COD consumption rate after the 18" hour. The total cumulative
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volume of hydrogen produced in the BWS with glycerol was 762 mL H,/L BWS, which
is 9.7% more than in BWS alone (694 mL H./L BWS), corresponding to a 10.0% increase
in H2 produced per gram of COD consumed with the addition of glycerol (Table 3.5).

The content of H in the biogas was approximately two thirds of the total gas volume both
with and without glycerol, which is similar to that reported by Wicher et al.”® with a lower
strength distillery wastewater. The Gompertz model (Figure 3.4 C) fit the data very well
with maximum modelled flow rates (R,,) of 42.0 mL H./h and 34.8 mL Ha/h, with and
without the addition of glycerol, respectively. In both cases, the lag phase was between
4.5 and 5.0 hours. In order to maximize hydrogen production, methanogenesis must be
suppressed as hydrogen is consumed in the formation of methane. Methane was
detected, but in low quantities, with a steady rate of approximately 0.045—0.046 mL

CH4/min and a total cumulative volume of 15% of the H. produced from both treatments.

Regarding the end products of the fermentation, the primary organic acid detected was
butyric acid in both treatments, followed by lactic acid and propionic acid. A rapid
acidification can be related to the profile of carboxylic acids produced during the first
half of the fermentation (Figure 3.5 A, B). It appears that the process approached a
stationary phase at the 18" hour, given the cessation of carboxylic acids production,
which coincides, again, with a decline in the rate of COD reduction (Figure 3.4 C). It is
to be noted that the concentration of acetic acid was the lowest volatile acid in both
treatments, clearly indicating that the preferred metabolic pathway is the butyrate-type
fermentation. In both cases, from the 18™" hour to the 30" hour, the concentration of
acetic, and butyric acid remained fairly constant, indicating that COD converted into
formate is largely responsible for the remaining hydrogen produced. As seen before,

only 31%— 32% glycerol was consumed.

With the additional glycerol, hydrogen production increased by 10% mL per g of COD
consumed. This represents half of the theoretical molar yield of the depleted glycerol
(47.9% on the basis of the difference of volume produced per L of BWS). The yield here
presented (1.44 mol Hz/mol of glycerol) falls within the expected yield in mesophilic

conditions in the reported literature’.
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Figure 3.5. Main organic acids produced and final composition after 30 h of dark fermentation at initial
buffered pH 6.4 in A), brewery waste slurry alone (BWS); and B), with 5 g/L of glycerol (BWS + Gro). HAc,
acetic acid; HFc, formic acid; HPc, propionic acid, HLc, lactic acid; HBu, butyric acid.

Experimental hydrogen production yield in the BWS (without glycerol), based on the
stoichiometry of the reported primary metabolic pathways for the formation of butyric,
acetic, and formic acids from glucose, was 1.7 mol Hz/mol of glucose, or 71% of the
theoretical maximum yield defined by Zhang et al.?® when butyrate is the predominant

end product.

Hydrogen yield on the basis of COD consumed is typically reported around 100 mL H./g
COD”. In this study, 331.3 + 7.1 mL H./g COD consumed with glycerol added, and
299.7 + 11.0 mL H./g COD without was attained (Table 3.5). There is scarce literature
regarding hydrogen production from brewery wastewaters, and the existing literature is
difficult to compare as the brewery wastewaters were largely diluted and
supplemented, normally with glucose, to attain a certain COD concentration (2 — 10
g/L COD initial)3¢3779 whereas in other cases, hydrogen production is overlooked by the
methane potential instead®. In a study using distillery effluent with the same initial COD
as this study, 1,156 + 25 mL H,/L was reported, which is 5 to 6 times lower than the
present work®. On the other hand, a continuous UASB reactor fed with 34 g COD/L rice
winery wastewater produced similar results to this study with a maximum yield of 1.74
mol Hz/mol of hexose, 4% less than the molar ratio estimated for the BWS without

glycerol in this study, but at a pH of 5.576.
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Another study explored tequila vinasses (57.7 g COD/L) in a CSTR at 35°C and
controlled pH between 5.8 — 6.5, although with a particular inoculum (ATCC PTA-
124566), comprised by lactic acid bacteria, Acetobacter and Clostridium. The authors
obtained a yield of 124 + 9.0 mL H,/g VS added?®, which is approximately half of the

yield obtained in the present study. Other similar works are summarized in Table 3.5.
3.4 Proposed two-staged Dark Fermentation-Anaerobic Digestion System

Dark fermentation of BWS can be applied as a first stage of treatment to produce
hydrogen and butyric acid, followed by a second stage anaerobic digestion process to
remove remaining COD, and produce methane, as shown in Figure 3.1. The dark
fermentation (without glycerol) reduced the initial COD by 37% (18.5 g/L), produced
organic acids representing 34% of the initial COD (17 g/L) leaving a residual 29% COD

(14.5 g/L) consisting of more complex organic matter.

The amount of butyric acid produced represents more than 50% of the total carboxylic
acids in the medium, and if it is separated from the fermentation effluent prior to
anaerobic digestion (considering a 88% recovery efficiency as described in3!), it would
represent a reduction of 4.3 kg of CO, emissions per cubic meter of BWS treated, with
a potential value of $9.54 USD/m3 BWS. However, more studies need to be done to

determine the feasibility of this approach.

The energy value from anaerobic digestion can be estimated from literature to compare
with anaerobic digestion in a second stage. The biochemical methane potential (BMP)
from anaerobically treated brewery wastewaters, typically reported in the range from
150 to 360 mL of methane per COD removed® -84, with bioremediation efficiencies
between 78% — 98%82. Therefore, considering a 90% COD removal efficiency, an
average conversion rate of 283 mL CH./g COD removed, and NTP values of both CH,4
and H>%, the BMP of the effluent from the dark fermentation would account for roughly
290 kJ/L BWS, which in addition to the 70 kJ/L BWS from the energy content of
hydrogen produced in DF, represents 78% of the gross bioconversion into methane if
the BWS were to be fully digested. The hydrogen/methane ratio corresponds to 24%

hydrogen in the mixture. It is known that 10% — 30% hydrogen in the biogas mixture
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positively impacts the energy input and the efficiency of machines already working on
methane, bringing more complete combustion, thus reducing CO and NOx emission in

lean conditions8%¢7,

In view of the above, therefore, it is an attractive approach to apply a two-staged
treatment strategy for brewery wastewaters to extract a valuable chemical compound
such as butyric acid, which can be also used to obtain other biofuels (e.g., butanol)
derived from it®, reducing CO, emission while maintaining 78% of the biogas potential
energy content. Or a simpler approach would be to convert all the organic acids into
methane and enhanced energy production with the addition of hydrogen. With this
approach a 24% increased in energy output could be achieved compared to single-

stage anaerobic digestion.
3.5 Conclusions

In summary, high strength slurry from the beer industry is a suitable substrate for
hydrogen production in dark fermentation. The optimum conditions determined by this
study include a heat-treated inoculum from a municipal sludge anaerobic digester, an
initial COD between 50 — 60 g/L, and controlled pH of 6.4, in 30 h batch reactions at
35°C. Adding 10% w/w of glycerol as COD generated only 10% more hydrogen,
however, only 31% of the glycerol was consumed. A total of 331 mL H./g COD
consumed was observed versus 300 mL H./g COD consumed without glycerol, with
both results higher than comparable reported literature using brewery wastewaters and
other similar wastes. The optimal pH of 6.4 was higher than what is generally reported.
The organic acids generated accounted for 67% — 71% of the remaining COD with
butyric acid as the main by-product. A brewery sludge treatment system comprising
dark fermentation followed by anaerobic digestion shows great promise with the
recovery of valuable butyrate, a reduction in 4.3 kg of CO, emissions per cubic meter

of BWS treated, and only a 24% net loss in energy potential.
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Chapter 4. Hydrogen production potential in dark fermentation of a
brewery sludge pre-treated with white-rot fungi in submerged culture

Abstract

Numerous strategies integrating a white-rot fungi (WRF) treatment with other microbial
fermentations have been explored in the search for a sustainable biofuel production
process from lignocellulosic biomass. Little has been reported in the use of liquid
residues like brewery wastewaters. The high energy content in these residues can be
exploited for biofuels production after a WRF saccharifying pre-treatment, producing
fungal biomass, a highly valued by-product, while addressing a wastewater treatment
issue. The biomass production of three WRF strains in submerged culture using a high
strength brewery waste slurry (BWS) was assessed. Pleurotus ostreatus demonstrated
better adaptation to the medium, producing 31.2 + 0.2 g/L of dry weight biomass after
18 days of incubation. COD was reduced 76%, while spectrophotometric analysis
showed 78% to 95% removal of the recalcitrant coloured compounds. Hydrogen in dark
fermentation (DF) after the fungal pre-treatment (FT) was also assessed. Hydrogen
generation reached 495.7 mL + 6.2 H,/g COD consumed, and the process exhibited
94.2% of the theoretical molar yield when butyrate is the main end product, which
constituted 53% of the total carboxylic acids produced. The combined FT/DF process
degraded ~2 times more COD and showed a 25% higher hydrogen yield but 50% lower
hydrogen volume compared to DF process without fungal pre-treatment,
demonstrating the potential of combining both systems with the aim of producing

fungal biomass and hydrogen.

4.1 Introduction

Beer industry’s contribution to global trade is so significant that some specialists
consider it an effective indicator of the world’s economic health?. Notwithstanding the
commercial relevance, the environmental footprint of the brewing process is also of

considerable significance due to the large proportion of residues generated?3. There
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are four main solid wastes identified, brewer’s spent grain (BSG) and spent yeast (BSY),
the hot trub and kieselguhr sludge, each one of them with different characteristics,
depending on which part of the brewing process they come from?. Brewery wastewaters
(BWW), on the other hand, are generated in much larger volumes. The water to beer
volume ratio is estimated between 5—15, from which roughly 70% of the water supply
is discharged; that is a wastewater to beer volume ratio of 3—102°, In general, BWW are
pre-treated onsite prior to discharge to the sewer system. Compared to other food
wastes rich in lipids, BWW has a low biochemical methane potential®, nevertheless,
anaerobic digestion is the most common method applied to manage brewery sludge

and wastewaters>®’.

Given their composition, BSG and BSY attract researchers’ attention the most for a
myriad of applications®!!. However, the composition of BWW, consisting mainly of
sugars, soluble starch, ethanol, and volatile fatty acids'?!3, makes them an attractive
fermentable substrate for the activity of a wide spectrum of microorganisms. One of the
most interesting group of microbiota in this regard is the wood-decaying fungi, in which
three types of organisms are identified in accordance to the decomposition they exhibit
in woody materials: brown, soft, and white rot fungi'4. The case of white-rot fungi (WRF)
is particularly noteworthy. These are mostly basidiomycetes well known for degrading
and mineralizing lignin into CO, and H.O more efficiently than any other
microorganism®® by virtue of an extracellular ligninolytic enzymatic system comprising
mainly laccases (Lac), lignin (LiP) and manganese (MnP) peroxidases?®. Besides being
cultured in solid matrix, like woody materials (solid state fermentation, SSF), WRF can
also be cultured in submerged fermentation (SmF). Among the most studied WRF in
such conditions, there is the well-known genera of Trametes spp. and Bjerkandera spp.;
species such as Pycnoporus cinnabarinus, Phanerochaete chrysosporium, and
Ganoderma lucidum, as well as the edible mushrooms Flammulina velutipes (enoki

mushroom), Lentinula edodes (shiitake mushroom), and the genus Pleurotus spp.Y’.

WREF exhibit the interesting ability of degrading xenobiotic pollutants including simple

aromatic compounds, polychlorinated biphenyls, and polyaromatic hydrocarbons?e.
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Therefore, several studied applications in SmF include the bioremediation of pulp and
paper mill sludge'®, decolouration of dyes in effluents!®?°, olive mill residues???; and
other wastes similar to BWW, like those from the ethanol industry and distillery
wastewaters?324, The type and concentration of organopollutants will depend on the
brewing process and stage. Furfuryl alcohol, for instance, is generated mostly during

the wort boiling, with significantly more produced in darker beers than in lagers?.

Melanoidins constitute the main group of organopollutants produced during the
brewing process, in part responsible of the colour and taste of beer?®. The antibacterial
activity of melanoidins have a beneficial effect on human health, although releasing
them in wastewaters, pose a potential threat to ecosystems by the increased load of
recalcitrant organic material, especially to natural water bodies?®?’. Melanoidins can
inhibit microbial growth in biological treatment processes?®. Physical treatments to
remove melanoidins include coagulation, flocculation, electrocoagulation, membrane
processes, adsorption, and oxidation??, nonetheless, the problem of disposal persists,
as the melanoidins are not destroyed. According to some studies, notwithstanding the
high COD removal yields, conventional aerobic-anaerobic treatment of molasses,
distillery, and fermentation industries can reduce only up to 6—7% of melanoidins;
consequently, the brown colour remains practically untouched after treatment°.
Besides chemical degradation and adsorption methods, some acetogenic bacteria can
reduce melanoidins in waste streams up to 76% under optimal nutrient conditions3.
The WRF P. chrysosporium and T. versicolor can degrade melanoidins by greater than
80%%°32, The fungal treatment is attractive for several reasons. Besides the enzymatic
system meant to breakdown complex lignin-like molecules, there is the biosorption of
pollutants by the mycelium and exopolysaccharides produced, with one study reporting
~17% of the brown colour in molasses and distillery effluents removed by adsorption of
the mycelium?’. Additionally, the fungal strains generate by-products that can be

utilized in animal feedstock??, and in several other potential applications.

Among the by-products of commercial interest, the predominant application exploited

is related to the ligninolytic enzymes production with the aim, chiefly, to bioremediate
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diverse coloured effluents3334. Although not as extensively reported as the enzymatic
production, there are other well-known interesting processes, such as the production
of organic alcohols®5; bioactive compounds with antioxidant activities3®; and many
other functional peptides for medical purposes®. In recent years, interest in
biomaterials from fungal mycelium has blossomed. Pure mycelium of Ganoderma spp.,
Trametes spp., Pleurotus spp., and Pycnoporus spp., grown in SmF have been
exploited to produce a wide variety of biomaterials, like a substitute for conventional
leather and textiles3®3°. The case of the latter have attracted the attention of giants of

the fashion industry like Adidas, Lululemon and Hermes®*°.

