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RESUMO

A producéo de biogas ocorre por meio da digestdo anaerobia (DA), que permite a recuperagédo
energética da matéria organica através da producdo de metano (CHa). Substratos da atividade
sucroalcooleira sdo considerados como potenciais facilitadores do desenvolvimento de
biorrefinarias, tornando o sistema mais resiliente e versatil. Nesse contexto, a co-digestdo de
substratos de diferentes biodegradabilidades (mais degradaveis com menos degradaveis) surge
como uma alternativa, sendo capaz de amenizar os efeitos inibitdrios desses residuos a DA,
além de poder melhorar o processo de monodigestdo de vinhaca que ¢ “convencionalmente”
realizado nas usinas de etanol. Portanto, o objetivo deste trabalho foi co-digerir residuos da
producdo de etanol 1G (vinhaca e torta de filtro) e residuos da producéo de etanol 2G (licor de
desacetilacdo) para obter biogas e propor a integracao da biorrefinaria 1G2G. A etapa 1 do
projeto consistiu em realizar a anélise do Potencial Bioquimico de Metano (PBM) de cada
residuo, na etapa 2 foi realizada a operacdo em reator continuo para a co-digestdo de trés
residuos e a etapa 3 foi uma otimizacdo da producéo de biogas com adi¢cdo de nanoparticulas
de Fe3Os (NP) na operacéo do reator de co-digestdo (o mesmo operado na etapa 2). Para as
etapas 2 e 3 foi feita a identificacdo do consdrcio microbiano juntamente com proteinas
extracelulares (analise protedmica), para tracar a rota metabdlica em ambas as operagdes do
reator. Os resultados de PBM mostraram que a co-digestdo da vinhaca 1G com a torta de filtro
e o licor de desacetilacdo melhorou o rendimento de CH4 de substratos isolados, atingindo 605
NmLCH, gSVL. A vinhaga e o licor de desacetilagdo como Unicos co-substratos aumentaram
o0 PBM em 38% em relacédo a vinhaca, indicando sinergismo nutricional. Na operacéo continua
do reator de co-digestdo dos trés residuos o maior rendimento de CH4 foi de 230 NmLCH4
gSV! com eficiéncia média de remogao de matéria organica de 83% =+ 13 alcangados na Carga
Organica Volumétrica (COV) de 4,16 gSV Ldia™. Além disso, 0 uso de FesO4 NP mostrou-se
eficiente no processo de otimizacdo da producdo de CHa, uma vez que o valor méximo foi 2,8
+ 0,1 NLCH.4 gSV! sendo 90% superior ao obtido na co-digestdo sem a presenca de NP. A
principal Archaea metanogénica encontrada em ambos 0s reatores (estagio 2 e estagio 3) foi
Methanoculleus, indicando que a possivel rota metabolica predominante foi a oxidagdo do
acetato sintrofico (SAQ) acoplada & metanogénese hidrogenotrofica. Por meio desses
resultados, foi possivel realizar uma analise energética e obter a capacidade instalada para uma
biorrefinaria integrada de etanol 1G2G de mais de 50 MW (considerando somente a capacidade
energética do biogas) durante o periodo de safra. Convertendo o biogas em biometano foi

provido a necessidade de biocombustivel da frota da maior usina de etanol do Brasil e ainda



obtido um excedente que pode ser injetado na rede de gas e gerar eletricidade. De maneira geral,
os resultados mostraram que a co-digestdo dos residuos propostos é uma alternativa viavel para

a producao de biogas e integracao da biorrefinaria de etanol 1G2G.

Palavras-chave: Biorrefinaria, Co-digestdo, Vinhaca, Metaproteomica, Torta de filtro



ABSTRACT

Biogas production occurs through anaerobic digestion (AD), which allows the energetic
recovery of the organic source through the use of methane (CHa). Substrates from the sugar-
alcohol activity are considered as potential facilitators of the development of biorefineries,
making the system more resilient and versatile. In this context, the co-digestion of substrates of
different biodegradability (more degradable with less degradable) appears as an interesting
alternative, being able to soften the inhibitory effects of those residues to AD, in addition to
being able to improve the process of monodigestion of vinasse that is “conventionally ” carried
out in ethanol plants. Therefore, the objective of this work was to co-digest residues from the
1G ethanol-producing (vinasse and filter cake) and residues from the 2G ethanol-producing
(deacetylation liquor) to obtain biogas and propose the integration of the 1G2G biorefinery.
Stage 1 of the project consisted of performing the Biochemical Methane Potential (BMP)
analysis of each residue, stage 2 was the operation in a continuous reactor for the co-digestion
of three residues, and stage 3 was an optimization of biogas production with adding FezOa
nanoparticles (NP) in the co-digestion reactor operation (the same was operated in stage 2). For
stages 2 and 3 was done identification of the microbial consortium together with extracellular
proteins (proteome analysis), to trace the metabolic route in both reactor operations. BMP
results showed that co-digestion of vinasse 1G with filter cake and deacetylation liquor
improved the CHy yield of isolated substrates, reaching 605 NmLCHs gVS™. Vinasse and
deacetylation liquor as the only co-substrates increased PBM by 38% over vinasse, indicating
nutritional synergism. In the continuous operation of the co-digestion reactor of the three
residues, the highest CH, yield was 230 NmLCH4 gSV! with average organic matter removal
efficiency of 83% + 13 achieved at Organic Load Rate (OLR) of 4.16 gVS Lday™.
Furthermore, the use of FesOs NP proved to be efficient in the process of optimizing the
production of CHa, since the maximum value was were 2.8 + 0.1 NLCH4 gVS™? being 90%
higher than that obtained in the co-digestion without the presence of NP. The main
methanogenic Archaea found in both reactors (stage 2 and stage 3) was Methanoculleus,
indicating that the predominant metabolic route possible was syntrophic acetate oxidation
(SAO) coupled with hydrogenotrophic methanogenesis. Through these results, was possible to
perform an energy analysis and obtained the installed capacity for an integrated 1G2G ethanol
biorefinery of more than 50 MW (considering only the energy capacity of biogas) during the
season period. By converting biogas into biomethane, the need for biofuel in the fleet of the

largest ethanol plant in Brazil was provided and still obtained a surplus that can be injected into



the gas grid and generate electricity. In general, the results obtained showed that the co-
digestion of the proposed residues is a viable alternative for the production of biogas and
integration of the 1G2G ethanol biorefinery.

Keywords: Biorefinery, Co-digestion, Vinasse, Metaproteomic, Filter cake.
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1 INTRODUCTION

Adopted in Paris at the United Nations Conference on Climate Change (COP21), the
Paris agreement officially entered into force in November 2016, with governments' notorious
commitment to key areas related to climate change, adaptation and enhancement in terms of
capacity and energy technologies (GHEZLOUN; SAIDANE; MERABET, 2017). The
importance of using biomass for power, heat and fuel generation is increasing on a global scale.
International and national policies, such as the European Action Plan for biomass, support the
expansion of bioenergy, as it is considered climate-friendly compared to fossil fuels
(DRESSLER; LOEWEN; NELLES, 2012). In this promising and challenging context, the
production of biogas is returning to prominence and, consequently, has received numerous
initiatives. Anaerobic digestion (AD), an attractive process for the management of liquid and
solid waste that allows energy recovery through methane (CHs) and generation of added-value
by-products for agriculture, develops in a finely balanced ecosystem. Different populations of
microorganisms with specialized functions act together to promote the degradation of organic
matter, in a process described, in synthesis, in four steps. In the first stage, facultative and
anaerobic bacteria convert the complex organic compounds (carbohydrates, proteins and lipids)
into simple organic compounds (glucose, aminoacids, fatty acids). In the second stage this
organic sample are converted into volatile organic acids (e.g. lactate, butyrate, propionate) by
acidogens microorganisms. In third stage this volatile acids are converted into CO2, H2 and
acetate by acetogens bacterias. And in methanogenisis stage, organic acids and Hz are converted
to CH4 and CO2 by methanogenic Archaea (DEUBLIN; STEINHAUSER, 2008; WEILAND,
2010).

Biogas (60-70% CHa, 30-40% CO: and rest being the impurities) is considered a
versatile energy carrier, which can be used to replace fossil fuels in the production of both
electricity and heat, as well as used as a gaseous fuel for vehicles. In addition, methane-rich
biogas (90% methane) is considered biomethane, and can replace natural gas as a raw material
for the production of chemicals (WEILAND, 2010). Recently, a study by the Brazilian
Association of Biogas and Biomethane (Abiogas) indicated that Brazil has the potential to
generate 23 billion cubic meters of CH4 per year - the final product of a biogas plant. In this
scenario, the residues and by-products from the sugar and alcohol activity are considered as raw
materials for the generation of value-added products, such as biomethane (i.e. biogas containing
90% CHas v/v with characteristics similar to natural gas). Biogas can be a facilitator of the
development of biorefineries, as well as improving the value of the product portfolio
(HAGMAN et al., 2018).
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The residues of the sugarcane agroindustry are already considered raw materials for
recovery and generation of value-added products. Among the residues generated, vinasse is the
one obtained in greater quantity, around 12-15 liter each 1 liter of ethanol produced. This
residual liquid comes from fermented sugarcane juice distillation, with a dark color. It consists
of water (93%), solids and organic minerals (7%). The main compound of vinasse is organic
matter in the form of glycerol, some organic acids (as lactic acid), sulfate (anions) and some
cations (GIANCHINI; FERRAZ, 2009; CHRISTOFOLETTI et al., 2013). The filter cake is a
solid residue generated during the clarification (physical-chemical process) of sugar cane juice
before being used in the production of sugar and first-generation (1G) bioethanol. Its
composition is water, organic soil particles, sugars residuals and small pieces of sugar cane that
are added to improve sucrose recovery in the rotary vacuum filter (ELSAYED et al., 2008).
Sugarcane straw, a lignocellulosic residue, is another waste from ethanol production from
sugarcane, and it is obtained from the sugarcane field. It highlight as an energy source with
great potential for generating heat, electricity and producing cellulosic ethanol. This
lignocellulosic residue is characterized by being composed of 40-44% cellulose, 30-31%
hemicellulose and 22-25% lignin (ELSAYED et al., 2008).

The intensity of the expectations regarding the use of several biomasses and the
production of biogas for energy purposes is outstanding. Despite all the scientific growth in this
area, it is necessary to deepen the knowledge based on innovative issues and variations that
investigate, in a comprehensive way, the interactions between the technological limitations
prevailing in the bioprocess for the generation of CHs, mainly in relation to residues that have
low biodegradability, such as the presence of lignocellulosic materials, the presence of silica,
soluble lignin, crystallized cellulose, high density and larger particle sizes, which can be
limiting factors to be digested by microorganisms (SOEST, 1981).

In this context, the co-digestion could be a good option to use poorly biodegradable
substrates in addition to providing and balancing macro and micronutrients for the AD process.
This appears to be the case of residues from ethanol production from lignocellulosic biomass,
usually recognized as complex substrates for AD, such as, the filter cake. However, there are
gaps in the literature regarding the anaerobic co-digestion of waste from 2G ethanol production,
especially for the recent and innovative pre-treatment of biomass and hydrolysis, e.g.,
deacetylation process, pre-treatment with ionic liquids, hydrolysis using genetically modified
yeast, among others. Deacetylation liquor is a residue obtained from the alkaline pretreatment
of sugarcane straw for the production of second-gerneration (2G) ethanol (BRENELLI et al.,

2020), which has not yet been reported in the literature on its final deposition, or possible use
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in biodigestion. The complexity of such substrates for AD may be one of the factors driving the
integration of the 1G2G ethanol process by co-digestion of its residues, for example, with 1G
vinasse that is already recognized as a substrate for biogas production (FERRAZ JUNIOR et
al., 2016a). It is worth mentioning that the integration of the 1G2G ethanol biorefinery can also
be done through the use of 2G vinasse, which is already a waste that shows potential for
biodigestion and CHs recovery (MORAES et al., 2014), but the use of waste from
lignocellulosic pre-treatments are still in an initial scenario.

Scientific research was conducted to evaluate the potential of CH4 production through
Biochemical Methane Potential (BPM) of residues (TRIOLO et al., 2012). BPM monitors the
volume of the biogas generated from a fraction of waste by assessing its biodegradability
through the determination of the total cumulative CH4 production (SILVA; MORAIS; ROCHA,
2016). By this approach, it is possible to reach the maximum experimental potential of the
substrate organic fraction conversion in CHs and also assess the effect of specific conditions on
AD: substrates sources (exclusive or in proportions of mixtures), temperature, nutrients,
buffering, source of inoculum (anaerobic consortium), among other factors.

It is known that the microorganisms that are part of anaerobic digestion are diverse and
distinct. They are considered highly diversified and high redundancy, meaning that several
microorganisms are metabolically flexible and capable of doing the same job, being one of the
reasons for the robustness of the anaerobic digestion process (ZUMSTEIN; MOLETTA,
GODON, 2000). Identify the microbial community present in the reactor is also extremely
important for the control of the AD process, because the biochemical reactions depend on the
microbiota (BALAGURUSAMY, 2007). Recent advances in molecular microbial techniques
(LAM et al., 2021; PING et al., 2020; PINHEIRO et al., 2020) are making it possible to
determine the composition and dynamics of the microbiota in different biological systems by
identifying the main groups of microorganisms, which extends in particular to the anaerobic
processes.

In addition, identification of microorganism in the process is already a big step,
suggesting its metabolic potential, but it may not be enough to attribute the function of these
microorganisms, because is possible that a single microorganism has different functions at
different stages of the metabolic pathways (CABEZAS et al., 2015). Therefore the analysis of
the regulation and molecular function of proteins excreted by the microbial consortium is
another fundamental approach for the understanding of biological systems (MUELLER et al.,
2008). Proteins are molecules that play a number of essential functions and with wide functional

diversity, for example, they can promote the fixation and aggregation of flakes into granules
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and maintain their stability in the AD process (ZHANG et al., 2007). Proteomics analysis is
used to characterize proteins within an environmental microbial consortium. This contributes
to the knowledge of the functions of the main active and important metabolic pathways for AD
(SU et al., 2012). In this context, the proteomic characterization of the microbial consortium
may represent the key for understanding the mechanisms governing cell growth, metabolism
and biosynthesis of products (such as CHa) in order to improve the efficiency of production,
quality and yield systems of final products (CABEZAS et al., 2015).

An important factor for the AD is the presence of micronutrients, a fundamental
condition for biogas production, being the effect of the addition of certain compounds, such as
iron, molybdenum and selenium, related to improvements in the CHs yield (ABDEL AZIM et
al., 2017; CAl et al., 2017). Metals represent essential constituents of cofactors for enzymes
and their addition to anaerobic digesters can stimulate and stabilize the performance of the
biogas production process, emphasizing that the ideal combination of several elements
supplementation can have a greater positive impact depending on the substrate (CHOONG et
al., 2016; WINTSCHE et al., 2016). Scherer; Lippert; Wolff, (1983) classified that for
methanogenic organisms the importance of micronutrients is given in the following order: Fe
>> Zn> Ni> Cu = Co = Mo> Mn, indicating that such elements have essential roles as in the
construction of methanogenic cells. In this sense, according to Abdelsalam et al., (2017a), some
attempts have been made to increase biogas production by stimulating microbial activity using
various biological and chemical additives under different operating conditions. According to
the authors, nanotechnology, recognized by the European Commission as one of the most
promising key technologies that can contribute to competitiveness and sustainable growth in
various industrial sectors, is in line with the application of nanoparticles in biological CH4
production. Nanotechnology can be described as the science of designing and constructing
machinery where every atom and chemical bond is precisely specified (MUKHOPADHYAY,
2014). Opening prospects for AD field, some studies have recently reported better efficiencies
of CH4 production from the use of nanoparticles (ABDELSALAM et al., 2016, 2017b, 2017a;
WANG et al., 2016b).

In this context, this research project aimed to fill gaps in the literature regarding the
integration of biogas production in the concept of 1G2G sugarcane biorefineries, in order to
exploit the potential of co-digestion of by-products from 1G2G ethanol production. The project
was developed in three stages: (1) determination of BMP of the substrates (vinasse, filter cake
and 2G ethanol pre-treatment residues) to analyze their CHs production potential for co-

digestion; (2) parameters elucidation of the bioprocess in semi-continuous stirred reactor, by
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monitoring its operating conditions, determining the extracellular proteins and analyzing the
molecular biology of the microbial consortium; (3) optimization evaluation of the anaerobic
biological process through the application of nanoparticles during the reactor operation to

demonstrate possible effects on AD performance from substrates of the sugarcane agroindustry.
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2 HYPOTHESIS
The project started from the hypothesis that would be possible to increase
biogas/biomethane yield in integrated 1G2G sugarcane biorefineries by co-digesting their main
residues/byproducts, when compared to the AD of 1G vinasse. Specific suppositions were

raised, then, from that main hypothesis:

. The co-digestion process of 1G vinasse with filter cake and deacetylation liquor
would be able to increase the biogas/methane yield compared to the mono-digestion;

. The molecular biology and metaproteomic tools and analysis would be useful to
provide data on the AD metabolic pathways to support the reactor operational control;

. The addition of FesO4 nanoparticles would be able to increased biogas/methane

yield of the co-digestion process.
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3 BIBLIOGRAPHY REVIEW

3.1 Bioenergy and Biogas

The debates on issues of global warming and the reduction of greenhouse gases are
common knowledge, and in this scenario, bioenergy gains strength and stands out as an efficient
alternative. With the industrial development of the countries, an exponential increase in energy
consumption will occur, and at the same time, energy demand will increase by an annual
average of 1.6% by 2030 (IEA, 2006). Despite its recognized sustainable character, obtaining
the bioenergy is still a challenge for humanity. In this context, biomass can make a contribution
to the supply of sustainable energy.

The importance of using biomass for power, heat and fuel generation is increasing on a
global scale. International and national policies, such as the European Action Plan for biomass,
support the expansion of bioenergy, as they are considered climate-friendly compared to fossil
fuels (DRESSLER; LOEWEN; NELLES, 2012)

Forest, agricultural and municipal waste are the main raw materials for generating
electricity and heat through biomass. Biomass provides about 50 EJ globally, representing 10%
of global annual primary energy consumption (BAUEN et al., 2009).

There are some reactions that can be used to convert raw material from crude biomass
into a final energy product. The conversion technologies are adapted to the physical and
chemical nature of the biomass. Figure 1 shows the possible biomasses and the processes

necessary to obtain bioenergy (BAUEN et al., 2009).
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Figure 1. Schematic view of the wide variety of bioenergy routes
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Biogas (60-70% CHa, 30-40% CO: and rest being the impurities) is considered a
versatile energy carrier, which can be used to replace fossil fuels in the production of both
electricity and heat, as well as used as a gaseous fuel for vehicles. In addition, methane-rich
biogas (> 90% methane, v/v) is considered biomethane, and can replace natural gas as a raw
material for the production of chemicals (WEILAND, 2010). The production of biogas occurs
through anaerobic digestion (AD) and this process was considered one of the most energy
efficient and environmentally beneficial technologies for the production of bioenergy. Among
the advantages that AD provides is that it reduces greenhouse gas emissions compared to fossil
fuels by using resources that are available locally, such as solid urban waste, waste from forests,
animal waste. In addition, the remaining digested AD is used as a fertilizer for crops and can
replace mineral fertilizers (FEHRENBACH et al., 2008).

In Europe, biogas production reached 6 million tonnes of oil equivalent in 2007.
Germany has become one of the largest biogas producers in the world thanks to the
development of biogas plants on farms. In the European Union 1500 million tonnes of biomass
can be anaerobically digested each year, and half of that is through of energy crops use
(WEILAND, 2010).
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All types of biomass can be used as substrate for the production of biogas. The
composition of the biomass must be mainly of carbohydrates, proteins, fats, cellulose and
hemicellulose. The composition of the biogas and the methane yield depends on the type of raw
material used and the retention time. Strong lignified substances are not considered suitable for
AD due to the slowness they can cause in the process, due to the difficulty of degradation by
microorganisms (BRAUN, 2007).

One of the oldest substrates used in AD is animal manure and wastewater, as the focus
was on the treatment of this waste and not the production of biogas. Currently, other residues
are already used, such as crop residues, organic residues from the food industry, municipal
biological residues and energy crops. Animal manure is used as co-substrate to increase the
content of organic material and achieve a higher gas yield. Fats provide higher biogas yield, but
require longer retention times due to their low bioavailability. Carbohydrates and proteins show
faster conversion rates, but with lower gas yield. In AD the C / N ratio must be in the range of
15 and 30 and flaws in the process due to the accumulation of ammonia must be avoided
(BRAUN, 2007; WEILAND, 2010).

Among the reactors that are commonly used for biodigestion, what stands out is the
fermenter with vertical agitation that is applied in almost 90% of biogas plants in Germany
(WEILAND, 2010), normally used for allowing the co-digestion of a variety of substrates with
higher solids total. The agitators can vary, with the possibility of having slow or not rotating
blades, larger or smaller blades and the shaft can also vary depending on the substrate. There is
also pneumatic agitation with the biogas produced and hydraulic agitation by pumps. In addition
to these reactors, other types are used as horizontal reactors, UASB reactor and fixed bed
reactor, this being preferably with liquid only waste (KAPARAJU; SERRANO;
ANGELIDAKI, 2010; ZHANG et al., 2012).

Biogas plays an important role in the context of the introduction of bioenergy in the
current world, proving to be a strong candidate to supply the conditions for reducing greenhouse
gases and generating renewable energy. In addition, its production can be carried out with
different substrates, in different conditions and reactors, being very versatile. The AD is the
process that allows the energy recovery of substrates through the actions of a microorganism’s

community.

3.2 Anaerobic Digestion (AD) and Biochemical Process
AD is a treatment process of waste in which chemicals or methane are obtained as

products. The process occurs in two stages: acidogenic phase and methanogenic phase. The
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process is quite complex, involves a lot of comunity of microorganisms and goes through four
phases: hydrolysis, acidogenesis-acidification phase, acetogenesis and methanogenesis (Figure
2). There are biochemical involvement of various enzymes and prosthetic groups in the
conversion of H, and CO; into methane and acetate into methane and CO,, among which
highlight Deazariboflavin derivative F420, methanopterin, methanofuran, nickel-tetrapirol
factor F430 and coenzyme M (mercaptane sulfonate) (KRZYSZTOF ZIEMINSKI, 2012).

Figure 2. Metabolic pathway of methane production
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In the hydrolysis phase, insoluble organic compounds such as carbohydrates, proteins,
fats are broken down into mono sugars, amino acids and fatty acids. In this phase, it is the
hydrolases group extracellular enzymes (amylase, protease, lipase) that act. Compounds that
are more difficult to be degraded, such as cellulose, are the ones that limit the rate of digestion
of the waste. Only 50% of organic compounds are degraded, the rest is not modified due to the
lack of enzymes. The main genera of bacteria involved are: Streptococcus and Enterobacterium
(KRZYSZTOF ZIEMINSKI, 2012; PARAWIRA et al., 2008).

In the acidogenesis phase, fermentative bacteria convert water-soluble chemicals
(including products formed in the hydrolysis step) into short-chain organic acids (formic, acetic,
propionic, butyric, pentanoic acid), alcohols (methanol, ethanol), aldehydes. These generated
products cannot be used directly by methanogenic Archaea due to the accumulation of
electrons. Therefore, it is necessary that obligatory bacteria from the acetogenesis process

convert these compounds into hydrogen, acetate and CO», so that the methanogens can take
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action. In the decomposition of proteins, peptides and amino acids emerge that can be used as
a source of energy for anaerobic microorganisms. Acidogenesis can present two paths due to
the various populations of microorganisms present in the anaerobic consortium. The process
can be divided into hydrogenation and dehydrogenation. The other path in acidogenesis would
be that the compounds from hydrolysis are converted directly into acetate, CO, and H». Of these
products obtained, methanogens can directly use as substrate and energy source. It is worth
mentioning that other products obtained in the acidogenesis phase is ammonia and together
with activity of sulfate reducing bacteria (SRB) give an unpleasant smell to this phase of the
process. The acid phase bacteria, belonging to facultative anaerobes, use the oxygen introduced
in the process, favoring conditions for the growth of mandatory anaerobes such as: Bacillus,
Micrococus, Flavobacterium (CONRAD, 1999).

As previously mentioned, in the acetogenic phase, bacteria of the genera
Syntrophomonas and Sytrophobacter convert the products (alcohols, acids, aldehydes) obtained
in the acidogenic phase into acetates and hydrogen that can be used by methanogenic Archaea.
In this phase, 25% of acetates and 11% of hydrogen are formed. As a result of acetogenesis,
hydrogen is released, which exhibits toxic effects on the microorganisms which carry out this
process. Therefore, a symbiosis is necessary for acetogenic bacteria with autotrophic methane
bacteria using hydrogen, hereinafter referred to as syntrophy. In addition, acetogenesis is
characterized to describe the efficiency of biogas production, because 70% of methane comes
from the reduction of acetates (KRZYSZTOF ZIEMINSKI, 2012).

The methanogenic phase consists of the production of methane by methanogenic
Archaea. Methane is obtained through substrates from the previous phases, such as acetic acid,
H2, CO., methanol. Only 30% of the methane produced in this process comes from CO», a
reduction made by autotrophic methane Archaea. During this process Hz is used, creating good
conditions for the development of acidic bacteria that originate short chain organic acids
(acidogenesis) and consequently generates a low production of H» in the acetogenic phase
(KARAKASHEV; BATSTONE; ANGELIDAKI, 2005). Methanogenic microorganisms are
strict anaerobes, that is, the presence of oxygen is lethal to them. They lack the enzyme catalase
and neither superoxide dismutase and due to their extreme sensitivity to oxygen, their
biochemistry, physiology and ecology are less well known. They are also sensitive to changes
in temperature and pH and their development can be inhibited by high levels of volatile fatty
acids, hydrogen, ammonia. Methanogens are classified according to the temperature that exert

the greatest activity, which are: mesophilic between 28°C and 42°C and thermophilic between
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55°C to 72°C (KARAKASHEV; BATSTONE; ANGELIDAKI, 2005; KRZYSZTOF
ZIEMINSKI, 2012).

The group of methanogens can be further subdivided into hydrogenotrophics or
acetotrophics. Hydrogenotrophics are those that use only Hz and CO; as substrates for
conversion to CHa, and acetotrophics use methyl groups such as acetate and CO> for the
production of CH4. Within these two groups of microorganisms, there are large quantities of
species of methanogenic Archaea, in which pH, morphology, combination of substrates that
they can use vary among themselves (DEMIREL; SCHERER, 2008).

As presented, AD is composed of different stages, with different microorganisms and
different metabolic routes, which makes the process quite complex. What can vary the routes
of AD is mainly the substrate to be degraded and the microorganism community that will be
predominant. Different phyla, with different genera make up the microbial community of the
anaerobic consortium, and the knowledge about them contributes to the improvement of the
process. In addition, the co-digestion process can optimize the production of biogas, allowing

the use of different substrates, balancing the nutrients necessary for the process.

3.3 Anaerobic Co-Digestion

The production of biogas from organic material depends on the content of substrates
that will be converted into biogas, related to its biodegradability and chemical composition.
Determining the degree of biodegradability, composition of substrates, amount of alkalinizer,
help to improve methane production (SAHITO; MAHAR; BROHI, 2014). Hagos et al. (2017)
reports that some studies were carried out on the production of biogas with mono-substrates but
found that the direct use of substrates is difficult due to its nutritional imbalance, lack of
diversified organisms and operational factors.

Within this context, anaerobic co-digestion emerged to improve biogas production in
some cases. Co-digestion is characterized by the AD of two or more substrates which is an
option to overcome disadvantages of mono-digestion, mainly in relation to the balance of
nutrients and to improve the economic viability of AD plants (HAGOS et al., 2017a). Some
studies have been done investigating the co-digestion of manure with other biomasses or food
waste, showing that they are a very viable option, optimizing the production of methane and at
the same time treating a greater volume of waste (ASTALS; NOLLA-ARDEVOL; MATA-
ALVAREZ, 2013; EL-MASHAD; ZHANG, 2010).

One of the main advantages of co-digestion is the improvement of biogas production

and optimization of methane production, in addition to improving the stabilization of the
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process, providing a better balance of nutrients, reducing the emission of greenhouse gases into
the atmosphere, providing effects synergistic within the reactor, increases the load of
biodegradable organic compounds, and generates economic advantages by sharing equipment
and cost (HAGOS et al., 2017a).

Some works have been using the residues of the sugar cane industry as co-substrates in
anaerobic digestion. Pinto et al. (2018) showed that using parchment in co-digestion with
vinasse a production of 0.21 mLbiogas .9/VSadded is Obtained. Janke et al. (2016) performed a
co-digestion of filter cake with sugarcane bagasse, in which they conclude that co-digestion can
produce 58% more biogas compared to mono-digestion of filter cake. In another study, Janke
et al. (2015) point out that the co-digestion of sugarcane straw and bagasse would make
economic sense, since it could partially replace the addition of high-cost chemicals, such as
urea, which would be used to balance the C: N ratio, making the complementarity of these
residues meet this need. However, they call the idea that the co-digestion of vinasse with other
lignocellulosic residues could provide undesirable effects, as they could increase the production
of H2S and lead to the need for biogas desulfurization.

In this scenario, co-digestion presents as a promising and challenging concept, mainly
related to sugarcane residues. Further investigation is still needed regarding the co-digestion of
these residues, especially the lignocellulosic ones.

3.4 Sugarcane Residues
In Brazil, ethanol is produced from sugarcane (24.8 billion liters in the season 2021/22),
and the state of S&o Paulo being the largest producing region (11 million liters in the season
2021/22) (CONAB, 2021). From the production of ethanol, large amounts of residual biomass
(bagasse, filter cake, straw) are available at the plant. The sugarcane industry brings some
problems from the planting of the cane to the harvest, for example, reduction of biodiversity
caused by deforestation, contamination of the soil and water, generation of waste in large
quantities (AGUIAR, 2011).
Among the residues generated, vinasse is the one obtained in greater quantity, around
12-15 liter each 1 liter of ethanol produced. This residual liquid comes from fermented
sugarcane juice distillation, with a dark color. It consists of water (93%), solids and organic
minerals (7%). The main compound of vinasse is organic matter in the form of organic acids,
glycerol and cations (GIANCHINI; FERRAZ, 2009; CHRISTOFOLETTI et al., 2013).
The chemical composition of vinasse is generally 20-30 g L of Chemical Oxigen
Demand (COD), pH around 3.9-5.5, 4-250 mg.L"* of phosphorus, (CHRISTOFOLETTI et al.,
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2013), 24-58 g L* total solids (TS), 1.8-60 g L* volatile solids (VS) (MORAES; ZAIAT;
BONOMI, 2015a). Among the alternatives to use of vinasse make a statement the practices of
recycling in fermentation, fertigation (practices quite currently used in Brazil), combustion,
production of yeast, animal feed production and the AD process (CHRISTOFOLETTI et al.,
2013). It is worth mentioning that the use of vinasse when applied to the soil brings some
negative points, such as the large amount of K and Na that can be added to the soil, and the
production of gases such as CH4 that can aggravate the greenhouse effect (DE OLIVEIRA et
al., 2013).

The use of vinasse in biodigestion is already a technique considered an efficient
alternative for the production of biogas. After AD, biodigested vinasse can later be used as a
fertilizer, although it has a reduced organic load. (DJALMA NUNES FERRAZ JUNIOR et al.,
2016a; FUESS et al., 2017a; MORAES; ZAIAT; BONOMI, 2015a).

Other residue generate from sugarcane industry is filter cake. It is a solid residue
generated during the clarification (physical-chemical process) of sugar cane juice before being
used in the production of sugar and first generation bioethanol. Its composition is water, organic
soil particles, sugars residuals and small pieces of sugar cane that are added to improve sucrose
recovery in the rotary vacuum filter (ELSAYED et al., 2008).

Filter cake is generated around 3.4% of the sugarcane consumption annually. The best
known options for using filter cake are to use it as an organic soil amendment, to act as fertilizers
or in landfills, in addition to composting (MEUNCHANG; PANICHSAKPATANA;
WEAVER, 2005). Some studies have already shown the use of filter cake in anaerobic
digestion, mainly as a co-substrate, to balance the process nutrients (JANKE et al., 2015, 2016a,
2017a, 2017b). In the work of Gonzélez; Reyes; Romero, (2017) for example, a yield of
methane production of 365 LCH4 kg'VS™ and biogas yields of 1.6 LL™ were obtained in the
co-digestion of filter cake with vinasse, which was 64 % higher compared to vinasse mono-
digestion.

As the filter cake is derived from sugar cane with chemicals used to clarify cane juice,
it contains nitrogen and phosphorus in addition to nutrients such as Na, Fe, Mn, Ca, Cu, Si, Mg,
S and Zn, which are all essential for plant growth. In addition, the filter cake features 28.9%
TS, 74.2% VS (% total solids), 47% carbon, 1.76% nitrogen, 0.6% phosphorus and 0.27% sulfur
(% total solids) (JANKE et al., 2015).

Sugarcane straw, a lignocellulosic residue, is other waste from ethanol production from
sugarcane, and obtained from the sugarcane field. It make a statement as an energy source with

great potential for generating heat, electricity and producing cellulosic ethanol. This
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lignocellulosic residue is characterized by being composed of 40-44% cellulose, 30-31%
hemicellulose and 22-25% lignin, (SANTOS et al., 2012). In addition, it has 76.7% TS, 86.3%
VS, 43.4% carbon, 0.52% nitrogen, 0.03% phosphorus and 0.06 sulfur (JANKE et al., 2015).
Sugarcane straw was normally burned in the pre-harvest to reduce the cost of the harvest,
mainly in mechanized operations, or remains in the field like fertilizer for soil (LEAL et al.,
2013). Due to the great energetic potential of sugarcane straw, pre-treatments are being carried
out to release sugars from the lignocellulosic material of cane straw, for the production of
second generation ethanol (DA SILVA et al., 2010). Some works have also shown the use of
sugar cane straw as a residue for anaerobic digestion and biogas production (JANKE et al.,
2017a, 2017b).

In order to diversify the production in sugarcane industry and the possibility of ethanol
production throughout the year, the second generation ethanol biofuels is being considered.
Efforts are currently being made to produce ethanol by hydrolysis of sugarcane bagasse or
straw. In addition, the production of liquid fuels through synthesis gas (biomass gasification)
has been an alternative. There is a tendency to increase electricity production using residual
sugarcane biomass, making it a product as important as ethanol and sugar (WALTER;
ENSINAS, 2010).

3.5 Pre-treatment of lignocellulosic biomass to obtain 2G ethanol

Research to increase the yield of ethanol from sugarcane was focused on the production
of second generation ethanol. The idea is to use technology that allows the recovery of sugars
from the lignocellulosic material of sugarcane. In this way it is possible to use all lignocellulosic
mass in an integrated way, optimizing the production of alcohol (MORAES; ZAIAT,;
BONOMI, 2015a).

The technology for converting lignocellulosic biomass into fermentable sugars for
ethanol production has been considered as a promising alternative to meet the global demand
for fuels. Although there are already technologies available for the processing of cellulose, most
face technical or economic difficulties (SANTOS et al., 2012).

The sugars present in sugar cane straw are found in the form of polymers (cellulose and
hemicellulose) and are covered by a macromolecule (lignin), forming the cellulosic microfibril.
Due to its intermolecular interaction and complete absence of water in the microfibril structure,
cellulose has a very recalcitrant structure that is difficult to break down and convert into
fermentable monosaccharides (SANTOS et al., 2012). Due to these situations, different

pretreatments are needed to release the sugars that are involved. The pre-treatments can be
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classified as physical, chemical, physical-chemical, and biological, as well as them
combinations (SILVA et al., 2010).

Alkaline pretreatments are common for the delignification of biomass, with additional
effects on the removal of silica (ash insoluble component) or the partial removal of
hemicelluloses (including acetyl and uronic acid groups) and the swelling of cellulose, resulting
in a substantial increase in fiber surface (CARVALHO; QUEIROZ; COLODETTE, 2016). One
of the reagents used in the alkaline pretreatment is sodium hydroxide (NaOH). Pre-treatment is
usually carried out at room temperature or at higher temperatures (20-121°C) and may be for a
short or long time. Alkaline pretreatment is effective for preparing biomass for use in the
production of ethanol in bioconversion processes (MIRAHMADI et al., 2010).

lonic liquids are another type of pre-treatment used for lignocellulosic biomass. They
are characterized as molten salts below the melting point and have the ability to dissolve
lignocellulosic biomass. The pre-treatment with ionic liquids showed some advantages in
relation to the other pre-treatments, such as: changing the physico-chemical properties of the
biomass, such as reducing the lignin content, extracting a specific macromolecular component,
fractioning after the dissolution of the biomass (DA COSTA LOPES et al., 2013).

Pre-treatments release sugars from lignocellulosic biomass, making them available for
fermentation and obtaining ethanol. However, little is found in the literature about what is done
with the pre-treatment residue, what is left of this pre-treatment. Lima et al. (2018) performed
anaerobic digestion of coffee husk hydrolyzate (CH), from a pre-treatment with ozone, in which
the cellulose of the liquid phase of the CH would be used for the production of 2G ethanol.
They obtained production of approximately 30 NmLCH4 gCH™ with the biodigestion of this
hydrolyzate, however still presenting some inhibitions in the digestion due to some toxic
products in the hydrolyzate. The effluent generated must be recovered to avoid environmental
impacts in the presence of acids (MORAES; ZAIAT; BONOMI, 2015a), reinforcing the
relevance of using these residues in biodigestion, and the need for more in-depth studies with
the residues from the different pre-treatments that exist.

Brenelli et al. (2020) performed an alkaline and hydrothermal pretreatment of
sugarcane straw to obtain xylo-oligosaccharides (XOS) and this was used to obtain 2G ethanol.
As the hemicellulose of straw is highly acetylated and the acetate released has several harmful
effects, deacetylation before the hydrothermal pretreatment was adopted as a strategy to
increase the recovery of XOS in the resulting hydrolyzate and reduce its toxicity. Thus, this

pre-treatment generates the deacetylation liquor, a residue that has not yet been explored. The
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deacetylation liquor is rich in acetic acid, formic acid, carbohydrates (xylose, pentose) and
lignin compounds, and its pH is next to 12.

Since many of these effluents generated from this pretreatments are rich in acids, it can
be assumed that they may have potential for AD and biogas production. In view of this scenario,
co-digestion/anaerobic digestion may contribute to the use of effluents generated from pre-
treatments for the production of 2G ethanol. Based on the concept of biorefinery which is:
"process of converting biomass into energy and chemicals™ (DA COSTA LOPES et al., 2013),
it is possible to integrate the first and second generation ethanol biorefineries, using residues
from both processes for co-digestion and obtaining biogas. It is worth mentioning that the
integration of the 1G2G ethanol biorefinery can also be done through the use of 2G vinasse,
which is already a waste that shows potential for biodigestion and CH4 recovery (MORAES et
al., 2014), but the use of waste from lignocellulosic pre - treatments are still in an initial

scenario.

3.6 Biochemical Methane Potential Experimental and Theoretical (BMP and TBMP)
The biochemical methane potential (BMP) is a technique that was developed to
determine the production of methane from an organic substrate during its anaerobic
decomposition. This test is a simple and reliable method to obtain conversion rate of organic
matter to methane (TRIOLO et al., 2012). The BMP technique is considered quite important,
especially when working with unknown residues, or considered new residues, in which it
provides results that predict the behavior of the residue in relation to its degradation and
conversion to methane.

Studies in the literature already show the use of this methodology in a widespread way
for different types of substrates. Gunaseelan (2004) performed BMP on fruits and vegetable
solid. Owens and Chynoweth, (1993) perform BMP of municipal solid waste components.
Janke et al. (2015) performed the BMP with residues from the sugar cane industry.

There is the experimental BMP and the theoretical BMP. In the experimental BMP an
organic substrate is mixed with an anaerobic inoculum under defined operating conditions and
the gas produced is measured. This operation takes place until the production of the gas is
practically interrupted, that is, it ends, and in this way all the organic matter present in the
substrate has been converted into methane. To perform the calculation of the experimental
BMP, it can be done by dividing the net methane production of the residue under STP
conditions by the weight of the added sample (base of VS or COD) (RAPOSO et al., 2011).
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The theoretical potential of methane is used to predict methane production from a
specific organic substrate. It can be expressed in mL of CH4 under standard temperature and
pressure conditions (STP) or by the amount of organic material added or removed (volatile
solids base or COD). The calculation of the biochemical potential of theoretical methane is
generally calculated using the empirical formula: CaHOcNaSe and using the Buswell equation
(Equation 1) (RAPOSO et al., 2011).

ramp, = (EHEHEr 200} oy

12n+a+16b+14c

TBMPs is the theoretical biological methane potential for solid substrate (NmLCH4gVS™), and
22400 mL mol* represents the molar gas volume at standard temperature and pressure (STP,
273 K, and 1 bar). The molar content of hydrogen, oxygen, nitrogen, and carbon in the substrate
is represented by a, b, ¢, and n, respectively.

Regression models were performed in which the methane yield of organic matter can be
predicted from its chemical composition, so the calculation of theoretical potential can be done
based on the COD. Theoretically 0.350 L of methane or 0.395 L at 35°C and 1 atm 1 g of
removed COD can be obtained (GUNASEELAN, 2007), and is possible to calculate follow the
Equation 2:

TBMP, = VS,440q- (ggc%) « 350 (Equation 2)

Where TBMP_ is the theoretical biochemical methane potential for liquid substrate (NmLCH4
gVS?), VSadaed is volatile solids added (g mL™), COD is chemical oxygen demand (402 mL™?)
and 350 NmL is the theoretical CH4 yield of 1 g COD at STP.

A disadvantage of performing the experimental BMP test is the duration of the tests and
the fact that it does not provide a short-term result. The tests usually end when the variation in
net methane production from one day to the next is 1%. It would be possible to limit the time
required to perform a BMP test if one of the methods could predict the methane yield, but
experimental tests are necessary to accurately verify the organic methane potential of the
materials (RAPOSO et al., 2011).

The experimental methane yield can be used to calculate the level of anaerobic

biodegradability compared to the calculated theoretical value, as shown in equation 3:
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BMP
TBMP

BDua(%) = (=) + 100 (Equation 3)

Where BDchs4 is the biodegradability, BMP is the Biochemical Methane Potential
(NmMLCH4 gVS™), and TBMP is the Theoretical Biochemical Methane Potential (NmLCH,
gVvs?).

When biodegradability is calculated, the removed organic matter can be considered to
be converted into methane, but some of that organic matter was used for the growth of
microorganisms and the generation of new microbial mass. This value cannot be measured
directly, but it can be estimated, but the literature show that this value to be less than 3%
(RAPOSO et al., 2011).

BMP assays are generally performed in batch flasks, and are considered a starting point
when starting an AD study. After BMP, other tests can be carried out, such as continuous reactor
operation, with better targeting, since the behavior of the waste in relation to conversion to

methane is known.

3.7 Factors affecting biodigestion to biogas production in Reactor Operation

The process of biodigestion is complex, involving several metabolic routes and a
community of microorganisms that needs to be in balance, since the activity of one depends on
the activity of the other, and there are some parameters that are extremely important for the
good development of biodigestion in reactor like: pH, temperature, solids content, organic load,
carbon nitrogen ratio, retention time.

The pH of an AD process varies over time. In the beginning, acid formation occurs in
the acidogenesis process and the pH is in the range of 6 and CO is released. After this stage,
when the acetogenesis phase begins and the volatile acid is digested, the pH increases. It is
necessary that the pH range in the digester is kept between 6.5 and 7.5 to always favor all stages
of the process, so that the microorganisms are all active and biodigestion is efficient. If the pH
happens to be less than 6.5 or greater than 7.5, the conditions may be harmful to methanogenic
microorganisms. And a factor that must always be controlled is that the addition of any material
does not cause a sudden change in pH, which can cause imbalance in the microbial population
(SUTARYO; WARD; M@LLER, 2012; ZONTA et al., 2013).

There are two significant temperatures for AD microorganisms, either mesophilic (22-
42°C) or thermophilic (55-72°C). The temperature maintained is extremely important as it
represents the optimal activity of microorganisms (KRZYSZTOF ZIEMINSKI, 2012). In the
works carried out by Janke et al. (2015, 2016b, 2017a) with AD from sugarcane residues,
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temperature was used in the mesophilic range (38°C). Hartmann and Ahring, (2005) in their
study with biodigetion of solid urban waste used thermophilic temperatures (55°C), as it can
accelerate the AD process, in addition to reducing the number of pathogens during the anaerobic
phase.

The solids content of a substrate used in AD in association with the organic load that is
applied in the reactor is fundamental both for the performance and stability of the digesters, as
well as for the cost of the operation. As the organic load increases, the CH4 yield increases, and
when the load decreases, CH4 conversions decrease. However, with very high organic loads,
methanogenic activities can be inhibited by high concentrations of long-chain fatty acids,
volatile fatty acids and free ammonia (WU; HEALY; ZHAN, 2009). So it is always important
to control the content of solids entering the reactor to achieve optimal methane production. In
the work by Fernandez; Pérez; Romero, (2008) in which fraction of municipal solid waste
treatment was carried out, they reported that when the concentration of solids increased by 20
to 30%, the removal of chemical oxygen demand (COD) decreased from 80.69 % to 69.05%
and the methane yield also decreased by 17%.

In addition to carbon and organic load, the nitrogen that is present in the waste is also
very important for the production of biogas. Organisms need nitrogen to form cellular proteins.
Carbon and nitrogen are considered the food for anaerobic bacteria. Carbon is where they get
their energy from and nitrogen is used for cellular uptake (JAIN et al., 2015). The literature
recommends an ideal C: N to thermophilic AD, ratio close to 25: 1 (WANG et al., 2012). If the
C: N ratio is inadequate, it can generate results with a high release of total nitrogen or ammonia
nitrogen, and an accumulation of volatile acids in the reactor. These substances (ammonia and
volatile acids) are important intermediates and possible inhibitors of methanogenic activity
(JAIN et al., 2015).

The period that the material stays inside the digester and the biogas is generated is
known as the retention time. This time depends on the material used as a substrate and the
process temperature. Methanogenic microorganisms take time to duplicate in 2 to 4 days, so
the retention time cannot be less than that, as bacteria can escape with leachate and affect the
entire biogas production process (KWIETNIEWSKA; TYS, 2014). In reactor continuous feed
systems, the flow rate with which the reactor is fed is what will determine the retention time
(JAIN et al., 2015).

The Oxidation Reduction Potential (ORP) is a parameter to control anaerobic digesters
because measures the net value of all complex oxidation reduction reactions within an aqueous

environment. In AD occur many complex reactions and it is difficult to identify each one of
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them separately. A lot of biological reactions occur along of AD and some products from one
reaction can be used as substrate for subsequent reactions (SUNG JAE LEE, 2008) and the ORP
is important to understand the microbiological and operational interactions along the production
of biogas from different raw materials. Some authors have already been using ORP as a control
parameter for AD (NGHIEM et al., 2014; SUNG JAE LEE, 2008), but still nothing related to
co-digestion with solid waste, and lignocellulosic residues.

Studies indicate that very high levels of ORP may indicate an inhibition of reactor
activity. Under normal conditions of anaerobic digestion, the ideal operating range would be
between -220 to -400 mV (BLANC; MOLOF, 1973). And that the ORP indicates different
oxygen concentration conditions in a reactor (aerobic, anoxic and anaerobic). The ORP profile
and sensitivity made it a parameter for monitoring process control (PEDDIE; MAVINIC;
JENKINS, 1990). Studies were carried out relating ORP values to the production of volatile
fatty acids. Wang; Zhou; Li, (2006) showed in their study that with the increase in ORP from -
350 mV to -280 mV there was a greater production of propionic acid, and that high ORPs favor
the production of propionic acid. As a result, the accumulation of proponic acid in an acidogenic
phase reactor is not a good scenario for methane production, in a one-phase system, since an
acetogenic rate of ethanol and butyrate by hydrogen-producing acetogensis is relatively higher
than that of propionic acid.

According to Sung Jae Lee, (2008) results, a range of approximately -310 to -390 mV
is ideal for the production of volatile fatty acids, and that this range suppresses the activity of
methane-forming bacteria. And this way, ORP is considered as a successful parameter to
control the chemical reactions of AD, since the organic material under anaerobic conditions is
subjected to degradation by enzymes catalyzed by redox reaction.

All the factors mentioned above are important for the functioning of the biochemical
processes that occur inside the reactors in the AD. As there are many microbial communities
with different metabolic routes involved, it is necessary that the operational parameters of the

reactor are aligned, so that there are no imbalances between the microorganisms.

3.8 Metabolic routes and microorganisms involved in Anaerobic Digestion
Among the most common phyla of bacteria found in AD reactors are Bacterioidetes,
Firmicutes, Thermotogae, Euryarchaeota, Synergistes, Tenericutes, Proteocbateria (KIM et al.,
2018). Thermotogae has often been reported in thermophilic digesters that treat organic waste
like swine manure, organic market waste, and wastewater from food (JANG et al., 2016).

Firmicutes are key cellulolytic bacteria in the thermophilic AD and contain acetogenic bacteria
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as well, which degrade VFAs to produce acetic acid (WU et al., 2020). Within each of these

phyla there are some genera that commonly appear in AD as can be seen in Table 1.

Table.1. Relationship between phylum and genus involved in the microbial community of

Phylum

Genus

Actinobacteria

Actinomyces
Atopobium
Bacteriodes

Prevotella

Paludibacter

Bacterioidetes

Petrimonas
Proteiniphilum
Rekinellaceae

Chloreflexi

Blautia
Coprothermobacter
Enterococcus
Gelria
Erysipelotrichaceae
Lanchnospiraceae

Fibrobacters

Cladicoprobacter
Fastidiosipila
Gelria
Halocella
Hydrogenispora

Firmicutes

Clostridium
Lutispora
Ruminiclostridium
Ruminococcus
Suntrophomonas
Tepidanaerobacter

Protobacteria

Petrobacter
Candidatus

Spirochaetes

Spirochaeta

Synergistes

Anaerobaculum
Synergistaceae uncultured

Ternicutes Haloplasma
Fervidobacterium
Thermotogae Kosmotoga

Defluviitoga
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Source: Adapted (GUO et al., 2014)

The Euryarchaeota was the Archaea phylum and is composed for all methanogens such
as genus: Methanosaeta, Methanosarcina, Methanobacterium, Methanospirillum,
Methanoculleus, Methanococcus, Methanobrevibacter Methanothrix. They differ by their
morphological and also metabolic characteristics (KRZYSZTOF ZIEMINSKI, 2012). As
mentioned in section 2.7, methanogens are classified as hydrogenotrophic or acetotrophic,
depending on the substrate they use. In the acetotrophic pathway, they can be caracterized by
the groups Methanosaeta and Methanosarcina, for example. Methanosarcina, can utilize
multiple substrates to produce methane and can be most abundant aceticlastic methanogens in
unstable codigesters with high acetate concentrations (DEMIREL; SCHERER, 2008; WU et
al., 2020). In the hydrogenotrophic pathway, the groups Methanobacterium, Methanospirillum,
Methanoculleus and Methanothermobacteria that are part of it (DEMIREL; SCHERER, 2008;
KIM et al., 2018). Methanobacterium plays key roles through interacting with other genera (e.g.
Syntrophomonas, Clostridium), and tolarate high concentrations of ammonia (WU et al., 2020)

Each genus is characterized by producing certain enzymes and catalyzing specific
substrates. Cai et al. (2018) detected the presence of this phylum in the AD with rice straw as a
substrate. The genera Fastidiosipila and Sedimentibacter hydrolyze fermentation proteins and
produce volatile fatty acids (VFA). Species of the genus Propionispira are characterized by
fermenting carbohydrates and producing propionate acetate and CO. as final products.
Generally, when high concentrations of propionate occur in the fermentative phases, it is due
to the presence of this microorganism (AN et al., 2020). The Mesotoga genus, which belongs
to the phylum Thermotogae, has characteristics of metabolizing sugar in the presence of sulfur
or hydrogenotrophic sulfate reducers such as Desulfovibrio vulgaris and producing acetate,
sulfide, CO> and traces of hydrogen. The phylum Proteobacteria is correlated with
lignocellulose degradation at the hydrolysis phase (WU et al., 2020). Bacteria such as
Syntrophomonas can degrade VFASs such as butyrate and propionate (WU et al., 2020)

Within the AD stages, different chemical reactions occur depending on the substrate that
is being degraded and different bacteria work cooperatively, one depending on the activity of
the other within these metabolic routes. Bacteria of the genus Syntrophomonas, Syntrophospora
and Syntrophobacter are syntrophic bacteria, which oxidize compounds such as propionate and
butyrate and, thus, obligatorily use hydrogen as an electron acceptor. The butyrate oxidation
reaction, carried out by these microorganisms, can occur only when the low pressure of Hz is
maintained (DEMIREL; SCHERER, 2008). Syntrophic bacteria cannot grow in the form of
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pure cultures, but only when accompanied by microorganisms using hydrogen. This
cooperative relationship between microorganisms, in which one synthesizes a product to be
used by another is called syntrophy, and in particular the relationship of hydrogen consumption
is called interspecific hydrogen transfer (KRZYSZTOF ZIEMINSKI, 2012).

Another relation of syntrophy that happens in AD is the syntrophic acetate oxidation
(SAO) coupled with hydrogenotrophic methanogenesis. At SAO, both methyl and acetyl
acetate groups are oxidized to CO2 with hydrogen production. Because this reaction is
energetically not favorable, hydrogenotrophic methanogenic Archaea consume H; and
eliminate it from the reaction. In this situation, one microorganism also depends on the other
since one needs to donate H* and the other receives it. Generally bacteria of the genus
Syntrophaceticus and Tepidanaerobacter participate in this type of reaction (HATTORI, 2008;
KIM et al., 2018). Table 2 shows the chemical reactions involved in the metabolism of acetate

and hydrogen.

Table 2. Relationship between phylum and genus involved in the microbial community of
AD

Process Reaction AG (KJ/mol)

(1) Acetoclastic *CH3COO + H20 - *CH4 + HCOgs -31.0
Methanogenesis
(2) Syntrophic Acetate *CH3;COO™ + 4H,0O > H*CO3z + 4H; + HCO3™ + +104.6

Oxidation H*
(3) H2-consuming 4Ho+ HCO3 + H* & CH4 + 3H0 -135.6
methanogenesis
(4) Sum (2) + (3) *CH3COO™ + H20 > H*COs™ + CHa -31.0
(5) H2-consuming 4H; + 2HCO3 + H* = CH3COO" + 4H,0 -104.6

acetogenesis

(*) represent the fate of the methyl group carbon acetate
Source: (HATTORI, 2008)

Most propionate oxidizing syntrophic bacteria belong to the Syntrophobacter genus of
the d-proteobacteria group. Desulfotomaculum thermobenzoicum subsp. thermosyntrophicum
are examples of SRB and can act as syntrophic bacteria that oxidize thermophilic propionate
(KRZYSZTOF ZIEMINSKI, 2012).

In view of the complexity of the microbial community involved in the AD process,
molecular biology techniques were developed to make it possible to identify microorganisms,
and to understand the steps involved in AD, as well as the consumption of substrates and

generation of products, contributing to the AD optimization biogas production.
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3.9 Biology Molecular Analysis
It is known that the microorganisms from the AD process are diverse and distinct. They
are considered highly diversified and high redundant, meaning that several microorganisms are
metabolically flexible and capable of doing the same job, being one of the reasons for the
robustness of the anaerobic digestion process (ZUMSTEIN; MOLETTA; GODON, 2000). The
figure 3 shows the different microorganisms that are involved in group of methanogenic

Archaea.

Figure 3. Philogenetic hierarchy of methanogens
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Source: copied (DEMIREL; SCHERER, 2008)

Cabezas et al. (2015) showed that molecular biology techniques serve to answer
questions from microbial communities such as: "1-Who is there ?, 2-How the community
change over time?, 3-How many microorganisms of the different groups are present?, 4-What
are the specific functions of microorganisms in the community and its relationship with each
other?”

The 16S rRNA gene analysis technique is one of the most frequently used techniques to

identify microorganisms involved in a microbial community. This gene is considered a genetic
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marker to study bacteria and phylogeny and Archaea taxonomy because it is present in almost
all bacteria and Archaea, its function over time has not changed and that this gene is large
enough for computing purposes (1500bp) (JANDA; ABBOTT, 2007). It is currently possible
to determine the genus and species of a bacterium or Archaea by sequencing 16S rRNA
population and comparing it with the available database sequence. During the last decades
cloning in a plasmid vector followed by Sanger sequencing has been widely used (CABEZAS
et al., 2015). In the study by Zumstein; Moletta; Godon, (2000) the structures of the bacterial
and Archaea communities in an anaerobic digester were monitored in order to characterize the
population dynamics, using the technique of fluorescence-based polymerase chain reaction
(PCR) conformation polymorphism (SSCP) analysis using an automated DNA sequencer of
16S gene. Bibby; Viau; Peccia, (2010) also performed the technique of amplification and
sequencing of the 16S rRNA gene to understand the diversity and abundance of pathogens in
sewage sludge. Wilkins et al. (2015) carried out a study of the communities of Archaea in three
sludge digesters for the production of biogas using the high-throughput sequencing of the
methyl coenzyme M reductase (mcrA) and 16S rRNA genes.

Nelson; Morrison; Yu, (2011) performed an analysis based on all available results of
the 16S rRNA gene sequence generated by the sanger sequencing of anaerobic digesters and
found that up to 2010 there was a total of 19,388 sequences, 16,519 bacteria and 2869 Archaea,
representing 28 bacterial phyla such as Proteobacteria, Firmicutes, Bacteroidetes, Chloroflexi.
In addition to sequencing using the Sanger method, technologies using Next Generation
Sequecing (NGS) are also used to identify microbial communities with the largest number of
reactors. Werner et al., (2011) performed sequencing using NGS for a trial of 9 large-scale
bioreactors for the treatment of brewery wastewater.

When different reactor operating parameters are tested, such as organic loading rate,
hydraulic retention time, operating temperature to analyze the ideal conditions for anaerobic
digestion, it is necessary to monitor together the microbial performance during the operation,
and a suitable technique for this. It would be the digital printing technique like DGGE, T-RFLP
or SSCCP (CABEZAS et al., 2015). These methods are based on the analysis of amplifications
from PCR of the 16S rRNA community (DGGE, SSCP and T-RFLP) or the ribosomal system
between the 16S and 23S rRNA genes (RISA). Through these analyzes a fingerprint of the
microbial community based on the polymorphism of the sequence is generated, then making an
assessment of the community structure and fluctuation over time in ecological studies
(CABEZAS et al., 2015). Zhang et al. (2005) used the DGGE technique to compare the

structure of microbial communities in sludge from two types of sparging flow anaerobic
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reactors (UASB): a full-scale reactor for treating wastewater from potato processing and other
three laboratory-scale reactors being fed with raw municipal sewage water, with CEPS
(chemically enhanced primary sedimentation) pretreated municipal wastewater, and with a
synthetic municipal sewage, respectively. Carballa et al. (2011) preferred to use the two
techniques of DGGE and T-RFLP to compare the characteristics of the microbial community
in continuous anaerobic reactors on a laboratory scale, obtaining results in which both
techniques indicate that bacterial and mesophilic communities were richer and more even than
Archaea and thermophilic communities, respectively.

In the AD process, quantifying the density and proportion of methanogens is important
to ensure an efficient methanogenesis process. For this, techniques such as in situ hybridization
(FISH) or quantitative PCR (gPCR) are considered adequate because they quantify different
groups of microorganisms present in a complex community (CABEZAS et al., 2015). The FISH
technique consists of application of fluorescently labeled probes to ribosomal rRNA in
permeabilized whole microbial cells. Diaz et al. (2006) evaluated the different types of
methanogenic granules of an anaerobic bioreactor that treated wastewater in a brewery using
different molecular biology techniques and among them the FISH technique, being this
technique responsible for identifying groups of bacteria as Firmicutes and Archaea like the
Methanosaeta.

Given what has been presented, the techniques of molecular biology are already
widespread within anaerobic digestion and considered of great importance mainly for the study
of microbial communities. In addition, these techniques can be combined with information from
analysis of proteins expressed by these bacteria, through proteomics analysis, corroborating to
results that better explain the metabolic routes of the process.

3.10 Proteomic Analysis

Currently, discovering the roles that microorganisms play in anaerobic communities is
one of the challenging issues. Relating the microorganism to its metabolic pathway is often a
challenge. Identifying the microorganism in the process is already a big step, suggesting its
metabolic potential, but it may not be enough to attribute the function of these microorganisms,
because is possible that a single microorganism has different functions at different stages of the
metabolic pathways. Within this, more sophisticated techniques such as proteomics can solve
this problem, since it links identity to function (CABEZAS et al., 2015).

Omic techniques (genomics, transcriptomics and proteomics) are bioinformatic tools

that allow the study of more complex ecosystems. Understanding the interaction between
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species and responses to environmental conditions are only identified if the ecosystem is
assessed as a whole. Omic techniques have come to reveal a complete picture of microbial
functionality in an ecosystem (CABEZAS et al., 2015).

Proteomics analysis is used to characterize proteins within an environmental microbial
consortium. This contributes to the knowledge of the functions of the main active and important
metabolic pathways for AD. One of the main limitations that proteomics has is to extract a
sufficient amount of high quality protein sample that is representative. This becomes
complicated due to the complexity of the microbial communities involved and the presence of
interfering compounds and the heterogeneity of natural environments. However, proteomics
has great potential in linking genetic diversity and activities of microbial communities (SU et
al., 2012).

Some works have already been carried out with proteomics techniques within anaerobic
digestion and highlighting the importance of the relationship between the expressed proteins
and the identified microorganisms that are expressed them. Abram et al. (2011) conducted a
study in a wastewater treatment bioreactor basead in glucose in which a metaproteomic study
was carried out and they identified 18 distinct proteins, excluding redundant identification. Of
the 18 proteins, 14 were classified in the functional category of metabolism, related mainly to
glycolysis, and methanogenesis, the other 4 proteins were classified as membrane proteins,
reduction, transcription and degradation of proteins. In addition, they traced the metabolic
pathway involved in AD and related proteins to possible microorganisms. In another study
carried out by Hanreich et al. (2013), metagenomics and metaproteomics techniques were used
to analyze microbial communities in AD with straw and hay as substrates they used mass
spectrometer to identify proteins. The authors were able to detect transporter and flagellin
proteins, which were expressed mainly by members of the phyla Bacteroidetes and Firmicutes
and that 20 to 30% of the identified proteins were of Archaea origin and the main enzymes of
methanogenesis were expressed in large quantities, indicating high activity metabolic rate of
methanogens, although they represent only a smaller group within the microbial community.

Jing et al. (2017) carried out a study with the objective of investigating the effects that
the addition of conductive magnetite can have on the degradation of propionate for methane
production, and performed quantitative proteomic analysis of iTRAQ to analyze the alterations
of the metabolic pathways induced with the addition of magnetite, and observed through this
analysis that magnetite induced changes in the levels of protein expression involved in various

metabolic pathways. In this context, proteomic analysis opens the way for explanations of
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substrate degradation and conversion to methane, and can be a great ally in understanding co-
digestion.

Currently, advances in the area of Proteomic analysis provide tools that allow a very
thorough and advanced study of the proteins involved in AD. Heyer et al. (2019) analyzed the
functionality of the microbial community of 11 reactors from a biogas plant, using the high-
resolution metaproteomics pipeline, in which they were able to specifically identify by the
MetaProteomeAnalyzer software specifically all the proteins involved, the species of
microorganism that secreted it and the function it has.

In general, proteomics analyzes within AD are being introduced, in order to contribute
to the explanations of the different and innumerable metabolic routes that exist in the AD
process and being step to optimize the application of this technology. Proteomics has been
improving the tools and techniques that can be applied and is an aspect that should be better

exploited for the anaerobic consortium of microorganisms.

3.11 Proteins involved in Anaerobic Digestion

Within the biochemical processes of AD, a large number of enzymes play important
roles. In the conversion of H, and CO> to methane and acetate to methane and CO2, several
enzymes and prosthetic groups are involved, the basic of which is composed of: eazariboflavin
derivative F420, methanopterin, methanofuran (MFR), nickel-tetrapirol fator F430 and
coenzyme M (mercaptan sulfonate). The synthesis of cellular material with CO2 occurs for
example through the aceto-CoA pathway with pyruvate (HEYER et al., 2019). In the metabolic
pathway, MFR, methanopterin and coenzyme M are methanogen C1 carriers, while coenzymes
F420 and coenzyme B are electron donos (MASHAPHU, 2005). Enzymes such as
Glyceraldehyde-3-phosphate dehydrogenase, enolase are usually involved in the glycolysis
phase. LamB porin is related to membrane proteins, Iron containing alcohol dehydrogenase is
related to the oxidation-reduction reaction (ABRAM et al., 2011).

Methanogenic metabolism is unique, as it requires co-enzymes that do not occur in any
other organism except methanogens. In the first part of methanogenesis, CO: is limited by
MFR, which is reduced to methenyl, methylene, methyl and at the final stage - methane, which
is bound by coenzymes: Tetrahydromethanopterin, 2-methylthioethanesulfonic acid and 2-
mercaptoethanesulfonic acid. Methanopterin is responsible for the reduction stage of CO> for
methyl pyruvate groups. Methyl groups in carbonylation process are converted into carbonyl
groups with a part of the enzyme carbon monoxide dehydrogenase. Hydrogenase is the enzyme

responsible for the assimilation of H2, and they react with the F420 factor which is responsible
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for providing a reducing force for the reaction to happen. Hydrogenase enzymes are very
present in methanogenic processes because microorganisms use H2 as an electron source for
oxidation-reduction reactions (KRZYSZTOF ZIEMINSKI, 2012; SAXENA; ADHIKARI;
GOYAL, 2009). (F420) is an electron-transferring coenzyme used by several enzymes such as
hydrogenase, formate dehydrogenase, methylene tetrahydromethanopterin (H4MPT)
dehydrogenase, methylene HAMPT reductase, and heterodisulfide reductase (MASHAPHU,
2005)

Enzymes such as phosphate acetyltransferase and acetyl-CoA-decarbonylase have been
linked to the metabolic pathway of acetoclastic methanogenesis, and the enzyme
tetrahydromethanopterin S-methyltransferase has been linked to the hydrogenotrophic route
and both pathways converge to the methyl-coenzyme M (methyl-CoM) reductase (HANREICH
et al., 2012). Abram et al. (2011) detected both types of enzyme in an AD reactor with
wastewater. In addition, the GroEL protein may also be present in AD processes, which is
related to potentially syntrophic organisms (HANREICH et al., 2012). Table 3 shows the

relation of proteins and microorganisms that was found in Hanreich et al. (2012) study.
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Table 3. Relation between protein and Microorganism from AD

Enzyme Related Genus

Chaperonin GroEL Anaerobaculum

Phosphate acetyltransferase Methanosacrina

Coenzyme F420 reducing hydrogenase Methanocorpusculum
Acetyl-CoA decarbonylase/synthase Methanosarcina
complex d subunit

Tetradydromethaprotein S- Methanosarcina
methyltransferase, subunit H

Methanol corrinoid protein Methanosarcina

Methyl-coenzyme M recutase, y subunit Methanosarcina

Methyl-coenzyme M recutase, 3 subunit Methanosarcina

Methyl-coenzyme M recutase Methanoculleus

Methanophenazine-reducing hydrogenase Methanosarcina

Source: (HANREICH et al., 2012)

In the study by Hanreich et al. (2013) the map was drawn of the two pathways of
methanogenesis: acetoclastic or hydrogenotrophic methanogenesis, specifying the related
proteins in the thermophilic metabolic process (Figure 4). The substrates that are used was beet
and rye silage. In this route, the presence of enzymes of the acetoclastic pathway expressed by
members of the Methanosarcinaceae implies the activity of this metabolic route under
thermophilic fermentation conditions. Enzymes expressed by members of Methanomicrobiales,
which are hydrogenotrophic methanogens, have also been detected. In addition, the presence
of proteins from the synergistic system, which can produce H., was also detected as a co-
substrate for methane production. The enzyme methyl-CoM reductase was the most abundant
protein, and they connected this enzyme with methane production which was constant.
(HANREICH et al., 2012).
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Figure 4. Draft of the acetotrophic and hydrogenotrophic pathway of methanogenesis
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In the study developed by Abram et al. (2011) in a reactor treating a synthetic, glucose-
based wastewater at 15°C, a mapping of the metabolic route was made in which it presented
different results from that found in the study by Hanreich et al. (2012) due to different
temperature and substrates.

Microorganisms that contain Fe-Fe hydrogenases produce molecular hydrogen as a
result of its energy metabolism and create trophic bonds in AD with the use of hydrogen
methanogens. Proteins like glyceraldehyde-3-phosphatase, triosephosphate isomerase,
fructose-biphosphate aldolase, glucose-6-phosphate isomerase, and lactate dehydrogenase are
involved in the fermentation of sugars and carbohydrate metabolism (ZIGANSHIN et al.,
2019).

Heyer et al. (2019) showed the metabolic routes involved in AD for the production of
biogas, with the microorganisms involved and all the functionalities of the proteins, showing
how abundant the number of proteins that are involved in the production of biogas, and how
many different microorganisms can secrete them. In addition, they show the presence of phages
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that can hinder the microbial consortium and decrease the rate of conversion of nutrients into
biogas.

In addition, with the proteomics data, it is possible to relate how the microorganisms
consumed the substrates for the production of CHs, even to consider the possibility of
optimizing the microorganisms necessary for the degradation of a specif substrate, due to their

enzymatic production.

3.12 Oligoelements and application of Nanoparticles

Itis already known that AD develops better in the presence of micronutrients. llangovan;
Noyola, (1993) already reported that the availability of micronutrients such as Fe, Ni, Cu, Zn,
Mo, Co, Se, Si, F, Mg, Na, are important for anaerobic microorganisms to obtain an efficient
degradation of the residues. Some other older authors have also shown that such trace elements
stimulate methanogenesis or are essential for cell growth (PERSKI; MOLL; THAUER, 1981).
Nel; Britz; Lategan, (1985) used a solution of micronutrients and achieved a greater removal of
COD, volatile acids and consequent greater production of methane. Other authors of more
recent works, also continued to research and investigate the role of micronutrients in AD, and
had positive results in the performance of the process, with different substrates such as corn
silage (POBEHEIM et al., 2010) wheat vinasse (SCHMIDT et al., 2014) and rest of food (WEI
etal., 2014). Cai et al. (2017) carried out a study comparing the effect of trace elements on the
microbial community for methane production using rice straw as a substrate, and the results
showed that the addition of Fe, Mo, Se and Mn reduces volatile fatty acids leaving dominant
bacteria Bacteriodetes and Methanoseata and that the addition of trace elements increased the
proportion of Methanoseata in relation to the control.

Scherer; Lippert; Wolff, (1983) classified that for methanogenic organisms the
importance of micronutrients is given in the following order: Fe >> Zn> Ni> Cu = Co = Mo>
Mn, indicating that such elements have essential roles as in the construction of methanogenic
cells. Zhang et al. (2003) showed that if the content of the trace elements Co, Ni, Fe, Zn, Cu is
less than 4.8, 1.32, 1.13, 0.12 g.L! respectively, there is a limitation of the growth of the
microoroganism culture methanogenic in terms of cell density.

In addition to being a growth factor, Fe is also important in stimulating the formation of
cytochromes and ferroxins that are vital for the cellular energy metabolism. With the increase
in Fe, the rate of methane formation by Methanosarcina barker also increases with methanol
as a substrate, so the AD process can only be successfully performed with correct

concentrations of trace elements, so as not to become toxic (CHOONG et al., 2016; LIN et al.,
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1990). In addition to methanogenesis, trace elements are also extremely important in the
acetogenesis phase, as some metalloenzymes are involved in chemical reactions in this step,
such as dehydrogenase formate, carbon monoxide dehydrogenase, and elements such as Fe, Se,
Ni, Zn act in these processes as catalysts (CHOONG et al., 2016). Yu et al. (2015) showed that
Fe supplementation accelerated the hydrolysis and acidification stage of AD, showing that
hydrolytic and acidogenic bacteria also benefit from trace elements as a growth factor. In
addition, Bini, (2010) reported that Ni is an essential cofactor for Ni-Fe hydrogenases, carbon
monoxide hydrogenase and methyl reductase.

In view of so many studies about the importance of micronutrients in AD, other
approaches are being made on how to add these trace elements in the AD process, in a way that
their concentrations are ideal and do not cause toxic effects for de process and for the
environment. Abdelsalam et al., (2016); Mu; Chen; Xiao, (2011) used nanoparticles as a means
of adding trace elements in the AD process and were successful.

Nanoparticles are the particles found in nanometric size and nanotechnology is the
engineering that allows the manipulation of matter on a nanoscale (1 to 100 nm). Nanoparticles
have been offering potential for new functional materials, processes and devices allowing for a
unique activity towards contaminants and greater mobility in the environment (LAROUI et al.,
2011). The nano-size is important for interaction with the biological system, as it determines
the ability to penetrate cell membranes, facilitating passage through biological barriers,
absorption and distribution through metabolism. When compared to bulky atomic equivalents,
nanometric materials have superior chemical and physical properties due to their mesoscopic
effect, small object effect, quantum size effect and surface effect. In addition to having unique
properties such as large surface area, dispersibility, high reactivity (ABDELSALAM et al.,
2016, 2017b). Figure 5 shows how is the process of metal liberation by nanoparticle to

microorganism cell in AD.
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Figure 5. Effects of metal nanoparticles on an anaerobic digestion system
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Abdelsalam et al. (2016) compared the effects on the production of biogas and methane
from the anaerobic digestion of animal manure using nanoparticles (NPs) of trace metals such
as Co, Ni, Fe and Fe3zO4 and achieved an increase of 2, 2.17, 1.67 and 2.16 (respectively) times
the volume of methane compared to the control used. In another study Abdelsalam et al. (2017b)
carried out the digestion of slurry (raw manure) in order to accelerate the digestion process
using Fe nanoparticles and FesO4 nanoparticles, obtaining increase results of 1.59 and 1.96
(respectively) times the volume of methane produced compared to the control, considering the
FesO4 nanoparticle better for this substrate. Iron nanoparticles have been suggested as an
important part of the bioavailable fraction of the metal (NI et al., 2013). Krongthamchat; Riffat;
Dararat, (2006) showed that synthetic nano-iron was preferred over EDTA and Fe used in
growth cultures for microalgae, suggesting that the nanoparticulate form of the metal is more
bioavailable.

Mu; Chen; Xiao, (2011) found that among 4 types of nanoparticles such as TiO2, Al>Os,
SiO2 and ZnO, only ZnO nanoparticles have an inhibitory effect on methane production
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depending on its dose, if it is less than 6 mg.ST there is no inbitory effect, using as substrate
waste actived sludge.

Wang et al. (2016) studied the use of nanoparticles in the AD system in order to improve
the efficiency of the process and avoid inhibitory effects. They work with the nanoparticles:
nZV1 (nano-zero-valent-iron), Ag, Fe2Oz and MgO for methane production with digestion of
waste activated sludge. The presence of 10 mg.g™ of nZVI of total suspended solids (TSS) and
100 mg.g* of TSS Fe,03 increased methane production to 120% and 117% of the control,
respectively, while 500 mg.g* of TSS Ag and 500 mg.g™* TSS MgO generated lower levels of
methane production (73.52% and 1.08% the control, respectively).

The European Commission recognizes nanotechnology as one of its six "main enabling
technologies™ that contribute to sustainable growth and competitiveness in various industrial
sectors. The challenges of sustainability, food security and climate change are leading
researchers to explore the field of nanotechnology as an improvement for the agricultural sector
(PARISI; VIGANI; RODRIGUEZ-CEREZO, 2015). Nanoparticles are considered a viable
technology for introducing micronutrients in AD and consequent optimization of biogas
production. It is an area that is still being applied in biodigestion, requiring some investigations

regarding the use of different types of waste.

3.13 Closure

Given all the issues addressed, it is possible to notice that the literature already reports
the use of 1G vinasse and filter cake through the co-digestion process to obtain CH4, and even
the use of 2G vinasse together with the residues from the production of 1G ethanol for the
integration of the 1G2G ethanol biorefinery. However, there are still gaps regarding the use of
pre-treatment residues of lignocellulosic materials, such as the pre-treatment of sugarcane
straw, within co-digestion and CH4 production, as a way of also proposing the integration of
1G2G ethanol biorefinery

Deacetylation liquor is still a little explored residue, mainly in relation to its use within
biorefineries, therefore highlighting the importance of further studies on it in co-digestion with
residues from the production of 1G ethanol (filter cake and vinasse).

One of the factors that can bring enriching results for the monitoring of co-digestion, is
the control of the metabolic routes of the process, through proteomics analysis and identification
of the microbial consortium. The literature shows that these molecular techniques are already

widespread, and can be used within microbial consortiums. The use of these combined analyses
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is challenging, but it manages to show the different interactions of the change of the microbial
community with the different residues in the process steps.

In addition, co-digestion can be further optimized with the use of nanoparticles as a way
of introducing micronutrients into AD, since the literature shows their effectiveness and better

properties than the use of the "loose™ micronutrient within the system.
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4 OBJECTIVES
4.1 General
The purpose of this project was to integrate biogas production in an innovative concept
of biorefinery by using organic substrates from the sugarcane processing to 1G2G ethanol in a
anaerobic co-digestion, as relating metabolic microbial routes to operating parameters of AD
process and the effects of nanoparticles application.

4.2  Specifics
The topics to follow are specific objectives:

e to evaluate the theoretical and experimental biochemical CH4 potential and the
digestibility of substrates from the production of 1G2G sugarcane ethanol (e.g. vinasse,
filter cake and residue from straw/bagasse pre-treatment — deacetylation liquor);

e toinvestigate the biogas production from the co-digestion process of the aforementioned
substrates through continuous reactor operation;

e to analyze the effect of nanoparticles used in the optimization of the continuous co-
digestion process;

¢ to relate the operational aspects of the co-digestion process to the metabolic routes of
the microbial community;

e to evaluate the energy potential of biogas in an integrated 1G2G ethanol biorefinery at
the application level in electricity and biomethane

e to identify the microbial community involved in the co-digestion process.

Figure 6 shows represent the flowchart of all experimental steps performed.



EXPERIMENTAL STEPS
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(BMP)
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theoretical and
experimental BMP
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Figure 6. Flowchart of experimental steps
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5 RESULTS AND DISCUSSION

This session will be presented in the form of scientific articles that have been submitted
or published to indexed journals.The first article entitled "Use of Lignocellulosic Residue from
Second-Generation Ethanol Production to Enhance Methane Production Through
Co-digestion" deals with the first stage of the project's development, which are the BMP and
TBMP tests. This paper was published in the journal “Bioenergy Research”.
https://doi.org/10.1007/s12155-021-10293-1

The second article entitled "Operational and biochemical aspects of co-digestion
(co-AD) from sugarcane vinasse, filter cake, and deacetylation liquor™ deals with the second
stage of the project's development, which was the operation of residues co-digestion reactor and
the characterization of the microbial community. This paper was published in journal “Applied
Microbiology and Biotechnology”. https://doi.org/10.1007/s00253-021-11635-x

The third article entitled " Anaerobic co-digestion of residues in 1G2G sugarcane
biorefineries for enhanced electricity and biomethane production " was carried out an energetic
analysis of the results obtained in the second article, in order to propose a prospection of a
1G2G ethanol plant with biogas production both in the season and in the off-season. This article
was published in the journal “Bioresource Technology”.
https://doi.org/10.1016/j.biortech.2021.124999

The fourth article entitled “Use of FesOs nanoparticles in reactor co-digestion of
residues from 1G2G ethanol biorefinery: microbiological routes and operational aspects”
reports on the third stage of this project, in which the co-digestion of the residues was carried
out, in the same way that it was carried out in stage 2, but now with the addition of FezOa
nanoparticles to evaluate the optimization of the process. In addition, the identification of
microorganisms was also carried out through molecular biology analysis. This article has not
yet been published, but it is in the final stages of production and was submitted as preprint in
“BioRxiv” and the DOI to acess the paper is: doi: https://doi.org/10.1101/2022.03.21.484299.

The fifth article entitled "Metaproteomics of anaerobic co-digestion of residues from
First and Second generation ethanol production with biogas generation™ is related to the
metaproteomic analysis stages of the second and third stages of this project, providing data on
the possible metabolic routes followed by microorganisms in the production of CH4 with the
residues used. This paper was submitted in the journal "Process Biochemistry"” and the proof of

submission is just below the supplementary material of the article.
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Additionally, in appendix sections are attached all the works presented in congresses
and conferences during the development of this project.

The Figure 7 bellow show the flowchart about the thesis struscutre.



Figure 7. Flowchart of Thesis Structure
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Abstract

This is a pioneer study evaluating the methane (CH,) production potential from residues of integrated first (vinasse and filter
cake) and second (deacetylation pretreatment liquor from straw) generation (1G2G) sugarcane biorefinery, providing a fully
chemical characterization of them and their relation with the anaerobic digestion (AD) process. Small-scale assays provided
fundamentals for basing the co-digestion optimization by assessing the optimal co-substrates synergistic conditions. Bio-
chemical methane potential (BMP) tests showed co-digestion enhanced CH, yield of isolated substrates, reaching up to 605
NmLCH, gVS™". The association of vinasse and deacetylation liquor as co-substrates increased the BMP by ~38% mostly
by nutritionally benefiting the methanogenic activity. The kinetic analysis confirmed that the deacetylation liquor was the
co-substrate responsible for improving the CH, production in the co-digestion systems due to the highest CH, conversion
rate. The alkaline characteristic of the liquor (pH ~ 12) also prevented alkalizing from being added to the co-digestion, an
input that normally makes the process economically unfeasible to implement on an industrial scale due to the large quanti-
ties required for buffering the reactor. The filter cake had the lowest BMP (262 NmLCH, gVS~') and digestibility (<40%),
further limited by the required stirring to improve the mass transfer of biochemical reactions. The present study drives
towards the more sustainable use of vinasse, the most voluminous waste from the sugarcane industry, and lignin-rich residues
derived from pretreatment alkaline methods, aiming at an energy-efficient utilization, by at least 16% when compared to the
traditional vinasse AD. The experimental and modeling elements from this work indicated the lignin-rich liquor is the main
responsible for putting the co-digestion as a disruptive technological arrangement within the 1G2G sugarcane biorefineries,
reinforcing the biogas production as the hub of the bioeconomy in the agroindustrial sector.
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Introduction

Anaerobic digestion (AD) is an attractive process for man-
aging liquid and solid organic waste that allows energy
recovery through biogas, rich in methane (CH,). Organic
matter conversion occurs by the activity of microbial
consortia in a finely tuned balanced ecosystem. Digested
material, i.e., digestate can also be exploited as a value-
added by-product for agriculture [1, 2]. This biotechno-
logical process is part of the current global context of
searching for available residual substrates aligned to the
diversification of product generation.