Another interesting application is in the field of renewable energy, in which WRF are an
attractive option to bio-delignify ligneous materials prior to biofuel production. Thus,
there is ethanol being produced after wheat straw pre-treated with Pleurotus eryngii
and Irpex lacteus*, or even direct ethanol production from different carbon sources by
Trametes hirsuta*?. Methane and hydrogen production from pre-treated beech and
cedar wood with different WRF strains was markedly improved, with Phanerochaete
sordida YK-624 more suitable for methane, while P. chrysosporium was more suitable
for hydrogen production by the pure strain Clostridium thermocellum*. Another study
reported the use of S. cerevisiae in co-existence with different white-rot fungi to
produce ethanol from sugarcane bagasse obtained between 3.4—6.5 g of sugars per
100 g of solid substrate*

In view of the above, the focus of the present study is twofold. Firstly, to evaluate the
fungal treatment of a brewery waste slurry (BWS) by WRF and to optimize biomass
production in submerged fermentation. From all the known potential applications
(production of enzymes, metabolites, etc.), the fungal biomass, including the
exopolysaccharides formed along with it, is an attractive by-product in the search for
new biomaterials, viz. textiles, electronics, packaging, etc. Three strains were selected:
Pleurotus ostreatus, Pleurotus eryngii, and Flammulina velutipes; chosen based on
their innocuousness and their use in similar studies, in addition to their commercial

value. Oyster mushrooms (P. ostreatus and P. eryngii) are the second most popular
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mushrooms worldwide, easy to cultivate, and grow faster than other species*. Enoki
mushroom (F. velutipes) is among the most appreciated mushrooms, with a cost
around $42 USD per kg*é. Moreover, the biomass produced in submerged fermentation
can serve as supplement for human consumption or animal feed. The enzymatic
machinery of these mushrooms renders the fruiting bodies safe for consumption®’.
Secondly, it is also sought to assess the potential of the fungal-based treatment as a
pre-treatment-step to dark fermentation to generate hydrogen by increasing the

fermentable sugars in solution.
4.2 Materials and Methods
4.2.1 Feedstocks, chemicals, and reagents

Czapek Dox is a common medium for the growth of filamentous fungi for enzymatic
activity*®. A modified, 2X concentrated Czapek medium was prepared as follows: 5 g/L
yeast extract (Thermo Scientific™), 3 g/L NaNOs (Sigma-Aldrich™), 1 g/L K;HPO,
(Fisher Chemical™), 1 g/L MnSO.-7H,O0 (EMD Millipore™), KCI 0.5 g/L (Fisher
BioReagents™), 0.01 g/L FeS0,4-7H.0 (EMD Millipore™), and 0.10 mL of a trace metal
solution (10X) composed of 10 g/100 mL ZnSO, (Fisher Chemical™) and 5 g/100 mL
CuSO4(Fisher Chemical™). The nitrogen source for all the BWS fermentations was 1 g/L
NH.Cl (Sigma-Aldrich™). The carbon source was D-(+)-glucose anhydrous 99%
(Thermo Scientific™). To adjust the pH of the different media KH.PO4 and K,HPO,
(Fisher Chemical™) as well as sodium acetate (Alfa Aesar™) were used. BD Difco™
Potato-dextrose-agar (PDA), BD Difco™ Malt extract agar (MEA), and pure agar
(Neogen™) were employed for the fungal growth in petri dishes. Absolute ethanol,

anhydrous (Ricca Chemical) was also employed.

For the analysis of reducing sugars, 250 mL of reactive was prepared mixing the
compounds in the following order: 2.5 g 3,5-dinitrosalicylic acid (DNS) 98% (Fisher
Scientific™), 0.5 g phenol 99% (Thermo Scientific™), 0.125 g NaSOs (Fisher
Chemical™), 2.5 g NaOH (Fisher Chemical™), 50 g Rochelle salt (Fisher Chemical™).

For the total sugars analysis, concentrated sulfuric acid (LabChem™), and 80% w/w
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phenol solution were used. Both the DNS and phenol solutions were kept in opaque

glass bottles and refrigerated.

The standard solutions for the chromatography analysis were prepared using glacial
acetic acid 299.5% (Fisher Scientific™), n-butyric acid 299.0% (Sigma-Aldrich™),
lactic acid 98.0% (Sigma-Aldrich™), formic acid 99.0% (Thermo Scientific™), propionic
acid 299.5% (Sigma-Aldrich™), and the mobile phase was prepared with 0.5 N H,SO,4
(LabChem™). The gases to obtain the calibration curves for spectrometric analysis (Ha,
CO,, CH,), as well as argon as the carrier, were compressed pure gases (299.9%), all

provided by Linde® Canada.

The brewery waste slurry (BWS) was obtained from a regional brewery in eastern
Ontario, Canada. It contains slurry from the brewing process in addition to waste beer.
The BWS was first filtered through a conventional strainer with a gauze to remove gross

solids, and then stored at 4°C for further experiments (Table 4.1).

Table 4.1. Characteristics of the brewery sludge after filtration.

CcoD 68.4—-74.6g/L
pH 42-45
Total solids 24.8-30.1g/L
Volatile solids 23.4-28.1¢g/L
Total sugars 13.8-15.3¢g/L
Reducing sugars 2.8-3.6¢glL
Ammonia 17.3-24.7 mg/L

4.2.2 Fungal strains selection

Samples of Flammulina velutipes, Pleurotus ostreatus and Pleurotus eryngii strains
were obtained from the collection at the Faculty of Biology of Carleton University. The
strains were propagated on plates containing approx. 20 mL PDA and incubated for 10
days at 30°C. After that, circular plugs (diameter 0.8 cm) from the PDA plates served

as initial fungal inoculum for the BWS fermentations in solid and liquid state.
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After the fungal strains’ reactivation growth in PDA, they were adapted first in semisolid
media. The three strains were cultured in plates with BWS-agar medium consisted in
diluted BWS (50%) and 18 g/L agar. The adaptation to the medium was assessed by
measuring the size of the colony from the centre of the Petri dish*, thus obtaining a
specific growth rate for each strain. The growth in the BWS based medium was
compared to PDA and malt extract-agar (MEA), a specialized maltose-rich medium for
the cultivation of fungi; an important feature since it is known that the main sugar in

brewery wastewaters is maltose!?.
4.2.3 Submerged fermentation

Subsequently, small batch liquid fermentations were conducted with 50% diluted BWS.
To evaluate the potential of BWS to sustain fungal growth, the effect on the biomass
production in SmF of the addition of glucose (10 g/L) as carbon source (CS) and
ammonium chloride (1 and 2 g/L), as a nitrogen source (NS) to the BWS was assessed
and compared to the 50% BWS medium without these macronutrients. The BWS, and
the CS and NS solutions were autoclaved (121°C, 15 psia for 20 min) separately and
mixed after the temperature cooled down. Erlenmeyer flasks (125 mL) containing 60
mL of each medium were inoculated in duplicate under aseptic conditions in a biosafety
cabinet. Each flask was covered with a sterilized cotton-gauze plug. The pH was
adjusted to 5.5 by adding acetic acid and sodium acetate to prepare a 0.025 M pH 5.5
acetate buffer solution (22.4 mM sodium acetate and 2.6 mM acetic acid). The media
were fermented initially during 12 days under agitation (120 rpm) at 30°C in a
horizontal orbital shaker. Dry weight biomass was determined by drying the filtered
mycelium in an oven at 60°C overnight until samples reached a constant weight. The
results were compared against fermentation in modified Czapek medium, all expressed
in g/L dw. The strain with the best biomass yield was chosen to continue with
fermentations on a larger scale and BWS concentration (1L, 60 g/L COD) to produce
biomass and the pre-treated (hydrolysate) effluent for the subsequent hydrogen
production process by dark fermentation. The operational conditions did not change,

only the agitation regime (76 RPM). Reducing and total sugars content after the fungal
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fermentation was determined by the Miller’s%® and Dubois’s®! methods, respectively.
The concentration of crude exopolysaccharides produced was also determined: the
crude extracellular material (EM) was precipitated from the biomass filtrate at a ratio
of 1 volume of crude biomass extract with 4 volumes of chilled absolute ethanol, and
left for 24 hours at 4°C, centrifuged (6,000 rpm, 20 min), resuspended in water, and
precipitate it again in chilled ethanol, as reported by®2. The EM, after another 24 h at

4°C, was dried and weighed after centrifugation.

Fungal biomass growth and COD reduction experimental data were fitted into the

Logistic-Monod model according to the following equations®:

d_X=“<1_ X >X (Eq. 4.1)
dt X nax
X = Xmax (Eq. 4.2)
Xmax — XO —ut
1+ < X, >e H
_ Yxis dS
H=5x""ar (Eq. 4.3)

Where, equation (2) relates cell growth X, maximum biomass X, . (calculated as the

max
carrying capacity from the experimental data), and X, at times ¢ - o, and r = 0,
respectively. Equation (3) relates specific growth rate u, obtained from the yield
biomass/substrate Yy ¢, which was calculated from experimental data, and substrate

consumption S, which in this case was COD concentration.
4.2.4 Dark fermentation

The hydrogen production potential of the BWS treated was analysed in batch
fermentations in a 250 mL glass reactor properly sealed but provided with an inlet and
outlet for the gas carrier inflow (Argon) to a mass spectrometer to detect the gases of
fermentation, and with a sampling port, allowing to collect liquid samples without
disrupting the system to determine pH, COD and organic acids produced. The working

volume was 120 mL of hydrolysate, inoculated with a 1.3% v/v heat-treated anaerobic
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sludge collected from the City of Ottawa’s wastewater treatment plant (ROPEC WWTP),
and fermented during 30 h (Chapter 3). The temperature was kept at 35°C by
submerging the reactor in a water bath, and the pH was adjusted to 6.4 by first
increasing the alkalinity (addition of 100 mg/L of CaCOs), then kept controlled by
adding a 0.03 M pH 6.4 potassium phosphate buffer solution (8.9 mM K;HPO, and
21.1 mM KH2PO,4). The medium after the fungal treatment were autoclaved (121°C, 15

psia for 20 min) before inoculation.

The final organic acids composition as well as the sugar consumption was determined.

The hydrogen production data was processed and modelled using a modified Gompertz

} (Eq. 4.4)

Where H(t) is the cumulative hydrogen (mL) at a given time ¢, P is the hydrogen

function:

271828 - R,,

H(t)=P><exp{—exp lT(/l—t)+l

production potential, also referred to as the ultimate hydrogen production (mL), 4 is the
lag phase (h), and R,, is the hydrogen production rate (mL/h). Data processing was
carried out in Excel, fitting the RSE of the model versus the data obtained from the

Mass-Spectrometer.
4.2.5 Physicochemical analysis

Decolourization of the BWS after the fungal treatment was determined by analyzing
diluted samples (1:10) throughout most of the visible spectrum (380 — 700 nm), as well
as the reduction at the wavelength of 475 nm, in a Varian UV-VIS 50
Spectrophotometer. The percentage of decolourization was calculated by the area

under the curve of the spectrophotograms according to the following expression:

Abe
%Dec.=(1- x 100
AbSO

(Eq. 4.5)

where:

Absf —absorbance at the end of the fermentation

Abs — initial absorbance
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And the area under the curve of each spectrophotogram was calculated as follows:

b n
Area = / f(x)dx = lim Z S (x;)Ax (Eq. 4.6)
a e i=1 o

The change in turbidity was measured based on the standard nephelometric method
(SM 2130B) using formazin polymer as the standard reference solution, in a HACH®

2100N Laboratory Turbidimeter, reported in nephelometric turbidity units (NTU).

Reducing sugars content was determined by the DNS (Miller’s) method®°, colorimetric
technique based on the reduction of DNS by glucose or fructose to 3-amino-5-
nitrosalicylic acid in an alkaline solution. 0.15 mL of each sample is carefully mixed with
0.45 mL of DNS reactive in 15 mL Hach tubes, properly sealed and heated at 100°C
during 15 min. After cooling down, 2.5 mL of distilled water is added to the tubes,
thoroughly mixed in vortex. The processed samples are read at the wavelength of 540

nm. Raw samples may be diluted 5 to 10 times before this procedure.

Total sugars concentration was determined by the phenol-sulphuric acid (Dubois’s)
method®. 50 pL of the diluted raw sample (5 to 10 times), is poured in a test tube and
distilled water is added to make up to 100 pL. Then, 50 pL of 80% phenol solution is
added and carefully vortexed. In a stream, 2.0 mL of concentrated sulfuric acid (95 to
98%) are added and vortexed carefully. After 10 min of digestion at room temperature,
the samples are read at the wavelength of 490 nm. The total and reducing sugars
samples were read in a HACH® DR6000 UV-VIS Laboratory Spectrophotometer. Both

reducing sugars and total sugars are expressed as grams of glucose equivalent per liter.

The production of organic acids was determined by chromatography in an Agilent®
HPLC Series 1200, using a Bio-Rad Aminex HPX-87H column and UV at 210 nm. The
column was kept at 60°C and the RID at 50°C. Samples from the bottles were taken
periodically, centrifuged (10,000 rpm, 10 min), and the supernatant was filtered with
a hydrophobic PTFE syringe filter (0.22 um). Finally, 20 pL of each sample was injected
and diluted in H.SO4 5 mM as the mobile phase. The elution time of each sample was

25 min. Fermentation gases were monitored continuously through mass spectroscopy
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during 30 h in a Dycor Proline Process Mass Spectrometer (Ametek® Instruments),
carried by a stream of argon at 100 mL/min, flow rate monitored and controlled by a
Horiba® VIA-510 Gas Analyzer. Finally, the COD was determined by the HACH® 8000
Reactor Digestion Method using high range vials (20 — 1,500 mg/L), in which 2 mL of
diluted samples (50 — 10 times) were digested in a HACH® DRB200 Dry Thermostat
Reactor for 2 hours at 150°C. After cooling, the vials were read in a HACH® DR6000
UV-VIS Laboratory Spectrophotometer to obtain the COD value in mg/L.

4.3 Results and discussion
4.3.1 Screening test of Fungal growth inhibition in BWS

The growth rates of three fungal species in a 50% BWS-agar (BSA) were compared to
a malt-extract agar (MEA) and to a standard PDA medium. After nine days of
incubation, it was evident that all strains grew at equivalent or higher rates in the BSA
than the MEA control, and both showed inhibition compared with PDA (Table 4.2). F.
velutipes demonstrated the fastest growth rate in both the BSA and in the MEA after 9
days (3.9 + 0.0 mm/day and 2.7 + 0.1 mm/day, respectively). The same tendency was
also observed when the strains were grown in the customary PDA medium. After 9 days
of incubation, F. velutipes mycelium was fully extended through the entire Petri dish in

PDA, whereas P. ostreatus and P. eryngii were not (see Appendix).

Table 4.2. Fungal growth of F. velutipes, P. ostreatus, and P. eryngii after 9 days in three different
semisolid media in Petri dishes: 1) Maltose extract agar (MEA), 2) brewery slurry-agar (BSA),
3) potato-dextrose-agar (PDA).

Strain MEA BSA PDA

diameter in mm

Pleurotus ostreatus 18.4+0.6 189+0.9 71.5+0.9
Pleurotus eryngii 16.7+0.6 25.1+2.5 74.2+0.9

Flammulina velutipes 19.7 £ 0.9 28.6 +0.3 86.0+0.0
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4.3.2 Fungal growth in submerged fermentation

The growth of the three strains was subsequently assessed in submerged fermentation
with and without the addition of a carbon and nitrogen source. Unlike in the agar media,
P. ostreatus grew slightly more than P. eryngii, and F. velutipes growth was completely
inhibited. Therefore, only the fungal biomass growth exhibited by P. ostreatus and P.

eryngii are presented.

The results clearly demonstrate the potential of BWS as a substrate for the growth of
Pleurotus spp. in submerged fermentation (Figure 4.1). The common oyster mushroom
P. ostreatus produced the highest biomass yields without carbon addition at 0 and 1
g/LNSof11.7+5.2and 11.6 + 3.5 g/L dw, respectively, compared to 3.1 + 0.6 g/L dw
in the control medium. This yield is similar to that reported by Hultberg et al.>*, where
the total biomass composed of P. ostreatus mycelium, cultured in 200 mL brewery run-
off spent grain waste was 13.2 + 2.2 g/L after 10 days. On the other hand, the highest
biomass observed with P. eryngii was in the Czapek medium (8.2 + 0.4 g/L), and for the
rest of the conditions, the biomass growth with this strain did not vary significantly (4.5
— 5.7 g/L). P. eryngii produced less fungal growth than P. ostreatus in all conditions,
except in the BWS medium with glucose added and no NS, and more markedly in the

Czapek medium, where P. eryngii produced twice the biomass as P. ostreatus.

The addition of 10 g/L of glucose significantly reduced fungal growth in both strains,
while the synergetic effect of both glucose and NS addition significantly reduced fungal
growth with 1 g/L NS and had no effect with 2 g/L NS added. The latter is consistent
with other reports, where the addition of a carbon source had no impact or even
represented a negative impact on WRF growth>>-5’, The reduced growth is explained by
the specificity of glucose on the secretion of cellulolytic enzymes in SmF. The secretion
of cellulose and hemicellulose degrading enzymes by P. ostreatus are naturally induced
by ligneous materials in solution, but their expression is repressed by the presence of
glucose, whereas other redox enzymes (e.g., laccases) and proteases are not

influenced by the type of carbon source in the aqueous medium>8,
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Figure 4.1. Fungal biomass yield of P. ostreatus Eand P. eryngii after 12 days in BWS under different
conditions. The combined effect of the addition of two different concentrations of NH,C/ (1 and 2 g/L) as
nitrogen source (NS), and the addition of 10 g/L glucose as carbon source, in contrast to BWS without
the addition of nutrients and the control medium (Czapek). All the experiments contained 50% BWS,
except for the control medium.

Another interesting material derived from the fungal growth is the extracellular material
(EM) binding the mycelium. The enzymes responsible for the degradation of organic
matter (i.e., ligninolytic, cellulolytic, etc.) are trapped in the exopolysaccharide matrix
formed by WREF, thus helping in the degradation of xenobiotics in aqueous media®°.
Furthermore, the removal of pollutants occurs first by EM absorption, before being
degraded by enzymatic activity®®. Physiologically, there are several roles of the EPS
matrix formed by the fungi in response to the environment: from facilitating the
diffusion of enzymes in ligneous materials, to storage of a carbon source. One of the
main roles though, is to protect the cells against dehydration. The EPS matrix can be
several times larger than the cytoplasmic volume, and during adverse conditions, this
matrix would retain important amounts of water®!. Therefore, the moisture content in

the crude biomass can provide a good indicator of EPS content.

115



100%

75%

50%

25%

0%

P. ostreatus biomass composition P. eryngii biomass composition

10 g/L glucose added No glucose added 10 g/l glucose added No glucose added
A 1 | A

100%

5%

50%

25%

0%

204 NS 19ANS NoNS 2gANS 1gANS NoNS  Control 2gANS 1gANS NoNS 2gANS 1gANS NoNS  Crapek

O Moisture [ Dry-weight biomass W Ashes O Moisture W Dry-weight biomass W Ashes

Figure 4.2. Moisture, dry-weight total biomass, and ashes relative content from the wet biomass of P.
ostreatus and P. eryngii produced in each fermentation condition.

As seen in Figure 4.2, the highest moisture content was observed with P. ostreatus
under conditions of no carbon addition and either 0 or 1 g/L NS, suggesting higher EPS
production than P. eryngii under these conditions. Furthermore, the largest dry-weight
biomass production with P. ostreatus coincided under the same conditions (Figure 4.1).
The moisture content with glucose addition was similar between P. ostreatus and P.
eryngii, varying between 13.0% and 18.8%, while the moisture content with no glucose
addition was much higher with P. ostreatus, varying between 36.3% and 68.9% and
surprisingly lower with P. eryngii, varying between 4.3% and 5.2%. It has been reported
that from the WRF dry weight biomass, 40% — 45% account for biopolymers, such as
chitin and other exopolysaccharides®?. This suggests that roughly 5 g/L of crude EPS
could be produced by P. ostreatus under optimum conditions (1 g/L NS, no glucose
added). The formation of an EPS matrix is important in environmental applications
since it helps to remove heavy metals by biosorption®3%4, as well as removing COD and

other pollutants from food industry effluents?®5,
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4.3.3 Bioremediation of BWS with P. ostreatus

In the light of the results obtained, only P. ostreatus was cultured for the bioremediation
and hydrogen production trials. The BWS strength was diluted to approximately 60 g/L
COD and supplemented with 1 g/L NS, based on the optimum conditions for dark
fermentative hydrogen production in Chapter 3. Furthermore, the working volume was

increased to 1 L and the fermentation time increased from 12 to 18 days.
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Figure 4.3. Summary of the bioremediation parameters obtained from the small- and large-scale
fermentation with P. ostreatus in 60 g COD/L BWS (1 g/L N). Modelled fungal biomass growth (g/L dw)
and COD consumption (g/L) from experimental data fitted into the Logistic-Monod model.

The experimental data was fit to the Logistic-Monod model depicted in Figure 4.3, with
the maximum biomass production (35.5 g/L dw biomass) and an 85.3% COD reduction

achieved around 24 days of fermentation. The COD removal by the end of the fermentation
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at 18 days was 76% with a biomass yield of 31.2 + 0.2 g/L dw. This is similar to that
reported by Hultberg et al.%*, in which P. ostreatus in SmF achieved a reduction of 72%
and a biomass yield of 22.7 g/L dw from run-off spent grain waste with a similar initial
COD (51.5 g/L). The biomass yield can also be compared to other reports of optimized

biomass and exopolysaccharides production in different substrates as seen in Table 4.3.

The performance of COD removal was also related to biomass growth. Another study
reported that P. ostreatus achieved higher remediation when vinasses from the tequila
industry were inoculated at an initial concentration of 10 g/L of biomass against 5 g/L,
reducing the COD more than 86% (initial COD of 75 g/L) after 21 days of fermentation®®.

Therefore, by enabling enough fermentation time under optimal fungal growth

conditions, biomass yield can be increased with a commensurate reduction in COD.

Table 4.3. Comparative analysis of studies on the culture of Pleurotus ostreatus in
submerged fermentation for biomass production.

Biomass Working  Culture
Strain Medium Objective yield volume Time Ref
(g/L) (L) (days)

P. ostreatus Brewery waste slurry Biomass 31.2+0.2 1.0 18 This
59.7 g COD/L production/ study
(12 g/L total sugars) bioremediation

P. ostreatus Brewery wastewater Biomass 13.2+2.2 0.2 10 54

M2140 (Spent grain run-off) production/
51.5g COD/L bioremediation

P. ATHUM 4438 57 g/L Corn steep Biomass 39.2+0.6 20.0 2.8 67
liqgueurand 37 g/L production
xylose

P. ostreatus CP-50  Synthetic media: Biomass and 8.6+0.5 10.0 3.5 68
20 g/L maltose, 10 g/L  laccase
glucose and 10 g/L production
yeast extract

P. ostreatus Milk whey medium Biomass and Exo- 9.4:0.2 2.5 10 69
supplemented with 20  polysaccharides
g/L glucose and
nutrients

P. ostreatus Synthetic media Biomass and 32.0+1.3 1.0 7 70

BPPTCC 6017

20 g/L potato-dextrose
and nutrients

polysaccharides
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Besides reducing COD, P. ostreatus was very effective at BWS colour removal with 78%
reduction in absorbance in the visible spectrum (380-700 nm) after 12 days of
fermentation. This is related to the bioconversion of melanoidins by P. ostreatus,
measured as a 78% reduction in absorbance at 475 nm?®7.. Additionally, after
mechanically separating the biomass from the medium, the fungal treatment reduced
the turbidity by 92.8%, strongly indicating that besides the biological activity, the fungal
biomass and the EPS matrix surrounding it, retained most of the macromolecules
suspended in the BWS. After 18 days, the final turbidity was 13 NTU (95.6 % reduction)

with a colour reduction of greater than 95% (Figure 4.3).
4.3.4 Total sugars and crude exopolysaccharides

It was hypothesised that the fungal activity will release sugars from the destruction of
lignocellulosic materials in the brewery sludge, which can be exploited to produce
hydrogen through dark fermentation after the fungal treatment as observed by*:. The
content of total and reducing sugars in the BWS-based medium before and after the
incubation process in the liquid fractionwas 11.8 + 0.5 g/Land 10.9 + 0.3 g/L, and 2.4
+0.1g/Land 2.7 + 0.2 g/L, respectively. It is likely that the fungi initially consumed the
sugars in the BWS while releasing simple sugars from the breakdown of complex

molecules as the fermentation progressed.

Saccharification of lignocellulosic materials occurs by the depolymerization activity of
WRF’ cellulases and hemicellulases’?. Some of the simple sugars will be repolymerized
into glucans by the intracellular glucanases’s. Glucans and chitins are the major cell
wall components, being found intracellularly, although when WRF are cultured in
submerged fermentation, glucans are particularly produced in larger proportions,
being released into the media and forming a gel-like matrix around the fungal cells’374.
These EPS are mostly hemi-glucans of the (1—3)-p-D-glucosidic type with small
branches formed from g -(1—6) linkages®:”>. However, the constitution of these

polysaccharides will vary in accordance to the carbon source’®.
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However, sugars were also accumulated in the gel-like matrix surrounding the biomass.
These were solubilized by autoclaving the fungal-treated effluent (FT-BWS). As has
been mentioned above, thermal processes are part of the physicochemical pre-
treatments, widely applied to contribute to the solubilisation of sugars from
lignocellulosic biomass. After this step, the final concentration of total sugars in
solution increased significantly to 18.8 + 0.3 g/L and 4.1 + 0.1 g/L of reducing sugars,
a ~60% increase with respect to the concentration before autoclaving the FT-BWS. The
sugar content in the raw BWS before and after autoclaving does not vary significantly,
thus autoclaving is not a pre-treatment by itself to obtain more soluble sugars, but only
a sterilizing step to ensure aseptic conditions before inoculation. Boiling for 10 min was
shown to be equivalent to autoclaving, as boiling would be more applicable at large
scale (Table 4.4).

WRF grow naturally in solid substrates. Therefore, cultures in aqueous media force the
cells to clump together, forming pellets as a natural response due to the lack of a solid
substrate”’. A profuse EPS matrix develops to bind the pellets together, to protect the

cells in response to the unstable conditions in submerged fermentation.

The crude extracellular material precipitated after 18 days accounted for 8.6 + 0.2 g/L
of EPS (dry weight), that is 28% of the total dry biomass. This is higher than that
reported by Isikhuemhen et al.*?, from different WRF, and EPS extracted by the same
methodology. The EPS recovered by ethanol precipitation and centrifugation are those
in suspension and binding the pellets only, it must be considered that there are also
EPS embedded in the pellets which cannot be separated by coarse physical means”’.

Besides the above-mentioned polysaccharides, crude EPS also contain proteins, nucleic

Table 4.4. Total sugars content (g/L, glucose equivalent) in the BWS-based media before and after
the fungal treatment, before and after being autoclaved (121°C, 15 psia for 20 min).

Medium Before autoclave After autoclave Boiled (10 min)
BWS-based medium (80% BWS + 1 g/L NH4Cl) 11.0+1.5 11.8+0.5 —
BWS-based medium after fungal treatment 10.9+£0.3 18.8+0.3 19.0+1.1
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acids, humic substances, lipids, and other non-polymeric constituents of low molecular
weight, and they exhibit qualities highly appreciated in food and pharmaceutical
applications; one of them is their stabilizing property in nano- and microemulsions’®.
Nevertheless, following the purpose of the present work, the extracellular material was
subjected to a heat treatment to resolubilize as much sugars as possible from the EPS

for the ensuing dark fermentation stage.

4.3.5 Hydrogen production in dark fermentation

The hydrogen production process was conducted at the optimum conditions of pH
buffered to 6.4, during 30 h at 35°C, as in Chapter 3. Hydrogen maximum average flow
rate attained was 35.9 + 1.2 mL Hy/h just before the 15" hour. The total cumulative
volume of hydrogen produced was 3,793 mL H,/L. The Gompertz model fit the data
very well with the maximum modelled flow rate (R,,) of 35.7 mL Hz/h, and a lag phase
5.9 hours (Figure 4.4). The COD reduction by the 18" hour was 34.6%. While the final
COD observed at the end of the fungal treatment was 14.7 + 0.1 g/L, after the autoclave
treatment, the COD increased by 43% with the solubilization of the EPS. Hence, the
organic load fed to the DF process was 21.0 = 0.1 g COD/L. Increase in soluble COD
has been normally reported in studies on the effect of autoclaving food wastes as
substrates for anaerobic digestion”®, Moreover, the non-autoclaved FT-BWS was not
successful as a feedstock for DF with inhibition of bacterial growth (see Appendix). The
extracellular material secreted by WRF not only protects hyphae from physical damage;
it also plays the role of protection against pathogens. Many antibiotic compounds are
volatile chlorinated aromatic compounds, similar to xenobiotic pollutants®. Thus, the
purpose of the quick thermal step is twofold: to kill the remaining living fungal cells in
the effluent and to destroy the antibiotic compounds that may have a negative impact
in the DF inoculum, while contributing to increase solubilized carbon sources in the
media, as noted above. At the end of the DF process, the final COD reduction was
36.5%, thatis 7.7 £ 0.1 g/L consumed. The overall COD reduction attained was 77.7%,
which indicates that all the solubilized compounds after the autoclave step were fully

consumed. The reducing sugars were almost completely consumed, and the final
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concentration of total sugars was 5.2 + 0.1 g/L. The concentration for each organic
acid analysed by the end of the fermentation was: butyric acid (4.66 + 0.07 g/L), which
accounted for 53% of the total organic acids produced, followed by lactic acid (2.76 =
0.04 g/L), propionic acid (1.80 + 0.20 g/L), formic acid (0.84 + 0.01 g/L), and acetic
acid (0.52 + 0.06 g/L).

Gas production rate (mL/min)

o] Hz (0] COZ Qo CH4 -O— H? == COZ X %CODreduced

0.80 0% ¥

1 % - 500
0.70 4 B

] 10% o
0.60 o o 4

1 0%, D
0.50 - 0%%0980 20% -

© ©

] R

0.40 »

0.30 4
0.20 A

0.10 %o

6 9 12 156 18 21 24 27 30

% COD reduced

w
S
=

40% +

50% A

3 6

9 12 15 18 21 24 271 30

Cumulative gas volume (mL)

Time (h) Time (h)

Gompertz model parameters
R, A P RSS RSE R?
45511 1.0000 19.60

5.88 0.9982

Figure 4.4. Dark fermentation of the fungal-treated BWS: A) Production rate (mL/min) of hydrogen, carbon
dioxide, and methane; B) Hydrogen and carbon dioxide cumulative production, and %COD reduced. Gas
production modelled data presented from to the modified Gompertz equation.

The hydrogen yield based on COD consumed is 495.7 mL = 6.2 H,/g COD. In terms of
COD fed to the process, it is 181.0 mL + 1.0 Hx/g COD initial. In relation to the sugars
consumed by the bacteria (as glucose equivalents), the process resulted in a
generation of 2.26 + 0.10 mol H, per mol of glucose, which in relation to the theoretical
molar yield when butyrate is the major end-product (2.4 mol H./mol glucose)®?, the yield
represents 94.0% conversion. The generation rate of this study is superior to the
reported data with similar substrates. Estevam et al.83, obtained a maximum molar yield

between 0.80—1.67, and in a similar study it was reported 0.95 + 0.15 mol Hz/mol
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glucose®, both works using a single-strain culture of Klebsiella pneumoniae cultured in
diluted brewery wastewaters. Most of the studies regarding hydrogen production after
a substrate pre-treatment step are based on the obtention of a hydrolysate from a
lignocellulosic biomass. After alkali and enzymatic pre-treated poplar-derived residues,
the fermentation carried by Enterobacter aerogenes showed 0.6 mol Hx/mol of total
released sugars®®. Regarding a fungal pre-treatment, the majority of works are focus on
delignification and saccharification yields in solid-state fermentation, aiming to
enhance the production of biofuels, in particular methane®-28, To the knowledge of the
authors, there is only one study in submerged fermentation reporting the use of a
bituminous coal as substrate for P. chrysosporium growth, prior to dark fermentation®®.
While several studies in SSF are found, they are related to hydrolysis of various solid
lignocellulosic residues. Hydrogen produced in the present project is comparable to
those yields obtained after conventional pre-treatment of solid substrates, such as
enzymatic and thermo acidic hydrolysis®®®°. However, the pre-treatment HRT of
conventional hydrolysis technologies are unrivalled, from hours to a couple of minutes,
in the case of steam explosion®!, against the 18 days of the fungal pre-treatment of the
present work. Nonetheless, the relevance of this treatment lies in the generation of highly
valued products ranging from the food and pharmaceutical industries to textiles,

electronics, bioplastics, and biosensors, as well as in environmental applications.