Despite all scientific growth in this area, gaining more
knowledge based on innovative issues to comprehensibly
investigate interactions between technological and fun-
damental bioprocess limitations entails optimizing CH,
generation. For example, the availability of biodegradable
fractions in the substrates from the sugar—energy indus-
try (related to AD with consequent CH, production) still
represents a bottleneck for this scientific field [3]. Insuf-
ficient knowledge on the principles and operation of AD
bioreactors fed with such substrates often results in failed
applications in Brazilian sugarcane mills. On the other
hand, regarding pretreatment processes for lignocellu-
losic biomass to obtain hexose and pentose fractions for
other bioprocesses, as in the case of 2G ethanol produc-
tion, enormous advances in fundamental and technological
aspects can be found in the literature [4, 5].

Some by-products from the sugarcane agroindustry
are already considered raw materials for the recovery and
generation of value-added products [6]. Vinasse gener-
ated from ethanol distillation is commonly directed to sug-
arcane culture as liquid-fertile. For each liter of alcohol
produced, approximately 10 L of vinasse are generated,
and its composition is 0.28-0.52 g. L~ of nitrogen (N),
0.11-0.25 g L™" of phosphorus (P), 1.0-1.4 g L™! of potas-
sium (K), and 20-30 g L™" of chemical oxygen demand
(COD) [7, 8]. Sugarcane bagasse, traditionally used in
energy generation in combined heat and power (CHP)
systems, can be used as a substrate to produce 2G ethanol
and other added value by-products [9]. Sugarcane straw,
also considered a potential organic source, has become
available as lignocellulosic biomass since the progressive
introduction of mechanical harvest without burning pro-
cedures in Brazil [10]. In addition to being left in the field
for agricultural reasons, straw can be used as feedstock
for thermochemical or biochemical conversion processes,
which makes it feasible to incorporate it into a biorefinery.
Sugarcane straw has a similar chemical composition to
bagasse in terms of the major components of biomass: cel-
lulose (30-40% w/w), hemicelluloses (20-30% w/w), and
lignin (15-30% w/w) [11]. This biomass can be converted
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into value-added products as biofuels, after pretreatment
methods and multi-enzyme complexes to liberate sugars.
Among the diversity of methods that have been researching
aiming at technological process improvements, Brenelli
etal. [12] recently reported a promising alkaline pretreat-
ment of sugarcane straw by deacetylation, in which acetic
acid is removed as it is an inhibitor for microorganisms
in fermentation processes, and thus, xylo-oligosaccharide
(XOS) are recovered for being fermented to ethanol. Filter
cake, another organic solid by-product, is generated from
the filtration in rotary filters after cane juice clarification
processes, presenting concentrations of 140-169 g kg™ ! of
lignin, 171-184.6 g kg~" of cellulose, and 153-170 g kg™
of hemicellulose [3, 13]. It has been used in intrinsic steps
at the plant (improvements in permeability during sucrose
recovery in the rotary filter) [14] and as a source of nutri-
ents for the soil [15]. Non-controlled digestion of such
waste in the fields may lead to the release of large amounts
of CH,, which may hinder the positive effect of bioenergy
utilization on climate change mitigation [13].

The economic profitability of biorefineries can be sup-
ported by the integrated production of low-value biofuels
[16]. In this context, co-digestion of residues can opti-
mize CH, production by providing and balancing macro-
and micronutrients for the AD process. It may also be the
best option for substrates that are difficult to degrade. This
appears to be the case for residues from ethanol production
from the processing of lignocellulosic biomass, normally
recognized as complex substrates for AD [7]. In addition
to intrinsic improvements in the biological process (e.g.,
upgrading biogas production; better process stabilization by
providing synergistic effects within the reactor; increased
load of biodegradable organic compounds), the economic
advantages of sharing equipment and costs are also suc-
cessful [17]. Janke et al. [18] showed that co-digestion of
filter cake with bagasse would produce 58% more biogas
compared to large-scale filter cake mono-digestion. How-
ever, there are still gaps in the literature concerning the use
of lignocellulosic residues from 2G ethanol production as
co-substrates.

The biodegradation capacity of residues can be assessed
by biochemical methane potential (BMP) assays. This
approach shows the maximum experimental potential to con-
vert the organic fraction of the substrates into CH,. Specific
conditions in AD can also be evaluated: substrate sources
(exclusive or blend proportions), temperature, nutrients,
buffering, and source of inoculum, among other factors. The
BMP is the most used methodology by academic and techni-
cal practitioners to determine the maximum CH, production
of a certain substrate [19, 20].

This work aimed to determine the BMP of the main
residues from 1G2G sugarcane biorefinery—vinasse,
filter cake, and deacetylation liquor (waste stream from
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the pretreatment of sugarcane straw for the 2G ethanol
production)—in assays as isolated substrates and as dif-
ferent blends of co-substrates for biogas production. The
kinetic modeling from the experimental BMP data was
further performed. The prior characterization of the sub-
strates (in terms of nutrients) and its relation with the
BMP results allowed to investigate the synergistic effects
of the co-digestion on CH, production, which was fur-
ther proved by the kinetic analysis. The BMP and kinetics
evaluation accounted for the CH, production from the
isolated substrates and from their co-digestion in differ-
ent combinations.

Methodology
Substrates and Inoculum

Vinasse and filter cake from a 1G sugarcane ethanol pro-
duction process were obtained from Iracema mill (Sdo
Martinho group), Iracemapolis municipality, Sdo Paulo
state, Brazil. The deacetylation liquor was obtained from
a mild alkaline pretreatment of sugarcane straw under opti-
mal conditions to remove acetate and lignin determined
previously [12]. Briefly, 316L stainless steel batch reactor
of 0.5 L capacity was filled with 20.0 g of raw sugarcane
straw (dry basis) and NaOH aqueous solution at 8% w/w
in 10% (w/w) of the final solid loading and incubated at
60 °C for 30 min. Afterward, the reactor was immediately
cooled in an ice bath and the liquid fraction separated from
the solid fraction through a muslin cloth stored at 4 °C
until further use. The compositional analysis determined
according to the NREL/TP-510-42,623 procedure [21]
showed the deacetylation liquor was mainly composed of
acetate, soluble lignin, and lignin-derived compounds and
extractives.

This study compared two different inocula to per-
form the anaerobic co-digestion of sugarcane processing
residues. In Experiment 1, the inoculum was obtained
from the sludge of a mesophilic reactor (BIOPAQ®ICX,
Paques) installed at Iracema mill from Sao Martinho group
(22°35'17.6"S 47°31'51.5"W) treating sugarcane vinasse.
Experiment 2 used an anaerobic consortium from the
sludge of a mesophilic upflow anaerobic sludge blanket
(UASB) reactor treating poultry slaughterhouse wastewa-
ter from Ideal slaughterhouse, at Pereiras municipality,
Sédo Paulo state, Brazil (23°05'10.5"S 47°58'58.9"W).

All microorganisms used in this study are registered
in the Brazilian government’s system SISGEN (access
number ASE04AF), accordingly with Brazilian law for
accessing genetic resources and associated traditional
knowledge.

Biochemical Methane Potential (BMP) of Substrates

Theoretical biochemical methane potential (TBMP) of
filter cake was based on the Buswell equation (Eq. 1) for
solid substrates. TBMP of deacetylation liquor and vinasse
was calculated from their organic matter concentration and
VS content, as depicted by (Eq. 2) for liquid substrates
[19]:

n a b 3¢
[(5+§+3+?) '22.4]
12n+a+ 16b + l4c¢

TBMPg = (1)

where TBMPy is the theoretical biochemical meth-
ane potential for solid substrate (NmLCH, gVS") and
224,00 mL mol~" is the molar gas volume in the standard
temperature and pressure (STP, 273 K, and 1 bar). a, b, c,
and n are the molar content of the substrate for hydrogen,
oxygen, nitrogen, and carbon, respectively:
TBMP, = 0.35V-S0M @)

where TBMP,_is the theoretical biochemical methane
potential for liquid substrate (NmLCH, gVS™!), 350 NmL
is the theoretical CH, yield of 1 g COD at STP [22], VS
is the volatile solids of the substrate (g mL~"), and OM is
the organic matter concentration, in terms of COD (gO,
mL~).

BMP tests were performed to determine the biodegrada-
bility (BMP/TBMP) of crude substrates and their experi-
mental potential for CH, production following the protocol
of Triolo et al. [23] and the VDI 4630 methodology [24].
All experiments were conducted in triplicates of single
batches using 250-mL Duran® flasks as bioreactors closed
with a pierceable isobutylene isoprene rubber septum and
stored in an Ethickthecnology (411-FPD) incubator at
thermophilic condition (55 °C) as vinasse leaves the dis-
tillation columns at 90 °C and thus would have lower (or
none) energy expenditure for cooling it to mesophilic con-
ditions. As mesophilic sludges were used in thermophilic
tests, the previous acclimatation of inocula was carried out
for avoiding thermal shock to the microbial community.
The temperature was gradually increased every 5 degrees
until it reached 55 °C, which was kept for a week before
the beginning of the tests, as already demonstrated in the
literature [25]. The experiment was 2:1 inoculum to sub-
strate ratio (w/w, in terms of Volatile Solids-VS) added to
each flask, thus ensuring excess of inoculum to consume
all the organic matter of the substrate and achieving its
maximum experimental CH, production. The pH of solu-
tion flasks was corrected to neutrality by adding solutions
of NaOH (0.5 M) or H,SO, (1 M) when necessary. Nitro-
gen (N,) gas was fluxed into the liquid medium for 10 min
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and into the headspace for 5 min after closing the flasks.
The headspace was kept at 40%. Biogas was collected from
the headspace over the days by using a gastight Hamilton
Super Syringe (1 L) through the flasks’ rubber septum.
The measured biogas was corrected for a dry gas base by
excluding the water vapor content in the wet biogas. The
pressure and temperature for one-liter gas were corrected
to normal (NL) following the standard temperature and
pressure (STP) conditions (273 K, 1013 hPa).

BMP was calculated through the average value of the
replicates obtained at the end of each batch experiment,
according to the traditional methodology [24] (Eq. 3) and
also through the kinetic modeling as the approach suggested
by Filer et al. [26], as this latter considers the trending of
the values and the fundamental parameters of the process.
Both BMP results were compared and used to calculate the
biodegradability:

is the number of volatile solids from the residue (gVS—g
mL™"), and Residue. is the amount of residue added in the
flask (mL or g).

Analysis of variance (ANOVA) was used to identify the
existence of significant differences between the treatments,
and the Tukey test (p<0.05) was performed to group BMP
data. These analyses were performed by Microsoft Excel
version 12.

Experimental arrangement

Two rounds of BMP tests were performed. Experiment 1
assessed the inoculum from vinasse treatment (section Sub-
strates and inoculum) and equal percentages (in VS terms)
of substrates for the co-digestion test. Experiment 2 assessed
the inoculum from poultry slaughterhouse waste treatment
(section Substrates and Inoculum), and the co-digestion

) % Ve )] 3)

residue ; (NmLbgloeeh
BMP: [((N’anga('cmnulaled * % CH-‘R) - ( ( Inoculumc
exp = -
VSmsidue * Reﬂd"ell"

where BMPexp is the biochemical methane potential
of each residue (NmLCH, gVS™!), NmLbg'®¢ s the
accumulared

accumulated production of biogas from the residue (NmL),
%CH,  is the CH, content from biogas of the residue,
NmLbg"ocum s the accumulated biogas production of

Saccumulated

inoculum (NmL), %CH,  is the CH, content from biogas
of the inoculum, Jnoculumgy is the volume of inoculum in
a flask of inoculum control (negative control) (mL), Vg is

the volume of inoculum added in each flask (mL), VS

residue

conditions were expanded. The proportions of inoculum/
substrate added in each flask were the same for both rounds
of experiments (2:1 in terms of VS), as mentioned in section
Biochemical Methane Potential (BMP) of Substrates. Two
types of control were used in both experiments: positive and
negative. Microcrystalline cellulose (Sigma-Aldrich Avi-
cel® PH-101) was used as a positive control ( +). Negative
control (-) was conducted only with each inoculum. Diges-
tion was terminated when the daily production of biogas per

Table 1 Experimental

; ; ; Assay
biochemical methane potential

Bulk composition (%, w/w in terms of VS)

(BMP) design for this study Vinasse Filter cake Deacetyla-  Cellulose Inoculum
tion Liquor

Experiment 1 1 33 - - - 66
2 - 33 - - 66
3 - - 33 - 66
4 11 11 11 - 66
+ . = - 33 66
- - - - - 100

Experiment 2 1 33 - - - 66
2 - 33 - - 66
3 - - 33 - 66
4 17 17 - - 66
5 17 - 17 - 66
6 - 17 17 - 66
7 11 11 11 - 66
+ = = - 33 66
- - - - - 100

-, not added
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batch was less than 1% of the accumulated gas production.
The experimental design of both experiments is described
in Table 1.

Kinetics

Co-digestion usually shows a multiple successive CH, pro-
duction arrangement due to the difference between the bio-
degradability of each substrate. It is expected that the mix-
ture of substrates leads to a better overall performance than
co-digesting each substrate separately. A modified stacked
sigmoidal function (Eq. 4), based on Boltzmann double sig-
moid [27], was used for modeling CH, volumetric produc-
tion in time. The mathematical adjustment was proposed in
the present work to better predict the behavior of the resi-
dues about microbial community in the production of biogas
since a co-digestion process was carried out and a residue
that has not been reported in the literature is being used AD
systems. Based on the parameters that the model provided,
it was possible to obtain better conclusions regarding the
BMP of the residues:

P 1-p
+
(4'1-('1-')> (L
1+ cn? 14 \"c

IP . .o . . .
where V(b‘H4 is the specific CH, production in time

STP _ yymax
Veu, = Veg,

“
)

(NmLCH, g vSsh, V’C"l‘;" is the maximum specific volumetric

production reached in the experiment (NmLCH, g VS™), p
is the proportion between ordinate values of the first and
second stacked sigmoid, ¢; and ¢, are the time which the
production of the first and second sigmoidal pattern reaches
the maximum rate (d), and r; and r, are the maximum rate
of CH, production for the first and second sigmoidal pattern,
respectively (NmLCH, gVS~" d7").

The parameter Vg’;;: could be considered as a BMP of the
assay since it represents the asymptotic maximum produc-
tion of CH, (when lim,_ Vgﬁi’:(r)). The main advantage of
adopting Vg‘;;: as the BMP is that it takes into consideration
the trending of all experimental data, especially those in the
step formed in the end phase of each batch. Thus, this
approach to calculate the BMP is more precise than using
the average of the last values of specific accumulated CH,
production.

This model assesses the maximum rate for CH, pro-
duction directly through both r; and r, parameters. Dif-
ferent from a classical Boltzmann sigmoidal function, all
parameters in this model have a physical meaning. Thus,
they could be useful to evaluate the studied process and for
further scale-up work based on this present research. All
data were processed and fitted using the software Microcal
Origin® 2016.

Physicochemical Analysis
Biogas Composition

Gas chromatography (Construmaq MOD. U-13, Sdo Carlos)
analyses were performed to measure the concentration of
CH,. The carrier gas was hydrogen (H,) gas (30 cm s™!), and
the injection volume was 3 mL. The stationary phase was
a 3-m-long stainless steel packed column (Bio-Rad HPX-
87H), a diameter of 1/8” with a molecular tamper SA for
separation of O,, N,, and CH,. Detection was performed
through a thermal conductivity detector (TCD). Equipment
was equipped with a specific injector for CH,, with a tem-
perature of 350 °C, an external stainless steel wall, and an
internal refractory ceramic wall. The detection limit for CH,
was 0.1 ppm.

Organic Matter

The organic matter content of samples was determined in
triplicate according to the standard methods for the examina-
tion of water and wastewater [28] by the 5220B method for
COD determination (digestion and spectrophotometry) and
2540 method for the solid series characterization. The solid
series methodology accounted for the concentration of total
(TS) and VS solids in the residue characterization.

Sugars and Acids

Concentrations of sugars and organic acids were determined
in triplicate by high-performance liquid chromatography
(HPLC, Shimadzu®), composed by pump equipped appa-
ratus (LC-10ADVP), automatic sampler (SIL-20A HT), a
CTO-20A column at 43 °C, (SDP-M10 AVP), Aminex HPX-
87H column (300 mm, 7.8 mm, Bio-Rad), and a refractive
index detector. The mobile phase was H,SO, (0.01 N) at
0.5 ml min~".

Furfural and HMF were quantified using a Hewlett-
Packard RP-18 column and acetonitrile—water (1:8 vv™')
containing 1% (ww") acetic acid as eluent in a flow rate of
0.8 mL min~" and a UV detector at 274 nm.

Macro- and Micronutrient and Elementary Analysis

Elementary analysis and macro- and micronutrient analy-
ses were performed at the Biomass Characterization and
Analytical Calibration Resources Laboratory (LRAC),
Unicamp. To determine the micronutrients, the substrate
samples’ ashes were analyzed using the X-ray fluorescence
equipment (brand, Panalytical; model, Axios IKW). The
ashes were prepared as is described in standard methods
for the examination of water and wastewater [28] for solid
series analysis (2540 method). The elementary analysis
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was possible only for solid samples, i.e., filter cake, by
using an elementary carbon, nitrogen, hydrogen, and sulfur
analyzer (brand, Elementar; model, Vario MACRO Cube;
Hanau, Germany).

Total Lignin (Phenolic Compounds)

Total lignin (soluble + insoluble lignin) content in dea-
cetylation liquor was determined according to [29]. Acid
hydrolysis was performed in pressure glass tubes with
H,SO, at 4% (w/w) final concentration and autoclaved
at 121 °C for 1 h. The resulting suspension was filtered
and the filtrate was characterized by chromatography to
determine concentrations of furan aldehydes (furfural and
hydroxymethylfurfural (HMF) — as described in section
Sugars and Acids).

Insoluble lignin was gravimetrically determined as the
solid residue from hydrolysis. For the soluble lignin, an
aliquot of the hydrolysate obtained in the acid hydrolysis
step was transferred to a flask with distilled water, and the
final pH was adjusted to 12 with a solution of 6.5 mol L~
NaOH. Soluble lignin was determined from UV absorption
at 280 nm using Eq. 5:

(A'ZSO X DF) - (EHMF X CHMF ¥ Eﬁujﬁlml X Cﬁuj’urul) -B

Clig 3

)

where Cj;, is the soluble lignin concentration in hydro-
lysate (g L™"), A,q, is the absorbance of hydrolysate at
280 nm, DF is the dilution factor, gy is the absorptiv-
ity of HMF (114.00 L g~' cm™! — experimental value),
€urfurar 1 the absorptivity of furfural (146.85 L ¢~ cm™
—experimental value), Cyp is the HMF concentration in
hydrolysate (g L™"), Cjfurar i the furfural concentration
in hydrolysate (g L"), B is the linear coefficient (0.018
— experimental value), and A is the angular coefficient

equal to absorptivity of lignin (23.7 L g~! cm™! — experi-
mental value).

Results and Discussion
Characterization of Substrates

Table 2 shows the general characterization of substrates
and inoculum. The COD value of vinasse was within the
wide range generally found in the literature (15-35 g O,
L' [7, 8], as well as the VS content (0.015-0.020 g mL™")
[9], while TS content was slightly higher than previously
reported (0.020-0.024 g mL™") [8]. For the filter cake, the
TS value was higher than normally reported (literature,
0.21-0.28 ¢ mL™") [3], while VS content was much lower
(literature, 0.70-0.74 ¢ mL~") [13]. Such variations reflect
the variability of ethanol production processes and the agri-
cultural procedures affecting biomass characteristics, as well
as the seasonality of sugarcane, already stated [8].

Elementary characterization of filter cake showed that
it is mainly composed of 0.16% sulfur, 1.73% nitrogen,
31.56% carbon, and 3.11% hydrogen (in %TS). The values
for S and N are close to those found in the literature (0.18%
and 1.76%, respectively) [30]; however, the C value is below
what is normally reported (40-42%) [18]. It resulted in the
C:N ratio of the filter cake of 18:1, below what is recom-
mended for AD, which is 20—40:1 [31].

Slaughterhouse inoculum presented higher values of
COD, VS, and TS than the inoculum of the sugarcane mill
(Table 2), already predicting that it may have a better devel-
opment for biogas production as it probably contains high
cellular mass, i.e., microbiological content. Additionally, the
slaughterhouse inoculum visually presented a good-quality
granular appearance from UASB reactors, while the mill
inoculum had a liquid aspect. Both pHs were neutral, as
expected for anaerobic inocula.

Table2 Main parameter characterization for different substrates and inoculum

Residue COD (g0, L") Volatile solids (g Total solids (g mL™") Fixed total solids (¢ pH Total lignin (phe-
mL™") mL™") nolic compounds)
L™
Vinasse * 28.81+0.91 0.0184 +0.0002 0.0260+0.0063 0.0077 £0.0005 450+0.35 -
Filter cake * - 0.2021 + 0.0005 0.3173 +£0.0009 0.1152+0.0004 - -
Deacetylation liquor  32.90+0.27 0.0163 +0.0006 0.0215+0.0021 0.0112+0.0001 1240+0.13 5.50
a
Iracema mill inocu-  12.70+0.42 0.0076+0.0019 0.0154 +0.0003 0.0078 +0.0000 7454058 -
lum*
Slaughterhouse 20.01£0.78 0.0466 +0.0076 0.0547 +0.0001 0.0081 £0.0000 7324027 -
inoculum *

“Three replicates average +standard deviation; —, not determined
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The deacetylation liquor presented a strong alkali char-
acteristic since it came from a mild alkaline pretreatment of
sugarcane straw to remove acetyl groups and promote lignin
solubilization [12]. Alkaline pretreatment is typically used in
lignocellulosic materials such as wheat straw and sugarcane
bagasse, thus decreasing its recalcitrance [4]. According to
the deacetylation liquor composition (Table 2 and Table 3), a
large amount of lignin fractions was detected (phenolic com-
pounds) and high amounts of acids that can be transformed
into CH,, thus showing evidence of a potential high experi-
mental CH, production. Several types of pretreatments are
currently carried out with sugarcane lignocellulosic materi-
als, such as chemical (acid, alkaline), biological, physical,
and physicochemical, in which different types of residues are
generated with different characteristics, pH, carbohydrate
composition, and lignin content [32]. Thus, it is difficult to
make comparisons with the literature. It is worth mentioning
that the deacetylation liquor obtained from this work could
be specially benefitted for the co-digestion with vinasse due
to its basic character. The deacetylation liquor could neutral-
ize the low pH of vinasse without adding large amounts of
an alkalizing agent, proving some possible economic ben-
efits of the AD system. The need to alkalize vinasse before
AD is an economic disadvantage in terms of implement-
ing this process in sugarcane mills [33]. The presence of
C6 and C5 sugars, such as glucose, xylose, arabinose, and
the presence of oligosaccharides, such as arabinoxylan and
glucan (Table 3), is also highlighted which can be used by
the anaerobic microbial community for conversion to CH,,
although constraints of AD from CS5 sugars are commonly
reported [34, 35].

High values of acetic acid were obtained for both
vinasse deacetylation liquor (Table 3), in which this vola-
tile fatty acid was reported as important and essential for

Table 3 Acid and sugar content of liquid substrates

Vinasse* (mg L") Deacetylation

liquor* (mg
LY

Acetate 2215.91+£0.80 3670.00+0.89

Isobutyrate 2076.27+1.50 0.00

Formate 0.00 63.00+1.35

Malate 4944.00+0.48 0.00

Lactate 2618.17+£0.98 0.00

Glucose 0.00 85.204+2.45

Glucan - 626.00+1.12

Fructose 1045.25+0.43 0.00

Arabinose - 26.00+0.44

Xylose - 35.00+0.95

Arabinoxylan - 1747.00£2.32

“Mean of three replicates +standard deviation; —, not determined

the acetotrophic methanogenic metabolic route [36]. Also,
Wang et al. [37] noted that concentrations of acetic acid
and butyric acid of 2400 and 1800 mg L™, respectively,
did not result in significant inhibition of methanogenic
activity. Lactic acid was found in high concentrations in
vinasse, and it is usually degraded to propionic acid, which
is an undesirable terminal fermentation product; thus, high
concentrations of propionic acid can result in methano-
genesis failure [37]. Moreover, the high concentration of
lactic acid in vinasse may result in the inhibitory effects
for CH, production, highlighting the potential advantage
of applying the co-digestion to balance the volatile fatty
acid composition in the medium. Vinasse also presented
malic acid which is generally from the sugarcane plant
[37] and isobutyric acid, contributing to its acidic pH.
Table 4 shows the macro- and micronutrient concentra-
tions detected in the substrates. As no external micronutri-
ent solution was added to the experiments, the effects of
the nutrient content of the residues could be ascertained by
comparing their BMP behavior with the positive control
test (cellulose), which had an absence of nutrients. Menon
et al. [38] showed optimal concentrations of 303 mg L™
Ca, 777 mg L~' Mg, 7 mg L~! Co, and 3 mg L~" Ni that
increased biogas productivity by 50% and significantly
reduced the processing time. Filter cake presented higher
concentrations of the aforementioned micronutrients,
except for Ni which was not detected. It is known that an
excess of these compounds may cause inhibitory effects
on AD, increasing the lag phase of the process [39] or
reducing the specific CH, production [40]. A consider-
able amount of S was also detected in filter cake, which
could decrease CH, formation from acetate due to the
sulfate-reducing bacteria activity. Such bacteria compete
by using acetate for sulfide production and can even inhibit
methanogenesis activity, leading the process to failure
[41]. Al and Fe were also present in inhibitory concentra-
tions, which were reported in the literature with values
greater than 2.5 ¢ L™' and 5.7 g L', respectively [42].
Mg and Ca concentrations were also much above what is
recommended for AD (ideally around 0.02 mg L~! and
0.03 mg L7, respectively), which may also contribute to
the inhibition of the process [43]. High concentrations of
Mg ions stimulate the production of single cells of micro-
organisms with high sensitivity for lysis, leading to a loss
of acetoclastic activity in anaerobic reactors, while high
Ca concentrations can lead to an accumulation of biofilm,
which impairs methanogenic activity and may also cause
buffering capacity loss of the essential nutrients for AD
[42]. On the other hand, cobalt (Co) was detected only in
this substrate, within the stimulating concentration range
for methanogenesis [44]. These findings reinforce the need
of using co-substrates to dilute the potential inhibitory
effects caused by excessive concentrations of nutrients in
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Table 4 Macro and

: 5 . Nutrients  Vinasse Filter cake Deacetylation Slaughterhouse Iracema mill
micronutrient concentration of (eL'Ts™) (eL'TS™) liquor inoculum inoculum
substrates and inocula (gL'TS™) (gL'TS™) (¢L'TS™)

Al 0.0137 16.1825 04164 0.3719 0.0402
Ba 0.0000 0.0000 0.0000 0.0014 0.0000
Br 0.0024 0.0000 0.0000 0.0003 0.0013
Ca 0.4682 6.0729 0.4055 0.2349 0.7875
Cl 1.2856 0.0657 0.2546 0.0572 0.7764
Co 0.0000 0.0330 0.0000 0.0023 0.0000
Cr 0.0000 0.0252 0.0000 0.0030 0.0000
Cu 0.0000 0.0230 0.0031 0.1097 0.0016
Fe 0.0163 10.6633 0.3227 1.1316 0.1062
Ga 0.0000 0.0051 0.0008 0.0003 0.0000
Ge 0.0000 0.0000 0.0021 0.0008 0.0000
K 2.6078 0.9487 1.1680 0.2709 1.7843
Mg 0.5372 1.4284 0.1286 0.1155 0.3595
Mn 0.0047 0.2864 0.0123 0.0073 0.0103
Mo 0.0000 0.0000 0.0000 0.0063 0.0004
Na 0.0849 0.0000 10.4902 0.7204 0.0000
Nb 0.0000 0.0040 0.0000 0.0000 0.0000
Ni 0.0000 0.0000 0.0000 0.0028 0.0000
P 0.0913 2.9929 0.1120 0.5496 0.2029
Pb 0.0000 0.0086 0.0000 0.0015 0.0000
Rb 0.0039 0.0042 0.0000 0.0006 0.0030
Si 0.5384 0.5304 1.1620 0.4663 0.0891
S 0.0739 18.1076 0.3345 0.5495 0.3779
Sr 0.0021 0.0419 0.0025 0.0025 0.0033
Ti 0.0013 1.9849 0.0374 0.0200 0.0025
v 0.0000 0.0529 0.0000 0.0000 0.0000
W 0.0000 0.0000 0.0000 0.0033 0.0000
Zn 0.0006 0.0491 0.0043 0.1292 0.0163
Zr 0.0000 0.0537 0.0000 0.0010 0.0000

the filter cake while taking advantage of beneficial effects
that certain components of its composition may provide.
Deacetylation liquor presented in the main micronutri-
ents in milder concentrations considered important for the
development of methanogenic Archaea, such as Fe, Zn,
Cu, and Mn, which stimulate reactions catalyzed by metal-
loenzymes, the formation of cytochromes, and ferroxins
[45]. However, high concentrations of Si and especially
Na were detected. The presence of large amounts of Si is
intrinsic to lignocellulosic materials [46]. The use of Si as
a trace element for AD is rarely reported, since it is often
either volatilized in the biogas produced or else it remains
in the digested material [47], not affecting the AD process.
The Na can cause an inhibitory effect on the methanization
of volatile fatty acids (mainly propionic acid) in concen-
trations between 3 to 16 g L~!: however, for glucose-rich-
substrates, this Na concentration does not significantly
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affect methanogenesis [48]. Methanogenic Archaea can
also adapt to high Na concentration, leading to high CH,
conversions [48]. Vinasse did not present known inhibitory
concentrations for the assessed macro- and micronutrients
[42].

Comparing the nutritional content of the inocula, the
slaughterhouse inoculum presented a wider range of com-
ponents in mild concentrations, indicating richer anaerobic
microbial activity than the inoculum from the sugarcane
mill, especially Co, Ni, and Fe content that together allows
better development of methanogenic activity [49]. The
mill’s inoculum, on the other hand, had neither Co nor
Ni trace metals and much lower Fe concentration. The
nutritional poverty of the latter inoculum is accompanied
by high K content, consistent with the vinasse treatment,
a K-rich substrate.
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Table 5 Values of experimental BMP, biodigestibility, pH (initial and final), and kinetic parameters of isolated and co-digested substrates of

Experiment 1
Parameters Cellulose Vinasse * Deacetylation liquor Filter cake ¢ (Vinasse +lig-
uor +filter
cake) 2

Values of experimental BMP

TBMP (NmLCH, gVS™") 415 548 706 900 —

'BMP (NmLCH, gVS™") 28213 47613 61050 353438 660 +49
Biodigestibily (%)

?Average 68 87 46 40 -

*Model 71 89 95 45 -

pH initial 7.98+0.47 7.13+0.02 7.90+0.85 7.77.£0.25 7.91+0.01

pH final 7.69+0.75 7.81+0.15 7.80+0.08 7.83+0.01 7.78+£0.47
Kinetic model parameters

Vi (NmLCH, gVs™) 295.83* 487.27* 673+20 404.69* 688+9

P 0.39+0.02 0.48+0.01 2 0.53+0.02 =

i (NmLCH, evstd™h 3.6+0.06 7.4+05 160 55+£04 12+0

1 (d) 2542 11+1 57+1 2942 32+1

ry(NmLCH, gVsTid™h) 1543 13+1 - 11£2 -

t,(d) 75+1 72+0 - 76 +1 -

R 0.89 0.97 0.99 0.96 0.99
! Average value of the replicates following the Eq. 3 +standard deviation. *Calculated considering BMP; “calculated considering Vg;‘i':; —, not

determined, “parameters values forced. Values within a row with the same letter are not significantly different at 5% probability by Tukey
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Fig.1 Cumulative methane volume from BMP of Experiment 1

BMP: Experiment 1

The main results of the BMP tests of Experiment 1 are
presented in Table 5, including the experimental values
and the kinetic parameters obtained from the mathemati-
cal modeling and Tukey analysis. The respective curves
of the cumulative volume of produced CH, are presented
in Fig. 1. Co-digestion of substrates enhanced CH, pro-
duction when compared to the AD of isolated substrates.

However, the positive control (cellulose) did not reach
the minimum recommendable BMP value (352 NLCH,
kgVS") to validate results as maximum potential values
for specific CH, production [50]. That indicates that the
maximum capacity for producing CH, from the assessed
substrates may not have been reached. The most probable
cause for this lack of performance observed in Experi-
ment 1 might be occurred due to the inoculum. Although
cellulose digestibility was low, high digestibilities were
obtained for liquid substrates (vinasse and deacetylation
liquor), which indicates that the presence of nutrients in
the substrates (Table 4) has positively affected the inocu-
lum activity as no nutritional supplementation was added
in all assays. According to Menon et al. [38], the use of
micronutrients remedies AD with a focus on CH, produc-
tion in thermophilic process and increases biogas produc-
tivity. Also, a high concentration of acetate in vinasse and
deacetylation liquor could be an important factor to boost
CH, production, since acetate is the sole substrate used
by acetoclastic methanogens Archaea. Despite the high
organic content, the filter cake showed low biodigestibil-
ity compared to the other residues (53%). It is likely that
the excess of micronutrients and S concentrations nega-
tively affected methanogenesis (Table 4). Besides, the
physical limitations on the biological process due to the
higher TS content (at least 12-fold greater than the other
co-substrates) (Table 2) were another major limiting fac-
tor. The absence of stirring may have hindered the mass
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transfer between the substrate and the inoculum, reducing
the microbiological reactions involved in the AD process
and not allowing to achieve higher BMP values [51].

The pH of the assay was adjusted to between 7 and 8
at the beginning of the experiment, and throughout the
experiment, it remained in this range, occurring neither
acidification nor alkalinization.

Despite the high BMP value and high digestibility of
deacetylation liquor, its lag phase was significantly long:
CH, was produced only after 40 days. The long lag phase
can be caused by the presence of pretreatment inhibi-
tors for alcoholic microorganisms, which are commonly
reported [52, 53]. However, the presence of furfural or
HMF, commonly reported as inhibitors, was not identified.
This fact raises two hypotheses: an excess of Na, which
may have led to a longer time for methanogenic commu-
nity adaptation (section Characterization of Substrates),
and the presence of fractions of lignin and derived com-
pounds, which may have caused the observed “delay” in
the release of organic matter in the environment to access
the microbiota. The degradation process of lignin to be
used in AD is quite complex, in which some steps are
involved before the acetogenesis process [54]. The lignin
polymer is first depolymerized and then solubilized, in
which different lignin monomers are formed, with vary-
ing chain sizes, such as phenylpropanoid derivatives with
a carboxylic acid, alcohol, or amine groups. After this
stage, these monomers undergo a wide variety of periph-
eral pathways to form other intermediates, which are the
central monoaromatic intermediate, such as resorcinol (tri-
hydroxybenzene). These elements proceed to the dearoma-
tization and cleavage stage of the aromatic ring, forming
aliphatic acids. This aliphatic acids enter in acidogenesis
phase, and they are degraded into volatile fatty acids to
continue in the following AD stages [55]. Thus, the long
lag phase of deacetylation liquor AD observed in the BMP
test may have happened due to the long process of degra-
dation of lignin fractions and derived compounds, since
lignin fractions (i.e., phenolic compounds) were detected
in this substrate at significant levels (Table 3).

The biodigestibility predicted by the kinetic modeling
showed higher values (from 2 to 10% higher) than the ones
calculated from the experimental BMP, as a trend to pro-
duce CH, after ending the experiments was detected by the
fitted model. This behavior indicates a trend towards big-
ger accumulated production of biogas in a longer time than
the experiments were conducted. This fact was especially
observed for the deacetylation liquor: the model predicted
a larger lag phase (57 vs 34 days) and BMP (673 vs 610
NmLCH, ¢VS~!) values than the observed experimentally.
These data confirm that the presence of phenolic compounds
(lignin and derivatives) may have caused this long time in
the lag phase.
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The fitting of the kinetic model was not adequate for any
of the studied substrates in Experiment 1. As depicted in
Table 5, cellulose, vinasse, and filter cake must have the V73"

value forced to the average of the CH, accumulated produc-
tion at the end of each respective assay so the model could
fit. The adjusted curves are presented in the Supplementary
Materials (Fig. 1SM). It is noteworthy that although the
experiments were completed according to VDI 4630 [24]
(the process was finished when the production of biogas per
batch was less than 1% of the accumulated gas production),
the kinetic model showed a trend of increase in CH, produc-
tion over a longer period. For this reason, the values of V’C",‘;:

can be considered the maximum BMP. Despite this fact, no
distinguishable step was observed in Fig. 1, indicating that
those assays might have reached the stationary phase. The
absence of this last step in the experimental data leads to a
lack of goodness of fitting, although reaching a good coef-
ficient of correlation (R?).

Experiment 1 showed that deacetylation liquor did not
show a double sigmoid pattern, indicating that all the CH,
production occurred in one single step. It confirms the pecu-
liar behavior of this residue from producing CH,: despite the
large lag phase (t1 =57 days) and the delay in the organic
matter degradation, the overall rate for CH, conversion
(observed by the r["“ value) was the highest among the
substrates, which occurred in one phase. This same pattern
could be observed in the co-digestion of vinasse, liquor, and
filter cake altogether, suggesting that the deacetylation liq-
uor could have improved the process of CH, production.
Another strong evidence that the deacetylation liquor is the
substrate responsible for improving the co-digestion is the
high value of the apparent kinetic parameter () in this
experiment after the experiment with deacetylation liquor.
Co-digestion increased the CH, production rate by 38% and
54% when compared to the isolated AD from vinasse and
filter cake, respectively. This behavior is also confirmed by
the analysis of ANOVA and the Tukey test that showed a
significant difference between the treatments of the residues
alone; however, concerning the deacetylation liquor and the
co-digestion, there was no significant difference, indicating
that the deacetylation liquor was responsible for the increase
in CH, production in co-digestion.

BMP: Experiment 2

Table 6 shows the main results from the BMP tests of
Experiment 2, including the experimental values, the
kinetic parameters obtained from the mathematical mod-
eling and Tukey analysis. The adjusted curves for this
experiment can be consulted in the Supplementary Materi-
als (Fig. 2SM). Unlike Experiment 1, high biodigestibility
of cellulose (positive control) was reached (> 85%), thus
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Table 6 Values of experimental BMP, biodigestibility, pH (initial and final), and kinetic parameters of isolated and co-digested substrates of

Experiment 2
Parameters Cellulose  Vinasse*  Deacetylation Filter cake © (Vinasse+lig- (Vinasse+filter (Vinasse+dea- (Deacetylation
liquor © uor + filter cake) * cetylation liquor +filter
cake) * liquor)® cake)®
Values of experimental BMP
TBMP 415 548 706 900 - - - -
(NmLCH,
gVS")
'BMP 380+7 507 +6 85343 262+2 605+ 88 61448 97172 86124
(NmLCH,
gvs™)
Biodigestibily (%)
Average 92 93 121 29 - - - -
*Model 89 94 122 30 - - - -
pH initial 7.52+045 747+0.02 7.79+0.15 7.59+£0.89 7.51+2.85 745+1.45 7.63+£0.39 7.71 £0.42
pH final 7.38+0.08 7.12+0.76 7.89+0.61 7.49+0.73 7.35+0.92 7.32+0.56 7.55+0.03 7.87+0.25
Kinetic model parameters
s 368+7 51343 863 +9 274+9 717+119 797+110 1298 £ 660 1021 +£70
(NmLCH,
gvs™)
P 0.07+0.01 0.44+0.01 0.58+0.03 0.32+0.02 0.27+0.08 0.28+0.07 0.27+0.32 0.31 £0.04
e 56+46 75404 201 5.1+0.4 72+1.6 7.0+04 83+21 17+1
(NmLCH,
Vs
d™
t, (d) 74+1.1 11+1 12+1 14+1 13+2 171 1843 12+0
e 73403 ISES! 7.3+£0.6 3.7+0.1 7.7+£0.7 64102 9.1+0.8 7.9+03
(NmLCH,
Vst
d™
t, (d) 79+1 75+0 62+2 93 +2 94+8 100+7 102425 89+4
R’ 0.97 0.99 0.98 0.99 0.90 0.99 0.95 0.99

Notes' 'Average value of the replicates following the Eq. 3 +standard deviation; *calculated considering BMP; *calculated considering Vs
. fene . . . . o 1 4
not determined. Values within a row with the same letter are not significantly different at 5% probability by Tukey

validating the BMP tests as the maximum experimental
CH, production from the assessed substrates [50]. The
BMP values obtained in Experiment 2 are, thus, the rep-
resentative ones for the assessed residues. This fact indi-
cates better quality of anaerobic inoculum from the poultry
slaughterhouse treatment when compared to the inoculum
from sugarcane vinasse treatment. Biogas production con-
straints from vinasse on a scale (e.g., variation of vinasse
composition throughout the season, AD reactor shutdown
in the vinasse off-season) reflect the lack of robustness of
the inoculum due to its continuous need for adaptation to
the substrate, which weakens the microbial activity. It is
noteworthy that the kinetic model prediction was close
to the experimental values of BMP, reinforcing that the
maximum BMP was experimentally reached: the biodi-
gestibility (Table 6) calculated from both methods varied
only by 3% on average. It confirms the robustness of the
inoculum and proves the representativity of BMP results.

Lower filter cake BMP was obtained when compared to
Experiment 1. The physical characteristics of inocula could
have played a role in this case: the inoculum from poultry
slaughterhouse treatment was composed of very well-formed
granules (traditional upflow anaerobic sludge blanket, UASB
sludge), while the inoculum from vinasse treatment was liq-
uid without any granules. The mass transfer resistance in
anaerobic granules might limit CH, production, since the
larger the granule, the greater the resistance to mass transfer
[56], which may have been attenuated with the liquid inocu-
lum for the filter cake access. Additionally, in the co-diges-
tion BMP tests, the highest value of BMP was obtained with
only liquid substrates (deacetylation liquor+ vinasse) while
using filter cake as co-substrate caused a decrease in BMP
values (Table 6). It reinforces that the mass transfer phenom-
ena have an important influence on CH, production from
filter cake, which must be considered for a reactor operation
and inoculum sludge choice. The excess concentrations of
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some macro- and micronutrients already discussed (section
Characterization of Substrates) may also have contributed
to the lower BMP.

Experimental BMP of deacetylation liquor showed an
atypical result, as it was higher than its TBMP value. Dea-
cetylation pretreatment liquor (with the alkaline character)
has favorable characteristics for CH, production because it
reduces the degree of inhibition on CH, fermentation [57],
which may explain its high BMP value (Table 6). How-
ever, the lower TBMP than BMP implies the possibility
that all organic matter in the deacetylation liquor was not
accounted for in the COD value, underestimating the value
of TBMP. Remnants of insoluble lignin may not have been
quantified in the COD analysis [58], and during the BMP
tests, they may have been hydrolyzed and made available as
soluble lignin [55, 58]. CH, production from soluble lignin
was already reported [59]. It is also worth mentioning that
trace metals can act as catalysts, favoring the depolariza-
tion of the soluble lignin in the liquid medium, thus leaving
more organic matter available [60]. The inoculum used in
Experiment 1 had lower metal content when compared to
the slaughterhouse inoculum of Experiment 2 (especially
Al, Co, Fe, Cu), corroborating the hypothesis that the pres-
ence of metals may have contributed to the depolarization of
soluble lignin in the deacetylation liquor. Thus, larger metal
content in poultry inoculum may lead to larger amounts of
available organic matter during the BMP test, which was
not accounted for in the COD value of deacetylation liquor
determined in the absence of inoculum. These assumptions
highlight the need for deeper further studies on CH, produc-
tion from liquid lignocellulosic substrates.

As in Experiment 1, the pH of Experiment 2 remained
neutral throughout the operation, with no acidification or
alkalinization of the medium, and no need for initial pH
correction exclusively for the co-digestion test.

The co-digestion of substrates showed higher potential
for CH, production than the AD of isolated residues, as in
Experiment 1, except for the deacetylation liquor. However,
considering the context of a sugarcane biorefinery, its most
abundant residue (i.e., vinasse) must be properly managed,
whereby AD is an advantageous alternative as already
reported [7]. The enhancement of CH, production from
vinasse can be achieved by adding other residues within the
biorefinery boundary as co-substrates, as proved in the cur-
rent work. By predicting a co-digestion reactor operation,
in which the continuous stirred tank reactor (CSTR) is the
traditional one [8], the disadvantage of the filter cake by
having a higher ST content could be minimized due to stir-
ring, avoiding its sedimentation and improving the substrate-
inoculum contact and, therefore, resulting in increased CH,
production.

Kinetic modeling performed in all assays of Experiment
2 (Table 6) showed a particularly good fitting. All assays
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showed a clear ending step at the end of each assay, and
the model represented all data without any need of forcing
parameters to a value.

As showed in Experiment 1, deacetylation liquor had the

highest values for both Vg’l‘;: and r"**, demonstrating a higher

and faster CH,, production than any other assay. This value
was 4 times greater than the {"“* of the other isolated sub-
strates. Co-digestion of deacetylation liquor and vinasse and
deacetylation liquor and filter cake have been proved more
capable of CH, production than other conditions. Kinetic
parameters also confirmed that co-digestion was more effec-
tive than single substrate AD for CH, production, and the
deacetylation liquor was probably the substrate that boosted
methanogenesis in co-digestion assays. Besides, the r}"*
values of the deacetylation liquor were higher in the current
experiment when compared to Experiment 1 (20 vs 16
NmLCH, d~"). This fact confirms that in Experiment 2, the
phenolic compounds (lignin and derivatives) of deacetyla-
tion liquor may have been faster solubilized in shorter
organic matter chains to be converted to CH, (section BMP:
Experiment 2), making its 7{"* a value higher than in Experi-
ment 1, where the lignin content took a longer period to be
solubilized and thus resulting in a lower CH, production
rate. This corroborates that TBMP was underestimated since
lignin was not fully accounted for in the COD analysis in
Experiment 1. The result of the Tukey test also confirms the
hypotheses raised above, since there was no significant dif-
ference at 5% probability of the BMP of deacetylation liquor,
vinasse and deacetylation liquor, and filter cake and deacety-
lation liquor tests. This situation shows that the AD assay of
the deacetylation liquor alone or with the other residues will
be no difference in final CH, production, indicating that the
deacetylation liquor was the residue that leveraged metha-
nogenesis when co-digesting with the other two residues.
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Fig.2 Cumulative methane volume from BMP of Experiment 2
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Although the Tukey test did not show a significant difference
between the BMP test of the vinasse, of the co-digestion of
the three residues, and the vinasse with the filter cake, it is
notorious that the BMP values increased and a lot with the
presence of the deacetylation liquor.

Figure 2 shows the curves of the cumulative volume of
produced CH, in Experiment 2, presenting a more accentu-
ated behavior of AD occurring in two phases when com-
pared to Experiment 1: the acidogenic phase and the subse-
quent methanogenic phase [61]. This proves that the origin
of the inoculum plays an important role in the production
of CHy, as the same substrates were used in the two rounds
of experiments. The BMP of the substrates in Experiment
2 had a shorter lag phase when compared to Experiment 1,
as confirmed by the obtained kinetic parameters (t,), indi-
cating that there was a better adaptation of the inoculum to
the substrate. Gu et al. [62] observed distinct performance
of biogas production using different inocula for the same
substrate (rice straw), showing that some inocula were better
adapted than others due to their specific enzymatic arsenal
and to the degraded organic matter load capacity: the greater
organic matter converted by the inoculum, the better it would
be able to convert lignocellulosic residues.

The inoculum used in Experiment 2 came from a consoli-
dated UASB reactor continuously treating poultry slaugh-
terhouse waste, with higher organic loads fed to the reac-
tor when compared to the inoculum used in Experiment 1
(from a reactor that has been in operation for only 4 years
for the treatment of vinasse). This made the slaughterhouse
inoculum more robust than mill inoculum, and, thus, more
suitable and efficient to convert lignocellulosic materials,
causing the smallest lag phase and making the digestion pro-
cess more stable, which results in higher cumulative CH,
volumes [63].

Conclusion

Anaerobic inoculum maturity improved the slow conver-
sion of lignin-fraction monomers into CH, from deacetyla-
tion liquor. Its alkali characteristic may contribute to the
AD operational costs reduction on an industrial scale as it
avoided the reactor alkalizing demand. The highest filter
cake TS content indicated operational adjustments are nec-
essary, e.g., stirring to minimize the mass transfer resist-
ance between substrate and microorganisms. The adjusted
kinetic model confirmed the maximum experimental BMP
values for the robust AD inoculum. This small-scale study
shows how the co-digestion made use of residues’ positive
synergisms to increase CH, yield by at least 16%. This high-
lighted the advantage for the management of the voluminous
residue of integrated 1G2G sugarcane biorefineries (vinasse)
and new lignin-rich side streams derived from pretreatment

technologies for sugarcane straw valorization, so far unex-
plored for CH, production.
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Abstract

This work performed co-AD from the vinasse and filter cake (from 1G ethanol production) and deacetylation liquor (from
the pretreatment of sugarcane straw for 2G ethanol production) in a semi-Continuous Stirred Tank Reactor (s-CSTR) aiming
to provide optimum operational parameters for continuous CH, production. Using filter cake as co-substrate may allow the
reactor to operate throughout the year, as it is available in the sugarcane off-season, unlike vinasse. A comparison was made
from the microbial community of the seed sludge and the reactor sludge when CH, production stabilized. Lactate, butyrate,
and propionate fermentation routes were denoted at the start-up of the s-CSTR, characterizing the acidogenic phase: the
oxidation-reduction potential (ORP) values ranged from —800 to —100 mV. Once the methanogenesis was initiated, alka-
lizing addition was no longer needed as its demand by the microorganisms was supplied by the alkali characteristics of the
deacetylation liquor. The gradual increase of the applied organic load rates (OLR) allowed stabilization of the methanogenesis
from 3.20 gy L™! day™: the highest CH, yield (230 mLyCH, g~'ys) and average organic matter removal efficiency (83%
+ 13) was achieved at ORL of 4.16 gys L™! day™'. The microbial community changed along with the reactor operation,
presenting different metabolic routes mainly due to the used lignocellulosic substrates. Bacteria from the syntrophic acetate
oxidation (SAO) process coupled to hydrogenotrophic methanogenesis were predominant (~ 90% Methanoculleus) during
the CH, production stability. The overall results are useful as preliminary drivers in terms of visualizing the co-AD process
in a sugarcane biorefinery integrated to scale.

Key points

o Integration of 1G2G sugarcane ethanol biorefinery from co-digestion of its residues.

e Biogas production from vinasse, filter cake, and deacetylation liquor in a semi-CSTR.

e Lignocellulosic substrates affected the biochemical routes and microbial community.

e Biomol confirmed the establishment of the thermophilic community from mesophilic sludge.

Keywords Co-digestion - 1G2G Sugarcane biorefinery - Methane production - Continuous reactor operation
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oxygen demand (COD) in a thermophilic Upflow Anaerobic
Sludge Blanket (UASB) reactor from a Brazilian sugarcane
mill in operation since the 1980s (Souza et al. 1992). The
filter cake from the sugarcane juice filtration has also been
considered a potential source for CH, production as co-sub-
strate in the AD process, with only one Brazilian company
currently announcing a co-AD technology, although scientific
and widespread information is no longer provided (Zaparolli
2019). This residue has a positive environmental impact when
left in the soil, since it promotes protection against erosion,
increases biological activity, it is a temperature controller
(Janke et al. 2015); however, the literature demonstrates its
high capacity for energy conversion, through AD and CH,
recuperation (Volpi et al. 2021a). It is known that such residue
is rich in trace elements with a favorable balance of macronu-
trients that can contribute to co-AD besides having a suitable
average C:N ratio (24:1) for the AD (Janke et al. 2015). Janke
et al. (2018) showed that the filter cake after an alkaline pre-
treatment could be used as substrate to operate a continuous
stirred-tank reactor (CSTR) for biogas production throughout
the season without interruptions caused by the unavailability
of vinasse during the off-season. In the same context, other
liquid streams such as second-generation (2G) vinasse or the
waste from the pre-treatment steps of 2G ethanol production
could be used as co-substrates for keeping biogas production
along the year, without the need of the filter cake pre-treat-
ment (Volpi et al. 2021b).

The co-AD is an alternative process for AD of isolated
substrates which may optimize the CH, yield. It allows the
use of residues with low biodegradability and/or inhibitory
substances content by providing its dilution, apart from bal-
ancing micro and macronutrients and supplying synergis-
tic effects between microorganisms (Hagos et al. 2017). It
seems to fit in the management of residues from 2nd genera-
tion (2G) ethanol production, which generates lignocellu-
losic waste usually recognized as complex substrates for AD.
Within the co-AD concept, the integration of 1st and 2nd
generation (1G2G) sugarcane biorefineries can be reinforced
by blending their residues and maximizing their sustainable
use to bioenergy generation.

Numerous types of pre-treatments of lignocellulosic bio-
mass have been developed for the release of sugars (e.g.,
hexoses and pentoses) for the production of 2G ethanol
(Moraes et al. 2015). Alkaline pretreatments are com-
mon for the delignification of biomass, having additional
effects on the silica removal (ash insoluble component) or
the partial removal of hemicelluloses (including acetyl and
uronic acid groups) and the swelling of cellulose, result-
ing in a substantial increase in the fiber surface (Carvalho
et al. 2016). The residues generated are potential sources
for AD (Rabelo et al. 2011), although little has been studied
about their co-AD, especially for the recent and innovative
pre-treatment of biomass and hydrolysis, e.g., deacetylation
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process, pretreatment with ionic liquids, hydrolysis using
genetically modified yeast, among others (Nakasu et al.
2020). The complexity of such substrates for AD may be one
of the factors driving the integration of the 1G2G ethanol
process by co-AD of its residues, e.g., with 1G vinasse that
is already recognized as a substrate for biogas production
(Ferraz Janior et al. 2016).

Previous studies by our research group were carried out
concerning Biochemical Methane Potential (BMP) tests of
waste from alkaline pretreatment of sugarcane straw (straw
deacetylation) in co-AD with other residues from the sugar-
cane 1G ethanol mill. The results confirmed beneficial effects
from the synergisms of the co-substrates (Volpi et al. 202 1a).
Even the literature showing the use of energy cane for the
production of biogas and 2G ethanol (Hoffstadt et al. 2020),
to the best of our knowledge, the behavior of the aforemen-
tioned waste from 2G ethanol production in semi-continuous
bench-scale reactors have not yet been studied, aiming to
provide a preliminary basis for gradual scaling up of the pro-
cess. Reactor operations should provide process parameters
for continuous waste treatment and CH, production, enabling
us to forecast the maximization of residue use within their
specific availabilities in the 1G2G sugarcane biorefineries.

AD stability and efficiency depend on the synergistic
activity of the microorganisms that belong to the anaerobic
consortium, which performs hydrolysis, fermentation, ace-
togenesis, and methanogenesis activities (Li et al. 2009b).
Relating the microorganism to its metabolic pathway is often
a challenge. Identifying the microorganism in the process
is already a big step, suggesting its metabolic potential,
but it may not be enough to attribute the function of these
microorganisms: a single microorganism may have differ-
ent functions at different stages of the metabolic pathways
(Cabezas et al. 2015). Furthermore, little has been found in
the literature regarding the metabolic routes of microorgan-
isms in AD from residues from the sugarcane industry with
residues from 2G ethanol production in the co-AD system.

Given this context, the objective of the present work was
to perform the anaerobic co-AD of residues from 2G ethanol
production (i.e., lignocellulosic liquor from sugarcane straw
deacetylation pre-treatment) and 1G ethanol production (i.e.,
vinasse and filter cake) in a stirred bench-scale reactor with
semi-continuous feeding. Monitoring the operation aimed
to reach the upper limit of the organic load applied to the
reactor for maximizing stable CH, production, providing
operational parameters for scale-up of the co-AD process.
Fundamental aspects of AD during the operation were
also investigated by the relation of reactor performance to
monitoring analysis results. Microbial characterization was
performed during stabilized CH, production to relate the
microorganisms to potential metabolic routes, as well as to
assess the modifications in the microbial community from
the seed sludge.
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Materials and methods
Residues and inoculum

The substrates were vinasse and filter cake from Iracema
sugarcane mill (Sdo Martinho group, Iracemapolis, Sdo
Paulo state, Brazil) and the liquor from the straw pre-
treatment process, performed at the National Bioreno-
vables Laboratory (LNBR) from the Brazilian Center for
Research in Energy and Materials (CNPEM). Deacetyla-
tion pre-treatment was applied to sugarcane straw on a
bench scale as described in Brenelli et al. (2020). Deacety-
lation liquor was used because it is rich in volatile fatty
acids (mainly acetate) and it has a high Biochemical Meth-
ane Potential (BMP) (Volpi et al. 2021a) as co-substrate
in reactor operation. The inoculum consisted of anaerobic
consortium from the mesophilic reactor (BIOPAC®ICX -
Paques) used for the treatment of vinasse from the Iracema
sugarcane mill. This anaerobic consortium was used as
inoculum in a previous study from our research group as
describe in Volpi et al. (2021a).

Semi-continuous reactor: description and operation

The semi-Continuous Stirred Tank Reactor (s-CSTR)
consisted of a SL-Duran flask with 4L-working volume,
closed with a pierceable isobutylene isoprene rubber sep-
tum kept, under agitation at 150 rpm by using an orbital
shaking table Marconi MA 140. The operating temperature
was 55°C, maintained by recirculating hot water through a
serpentine. Thermophilic conditions were chosen because
vinasse leaves the distillation columns at 90°C and thus
would have lower (or none) energy expenditure to cool
it to mesophilic conditions. Inoculum adaptation was
performed because it was an anaerobic consortium from
mesophilic conditions. The temperature of the inoculum
was gradually increasing every 5 degrees per day until it
reached 55°C, which was kept for a week before the begin-
ning of the tests, as performed before by Bouskova et al.
(2005). The pH adjustment to neutrality was performed by
adding NaOH (1M) solution when necessary. The reactor
was fed once a day with the blend of co-substrates (in
terms of volatile solids, VS): 70% of vinasse, 20% of filter
cake, and 10% of deacetylation liquor, totaling 57.55 gyg
L~!. These proportions were based on the residue’s avail-
ability at the sugarcane mill, where the most abundant is
vinasse (25 L vinasse per liter of ethanol total (1G+2G))
and the least would be the deacetylation liquor (7 L per
liter of ethanol total (1G+2G)). The reactor was fully
filled with inoculum during the start-up, in which aliquots
of effluent were discharged and new feed was added in

a fed-batch mode of 24h throughout the operation. The
Organic Loading Rate (OLR) applied to the reactor was
increased over time to maximize the volume of treated
waste with concomitant reduction of Hydraulic Retention
Time (HRT). Table | presents the values of operational
parameters applied to the s-CSTR according to the respec-
tive operation phases. Biogas volume and CH, content
were regularly monitored, as well as organic acids (OA),
carbohydrates, alcohols, alkalinity, and organic matter (in
terms of VS) content in the digestate. Oxidation-reduction
potential (ORP) and pH were monitored both in the feed
and digestate.

Analytical methods
Characterization of substrates

All the analyses followed the Standard Methods for the
Examination of Water and Wastewater (APHA, Awwa W
2012). The substrates were characterized in terms of chemi-
cal oxygen demand (COD) (method 5220B), series of solids
(method 2540), pH (pH meter PG 1800), OA, alcohol, carbo-
hydrates, carbon, nitrogen, and phosphorus (method 4500P).
COD measurement was performed for the characterization
of liquid substrates (vinasse and deacetylation liquor), using
the digestion method and reading in spectrophotometer RAC
DR 6000. Analyses of carbon, nitrogen, and phosphorus
were made using the TOC equipment Shimadzu-TOC-L-
CNP. For the analysis of OA, carbohydrates, and alcohols,
the samples were centrifuged for 10 minutes at 10,000 rpm,
filtered in a porous membrane (0.2mm), and subjected to
High-Performance Liquid Chromatography (HPLC, Shi-
madzu®). The HPLC consisted of a pump-equipped appa-
ratus (LC-10ADVP), automatic sampler (SIL-20A HT),
CTO-20A column at 43 °C, (SDP-M 10 AVP), and Aminex
HPX-87H column (300 mm, 7.8 mm, BioRad). The mobile
phase was H,SO, (0.01 N) at 0.5 ml min~!. The series of

Table 1 Phases of reactor operation and the respective applied OLRs,
feeding rate flows, and HRT

Phase in graph OLR (gys L'  Feeding rate (L. HRT (days)
day™) day™)
I 1.50 0.100 40
I 1.80 0.125 32
I 230 0.160 25
v 275 0.190 21
v 3.20 0.222 18
VI 4.16 0.285 14
viI 4.80 0.333 12
Vil 523 0.363 11
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solids included total solids (TS), volatile solids (VS), and
fixed solids (FS), for all the substrates.

The elemental composition was performed for the charac-
terization of filter cake in the Elementary Carbon, Nitrogen,
Hydrogen and Sulfur Analyzer equipment (Brand: Elemen-
tar; Model: Vario MACRO Cube—Hanau, Germany).

Monitoring of semi-Continuous Stirred Tank Reactor
(s-CSTR)

Daily biogas production was measured using a Ritter gas
meter, Germany. The biogas was collected from the reactor
by using a syringe through the rubber septum and CH, con-
tent was determined by gas chromatography (Construmaq
Sdo Carlos) five times a week. The carrier gas was hydro-
gen (30 cm s™!) and the injection volume was 3 mL. The
CG Column was made of 3-meter-long stainless steel, 1/8”
in diameter, and packaged with Molecular Tamper 5A for
separation of O, and N, and CH, in the thermal conductiv-
ity detector (TCD). It had a specific injector for CH, with a
temperature of 350 °C, an external stainless-steel wall, and
an internal refractory ceramic wall. Detection (resolution)
limits are 0.1 ppm for CH,.

VS analyses were also carried out during the reactor
operation. The determination was performed in the feeding
and digestate to account for the organic matter (in terms of
VS) removed during co-AD. The digestate was collected
by using a syringe. The pH and the ORP of digestate were
measured, immediately after sampling (before feeding) using
a specific electrode for Digimed ORP. Alkalinity was per-
formed using the titration method (APHA, Awwa W 2012).
OA, carbohydrates, and alcohol analysis was performed for
digestate three times a week.

Calculations

Principal component analysis (PCA) was performed using
STATISTICA 10 through the correlation between the metab-
olites obtained (organic acids and alcohols) and the methane
production, pH, partial and intermediate alkalinity, removal
of organic matter, and ORP variables.

Gibbs free energies (AG®) of the conversion of propion-
ate to acetate were calculated at room temperature in pH
7.0. The values were computed in accordance with (Alberty
1998; Dolfing 2015).

Biology molecular analysis

Microorganism identification analyses were carried out for
the seed sludge samples (sample 1) before they were added
to the reactor, and when the sludge was already stabilized in
the s-CSTR with stable production of CH, under the OLR of
4.80 gys L™ day™" (sample 2). Genomic DNA was extracted
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in triplicate and the PowerSoil DNA Isolation Kit (Mobio)
was used. For visual confirmation of the quality and integ-
rity of the DNA extracted from the samples, a run on a 1%
agarose gel stained with SYBR® Safe (Invitrogen) was per-
formed. DNA quantification in the sample was performed
with the Qubit® 3.0 equipment Fluorometer (Life Technolo-
gies) and the quality based on the 260/280 ratio, which was
determined using the NanoDrop Lite equipment (Thermo
Fisher). The large-scale sequencing of the V3-V4 region of
the 16S ribosomal RNA gene from Bacteria and Archaea
present in the samples was then determined with the forward
primer (515) 5’ GTGYCAGCMGCCGCGGTAA and reverse
primer (806) 5’ GGACTACNVGGGTWTCTAAT, in trip-
licate, using the Illumina MiSeq platform with paired-end
sequencing (2 X 250 bp).

For the sequence analysis, the quality of readings was
evaluated using the FastQC tool v.0.11.5 (Andrews, 2010),
with quality strings lower than 30 (Phred score) and less than
100 base pairs were filtered with Trimmomatic 0.39 (Bolger
et al. 2014). Bioinformatics analyses were performed using
the Quantitative Insights into Microbial Ecology (QIIME2,
version 2019.7, https://docs.qiime2.0rg/2019.7) (Bolyen
et al. 2019) and its plugins. The taxonomic classification
of Operational Taxonomic Units (OTUs) was performed
with the q2-feature-classifier plug-in (Bokulich et al. 2018)
in the classify-consensus-research program (Rognes et al.
2016), based on the SILVA Ribosomal RNA Gene version
132 database (Quast et al. 2013). The resulting Qiime out-
put file containing the abundances of OTUs in the samples
was analyzed using the Phyloseq package (McMurdie and
Holmes 2013) from the R (Team, 2013) software for making
graphs and tables.

The large-scale sequencing of amplicons from the ribo-
somal operon of the microbial community led to identifying
the Bacteria and Archaea present in the samples in-depth to
characterize the microbiota. The results of the genera found
were expressed in percentage, reflecting the relative abun-
dance of microorganisms in the samples. Raw sequences
were deposited in BioSample NCBI under accession number
PRINA684620.

Results

Tables 2 and 3 show the characterization of the inoculum
and the residues fed to the s-CSTR. Two different batches
of vinasse and deacetylation liquor were used throughout
the operation, called batch 1 and batch 2. Batch 1 was used
in the first stages of the operation and batch 2 of vinasse
and deacetylation liquor was fed from phases IV and VII,
respectively. The differences in these substrate compositions
directly affected the reactor supply, making it necessary to
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Table 2 General characterization of residues

Characterization Inoculum * Vinasse lot 1* Vinasse lot 2 * Liquorlot 1 * Liquor lot 2 * Filter cake *
COD (gL 11.171 £ 0.901 28.660 +0.91 17.020 £ 0.45 32.920 +0.27 10.440 £ 0.01 -

Volatile solids (g mL™") 0.015 + 0.001 0.018 £ 0.00 0.099 £0.00 0.103 £0.00 0.008 + 0.00 0.192 + 0.01
Fixed solids (g mL™") 0.010 = 0.002 0.007 £0.01 0.005 £0.00 0.021 £0.00 0.005 £ 0.00 0.097 % 0.00
Total solids (g mL™") 0.025 = 0.020 0.025 +0.00 0.015+0.00 0.011 £0.00 0.014 + 0.00 0.290 + 0.02
pH 7.350 £ 0.210 4.030 £ 0.34 4.090 £ 0.48 12.450 +£0.13 11.450 £ 0.21 -

Total carbon (mg L") 4892.00+0.11 1411094 +0.21  12658.00 +0.02 15919.00 + 0.89  16652.00 +0.33 -

Organic total carbon (mg L™")  3689.00 + 0.58  14099.27 +0.12  12643.00 +0.45 15113.00 + 0.56 15971.00 + 0.56 -

Inorganic carbon (mg L™") 1203.00 = 0.69 11.69 +0.35 15.39 £ 0.63  805.60 +0.43 681.10 +0.33 -

Nitrogen (mg L™") 596.30 + 0.73 495.93 +0.95 302.50 £0.15 176.30 +0.96 121.20 £ 0.28 -

Phosphor (mg L™") 13.72 £ 0.00 34.01 £0.00 9.96 +£0.00 7.74 + 0.00 2.98 + 0.00 -

Soluble lignin (g L™") . — = 5.50 10.99 -

“Mean of three replicates + standard deviation; - not carried out

adjust the feeding volume to maintain the applied OLR
throughout the operation

Table 3 shows the main OA concentrations for the differ-
ent batches of vinasse and deacetylation liquor, reinforcing
the variability of such residues throughout the process and
the season. Batch 1 of vinasse contained a larger variety
of OA in higher concentrations, especially propionic acid,
which can negatively affect the AD process (in concentra-
tions as high as 900 mg L=") (Wang et al. 2009) by inhibit-
ing the terminal process—the methanogenic Archaea—and
resulting in the accumulation of hydrogen (H,) and poten-
tially raising the free energy (Marchaim and Krause 1993).
Propionic acid was also detected in batch 2 of liquor, in
non-inhibitory concentrations.

The results related to the monitoring of the reactor opera-
tion are presented from Figs. 1, 2, 3, 4 and 5. Figure 1 shows

the removal efficiency of organic matter and CH, content in
biogas produced in the reactor for each applied OLR.

In the initial OLR (phase I), large variations in the reac-
tor efficiency occurred up to 55 days, when the organic
matter removal stabilized at 71.27% + 4.87% with the
establishment of some metabolic routes for CH, produc-
tion (55.91 + 5.78 mLyCH, g~'vg). This behavior is in
accordance with the results of digestate analysis (Figs. 2,
3 and 4). At each sequential increase of the applied OLRs,
an initial disturbance on organic matter degradation was
detected, representing firstly the adaptation of acidogen-
esis, at first 40 days (large variations on reactor efficiency)
followed by the establishment of methanogenesis (little
variations in the reactor efficiency). From about 90 days,
CH, production as high as 90 mLCH, g~'v¢ was detected
up to the penultimate applied OLR (phase VII), which

Table 3 Composition of acids,

Compounds Vinasse lot 1 Vinasse lot 2 Liquor lot 1 Liquor lot 2

carbohydrates, and alcohols of

residues Citric (mg L™") 237.99 0.00 0.00 0.00
Succinic (mg L™") 278.33 205.06 0.00 0.00
Propionic (mg L™") 1695.30 0.00 0.00 822.74
Formic (mg L™") 1019.35 586.98 0.00 22.01
Acetic (mg L) 657.20 0.00 3670.00 1063.37
Isobutiric (mg L™") 1304.90 21643 78.84 0.00
Butiric (mg L™") 160.30 549.95 0.00 0.00
Malic (mg L") 259.18 160.80 0.00 34.11
Valeric (mg L™") 39.01 0.00 0.00 0.00
Caproic (mg L™) 791.05 0.00 0.00 0.00
Isovaleric (mg L™") 0.00 0.00 0.00 1788.62
Latic (mg L™") 3891.10 341.60 0.00 0.00
Glucose (mg L™ 570.74 738.30 85.20 726.50
Fructose (mg L™") 647.23 400.79 0.00 856.04
Ethanol (mg | B} 114.30 0.00 0.00 0.00
Butanol (mg L) 556.62 0.00 0.00 0.00
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corresponded to the maximum applied OLR that the reac-
tor was able to withstand with stability on CH, production
(93.92 + 17.62 mL\CH, g~'vg and 79.57 + 4.54 % of
organic matter removal), although this was not the maxi-
mum CH, yield. This fact indicates that methanogenesis
activity started to become self-regulated from the end of
phase IT (change of applied OLR from 1.80 gyg L' day ~!
to 2.30 gys L™! day™"), which is reinforced by the results

of digestate analysis presented in Figs. 2, 3 and 4.
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Fig.2 Monitoring of pH (a) and oxidation reduction potential (ORP)
(b) throughout the reactor operation according to the applied OLRs
(gvs L' day™"): 1.50 (phase I); 1.80 (phase I); 2.30 (phase III); 2.75
(phase 1V); 3.20 (phase V); 4.16 (phase VI); 4.80 (phase VII); 5.23
(phase VIII)
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Figure 2 shows the monitoring of pH and ORP through-
out the operation. Figure 2a is about pH and Figure 2b is
about the ORP.

Figure 3 shows the results of the organic compounds
monitored throughout the reactor operation according to the
applied OLRs. In Fig. 3a are the acids, and in Fig. 3b are the
carbohydrates and alcohols. In the start-up OLR (phase I),
large amounts of OA were detected (Fig. 3a), mostly from
the residue composition itself (Table 3). According to the
AD fundamental phases and the establishment of methano-
genesis, these concentrations were decreased throughout the
operation due to the conversion by acetogens into acetate,
H, and CO,, and then to CH, by the methanogenic Archaea
to form biogas. The presence of the carbohydrates and their
decrease in phases I and II indicate the establishment of
acidogenesis (Fig. 3b).

Figure 4 shows the results of alkalinity indicators
obtained during the reactor operation, with Fig. 4a repre-
senting total alkalinity and Fig. 4b showing the relationship
between partial and intermediate alkalinity, for a better com-
parison with the data of the literature.

Figure 5 shows the results of the PCA analysis, which was
carried out to better understand the relationship of the meta-
bolic routes with the variables of CH, production, organic
matter removal, alkalinity, ORP, and pH.

The results about molecular biology are presented in
Figs. 6 and 7. Figure 6 shows the observed values of rich-
ness (number of species), the calculated values from diver-
sity (Shannon index) (Fig. 6a), wealth estimate (Chaol
estimator) (Fig. 6b) of the samples, and the Shannon index
(Fig. 6¢). The number of species (Fig. 6a) and the richness
(Fig. 6b) of sample 1 were greater than that of sample 2.
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Fig.3 Values of (a) organic acids and (b) carbohydrate and alcohol
concentrations in the digestate monitored along the reactor operation
according to the applied OLRs (gys L™' day™): 1.50 (phase I); 1.80
(phase II); 2.30 (phase III); 2.75 (phase IV); 3.20 (phase V): 4.16
(phase VI): 4.80 (phase VII); 5.23 (phase VIII)

Figure 7a and b show the relative abundances of micro-
organisms found in the samples at the phylum and genus
levels, respectively, in relation to Bacteria domain. Figure 8
shows the same information as Fig. 7 in respect to phylum
and genus but in relation to Archaea domain.

Changes in the microbial community from one sample
to the other, both for phylum (Fig. 7a) and genus (Fig. 7b),
were observed in Bacteria domain. In sample 1 (Fig. 7a),
there was a dominance of the microorganism phyla: (~3.5%)
Bacterioidetes, (~7.5%) Chloroflexi, (~50%) Firmicutes,
(~9%) Synergistes, (~7%) Tenericutes, (~11%) Thermoto-
gae. For sample 2, the number of phyla was smaller, with a
greater abundance of (~53%) Firmicutes, (~1%) Tenericutes,
and (~26%) Thermotogae. Regarding the relative abundance
of the genus of the Bacteria domain (Fig. 7b), the main
genera found in sample 1 were: (~12%) Defluviitoga, (~6%)

Hydrogenispora, (~2.5%) Mesotoga, (~2%) Petrimonas. In
sample 2, the main genera were: (~35%) Defluviitoga, (~9%)
Hydrogenispora, (~3%) Ruminiclostridium, (~0.75%) Syn-
trophaceticus, (~0.5%) Tepidanaerobacter.

In the Archaea domain there were also changes in rela-
tive abundance at the genus level from sample 1 to sample
2 (Fig. 8b). Regarding the phylum, the predominant phylum
in both samples was the phylum Euryarchaeota (Fig. 8a),
since most methanogenic organisms belong to it. The pre-
dominant genus of methanogenic Archaea in sample 1 was
(~95%) Methanobacterium and the predominant genus in
sample 2 was (~90%) Methanoculleus and also (~10%)
Methanothermobacter.

Discussion
Characterization of residues

The C:N ratios of vinasse batch 1 (28:1) and batch 2
(40:1) were in the recommendable range for AD processes
(20-40:1) (FNR, 2010), although the C:N ratio was slightly
higher in the latter, mainly due to its N content being about
64% lower than in batch 1 (Table 2). The COD value of
vinasse batch 1 was close to the values normally found in the
literature (Moraes et al. 2015), whereas batch 2 had much
lower COD values. Accordingly, the level of TS was also
lower than the vinasse in batch 1, although the VS content
was about 5 times higher. This fact shows the complexity
of vinasse composition, which is significantly affected by
factors such as the ethanol production processes and the
sugarcane plant characteristics and cultivation. The choice
of the suitable parameter for organic matter accounting and
its maintenance for the reactor monitoring directly affects
the successful operation and consequently CH, production.
The COD of vinasse batch 1 takes into account non-organic
materials, e.g., sulfide from yeasts after the fermentation
cycle as a way to prevent flocculation. In this study, these
differences resulted in different vinasse volumes from batch
1 and batch 2 to compose the feed keeping the same applied
OLR. Based on VS contents, larger volumes of vinasse
from batch 1 were used, which would be the opposite if
only the COD was considered as a parameter for organic
matter content. It highlights the importance of regular analy-
sis for vinasse characterization throughout the season, espe-
cially related to the organic material, so that the applied
OLR remains stable, thus avoiding organic load shocks,
which can lead the reactor to failure (Fuess et al. 2017b).
The “poor” operational control of vinasse AD normally
adopted by Brazilian sugarcane plants results in an ineffi-
cient operation of the reactor, which has reflected in “nega-
tive marketing” for this process to scale in the sector. As the
residue compositions vary throughout the sugarcane season
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Fig.4 Monitoring of reactor

alkalinity: (a) total alkalinity; a ‘_:: 25 T MM v ViVl Vil
(b) alkalinity intermediary/ o 1 I
alkalinity partial ratio accord- = 20 ]
ing to the applied OLRs (gyg 'é‘ 15 4 * ®
L' day™"): 1.50 (phase I); 1.80 % . e o o
(phase II); 2.30 (phase III); 2.75 £ 10 LI i~ ol %4 o
(phase IV); 3.20 (phase V); 4.16 = - oo 2% o, ° saled’ S
(phase VI): 4.80 (phase VII); % 5400 ® * T n?e ¢ [ -
5.23 (phase VIII) 3 0. ®
- 0 20 40 60 80 100 120 140 160 180 200 220
b _ Time (days)
g 3.0 | i i IV V|V VIl VI
E 2.54 .
o 1 @
= 2.0+ (]
5 15]° *
e Pt i ° leod
E 1.0 1 " %o’ o 0 .
o 054 o LS * ': .
E 0-0. 1 1 1 T ...l .?"I I"(l" f |’
0 20 40 60 80 100 120 140 160 180 200 220
Time (days)

and ethanol processing, the strict operation and monitor-
ing of AD reactor and substrates are essential for success.
Uncertainties regarding the production of 2G ethanol and
its residues make it even more difficult to insert AD, and
bench-scale tests were extremely important to expand and

deepen the knowledge of the main factors that affect this
biological process.

Placing emphasis on the variability of the agro-industrial
waste composition, phosphorus (P) content of vinasse in
batch 2 was much lower than that detected in batch 1. The

Fig.5 Principal components 8|
analysis of CH,-producing sys- 1.0
tems related with organic acids,
pH. alkalinity, and organic mat-
ter removal e Malate
[5e] Propionate
S 0.5 Formate
-
-
‘;é Caproicc'trate Methane Prod.
g Isobutyrate
g_ 0.0
Q Lactal Org. M. Rem.
o 9
k-] ,
g I. Alk.
8 -05
)
ORP
-1.0
-1.0 -0.5 0.0 0.5 1.0

@ Springer

First Component : 25.68%

e Active



Applied Microbiology and Biotechnology

79

==

1104
1004

90

Alpha Diversity Measure

50

samples

C Shannon

E Sample_1
E Sample_2

30

Alpha Diversity Measure

_—

6\0 '}
%06‘

Fig.6 Observed values of (a) richness (number of species), (b) richness estimate (Chaol estimator), and (c) calculated values of diversity (Shan-
non index) of sample 1 (seed sludge) and sample 2 (sludge from the s-CSTR stable operation, phase VII)

values are within the wide range reported in the literature
(4-250 mg L") (Moraes et al. 2015). P can be accumulated
in phosphorus-accumulating organisms (PAO) and these
organisms can store VFA species as polyhydroxyalkanoates
(PHA) materials, in the starvation period, that can be poten-
tially degraded into varied fractions of individual VFA
according to the PHA composition; however, when these
concentrations are in excess they can form buffer solutions
that precipitate important minerals from AD such as cal-
cium, magnesium, aluminum, and iron (Wang et al. 2016),
which was not observed in this work and, thus, P concentra-
tion was not inhibitory to the process.

Similar to vinasse, two batches of deacetylation liquor
were used, in which batch 1 contained higher COD, VS,
TS, P concentrations than the liquor of batch 2 (Table 2).
On the other hand, soluble lignin content was twice as
high in batch 2 as in batch 1. This compound was already
reported to affect the AD process by its slow degradation,

causing a “late” CH, production (Mulat and Horn 2018).
Short HRT applied to reactors may not take full advantage
of the deacetylation liquor’s CH, potential. Thus, co-AD
reactors (normally CSTRs), known for their long HRT may
be suitable for fully making the most of this substrate. The
deacetylation liquor has a C:N ratio of 90: 1 for batch 1 and
137: 1 for batch 2, showing insufficient N content against
the C content. This reinforces the role of co-digestion for the
balance of nutrients and dilution of components in excess,
e.g., the liquor co-digested with vinasse and filter cake, both
with higher levels of N.

High concentrations of lactic acid were detected in batch
1 of vinasse and were reported to generate possible inhibi-
tion of AD because it is a precursor of propionic acid in
the hydrolysis-acidification process (Table 3) (Zhang et al.
2007). Formic acid was also detected in vinasse batch 1
(Table 3), which can be easily degraded by sulfate-reducing
bacteria (SRB) (Dinsdale et al. 2000) and contributing to the
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Fig.7 Relative abundance of microorganisms at the phylum level (a) and genus level (b) in Bacteria domain from the seed sludge-sample 1 (1.1,
1.2, and 1.3) and from the s-CSTR sludge with stable CH, production-sample 2 (2.1, 2.2, 2.3)

sulfidric acid (H,S) generation in biogas. In the presence of
sulfate, SBR competes with methanogenic Archaea by the
organic matter, leading part of the anaerobic metabolic path-
ways to sulfate reduction and lowering CH, formation. How-
ever, in addition to SRB, there is another metabolic route in
which the formate can be used within the methanogenesis
cascade. Through two groups of enzymes: iron-sulfur for-
mate dehydrogenase (FDH) enzymes and NAD*-dependent
FDH enzymes it is possible that they can initially oxidize

@ Springer

formate to H, and CO, and the CO, can then be reduced by
methanogenic Archaea to form CH, and thus the format also
contribute to CH, production (Crable et al. 2011). The acetic
acid content in both batches of liquor (especially batch 1)
indicates considerable potential for this residue to produce
CH, as the acetotrophic pathway is the main one for CH,
formation (Lata et al. 2002). The presence and concentra-
tion values of the different OAs may lead to the predominant
metabolic routes of AD process, which can change due to
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Fig.8 Relative abundance of microorganisms at the phylum level (a) and genus level (b) in Archaea domain from the seed sludge-sample 1 (1.1,
1.2 and 1.3) and from the s-CSTR sludge with stable CH, production-sample 2 (2.1, 2.2, 2.3)

the variability of substrates composition and, thus, impair-
ing the stable microbial consortia adaptation in AD reactors.
Such complexity and specificities of these residues highlight
the difficulty to introduce the co-AD process in continuous
operation into the integrated 1G2G sugarcane biorefineries,
despite their considerable CH, production potential.