The fresh biomass produced in submerged fermentation can serve for several
purposes. The natural approach is to use the excess of fungal biomass as inoculum for
edible mushrooms production, in which case, the brewer’s spent grain can be used as
solid substrate to sustain the fungal growth. In addition to the mushroom harvesting,
there is the widely reported upgrading effect after the SSF over the BSG as livestock
feed, providing an enhanced ruminal digestibility, higher protein and minerals content
and reduced in lignin, which contributes to a better livestock nutrition®>-4 The dry
biomass can also serve as high-protein fishmeal®®, or simply as a supplement for human
consumption. A myriad of benefits from higher mushrooms (including P. ostreatus),

have been identified; from antidiabetic, antimicrobial and antioxidant activities, in
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addition to the rich content of proteins, essential amino acids, functional metabolites,

carbohydrates, fats, and minerals®®.

Finally, the pre-treatment of BWS by P. ostreatus, has proven to be an efficient step to
bioremediate this residue considerably, while discharging an effluent with enough
nutrients to sustain a successful ensuing dark fermentative hydrogen producing stage.
Compared to the data presented in Chapter 3, the combined treatments fungal-dark
fermentation (FT-DF), demonstrated an overall COD reduction of 78%; that is a
conversion roughly two times higher than DF alone, using the same substrate and
process conditions. The fungal treatment helped to reduce the turbidity (above 90%
removed), and 78% to 95% removal of coloured compounds, parameters that were not
affected by the bacterial treatment in dark fermentation alone, in which turbidity did
not change at all, while colour was reduced only by 8%—9% (see Appendix). The
maximum yield in DF alone was 331.3 mL + 7.1 H./g COD consumed. Under the same
conditions, 49.6% more hydrogen per gram of COD consumed were obtained after FT-
DF. However, the cumulative hydrogen volume was 34% lower: 3,793 + 83 mL versus
5,785 + 72 mL H./L in DF alone. Regarding the end-products of the process, the
proportion of each organic acid remained similar, except in the case of acetic acid,
which was not detected in FT-DF. As seen above, butyric acid is the main end-product,
representing ~65% of the carboxylic acids analysed, albeit the concentration is 77%
that of DF alone (4.66 + 0.03 g/L vs 6.09 + 0.07 g/L). Lastly, the hydrogen molar yield

exhibited in the present work represents a 25% increase over the attained in DF alone.
4.4 Conclusions

This study demonstrates the potential of combining a fungal-based treatment aimed to
produce biomass, paralleled with the bioremediation of a high strength brewery waste
slurry, while providing an effluent with enough nutrients to sustain a successful ensuing
dark fermentative hydrogen production stage. Readily available sugars as glucose
increased 60%—70% after the fungal treatment. This represented higher rates of
energy conversion in the ensuing DF, since while the volume of hydrogen per volume of

BWS treated was lower than in DF alone, hydrogen production on the basis of grams of
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COD consumed increased by 49%. The total COD and colour removal was 76% and

78% respectively. Moreover, the versatile WRF-based treatment offers a wide variety of

potential applications, therefore, more research needs to be done to analyse the

revalorisation of other possible by-products from brewery waste slurry treated in a two-

staged fungal pre-treatment—dark fermentation process.
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Chapter 5. Hydrogen and electricity generation from brewery sludge as
primary feedstock using microbial-electrochemical technologies

Abstract

Technologies based on microbial electrocatalysis (METs) applied to wastewater
treatment have developed rapidly over the last two decades. However, literature on the
combined use of these novel technologies with dark fermentation (DF) using brewery
wastewaters is yet scarce. Microbial electrolysis cells (MECs) are presented here as an
assistive technology for DF looking to improve hydrogen production from a substrate
with high COD concentration (~60 g/L), based on brewery waste slurry and glycerol co-
substrate (5 g/L). Microbial fuel cells (MFCs) were also assessed as a proposed
supportive technology. Both METs were conditioned with carbon felt electrodes,
modified with polyaniline. MFCs failed to sustain bacterial growth after DF due to the
lack of fermentable carbohydrates in the effluent, but the direct treatment of fresh
medium was successful, converting ~2.0 watts/g of COD destroyed. Similarly, the MEC
process after DF did not show the expected behaviour. However, the fermentation
simultaneously assisted by electrolysis (DF/MEC) exhibited a hydrogen production
above 98% of the theoretical hydrogen-to-substrate molar yield when butyrate is the
main end-product. The applied voltage (0.4 V) favoured the growth of hydrogen-
producing species, i.e., Clostridium butyricum, which constituted almost half of the
microbial population. This rendered a production of 17.9 g/L of butyric acid. COD
removal efficiencies attained nearly 40% in both METs. Furthermore, the DF/MEC
process required 60% less energy input per litter of hydrogen produced compared to
an average conventional water electrolysis, reaffirming the potential of these novel

technologies as an attractive alternative approach to produce green hydrogen.
5.1Introduction

Dark fermentation (DF) is generally agreed to be more effective in producing hydrogen

than other biocatalytic processes by virtue of the low energy inputs required (optimal

conditions are mostly carried out at mesophilic conditions); hydrogen production can
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be achieved using a wide variety of substrates; and compared to biophotolysis and
photofermentation, DF bioreactors are much smaller, and the process is sunlight-
independent!-®. In spite of these advantages, hydrogen production in DF is still largely
restricted by the microorganisms' metabolism, commonly showing low yields (2 — 4 mol
of Hz per mol of glucose) compared to other conventional technologies’. In order to
achieve a more practical, energy-efficient DF-based hydrogen production process,
various attempts have been studied, such as sequential anaerobic digestion (AD) post-
treatment, and two-staged process to generate more hydrogen, like photofermentation

or microbial electrochemical technologies (METs)&".

As opposed photofermentation, in which feeds normally are greatly diluted substrates,
METs usually accept feeds with higher organic load within the typical DF discharge
range (2 — 40 g COD/L). Besides, DF effluents are rich in volatile fatty acids (VFAs),
which can serve as suitable carbon source for microorganisms involved in METs'°.
Another advantage is that the dark-fermentative process can be assisted by METs in a
single-staged process!!. The main technologies included in METs are microbial fuel
cells (MFCs), and microbial electrolysis cells (MECs). MFCs are devices that convert
chemical energy stored in organic matter into electrical energy through
electrochemical reactions involving bacteria as catalysts. The working principle is
based on the electrons transfer from a reduced substrate to a terminal electron
acceptor!?. In MECs, organic matter is oxidized by electrogenic bacteria in the vicinity
of the anode to yield protons and electrons. While in MFCs oxygen is reduced in the
cathode to produce water, in MECs, transferred electrons to the cathode reduce H.0
and protons to produce Hz, and OH~. This coupled redox reaction is thermodynamically
unfavourable (E%. = —1.23 V), therefore an external potential must be applied!3. In
theory, however, to produce hydrogen in MECs, electrical energy input could be at
around one-tenth of that in conventional water electrolysis'4. This is possible because
the substrate oxidation by microorganisms supplies part of the energy required to split
water molecules?®. Microbial electrolysis is also used to assist methanogenesis in AD,

since the potential applied accelerates the synthesis of end products in each stage of
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the AD process, and it has been found that above a poised potential of 0.6 V, hydrogen-
consuming bacterial communities increased their population in the vicinity of the
anode, thus accelerating acetogenesis and reducing HRTs%!6, In accordance with the
reported data, in general, higher applied potentials (0.6 V-1.8 V) promotes

methanogenesis, while hydrogenesis is favoured between 0.4 V-0.6 V315,

Virtually any carbon source can serve as substrate in these technologies. Beyond
sludge and municipal wastewaters, METs have been thoroughly studied for the
treatment of diverse agro-industrial and lignocellulosic wastes!t. Among the residues
explored are brewery wastewaters (BWW), specially in MFCs'’. These wastes are an
interesting source; rich in carbohydrates and nutrients for microbial growth?®, its
chemically stored energy is been estimated around 14 kJ per g of COD*°. MFCs treating
BWW exhibited power outputs from 0.44 W to 24 W per cubic meter?®2l, In MECs,
however, most of the literature reported is related to electrically enhanced anaerobic
digestion of BWW?2, However, methane production from BWW in AD assisted with
MECs is still restricted by the activity of methanogens, rather than the organic oxidation
rate and the electron transfer in the anode, which is seen by the recent yields reported,
140 — 260 mL CH./g COD?*24, falling within the typical range of conventional AD (150—
530 mL CH./g COD?-28), In contrast, MECs have more potential to enhance hydrogen
production. Studies on integrated systems combining DF and MECs, using different
food and lignocellulosic wastes, have revealed that microbial electrolysis can increase
hydrogen production rates (HPR) up to 400% (with an average of 148%) after DF, and
when combined, an average of 225% enhancement was observed?®. Furthermore, the
integration of both METs could also enhance a dark fermentative process, harnessing
more energy from wastes. An integrated system combining DF with an MEC post-
treatment of a cellulose-based medium, with energy being supplied by MFCs (voltage
output of 0.441 = 0.010 V), demonstrated the potential to enhance HPR by 41% more

than in DF alone without energy supply from the grid*°.

The objective of the current work, therefore, is to evaluate the potential of a brewery

waste slurry (BWS) with a high concentration of organic matter (COD), supplemented
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with 5 g/L glycerol (as has been done in Chapter 3), as substrate to produce hydrogen
and electricity in METs in two scenarios: 1) after DF process, 2) assisting during the DF
process. The performance of a dark fermentative process assisted by simultaneous
MEC against microbial electrolysis of a DF effluent as a combined system was
evaluated. Similarly, it is sought to compare the MFC post-treatment of the DF effluent
versus MFC treatment of fresh BWS-based medium. Since the performance of the
electrodes is fundamental for electrocatalytic processes, a polyaniline-modified carbon
felt electrode was prepared. Its performance, biocompatibility, and stability with and
without ruthenium dioxide nanoparticles was compared to a plain carbon felt electrode
using cyclic voltammetry, this with the objective to select the best modified electrode

to serve as anode in MFCs and both anode and cathode in MECs.
5.2 Materials and Methods
5.2.1 Feedstocks, chemicals, and reagents

The residue employed was a brewery waste slurry (BWS) obtained from a regional
brewery in eastern Ontario, Canada, with characteristics described in Chapter 3 and
Chapter 4. It contains slurry from the brewing process in addition to waste beer. The
BWS was first filtered through a conventional strainer with a gauze to remove gross

solids, and then stored at 4°C for further experiments.

M9 medium (MOM) was used as the control mineral medium. The salts and nutrients
employed to prepare it were: KH,PO, (Fisher Chemical™), Na,HPO,-7H.O (EMD
Millipore™), NaCl (Fisher BioReagents™), NH.Cl (Sigma-Aldrich™), yeast extract
(Thermo Scientific™), glycerol 299.5 % (Fisher Chemical™), and the trace salts MgS0,
(Sigma-Aldrich™) and CaCl, (Fisher Chemical™). Besides KH.PQO,, other buffer salts
include K:HPO, (Fisher Chemical™) and sodium acetate (Alfa Aesar™). MOM was
prepared according to the standard procedure shown elsewhere in3!, using a
concentration of 5 g/L both of yeast extract and glycerol. Other chemicals used were
aniline ACS reagent 299.5% (Sigma-Aldrich™), ammonium persulfate ACS (VWR™),
0.5 N sulfuric acid solution (LabChem™) and 36.5 to 38.0% HCI (Fisher Chemical™).
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For the analysis of reducing sugars, 250 mL of reactive was prepared mixing the
compounds in the following order: 2.5 g 3,5-dinitrosalicylic acid (DNS) 98% (Fisher
Scientific™), 0.5 g phenol 99% (Thermo Scientific™), 0.125 g Na.SOs; (Fisher
Chemical™), 2.5 g NaOH (Fisher Chemical™), 50 g Rochelle salt (Fisher Chemical™).
For the total sugars analysis, concentrated sulfuric acid (LabChem™), so as an 80%
w/w phenol solution. Both the DNS and phenol solutions were kept in opaque glass

bottles and refrigerated for their preservation.

The standard solutions for the chromatography analysis were prepared using glacial
acetic acid 299.5% (Fisher Scientific™), n-butyric acid 299.0 % (Sigma-Aldrich™),
lactic acid 98.0% (Sigma-Aldrich™), formic acid 99.0 % (Thermo Scientific™),
propionic acid 299.5% (Sigma-Aldrich™), and the mobile phase was prepared with
H.S04 0.5 N (LabChem™). The gases to obtain the calibration curves for spectrometric
analysis (Hz, CO2, CH4), as well as argon as the carrier, were compressed, pure gases
(299.9%), all provided by Linde® Canada.

5.2.2 METs configuration

The MFC configuration was a single-chambered cell with a carbon cloth loaded with
commercial 0.2 mg/cm? of 20% Pt on carbon Vulcan and coated with 30% PTFE (The
Fuel Cell Store) as the air cathode. The inner face of the carbon cloth was coated with
Nafion (5% wt. solution). The working electrode consisted of rounded pieces of carbon
felt (The Fuel Cell Store), eight of them provided with holes to facilitate the flux of liquid
through them, and a ninth one fully flat, facing the cathode. Stainless-steel wire served
as the current collector between each carbon felt (0.32 cm @). Nafion 117 membrane
was separating the bulk solution from the air cathode. The electrodes were connected
to an external circuit with a 1 kQ resistor with a Ni-Cu wire. The working volume of the
cellis 110 mL. The MEC configuration was a membraneless single-chambered cell with
a working volume of 150 mL. Enhanced CF was used as both anode and cathode (5 cm
@). The cell was provided with a sampling port and outlet and inlet of gas. The potential
of the cell was poised at 0.4 V with a potentiostat/galvanostat MSTAT (Arbin

Instruments®). As in the MFC, a Ni-Cu wire served as the external circuit between the
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electrodes and the potentiostat. For all the experiments, the cells and all their materials
were autoclaved (121 °C, 20 min). Once assembled, the cells were purged with nitrogen
passed through a 0.22 pum filter to avoid contamination. The experiments were

conducted in a controlled environment at 35 °C.
5.2.3 Deposition of polyaniline in carbon-based electrode

The carbon felt was submerged in 0.5 N H»SO,4 solution overnight, then thoroughly
washed with deionized water (DI, 18 MQ cm) and dried at 60 °C. Aniline polymerization
was prepared similarly as the process described elsewhere in®?. 50 mL of aniline
solutionin 1M HCI, and 50 mL of ammonium persulfate solution in 1M HCI, were mixed,
at a molar proportion of 1:1.25, and constantly agitated. The carbon felt was
submerged in the mixing solution. After 15 min, the electrode was washed with 1M HCI
solution, then with deionized water, then with acetone. The electrodes were dried

overnight at 60 °C in an oven.
5.2.4 Ruthenium dioxide nanoparticles

The electrodes were prepared by submerging the material in a colloidal solution of
RuOx nanoparticles (0.5—1.0 nmin diameter) with a concentration of 0.3 mg/mL. When
the solution was completely absorbed, the electrodes were dried up at 50 °C in an oven

for 24 h. The RuOx nanoparticles colloidal solution synthesis was reported earlier33-35,
5.2.5 Modified carbon-based electrodes performance

The performance of the carbon-based electrodes was characterised before being used
in the electrochemical cells: a plain carbon felt electrode (CF), and a polyaniline-
modified carbon felt electrode (PANI-CF), facilely prepared by in situ chemical
polymerization of aniline. The analysis consisted of first running chronoamperometry
(CA), 3.5 A charge during 5 min, then discharge during 20 min, and cyclic voltammetry
(CV) using MOM as electrolyte. For the CV tests, two conditions were evaluated: 50 mL
of 1) sterile M9M, 2) inoculated MOM with heat-treated anaerobic sludge (see Chapter
3). After that, a PANI-modified electrode with ruthenium oxide nano particles (PANI-

RO) was also analysed using cyclic voltammetry experiments at 50 mV/s.