The presence of isobutyric acid in vinasse batch 1 and
isovaleric acid in deacetylated liquor batch 2 drew attention
(Table 3). These iso-forms of such compounds have a worse
rate of degradation in AD compared to their normal forms

(butyric acid and valeric acid); however, the decomposition
rate of the isoform of butyric acid is still higher than that of
valeric and capric acid (Wang et al. 1999). Depending on
the microbial consortia establishment, isobutyric acid can
be degraded to acetic acid in the AD, which improves the
CH, production, or it can undergo reciprocal isomerization
and become butyric acid. Isovaleric acid, on the other hand,
does not undergo this reciprocal isomerization in the AD
process, encompassing different little elucidated metabolic
routes from that of valeric acid (Wang et al. 1999).
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Semi-Continuous Stirred Tank Reactor performance
Biogas production and reactor efficiency

The highest average reactor efficiency (83.08 + 13.30 %
organic matter removal and 233.20 + 1.83 mLyCH, g~ 'vg)
and CH, content (80.77% + 0.28%) (Fig. 1) in biogas was
achieved in phase VI, corresponding to the specific biogas
production of 324.85 + 2.76 mL g~!\. These values are
close to those obtained by Janke et al. (2016) in which 320
+ 0.48 mL biogas g VS~! was achieved at the maximum
ORL of 3.0 gyg L™ day~" in a s-CSTR treating sugarcane
bagasse and filter cake (with tap water and cattle manure
addition at mesophilic conditions, 38 °C). However, in their
study, considerable OA accumulation in the digestate was
observed (90% of OA, mainly propionic acid) and the aver-
age CH, content in biogas remained about 50%. Ferraz Jun-
ior et al. (2016) achieved the production of 250 mLy -CH,
g7'COD,0veq and 72% removal of organic matter with the
monodigestion of vinasse in an Upflow Anaerobic Sludge
Blanket (UASB) reactor under thermophilic conditions.
Santana Junior et al. (2019) reported the monodigestion of
vinasse in a two-stage UASB reactor achieving biogas yield
of 0.23 m? kg™! COD,oveqs With 70% of CH,. Both the
removal of organic matter and the CH, content reported in
the mentioned literature were lower than in the co-digestion
process presented in our work, reinforcing the enhancement
in the AD process applied to vinasse when co-digested with
other residues from sugarcane ethanol process. Furthermore,
the aforementioned authors reported the requirement of add-
ing alkaline compounds to keep the pH neutrality, which was
not necessary in the present study because the deacetylation
liquor was able to contribute to the pH control when the
methanogenesis was stabilized.

Although a considerable decrease in CH, content
occurred at OLR 4.80 gy, L™! day~! in the present work
(Fig. 1), CH, production and reactor efficiency remained
stable as already described. In a scale operation, the choice
of the OLR to be applied and maintained in the reactor will
depend on the objective of the operation: maximum volume
of treated waste or maximum energy production in the form
of CH,. The collapse of the studied s-CSTR occurred at
the applied ORL of 5.23 gys L' day™', when the reactor
efficiency significantly dropped with the accumulation of
OA (Fig. 3a) and with the presence of carbohydrates in the
digestate (Fig. 3b).

Degradation routes: pH and ORP indications
In the first 40 days, the pH output was around 6 to 6.5
(Fig. 2a), allowing the establishment of the acidogenesis

process (Vongvichiankul et al., 2017), consistent with the
starting behavior of the AD reactors, continuously adjusting
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the pH of the feed. After 90 days of operation, methanogen-
esis occurred and there was no need to adjust the pH, as the
pH output was self-stabilized at around 7 until the end of
the operation. ORP values followed the pH behavior, hav-
ing larger variations (—800mV to —100mV) (Fig. 2b) and
less stable CH, production (Fig. 1) during the first phase of
operation. Some studies reported considerable drops in the
ORP values (—350mV to —550mV) during the period of
the highest H, production (Kataoka et al. 1997; Lin et al.
2008), corroborating the acidogenic step establishment at the
beginning of the reactor operation. ORP variations during
acidogenesis are related to the different metabolic pathways
of acidogenic bacteria and the OLR applied to the reactor
(Chen et al. 2015). The predominance of specific acidogenic
routes may drive the methanogenic metabolic pathways, as
well as the OA content of the fed substrates. After 90 days,
the ORP variations decreased, although a considerable range
still remained (—650mV to —450mV—TFig. 2b), which was
further reduced (—300mV to —450mYV) as CH, production
became more stable at the end of the operation. These values
during stability are within the range reported as ideal condi-
tions for acidogenesis and methanogenesis (Golkowska and
Greger 2013).

In phase II, when lactic acid was consumed, there were
variations in ORP values, however, the predominance
was —600mV (Fig. 2b). When the pH values of the outlet
remained above 7 and ORP below —300mV, between 70
and 80 days (Fig. 2a and b—start of phase II), the biogas
production increased by 200%, and was even better after
90 days (392%), when methanogenesis was consolidated
(Fig. 1). Vongvichiankul et al. (2017) also reported a con-
siderable increase in the biogas production (from 1.88 to
22.90 L day™") with the pH increase from 6.82 to 7.15 and
the respective ORP increase from —359mYV to —348mV.

Degradation routes: OA, carbohydrate, and alcohol
indications

In accordance with Fig. 3, the consolidation of the methano-
genic phase seemed to occur from about 90 days of opera-
tion, leading to a significant decrease in OA, alcohol and
carbohydrates, although remaining methanol concentrations
were detected. Methanol conversion in AD can occur by
cultures of methanogenic Archaea or SRBs. The methano-
gens convert methanol into methyl-coenzyme M and in the
presence of hydrogen methyl-coenzyme M is reduced to
CH, (Weijma and Stams 1999). When methanol is the sole
substrate, however, part of the methanol has to be oxidized
to CO, to provide reducing equivalents for the reduction
of methanol to CH,. This oxidation of the methyl-group
likely proceeds via a reversed pathway which methano-
genic Archaea use to reduce CO, to CH, (Weijma and Stams
1999). In the presence of SRB, acetate is always necessary
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as a carbon source. The biochemical pathway of methanol
oxidation by SRBs is not known. It is likely that methanol
is oxidized to formaldehyde by means of methanol dehydro-
genase. Two other dehydrogenases oxidize formaldehyde to
formate and then the formate is transformed into CO, (Wei-
jma and Stams 1999). As methanogenic Archaea survive
better in conditions of thermophilic temperature than SRBs,
the methanogenic route from methanol should have been
favored compared to sulfate reduction.

Lactic acid concentrations detected in phase I (Fig. 3a),
mostly from batch 1 of vinasse composition, was probably
converted into butyric acid (smaller proportions) or into pro-
pionic acid, both detected in phase II, when lactate content
significantly dropped (average ORP values close to —500mV
and pH around 7). Chen et al. (2015) reported that butyrate-
type fermentation can happen between —300 and —250mV,
which is a lower range than obtained in the present study.
The differences in substrate compositions and inocula may
explain this fact, indicating that the microorganisms can
adapt differently to environmental conditions. Sugarcane
vinasse is a highly acid substrate, and the butyrate-type
fermentation is naturally favored by its composition (Fuess
etal. 2020). On the other hand, Li et al. (2009a, b) reported
that ethanol-type fermentation is favored when there are high
concentrations of acetic acid and ethanol. Chen et al. (2015)
also detected the ethanol-type fermentation in the ORP value
of —120 mV and the pH lower than 5. In the present study,
during phase II, acetic acid and small amounts of ethanol
were also detected. It suggests the occurrence of butyric
acid type fermentation (which may have been converted to
acetate by SRBs) from the transition of phase I to phase II,
with the ethanol type fermentation also taking place in the
latter, even with the differences in the pH and ORP values
reported in the few studies found in the literature, which
reinforces the need for further research on this topic.

Although high content of malic and succinic acids
was present in the fed substrates, no information regard-
ing specific ORP values and their relationship with those
acid-degradation metabolic pathways were found, but it is
known they are propionate precursors in the AD process, as
well as lactic acid (Scharer and Moo-young 1979). In phase
IT (Fig. 3a), with the stabilization of methanogenesis, the
metabolic pathway of the lactate may have been shifted to
form propionic acid, since this compound was detected and
consumed in sequence, at the same time that CH, production
increased. This situation can occur since the degradation
of propionic acid is known to be the limiting factor in the
CH, production phase under thermophilic conditions (Ferraz
Janior et al. 2016). The ORP was close to —280 mV (begin-
ning of phase II) and pH of 7.5, in agreement with the ORP
data proposed by Wang et al. (2006) for this metabolic route,
except for the pH (values reported close to 5.5). The main
acid precursor of CH,, acetate, was detected up to 90 days

of operation (ORP of —600mV), in parallel to the propion-
ate appearance, when methanogenesis started to stabilize
(Fig. 2a). The slight delay in propionate consumption after
acetate uptake occurred as the former is the last OA to sta-
bilize due to its slow degradation rate (Wiegant et al. 1986)

Lactate formation was also observed in phase VII
(Fig. 2a), indicating that lactic acid bacteria (LAB) was
established in the microbial consortia of the s-CSTR. Fuess
et al. (2018) also reported that this bacteria group played a
role in the microbial dynamics of vinasse-fed acidogenic
systems by providing an alternative carbon source for both
H,-producing (butyric acid and H, production) and non-
H,-producing (propionic and acetic acids production) routes.
With the organic overload of phase VIII, the lactate to pro-
pionate route may have prevailed and the methanogenic
Archaea were not able to consume the latter acid, leading
the reactor to collapse with a significant drop in the CH,
production and removal organic matter efficiency (Fig. 1). It
is worth mentioning that the increase of some carbohydrates
(e.g., fructose and glucose) was also observed in phase VIII,
which suggests that the acidogenic step was also affected by
the organic overload.

In phase II, concentrations of propionic acid can be
observed in the range of 1500 mg L' which is an inhibi-
tory concentration for AD (Wang et al. 2009; Franke-Whittle
et al. 2014). However, it did not inhibit the production of
CH, (Fig. 1), which can be explained by the fact that dif-
ferent systems have their tolerance levels for OA due to the
specific development and adaptation of the different micro-
organisms in the consortia to the different reactor conditions
(Angelidaki et al. 1993). The decrease and stabilization of
propionate concentrations along the reactor operation was
a result of this self-regulation of the anaerobic microbial
consortium, avoiding the inhibition process by such acid
accumulation. The stabilization of ORP values lower than
the favorable one for propionic type fermentation (—278
mYV) (Ren et al. 2007) also confirmed the minimization of
this route.

A simplified thermodynamic analysis of the identified
Eq. 1 showed that there was no accumulation of propionic
acid in the reactor, due to its conversion to acetic acid being
favorable.

CHCH,COO_ +3H,0 — CH;COO_ + H* + HCO; + 3H,
AG® = —85.6Kjmol™"
Propionateconversiontoacetate

(1)

Zhao et al. (2018) showed that the higher temperature
(thermophilic process) had positive effects on propionate
acetogenesis, favoring its conversion to acetate. In addition,
the literature shows that propionic acid degradation is bet-
ter in systems with low H, pressure and the concentration
is kept low by H, consuming methanogens (Wiegant et al.
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1986). Hydrogenotrophic methanogens have been identified
in the microbial consortium (Fig. 7) that may have contrib-
uted to the consumption of H, and also favored the degrada-
tion of propionic acid when the methanogenesis stabilized
(close to 90 days).

In phase V, the low concentration of OA remained practi-
cally stable, with no major increases in OA up to phase VI.
In both phases, the reactor presented constant stabilization
of CH, production and removal of organic matter (Fig. 1). It
confirms that the AD biochemical routes were self-regulated
with the synergisms between acidogenesis and methanogen-
esis established.

Degradation routes: alkalinity indications

The alkalinity of the reactor (Fig. 4) was in accordance with
the behavior of pH, ORP, and OA variables (Figs. 2 and 3).
Apart from the carbonate/bicarbonate system, the protonated
forms of Volatile Fatty Acids (VFA) help to maintain the
total alkalinity of anaerobic reactors, in which the interme-
diate alkalinity is caused by the ionized forms of VFA. The
predominance of acidogenesis in the first 40 days of opera-
tion resulted in the low alkalinity values caused by the accu-
mulation of VFA which is directly linked to the destruction
of AD buffering capacity (Martin-Gonzilez et al. 2013). In
this period, the intermediate alkalinity/partial alkalinity (IA/
PA) ratio remained between 1 and 2, much higher than the
ideal value of 0.3, an indicator of the stability of AD pro-
cess (Ripley et al. 1986). The gradual decrease in the IA/PA
ratio close to 0.3 occurred over 90 days, coinciding with the
consumption of the VFAs (Fig. 3a) and, thus, indicating the
establishment of the self-controlled AD process. It is worth
mentioning that alkalinizing were added only in the first
days of phase I, and were no longer needed in the following
phases, indicating that the deacetylation liquor as co-sub-
strate provided the necessary alkalinity for the AD system.
Fuess et al. (2017a) showed that NaHCO; is an alkaliniz-
ing used in AD processes, and is relatively expensive (USD
0.92 kg™ ') compared to the NaOH cost (USD 0.53 kg™);
therefore, the use of deacetylation liquor can further reduce
costs. The suppression of alkalinizing use may represent an
economic advantage for reactor operations, which could be
decisive for the implementation of the AD technology.

Relation of PCA and metabolic routes

According to Fig. 5, approximately 40% of the correlations
can be explained by the PCA. The results showed that with
the increase in OLR there was also an increase in CH, pro-
duction and consequently greater organic matter removal.
These variables form a group and have an inverse relation-
ship to the metabolites of lactic acid, methanol, ethanol,
succinic acid, which makes sense, since the butyric-type
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fermentation can happen together with ethanol-type fer-
mentation, in the acidogenic phase (Li et al. (2009a, b)). In
addition, lactic acid and butyric acid are precursors of propi-
onic acid, also in the acidogenic phase (Krzysztof Ziemiriski
2012).

The graph (Fig. 5) showed that the pH of the system, to
favor CH, production, needs to be closer to neutrality, since
CH,, production is more related to partial alkalinity (5.75
<pH <8) than to intermediate alkalinity (4.3 <pH <5.75). In
addition, intermediate alkalinity is indirectly related to pH,
considering that low pH (4.3 <pH <5.75) is associated with
reduced end-products such as lactate and solvents (ethanol,
butanol, and acetone) (Ferraz Junior et al. 2020).

Through the analysis of PCA, it was also observed that as
the concentration of OA (such as malic, acetic, propionic,
formic acids) decreases, organic matter removal increases
and consequently increases the production of CHy. This
behavior is consistent with the results since these acids are
precursors of the phases of acidogenesis and acetoclastic
methanogenesis (Vanwonterghem et al. 2015).

Microbial community characterization

Both samples came from anaerobic reactors for CH, produc-
tion, being sample 1 (seed sludge) from a mesophilic process
and sample 2 (s-CSTR sludge) from a thermophilic process.
This temperature difference may have caused a selection of
microorganisms, justifying these differences in the number
of species and richness (Fig. 6). In addition, operational
and substrate differences may have led to CH, production
by different metabolic routes, selecting different microor-
ganisms in both samples. Another reason that may explain
this difference is that the microbial community in sample 2
comes from a reactor stabilized in the CH, operation, with
the “selected” microorganisms.

Figure 6¢ shows the Shannon index, with values for both
samples below 4.0, which potentially indicates a greater
specificity of the microorganisms. Larger microbial diversity
in anaerobic digesters is reported when this index is higher
than 5.0 (Moraes et al. 2019). Even though both were below
5.0, sample 2 still presented a lower value, which indicates
that the microbial community was even more specific and
reinforces the idea that these microorganisms were acting on
different metabolic routes.

In both samples, the relative abundance of the phylum
Firmicutes was the highest, which is a common characteris-
tic of the microbial community that makes up the anaerobic
sludge (Fig. 7a) (Chen et al. 2016; Wu et al. 2020). Bac-
teria from the phylum Firmicutes are the main ones that
produce cellulolytic enzymes within thermophilic AD. This
phylum also contains acetogenic bacteria that degrade OA
to produce acetic acid (Yu et al. 2018). The presence of the
phylum Firmicutes may also be related to lignocellulosic
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residues as substrate (deacetylation liquor and filter cake in
this work), as reported by Yu et al. (2018) using rice straw
in the thermophilic AD process. A decrease in the relative
abundance of the phylum Synergistes and Tenericutes from
sample 1 to sample 2 and an increase in the phylum Ther-
motogae in sample 2 were also observed (Fig. 7a). The phy-
lum Thermotogae is the predominant one in thermophilic
processes (Wang et al. 2018) and it has often been reported
in thermophilic digesters treating organic wastes such as
swine slurry, market biowaste, and food wastewater (Kim
etal. 2018).

The Phylum Proteobacteria (~0.2%) is related to the deg-
radation of lignocellulose in the hydrolysis phase (Yu et al.
2018; Wu et al. 2020), and this phylum was observed only in
sample 2. The appearance of this phylum, even in small rela-
tive abundance (probably because the deacetylation liquor
and filter cake were the co-substrate in minor proportions),
indicates how the microbial population changed with the
presence of different substrates for the CH, production.

The detected groups of methanogenic Archaea belong
to the phylum Euryacheota (Wu et al. 2020) (Fig. 8a).
The sample 2 presented different genera of methanogenic
Archaea comparatively to sample 1: (~90%) Methanocul-
leus and (~10%) Methanothermobacter in sample 2, while in
sample 1 the predominant was Methanobacterium (Fig. 8b).
This difference in methanogenic Archaea between the sam-
ples confirms the change in the microbial community from
one condition to another. Both microorganisms from the
aforementioned genus from sample 2 are hydrogenotrophic
methanogen, using mainly H, and CO, for conversion to
CH, (Krzysztof Zieminski 2012). Although Methanobacte-
rium (predominant in sample 1) are also hydrogenotrophic
methanogen, the literature shows that they appear mainly in
mesophilic temperatures (30-35°C), which may explain the
change in the hydrogenotrophic community through tem-
perature change: in sample 1, the seed inoculum was meso-
philic and, in sample 2, the microbial community worked at
thermophilic temperature (Lin et al. 2018). Tian et al. (2015)
carried out an analysis of the change from the mesophilic
to thermophilic microbial community and the predominant
methanogenic Archaea in the thermophilic process were
Methanoculleus and Methanothermobacter, as in the present
work. It is possible to infer that microorganisms preferred
the metabolic route of CH, production from hydrogeno-
trophic methanogenesis in the anaerobic digestion of resi-
dues from the sugarcane industry, since hydrogenotrophic
methanogens were detected in both samples.

The dominant methanogenic Archaea in sample 2
(Methanoculleus genus) have been reported to be predomi-
nant in the biogas production of mesophilic reactors with
syntrophic acetate oxidation (SAO) coupled with hydrog-
enotrophic methanogenesis (Schniirer et al. 1999). On
the other hand, Hattori (2008) reported that SAO coupled

with hydrogenotrophic methanogenesis can also occur at
elevated temperatures, and it was confirmed by analyses in
thermophilic digesters. Thus, our results indicate that CH,
was mainly produced from CO, reduction with H, in the
s-CSTR, which implies the syntrophic oxidation of acetate
coupled to hydrogenotrophic methanogenesis.

Syntrophaceticus and Tepidanaerobacter are known as
SAO microorganisms which can also be coupled to hydrog-
enotrophic methanogenesis (Kim et al. 2018). Their presence
in sample 2 (~0.75% and ~0.5%, respectively) confirmed
the possibility of methanogenesis occurring from acetate
via CO, reduction with H,, and these microorganisms
were involved in acetate catabolism. The SAO coupled to
the hydrogenotrophic methanogenesis metabolic route was
observed in AD processes from residues with high protein
and ammonium contents such as chicken manure, but also
in reactors with Jatropha press cake as substrate (Zigan-
shin et al. 2013), which have lignocellulosic characteristics
such as the filter cake, i.e., a co-substrate used in the present
work.

The predominance of the genus Defluviitoga (~35%),
belonging to the phylum Thermotogae, was also observed
in sample 2. Defluvitoga genus is reported to be dominant
in the degradation of organic materials in CSTRs or thermo-
philic bioelectrochemical reactors (Guo et al. 2014). Some
members of the aforementioned genus can also metabolize
sugars to generate H, and OA in the hydrolysis phase of AD.
This suggests that these microorganisms may also interact
with hydrogenotrophic methanogenic Archaea (Kim et al.
2018).

A relative abundance of the genus Ruminoclostridium
(~3%), belonging to Firmicutes phylum, was also observed
in sample 2, while it was not detected in sample 1. Some
species of the Ruminoclostridium genus are characterized
by having acetate as their final product of sugar metabolism.
They are known to metabolize materials with high concen-
trations of cellulose due to the high production of cellulolytic
enzymes (Badalato et al. 2017). Peng et al. (2014) showed
that bacteria of the Ruminoclostridium genus improved the
efficiency of CH, production using lignocellulosic residues,
such as wheat straw as substrate. The presence of this group
of microorganisms in sample 2 indicates they were acting in
the hydrolysis phase of cellulosic and lignocellulosic resi-
dues used in the co-digestion, thus explaining the reason for
their absence in the seed sludge (sample 1).

It is worth mentioning that the molecular biological anal-
ysis was performed only at phase VII (OLR 4.80 gy I
day™!) when the thermophilic methanogenesis was already
established with stability, which is difficult to relate to the
different transition metabolic routes mentioned in Sec-
tion “Degradation routes: OA, Carbohydrate and Alcohol
indications” about the fermentation of butyric, lactic and
propionic acids. Detman et al. (2018) reported that lactic
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acid is oxidized to acetate via acetotrophic methanogenesis,
and the main methanogen was Methanosarcina. This genus
was found in a small amount in sample 2 (~0.3%) (Fig. 8b).
However, our results indicated the predominance of the SAO
route, with hydrogenotrophic methanogenic organisms (sam-
ple 2), implying the possibility that in phases I and II of
the reactor operation, there was a presence of acetotrophic
microbial communities and SRB (such as Desulfobulbus)
(Section “Degradation routes: OA, Carbohydrate and Alco-
hol indications™), which have lactate utilization genes (Det-
man et al. 2018), but in phase VII there has already been a
change in the microbial community due to methanogenesis
stability.

The co-AD in the s-CSTR proved to be a suitable alter-
native for energy recovery from the 2G ethanol production
waste coupled to the residues from the 1G process. The reac-
tor operation was eftective for providing process parameters
for continuous waste treatment and CH,, production, enabling
us to forecast the maximization of residue use within their
specific availabilities in the 1G2G sugarcane biorefineries.
The upper limit of the OLR applied without collapsing the
reactor was 4.80 gys L™! day™!, maintaining the efficiency
of the reactor and the stability of CH, production, although
being 59% lower than the maximum CH, yield obtained at
alower OLR. These findings can guide practical operations
in a biorefinery according to their current demand for energy
production or maximizing waste treatment, changing the
OLR applied to the reactor based on basic empirical science.
The composition of substrates played a role in establishing
the predominant metabolic routes into the s-CSTR: lactate
and butyrate degradation pathways seemed to mostly occur
due to the high content of such acids in vinasse and dea-
cetylation liquor. The liquor composition also contributed
to keeping the reactor buffer capacity as its alkaline char-
acteristics favored the lower addition of alkalinizing along
with the operation: it could result in cost reductions on an
industrial scale as such co-substrate could partial or totally
replace the alkalizer demand. The change in the micro-
bial community from the seed sludge and from the reactor
sludge when CH, production stabilized confirmed that the
substrates composition and the operational conditions sig-
nificantly affect the metabolic pathways for CH, production.
The molecular biological analysis results proved the feasibil-
ity of the establishment of thermophilic methanogenic com-
munity (~26% Thermotogae) from the mesophilic sludge.
The specific substrates and reactor conditions directed the
co-AD process, selecting new community structures in a way
that some members of the community increased while others
decreased their abundance relatives.
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HIGHLIGHTS

© Bioenergy production from sugarcane-derived residue co-digestion was assessed.

e Year-round operation of AD plants would offset limited 1G vinasse availability.
 Co-digestion provided over 400%-increase in bioenergy production (22.3 vs. 5.0 MW).

o Electricity (36 MW) and bioCH, (12.65 x 10° m®) could be efficiently co-produced.

o Improved energy production from sugarcane depends on more efficient 2G technologies.

ARTICLEINFO ABSTRACT

Keywords: The energy potential of residue-derived biogas via electricity and biomethane production was assessed in an

Sugarcane biorefinery integrated 1G2G sugarcane biorefinery concept. The mono-di ion of 1G: (1G-VN) was 1 with

Residue mamgement different co-digestion systems, namely, 1G-VN + filter cake (FC) + deacetylation liquor (DL) in the season and

3;‘::::;‘; ;::ii‘f:.::n FC + DL in the off-season. Gross energy output values and the resulting sugarcane use efficiency were also

Sugarcane use efficiency assessed in different biorefinery schemes. Electricity production from 1G to VN (5.0 MW) could be increased by
over 400% through its co-digestion with FC and DL (22.3 MW). Alternatively, biomethane could fully supply the
diesel-powered fleet (1.8 x 10° Nm® month ') of a sugarcane plant processing 10 million tons of sugarcane per
harvest, and the surplus biogas could flexibly provide 36 MW of extra electricity. Biomethane could enhance the
energy output of 1G2G sugarcane biorefineries by 15%. However, 2G processes still require marked improve-
ments to maximize energy production from sugarcane.

1. Introduction enhancing methane (CH,) production (Hagos et al., 2017).

The application of AD within the sugarcane biorefinery context is a

Biogas production through the anaerobic digestion (AD) of organic
wastes, in particular the ones from agro-industrial activities, is very
promising for the bioeconomy and bioenergy, because a wide range of
applications, such as heat and power generation, may be exploited
(Awosusi et al., 2020). Within this context, anaerobic co-digestion
emerged to improve biogas production. Co-digestion is characterized
by the AD of two or more substrates, which is an option to both over-
come disadvantages of mono-digestion, mainly concerning the balance
of nutrients, and improve the economic viability of AD plants by

well-documented approach, based on the application of first generation
vinasse (1G-VN)-derived CHy4 in combustion engines to generate elec-
tricity and thermal energy (Fuess et al, 2018; Moraes et al., 2014).
Despite the great effort directed to the management of 1G-VN, addi-
tional residual streams resulting from sugarcane processing still require
proper destination, which could be attained within the AD context tar-
geting enhanced bioenergy production. Both the first (1G) and second
(2G) generation approaches may be potentially exploited in this regard
(Christofoletti et al., 2013; Ferraz Jr. et al., 2016; Moraes et al., 2015b),
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in order to address historical gaps regarding the energetic use of residues
in sugarcane processing plants.

Considering 1G processing chains, filter cake (FC) is another relevant
residue potentially used in AD. FC is generated in the steps of juice
clarification and filtration (Gonzalez et al., 2017), comprising a nutrient-
rich residue, mainly in terms of calcium, nitrogen, phosphorus, mag-
nesium, iron, manganese, and zinc (Janke et al., 2015, (Janke et al.,
2016a)). Although the fibrous nature of FClimits its direct AD (Gonzalez
etal., 2017), it may be used to nutritionally supplement 1G-VN to obtain
stable AD systems, as 1G-VN alone still presents some unregulated levels
of micro and macronutrients that can impair methanogenesis (Moraes
etal., 2015a). For instance, Gonzalez et al. (2017) reported on beneficial
impacts of the co-digestion of 1G-VN and FC in batch- and CSTR-based
experiments. Blending 1G-VN with FC (50:50% on a chemical oxygen
demand - COD - basis) increased CH4 production by 13% relative to the
mono-digestion of FC in batch systems. A 64%-increase in CH4 evolution
was further obtained in continuous experiments, considering a 1G-VN:
FC proportion of 75:25 (%).

Regarding 2G processes, field experiences are still little, because
specific aspects (e.g. the use of enzymes in pretreatment and hydrolysis
steps) still require defining cost-effective approaches. This naturally
limits studying the use of 2G residues within the AD context in com-
parison with 1G-based scenarios. Deacetylation liquor (DL), which re-
sults from the pretreatment of sugarcane trash, comprises an
unexploited 2G residual stream recently used as a substrate in AD (Volpi
etal., 2021a). The co-digestion of DL, FC, and 1G-VN has been pointed
out as an efficient approach to improve CHs production from 1G to VN
(Volpi et al., 2021a). Experiment-based studies are imperative to show
the technical suitability of AD within the sugarcane biorefinery context,
indicating the most efficient directions to achieve integrated manage-
ment of residual streams in 1G2G plants. However, a broad assessment
of AD requires more than lab-scale investigations, also demanding
proper energetic investigations to guide the most efficient pathways to
exploit such residual streams, which enables to quantify potential uses of
the bioenergy recovered.

The energetic assessment of AD in sugarcane biorefineries has been
massively assessed in recent years in the case of 1G-VN. Approaches for
the energetic exploitation of 1G-VN-derived biogas are many, usually
focusing on the cogeneration of electricity and heat (Fuess et al., 2018).
Moraes et al. (2014) assessed the application of 1G-VN-derived biogas in
boilers for the cogeneration of energy, indicating that 12% of the energy
produced from bagasse buming could be replaced by that obtained from
biogas. These authors highlighted the possibility to release bagasse from
boilers to 2G ethanol production, integrating a 1G2G sugarcane bio-
refinery with increased ethanol yield and enhanced bioenergy recovery
from residues and by-products.

Concurrently to electricity generation, biomethane (bioCHs) pro-
duction is a strategy to maximize the energetic exploitation of biogas in
sugarcane processing plants (Junqueira et al., 2016; Fuess and Zaiat,
2018). BioCHy is the biofuel obtained from biogas purification (CHg4
fraction > 90%), which gives biogas heating value and composition
equivalent to those of natural gas. A 16%-increase in natural gas con-
sumption is expected by the European Union by 2030, which reinforces
the importance of evaluating the contribution of bioCHy as a potential
complement/ substitute to natural gas (Bordelanne et al., 2011).
Because bioCHy directly replaces natural gas, no modifications in in-
stallations and equipment are required, which allows its prompt use in
automobiles and trucks. The potential production of bioCH, within the
sugarcane biorefinery context was also assessed exclusively for 1G-VN-
fed AD plants (Junqueira et al., 2016; Fuess and Zaiat, 2018), with re-
sults highlighting economic advantages over electricity production. The
replacement of diesel is a key factor to minimize economic and primarily
environmental costs in sugarcane processing.

Practical experiences and scenarization-based results on the appli-
cation of AD to exploit sugarcane-derived substrates reveal numerous
energetic and environmental gains. However, research on the case of
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residue co-digestion is still required, mainly when considering the future
implementation of 1G2G processing plants. While some experimental
studies on the co-digestion of sugarcane-derived residues have already
been presented (Adarme et al., 2019; Gonzalez et al., 2017), preliminary
energetic assessments of this approach are required to simultaneously
indicate the potential full-scale energetic potential of AD, with emphasis
on 2G residues. This study aimed to assess the energetic potential of the
biogas produced in the co-digestion of residues from 1G2G sugarcane
processing chains. The proposed scenarios innovate by including trash-
derived DL as a potential substrate for biodigestion in integrated 1G2G
schemes, providing details on the production of both electricity and
bioCHj as strategies to exploit biogas streams in sugarcane biorefineries.
A detailed study of the efficiency associated with the energy use of
sugarcane was also presented, from which energetic bottle necks and
prospects for the sucro-energetic industry were discussed.

2. Material and methods
2.1. 1G2G sugarcane biorefinery

Scenarization studies were based on a medium-to-large size inte-
grated 1G2G ethanol-producing plant with a processing capacity of 4 x
10° tons of sugarcane (TC) per season (232 d) and the excess trash and
bagasse in the off-season (133 d) (Junqueira et al., 2016). Hence, the
considered biorefinery operates as a 1G-scheme in the season and a 2G-
scheme in the off-season. The entire volume of 1G-VN produced in the
season would be biodigested. The mass flow of FC directed to co-
digestion was calculated based on a 20%-fraction of volatile solids
(VS), following previous experimental results (Section 2.2). A similar
approach was used to define the flow of DL, in which 10% of the VS
content co-digested was considered. For the off-season, the entire vol-
ume of 2G-VN was considered to be biodigested in a separate scenario, i.
e., mono-digestion. Compositional and AD-related performance data
regarding 2G-VN were obtained from the literature (Rodriguez et al.,
2019), i.e., no previous AD-based experiments were conducted. Fig. 1
presents the flowchart of the integrated 1G2G sugarcane biorefinery
assessed, whilst Table 1 details input data used in calculations.

2.2. Performance data for co-digestion

Input data for the energy potential evaluation were obtained from
experimental results in bench-scale semi-continuous CSTR system pro-
cessing VN, FC (both from 1G ethanol production), and DL (from 2G
ethanol production), following two co-digestion approaches (Volpi
et al., 2021b). First, the three residues were co-digested in a VS-based
proportion of 70:20:10 (VN:FC:DL; %), which was defined according
to residue availability. In the second approach, only FC (50%) and DL
(50%) were blended. Data regarding the mono-digestion of 1G-VN were
also obtained elsewhere ()(Volpi et al, 2021a), considering experi-
mental results. COD values in 1G-VN and DL were 28,660 and 32,920
mg L', respectively, whilst VS concentrations were 0.018 gL (1G-VN),
0.103 gL (DL), and 0.192 gkg ! (FC). Performance data regarding AD
systems are summarized in Table 2.

2.3. Energetic assessment methodology

Three scenarios based on experimental results (Section 2.2) were
considered for assessing the energy potential of biodigestion within the
integrated 1G2G sugarcane biorefinery context: mono-digestion of 1G-
VN in the season (base scenario); co-digestion of 1G-VN, FC, and DL in
the season (scenario a); and, co-digestion of FC and DL in the off-season
(scenario b). Because experiments with 2G-VN were not carried out due
to substrate unavailability in the sugarcane mill, the mono-digestion of
2G-VN in the off-season (scenario ¢) was based on theoretical data. In all
cases, calculations were based on single-stage AD, i.e., no phase-
separation (which includes substrate hydrolysis/fermentation in a
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Fig. 1. Flowchart of the integrated 1G2G sugarcane biorefinery highlighting the residual streams and the proposed scenarios for the energetic assessment in mono/

co-digestion plant.

Table 1
Main input data describing the integrated 1G2G biorefinery and material flows
for the energetic assessment.

Table 2
Experimental (1G-VN, FC, DL) and estimated (2G-VN) performance data for the
mono- and co-digestion processes considered in the energetic assessment.

Input Data Values References Input Data Values
Integrated sugarcane biorefinery (1G2G) VS removal efficiency (%) 80.0
Sugarcane milling capacity- 4% 10° Junqueir L. (2016) Reactor volumetric flow rate of 1G-VN (m® d') - base-scenario® 9187.5
season (TC) Reactor mass flow rate (1G-VN + FC + DL) (kg d'Y - scenario a° 13125
Bagasse generation (kg TCchH 276 Reactor mass flow rate (FC + DL) (kg d™) - scenario b* 3937.5
Straw generation (kg ™" 140 CHj yield (NL-CH4 gVS") — base-scenario® 0.232
Season period (d) 232 = CHs yield (NL-CH; gVS™) - scenario a” 0.233
Off-season period (d) 133 - CH, yield (NL-CH, gVS™) - scenario b* 0.395
1G-ethanol production (L TC™) 85.4 Junqueir CH, yield (NL-CH,4 gCOD™) - scenario ¢ 0.133
2G-ethanol production (L TC™h 22.1 Junqueira et al CH calorific value (MJ Nm™CH.) 35.8
1G-VN total production (season; 341.6 x 10* Adapted from Ro VS concentration (1G-VN) (g L") - base-scenario® 18.2
m¥) (2019) VS concentration (1G-VN + FC + DL) (g L) - scenario a® 57.55
FC total production (season; kg) ® 120 x 10° Adapted from Janke et al VS concentration (FC + DL) (g LY - scenario b* 18.4
(2016b) COD of 2G-VN (kg m ™) - scenario ¢! 92.30
DL total production (season; m%) ¢ 2.5 x 10° Adapted from Brenelli et al 7 s S 3 2
(2020) Notes: *Data obtained experimentally from (Volpi et al., 20212) ®Data obtainded
2G-VN total production (off- 476.24 % Adapted from Rodriguez et al experimentally (Volpi et al., 2021b) considering that 70% of vinasse VS were
season; m°) ¢ 10° (2019) added to the reactor, 20% of VS of FC and 10% of VS of DL, “Estimated

Material flow rates for mono/co-digestion

1G-VN volumetric flow rate (m® 9187.5 Fuess et al. (2017)
dhe

FC mass flow rate (kg d'!) ¢ 2625 Experimental data

DL volumetric flow rate (m®>d™) ® 1312.5 Experimental data

2G-VN volumetric flow rate (m® 3580.8 Adapted from Rod:
dh¢ (2019)

Notes: *Considering the specific generation of 1G-VN of 10 L L ethanol ,
bConsidering the specific FC generation of 30 kg TC, “Considering the specific
DL generation of 4.47 L kg 'straw, “Considering the specific generation of 2G-VN
of 149.20 m*® h™!, “Considering 20% of VS of FC and 10% of VS of DL

considering the COD of 2G-VN equivalent to 92.30 kg m 2, “Data from Rodri-

guez et al. (2019).

separate processing unit prior to methanogenesis) was considered.
Hence, CH,rich biogas was the only product resulting from residue
conversion. Fig. 1 also presents details of scenario description.

Power generation (MJ d!) from CH,4 production was calculated ac-
cording to Eq. (1) adapted from Moraes et al. (2014), in which CPchg is
the calorific power of CH; (MJ Nm™CH,), Feo.4p is the material flow rate
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applied to mono/co-digestion systems (kg d”! or m® d™!), ERys is the
removal efficiency of VS, VSco.ap is the amount of VS available for
biodigestion (kgVS kg™' or kgVs m 3) and Ycus is the CH, yield
(Nm>CH, kgvs™).

P = CPcuy x Feo_ap X ERys x VS _ap X Yemy (¢D)]

Power generation values calculated from Eq. (1) were further used to
estimate the production of both electricity (in internal combustion en-
gine — ICE — sets) and bioCHs (as an alternative vehicle fuel). Regarding
electricity generation, a stationary ICE with an electric conversion effi-
ciency of 38% (Caterpillar, Inc., model DM 5234, 50 Hz, 1500 rpm, 400
V; Peoria, IL, USA) was considered, as reported elsewhere (Moraes et al.,
2014). In this case, a relatively conservative approach was selected to
offset eventual uncertainties in full-scale biogas production/conversion.

BioCH4 production was estimated considering a 2%-loss of CH4
during biogas upgrading, reflecting the worst scenario within the range
(1-2%) usually observed in upgrading technologies (Munoz et al.,
2015). BioCH4 production and the corresponding energy production
(MW) were calculated for all scenarios. The energetic reach of bioCHg4
production was compared with the capability to replace diesel in heavy
trucks (rodotrens), representing the highest demand potentially
observed for bioCH, in biorefineries. Assuming that bioCH4 could ach-
ieve the minimum CH, content (96.5%) required by the National Agency
for Petroleum, Natural Gas and Biofuels (ANP) to efficiently function as
a fuel (Leme and Seabra, 2017), an autonomy of 1.6 km m3 was
assumed (Ornelas-Ferreira et al., 2020).

2.4. Conversion efficiency evaluation: Energy indicators

The energetic reach of the bioenergy potentially produced from
biogas (considering both electricity and bioCH,) was assessed through
applying two indicators, namely, the gross energy output (GEO) and the
sugarcane use efficiency (SUE). GEO (MJ TC'; Eq. (2)) is the sum of all
energy outputs (ethanol and electricity/thermal energy or bioCHg4)
extracted from sugarcane within a given processing chain, whilst SUE
(dimensionless; Eq. (3)) measures the energy recovery efficiency asso-
ciated with the conversion of sugarcane. This combined approach offsets
limitations in the calculation of energy balances for 2G-based processes,
because the availability of energy inputs largely vary according to pro-
cess specificities, such as the type of pretreatment applied to obtain
fermentable sugars and the level of integration used to manage thermal
energy within the plant. In Eq. (2) and (3) the terms Pyc-eoH, P26-Et0H,
CPeoH, Elbagasses PcHas CPcHa, 1) and SEC are, respectively, the produc-
tion of 1G (85.4 LTC™; Table 1) and 2G (22.1 L TC'; Table 1) ethanol,
the calorific power of ethanol (21.4 MJ L'; Manochio et al., 2017), the
thermoelectricity produced from bagasse (46.2 kwWh TG or 166.32 MJ
TC'; Moraes et al., 2014), the production of CH following the energetic
scenarios described in Section 2.3 (Nm®CH4 TC™), the calorific power of
CH, (35.8 MJ Nm>CHy; Table 2), the energetic efficiency of the biogas
application (dimensionless), and the sugarcane energy content (1.72 x
10° keal TC! or 7188 MJ TC; Moreira et al., 2019). Values for N were
assumed as follows: [i] 0.38 considering a conservative electricity gen-
eration (as described in Section 2.3); [ii] 0.43 considering an optimistic
electricity generation (ICE model J620 GS-F12, GE JenbacherGmbH &
Co. OHG, Jenbach, Austria); and, [iii] 0.98 for bioCH,; production,
considering a 2%-loss in the upgrading step (Munoz et al., 2015). In the
particular case of optimistic electricity production, thermal energy re-
covery from exhaust gas was also included, using an efficiency factor of
0.515. Hence, the global conversion efficiency reached 0.945 in this
case, which includes both electric and thermal energy.