136



5.2.6 Dark fermentation

The hydrogen production potential was analysed in 30 h batch fermentations. The MEC
was inoculated with a 1.3% v/v heat-treated anaerobic sludge collected from the City
of Ottawa’s wastewater treatment plant (ROPEC WWTP). The temperature was kept at
35°C by submerging the reactor in a water bath, and the pH was adjusted at 6.4 by first
increasing the alkalinity (addition of 100 mg/L of CaCO3), then kept controlled by
adding salts as to prepare a 0.03 M 6.4 pH potassium phosphate buffer solution (8.9
mM K:HPO, and 21.1 mM KH2PO,). The final organic acids composition so as the sugar

consumption was determined.
5.2.7 Chemical analysis

Reducing sugars content was determined by the DNS (Miller’s) method3¢, and total
sugars concentration was determined by the phenol-sulphuric acid (Dubois’s)
method®’. Raw samples may be diluted 5 to 10 times. The processed samples were
read in a HACH® DR6000 UV-VIS Laboratory Spectrophotometer at the wavelength of
540 nm in the case of reducing sugars, and 490 nm for total sugars. Both reducing
sugars and total sugars are expressed as grams of glucose equivalent per liter.
Chemical oxygen demand (COD) was determined by the HACH® 8000 Reactor
Digestion Method using high range vials (20 — 1,500 mg/L). Digested samples were

read in the same spectrophotometer.

The production of organic acids was determined by chromatography in an Agilent®
HPLC Series 1200, using a Bio-Rad Aminex HPX-87H column and UV at 210 nm. The
column was kept at 60°C and the RID at 50°C. Samples from the bottles were taken
periodically, centrifuged (10,000 rpm, 10 min), and the supernatant was filtered with
a hydrophobic PTFE syringe filter (0.22 um). Finally, 20 pL of each sample was injected
and diluted in H.SO4 5 mM as the mobile phase. The elution time of each sample was
25 min. Fermentation gases were monitored continuously through mass spectroscopy
during 30 h in a Dycor Proline Process Mass Spectrometer (Ametek® Instruments),
carried by a stream of argon at 100 mL/min, flow rate monitored and controlled by a
Horiba® VIA-510 Gas Analyzer.
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5.2.8 Electrochemical measurements

Cyclic voltammetry was carried out in a Bio-Logic SAS potentiostat (model 0474) at a
scan rate of 50 mV/s. The three-electrode electrochemical cell consisted of an 18 mm
diameter piece of carbon felt (plain CF was the control versus PANI modified CF) as the
working electrode (WE); Ag/AgCl (sat. KCI) served as a reference electrode (RE), and a
platinum coil (25 cm) as the counter electrode (CE). The initial and final potentials were
set t0-0.35V to 1.00 vs Ag/AgCl. The cell was sparged with nitrogen gas continuously,
passed through a 0.22 um filter to avoid contamination. CVs were taken at 0, 6, 9, 12
and 18 hours. Between each run, the cell was poised at 0.4 V. The cell contained 50
mL of electrolyte, pH and temperature were controlled (7.0 pH, 34°C — 36°C). In the
case of MFC’s, polarization curves were obtained using the same equipment, in which
the WE was the anode, and the cathode was both RE and CE.

5.2.9 Hydrogen yield and energy recovery analysis

In addition to overall H; recovery, coulombic efficiency (%CEcop), cathodic H. recovery
(r.y» %), volumetric current density (A/m?), and energy efficiency relative to electrical
input (75, %) and substrate input (55, %), were the parameters used to evaluate the

performance of the electrocatalytic process, in accordance with3e:

The coulombic hydrogen recovery was calculated as follows:

Frcg = — 5.1
cE Mth

Where r¢g is the coulombic efficiency, and 5, and 5 are calculated as follows:

bu,s Vi AS

M, (5.2)

Mih =

Where briys is the maximum theoretical stoichiometric hydrogen production from the

substrate (4 mol H, per mol of glucose®, versus 2.4 mol H, per mol of glucose when
butyrate is the main end product®), V] is the fermentation volume, AS is the change in

substrate concentration, and Mg is the substrate molecular weight. AS can be
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substituted by ACOD, in which a conversion factor must be used: 1.07 g COD/g
glucose, 1.22 g COD/g glycerol, 1.07 g COD/g lactic acid, 1.82 g COD/g butyric acid.

t
/ 1dr
0

IcE =5 F

(5.3)

Where, F is Faraday’s constant (96,485 Cmole™), I =V/R,,, is the current (A)
calculated from the voltage across the external resistor (potentiostat). Whereas %CEcop

calculated from COD consumption is defined by the following equation:

t
S/Idt
0

%CEcop = ————— (5.4)
77C0b T Fy ACOD

Where Vv, is the volume of the anodic chamber, and 8 is a constant used for COD based

on Mo, (32 g/mol) and 4 electrons exchanged per mole of O,. %CEcop in MFCs was

calculated using Eq. 5.4, while in MECs it was calculated from Eq. 5.1.

M
Foat = — (5.5)
Nce

The cathodic hydrogen recovery r.,, is the ratio of hydrogen moles recovered relative

to that possible based on the measured current, where M, is the number of hydrogen

moles produced during the process.

Wi AH,
o = 2 = T THD (5.6)
Wg We

The energy efficiency related to electrical input (sg) is calculated by the energy content
of the hydrogen produced, where is AH,; = 285.83 kJ/mol, and the electrical energy
input W%, defined by the following equation:

n
Wg =) (IE,At — I’R, At) (5.7)
1

Where E,p is the voltage applied. In this equation is also included the energy applied to

heat up the system at 35°C.
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The efficiency relative to the added substrate (5g) is calculated based on the heat of
combustion (A H;), and moles (»,) of each component considered as substrate. Finally,
the overall energy recovery based on both the electricity and substrate inputs ('1E+s) is

given by the following equation:

_ M (5.9)
Te+s = g '

The hydrogen production data was processed and modelled using a modified Gompertz
function:

271828 - R,,
H@) = Pxexp{—exp lT(A—t)+ 1] } (5.10)

Where H(t) is the cumulative hydrogen (mL) at a given time ¢, P is the hydrogen
production potential (HPP) in (mL), 4 is the lag phase (h), and R, is the hydrogen
production rate (mL/h). Data processing was carried out in Excel, fitting the RSE of the

model versus the data obtained from the Mass-Spectrometer.
5.3 Results and discussion
5.3.1 Enhancement of the carbon felt electrode

Deposition of PANI have proven to enhance the performance of carbon-based
materials, including carbon felt, specially in METs*42, In the present work, the CA
analysis showed a higher cumulative charge of 33.7 A/m? by the PANI-CF electrode
versus 10.3 A/m? of the control. It was also observed a higher stable current density
after 10 min of discharge (0.68 A/m?), while no charge was observed after 50 sec with
the bare CF. Moreover, under anaerobic fermentation with the anaerobic heat-treated
sludge (closed circuit with 1 kQ resistor), after 24 h, the PANI-CF also demonstrated to
be stable and biocompatible, as seen in the bacterial growth on the carbon fibers in
Figure 5.1 D. Some researchers have pointed that the internal capacitive features

conferred to carbon-based materials by PANI, indicate that the polymer may modify
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the anode in such a way that it can function as a bio-capacitor in microbial
electrochemical systems. Wang et al.*3, described these qualities in modified carbon
felt anodes by chemical polymerization of aniline. The authors found a higher average
peak current density of the PANI-capacitive bio-electrode 2.8 times greater than the

control (9.27 mA/cm?vs 3.36 mA/cm?), a similar pattern found in the present work.

100.00
A

= PANI-CF

10.00 —— Bare CF
E 100

<

0.10
0.01

0 100 200 300 400 500 600
Time (sec)

Figure 5.1. A) Chronoamperometry of PANI-coated carbon felt and bare carbon felt. B) SEM image of bare
carbon felt. C) SEM PANI-coated carbon felt after. D) SEM image of bacterial colonies in PANI-coated
carbon felt after 24 h of fermentation under anaerobic conditions.
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Beyond the conductivity and capacitive enhancement of the electrode, the most
important factor is biocompatibility. In this regard, PANI has demonstrated not only to
be biologically stable, but also to perform as mediator, assisting in the electron transfer

chain between bacteria’s outer cell wall and electrodes. As seen in Figure 5.2 A, the

1.0 60
- A - Bare carbon felt B - PANI deposition and RuOx
45
06 — tOh —— PANICF
s —— PANI-CFIRO 30
5 0.4 +vaeo Bare CF 15 =~
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-04 -30
0.6 -45
06 -03 00 03 06 09 12 06 -03 00 03 06 09 1.2
E(V) vs. Ag|AgCl E (V) vs. Ag|AgCl
30 20
C - Max. Activity in M9 medium D - PANI-CF in BWS medium -
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Figure 5.2. Cyclic voltammetry (50 mV/s, pH 6.4). A) Plain carbon felt in M9 medium fromt=0htot= 18 h.
B) Effect of polyaniline deposition on the carbon felt, with and without RuOx nanoparticles in M9 medium (no
inoculum). C) CF, PANI-CF with and without RuOx nanoparticles. D) Polyaniline modified carbon felt in
inoculated brewery waste slurry and 5 g/L glycerol as a function of time (pH 6.4, adjusted with 0.03 M
potassium phosphate buffer).
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bare CF does not exhibit any activity over time when using the sterile MOM, nor when
the medium was inoculated (Figure 5.2 C). On the contrary, PANI coating renders
electrochemical activity over the medium when this is inoculated. More importantly,
this activity is directly related to biological growth, since there was no electrochemical
activity whatsoever observed over time in the sterile MOM (Figure 5.2 B). PANI-
modified electrode with ruthenium nanoparticles was also analysed using CV. The
deposition of RuOx nanoparticles demonstrated biocompatibility, and it was expected
to enhance the MFCs performance by accumulating charge in the anode as has been
proposed*. Nevertheless, this PANI/RuOx composite electrode did not demonstrate an
enhanced behaviour when compared to the simple PANI-modified material. This could
have been due to the fact that the RuOx nanoparticles might be more efficient at

alkaline pH, while the CV tests were performed at pH 6.4.

In MOM, an irreversible oxidation activity was observed in both PANI-modified
electrodes, being more notorious with PANI-CF alone (Figure 5.2 C). Electrocatalytic
activity of PANI-CF in inoculated BWS-based medium shows max. oxidation peaks
between 0.48 V and 0.57 V, the highest attained at 9 h of incubation. The behaviour
shown in Figure 5.2 D resembles the electrocatalytic profile of glucose oxidation on
PANI and glucose oxidase nanocomposite electrodes*, indicating the link between the

modified electrode and the biological activity over the substrate in the BWS medium.
5.3.2 Microbial fuel cells

All MFCs devices, (including the MECs), were conditioned for 3 days running in MOM,
closed circuited at a fixed 1 kQ resistor, room temperature, and inoculated with the
heat-treated sludge under anaerobic conditions. The three MFCs were evaluated
according to each different anode employed: 1) plain CF (MFC-CF); 2) PANI coated CF
(MFC-PA); and 3) PANI-CF/RuOx composite electrode (MFC-PR). Towards the end of
the conditioning period, all MFCs began to show a stable closed-circuit voltage (CCV)
between 60 — 65 mV. At this point preliminary tests were conducted to treat 80% BWS
and glycerol co-substrate (5 g/L) with an initial COD of 58.9 g/L, at 35 °C. After 12 hours

of incubation, the highest open-circuit voltage (OCV) measured was 420 mV in the
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MFC-PA, whereas the lowest was observed in the MFC-CF (144 mV). According to the
CV results, it was expected a higher voltage by the 18" hour, however, the OCV showed
a drop between 11% to 13% in all three cells (196, 375, and 315 mV, respectively).
After 24 hours, the OCV upsurged, showing a steady voltage for few hours (223 + 13
mV MFC-CF; 480 + 30 mV MFC-PA; 372 + 26 mV MFC-PR), before dramatically drop
below 50 mV after the 30" hour. This clearly indicates the suitable HRT for a fed-batch,
or continuous MFC process. The polarization curves depicted in Figure 5.3 were taken

at the highest peak of activity, between 24 to 30 hours.

The COD consumption at the end of the process was also determined. As seen
previously in Chapter 3, by the end of the fermentation, the bacteria would have
depleted the readily fermentable sugars. This can be related to the similar percentage
of COD consumed: 35.3% after 30 h of dark fermentation versus: 1) 36.5% in MFC-CF;
2) 38.3% in MFC-PA; 3) 33.4% in MFC-PR. In this regard, the coulombic efficiency
(%CE) was higher in the MFC with the PANI/RO composite electrode (75.1%), followed
by MFC-PA with 69.7%, while the MFC with the bare CF attained a 57.1%.

Polarization curves of each cell are depicted in Figure 5.3. The highest maximum power
density observed was in the MFC with the PANI modified electrode, 57.0 mW/m?,
followed by the PANI/RO composite anode, 32.6 mW/m?, and 21.9 mW/m? obtained by
the MFC-CF. However, the current density exhibited by the MFCs with the bare CF and
the PANI-CF was similar (291 and 290 mA/m?, respectively), while the MFC-PR
reached 360 mA/m?2. This demonstrates that, even though the RuOx nanoparticles did
not exhibit a big impact in this particular biological process reflected in the CVs (Figure
5.2 C), the capacity of the electrode to collect more current was increased by 24%,
enhancement shown in the higher %CEcop as well. In accordance with the CV tests, it
would be expected a higher current density by the MFC with the PANI-modified
electrode than at least the MFC with the plain CF. But these curves demonstrate that
the limiting factor is still the oxygen reduction reaction (ORR) in the cathode and the
projected area of the proton exchange membrane (PEM), which is the same as that of

the cathode.
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It is common practice to report power densities calculated on the basis of anodic
chamber volume as well*¢. The maximum volumetric power density calculated was
410.5 mW/m3 for the MFC-PA, which is superior to some similar works, although is
lower to the majority of the reported literature, as seen in Table 5.1. In the case of
MFCs, several factors affect their performance, from the nature of the inoculum to the
characteristics of each material and even the cell configuration. The size of the proton
exchange membrane and the cathode are the limiting factors to scale these devices,
forinstance. The larger the projected surface area of these two components, the higher
power output delivered*’. However, PEMs and active cathodes for ORR are expensive
materials. Therefore, smaller working volumes are often sought. To illustrate this, Feng
et al.*8, reported the performance of an MFC treating a highly diluted brewery
wastewater (2.24 g/L COD) calculating 5.1 W/m3, or 205 mW/m? power density, with a
OCV of 362 mV. Although the projected surface area of their device is similar to the one
of the present work (7 cm? against 7.9 cm?), the working volume of the anode chamber
was 28 mL, 4 times lower, a proportional difference that can be related by comparing

the power densities.

In this vein, increasing the size of MFC’s PEM surface area is not ideal, but the use of
small stacked units instead®. Zhuang et al.>° designed a serpentine-like reactor with a
10 L working volume in which 40 small sequential MFC units were placed, attaining 4.1
W/m3 and an overall OCV of 23 V. In agreement with this, a case scenario of a
microbrewery with annual production of 15,000 hL, the electricity that could be
generated is less than 0.05 kWh per cubic meter treated on a daily basis, using an MFC
with a PANI modified electrode. However, the same volume of BWS distributed in 30 to
40 MFC-PA units would represent 1.2 - 1.6 kWh/m3-day, energy output comparable to
the 1.44 kWh daily output of a conventional 1.6 m? solar panel®.. This also would
represent an energy conversion of 1/3 of the total energy chemically stored in the BWS,

in accordance with the estimations presented in*°.
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Figure 5.3. A) Polarization curves of each MFC at the highest activity. B) Power density for each MFC
expressed in mW/md,

Regarding the treatment of a DF effluent in MFCs, it was not observed a considerable
electricity generation, as in all readings, the CCV hardly exceeded the 20 mV. The
performance was far below the optimum conditions when the fresh BWS is supplied to
the cells (see Appendix). This low performance is presumably related to the lack of
enough nutrients in the DF effluent. The residual fermentable sugars after dark
fermentation was 1.50 = 0.1 g/L. After 20 hours of MFC process of this effluent, the

remaining total carbohydrates were determined around 0.61 g/L. In the following

section this matter will be further discussed.

5.3.3 Hydrogen production

In view of the previous results, in this section it is only presented the hydrogen
production potential (HPP) of the MEC with the PANI-modified carbon felt,
performance compared to the HPP in dark fermentation from Chapter 3, as the PANI-
CF/RO composite electrode did not exhibit a positive response during the conditioning
steps, but rather proved counterproductive, thus it will not be discussed in this section
(see Appendix). Therefore, hereafter, MEC will only refer to the membraneless, single-
chambered electrolysis cell with PANI-modified electrodes, i.e., both anode and
cathode. Furthermore, two conditions were tested: 1) BWS (80%, supplemented with
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5 g/L glycerol) treated in a dark fermentative microbial electrolysis process (DF/MEC);
2) microbial electrolysis treatment of a DF effluent. Both treatments were conducted
at the optimum conditions of pH buffered to 6.4, during 30 h at 35°C, while the

potential was poised at 0.4 V.

Hydrogen maximum production rate (HPR) attained in the DF/MEC was 1.63 + 0.06
mL Hz/min after 17 hours, that is more than 2 times the maximum HPR registered in
DF alone. The total cumulative volume of hydrogen produced per litter of BWS was 9.95
L Ho/L, which is 1.6 times more hydrogen, or a 56.7% increase with respect to DF alone.
The Gompertz model fit the data very well with the maximum modelled flow rate (R,,)
of 70.9 mL Hx/h, and a there is a longer lag phase of 7.9 hours, 3 hours more than in DF
alone (Figure 5.4). The final COD was 22.8 + 0.1 g/L (38.7% reduction).

On the contrary, treating the effluent from the dark fermentation in MEC did not
produce a considerable amount of hydrogen, in fact, the data collected suggests as if
the bacterial activity were stuck in a loop of consuming and re-forming end products.
Butyric acid concentration dropped from 6.00 g/L to 4.04 g/L by the 18™ hour, but the
final concentration determined was 4.42 g/L at 30 hours, for instance. The HPR
exhibited a rather erratic behaviour in contrast with all previous experiments as well
(see Appendix), neither could be modelled. Notwithstanding, the final cumulative
volume measured was 0.86 L H per L of DF-treated BWS effluent, albeit around 12
times lower than the yield in the MEC treating the raw BWS. The final COD did not vary
much either; it was reduced only 4.8 + 0.2 g/L, which added to the COD reduction
during the 1st stage (DF), represents a 44% overall removal after the 2nd stage. This

low performance can be related to the following factors.

The microbial background of the inoculum is an important factor to consider. The major
organic compounds in the DF effluent are volatile fatty acids (VFAs), end products from
the metabolic pathway of the same inoculum in the MEC processes. Since the major
end products detected are butyric, lactic, and propionic acids, different sources of

inoculum should be explored in further experiments, or even the use of pure strain
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cultures that can consume these organic acids. Another strategy is the direct

electrolysis of these VFAs in solution, under low acidic conditions®°.

Though several works report the successful application of MECs as 2nd stage after DF,
there are some other considerations hindering the feasibility of the coupled system that
must be addressed first. Some authors have mentioned that DF effluent may not be
directly applicable in MEC; dilution and certain amendments might be necessary, such
as balancing the availability of nutrients, or maintaining an adequate feedstock
concentration®!. In this vein, the residual concentration of reducing sugars determined
after the DF process was less than 1 g/L glucose equivalent (0.61 + 0.1). Hence, the
lack of readily fermentable sugars in addition to the nature of the inoculum, can be a
good explanation to why the 2nd stage, failed to exhibit a further considerable

reduction of COD while producing more hydrogen, so as in the MFCs.

In the case of the DF/MEC process, the major end product was butyric acid (HBu),
making up to the 92% of the total organic acids detected (17.92 + 0.85 g/L), followed
by propionic acid (1.01 + 0.01 g/L), and the rest were found below 0.22 g/L. Glycerol
could not be detected, assuming therefore that it was depleted. In the beginning of the
process, lactic acid (HLc) dominated the composition in the effluent (85% at 9 h). As
seenin Figure 5.4 A, around the 12" hour of incubation there was an important upsurge
in hydrogen production, reaching its maximum peak at the 17" hour. Samples at 18 h
of incubation confirmed a decline in lactic acid concentration (71% of the total
composition), and the appearance of HBu in the solution. By the end of the
fermentation, HLc was barely detected (0.20 g/L). This behaviour indicates that during
the first 7 — 9 hours, hydrogen production was dominated by the acetate metabolic
route. After that, there is a sudden increase in hydrogen production governed by
butyrate metabolic route. However, it is yet unclear if lactate was used to form butyrate,
thus producing more hydrogen, or if it was fully oxidized. Final gas total composition
may suggest the latter, since 58% more CO, was generated compared to the DF alone,

although this matter will be furtherly discussed in the following sections.
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Figure 5.4. A) Production rate (mL/min) of hydrogen (o), carbon dioxide (o), and methane (e ) during dark
fermentative microbial electrolysis process (DF/MEC); B), Modelled cumulative hydrogen volume from
DF/MEC versus dark fermentation alone.

The end products profile clearly reflects an impact by the poised potential applied to
the electrolysis over the microbial community, since it hasn’'t been seen something
similar in other fermentations. This conclusion is reinforced by the volume of methane
produced in MEC against DF alone. The poised potential helped to control methane
producers’ activity more efficiently since there was 57% less methane detected. In this
regard, a population analysis was conducted to compare the inoculum population

before and after the MEC process.
5.3.4 Microbial population analysis

The main microbial species detected before and after each electrochemical process
are listed, according to their order, in Figure 5.5. It is also depicted the abundance of
the main species by genus after both DF/MEC and MFC processes. Sequencing analysis

of the 16s rRNA gene was conducted and analysed in accordance to the methodology
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shown elsewhere in®2. The effect of the applied voltage over the population is clearly
evident, showing the suppression of methanogens, and promoting the growth of
hydrogen-producing bacteria in the MEC process. The population analysis reflects and
confirms the behaviour already observed by the end-products profile determined at the
end of the fermentation in DF/MEC. The main genus observed was Clostridium,
followed by Pseudomonas. Clostridium butyricum alone constituted ~45% of the total
population, undoubtedly the responsible of the over production of butyrate at the end
of the process. Electric pre-treatment of dark-fermentative seed sludges has been used
to suppress methanogens by applying 3.0 to 4.5 V%3, and at higher voltages (10 V — 20
V), 95% Clostridium spp. abundance was observed®. In contrast, the low voltage
applied in the current research was 0.4 V during the 30 hours of fermentation, in which

methanogens suppression was attained and a high yield of butyrate production.

Two different unclassified Pseudomonas species were identified®>%, together making
up 33% of the total population in DF/MEC. These organisms are known to secrete
aromatic secondary metabolites (i.e., phenazines and pyocyanin), serving as electron
shuttles fulfilling diverse functions, which include antibiotic activities that elicit
competitive advantages over other bacterial and fungi species?!. These compounds not
only are involved in the extracellular electron transfer by Pseudomonas in
bioelectrochemical systems, but also in enabling it for gram-positive bacteria in co-
culture®®, such as Clostridiales. The characteristic benzenoid-ringed skeleton of
Pseudomonas’ secreted metabolites is also found in oligomers formed during
polymerization of aniline’®. Notwithstanding, Pseudomonas might not be directly
involved in the catalytic process. As seen above from voltammograms in Figure 5.2 D,
the maximum peak of the irreversible electrocatalytic activity occurs between 0.48 and
0.57 V, but it has been reported the electrocatalytic activity of Pseudomonas, using
different carbon sources, between —0.40to —0.01 V vs Ag|AgClI’t. Thus, the abundance
of Pseudomonas shows the important role in the DF/MEC process played by these
bacteria, acting as the intermediate entity between the electrodes and the

hydrogenogenic activity of the Clostridiales.
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A) Main microorganisms found in
the heat-treated inoculum

Archea

Methanobacteriales (M. lacus)

Bacteria (order)

B) Microbial population after MFC process

Bacillales

Clostridiales Bacteria (order)

Burkholderiales Slaphylococcales

Rhizobiales Baciliales

Micrococcales Bacteroidales

Chthoniobacterales Clostridiales

Flavobacteriales Flavobacteriales

Syntrophales Gaiellales

Vicinamibacterales Sphingobacteriales

Cyanobacteriales Staphylococcales

Methylococcales

Rhodobacterales

i;ﬁj;’f,:;;f C) Microbial population after DF/MEC process

Verrucomicrobiales

Gaiellales Bacteria (order) R o

Chioroplast Clostridiales 45% Escherichia-Shigela

Pedosphaerales Pseudomonadales Bacillus 21%

Propionibacteriales Bacillales 7.8% Other

Lactobacillales Enterobacterales 5.3%

Syntrophorhabdales Lactobacillales

Desulfobacterales Lachnospirales

Nitrospirales Burkholderiales

Solirubrobacterales Staphylococcales

Anagrolineales Cloacimonadales

Gemmatimonadales Bacteroidales Clostridium

Exiguobacterales Syntrophales 47 5%

Peptostreptococcales-Tissierellales Spirochaetales

Chitinophagales Xanthomonadales \

Pseudomonadales Anagrolineales
Rhizobiales

Figure 5.5. Microbial population analysis of A) the heat-treated inoculum; B) after the MFC process; and C)
after the dark fermentative MEC assisted processes (DF/MEC).

Regarding the MFCs, the population was not as varied as in the MEC, since it was
dominated by the genus Staphylococcus, followed by Bacillus only. Staphylococci,

considered opportunistic pathogens, are facultative bacteria. At a first glance, the
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dominant presence of this genus may indicate a substantial oxygen transfer through
the air-cathode and the PEM in the MFC during the fermentation. Although these
organisms grow better in the presence of oxygen, it has been noted that under
anaerobic conditions Staphylococcus aureus and Staphylococcus epidermidis
produced more polysaccharide intercellular adhesin involved in the formation of
biofilms, enhancing the virulence of these pathogens’2. In this regard, the ability to form
an electrocatalytic active biofilm by Staphylococcus spp. in bioelectrochemical
applications has been studied. It was demonstrated that S. aureus can form an
electrochemical active biofilm on the surface of carbon felt electrodes depleting
substrates such as cellulose”. S. aureus has also been studied in direct electron
transfer with carbon nanotubes for their use in MFCs’*. S. warneri demonstrated to
produce electricity metabolizing lactic acid in lactate-rich human skin’>. But perhaps
the most remarkable thing to note, is that the dominant bacteria found after the MFC
process in the current study is related to S. epidermidis, a species found in human skin,

which has shown electrogenic activity in MFCs by fermenting glycerol’®.
5.3.5 Hydrogen yield and energy efficiency

In dark fermentation, hydrogen yield (HY) on the basis of COD consumed is typically
reported around 100 mL Hx/g COD”’. In this study, the applied potential during the
DF/MEC process rendered 436.4 + 2.4 mL H./g COD consumed, or 169.0 + 5.9 mL H;
per gram of COD initial, which means 32% and 44% more hydrogen than in DF alone,
respectively, whereas in the MEC treatment of DF effluent, the yield observed was 24.4
+ 0.6 mL Hy/g COD initial. Compared to similar reports using MECs to treat brewery
wastewaters, Lu et al.’8, obtained a HY of 1.76 L H./L BWW, using a Pt/Nickel foam
cathode, applying a voltage of 0.8 V, that is 5.7 times less than in the present work,
however, since the effluent used in that study was a low strength BWW (1.01 g/L COD
initial), the rate of H./g COD fed was 10 times higher (1.64 L H./g of COD initial).

The molar yield cannot be determined directly from glucose or glycerol consumption.
since it is not clear the contribution of each substrate in the final volume of hydrogen

produced, but it is possible to relate the molar yield to the theoretical maximum yield
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based on butyrate formed when the fermentation is dominated by this compound as
the end product®. 95.8% of the maximum theoretical H, yield was attained by the
DF/MEC process, and 7.9% from the DF effluent treated in the second stage. In

contrast, the DF alone showed 72.4% in this regard.

Continuing with the energy recovery analysis of the DF/MEC process only, the %CEcop
was 38.5%, whereas the theoretical coulombic hydrogen recovery was estimated
around 93.2% — 94.8%. However, the cathodic hydrogen recovery (rq,) was 81.7%,
reflecting the efficiency of hydrogen conversion with respect to the current collected
from the solution. The energy efficiency calculated () was 121.6%, indicating that the
energy recovered is more than the energy applied, including the temperature control,
which constitutes 60% of the electric input. After 30 hours of DF/MEC process, 79.7%
of total sugars were depleted (9.34 g of glucose equivalents consumed). However, to
calculate the energy efficiency relative to the added substate (rg), it must be
considered not only the share of glucose, but also lactate and glycerol consumption
too, in relation to COD removal. As mentioned before, it is not clear exactly how HLc
consumption could be involved in HBu formation. The necessary moles of glucose to
form the amount of butyrate obtained at the end of the process exceeds the glucose
present in the process. The surplus of HBu was produced from other sources, besides
glucose and glycerol. It is known that Clostridium spp. can synthetize butyrate from
lactate and acetate’. Hence, the share of HLc consumption (12.3 g/L), is also included
in the COD balance. Considering the latter, therefore, the rq is 14.9%, and the net
energy recovery (yg,g), based on both the electricity and substrate inputs is 13.2%.
From these calculations, it can be observed that the fresh BWS-based medium fed to
the cell accounted for 89.1% of the gross energy supply converted into hydrogen,
rendering a yield equivalent to 2.37 mol Hz/mol substrate. On the other hand, from the
net energy balance it is estimated 1.8 kWh supplied per m? of H, produced, which is
around ~2.5 times less energy compared to average water electrolysis energy inputs
(4.1 — 4.9 kWh/m3 H2®). In Figure 5.6, it is summarized the energy recovery analysis of
the two systems DF/MEC and DF followed by MEC.
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1. Two-staged system: DF followed by MEC

1st stage 2nd stage
Overall balance

.
-75.4 kJ/L net input

1.7 mol Hy/mol substrate 0.2 mol Hy/mol substrate Ne=55.1%
18.8 kJ/L BWS recovered -94.2 kJ/L BWS applied ns=11.6%
DF Ne=129.9% Ne=10.5% News=9.6%
ns=10.2% Ns=4.8% L

BWS

medium % BHEAs 44% total COD removal
: (Is-lzegtlzﬁ. ) 8.9 Wh/L H, produced in MEC
Heating : ~2 times more energy input than water electrolysis

62.8 kJ/L

2. Simultaneous DF and MEC

22.4 kJ/L BWS recovered

2.37 mol H,/mol substrate 0,
Fresh BWS 04V SEEERAL 38.7% COD removal
>98% efficiency with respect

medium DD to theoretical molar yield %cE =85.4%
Ne=121.6% ‘
ns=14.9% NoH News = 13.2% 1.8 Wh/L H, produced

~60% less energy applied than

water electrolysis
HBu 17.9 g/L

Heating ) 13 g less CO, emissions per L BWS
62.8 kJ/L if HBu is recovered

~90% of energy
is supplied by the substrate

Note: If heating supply could be substituted by a solar panel, it would represent 60% less energy input from the grid in the case of
DF/MEC, and a electrical efficiency g above 300%. In DF alone it would represent more than 400% efficiency.

Figure 5.6. Energy balance of the two proposed systems to produce hydrogen from a medium based on
high strength brewery waste slurry: 1. Two-staged combined system showing dark fermentation followed by
microbial electrolysis cells; 2. Simultaneous DF/MEC treatment.