GEO = Pig_rion X CPgion + Pag-gon X CPrion + Elbagasse +Pcns x CPeps
xn

(2)
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GEO
SUE = SEC 3)
The GEO and the associated SUE were assessed in four reference
biorefinery schemes (BS1-BS4), as described in Table 3. For each bio-
refinery scheme the production of electricity (conservative and opti-
mistic) or bioCH, from biogas was considered, totaling 12 calculation
responses. The nomenclatures “el-cons”, “el-opt” and “bioCH,” further
associated to each scheme (Section 3.3) refer to the production of
electricity (conservative and optimistic approaches) and bioCHs,

respectively.

3. Results and discussion
3.1. Electricity production potential

Details of CH4 production and the potential electric power in all four
scenarios assessed are presented in Table 4. CHy production during the
season for co-digestion (32.67 x 10° Nm>CHyg; scenario a) was consid-
erably higher than that obtained in the off-season (scenarios b and c,
totaling 7.71 x 10° Nm>CH,), because of the large contribution of 1G-
VN in association with the enhancement of the biological process pro-
vided by the co-substrates: the mono-digestion of 1G-VN (7.27 x 10°
Nm®CH,; base scenario) resulted in lower CH, production compared
with the total amount for the off-season. Consequently, the total pro-
duction of electricity in scenario a was proportionally higher than that of
scenarios b and ¢, i.e., 30.85 vs. 7.27 kWh TG (Table 4). The association
of proposed scenarios (a + b or a + b + ¢), compared to the base one,
highlight the possibility to maintain both the anaerobic system and the
biogas-derived energy production year-round, which may eliminate
periods of re-startup by continuously maintaining active microbial
communities. The maintenance of 1G-VN-fed reactors during the off-
season has been pointed as one of the imperative factors to achieve
efficient full-scale AD-derived energy generation in sugarcane bio-
refineries (Janke et al., 2016a; Santana Jr. et al., 2019). Because highly-
efficient energy-generating systems depend on high biogas (CH,) flow-
rates, re-startup periods will directly decrease the energetic exploitation
of 1G-VN by requiring the application of lower organic loading rates as a
strategy to prevent system acidification. Therefore, co-digestion systems
may be the most immediate approach to eliminate the forced interrup-
tion of anaerobic systems due to substrate unavailability.

Although only FC and DL were used experimentally in the co-
digestion reactor, considering the off-season, 2G-VN could also be
used as co-substrate in that system. Scenario ¢ revealed that the mono-
digestion of 2G-VN could provide a 35% higher electricity production
per ton of sugarcane in the off-season compared to scenario b, i.e., the

Table 3
Biorefinery schemes used to assess the GEO and the SUE in diversified sugarcane
processing chains.

Biorefinery Description Reference scenario (

scheme Section 2.3) for biogas

generation

BS1* 1G-biorefinery with AD of 1G-VN Base scenario
(season)

BS2 1G2G-biorefinery with AD of 1G-VN Base scenario (1G-VN) and
(season) and 2G-VN (off-season) scenario ¢ (2G-VN)

BS3 1G2G-biorefinery with co-dig Scenarios a (1G-VN + DL
of 1G-VN, DL and FC (season) and + FC) and b (DL + FC)
co-digestion of DL and FC (off-
season)

BS4 1G2G-biorefinery with co-di Scenarios a (1G-VN + DL

of 1G-VN, DL and FC (season), co-
digestion of DL and FC and AD of
2G-VN (off-season)

+ FC), b (DL + FC) and ¢
(2G-VN)

Note: “Includes the production of (thermos)electricity from bagasse burning in
boilers
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Table 4
CH, production and potential electricity generation in each scenario.
Parameter Base- Scenario a Scenariob  Scenario ¢
scenario
Total CH; production 757 7% 32,67 x 3.05 x 4.66 x 10°
(Nm®CH4)* 10° 10° 10°
Potential power generated 112.32 x 504.05 x 81.91 x 125.48 x
MIdh 10* 10* 10* 10
Installed capacity (MW) 13.10 58.33 9.48 14.52
Electricity production 27.50 x 123.43 x 11.50 x 17.62 x
(kWh) 10° 10° 10° 10°
Electricity production per 6.87 30.85 2.87 4.40
ton of sugarcane (kWh
TCc™h)

Note: “Per period, i.e., season (232 d; base scenario and scenario a) or off-season
(133 d; scenarios b and c).

co-digestion of FC and DL. The values of scenario ¢ are very close to
those experimentally obtained for 1G-VN mono-digestion (base sce-
nario), which indicates that applying 2G-VN as a co-substrate along with
DL and FC may also increase electricity production in a co-digestion
system, because this approach normally enhances the CH,4 yield when
compared to the mono-digestion of substrates (Adarme et al., 2019).
However, experimentations with 2G-VN as co-substrate must be per-
formed to corroborate this indication, because the efficiency of the
biological process is strictly related to the substrate composition and its
specific compounds interaction with the microorganisms: some in-
hibitors and nutrients may be accounted as organic material in the COD
analysis but negatively affect the CHy yield (Moraes et al., 2015b).

Considering the season, the energetic performance of scenario a
exceeded that of the base scenario by over 4-fold, i.e., installed capac-
ities of 58.33 and 13.10 MW (Table 4). This particular result highlights
the potential of co-digestion to markedly increase the energetic reach of
AD in sugarcane biorefineries, in addition to maintaining the year-round
operation through further processing residues (e.g. DL + FC as assessed
in scenario b) during the off-season. Details of this sequential approach
are discussed in Section 3.3. Proper consideration should only be
directed to define adequate reactor configurations, as the higher solid
content in the case of co-digestion (18.2 vs. 57.55 g L''; Table 2) would
limit the use of some high-rate reactor configurations, such as the sludge
blanket (Del Nery et al., 2018; Ferraz Jr. et al., 2016; Santana Junior
et al., 2019) and fixed-film (de Aquino et al., 2017; Fuess et al., 2017)
systems. Overall, high solid content hampers the granulation in sludge
blanket reactors (van Lier et al., 2015), whilst it may trigger clogging-
related operational problems in fixed-film systems (Fuess et al., 2017).
CSTR systems could be suitable options to enable the implementation of
the proposed co-digestion systems in full-scale plants, a technology that
is widely applied in the European biogas plants for a range blend of
residues (Janke et al., 2016a). On the other hand, both “waste to energy”
technologies are not excluding and their complementarity should be
addressed to envisage the integral exploitation of the aforementioned
residues with enhanced energy yield.

In this sense, the entire volume of 1G-VN would be co-digested
during the season in scenario a, whilst FC and DL would be used
following the proportions mentioned in the experimental step of the co-
digestion (Section 2.2). Considering the processing capacity of the plant
(4 x 10° TC per harvest), 120 x 10° kg of FC would be produced in the
entire season. The mass flow rate of FC supplying the co-digestion sys-
tem (2625 kg day '; Table 1) would generate a surplus of 119 x 10° kg
of FC to be used in the off-season and to guarantee co-digestion during
this period. The same occurs with DL, with an annual production of 2.5
x 10° m® (Table 1) and a season-based consumption of only 304,500 m?,
resulting in a surplus of 2.2 x 10° m® to feed the reactor during the off-
season (scenario b). The amount of waste that remains during the sea-
son, even with the co-digestion system, would be very high for both DL
and FC. The storage of the FC for later use would not be a problem,
because it is commonly carried out in sugarcane mills (similarly to
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bagasse storage).

In the case of DL, however, storage may result in a loss of opportunity
for energy recovery and a potential source of environmental impacts due
to its physicochemical characteristic, i.e., a liquid stream with high
biodegradable organic content that could be managed by the AD tech-
nology. For treating only DL, high-rate reactors could be operated in
parallel to the co-digestion system aiming at managing the surplus
volume of that substrate in more compact systems, considering that DL
has potential for CH, production from mono-digestion (Volpi et al.,
2021a). The same could be applied for 2G-VN management, although no
experimental data on CH,4 production potential was performed yet. In
this configuration, the high-rate and the co-digestion technologies
would complement each other to allow the integral use of DL for energy
recovery by the AD process, which may enhance the energy balance of
the biorefinery due to the increment in biogas production. Upflow
anaerobic sludge blanket (UASB) reactors are already known for the
management of vinasse in scale (Del Nery et al., 2018; Santana Jr. et al.,
2019), and since DL is a liquid residue, this could be an alternative for its
use, in addition to co-digestion. Alternatively, a larger proportion of DL
could be added to the feeding of the co-digestion reactor (i.e., >10% in
terms of VS), although investigations must be previously performed to
confirm the technical viability of such hypothesis. 2G-VN could also play
the role of 1G-VN in the off-season in a system co-processing three
substrates, similarly to scenario a.

The electricity obtained through residue co-digestion in the season
(scenario a) could supply a city with roughly 120 x 10° residences,
considering the average consumption of 150 kWh per residence, ac-
cording to the Brazilian National Electric Energy Agency (ANEEL)
(Camilo et al., 2017). The number of residences supplied during the off-
season (scenario b) would be lower (almost 13 x 10°) because 1G-VN
was not considered as a co-substrate in AD. When considering the
mono-digestion of 2G-VN, the increment in electricity production during
the off-season would result in a total supply of 20 x 10° residences. The
energetic potential obtained for both scenarios with 1G-VN (mono or co-
digestion) exceeded previous values reported in the correlate literature,
considering similar scenarization conditions. Moraes et al. (2014) re-
ported an installed capacity of 18 MW for the 1G-VN-derived biogas
produced in an annexed distillery processing 2 x 10° TC per harvest.
Although the reference biorefinery used herein has twice the processing
capacity, i.e., 4 x 10° TC (Table 1), an almost 4-fold higher installed
capacity (58.33 MW; Table 4) was obtained due to considering the co-
digestion of FC and DL in association with 1G-VN. Accordingly, the
monthly electricity production obtained herein (16.09 x 10> Mwh)
would exceed that reported by Moraes et al. (2014) (5 x 10° MWh).
Installed capacity (9.48 MW; Table 4) and the monthly electricity pro-
duction (2.62 x 10> MWh) of the co-digestion plant in the off-season
(scenario b) corresponded to 50% of the performance data reported by
Moraes et al. (2014). In particular, the same type of stationary engine
was considered in the estimates compared herein, based on a conser-
vative approach.

Considering sugarcane biorefineries with equivalent milling capac-
ities (4 x 10° TC per harvest), comparative results may be found else-
where (Fuess et al., 2018; (Junqueira et al., 2016).. Fuess et al. (2018)
reported electric potential values in the range of 6.1-7.5 MW coupled to
the single- and two-phase AD of 1G-VN, also using ICE as the prime
mover. These authors reported electric potential values as high as 10.8
MW when considering combined cycle-based power plants, which
combine gas and steam turbines (Fuess et al., 2018). These values are
approximately 2-3.5-fold lower than the electric power achievable in
scenario a (22.3 MW). The reported values (6.1-7.5 MW) are higher
than the electric potential estimated for the base scenario (5.0 MW)
mainly because of differences in the type of engine considered, i.e.,
conversion efficiency values of 43.0 vs. 38.0%. Fuess et al. (2018) also
considered the operation of the AD plant during the off-season, based on
the biodigestion of 1G-VN derived from energy cane processing. The
electric potential values reported for the combustion engine (2.8-3.8
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MW) were equivalent to that of scenario b (3.6 MW). However, when
considering also the digestion of 2G-VN during the off-season (5.5 MW),
higher electricity potential (9.1 MW) can be found for the present study.

A comparison in specific terms, which considers the amount of
electricity obtained per amount of processed sugarcane, reveals another
marked discrepancy of mono- and co-digestion systems. Moraes et al.
(2014) and Fuess et al. (2018) reported values within the range
8.35-12.97 kwWh TC, whilst the value referring to scenario a reached
30.85 kWh TC! (Table 4), i.e., at least 2.5-fold higher than conventional
1G-VN-based systems.

According to the Brazilian National Supply Company (CONAB), the
production of electricity from bagasse in sugarcane processing plants
accounts for approximately 46.2 kwWh TC, from which 21.1 kWh TC is
consumed within the plant boundaries, generating a surplus of 25.1 kWh
TC! (Moraes et al., 2014). Whereas energy consumption in AD plants is
around 0.11-0.14 kWh TC™! (Fuess et al., 2017), the co-digestion of 1G-
VN, FC and DL could fully supply the plant’s energy demand and still
generate a surplus of 15 kWh TC™ to be sold to the grid (scenario a). In
scenario b, considering only the co-digestion of FC and DL in the off-
season, it is possible to achieve 2.87 kWh TC', whereas the mono-
digestion of 2G-VN provided 4.40 kwh TC, totaling a potential of
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7.27 kWh TC™ for the off-season, i.e., mono-digestion of 2G-VN pro-
vided 60% more energy relative to the co-digestion of FC and DL.

3.2. BioCH, production potential

A second potential application for the residue-derived biogas in the
assessed scenarios included the production of bioCH,, which can be used
toreplace diesel in vehicles and/or supply the gas grid, depending on the
production level. The potential bioCH4 production in each scenario and
the corresponding energy production are depicted in Fig. 2a. Differently
from electricity generation, in which heat losses usually account for over
50% of the available “raw energy”, i.e., the installed capacity of the
biogas plant, the energy potential of bioCH4 production (Fig. 2a) could
reach values as high as the ones estimated for the installed capacity
(Table 4) due to the much lower loss levels (2% in this case). Despite the
lower bioCH,4 production estimated for 2G-VN compared to 1G-VN (4.57
vs. 7.12 x 10° Nm®;Fig. 2a), equivalent energetic potential levels would
be reached (14.2 vs. 12.7 MW; Fig. 2a) because of the lower length of the
off-season period, i.e., 133 vs. 232 d (Table 1). Apart from economic
implications, bioCH; production largely outperforms the energetic
exploitation of biogas compared to electricity generation on a
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conservative basis.

The magnitude of the bioCH4-producing potential of the energetic
scenarios may be assessed by using data from the Sao Martinho mill
(Pradopolis, SP, Brazil), the world's largest sugarcane processing plant
(milling capacity of approximately 10 x 10° TC per harvest). Consid-
ering the average distance traveled by its entire fleet of trucks, i.e.,
87,200 km d”!, and assuming the rodotrem as the reference vehicle (1.6
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km mbioCHy; OrnelasFerreira et al., 2020), the consumption of
bioCH; in the season would reach 12.65 x 10° m® (Fig. 2a). The po-
tential bioCH, production (32.01 x 10° Nm®bioCH; Fig. 2a) obtained in
scenario a, i.e., the co-digestion of 1G-VN, FC, and DL, could easily
supply the fleet, releasing 19.36 x 10° Nm°bioCH, for possibly sup-
plying the natural gas grid. The maximum distance traveled by the fleet
of the reference plant during the harvesting period could be increased by
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over 150% (2.0 vs. 5.1 x 107 kmy; Fig. 2b). It is worth highlighting that
estimates considered the worst scenarios for fuel demand, because the
entire fleet was assumed to be composed of heavy duty trucks. Hence,
higher efficiency levels would certainly be attained by replacing gaso-
line- and ethanol-fueled vehicles.

The considerable amount of surplus CH4 could be also used to pro-
duce electricity, characterizing a highly flexible AD plant. Future
techno-economic assessments should indicate the most feasible layouts
for co-digestion plants, similar to the proposed for the mono-digestion of
1G-VN (Fuess and Zaiat, 2018; Junqueira et al, 2016; Moraes et al.,
2014). BioCH,4 production via co-digestion in the off-season (scenario b)
and through the mono-digestion of both 1G-VN (base-scenario) and 2G
VN (scenario c) could reach, respectively, 2.98 x 10°% 7.13 x 10, and
7.96 x 10° Nm®bioCH, (Fig. 2a). These numbers indicate that base
scenario and scenario ¢ (both for mono-digestion processes of vinasse)
would not meet the fleet’s demand during the season (Fig. 2a-b), once
again reinforcing the energetic relevance for co-digesting VN with other
sugarcane-derived substrates. The installed capacity of the AD plant
considering the production of both bioCH,4 and electricity would be 36
MW (scenario a), also considering the potential conservative power
generation in stationary engines with 38% of conversion efficiency
(Section 2.3). In this case, the electric power (9783 MWh month ')
could supply over 65 x 10° residences.

Considering a scenario in which all the bioCH; produced would
supply the entire fleet of treminhoes or rodotrens (which travel the
distance from the plant to the field), a fleet of almost 700 treminhoes or
520 rodotrens could be fueled, which corresponds to a 2-fold higher fleet
than that indicated by Moraes et al. (2014) for a sugarcane biorefinery
processing 2 x 10° TC per season. Comparatively, the use of the bioCH,
generated in the TMethar system to supply the COMLURB's own fleet of
solid-urban waste collection trucks was assessed elsewhere (Ornelas-
Ferreira et al., 2021). In this case, a potential production of 47,911
Nm®bioCH4 month ! was estimated through processing 23.5 ton d”! of
the organic fraction of municipal solid waste, which represents only 8%
of the lowest monthly potential production estimated for the assessed
scenarios in the 1G2G biorefinery (scenario b; 6.0 x 10° Nm’bioCH,
month ). Despite the higher length of the season period, co-digestion in
scenario a could produce monthly 4.1 x 10° Nm®bioCHj, exceeding the
production in scenario b by a factor of 6. Hence, the non-energetic
exploitation of sugarcane-derived residues is an enormous strategic
fault in the sucro-energetic industry, as evidenced by the energetic po-
tential of biogas, irrespective of the final product.

3.3. Efficiency of bioenergy production from sugarcane

Results obtained for the indicators GEO and SUE in the different
biorefinery schemes assessed are depicted in Fig. 3a-c. Prior to discus-
sing impacts of AD/co-digestion, it is worthy highlighting that the en-
ergy output of integrated 1G2G biorefineries outperformed the one of
1G processes as a direct result of an approximately 3-fold higher pro-
duction of usable energy (472.94 vs. 166.32 MJ TC 1 Fig. 3a) when
comparing the production of 2G-ethanol and electricity from bagasse
(1G-plants). The contribution of CHs-derived energy to the GEO directly
depended on the biogas application. Overall, energy gains observed for
the production of electricity/heat (optimistic approach) and bioCH,4
were over 2-fold higher than that of conservative electricity production
within a given biorefinery scheme (Fig. 3b). Emphasis should be
directed to the co-digestion of liquid and solid residues (schemes BS3
and BS4, as described in Table 3; Section 2.4), because the optimistic
production of electricity (coupled to heat recovery) and the production
of bioCH, could reach energy outputs (302.11-356.00 MJ TC) as high
as 64-75% of that associated with 2G-ethanol production (Fig. 3a), also
exceeding the production of electricity from bagasse by approximately
200% depending on the scheme.

These results provide consistent figures to understand the impacts of
selecting proper prime movers on the energetic efficiency of the AD-
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power plants. Optimized energy production (electricity + heat) could
also be obtained by using gas turbines (GTB), considering electric and
global (electricity + heat) conversion efficiency levels exceeding 40%
and 80%, respectively (Fuess et al., 2018). An upgrade in electricity
production would result from coupling a steam turbine in the GTB
(combined cycle), in order to obtain over 55% of electric conversion
efficiency to the detriment of complimentary heat recovery (Fuess et al.,
2018). The thermal integration in 1G sugarcane biorefineries fully
supply numerous processing steps with steam produced from bagasse
combustion in boilers (Morais et al.,, 2016) and, therefore, targeting
enhanced electricity production using the combined cycle may
configure a more rational option for exploiting biogas. However, com-
plimentary heat generation from biogas may be an imperative approach
in 2G-based schemes, in an effort to partially replace the bagasse-
derived thermal energy in periods of enhanced 2G-ethanol production
within a flexible 1G2G biorefinery context (Dias et al., 201 2). Apart from
these applications, the thermal energy obtained from biogas could be
used in loco to maintain desired temperature levels in AD plants,
considering the recurrent indication of thermophilic conditions as the
most appropriate ones for processing sugarcane-derived substrates, such
as 1G-VN (Ferraz Jr. et al., 2016; Fuess et al., 2017).

Inserting residue co-digestion would naturally improve the energetic
use of sugarcane, with SUE values peaking at 0.37 in scheme BS4
(considering both the optimistic production of electricity/heat and the
bioCH4 production; Fig. 3c). Regardless of this improvement, these re-
sults highlight a relatively inefficient use of sugarcane on an energy
basis, indicating losses exceeding 60% of the global available energy
content. Differences in the consolidation of 1G- and 2G-based technol-
ogies explain this scenario, because an individualized assessment of 1G-
ethanol production reveals a SUE value of 0.72 (Fig. 3¢), using exclu-
sively the fraction of reducing sugars (2544 MJ TC") as the source of
convertible energy. Conversely, the SUE value in 2G-ethanol production
represents only 10% of the available energy content found in the
lignocellulosic fractions of sugarcane (Fig. 3¢). Hence, this is not strictly
a matter of wastewater/residue processing to obtain surplus energy, but
it does reveal the need to optimize the energy extraction from bagasse
and trash.

Opportunities for improving SUE values can include the replacement
of the bio-based conversion route (fermentation) by the thermochemical
one (syngas platform) in 2G ethanol production, which is based on the
catalytic conversion of syngas (H2 + CO) to ethanol (Morais et al,
2016). A 15%-increase in total (1G + 2G) ethanol production (517 vs.
596 x 10° L year ') was predicted to occur by simulating the replace-
ment of biochemical 2G ethanol production by the one derived from the
syngas platform (Dias et al, 2016). Using advanced technologies to
efficiently extract fermentable substrates from lignocellulosic materials
can also largely improve the energy yield in the biochemical route, as
evidenced by a roughly 80%-increase in the 2G ethanol yield (22.1 vs.
39. 4 L TC!) simulated elsewhere (Dias et al., 2016). However, it is
important highlighting that the values obtained with GEO/SUE in-
dicators refer to a gross perspective, i.e., subtracting energy inputs to
obtain the net values will result in lower efficiency use values. For
instance, energy demands (renewable -+ fossil) in the industrial phase of
1G-ethanol production (19.4 MJ L}; Fuess and Garcia, 2014) are as high
as the calorific power of ethanol (21.4 MJ L'; Manochio et al., 2017),
which markedly decreases the effective output of usable energy.

Remarkable improvements in the energy use of sugarcane may be
obtained only (or mainly) through modifying primary conversion steps
in biorefineries. In other words, sugarcane could be used as the feedstock
to obtain products other than ethanol targeting a more efficient energy
conversion. In particular, an AD-based biorefinery could fit this demand,
because of relatively low energy inputs required to produce biogas.
Using the case of 1G-VN as the reference, previous research indicated
maximum energy requirements within the range 1.67-1.95 kwh TC"!
(6.01-7.02 MJ TC; Fuess et al., 2017), which correspond to less than
30% and 15% of the energy production as electricity (24.76 MJ TC;
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conservative approach) and bioCH, (63.85 MJ TC) in BS1 (Fig. 3a),
respectively. Hence, in addition to providing an efficient management of
residual streams, anaerobic processes may play a determining role in
maximizing energy production from sugarcane, and the future imple-
mentation of AD-based sugarcane processing chains should not be
considered illogical.

Consequently, a final question deserves attention: better producing
electricity of bioCH,? Regardless of the energetic pros of bioCH,4 pro-
duction, there is no definitive answer to this question, because the best
energetic and/or economic exploitation approach for biogas depends on
numerous factors. Emphasis should be given to the location of the sug-
arcane processing plant, market demands and the amount of substrate
available for anaerobic processing. On one hand, supplying the gas grid
with bioCH,; will directly depend on the distance of the biorefinery
relative to the grid (Fuess and Zaiat, 2018; Junqueira et al., 2016),
which may economically limit its use to in loco applications, such as
supplying the fleet of biorefineries (Section 3.2). On the other hand,
despite the saturated electric market in Brazil, increasing the local
electricity supply through including biogas-derived electricity can be a
key strategy to minimize energy losses in transmission lines, in addition
to decreasing implementation and maintenance costs by eliminating
long lines within a distributed energy generation context (Pereira et al.,
2020). Alternatively, both biogas applications may be exploited under
high substrate availability, similarly to the co-digestion scheme pro-
posed in scenario a, because a kind of “economies of scale” could allow
the simultaneous implementation of diversified biogas uses within a
single industrial plant due to much higher revenues with the trade of
bioenergy, regardless of its type. In particular, this should be a natural
choice in the case of AD-based sugarcane biorefineries, considering the
much higher availability of raw energy.

4. Conclusions

Energy-producing co-digestion plants could double the installed ca-
pacity of sugarcane biorefineries compared to VN-based mono-diges-
tion. The co-digestion of VN, FC, and DL in the season followed by the
co-digestion of FC and DL in the off-season could maintain continuous
plant operation. Biogas could be also upgrade to BioCHa, either as the
sole product (up to 32 x 10° Nm® in the season) or as a co-product with
electricity. Regardless of the enhanced energetic performance, an effi-
cient exploitation of sugarcane still depends on the improvement of 2G
technologies, because over 60% of the sugarcane’s energy content is still
wasted in unconverted lignocellulosic materials.
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ABSTRACT

The co-digestion of residues from the sugarcane industry has already proven to be a highly
attractive process for biogas production through anaerobic digestion (AD). The use of residues
such as vinasse (1G) filter cake (1G) and deacetylation liquor (2G) in operation in a continuous
CSTR reactor showed a possibility of integration of 1G and 2G ethanol biorefineries through
AD in previous work by our research group. The use of nanoparticles (NP) is a favorable way
to optimize AD processes, as these additives serve as a means of introducing nutrients into the
process in a more assertive way from the point of view of distribution and interaction with
microorganisms. In this context, the present work proposed the optimization of the co-digestion
of vinasse, filter cake, and deacetylation liquor in a continuous reactor through the addition of
Fes04 NP, by the purpose of comparison results with the operation of the same substrates and
the same condition but without NP. Initially, tests were carried out in batches with different
concentrations of NPs, to evaluate the best concentration to be added in the continuous reactor.
A concentration of 5 mg L™ was chosen, and it was added to each increase in organic rate load
(ORL) used in the process. CH4 production reached maximum values of 2.8 £ 0.1 NLCH4 gV$”
! and organic matter removal 71 + 0.9%, in phase VI, with ORL of 5.5 gVS L™ day?. This
production was 90% higher than the reactor co-digestion operation without the presence of NP.
Furthermore, according to the results of pH, alkalinity, it can be concluded that the
methanogenesis stabilized at 60 days of operation, being 30 days before when there was no NP
added. The development of AD was stable, with low variations in the oxidation-reduction
potential (ORP) and with stable organic acid (OA) concentrations, indicating the possibility of
route propionic acid to produce CHs. The main methanogenic Archaea found was
Methanoculleus, indicating that the predominant metabolic route was that of syntrophic acetate

oxidation (SAQO) coupled with hydrogenotrophic methanogenesis. The use of Fe3Os NP
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managed to improve the AD operation of residues from the 1G2G ethanol production industry

and did not modify the microbial community present, only stimulating their growth.

Keywords: Nanoparticles; Co-digestion; Methane optimization; 1G2G ethanol residues
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1. INTRODUCTION

Anaerobic digestion (AD) is a process of managing liquid and solid waste that allows
energy recovery through methane (CH4) (Deublin and Steinhauser, 2008). This technique is
used for different types of residues, and the literature has shown the great potential for CH4
generation from sugarcane residues, especially vinasse (Djalma Nunes Ferraz Junior et al.,
2016; Fuess et al., 2017; Moraes et al., 2015).

In this setting, anaerobic co-digestion became popular as a way to boost biogas output.
Co-digestion is defined as the AD of two or more substrates, and it is a method for overcoming
the drawbacks of mono-digestion, particularly in terms of nutritional balance and improving
the economic sustainability of AD plants (Hagos et al., 2017). Co-digestion has the advantages
of optimizing CH4 production, in addition to better stabilizing the process. With the presence
of different substrates, it is possible to provide synergistic effects within the reactor, increasing
a load of biodegradable compounds (Hagos et al., 2017).

Promoting the co-digestion of residues from the sugarcane industry can be an alternative
to improve the management of the various residues obtained in this biorefinery, in addition to
increasing CHs generation. Beyond vinasse, the filter cake is a lignocellulosic residue obtained
from ethanol production that has a high potential for biogas production (Volpi et al.,
2021a)(Janke et al., 2016) and can enhance the vinasse CH4 production by co-digesting these
two residues (Volpi et al., 2021a). However, the literature reports little about the use of residues
from the production of 2G ethanol for AD, mainly emphasizing the use of only 2G vinasse
(Moraes et al., 2014) but not reporting the use of liquors that can also be obtained from the 2G
ethanol production process. In the work of Brenelli et al. (Brenelli et al., 2020), an alkaline
pretreatment of sugarcane straw was performed to be used in the production of 2G ethanol.

Within this process, straw deacetylation was carried out before the hydrothermal pretreatment,
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since the straw hemicellulose is highly acetylated. The residue generated from this process,
called deacetylation liquor, is rich in volatile fatty acids such as acetic acid, formic acid, being
promising for CH4 production through AD, or co-digestion (Volpi et al., 2021a).

In previous works by our research group, it was proposed to co-digest the residues of
the sugarcane industry for the production of biogas, to promote the integration of the 1G2G
ethanol biorefinery. The results showed that the co-digestion of vinasse, filter cake, and
deacetylation liquor in semi-Continuous Stirred Tank Reactor (s-CSTR) reached production of
230 NmLCH4 gSV* and organic matter removal efficiency 83% + 13 , showing that the co-
digestion of the proposed residues, increased the production of CHa, about mono-digestion of
vinasse (Volpi et al, 2021b).

To increase the production of CH4 in operation in reactors, the literature reports that the
use of additives can improve its performance, mainly related to the use of micronutrients
(Demirel and Scherer, 2008). Scherer et al. (1983) classified that for methanogenic organisms
the importance of micronutrients is given in the following order: Fe >> Zn> Ni> Cu = Co =
Mo> Mn, indicating that such elements have essential roles as in the construction of
methanogenic cells. Besides this, many of these micronutrients have concentrations that must
be met, as cell growth may be limited or inhibited. Zhang et al. (2003) showed that for Co, Ni,
Fe, Zn, Cu if the concentrations are less than 4.8, 1.32, 1.13, 0.12 g L! respectively, there is a
limitation of the growing culture of methanogenic microorganisms in terms of cell density.

Among the different trace elements, Fe is important to stimulate the formation of
citrocomes and ferredoxins, important for cellular energy metabolism, mainly of methanogenic
Archaea (Choong et al., 2016). In addition to methanogenesis, Fe is also important to catalyze
chemical reactions of some metalloenzymes used in acetogenesis, such as dehydrogenase

format, carbon monoxide dehydrogenase (Choong et al., 2016). The hydrolysis and
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acidification phase of AD is also benefited by Fe as a growth factor since Fe supplementation
can accelerate these steps (Yu et al., 2015).

In the work of Demirel and Scherer, (2011), the addition of FesOs improved the
production of biogas and the CH4 content in biogas using cow dung and chicken litter. And
Zhang et al. (2011) al showed that Zerovalent Iron (ZV1) helps to create an improved anaerobic
environment for wastewater treatment and that promotes the growth of methanogens with
greater removal of chemical oxygen demand (COD).

One of the ways to promote this addition of components to optimize AD is through the
use of nanoparticles (NPs). Nanotechnology allows the manipulation of matter on a nanoscale
(1 to 100 nm), and NPs are materials found in this size range (Abdelsalam et al., 2016). The
nano-size is important because it allows greater mobility of the active compound in the
environment, in addition to allowing interaction with the biological system, facilitating the
passage of the compound in cell membranes, absorption, and distribution in the metabolism.
This happens due to its mesoscopic effect, small object effect, quantum size effect, and surface
effect and to have the greater surface area and dispersibility (Abdelsalam et al., 2017a, 2017b,
2016).

Some authors have already studied the use of different nanoparticles to optimize the
production of biogas in different types of waste. Henssein et al. (2019) studied the use of NPs
in AD of poultry litter. They observed that the production of CH4 increased with the addition
of NPs, being the NP concentrations (in mg L) of 12 Ni (38.4% increase), 5.4 Co (29.7%
increase), 100 Fe (29.1% increase), and 15 Fe3O4 (27.5% increase). Mu et al. (Mu et al., 2011a)
studied the effect of metal oxide nanoparticles (hano-TiO2, nano-Al203, nano-SiO2, and nano-
Zn0) on AD using activated sludge as a substrate, and the results showed that only Nano-ZnO
had an inhibitory effect on CH4 production in concentrations starting at 30 mg g*- total

suspended solids (TSS). Abdeslam et al. (Abdelsalam et al., 2016) used the metallic NPs Co,
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Ni, Fe, and Fe3O4 to compare the production of biogas and CH4 from the anaerobic digestion
of cattle manure and they obtained as a result that the methane yield increased significantly (p
< 0.05) 2, 2.17, 1.67 and 2.16 times about the control, respectively. Wang et al. (2016)
investigated the effects of representative NPs, (nZV1, Fe2O3 NPs) on CH4 production during
the anaerobic digestion of waste activated sludge, and the concentration of 10 mg g™ TSS nzZVI
and 100 mg g TSS Fe2O3 NPs increased methane production to 120% and 117% of the control,
respectively. The literature has shown that experiments with Fe3Oas, which are magnetic NPs,
improved the AD process due to their characteristics of superparamagnetic, high coercivity, and
low Curie temperature. In addition to these characteristics, FesOs NPs are also non-toxic and
biocompatible (Abdelsalam et al., 2017b; Mamani and Gamarra, 2014), which may favor AD
processes.

To date, studies on the use of NPs to optimize the production of biogas in co-digestion
with residues from the sugarcane industry have not been found in the literature. In our previous
work (Volpi et al., 2021b) co-digestion of residues from the sugarcane industry and
characterization of the microbial community was carried out. To promote optimization of the
process, the objective of the present study was to co-digest vinasse, filter cake, and
deacetylation liquor in an s-CSTR reactor, with the addition of FesO4 nanoparticles. First, batch
assays were performed with different concentrations of FezO4 NPs, to assess what would be the
best concentration to use in the reactor, and after that, the operation in the reactor was
performed, with a characterization of the microbial community prior to inoculation and at the
end of the operation, to compare the process with adding NPs in changing the microbial

community.

2. METHODOLOGY

2.1 Residues and Inoculum
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The substrates were vinasse and filter cake from Iracema sugarcane mill (S&o Martinho
group, lraceméapolis, Sdo Paulo state, Brazil) and the liquor from the straw pretreatment process,
performed at the Brazilian Biorenewables National Laboratory (LNBR) from the Brazilian
Center for Research in Energy and Materials (CNPEM). Deacetylation pre-treatment was
applied to sugarcane straw on a bench-scale as described in Brenelli et al. (Brenelli et al., 2020).
The anaerobic consortium of the mesophilic reactor (BIOPAC®ICX - Paques) from the
aforementioned Iracema mill was used as inoculum. The substrates were characterized in terms
of series of solids, volatile solids (VS), total solids (TS) Organic acids (OA), alcohol,
carbohydrates, The inoculum was characterized in terms of VS and TS. The inoculum presented
0.0076 + 0.00 g mL™* in terms of VS and 0.0146 + 0.00 in terms of TS. The vinasse presented
0.014 + 0.00 g mL™ of VS and 0.0176 + 0.00 g mL™* of TS, the deacetylation liquor 0.0123 +
0.00 g mL! of VS and 0.0219 + 0.00 g mL™ of TS, and filter cake 0.5454 + 0.53 g mL™* of VS
and 0.6197 + 0.54 g mL! of TS. The pH of the inoculum was 8.57 + 0.14, the pH of vinasse
was 4.25 + 0.17 and the deacetylation liquor the pH was 9.86 £+ 0.15. The elemental composition
was performed for the characterization of filter cake in the Elementary Carbon, Nitrogen,
Hydrogen and Sulfur and was obtained 1.88% of N, 31.07% of C, 6.56% of H and 0.3% of S,
all in terms of TS.

The characterization of OA, alcohol, and carbohydrates for liquid residues are presented

in Table 5.4.1.

Table 5.4.1. Characterization of OA, carbohydrates, and alcohols of liquids residues

Compounds Vinasse (mg L?) Deacetylation Liquor (mg L™?)
Acetate 1268.41 3250.00
Formate -- 650.00

Lactate 3706.94 423.18
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Propionate 634.85 368.29
Butyrate -- 250.02
Isovalerate 931.63 269.03
Glucose 809.05 546.23

--: not carried out

2.2 Batch Tests

Batch tests were performed on the co-digestion of residues (vinasse + filter cake +
deacetylation liquor in the proportion of 70:20:10 (in terms of VS) respectively following
previous work (Volpi et al., 2021b) with different concentrations of Fe3O4 NPs to identify the
best concentration to be used in the s-CSTR reactor. The tests were conducted in 250 ml Duran
flasks, under 55 ° C, in which the inoculum was acclimated initially. On the first day, the
temperature was increased to 40°C, then to 45°C and in 4 days it had reached 55°C. After
reaching this temperature, the inoculum was kept for 1 week at 55°C, then from the beginning
of the experiments. The experiments were in triplicate, with a 1:1 inoculum to substrate ratio
(in terms of VS) added to each flask, following the s-CSTR operation. The pH of solution
flasks was corrected to neutrality by adding solutions of NaOH (0.5 M) or H2SO4 (1 M) when
necessary. N2 has fluxed into the headspace of each vial. The biogas produced was collected
from the headspace with the Gastight Hamilton Super Syringe (1L) syringe through the flasks'
rubber septum. Gas chromatography analyses were also carried out to detect the concentration
of CH4 produced in the gas chromatograph (Construmag MOD. U-13 S&o Carlos). The carrier
gas was hydrogen (Hz) gas (30 cm s?) and the injection volume was 3 mL. The GC Column
was made of 3-meter long stainless steel, 1/8 ”in diameter, and packaged with Molecular
Tamper 5A for separation of Oz and N2 and CH4 in the thermal conductivity detector (TCD).

Digestion was terminated when the daily production of biogas per batch was less than 1% of
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the accumulated gas production. After the assay, the values were corrected for standard
temperature and pressure (STP) conditions (273 K, 1.013 hPa).

The different concentrations of FesO4 NP used in each bottle are described in Table 2.
The choice of concentrations was made based on studies with NP and AD that the literature
shows (Abdelsalam et al., 2016; Wang et al., 2016). It is worth mentioning that a control flask
was made (Flaks 1-Table 5.4.2), adding only the inoculum and co-digestion, without NPs, to
compare with the other bottles that contained NPs, and to evaluate the optimization of the
process. Analysis of variance (ANOVA) was used to identify the existence of significant

differences between the treatments (p < 0.05).

Table 5.4.2. Design of experiments of BMP

Flaks Name in Graph ~ FesO4 NP Concentration (mg L™)
1- Inoculum + Co-digestion Control 0
2- Inoculum + Co-digestion + NP NP 1 1
3- Inoculum + Co-digestion + NP NP 2 5
4- Inoculum + Co-digestion + NP NP 3 10
5- Inoculum + Co-digestion + NP NP 4 20

2.3 Semi-continuous reactor: description and operation

The s-CSTR operation was followed according to previous work by our research group
(Volpi et al., 2021b). 5L-Duran flask with 4L-working volume kept under agitation at 150 rpm
by using an orbital shaking table Marconi MA 140. The operating temperature was 55°C,
maintained by recirculating hot water through a serpentine. The reactor was fed once a day
with the blend of co-substrates (in terms of volatile solids, VS): 70% of vinasse, 20% of filter

cake, and 10% of deacetylation liquor, totaling 33.45 gVS L. Throughout the operation, the
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Organics Loads Rate (OLR) was increased to use the maximum OLR without collapsing the
reactor. At the beginning of the operation, FesO4 NP was added and when the reactor stabilized
the CHa production, the OLR was increased, expected to stabilize the CH4 production again and
added the same concentration of FezsO4 NPs. This was done for all OLRs (excepted for the last
one). Table 5.4.3 presents the values of operational parameters applied to the s-CSTR according

to the respective operation phases and the days that were added FezOs NPs.

Table 5.4.3. Phases of reactor operation and the respective applied ORLs, feeding rate flows,
and HRT.

Phase in Graph OLR (gVS L day?) Feeding rate (L HRT (days) NP Addition

day?) Day
| 2 0.250 16 24
I 2.35 0.285 14 47
1l 3 0.363 11 72
v 4 0.500 8 95
Vv 4.70 0.571 7 109
VI 55 0.666 6 123
VI 6.6 0.800 5 136
VI 8 1.000 4 150
IX 9 1.140 3.5 --

" Note: --: not added

2.3.1 s-CSTR monitoring analyses

The volume of biogas produced was measured through the Ritter gas meter, Germany.
The CH4 content was determined by gas chromatography (Construmag-MOD U-13, S&o
Carlos) five times a week. OA, carbohydrates, alcohols, and organic matter content (in terms
of VS) in the digestate were monitored following the same methodology described in the
characterization of residues (section 2.1). The alkalinity from digestate also was determined

using the titration method APHA, (APHA, AWWA, 2012). The pH and the Oxidation-
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reduction potential (ORP) of digestate were measured, immediately after sampling (before
feeding) using a specific electrode for Digimed ORP. The pH was monitored also in the feed.

All reactor monitoring analyses followed as described in Volpi et al. (2021b).