The gross energy output on the basis of hydrogen produced in DF alone in Chapter 3
was reported around 81.6 kJ/L BWS treated. This yield was 1.6 times higher in DF
process assisted by MEC. Comparing this process against the biochemical methane

potential (BMP) of the BWS, as in Chapter 3, considering a 90% of COD removal
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efficiency in anaerobic digestion, and an average conversion rate of 283 mL CH4/g COD
removed (NTP values of both CH4 and H,, collected in®!), the BMP of the effluent from
the DF/MEC process would account for roughly 330 kJ/L BWS in a subsequent AD
stage, which in addition to the ~128 kJ/L BWS from the energy content of hydrogen
produced in the first stage, together would represent 85% of the gross bioconversion
into methane if the BWS were to be fully digested. However, the high yield of butyrate
observed at the end, confers a great significance to the DF/MEC process, beyond
comparison with anaerobic digestion. Its extraction alone (considering an 88%
recovery efficiency as described in®) represents a reduction of 13 kg of CO, emissions
per cubic meter of BWS treated, without considering the great opportunities as a raw
material for the manufacture of bioplastics or its conversion to butanol. Alone, the
potential value of butyric acid from this process is around $28 USD/m3 BWS treated,

which is 3 times the estimated benefits in DF alone.
5.4 Conclusions

The proposed coupled system based on a subsequent stage after DF, under the
conditions here presented, did not show any advantage on hydrogen production, nor
electricity generation. However, the simultaneous DF/MEC approach demonstrated
promising results, attained a hydrogen yield 1.6 higher than DF alone. Moreover, this
improved performance was attained with 56%—63% less energy input to produce
hydrogen as per unit volume than conventional water electrolysis. The required power
input could be supplied by a series of MFCs operating continuously. The treatment of
the BWS-based medium directly in MFCs, showed a maximum voltage output within
the range of the optimum potential to elicit hydrogenesis in a microbial electrolysis
process (0.4 V). However, the overall current density calculated from the data set was
~32.6 A/m?3 for the entire MEC process (30 h), which is 80 times higher than the power
output exhibited by the MFCs at the highest activity. Therefore, there is still the
challenge to increase and sustain a constant power output to meet the MECs energy
requirements, which has to do more with improving the oxygen reduction reaction

efficiency in the air-cathode.
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On the other hand, the production of butyric acid exceeded by 3 times that of DF alone,
which makes the recovery of this compound even more attractive. The increase in
production of this acid was directly linked to the effect of the applied voltage over the
microbial population, leading to the proliferation of Clostridium butyricum.
Furthermore, the molar ratio Hz/substrate showed above 98% of the theoretical when
butyrate is the major end-product in dark fermentations. Hence, in the light of the
results presented here, assisting a DF process with microbial electrolysis is an efficient
alternative to produce green hydrogen, exploiting the potential energy content of
residues like brewery wastewaters by using lower energy inputs than conventional
approaches, reaffirming the attractiveness of these novel technologies in the pursuit of

substituting fossil fuel sources to produce hydrogen.
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Chapter 6. Conclusions

6.1 Summary

Throughout this doctoral research work, different biotechnological approaches to
exploit the organic-rich wastewaters from the brewing industry were studied, all of them
with the main goal in mind of producing hydrogen, without losing sight of the
revalorisation of these wastes in the most complete way possible. The simple approach
of dark fermentation alone was first presented. It was demonstrated that it is possible
to anaerobically ferment a brewery waste slurry with high COD content of between 50
to 60 g COD per L of BWS, producing more hydrogen per g COD than the few reported
studies using brewery wastewaters, which only treated 6 to 7 g COD per L. The
performance observed in the present study is comparable to other reports using
residues with similar characteristics and high organic content. Nonetheless, the
maximum net energy recovered from the single DF process, based on the chemically
stored energy in the substrate was 10.2% (Table 6.1). This low conversion rate is due
to metabolic limitations, something repeatedly stressed by both detractors and
supporters of dark fermentation. With that in mind, then, the exploration of different
techniques to assist or complement the dark fermentative process emerges as a
strategy to overcome the limiting barriers imposed by the nature of metabolic

pathways.

Firstly, a fungal pre-treatment was proposed with the aim of degrading the BWS organic
component by the biological activity of a white-rot fungi strain, leading to the
production of an effluent rich in readily fermentable sugars for the dark fermentative
bacteria. Secondly, a series of several experiments were devised in an attempt to
improve the energy conversion from the BWS by the use of microbial electrochemical
devices. On the one hand, the feasibility of coupling microbial fuel cells to generate
electricity from the biodegradation of a dark fermentation effluent was evaluated.
Similarly, microbial electrolysis was incorporated to continue with the biodegradation
of a DF effluent with a view to producing more hydrogen. For comparison, experiments

were carried out, treating the BWS directly on MFCs and MECs, the latter being in fact
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Table 6.1. COD reduction and energy conversion efficiencies exhibited by each treatment
studied in the present research work.

coD Hyd_rogen Energy conversion Efficiency
Treatment  removed yield ne ns Ness
(%) (mLH2/g COD)  (kJ/LBWS)  (kJ/gCOD)¢ (%) (%) (%)
1. DF* 35.3 331.3+7.1 81.6 4.3 129.9 10.2 9.5
2. FT—DF= 36.5° 495.7 +6.2 48.7° 6.32 77.6° 15.82 13.1°
3. DF*—>MFC 36.5 — — — — — —
4. DF*—>MEC 44.0 244+ 0.6 92.6 3.6 40.1 11.6 9.0
5. MFC 38.3 — 44,30 2.0¢ 1.2 5.1 5.1
6. DF/MEC 38.7 436.4+2.4 127.8 5.6 121.6 15.0 13.3

* Dark fermented BWS + 5g/L glycerol; @ considering only the data from the dark fermentative process after the fungal
treatment; ® Joules/L BWS; ¢ Joules/g COD; ¢ COD consumed; ne — efficiency related to electrical input, including heating. ns
— efficiency related to the substrate added. ne:s — overall energy efficiency based on both the electricity and substrate inputs.

a simultaneous DF/MEC process, or rather and electrolysis-assisted dark fermentation,
harnessing anaerobic bacteria in the medium as catalysts to improve hydrogen

production.

The two different biotechnologies were tested separately given their nature: the fungal
treatment is a longer aerobic process, highly susceptible to contamination in the early
stages, while METs work with bacteria as catalysts under anaerobic conditions, and
whose replication rate can be up to 20 times faster than that of white rot fungi. Initially,
the final objective of the study was to test all technologies as a single combined system,
degrading BWS in sequential steps from fungal treatment through dark fermentation
all the way to METs, however, this hypothesis was soon discarded as the rates of
substrate degradation as well as the metabolism of the microorganisms impeded the
concatenation of more than two stages at best. The highlighted outcomes of each of

the proposed techniques are discussed below.
Fungal treatment

The fungal treatment was effective at considerably reducing the organic content of the
brewery slurry, while the dark fermentative process of the effluent from this process

exhibited higher energy conversion rates per gram of substrate than any of other
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treatments evaluated. The COD reduced after this process was about 2 times higher
than the other treatments, with the FT alone able to reduce COD of BWS by up to 76%.
Moreover, decolouration and turbidity were both highly reduced by greater than 90%,
indicating that this treatment is very efficient in removing recalcitrant compounds hard
to destroy by other means. In contrast, the anaerobic DF treatment is able to reduce
only 9% of the colour, while turbidity was not affected. However, a disadvantage is the
lengthy retention time. It took 18 days to reach such organic matter reduction, and
according to the Logistic-Monod model from the experimental data, biomass
production as well as COD consumption, could have reached their maximum around
24 days of fermentation with 36 g/L dw biomass and 85% COD reduction.

Longer fermentation periods imply higher energy inputs; in this case, to control the
temperature (30°C) and the stirring regime. Nevertheless, the by-products that can be
obtained from fungal fermentations can be marketed as valuable feedstock for various
applications. In this project, the primary focus was on optimizing fungal biomass
production for two main reasons: it is a simpler approach and more importantly, COD
reduction is closely related to biomass growth. Although this proposed process is not
limited to biomass production only, for as has been widely documented over the last
decades, the metabolites generated by these fungi are used in different industrial
applications such as in pharmaceuticals, food, biomaterials, as biosensors and also in

bioremediation.

The natural choice for economically exploiting the fungal biomass is for human
consumption. The fresh biomass produced in submerged fermentation can serve as
inoculum for edible mushrooms production, in which case, the brewer’s spent grain
from the same brewery would be used as the solid substrate to sustain the fungal
growth. Once the mushrooms are harvested, the residual BSG can be sold as livestock
feed, because compared to the raw BSG disposed without any fungal treatment, it will
have an enhanced digestibility and a higher protein and minerals content, contributing
to a better livestock nutrition. Another strategy is to simply obtain a dry powder that

can served as supplements and nutraceutical products for human consumption, as well
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as for animal food. Likewise, fungal biomass can be the feedstock for the production of
various biomaterials, like a substitute to animal leather, biodegradable packaging, or

textiles with electrically conductive properties.
Microbial electrolysis and fuel cells

Technologies based on microbial catalysis applied to wastewater treatment have
developed rapidly over the last two decades. In this regard, brewery wastewaters have
been treated while generating electricity in MFCs, as well as in MECs, mostly to
enhance methane production. But little has been documented on the combined use of
these novel technologies with dark fermentation to produce hydrogen from brewery
waste slurries. The rationale for combining these technologies is that METs can
increase the biodegradation of substrates after they have been treated by dark
fermentation, obtaining additional energy. Hereof, however, the data showed that the
combined two-staged system DF followed by MFCs and MECs does not represent any
improvement, nor any advantage. On the contrary, the two-staged system is
counterproductive in the overall energy balance, at least under the operational

conditions of this study.

Firstly, in the case of MFCs, the cells failed to sustain bacterial processes such that it
was not possible to measure a significant energy generation. However, the direct
treatment of BWS in MFCs was successful. Among the three electrodes analysed, the
polyaniline-carbon felt electrode demonstrated the best MFC performance, with an
average energy generated of 44.3 J/L BWS, that is 12.3 mWh per cell, in which roughly
2.0 W are produced per gram of COD destroyed. Although the energy conversion is the
lowest exhibited (5.1% with respect to the substrate added), this balance comes from
the energy conversion by a single cell only with a small working volume (110 mL). What
is important about this technology is the use of multiple small units simultaneously to
increase energy conversion rates, rather than design a single larger cell. For the sake
of illustration, it will take 9 days to treat 1 L of BWS using just one MFC unit alone,
recovering 1.6 W/g COD per day. However, 9 MFCs together would generate over 14 W

per g COD consumed on a daily basis from the simultaneous treatment of 1 L of BWS
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per day, also representing an energy conversion of 30.7% based on the substrate
added. Hence, considering the wastewater discharge of an average small brewery in
Canada (1,500 m3 annually), the use of 30 to 40 MFC units, like the ones presented
here, would harness approx. 1/3 of the chemically stored energy in the waste slurry,
generating 1.2—1.6 kWh/m? per day, which is an energy output comparable to that of a
conventional solar panel, although with the advantage that MFCs can still generating

electricity regardless the daytime and the weather.

Similarly, in the MEC process fed with the dark fermentation effluent, although
microbial activity was observed, the hydrogen yield was not as high as hypothesized.
This is clearly depicted by the energy efficiency calculated on the basis of both energy
and substrate supplied, which was the same as by DF alone. By treating the BWS
directly into the electrolysis cell, the simultaneous process DF/MEC showed better
results. In this modality, it was observed the highest energy recovery per L of BWS,
producing 1.6 more hydrogen than in DF alone. Moreover, compared to conventional
water electrolysis, the process consumes around 60% less energy, that is 1.8 Wh/L of
hydrogen produced. However, the efficiency based on energy input was slightly lower
than DF alone, due to the combined effect of heating the cell and the voltage input. The
necessary energy to maintain the temperature of the medium accounts for 60% of the
total electrical energy supplied to the process. In the case of the voltage input, if this is
to be supplied by one MFC unit simultaneously degrading BWS, it will be necessary to
process 115 L per day to generate the power output to supply the DF/MEC process.
Considering 30 MFC units combined, it will be necessary to optimize each cell to

process 4 L of BWS per day in order to supply the electrolysis.

Furthermore, the effect of the applied voltage on the microbial population is a
remarkable finding, as the poised potential enabled the conditions to greatly improve
the fermentative performance. At the end of the fermentation, half of the microbial
population was found to be Clostridium butyricum (44.7%), followed by Pseudomonas
spp. (33.4%). Moreover, poising the cell potential at 400 mV improved hydrogen

production not only by promoting the proliferation of hydrogen-producing bacteria, but
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also by 1) inhibiting the growth of hydrogen-consuming bacteria, since no
methanogens were detected; and 2) by redirecting the metabolism during the process,
as it was observed that in the first 18 hours the major end-product was lactic acid, and
in the last 12 hours this acid was totally consumed resulting in the highest butyric acid
production exhibited in this research work. Butyric acid was found as the major end-
product in all dark fermentative processes. In DF alone, 53% of the end-products
composition was butyric acid, (6.1 g/L), while in the DF after the fungal treatment, 4.7
g/L were measured, comprising 65% of the total end-products. In the DF/MEC process,
up to 17.9 g/L of butyric acid was produced, comprising 92% of the total end-products.
Hence, besides an enhanced hydrogen production, the electrolysis assisting the
fermentative process can also increase the amount of butyric acid which, at such
concentrations, could be economically profitable to extract it as a feedstock for
bioplastics production, or to convert it into butanol, thereby increasing the energy

conversion potential of brewery waste slurries.

Finally, it is important to mention that, as in the case of the MFCs, these performances
were obtained using PANI-modified carbon felt electrodes (both anode and cathode),
furnished in a single chamber MEC. The results obtained, both in MFCs and MECs, can
be largely attributed to the use of PANI-modified electrodes, which in addition to
conferring higher conductivity, promote the direct interaction of bacteria with the
electrode surface. This is decisive for the functioning of the cells, since hydrogen-
producing bacteria are not electrogenic, which means that these microorganisms
require external mediators in order to use the electrodes as electron acceptors/donors.
Moreover, these modified electrodes are not electrochemically active towards the
organic component in the BWS, as evidenced by cyclic voltammetry, demonstrating
that the bacteria are effectively the catalysts of these processes. The use of RuOx
nanoparticles deposited on the PANI-modified electrodes was also evaluated with a

view to increasing the conductivity, although the results were not favourable.

In summary, as seen in Table 6.1, the dark fermentative process after the fungal

treatment and the one assisted electrochemically (DF/MEC), demonstrated the highest
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energy conversion efficiencies, based on both the energy and substrate supplied.
Although the total amount of hydrogen produced per L of BWS in the DF after the fungal
treatment was lower compared to DF alone and DF/MEC (1.6 and 2.6 times lower,
respectively), the energy conversion per grams of COD consumed exhibited by this
approach was the highest. Hence, the fungal treatment was effective at breaking down
lignocellulosic materials into simple sugars, increasing the energy conversion per g
COD, while reducing the total gas production as feedstock was consumed in the
production of fungal biomass. The COD in the effluent from the WRF treatment was
21.0 g/L, 2.5 to 3 times lower than the organic load fed to the DF alone (54.2 g/L) and
the DF/MEC (59.0 g/L). However, in all DF treatments a similar rate of COD
consumption was observed, between 35% to 39%, regardless of the initial COD,

demonstrating the metabolic limitations of the DF process.

Regarding the valorisation of the BWS beyond hydrogen production, it is in the fungal
pre-treatment where a wide variety of by-products in several industrial applications can
be exploited, although in this project the focus was placed only on biomass production,
which was considerable, with a yield comparable to other optimized processes
reported. Moreover, by the end of the fungal treatment, the COD was reduced up to
76%, and the colour and turbidity removal efficiencies were above 90%, indicating the
degradation of recalcitrant compounds which are not easy to remove by other means,
including DF and METs.