2.4 Biology Molecular Analysis
Identification of the microbial community of the inoculum was carried out before being
inserted in the reactor- Sample Al, and after the production of CH4 was stabilized in the OLR
of 4 gVvS L day? (Sample A2), to evaluate the change of the microbial community with the
changes of the metabolic routes for the production of CHs and with the addition of FesO4 NP.
The extraction and quantification and sequencing protocol were followed as described in Volpi
et al. (2021b). Raw sequences were deposited in BioSample NCBI under accession number

BioProject ID PRINA781620.

2.5 NP preparations and characterization

Fe3O4 NP was used, due to the better performance of these NP in AD according to the
literature (Abdelsalam et al., 2016; Ali et al., 2017; Zhang et al., 2020). The FesO4 NP used
were IRON (11, 111) OXIDE, NANOPOWDER, 50-100 N-SIGMA-ALDRICH. They were then
diluted in distilled water at pH 7, in a glass bottle. Sodium dodecylbenzene sulfonate (SDS) at
0.1mM was used as a dispersing reagent to ensure NPs dispersion before use, as SDS has been
shown to not significantly affect CH4 production (Hassanein et al., 2019; Wang et al., 2016).
To characterize the size of these NPs was performed analysis on the Laser Diffraction Particle
Size Analyzer - MASTERSIZER-3000 (MALVERN INSTRUMENTS- MAZ3000-
Worcestershire, U.K.). Measurement was made in Wet Mode - HIDRO EV. The mathematical
model employed: Mie. It considers that the particles are spherical and that they are not opaque
- thus taking into account the diffraction and diffusion of light in the particle and the medium.

They were made for samples of pure NP.
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3. RESULTS AND DISCUSSION

3.1 Characterization of FesO4 NP

Figure 5.4.1 shows the size and distribution of FesO4 NP diluted in water pH 7. Figure

5.4.1a shows two populations, one up to nano size (0.1 pum) and the other that starts from 0.3

pm and is no considered a nanoparticle.

Volume Density (%)
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Figure 5.4.1. Size of FesO4 Nanoparticles (NP): (a): Involving all particles in the sample; (b)

Nanosize cut of the particles
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These results show that the sample used also contained particles larger than
nanoparticles. The average size, including the two populations, was 180 + 0.05 nm. This
behavior of larger sizes found for FesO4 NP was also reported by Hansein et al. (2019) who
found sizes between 96-400 nm. In the work by Abdsalam et al.(2017b), FesO4 NP sizes did
not exceed 7 = 0.2 nm. It is worth mentioning that the NPs used by Abdsalam et al. (2017b)
were synthesized, and the NPs used by the present study and by Hansein et al. (2019) were
obtained commercially. The size of NP is extremely important for the process since it can affect
the binding and activation of membrane receptors and the expression of proteins (Jiang et al.,
2008), thus acting to stimulate the growth of methanogenic Archaea (Mu et al., 2011b).

For better visualization, a cut in the graph was made of particles found only in nano size,
which are shown in Figure 5.4.1b. The average size of these FesO4 NP was 23.56 + 0.05 nm,
which can be considered a greater size since some authors have reported a decrease in CHs
production by using Fe NPs greater than 55 nm (Gonzalez-estrella et al., 2013; Hassanein et al.,
2019). Another important factor is that these FezOs4 NPs used in this work have a spherical
shape (Figure 5.4.2), and this has improved the production of CH4 in the work of Abdsalam et
al. (2017b) which is explained by the greater membrane wrapping time required for the

elongated particles.
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Figure 5.4.2. Mastersize images (50x) showing FezOs NP

However, it is worth mentioning that besides size, another important factor to stimulate
CHys production is the concentration in which the NP, in addition to the type of substrate being
used and the interaction between them (Abdelsalam et al., 2016). For this reason, preliminary
batch tests with different concentrations of NP FesO4 were carried out within the co-digestion
of residues. It is worth mentioning that a zeta potential (ZP) analysis was carried out for the
nanoparticles, to evaluate their dispersibility in the medium. However, it was not possible to
obtain results, because they are magnetic particles, and have sizes larger than nano, the

dispersion remained unstable, as has already been reported by Gonzalez et al. (2013).

3.2 Bacth preliminary assays
Table 5.4.4 shows the results of the accumulated CHg in triplicate of each of the tests
with different concentrations of FesOs NP, and Figure 5.4.3 shows the graph of CHs

accumulated obtained over time.



Table 5.4.4. Final cumulative CH4 production of co-digestion in different concentration of

FesO4 NP
Assay Cumulative CHs (NmLgVS?)?
Control 123.24 + 9.60
NP 1 116.49 £ 17.45
NP 2 140.13 + 95.60
NP 3 117.90 + 10.68
NP 4 133.02 £ 106.29
2 mean of three replicates + standard variation
160
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Figure 5.4.3 Cumulative CH4 production testing four concentrations of FesO4 nanoparticle
(NP) additions to co-digestion. NP1: 1 mg LY; NP2: 5 mg L; NP3: 10 mg L%; NP4: 20 mg
L-l

Analysis of variance (ANOVA) was performed between the tests, but there was no
significant difference between treatments with different concentrations of Fez04 NP (p-value =
0.1357 with p < 0.05). Perhaps what may have influenced this lack of difference between

treatments was the use of filter cake, which can act as a nutritional supplement, since it is rich
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in micronutrients (Volpi et al. 2021a). Although there is no significant difference, it can be
seen that the NP 2 and NP 4 assays obtained CH4 production greater than the control (Figure
5.4.3) and the NP 1 and NP 3 was below the control. Table 5.4.4 shows that the NP 2 test
showed a 13% increase in CH4 production compared to the control, while the NP 4 test showed
a 7% increase in CHg4 production.

In the work of Hansein et al. (2019), they obtained a 25% increase in CH4 production,
using 15 mg L of NP FesO4 in Biochemical Methane Potential (BMP) assays, with poultry
litter residues, under mesophilic conditions. However, in this same work, a higher concentration
of CH4 (34%) was obtained using NP Ni with a concentration of 12 mg L. The difference in
substrates, experimental conditions, and the origin of the inoculum can influence these
differences in production. It is worth mentioning the short lag phase found in the experiment
could be because of the addition of FezsO4 NPs, according to Krongthamchat et al. (2006).

Even in the preliminary test no significant difference in CH4 production was observed,
in the s-CSTR reactor, the concentration of 5 mg L™ of NP FesO4 was used, the condition of
the NP 2 experiment, which showed a greater increase in the CHa production concerning the
control. It is also known that nanoparticles are not easy to be separated from biodegradable
wastes, which may subsequently cause accumulation of inorganic pollutants (usually heavy
metals) inside anaerobic digesters (Zhu et al., 2021). For this reason, it was decided to choose
a lower concentration of NPs, to cause a less environmental impact on AD. With this, it is
possible to observe differences in the operation of the continuous reactor with the addition of

NP compared to the same reactor operation, but without the addition of NP (Volpi et al., 2021b).

3.3 Performance of a Semi-Continuous Stirred Tank Reactor

3.3.1 Biogas production
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Figure 5.4.4 shows the results obtained from CH4 production and removal of organic matter
throughout the different OLRs used. In phases | and Il, it is possible to observe an intense
variation in the removal of organic matter, varying between approximately 30% and 70%.
Along with this, there was also a small variation in CH4 production, ranging from 0.1 to 0.5
NLCH. gVS™. These variations are characteristic of the acidogenic phase, marking the start-up
of the reactor. After approximately 60 days, that is, phase 111, both the production of CH4 and
the removal of organic matter maintain stability, indicating the possibility that the reactor
started the methanogenic phase. Between phase IV and phase V it is possible to observe that
the production of CH4 remains around 0.5 and 1 NLCH4 gVS™ showing a trend in the increase
of CHa production. In phase VI, after the addition of FesOsNP, there was a 40% increase in
CHas production (122 days), obtaining the highest CHs production throughout the entire
operation, with 2.8 + 0.1 NLCH4 gVS™ and removal of 71 + 0.9% of organic matter. In phase
VII, the production of CH4 begins to show a decrease, but the removal of the organic matter
remains stable. In phase VII, the production of CH4 remains low (0.09 + 0.03 NLCH4 gVS™)
and the removal of organic matter continues to decrease (51 + 2.8%), reaching the collapse of

the reactor in phase IX.
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Figure 5.4.4. Methane production and organic matter removal along with the reactor
operation according to the applied OLRs (g VS L™ day?): 2.0 (Phase 1); 2.35 (Phase 11); 3.0
(Phase 111); 4.0 (Phase 1V); 4.7 (Phase V); 5.5 (Phase VI); 6.6 (Phase VII); 8.0 (Phase VIII);

9.0 (Phase IX)

In our previous study Volpi et al., 2021b (the operation was carried out in a reactor with
co-digestion of the same residues as in this work and under the same experimental conditions)
was obtained the maximum CHa production 0.233 + 1.83 NLCH4 gSV! and 83.08 + 13.30%
organic matter removal. The present work had an increase of 91% of the production of CH4
about the previous work. This fact confirms that the presence of FezOs NP contributed to better
development and performance of the microbial community in the consumption of organic
matter and conversion to CHg since Fe is a growth stimulant of methanogenic Archaea and they
are dependent on this element to enzyme synthesis (Choong et al., 2016; Ni et al., 2013). In
addition, the maximum production of CH4 from the work of Volpi et al., 2021b was in the OLR
of 4.16 gVS L day™, with the reactor collapsed in the OLR of 5.23 gVS L day™. In the present
work it was possible to obtain the maximum performance of the reactor in the OLR of 5.5 gVS

L day?, and collapsing with OLR 9 gVS L day?, showing that the presence of FesOsNP
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made it possible to work with larger OLRs, resulting in greater volumes of feed in the reactor
and consequent treatment higher volume of waste.

In the work of Hassanein et al. (2019) using poultry litter for BMP assays, with the
addition of 15 mg L Fe304 NP, maximum cumulative production of 339 mLCH4 gVS™ was
obtained. In the work of Abdsalam et al. (2017b) in BMP tests with manure, 20 mg L of Fe3O4
NP was added and 351 mLCH. gVS™ was obtained. The literature has reported the use of NP
in BMP assays, and smaller vials to assess NP activity. In the present study, it was possible to
obtain 85% more CHa than those reported in the literature. It is worth mentioning that the use
of the substrate with the type of NP interferes with the production of CHg, in addition to the
concentration of NP has been used also interfere. In the work by Abdsalam et al. (2016), it was
confirmed that the use of Ni NP was the one that best impacted the increase in CHs production
in the use of municipal solid waste. In the study by Ali et al. (2017) four concentrations of
Fes04 NPs (50, 75, 100, and 125 mg L) were tested in assays with municipal solid waste. The
results showed that the addition of 75 mg L™ FesO4NPs increases the CH4 production by 53.3%.
In contrast, less CH4 production was observed by adding a high concentration of FezOs NPs.

Absalam et al. (2016) showed that the addition of FesOs4 magnetic NPs increased
bacterial activity during onset up to 40 days of HRT. However, in the present study, an increase
in bacterial activity was observed in the middle of the operation (phase 1V, V, and VI, after 90
days), in agreement with Quing Ni et al (2013) who indicated that during the exposure of 50
mg L of magnetic NPs the adverse effects were insignificant in bacteria and concluded that
magnetic NPs appeared to be non-toxic during long-term contact. The best performance is due
to the presence of Fe2* / Fe3™ ions, introduced into the reactor in the form of nanoparticles that
could be adsorbed as the growth element of anaerobic microorganisms (Abdelsalam et al.,
2016). In addition, FesOs magnetic NP ensures a distribution of the iron ions in the slurry

through the corrosion of the NPs, thus maintaining the iron requirement of the reactor supplied
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(Abdelsalam et al., 2016). The presence of NPs also shows a possible effect on the hydrolysis-
acidification process, increasing the reduction of the substrate, since there were increasing
amounts of organic matter removed in phases V, VI and VII, and a subsequent increase in the

production of CHa.

3.3.2 pH, ORP, and Alkalinity

Figure 5.4.5a shows the results obtained from the reactor inlet and outlet pH, as well as
the results of oxide-reduction potential (ORP).

It is possible to observe that in the first days, the effluent pH is very acid, around 6 and
the ORP values vary a lot. In addition, the feeding pH was daily adjusted to a neutral pH. These
characteristics mark acidogenesis, and the intense oxidation-reduction reactions typical of the
AD process (Vongvichiankul et al., 2017). After 60 days, it is possible to observe that the pH
remains between 7.5 and 8 until the end of the operation, indicating that from this date on, the
reactor started the methanogenesis phase, maintaining the pH stable and no more adjustment of
the pH at the entrance. The same is true for ORP values, which after 60 days, remain around -

460 and -490 mV.
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Figure 5.4.5. pH Oxidation Reduction Potential (a) and Alkalinity (b) along with the reactor

operation according to the applied OLRs (g VS L day?): 2.0 (Phase 1); 2.35 (Phase Il); 3.0

(Phase 111); 4.0 (Phase 1V); 4.7 (Phase V); 5.5 (Phase VI); 6.6 (Phase VII); 8.0 (Phase VIII);
9.0 (Phase IX)

In our previous work, methanogenesis was established only after 90 days, with
stabilization of the pH and ORP values (Volpi et al., 2021b). In this present work,
methanogenesis was established before, next 60 days, and everything indicates that it may have
been due to the presence of NPs, since Abdsalam et al. (2017b) showed that the addition of
Fe304 NP reduces the lag phase of AD. In addition, Feng et al. ( 2014) showed that the addition
of Fe in the AD system can directly serve as an electron donor to reduce CO2 in CHg through
hydrogenotrophic methanogenesis causing improvement of CH4 production, according to the

reactions below (5.4.1), (5.4.2) and (5.4.3).

4H, + Fe;0, = 4H,0 + 3Fe® (reaction 5.4.1)
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CO, + 4Fe® + 8H* = CH, + 4Fe** + 2H,0 (reaction 5.4.2)
CO,+ 4H, = CH, + 2H,0 (reaction 5.4.3)

From this process the substrates would be deprived of hydrogen ions (H") which will
increase the pH of the substrate and the capture of CO> also prevents the formation of carbonic
acid, increasing the pH of the substrate (Abdelsalam et al., 2017b). This may explain the
increase in pH after 24 days (Table 5.4.3) since it was the first addition of FesOs NPs. The
methanogenesis process stage was also stimulated, as this nano additive served as an electron
donor that could reduce CO to CHa.

At the beginning of the operation, the ORP varied between -350 and -550 mV, and this
variation is a characteristic of acidogenesis and reactor start-up (Volpi et al., 2021b). However,
this variation in a start-up was much smaller than reported in Volpi et al. (2021b) (-800 and -
300 mV) indicating greater stability of the operation. After approximately 40 days (Figure
5.4.5a), it is observed that the ORP remains practically constant until the end of the operation,
varying between -480 and -400 mV, although the literature shows that the ORPs characteristic
of the acidogenic and methanogenic phase is between -330 and -428 mV (Golkowska and
Greger, 2013). This demonstrates the stability of the prevalence targeting of metabolic routes
for the production of CH4 and development of methanogenic Archaea entire operation, which
may have been optimized by the presence of FesO4 NP, since in the work of the same reactor
operated and without the NPs the ORP values in methanogenic phase varied much more (-650
and -400 mV). These low ORP values in the system are characteristic of the presence of Fe NPs
since they reduce the system's ORP to increase the conversion of complex compounds to
volatile fatty acids and to be able to provide ferrous ions for the growth of fermentative and
methanogenic Archeae (Lee and Lee, 2019).

It is important to demonstrate that the ORP values practically constant are in agreement

with the OA values (section 3.3.3), which are in extremely low concentrations when the reactor
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stabilizes in methanogenesis. Here it is worth emphasizing the differences in the ORP values
found in the literature are varied due to the different raw materials applied, experimental
conditions and the type of NP used.

Figure 5.4.5b shows the results of alkalinity obtained during the operation. It is possible
to observe that the alkalinity is high up to 60 days, being following the pH and ORP and also
with the presence of OA (Figure 5.4.6a section 3.3.3) characterizing the acidogenic step of the
process. After 60 days, the intermediate/partial alkalinity (IA/PA) is below 0.3, which is
considered ideal for AD, as it demonstrates stability (Ripley et al., 1986). As was the behavior
of the ORP, the IA/PA also remained stable throughout the process, showing self-regulation of
methanogenesis. In our previous study (Volpi et al., 2021b), this stability of alkalinity also only
happened after 90 days, confirming the hypothesis that the presence of FesOsNP has reduced
the lag phase. In addition, FesO4sNP can absorb inhibitory compounds and act as a pH buffer,

further improving the alkalinity of the process.

3.3.3 Indications of OA, Carbohydrate, and Alcohol indications

Figure 5.4.6 shows the results obtained from OA and carbohydrates and alcohols.
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Figure 5.4.6 Values of Organic acids (a), Carbohydrates, and Alcohols (b) along with the
reactor operation according to the applied OLRs (g VS L™ day?): 2.0 (Phase 1); 2.35 (Phase
I1); 3.0 (Phase I11); 4.0 (Phase 1V); 4.7 (Phase V); 5.5 (Phase VI); 6.6 (Phase VII); 8.0 (Phase

VI11); 9.0 (Phase 1X)

In phases, | and 11 (Figure 5.4.6a) the presence of high concentrations of OA confirms
the start-up of the reactor, in the acidogenic phase. After 60 days, the concentrations of these
OA decrease considerably, indicating the entrance of the reactor in the methanogenic phase and
agreeing with what was discussed in the previous sections (section 3.3.1, 3.3.2).

At the beginning of the reactor operation (phase 1), the concentration of acetic acid is
relatively high, which is favorable for the CH4 production process, since it is the main precursor
of the CH4 metabolic route (Wiegant et al., 1986). In addition to acetic acid, there is also the

presence of propionic acid, which in concentrations above 1500 mg L* can be inhibitory to the
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metabolic pathway of CH4 production (Wang et al., 2009). But, this concentration decrease in
phase | and phase 11, and in acetic acid concentration increase at the end of phase 11, indicating
that the route of conversion of propionic acid to acetic acid may have prevailed at the beginning
of the operation, as also occurred in our previous study (Volpi et al., 2021b). It is worth
mentioning that in the presence of low H> pressure, propionic acid consumption is favored
(Wiegant et al., 1986), and Fe is a trace element whose main substrate for oxidation-reduction
reactions is Hx (Choong et al., 2016). The presence of FesOs NP may have favored the
consumption of Hy, according to reaction 5.4.4 and reaction 5.4.1, and consequently helped in
the consumption of propionic acid, favoring the formation of acetic acid and this having been
converted to CHa,

H, & 2e~ + 2H* (reaction 5.4.4)

In phases | and Il it is also possible to observe the presence of formic acid, and its
conversion to acetic acid is typical of acidogenesis (Choong et al., 2016). Therefore, in addition
to the conversion of propionic acid to acetic acid, the conversion of formic acid to acetic acid
may also have occurred at the end of acidogenesis, marking the beginning of methanogenesis
(phase Il1-Figure 5.4.6a). In addition, the presence of Fe NP can increase the production of
acetate and donate electrons for direct conversion of CO2 into CHs by autotrophic via
methanogenesis (Feng et al., 2014).

The Fe (111) reduction reaction is a favorable process to directly oxidize organics into
simple compounds (Romero-Guiza et al., 2016), increasing the consumption of OA, and
eliminate compounds that may be toxic to the process, by stimulating microbial growth,
synthesis of necessary enzymes within the oxidation-reduction reactions and consequently
greater efficiency in the digestion of organic matter (Choong et al., 2016; Lee and Lee, 2019).
The positive effect of Fe (I11) supplementation was attributed to the favorable redox conditions,

which all evited the thermodynamic limitations on organic acid degradation. Furthermore, Fe
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(111) can precipitate H>S minimizing related inhibition phenomena (Romero-Giiza et al., 2016).
The control of OA can allow a greater capacity of feed of the digester, without affecting the
performance of digestion significantly (Zhang et al., 2015), this is what happened in the present
study, since the used OLRs were higher than the experiment previous (Volpi et al., 2021b), with
higher volumes of feed, and a stable operation, reaching high CH4 production.

The presence of caproic acid draws attention at the end of phase 11 and the beginning of
phase 11l (Figure 5.4.6a). Caproic acid is produced by elonging the chain of short-chain volatile
fatty acids, such as acetic acid and butyric acid through an oxidation reaction, in which some
species can gain energy by increasing the length of the volatile organic acids chain with
reducing substrates such as ethanol and lactic acid (Owusu-Agyeman et al., 2020). However,
in the operation, neither the presence of lactic acid nor ethanol was detected (Figure 5.4.6a and
Figure 5.4.6b), but it seems that FesO4sNP may have acted as this reducing substrate, donating
electrons and allowing an increase in the chain of butyric and acetic acids. This fact may also
have been caused by the continuous feeding process of the reactor, in which FesOsNP was
added with a certain frequency, having a constant availability of the electron donor for the
formation of caproic acid and in agreement with what was reported by Owusu-Agyeman et al.
(2020). Even with the possible change of the route for the production of caproic acid, the
production of CH4 prevailed, indicating the self-regulation of the microbial consortium for the
metabolic route of CHa. Although not the focus of this work, the addition of FesOs NP with the
residues of the sugarcane industry can stimulate the production of caproic acid, and organic
acid has high added value because it is used as antimicrobials for animal feed and precursors
aviation fuel (Angenent et al., 2016).

Figure 5.4.6b shows that at the beginning of the operation there was greater availability
of glucose, and when the reactor entered the phase of methanogenesis, the concentration of this

glucose was very low, indicating the self-regulation of the process for CHa4 production. When
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the reactor begins to decrease its production of CHa, phases VII and VI1II, the concentration of

glucose increases again, indicating the start of the collapse of the operation.

2.6 Microbial community characterization

Figure 5.4.7 shows the observed values of richness (number of species-a), and the
calculated values from diversity (Shannon index-b) and wealth estimate (Chaol estimator-c) of
the Samples. The results show that the number of species (Figure 5.4.7a) and richness (Figure
5.4.7b) of the Al samples was higher than that of the A2 sample. This behavior is as expected
for these results since the A1 samples are samples from the initial inoculum, that is, from the
inoculum without having been inserted into the reactor. The A2 samples are from the inoculum
when the CH4 production was stabilized, that is to say, that the microbial community present is
already "selected" for the specific metabolic route of CH4 production according to the substrates
used. In addition, the inoculum of Sample Al comes from a mesophilic reactor, while Sample
A2 comes from a thermophilic reactor and this temperature change may also have led to this
difference between species of microorganisms. These results are consistent with what happened
in our previous work (Volpi et al., 2021b) indicating that the presence of NP did not influence
the diversity of microorganisms and the change in the microbial community from one sample

to another.
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Figure 5.4.7. Observed values of (A) richness (number of species), (B) richness estimate
(Chaol estimator), and (C) calculated values of diversity (Shannon index) of Sample 1 (seed
sludge) and Sample 2 (sludge from the s-CSTR stable operation, Phase 1V)

The Shannon index obtained from sample Al was close to 5.0, while that from sample

A2 was less than 3.75. As discussed in Volpi et al., 2021b, when the value of the Shannon index
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Is greater than 5.0, it indicates greater microbial diversity in anaerobic digesters (Moraes et al.,
2019). Thus, it can be seen that the A2 sample has a much lower microbial diversity than the
Al, since these microorganisms are in stabilized metabolic routes for CH4 production (due
temperature change), indicating that this microbial community is even more specific.

Figure 5.4.8 shows the results obtained from phylum in relation to Bacteria order (a)

and Archaea order (b) from samples Al and A2.

At A2 Al A2

75%

25%

Figure 5.4.8. Relative abundance of microorganisms at the phylum level from Bacteria order
(a) and Archaea order (b) from the seed sludge- Sample A1 and from the s-CSTR sludge
with stable CH4 production-Sample A2

Following what was discussed above, the phyla variety found in sample Al (Figure
5.4.8a) is much larger than those found in A2. In sample Al the main phyla found from Bacteria
order was: (~25%) Bacteroidota, (~15%) Cloacimonadota, (~50%) Firmicutes and (~2%)
Spirochaetota. Microorganisms of the phylum Bacteroidota, Cloacimonadota, and

Spirochaetota are generally found in mesophilic processes and are bacteria responsible for the
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fermentative and hydrolytic steps of AD (Xie et al., 2020; Zhang et al., 2021). The presence of
these three phyla in the Al sample and the absence of them in the A2 sample indicates how
temperature influenced the change in the bacterial community since the Al inoculum comes
from a mesophilic process. The large presence of the Firmicutes phylum is to be expected since
they are one of the main phyla of anaerobic processes, and most cellulolytic bacteria belong to
them (Wu et al., 2020). In sample A2 the main phyla found are (~80%) Firmicutes, (~2%)
Protobacteria, and (~5%) Thermotogota. The Thermotogota phylum is characteristic of
thermophilic processes (Wang et al., 2018), and bacteria of the Protobacteria phylum are
characteristic for degrading lignocellulosic material (Wu et al., 2020). It is important to mention
that these two last phyla are present in smaller proportions in sample Al, indicating the
possibility of a change in the microbial community due to experimental conditions and used
substrates. Furthermore, in the previous co-digestion work (Volpi et al., 2021b) these same
phyla were found in the sample when the reactor was stabilized for CH4 production, indicating
that the presence of FesOs4 NP did not influence the change in the microbial community
concerning order Bacteria. Zhang et al. (2021) showed that the presence of Proteobacteria
followed by Firmicutes the bacteria were the central syntrophic acetogens for propionate
oxidation via the methylmalonyl-CoA pathway, perhaps indicating the presence of this
metabolic route when CHa production stabilized, as discussed in section 3.3.3.

About Archaea order phyla, in sample Al it was observed (~25%) Euryarchaeota and
in sample A2 (~20%) of the same phylum. This phylum is characteristic of methanogenic
Archaea, responsible for the production of CHs. In addition to this main phylum, other phyla
of the Archaea order were also found, such as Crenarchaeota, Halobacterota, that also have

methanogenic genera (Lyu et al. 2018).
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Figure 9 shows the main genera found for samples Al and A2 to the order Bacteria (a)
and the order Archaea (b). As previously discussed, the Al sample presented a very large
microbial diversity, with no genus that was predominant in the process about the Bacteria order.
Its genera of microorganisms come from the main phyla (Bacteroidota, Cloacimonadota,
Firmicutes) and are characteristic of acidogenic and hydrolytic processes.

Sample A2 has some genera of the order Bacteria that emphasized such as (~5%)
Defluvitoga, (~3%) Hydrogenispora, (~9%) Ruminiclostridium. These genera were also present

in the reactor operation without the presence of FezOs NP (Volpi et al., 2021b).
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Figure 5.4.9. Relative abundance of microorganisms at the genus level from Bacteria order
(a) and Archaea order (b) from the seed sludge- Sample A1 and from the s-CSTR sludge
with stable CH4 production-Sample A2.

Defluvitoga genus, belonging to the phylum Thermotogota, is reported to be dominant
in the degradation of organic materials in CSTRs or thermophilic bioelectrochemical reactors
(Guo et al., 2014). Ruminiclostridium, belonging to the phylum Firmicutes, are hydrolytic
bacteria characterized by metabolizing cellulosic materials, with a high concentration of

lignocellulose (Peng et al., 2014), which is the case of residues used in reactor operation. In the
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work by Kang et al. (2021) wheat straw was used for anaerobic digestion, and bacteria
belonging to the genus Ruminiclostrium and Hydrogenispora were found as the main
microorganisms. This fact leads to the association that such bacteria are present in the
degradation of lignocellulose substrates since wheat straw and residues from the present work
have a similar composition.

Hydrogenispora is acetogenic bacteria, which can ferment carbohydrates such as
glucose, maltose, and fructose into acetate, ethanol, and H» (Kang et al., 2021). These bacteria
can act in conjunction with hydrogenotrophic methanogens. In Figure 9b, the predominant
methanogenic Archaea in sample A2 was (~70%) Methanoculleus. This methanogenic Archaea
participates in the syntrophic oxidation of acetate (SAO) coupled with hydrogenotrophic
methanogenesis pathway (Schnirer et al., 1999). Furthermore, it was also the main
methanogenic found in the work by Volpi et al. (2021b). Therefore, it can be seen that despite
the addition of NP in the reactor, the presence of the main Archaea comunity was not altered
(Methanoculleus), but the presence of other methanogenic phyla that were not present in the
first reactor was stimulated (Crenarchaeota, Halobacterota) .The genus (~15%)
Methanotermobacter was also found in sample A2. This genus is characterized by being present
in thermophilic anaerobic digestions and belongs to the obligate-hydrogenotrophic
methanogens (Li et al., 2020). This fact corroborates the possibility that the predominant
metabolic route in the co-digestion of vinasse, filter cake, and deacetylation liquor is
syntrhophic acetate oxidation (SAQO) coupled with hydrogenotrophic methanogenesis.
Furthermore, it was discussed in section 3.3.3 that in the presence of low H. pressure, propionic
acid consumption is favored, and Fe is a trace element whose main substrate for oxidation-
reduction reactions is Ho. This confirms the fact that the presence of FesOs NP may have
reinforced that the main metabolic pathway for the co-digestion of these residues is through

hydrogenotrophic methanogens.
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In sample, Al (Figure 5.4.9a) were found (~20%) Methanobacterium and (~7%)
Methanosaeta. Methanobacterium is known as hydrogenotrophic methanogens while
Methanosaeta is known as obligate-acetoclastic methanogen and has a strong affinity to acetate
(Li et al., 2020). These two genera are not found in sample A2, indicating how there was a
change in the microbial community from sample Al to A2 due to different substrates and

experimental conditions.

4. CONCLUSIONS

Through the present work, it was possible to conclude that the use of FesOs NP is an
additive that optimized the co-digestion of 1G2G ethanol industry residues, providing an
increase of approximately 90% in CH4 production. Despite not having significant differences
between the different concentrations of NP in the batch process, the concentration of 5 mg L
of FesOs NP was ideal for a stable continuous operation, with production stimulation, and
without process inhibitions.

These nanoparticles proved to favor the reduction of the lag phase of the process,
through a stabilized reactor operation. The reactor collapsed in OLRs of 9 gVS L™ day™, being
an OLR almost 2 times larger than that used in the operation without the presence of NP (9 vs
5 gVS L1 day?). Furthermore, the methanogenesis was stabilized after 60 days of operation,
being 30 days earlier than the operation without the addition of NP.

Fe3Os NP did not influence the possible metabolic pathways of the process, on the
contrary, they stimulated the growth of methanogenic Archaea, reinforcing that the main
metabolic pathway of these residues in co-digestion is through SAO with hydrogenotrophic
methanogenesis. Methanoculleus are the main methanogenic Archaea found in the process, and
Defluvitoga, Ruminiclostridium, and Hydrogenispora are the main genus of Bacteria order in

process, both with or without the addition of NP.
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ABSTRACT

The proteomic analysis has been highlighted as a powerful tool for deeper investigation of the
anaerobic digestion (AD), but less information was found about the co-digestion of ethanol
production residues. In this context, this study aimed to analyze the repertoire of proteins from
anaerobic co-digestion performed in reactors that contained residues from the production of
First- generation (1G) and Second- generation (2G) ethanol for biogas production. Proteomics
analysis was performed for three types of samples: anaerobic sludge before being inserted into
the reactor (SI), semi-continuous stirred reactor (s-CSTR) with co-digestion of filter cake,
vinasse, and deacetylation liquor (R-CoAD) and s-CSTR with co-digestion of these same
residues with the addition of FesO4 nanoparticles (R-NP). Protein extracts were analyzed by
shotgun high-resolution Mass Spectrometry for a Metaproteomics analysis. Most proteins
identified were related to the carbohydrate metabolism and amino acid metabolism. The
metabolic routes annotated for the three samples were very similar, with minor changes in the
initial stages of the bioprocess. The main metabolic routes annotated for the generation of
residues or metabolic products from the production of 1G2G ethanol in co-digestion was
syntrophic acetate oxidation process coupled with hydrogenotrophic methanogenesis, with the

production of CH4 occurring preferentially via CO> reduction.

Keywords: Proteins, vinasse, filter cake, anaerobic inoculum, deacetylation liquor, metabolic

pathway
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1. INTRODUCTION

Biogas production through anaerobic digestion (AD) and the energy recovery from
methane (CHs) are some of the ways that have been studied for the generation of renewable
energy and reduction of greenhouse gas (GHG) emissions (Longati et al. 2020). Literature
shows as substrates for AD, a variety of wastes can be employed such as restaurant food waste,
agro-industrial waste, animal manure, lignocellulosic waste, and domestic sewage (Meyer et al.
2018; Parralejo et al. 2019; Pramanik et al. 2019). Among several agro-industry residues, the
use of by-products from ethanol production, such as vinasse, distincts itself in the production
of biogas, because it is a residue with high amount of organic matter and provides a way for the
integration of ethanol plants in biorefinery concepts since there is the conversion of waste into
energy (Moraes et al. 2015; Fuess et al. 2017).

The distilleries of First generation (1G) ethanol production generate residues in addition
to vinasse, such as filter cake, sugarcane straw, which also have huge potential to produce
methane (CHas) within anaerobic digestion (Volpi et al. 2021a), making sugarcane industrial
plants to produce bioethanol, and another type of bioenergy. An additional strategy to produce
biogas is from the residues of second-generation ethanol (2G) production from lignocellulosic
residues, such as sugarcane straw, thus further increasing the productivity of bioethanol and
biogas (Longati et al. 2020). For the production of 2G ethanol, several pretreatments are applied
to lignocellulosic materials. Brenelli et al. (2020) demonstrated the efficiency of acetic groups
removal through the alkaline pretreatment of sugarcane straw to produce 2G ethanol. From this
process, a residue rich in acetate emerges, which is the deacetylation liquor that has a high
biochemical methane potential (BMP) (Volpi et al. 2021a).

To promote the integration of 1G2G ethanol biorefineries, we have previously
demonstrated that the anaerobic co-digestion of vinasse, filter cake, both from the production

of 1G ethanol and the deacetylation liquor (2G ethanol) in a continuous reactor allows the
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recovery of 234 NmLCH, gVS™ (Volpi et al. 2021c). In addition, by converting the biogas
produced into electricity, it is possible to obtain an installed capacity of 58 MW for a 1G2G
ethanol plant, and if this biogas is purified using biomethane, it is possible to supply the entire
truck fleet of the largest ethanol plant in Brazil during the season period (\Volpi et al. 2021b).

Despite all the operational discussion of the co-digestion of residues from ethanol
production for CHas recuperation, biochemical aspects of the process need to be better
understood. The AD process is quite complex from a microbiological point of view. The
consortium of bacteria responsible for the metabolism of waste to the final product is composed
of several species of Bacteria and Archaea, and they may prefer different metabolic routes,
depending on the experimental conditions, the substrates used, since there are numerous
metabolic routes within the process (Abram et al. 2011). We have demonstrated that in the
microbial consortium of co-digestion of vinasse, filter cake, and deacetylation liquor, the
predominant Archaea group was Methanoculleus, that are part of the metabolic route syntrophic
acetate oxidation (SAO) coupled with hydrogenotrophic methanogenesis (Volpi et al. 2021c),
that indicates this metabolic route was possibly the main one for the production of CH4 from
that residues. However, just by identifying the existing microorganisms, it is difficult to
distinguish which possible route is being preferred in the process, according to the experimental
conditions. Little is known about the functional activities of the various abundant groups of
anaerobic sludges from AD bioreactors (Abram et al. 2011). Therefore, it is important to gain
insights into the biochemistry of the bioprocess to achieve better performance and optimization
of sugarcane residues co-digestion.

The literature is quite scarce regarding proteomics analysis of anaerobic reactors that
use sugarcane residues, mainly 2G ethanol residues. Even less information is found on the
proteomics analysis of residues anaerobic co-digestion from the sugar-energy industry. Studies

report that the metaproteomics approach was successful applied to analyze the expression of
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key microbial functions in various environments, including improved biological phosphorus
removal reactors, activated sludge, and local mine acid drainage, as well as under local soil and
seascapes (Wu et al. 2013).

Therefore, the present work reports the metaproteomic analysis of samples from
anaerobic reactors that contained residues from the production of 1G ethanol and the production
of 2G ethanol in co-digestion for biogas production. Metaproteomic analyses were performed
for three types of samples: the first type is the anaerobic sludge used as inoculum, that is, the
seed sludge; second type is from a reactor with co-digestion of filter cake, vinasse, and
deacetylation liquor, and the last sample type is from another reactor with the same previous
co-digestion condition with the addition of Fe3O4 nanoparticles (NP). The goal was to analyze
if there would be changes in the expressed proteins between the different sample types and if
there could be a change or preference in the metabolic routes detected in these complex

microorganism communities.

2. MATERIAL AND METHODS

2.1 Residues and Inoculum

The residues used in the reactor operation as substrate were vinasse, filter cake, and
deacetylation liquor. The vinasse and filter cake, both from the production of 1G ethanol, were
collected from Iracema sugarcane plant (Sdo Martinho group, Iracemapolis, Sdo Paulo state,
Brazil) and the liquor from the straw pretreatment process, performed at the Brazilian
Biorenewables National Laboratory (LNBR) from the Brazilian Center for Research in Energy

and Materials (CNPEM).
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The microbial consortium used as inoculum in the process was obtained from a
mesophilic reactor (35°C) BIOPAC®ICX — Paques treating vinasse, also from the same

Iracema sugarcane plant in Iracemapolis.

2.2 Semi-continuous stirred reactor (s-CSTR) operation

Proteomics analysis was performed on three different samples, one sample being the
seed inoculum, that is, the inoculum before being inserted into the reactor that was called
sample Sl, and two samples from two different semi-continuous stirred reactors. The sample
from the first reactor is called the R-CoAD sample, which was composed by microbial
communities from the co-digestion of vinasse, filter cake, and deacetylation liquor. The sample
from the second reactor is called the sample R-NP, which is composed of the same co-digestion
as the first reactor, but with the addition of FesOsNP. The NP concentration in s-CSTR was 5
mg L.

The sample R-CoAD was obtained from the reactor operation described in our previous
work (Volpi et al. 2021c) and the sample R-NP was obtained from the reactor operation as
described in our previous work (Volpi et al. 2022). The two s-CSTR were operated under 55°C
with 4 liters-working volume and the co-digestion of the residues was added in the proportion
of volatile solids (VS): 70% VS of vinasse, 20% VS of filter cake, and 10% VS of deacetylation
liquor. Both samples were collected when the CH4 operation was stabilized during reactor
operation. The inoculum was characterized in terms of VS and total solids (TS). The inoculum
presented 0.0076 + 0.00 g mL™* in terms of VS and 0.0146 + 0.00 g mL* in terms of TS. Figure
5.5.1 exemplifies how the samples from the microbial consortium were obtained to perform the
metaproteomics analyses. Table 5.5.1 summarizes some indicators of the process during the

stable operation of the two reactors (Volpi et al. 2021c; Volpi et al., 2022).
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IRACEMA SUGARCANE PLANT IRACEMA SUGARCANE PLANT IRACEMA SUGARCANE PLANT
MESOPHILIC REACTOR: 35°C MESOPHILIC REACTOR: 35°C MESOPHILIC REACTOR: 35°C

S-CSTR CO-DIGESTION OPERATION: S-CSTR CO-DIGESTION OPERATION :
55°C - VINASSE+ FILTER CAKE + 55°C - VINASSE+ FILTER CAKE +
DEACETYLATION LIQUOR DEACETYLATION LIQUOR + Fe;0,
NANOPARTICLES
v l
Stabilized CH, production Stabilized CH, production
SI SAMPLE
R-CoAD SAMPLE R-NP SAMPLE

Figure 5.5.1 s-CSTR operation scheme and obtaining samples for proteomics analysis

Table 5.5.1. Summary of operating indicators results of the two reactors used for sample
removal for proteomics analysis

R-CoAD reactor R-NP reactor
Organic Matter Removal (%) 83 71
CHys production (NmLCH,4 gVS™?) 234 2800
Organic Load Rate (gVS L™ day™?) 4.16 5.23

2.3 Metaproteomic Analysis

23.1 Protein Extraction
Proteins were recovered from the sludge following the protocol Hurkman and Tanaka
(1986) in triplicates. All samples were lyophilized in the Modulyod FR-Drying Digital Unit
lyophilizer (Thermo Fisher, USA). After lyophilization, PVPP (1%) and (2 %) B-

mercaptoethanol extraction buffer was added to 1 mL of lyophilized sample. Washes were
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carried out in a cold room at 4°C and in an orbital shaker, followed by washes with Phenol in a
10,000g centrifuge for 30 minutes at 4°C. After the washes, new washes of the sample with
100% methanol + 0.1 M Ammonium acetate were started, and then the sample was precipitated
with acetone. This sample was dried, resuspended in Urea (7M) and Thiourea (2M)
solubilization buffer and then the sample was desalted using a fresh 50mM NHsHCOs3 solution,
with the aid of an Amicon®Ultra Centrifugal Filters column from Millipore (cat # UFC
5003BK), selective for 3000-10000 NMWL.

After this process, digestion with Trypsin, through RapiGest SF (0.2%) and TFA
solution. The samples were dried in a “speed vac”. After drying, they passed through a C18
purification column ZipTip Reversed-Phase ZipTip C18, P10 (Millipore, cat# ZTC18M096,

USA\) before being inserted into the mass spectrometer.