Given the fermentative metabolic limitations, it was not possible to extract more energy
by linking the DF process to a second stage using METs. However, the direct treatment
of fresh BWS in MFCs, showed an energy conversion of 2.0 W/g COD, reducing the
organic content by 38.3%, a similar performance to that of the DF/MEC. Although
apparently with a low energy recovery, these numbers represent the efficiency per one
MFC single unit. Several small MFC units, simultaneously degrading the BWS, would
considerably increase the energy conversion, with the attractive advantage of not being

affected by the weather nor limited by the availability of daylight.
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6.2 Recommendations for future research

First and foremost, it is strongly suggested to optimise the dark fermentation process
alone to operate in continuous regime, either in a CSTR or a UASB prototype reactor,
in order to obtain the appropriate operating parameters, aiming to reduce the HRT.
According to the data obtained in this study, an optimal HRT could be found between
9 to 12 hours. It is suggested to evaluate hydrogen yields at lower temperatures, with
the objective of eliminating the power supply to control the temperature, or at least
reducing it as much as possible. This with the aim of optimizing the fermentative

process as a starting point for other biotechnologies, as is suggested below.
6.2.1 Dark fermentation and anaerobic digestion

As has been proposed already in Chapter 3, if it is intended to go down the path of dark
fermentation alone, without any pre-treatment or electrochemical assistance, it is
therefore suggested to continue the biodegradation process towards anaerobic
digestion to reduce more organic matter while recovering more energy in the form of
methane. It is known that a gas mixture ratio of 4:1 parts of methane to hydrogen can
significantly reduce NOx emissions, as well as making combustion more efficient,
limiting the generation of CO, while harnessing more energy from conventional engines

working on methane.

This suggested path is based on the pre-existing situation of many breweries and small
agro-industries that are already equipped with reactors and engines to generate
electricity from the combustion of methane obtained from their own wastes. Separating
hydrogen from a first stage is not new, but as has been mentioned before, little has
been reported regarding hydrogen production from brewery wastewaters. Custom case
studies can be made either to 1), enhance methane production through the separation
of hydrogen in a first stage, reincorporating it through a by-pass to the methanogenic
phase; or 2), to incorporate hydrogen in the gas mixture fed to the already installed
engines, seeking to make the energy conversion process more efficient. It is also
suggested to assess the economic potential of butyric acid extraction from the first

acidogenic stage.
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6.2.2 Dark fermentation and microbial electrochemical technologies

Firstly, from an optimized continuous process, the input and output of organic load can
be varied, hence it is suggested to reduce the retention time in DF to supply more COD
to fuel cells and electrolysis as a second stage. By increasing the organic load fed to
the METs after DF, it may be possible to achieve a sustained yield in the latter, seeking
to prove the feasibility of a combined DF-MET system, since the observed problem
during this research work in this regard was associated to the lack of available organic
matter after the fermentative process. However, the main recommendations revolve

around improving the performance of each MET.
— MFCs

Improving the MFCs to generate more energy will require the development of better
electrodes, testing different cultures and reduce HRTSs. It is suggested to try different

nano particles to enhance the PANI-modified electrode:

= Study different seed cultures better adapted to the MFC environment.
» Reduce HRT to 9 — 12 hours, stablishing the conditions to operate continuously.
= Characterise the performance of the PANI-carbon felt anode with the deposition of

other nanoparticles based on nickel and/or iron.
— MECs

As well as in previous suggestions, it is important to optimise the process by reducing
the HRT. As this process (DF/MEC) showed good production of butyric acid, it is also
suggested to assess the feasibility and economic potential this organic acid extraction.
And, as well as in MFC, improving the electrodes with different nanoparticles is also
strongly suggested, like iron, extensively studied since iron is an important redox

species in hydrogenases:

= Develop and maintain the adapted seed culture to keep the optimal performance.
» Reduce HRT to 9 — 12 hours, stablishing the conditions to operate continuously.
» Characterise the performance of the PANI-carbon felt anode with the deposition of

other nanoparticles, based on nickel and/or iron.
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6.2.3 Fungal treatment

The fungal treatment was demonstrated to be an attractive alternative by itself. Besides
biomass production, it can be envisioned the optimization of this process to obtain
other value-added by products. Nevertheless, In view of the results, it is suggested to

deepen the research on the development of this treatment in the following areas:
Characterisation of exopolysaccharides

The formation of EPS is profuse in submerged fermentation. It will be important to
characterise the functional groups and properties to evaluate their importance as

isolated by-products worth separating from the fungal culture.

= Apply a more efficient methodology for EPS extraction and purification.
= Determine the functional groups by Fourier transform infrared (FTIR) spectroscopy.
» Elucidate elements composition and linkages in the EPS by nuclear magnetic

resonance (NMR) spectroscopy.
Saccharification associated with enzymatic activity

To fully understand the saccharification process during the fermentation, it is important
to analyse cellulose and hemicellulose content, as well as determining lignin
degradation. It is suggested to follow the activities of all enzymes involved in de

decaying of the lignocellulosic substrate:

= carboxymethyl cellulases, glucanases, xylanases, B-glucosidases, etc.

= ligninolytic enzymes (laccases, manganese, and lignin peroxidases).
Fermentation kinetics

It is important to elucidate the kinetic parameters governing the fungal growth. In this
research, the Logistic-Monod model was shown to fit to the experimental data, albeit
with limited data, so it is suggested to explore other models such as the Han-Levenspiel
and Yamani models, which consider the inhibition of substrate over fungal growth, as

well as non inhibitory models like the Moser model.
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Logistic-Monod model
Y
g =843 (1)
X dt
Han-Levenspiel model

w1, S - (1 — S/K,)"

U= (2)
Yamani model
S
= Ho 3)
K, + S+ (S/K;p)
Moser model
§= L; n>0 3)
(K, +S™)

K,, K,, u,, —constants; K — saturation constant; K; — inhibition constant; ;1 — specific growth
rate; S — substrate concentration; X — biomass concentration; Yy ¢ — yield biomass/substrate

These models will provide a deeper insight into the process not only in terms of biomass
production, but also in the substrate consumption, saccharification, and enzymatic
activity, which will allow optimizing the process to find the right conditions to produce
the highest amount of biomass in the shortest possible time. It is also suggested to try
different fungal species. Given the main purpose of this research, only one species was
selected to demonstrate the hypothesis, but the process is not limited to P. ostreatus.
Other white-rot fungi species can perform as good as this strain (e.g., Trametes spp.,

Ganoderma spp., even other species among the genus Pleurotus).

As a final note, the use of glycerol is optional. It was found that in DF alone it increases
hydrogen production by 10%, but its effect is not yet clear, and the DF after the fungal
treatment was not fed with glycerol. Its use, hence, is not mandatory to enhance

hydrogen production in future research.
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Appendix

A.1 Efficiencies calculations

Hydrogen properties

density H2 0.0000899 g/mL
M.W. H, 2.00 g/mol
AH Hz2(HRV) 285.83 kJ/mol
AHHz2(HHV) 142915 kg

Substrates properties

AHGlc 2,840.00 kJ/mol M.W. Glc 180.16 g/mol
AH Gro 1,654.30 kJ/mol M.W. Gro 92.1 g/mol
AHHLc 1,343.98 kJ/mol M.W. HLc 90.08 g/mol
AH HBu kd/mol M.W. HBu 88.11 g/mol

Glc — COD
Gro — COD
HLc — COD
HBu — COD

1.07 g COD/g glucose
1.22 g COD/g glycerol
1.07 g COD/g lactic acid
1.82 g COD/g butyric acid

Microbial electrolysis operation parameters

Current based on external circuit
Current measured (30 h)

Poised potential

Faraday's constant

Time

Working Volume

0.165 A
0.147 A
0.400 Vv
96,485 C/mol e~
30 h
0.150 ¢

Summary of energy conversion efficiencies exhibited by each treatment

DF/MEC DF (alone) MEC after DF DF after FT MFC-PA*

Mce 0.082 mol H - - - -
N 0.087 mol Hz - - - -

Tok c 93.2% — — — —
%CEcop 385% - - - 69.7 %
Pok cat 81.7% — — — —
e (%) 121.6 % 129.9% 40.1% 77.6% 1.2%
Ns (%) 15.0% 10.2% 11.6% 15.8% 51%
ess (%) 13.3% 9.5% 9.0% 13.1% 51%

* Data presented here corresponds only to the MFCs with polyaniline-modified carbon felt anode (MFC-PA), without RuOx nanoparticles.
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1. nce represents the moles of Hz that can be recovered
based on the measured current (0.147 A), and it is

calculated as follows:
t
/ It
o

2F

Heg =

2. nm is the theoretical number of moles (Hz) that can
be recovered based on substrate consumption. It is
considered the removal of every substrate, (i.e., glycerol,
lactate) and the remaining COD is considered as glucose:

b, sVi AS

N = Mg

3. The hydrogen coulombic recovery %#ceor simply the
coulombic efficiency of the MEC, is the relation of moles
of electrons recovered as current versus the total
amount of electrons consumed as substrate. It is
calculated by the ratio between #ce and #mu:

Mcg
Wt g = —

Hru

4. Whereas the coulombic efficiency based on COD
consumption was calculated according to the following
expression for both MECs and MFCs:

t
S/Idt
0

%CEcop = ——————
770D T Ep ACOD
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5. The cathodic hydrogen recovery % is the ratio of
hydrogen moles recovered relative to that possible based
on the measured current:
n
o car = -
CE

6. The energy efficiency related to electrical input #e is
calculated by the energy content of the hydrogen
produced, where is AHH. = 285.83 kJ/mol:

— WH2

= =

nH2 AH H,
WE

and the electrical energy input W, is defined by the
following equation:

n
Wg =Y (IE,At — I’R, At)
1
Where E,, is the voltage applied, which also includes

the energy supplied to heat up the system at 35°C during
the fermentation time.

7. The efficiency relative to the added substrate (yg) is
calculated based on the heat of combustion (A H;), and
moles (#;) of each component considered as substrate:

Wh, Wi,
WS AH[”]I-

US

8. The overall energy recovery based on both the
electricity and substrate inputs (r7g,) is given by the
following equation:

Ng4+s = —WE + W



A.2 Summary of hydrogen and energy data obtained in each process

Dark fermentation alone (8ws - Gro) followed by MEC

©) @ Total
Vol. Hz produced (mL/L BIWS) 6,351 858 7,209  mL/L BWS
n Ha (mol/ BWS) 0.285 0.039 0.324  mol/L BWS
COD initial (g7 BWS) 54.2 35.1 54.2 g/ BWS
COD consumed (/L BIS) 19.1 4.8 239 gLBWS
n glucose (initial)*  (mol/L BIWS) 0.250 0.160 0.250  mou/L BWS
n glycerol (initial)  (mol/L BWS) 0.054 0.031 0.054  mou/L BWS
Ws=% AH;-m; (kL BWS) 798.46 505.43 798.46  kJ/LBWS
WHz= AHv2 e (kJ/L BWS) 81.58 11.02 92.60 kJ/LBWS
We (kL BWS) — 42.34 42.34  kJ/LBWS
We+ Whear  (ki/L BWS) 62.8 105.14 167.94  kJ/LBWS

*Assuming COD initial as glucose equivalent, less the initial COD equivalent to glycerol concentration (5.0 g/L initial in DF, equivalent to 6.1 g COD/L,
and 3.45 g/L initial in MEC, equivalent to 4.2 g COD/L)

Simultaneous DF/MEC

Vol. Ho produced 9,950 mL/L BWS
nH:  0.447 mol/L BWS
COD initial 59.0 g/LBWS
COD consumed 22.8 g/LBWS
Glucose consumed 9.34 gL BWS
HLc consumed  12.30 g/LBWS
n glucose (initial)*  0.274  mol/L BWS
n glycerol (initial) ~ 0.054  mol/L BWS
Ws=X AH;n; 852.33 kJ/LBWS
W= AHunw.  127.81  kJ/L BWS
We 4234 kJ/LBWS
We+ Wyear  105.14  kJ/L BWS

*Assuming COD initial as glucose equivalent, less the initial 5 g/L of
glycerol equivalent to 6.1 g COD/L

DF after fungal treatment

Vol. Hz produced 3,794 mlL/L BWS
nH 0171 mol/ BWS

COD initial  21.00 g/LBWS

COD consumed 7.7 gL BWS

Glucose consumed ~ 13.60 g/L BIWS
n Glc (initia)* ~ 0.109  mol/L BWS
n Glc (consumed) ~ 0.109  mol/L BWS

Ws=X AH;1; 309.39 KJLBWS

Who= AHvonw. - 48.73  kJ/L BWS

We — kJ/L BWS

We+ Wreat 62.8 kJLBWS

*Assuming total COD initial as glucose equivalent

MFC alone

COD initial 59.0 gL BWS

COD consumed 22.6 gL BWS

Glucose consumed 9.34 gL BWS
n glucose (initial)*  0.274  mol/L BWS
n glycerol (initial) ~ 0.054  mol/L BWS

Ws=Z AH;n; 869.11 kJ/LBWS

We —  kJLBWS

We+ Wheat — kJLBWS

*Assuming COD initial as glucose equivalent, less the initial 5 g/L of
glycerol equivalent to 6.1 g COD/L
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A.3 Fungal treatment

Flammulina velutipes Pleurotus eryngii Pleurotus ostreatus

Maltose extract-Agar (MEA)

Figure A1. Radial mycelial growth in Petri dishes on different semisolid media after 9 days of incubation
at 30°C. 1) PDA — Potato-dextrose-agar; 2) BSA, medium prepared with brewery waste slurry, diluted
1:2, and agar (18 g/L); 3) MEA — Maltose extract-agar.
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1.0

===+ 80% BWS-based medium before fermentation
= Untreated BWS-based medium after dark fermentation
0.8 1 = BWS after fungal pre-treatment
[eb]
Qo
=
[a=]
£
o
w
=2
<t
250 300 350 400 450 500 550 600 650 700
Wavelenght (nm)
BWS-based medium: BWS-based medium BWS-based medium
80% BWS + 1 g/L NH,CI after dark fermentation FT-BWS after P. oslrealus
Autoclaved (121°C, 20 min) (no fungal pre-treatment) incubation (12 days)
700
A= 2 S(x)Ax 38.88346932 35.4712103 8.70116268
=380
A 475 0.126212716 0.11628347 0.027677186

Figure A3. Spectrophotogram of brewery waste slurry based medium (80% BWS + 1 g/L NH,Cl, autoclaved:
121°C, 15 psia, 20 min), before any treatment (----), against (—) the BWS-based medium after dark
fermentation (no fungal pre-treatment), and (—) BWS-based medium after the fungal treatment inoculated with
P. ostreatus (12 days). Area under the curve within the visible spectrum wavelengths (380 nm — 700 nm), and
at the punctual wavelength of 475 nm, calculated for each treatment.
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Figure A4. Production rate (mL/min) of hydrogen ( o), carbon dioxide ( o), and methane ( e) during the dark
fermentation treatment of non autoclaved and autoclaved, fungal-treated BWS effluent.

A.4 Microbial electrocatalysis

Polarization curves Power density curves
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Figure A5. Polarization and power density curves of the MFCs fed with fresh BWS compared to the MFCs fed
with the effluent from the dark fermentation process. Both devices used PANI/CF electrodes.
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Figure A6. Gas production rates using the same substrate conditions (BWS+5 g/L glycerol) in different
treatments, comparing: A — DF alone, and B — simultaneous DF and MEC using PANI-modified carbon
felt electrode, against C — simultaneous DF and MEC using a PANI/RuOx composite carbon felt electrode,
and D — subsequent MEC after DF, using PANI-modified carbon felt electrode.
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A.5 Reactor and Microbial Electrochemical Cells designs

Gas outletto/ g

Mass-Spec
: mwiﬂ) Q!

Samplingiport
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temperature (35°C)

Figure A7. Reactor used for dark fermentation with continuous measurement of hydrogen production
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Figure A8. Double chamber cylindrical cell design
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Figure A9. Membraneless, single-chambered microbial electrolysis cell used in this project
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Figure A10. Single chamber tubular cell design
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Figure A11. Single-chambered microbial fuel cell used in this project
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