2.3.2 Two-Dimensional LC-MS/MS Analysis

The LC-MS was performed on a NanoElute (Bruker Daltonik) system coupled online
to a hybrid TIMS-quadrupole TOF mass spectrometer (timsTOF Pro) (Meyer et al. 2018)
(Bruker Daltoniks, Germany) via a nano-electrospray ion source Captive Spray (Bruker
Daltoniks, Germany). For the gradient run (22 min. total run), approximately 200 ng of peptides
were separated on a Bruker TEN column 10 cm % 75 um ID, 1.9 pm C18 reversed-phase column
(Bruker) at a flow rate of 500 nL min in an oven compartment heated to 50°C. To analyze
samples from whole-proteome digests, we used a gradient starting with a linear increase from
2% B to 35% B over 18 min, followed by a further linear increase to 95% B in 2 min which
was held constant for 2 min. The column was equilibrated using 4 volumes of solvent A. The
mass spectrometer was operated in data-dependent PASEF (Meier et al. 2015) mode with 1
survey TIMS-MS and 4 PASEF MS/MS scans per acquisition cycle. We analyzed an ion

mobility range from 1/K0 = 1.3 to 0.85 Vs cm-2 using equal ion accumulation and ramp time
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in the dual TIMS analyzer of 100 ms each. Suitable precursor ions for MS/MS analysis were
isolated in a window of 2 Th for m/z < 700 and 3 Th for m/z > 700 by rapidly switching the
quadrupole position in sync with the elution of precursors from the TIMS device. The collision
energy was lowered stepwise as a function of increasing ion mobility, starting from 27 eV for
1/KO0 = 0.85 Vs cm-2 and 45 eV for 1/K0 = 1.3 Vs cm-2. We made use of the m/z and ion
mobility information to exclude singly charged precursor ions with a polygon filter mask and
further used ‘dynamic exclusion’ to avoid re-sequencing of precursors that reached a ‘target
value’ of 20,000 a.u. The ion mobility dimension was calibrated linearly using three ions from
the Agilent ESI LC/MS tuning mix (m/z, 1/K0: 622.0289, 0.9848 Vs cm-2; 922.0097, 1.1895
Vs cm-2; and 1221.9906, 1.3820 Vs cm-2). The Mass Spectrometry was performed at the Max

Feffer Laboratory of Plant Genetics Department of Genetics Esalg/Usp.

2.3.3 Processing Parameters and Database Search

All MS/MS samples were processed using PEAKS Studio Version 10.6 (Bioinformatics
Solutions Inc., Waterloo, ON, USA) Software. Mass spectra were searched against the
UniProtkB/SwissProt database (January 16" of 2019), using the following search parameters.
Carbamidomethylation of cysteine was used as fixed amino acid modification, and oxidation
of methionine and acetylation (Protein N-term), as variable modifications. Trypsin was selected
as the proteolytic enzyme, with a maximum of two potential missed cleavages. Peptide and
fragment ion tolerance was set to 20 ppm and 0.05 Da, respectively. The maximum false-
positive discovery rate (FDR) in Scaffold was set up to 1% at protein and peptide level, with
one unique peptide criterion to report protein identification. All protein hits were identified with
confidence of > 95%. Protein quantification was performed using signal intensity (area under

the curve, AUC).
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The predicted protein identifications were obtained with the embedded ion accounting
algorithm of PEAKS Software searching into the database for NCBI non-redundant database.
The mass spectrometry proteomics data were deposited in the ProteomeXchange consortium

via the PRIDE partner repository with the dataset identifier PXD029938.

2.3.4 Data Analysis

For metaproteomics data analysis, a list of potential contaminant proteins that were not
from microorganisms, including plant and animal proteins were removed from our main data
set of identified proteins. One protein from each Protein Group were included in the data set.
For quantitative analysis the intensities were transformed to log base two and filtered to have
at least two valid values in each group. More than two non-valid values for the same protein
identified were assigned as zero. We used InteractVenn (Herbele et al., 2015) to determine
common and exclusive proteins in each biological condition. Differentially expressed proteins
between biological samples were examined by two-tailed Student’s t-test.

The annotation of the identified proteins was performed with the updated Gene
Ontology analysis of frequency of GO terms in ID/mapping module from UniProt and database

of Kyoto Encyclopedia of Genes and Genomes (KEGG) (http://www.kegq.jp/kega/). The

version of KEGG used for annotation was the number 5 of KEGG Mapper [2] accessed on
August 20", 2021. The KEGG was mainly used to trace the metabolic routes of the samples.

Protein sequences were submitted to BlastKOALA (https://www.kegq.jp/blastkoala/) in the

KEGG for functional annotation.

To analyze the correlation between samples in the protein expression, a heatmap was
created with R version 5.1.2 (http://www.r-project.org) using the heatmap function, a heat
map.2 function in R's ‘gplot’ package (version 3.0.1). The proteins were classified based on the

Pearson correlation coefficients as a similarity measure in protein expression and Euclidean


http://www.kegg.jp/kegg/
https://www.kegg.jp/blastkoala/
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hierarchical clustering method. The figure 1SM in supplementary materials (SM) show the

Pearson correlation graphic.

3. Results and Discussion

3.1 Identified Proteins

In general, a total of 439 proteins were found, being 319 proteins for the SI sample, 293
proteins for the R-CoAD sample, and 299 proteins for the R-NP sample. From this data,
contaminating proteins and proteins from other organisms were excluded, but taking into
account proteins of the same suggested function attributed to different microbial species. Table
5.5.1SM, Table 55.2SM and Table 5.5.3SM show the identified proteins that were
differentially expressed between the samples. These tables also contain the NCBI-Uniprot
identifier of each protein. The samples R-NP and R-CoAD were the ones with the highest
numbers of differentially expressed proteins since this samples were from different reactors.
However, this does not mean that they have followed different metabolic routes for CHa
production, but that the addition of FesOs NP in the reactor may have influenced a higher or
lower expression of a certain protein, as NP acts as an Archaea growth stimulant and also acts
as a protein cofactor (Abdelsalam et al. 2017; Hassanein et al. 2019) improving the AD process.

Figure 5.5.2 shows the results obtained from Venn diagram where shows how many
proteins were exclusive to each sample and how many proteins the sample has in common. For
Venn diagram and functional analysis, the Uniprot identifier of proteins that obtained the
highest coverage within the same group of proteins was used since many proteins of the same
group with the same function were identified. The SI sample got exclusive 48 proteins, while
the R-CoAD sample got 10 and the R-NP sample got 17. The identification of each of these

proteins can be found in Table 2SM. Sample R-CoAD and Sample R-NP have 24 proteins in
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common, that is the more quantity of proteins in common, this can indicate that these two
samples may have the same metabolic route as expected because they have the same substrates

used in AD process.

48 10

23

11 24

17

Figure 5.5.2. Venn Diagram about proteins of each sample. SI: seed inoculum, R-NP:
Nanoparticles reactor, R-CoAD: Co-digestion reactor

Figure 5.5.3 shows the relative abundance of proteins found in each of the samples. It is
possible to observe that sample Sl has a greater diversification of proteins than the other
samples, like was identified in Figure 5.5.2. This could have happened because the anaerobic
sludge from sample SI was not analyzed at the time when the CH4 production was stable,
indicating that there may be more metabolic pathways in the process, compared to samples R-

CoAD and R-NP. This situation was seen in the work by Volpi et al. (2021c) about the
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identification of the microbial community in samples SI and R-CoAD. The sample of seed
inoculum had a greater diversification of microorganisms concerning sample of reactor, making
the substrates and reactor conditions directed the co-digestion process, selecting new
community structures in a way that some members of the community have increased while

others have decreased their abundance relatives.
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Figure 5.5.3. Relative abundance of proteins found in each of the samples. Average of
triplicates. SI: seed inoculum, R-NP: Nanoparticles reactor, R-CoAD: Co-digestion reactor
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The main proteins found in the sample R-NP are classified in the following functional
classes: (~20%) Chaperone, (~30%) Enolase, (~13%) Xylose Isomerase, (~4%)
Argininosuccinate lyase. For sample R-CoAD, the main proteins identified were belonging to
the functional classes: (~10%) 60 kDa Chaperonin, (~24%) Enolase, (~38%) Ornithine
carbamoyltransferase, and (~6%) Pyruvate phosphate dikinase.

In both samples, the presence of the Enolase enzyme is highly represented and
carbohydrate appeared to be the main initial carbon source. This enzyme is associated with
glucose metabolism, and reactors are treating samples with a high cellulose content that can be
used in the glycolysis pathway or the pentose phosphate pathway once degraded (Abram et al.
2011). In addition to Enolase, another enzyme associated with cellulose metabolism is Xylose
iIsomerase, indicating that the metabolic route of Xylulose also can be involved in the cellulose
catabolism that takes place under AD. The Pyruvate phosphate dikinase enzyme could work at
end of the glycolytic pathway metabolizing phosphoenolpyruvate into pyruvate (Abram et al.
2011).

The presence of proteins such as chaperones and chaperonins is usually related to stress
responses due to environmental conditions and survival challenges in extreme or changing
conditions and is not directly related to metabolic pathways involved in the AD of
polysaccharides and biogas production. However, these proteins may be common in anaerobic
reactor sample analyses as reported by Lam et al. (2021) and may be important to ensure the
proper cellular response and protein folding under AD (Lam et al. 2021).

Among the main proteins related to the metabolic process of CH4 production within
anaerobic digestion, methyl coenzyme-M is a key enzyme at the end of CH4 production (Abram
et al. 2011). This enzyme was found in the three samples, (~0.5% in sample SI, ~1.6 % in
sample R-NP, and 0.2% in sample R-CoAD) indicating that the CH4 production route was

probably active in the sludge.
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The acetate kinase enzyme was also found (~1.5%) in sample R-NP and (~0.5%) in
sample R-CoAD. This enzyme is responsible for the conversion of acetyl phosphate into acetate
(and vice versa) within the metabolic pathway to produce CHa, The acetate is the main precursor
of CH4 production (Pan et al. 2016) and the presence of this protein, which is widespread in
bacteria fermentation consortiums, suggests that complex organic matter is degraded to acetate
as well in our AD conditions, to produce CHa.

Acetyl-coenzyme A synthetase, Acyl-CoA dehydrogenase, all related to the acetoclastic
pathway in CH4 production were also identified in the three samples. The SI sample showed
the highest number of these proteins (e.g. ~7% Acetyl-CoA decarbonylase/synthase), being
expressed by Archaea methanosarcina and Methanothrix, possibly indicating that the
acetoclastic route was predominant in the inoculum before being inserted into the reactor. The
fact that these enzymes were not found in greater amounts in the R-CoAD and R-NP samples
do not indicate that the acetoclastic route was not present inside the reactor, but perhaps that as
the CHs production was already stable, only proteins related to the final steps of

methanogenesis, as it was the case with Methyl-CoM, were detected.

3.2 Relationship of proteins and the microbial community
Figure 5.5.4 shows the relative abundance of proteins expressed by each genus of
microorganism. The R-NP and R-CoAD samples also had proteins that are produced by
methanogenic Archaea and also by groups of Bacteria that are important for AD, such as
Thermoanaerobacter, Thermobifida, Thermomicrobium, Thermosipho, Thermotoga,
Syntrophomonas, Ruminiclostridium, Pseudomonas. Our proteomics results revealed a high
number of proteins identified and annotated to the microorganisms of the Thermotoga genus,

which is characteristic of thermophilic processes (Volpi et al. 2021c). The presence of these
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proteins was more abundant in the samples from the two reactors which operated at 55°C than
in the SI sample that comes from a mesophilic reactor.

These same samples showed proteins that are expressed from acetogenic and hydrolysis
phases from the organisms from genus Clostridium and Thermoanaerobacter, which are part
of the first stages of AD and they are important for drive in the entire metabolic process (Merlin
Christy et al. 2014). Microorganisms of the genus Lactobacillus for example, whose proteins
were identified in the sample R-NP and R-CoAD, are responsible for converting pyruvate into
lactic acid, which can then be converted to acetate (Lam et al. 2021). Species of the genus
Clostridium are involved in the degradation of pyruvate to butyrate (Lam et al. 2021) and
possibly this butyrate was converted to acetate. All these microorganisms from the early stages
of AD are important to prepare substrates that will be reduced to CHa, such as acetate and CO»,

which will be used by methanogenic Archaea species.
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It is noteworthy that all samples have proteins from methanogenic Archaea annotated
from the acetoclastic pathway such as Methanosarcin, as well as from the hydrogenotrophic
pathway such as Methanoculleus. We have previously identified the main Archaea genus found
in the samples of AD was Methanoculleus in the co-digestion of vinasse, filter cake, and
deacetylation liquor, indicating that the probable metabolic route with these substrates would
be syntrophic acetate oxidation (SAQ) process coupled to hydrogenotrophic methanogenesis
(Volpi et al., 2021c). The fact that the two reactors under AD have an expression of enzymes
from both the acetoclastic metanogenisis route (e.g. ~3% and ~1% of acetate kinase, for R-
CoAD and R-NP respectively) and the hydrogenotrophic metanogenisis route (e.g. ~5% and
~3% of acetyl CoA descarbonylase/synthase, for R-CoAD and R-NP respectively) confirms the
possibility that SAO was coupled to the hydrogenotrophic route and may be the most likely
within the waste co-digestion (vinasse, filter cake and deacetylaion liquor) from the ethanol

production industry

3.3 Protein functional analysis

Figure 5.5.5a shows the heatmap of the results obtained from clustering the protein groups
of the 3 samples, with the 3 repetitions performed. From this graphic it can be seen that samples
were clustered in two groups, being the one in purple and the two group in red.

In the first cluster it can be seen in general that the R-CoAD samples and the R-NP sample
have similar patterns of protein abundance, while in the second cluster most proteins that were
expressed in the SI sample were not expressed in the other two samples. To assess the biological
function of the set of expressed proteins of the two clusters identified, we performed analysis

using Blastkoala, which is shown in Figure 5.5.5b.
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The Cluster 1, which has the proteins from the R-CoAD and R-NP samples with high
abundance (Figure 5.5.5b), had an intense carbohydrate metabolism activity, in addition to
amino acid metabolism. The Cluster 2 had the highest expression of proteins in the SI sample,
the greatest functions of the detected proteins were metabolism of other amino acids, energy
metabolism, cellular process. In general, these protein functions, even though none are directly
related to the CHa4 route, were already shown to have different metabolic pathways, and the R-
CoAD and R-NP samples were classified under the same functions. It is worth remembering
that these samples come from the anaerobic co-digestion operation of the same residues with
stabilized CH4 production.

According to the functions represented in the BlastKOALA (Figure 5.5.5b), there was a
higher expression of proteins that act in the first AD phases, being the hydrolysis and acidogenic
phase, for all samples, even samples R-NP and R-CoAD were removed from the reactor in the
methanogenesis phase. This can be confirmed through Figure 5.5.6, which shows the frequency
of each of the enzymes identified in the samples according to the analysis of the Gene ontology
(GO) of UniProtKB in relation to the molecular function of these proteins. In all samples, active
carbohydrate and protein metabolism enzymes were detected, such as hydrolase, lyase,
peptidase and some other auxiliary enzymes (Bertucci et al. 2019) that are part of the hydrolysis
steps. Still, these enzymes are more frequent in SI samples than in the other two coming from
methanogenesis. These enzymes are important in the fatty acid biosynthesis process, which is
an essential step for biogas production (Ping et al. 2020). What probably occurred is that smaller
amounts of proteins related to methanogenesis were identified, which were not detected in the
analysis carried out in the blastkoala because of low quantification. Even with this difficulty, it

was possible to detect proteins related to the CH4 metabolic route, as described in section 3.1.
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Figure 5.5.5. Hierarchical clustering analysis of the expression profiles of the identified 139
proteins. The nine columns represent triplicates of different treatments (SI, R-CoAD and R-

NP). The rows represent individual proteins. The more and less abundant proteins are

respectively indicated in orange and blue. The intensity of color increases with increased
abundance differences, as shown in the bar. (b) Functional categories of clusters originated in
figure 5.5.5a. The two different clusters were analyzed using BlastK OALA and comparative

are shown as a bar chart.
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3.4 Metabolic Pathway
Figure 5.5.7 shows the metabolic route that was proposed for the 3 samples together,
according to the identification of proteins. To propose this route, KEGG's specific metabolic

routes (http://www.kegg.jp/kega/1) were followed. According to Figure 5.5.7, the main

differences between the three samples occurred mainly in the early stages of AD, such as
hydrolysis and acetogenesis, which are a process where macromolecules such as cellulose,
lignin, xylose were broken down by different types of microorganisms, so that the volatile fatty
acids, enter the phase of acetogenesis and methanogenesis.

Likely, methanogenesis was not different for the three samples, because the same
residues were used as substrates, with the same compositional characteristics (Volpi et al.

2021a).
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Figure 5.5.7 General proposed map of the metabolic pathways for 3 samples. SI: seed inoculum,
R-NP: Nanoparticles reactor, R-CoAD: Co-digestion reactor. The red enzymes were detected in
process. The white background is the metabolic maps for all samples, the pink background maps
are found for the sample R-NP and R-CoAD, and the map with a gray background is found in the
sample SI.

At the beginning of the metabolic route, the pathway of xylose, pentose, and glycolysis
probably occurred in the 3 samples since the presence of the enzyme Xylose isomerase (EC:
5.3.1.5) was detected. Then, the proteins phosphoglycerate kinase (EC: 2.7.2.3) enolase (EC:
4.2.1.11), and Pyruvate phosphate dikinase (EC: 2.7.9.1) were detected, all involved in the
glycolysis pathway, probably for the synthesis of pyruvate.

From this, there were some differences in the SI sample routes with the R-CoAD and
R-NP samples. The R-CoAD and R-NP samples showed several proteins related to the
metabolism of amino acids such as Arginine succinate lyase, Ornithine Carbometyltransferase.
The presence of these proteins allowed the route Biosynthesis of amino acids, Arginine
Biosynthesis, and Citrate Cycle (all pink in the map in Figure 4.5.7) to be explored. However,
these routes are not extremely important for the production of CHya, as they are part of the initial
stages of the process.

In the SI sample, acetyl-CoA may have followed an acetoclastic methanogenic
metabolic route, since the protein Acetyl-Coenzyme A synthase (EC: 6.2.1.1) was detected. In
the sample R-CoA and R-NP the acetoclastic pathway also can be identified since protein
Acetate kinase (EC: 2.7.2.1) was detected in greater proportions in both samples. In general, all
samples follow this route of Acetyl-CoA generation, both from metabolites such as acetate,
glycolise, citrate cycle, and fatty acid metabolism pathways.

In the end, it is likely that acetate could be converted to CO and later to CO> by the
protein Acetyl-CoA decarbonylase/synthase complex subunit alpha (EC: 1.2.7.4) inside of

Acetyl-CoA pathway (M00422-methane metabolic route-KEGG) (Lam et al. 2021). This
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protein is part of the ACDS complex that catalyzes the reversible cleavage of acetyl-CoA,
allowing autotrophic growth from CO.. This CO2 could then be used by the hydrogenotrophic
methanogens, as reported by Lam et al. (2021), following the degradation processes until the
formation of CHa, since the Methyl-CoM enzyme was detected.

In this study, proteins that are part of the metabolic pathway of the acetoclastic
methanogenic (M00357-Methane metabolic route KEGG) and also proteins that participate in
the hydrogenotrophic pathway (M00567 Methane metabolic route-KEGG) were identified in
all samples. This is a common situation for bioreactors that are fed with glucose as reported by
Abram et al. (2011) methane production from both CO, and acetate correlates with the
observation of a temporally increasing ratio (2.1-3.3 times) of hydrogenotrophic to acetoclastic
methanogenic activity. Figure 5.5.8 was taken from the KEGG site and has highlighted the
routes of the acetoclastic methanogenesis, the hydrogenotrophic methanogenesis, and also the
Acetyl-CoA pathway.

The initial proposal from previous work by our research group (Volpi et al. 2021c¢)
reported that the predominant metabolic route in the process would be SAO coupled with
hydrogenotrophic methanogenesis (SAO-HM) was proved, since, by the identified proteins,
acetate may be oxidized, being converted into CO> (Figure 5.5.7 and Figure 5.5.8). As this
reaction generates H> and is thermodynamically unfavorable (reaction 5.5.1), hydrogenotrophic
methanogenic Archaea consume the present H2 and generate CH4 (reaction 5.5.2) (Pan et al.
2016). Furthermore, this route is (reaction 5.5.1) favored at elevated temperatures. That is why
it is common in thermophilic reactors. Therefore, as proteins from the two methanogenic routes
and microorganisms classified as participants in the SAO-HM were identified (Volpi et al.,
2021Db) the two reactions may be coupled, and it was probably the predominant one in co-

digestion with residues from ethanol production 1G2G.
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Figure 5.5.8 Acetoclastic methanogenesis, Hydrogenotropic methanogenesis, and Acetyl-
CoA pathway inside of Methane metabolic route. (Source: KEGG:
https://www.genome.jp/pathway/map00680)

Syntrophic acetate oxidizing reaction

CH3sCOOH + 2H,0 — 2CO2 +4H2  AG° = +104.6 KJ (Reaction 5.5.1)

Hydrogenotrophic methanogenesis

4H2 + CO2 — CH4 + 2H20 AG°=-135.0 KJ (Reaction 5.5.2)
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4. CONCLUSIONS

A change in the metabolic route within the anaerobic co-digestion reactor with residues
from the production of 1G2G ethanol was observed compared to the metabolic route of the
microbial community before being inserted into the reactor. Many enzymes related to the
hydrolysis and acidogenic phases of AD were detected, since the substrates used are rich in
carbohydrates and composed of cellulosic and lignocellulosic material. The predominant
metabolic route for co-AD from residues of ethanol production was the syntrophic acetate
oxidation (SAQ) process coupled to hydrogenotrophic methanogenesis, with the production of
CHa occurring preferentially via CO> reduction. These results may contribute to a possible
selection of microorganisms according to their metabolic pathway, in a biogas optimization

process from sugarcane residues.
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Table 5.5.1SM. Proteins that were differentially expressed between samples SI and R-NP
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ID protein from UNIPROT

Protein Description

Expression significance value

ACDA_METSH
ENO_CLOK5
ENO_CLOK1
ENO_CLOD6
ENO_RUMCH
GLPK2_THEMA
ENO_OCEIH
CH60_CLOTE
RUBY_DESVH
PPDK_RICFE
PPDK_RHIME
PPDK_RICPR
PPDK_RICCN

PPDK_RICBR

Enolase
Enolase
Enolase
Enolase
Glycerol kinase 2
Enolase
60 kDa chaperonin
Rubrerythrin

Pyruvate phosphate dikinase

Pyruvate phosphate dikinase

Pyruvate phosphate dikinase

0.00

0.00

0.00

0.04

0.00

0.34

0.38

0.12

0.01

0.27

0.00

0.00

0.01

0.01
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PPDK_RICTY Pyruvate phosphate dikinase 0.01
ENO_THEAB Enolase 0.17
PSA_METB6 Proteasome subunit alpha 0.06
PSA_METPE Proteasome subunit alpha 0.12
PSA_METMJ Proteasome subunit alpha 0.10
ARLY_SINFN Argininosuccinate lyase 0.00
ARLY1 RHIME Argininosuccinate lyase 1 0.00
ARLY_RHIE6 Argininosuccinate lyase 0.00

Table 5.5.2SM. Proteins that were differentially expressed between samples Sl and R-CoAD

ID protein from UNIPROT Protein Description Expression
significance

value

FLA BACHD 0.04

ENO_CLOK5 Enolase 0.03



ENO_CLOK1
CH603_BRADU
CH602_RHOPA
CH602_RHOP5
CH606_BRADU
CH602_NITHX

ENO_BACVS

ENO_RUMCH

ENO_BACTN

ENO_BACFR

ENO_BACFN

UGPC_BARBK
RUBY_DESVH
PPDK_CLOSY

PPDK_RICFE

Enolase
60 kDa chaperonin 3
60 kDa chaperonin 2
60 kDa chaperonin 2
60 kDa chaperonin 6
60 kDa chaperonin 2
Enolase
Enolase
Enolase
Enolase

Enolase

sn-glycerol-3-phosphate import ATP-binding protein UgpC OS=Bartonella

bacilliformis

Rubrerythrin

Pyruvate phosphate dikinase OX=315456 GN=ppdK PE=3 SV=1
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0.03

0.36

0.36

0.21

0.36

0.36

0.05

0.05

0.05

0.05

0.05

0.00

0.14

0.00

0.08



PPDK_RHIME
PPDK_RICPR
PPDK_RICCN
PPDK_RICBR
PPDK_RICTY

VATB_METPE
ENO_SYNSC
ENO_THEAB

ATPA DECAR
ARLY_SINFN

ARLY1 RHIME

ARLY_RHIEG6

Pyruvate phosphate dikinase
Pyruvate phosphate dikinase
Pyruvate phosphate dikinase
V-type ATP synthase beta chain
Enolase
Enolase
ATP synthase subunit alpha
Argininosuccinate lyase
Argininosuccinate lyase 1

Argininosuccinate lyase
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0.00

0.00

0.00

0.00

0.00

0.00

0.15

0.00

0.06

0.02

0.03

0.03

Table 5.5.3SM Proteins that were differentially expressed between samples R-NP and R-CoAD

ID Protein from UNIPROT

Protein Description Expression significance value

ENO_CLOKS

Enolase OS=Clostridium kluyveri

0.10



ENO_CLOK1
ENO_CLOD6
ENO_HUNT2
CH60_PSELT
CH60_FERNB
CH60_THEAB
CH60_THENE
CH60_THEM4
CH60_THEMA
CH60_THEP1
CH60_THESQ
ENO_THEFY
ENO_BREBN
ENO_AYWBP
ACKAL_LACLA

MCRA_METTH

Enolase OS=Clostridium kluyveri
Enolase OS=Clostridioides difficile
Enolase
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
60 kDa chaperonin
Enolase OS=Thermobifida fusca
Enolase OS=Brevibacillus brevis

Enolase OS

0.10

0.07

0.13

0.16

0.18

0.01

0.01

0.01

0.01

0.01

0.01

0.19

0.10

0.00

0.11

0.04
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MCRA_METTM
ACDP_MYCLE
ACDP_MYCBO
ACDP_MYCTU
ACDP_MYCTO
ENO_RUMCH
ENO_OCEIH
G3P_THEAQ
ENO_LACF3
ENO_LACCB
ENO_OENOB
ENO_PEDPA
ENO_LACP3
ENO2_LACGA
ENO_PELCD

ENO1_LACJO

Probable acyl-CoA dehydrogenase fadE25
Probable acyl-CoA dehydrogenase fadE25
Probable acyl-CoA dehydrogenase fadE25
Probable acyl-CoA dehydrogenase fadE25

Enolase

Enolase

Glyceraldehyde-3-phosphate dehydrogenase
Enolase OS=Lactobacillus fermentum
Enolase OS=Lactobacillus casei

Enolase

Enolase

Enolase

Enolase 2
Enolase

Enolase 1

0.04

0.14

0.26

0.26

0.26

0.04

0.02

0.00

0.31

0.08

0.18

0.05

0.05

0.05

0.32

0.05
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ENO_LACS1
ENO_LACSS
ILVC_SACEN
ILVC_THEPS
RUBY_DESVH
CH60_SOLUE
PPDK_CLOSY
PPDK_RICFE
PPDK_RHIME
PPDK_RICPR
PPDK_RICCN
PPDK_RICBR
PPDK_RICTY
PORF_PSESY
ENO_THETS

ENO_THET?2

Enolase
Enolase
Ketol-acid reductoisomerase (NADP(+))
Ketol-acid reductoisomerase (NAD(+))
Rubrerythrin

60 kDa chaperonin

Pyruvate phosphate dikinase

Pyruvate phosphate dikinase
Pyruvate phosphate dikinase
Pyruvate phosphate dikinase
Outer membrane porin F
Enolase

Enolase

0.05

0.05

0.08

0.02

0.01

0.06

0.32

0.01

0.01

0.08

0.08

0.00

0.08

0.03

0.16

0.16
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GLYA_RHOP2
ARLY_SINFN
ARLY1 _RHIME

ARLY_RHIEG6

Serine hydroxymethyltransferase
Argininosuccinate lyase
Argininosuccinate lyase 1

Argininosuccinate lyase

0.14

0.01

0.01

0.01
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Figure 5.5.1SM. Heatmap with Pearson correlation coefficients between SlI, R-CoAD and
RN samples. All positive correlations are shown in red and negative correlations are shown in
blue. The numbers inside the square represent the correlation values.
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6 GENERAL CONCLUSIONS

With the results obtained it can be concluded that co-digestion is a viable alternative for
biogas production inside sugarcane plants. With the co-digestion of these residues, it is possible
to obtain biogas production throughout the year inside the 1G2G biorefinery, enabling the use
of biogas for both electricity application and bioCH4 generation and making the 1G2G plant
self-sufficient.

The deacetylation liquor, being a still little explored residue, presented high BMP
values, being very promising for AD. In addition, it appraised it as a co-substrate that
contributed even more to the digestion of vinasse, since its pH close to 12 brings an alkalizing
power to the reactor, it is not necessary to adjust the pH with external chemical substances.

The use of nanoparticles can be a technological advance in the area of biodigestion for
the production of CHa, due to its stimulating properties for bacteria growth.

With the residues used in the present study, it was possible to detect the preference of
bacteria for the metabolic route syntrophic acetate oxidation (SAO) coupled with
hydrogenotrophic methanogenesis, indicating the influence that substrate composition and
operating conditions have on the metabolic pathway that bacteria follow.

Proteomics techniques have shown to be a promising advance for the biochemical
understanding of AD, and consequently to optimize the process, even with the difficulties of

this technique for application in anaerobic inoculum.
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SUGGESTION FOR FUTURE WORK

Simulation of biogas production for the sugarcane off-season by co-digestion filter cake,
the deacetylation liquor and 2G vinasse

Experimental assessment of the alternative technological arrangement of biogas
production aiming at biogas production along the year as proposed in PAPER 3
Economic assessment of different technological arrangement of biogas production in
1G2G integrated sugarcane biorefineries

Reactor sludge sample metabolomics analysis for better understanding of metabolic

pathways within AD
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9 APPENDIX A

The work bellow was presented at IWA - 16th World Conference on Anaerobic Digestion, in
Delft Netherland. 23-19 June 2019.

Biogas production integrated to the concept of biorefinery for lignocellulosic biomass

Volpi, M. P. C*, Moraes, B. S**, Lima, B. V. M., Silva, D. H., Freitas G. P., Souza, L. M.
G.

*mcardealvolpi@agmail.com
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Abstract: In the challenging context of the Paris Agreement (COP21-2015), biogas production
is once again receiving global prominence and, consequently, governmental and industrial
initiatives. In a scenario of high expectation, substrates from the sugar-alcohol activity are
considered as potential facilitators of the development of biorefineries. However, there are gaps
in the literature regarding anaerobic digestion (AD) of waste from the production of
lignocellulosic (or second generation, 2G) ethanol, but it is known that its recalcitrance may be
an obstacle to the biological process. The results of this work showed that sugarcane vinasse
and filter cake have potential for biogas production and that co-digestion is an alternative to use
residues that have low biodegradability, as is the case of pre-residue treatment of sugarcane
straw

Keywords: Sugarcane biorefinery; Co-digestion; Lignocellulosic residue,

Introduction

Adopted in Paris at the United Nations Conference on Climate Change (COP21), the agreement
officially entered into force in November 2016, with governments' notorious commitment to
key areas related to climate change, adaptation and enhancement in terms of capacity and
energy technologies (Ghezloun et al., 2017). Each country intends to continue with its own
efforts to achieve objectives and targets of emission reduction. The RenovaBio Program,
launched by the Brazilian Ministry of Mines and Energy (MME) in December 2016, was
designed to address the new expansion of biofuel production and use in a more sustainable way
(Addington, 2017). In this promising and challenging context, the production of biogas is
returning to prominence and, consequently, has received numerous initiatives.

Recently, a study by the Brazilian Association of Biogas and Biomethane (Abiogas) indicated

that Brazil has the potential to generate 23 billion cubic meters of CH4 per year - the final
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product of a biogas plant. In this scenario of high expectations, the substrates from the sugar
and alcohol activity are considered as raw material for the generation of value-added products,
such as biomethane. Biogas can be a facilitator of the development of biorefineries, as well as
improving the value of the product portfolio (Hagman et al., 2017).

The by-products of the sugarcane industry are already considered raw materials for recovery
and generation of value-added products. Vinasse, a by-product of the distillation process (10 L
of vinasse produced per liter of ethanol) is commonly directed to the soil (sugarcane plantation)
as liquid-fertile. The filter cake, another solid compound, is generated after the process of
clarifying the cane juice prior to the production of first generation sugar and / or ethanol (1G)
from the filtration in rotary filters. It has been used in intrinsic steps at the plant (improvements
in permeability during sucrose recovery in the rotary filter) (Janke et al., 2016) and as a source
of nutrients for the soil (Tellechea et al., 2016).

Currently the search for available residual substrates is in line with the diversification of product
generation. Allied to this, the intensity of the expectations regarding the use of several
biomasses and the production of biogas for energy purposes is outstanding. In spite of all the
scientific growth in this area, it is necessary to deepen the knowledge based on innovative issues
and variations, that investigate in a comprehensive way the interactions between the
technological limitations prevailing in the bioprocess for the generation of CH4 (Rabelo et al.,
2014; Nakanishi et al., 2017).

Substrate co-digestion can optimize CH4 production by providing and balancing macro and
micronutrients for the AD process, and may also be the best choice for poorly biodegradable
substrates. This appears to be the case with residues from ethanol production from the
processing of lignocellulosic biomass, usually recognized as complex substrates for AD.
However, there are gaps in the literature regarding the anaerobic co-digestion of waste from the
production of 2G ethanol, especially for the recent and innovative pretreatment of biomass and
hydrolysis, e.g., deacetylation process, pre-treatment with ionic liquids, hydrolysis using
genetically modified yeast, among others. The complexity of such substrates for AD may be
one of the factors driving the integration of the 1G2G ethanol process by co-digestion of its
residues, for example, recognition of the biogas production from 1G vinasse (Junior et al.,
2016).

In this context, this research project aims to fill gaps in the literature regarding the integration
of biogas production in the concept of 1G2G sugarcane biorefineries, in order to explore the
potential of co-digestion of by-products of production of 1G2G ethanol. The project was

developed according the determination of Biochemical Mehtane Potential (BMP) in Duran
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flasks of the substrates (vinasse, filter cake and 2G ethanol pretreatment residues) to analyze
their CH4 production potential for co-digestion.

Material and Methods

The substrates used was the vinasse and filter cake (from 1G ethanol production), obtained from
the Iracema Plant (from the Sdo Martinho group) and the pre-treatment residue from the
deacetylation process of straw (from the production of 2G ethanol) from the National
Laboratory of Bioethanol Technology Science (CTBE). As inoculum, an anaerobic consortium
from the BIOPAQ®ICX reactor of the Iracema Plant (from the Sdo Martinho group) was used.
The experiments was conducted at 55 ° C. The experimental BMP will be performed according
to the VDI4600 methodology in Duran flasks. BMP was performed for each substrate in the

flaks separately and a co-digestion of the 3 substrates was done together in a flask.

Results and Conclusions

According to the results obtained, it is possible to observe that among the produced methane
potencial, the filter cake (Figure A3) is the one with the best potential for methane production,
followed by vinasse (Figure Al). The liquor coming from the deacetylation pretreatment of
sugarcane straw (Figure A2) did not present good biogas production, evidencing that pentoses
alone did not produce biogas.
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However in the co-digestion (Figure A4) it was possible to obtain a better production, making
it clear that it becomes a good alternative to use residues that have a low biodegradability, as is

the case of the desacetilation residue.

Thus, the present work shows that co-digestion has become a good option for the process of
anaerobic digestion, waste management and an optimization of the methane production, thus

allowing the integration of 1G and 2G ethanol biorefinery.
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TABLE 1- Biochemical Methane Potential (BMP)

RESIDUE BMP (N mL de CH4/ g SV)
VINASSE 488,38
LIQUOR 604,54
CO-DIGESTION 660,34
FILTER CAKE 362,06
CONCLUSIONS

Co-digestion proved to be

a good option for waste management and enhanced
methane generation from by-products

of 1G and 2G ethanol production, contributing
for structuring the concept of integrated
sugarcane biorefinery.
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Highlights

Co-digestion can improve the low biodegradability of lignocellulosic residues.

ORP can be a useful control parameter of anaerobic digesters

Variations in ORP values reflected CH4 production instability during reactor start-up
Optimal ORP value for co-digestion of sugarcane residues was close to -500 mV

Abstract: Co-digestion is characterized as the Anaerobic Digestion (AD) of two or more substrates, which is an
option to overcome disadvantages of mono-digestion. The oxidation-reduction potential (ORP) is an important
control parameter of AD from a biological point of view related to electron transfer between species of bacteria
and archeas. It allows understanding the microbiological and operational interactions along the production of
biogas from different raw materials. ORP have been used as a control parameter for AD, but there are gaps in
literature related to ORP for monitoring co-digestion reactor start-up, especially in the sugarcane industry. The
objective of the present work was to evaluate the content of methane in biogas integrated to the monitoring of ORP
values in the co-digestion of residues from sugarcane industry. The results showed that the ORP values varied
considerably at the beginning of the operation as well as the values of methane content, reflecting the reactor start-
up phase and the microbial consortia adaptation. ORP values stabilized after 38 days of operation followed by the
steady state methane content. The optimal ORP value for stabilized methane content was close to -500 mV. ORP
proved to be an effective control parameter to monitor the co-digestion reactor start-up.

Keywords: Co-digestion; Sugarcane Residues; Oxidation Reduction Potential; Methane Content; Reactor Start-
up
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Introduction

Anaerobic digestion (AD) is a process used to treat organic waste such as agro-waste, animal
manure or municipal waste. During this process, the organic material is transformed into biogas,
which is composed mainly of methane and carbon dioxide, by a faithfully balanced ecosystem
of microorganisms (KARTHIKEYAN; VISVANATHAN, 2013). In addition, co-digestion is
characterized by the AD of two or more substrates which is an option to overcome
disadvantages of mono-digestion, mainly in relation to the balance of nutrients and to improve
the residues that have low biodegradability, as lignocellulosic residues (HAGOS et al., 2017a).

From a biological point of view, AD occurs with different microorganisms that are involved in
different stages of the process: hydrolysis, acidogenesis, acetogenesis and methanogenesis
(DEUBLIN; STEINHAUSER, 2008).

Within AD the efficiency of energy conversion and process stability can be easily disturbed by
biological and environmental factors, such as temperature, pH, hydrodynamics, retention time
(LIN et al., 2017). In addition to these parameters, there is the oxidation-reduction potential
(ORP), which can also cause changes in AD mainly from a biological point of view, related to
electron transfer between species of bacteria and archeas (STAMS; PLUGGE, 2009).

ORP is a useful parameter to control anaerobic digesters, because measures the net value of all
complex oxidation reduction reactions within an aqueous environment. The ORP indicates
different oxygen concentration conditions in a reactor (aerobic, anoxic and anaerobic) and it is
a parameter for monitoring process control (PEDDIE; MAVINIC; JENKINS, 1990). Studies
show that very high levels of ORP may indicate an inhibition of reactor activity. Under normal
conditions of AD, the ideal operating range would be between -220 to -400 mV (BLANC,;
MOLOF, 1973).

Many complex reactions occur during AD process and it is difficult to identify each one
separately. Some products from one biological reaction can be used as substrate for subsequent
reactions (SUNG JAE LEE, 2008) and the ORP is important to understand the microbiological
and operational interactions along the production of biogas from different raw materials. Some
authors have already been using ORP as a control parameter for AD (NGHIEM et al., 2014;
SUNG JAE LEE, 2008), but there is little information related to co-digestion of solid waste and
lignocellulosic residues in the context of sugarcane biorefineries. In addition, ORP could be an
effective parameter to monitor especially the start-up of reactor and the subsequent stabilization
of methane production. Start-up is an important step for establishing an appropriate microbial
community in anaerobic biological treatment processes, indicating the period of acclimatization
of the inoculum. When methane production stabilizes, it indicates that the reactor's start-up
period is over (ANGELIDAKI et al., 2006). Several oxidation reduction reactions occur in the
first steps of AD (acidogenesis) and then these reactions end up being focused on methane
production, achieving stability with negative ORP values.

Given this context, the objective of this work was to co-digest residues from the sugarcane
industry, monitoring the reactor's ORP integrated to methane content in biogas to understand
the behaviour of that parameter during the start-up of the co-digestion reactor.

Material and Methods

Residues and Inoculum
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The substrates were vinasse, filter cake (from 1G ethanol production), obtained from lracema
Mill (Iracemépolis-SP-BR) and a lignocellulosic liquor obtained from sugarcane straw
deacetylation pre-treatment process (in bench-scale) from 2G ethanol production performed at
National Biorenovables Laboratory (LNBR)-Campinas-SP-BR. Inoculum was obtained from
mesophilic anaerobic reactor (BIOPAQ-ICX) treating vinasse at the aforementioned sugarcane
mill.

Reactor operation

The reactor consisted in a 5 L flask fed daily with an Organic Load Rate (OLR) of 2 g.VS.L"
! day?, co-digesting 70% vinasse, 20% filter cake and 10% liquor in terms of volatile solids.
The reactor was kept under agitation and 55°C. The methane content was measured by gas
chromatography (Construmag-Sao Carlos) and the ORP was measured by a DIGIMED probe,
with both analyses being performed 3 times a week.

Results and Discussion

Figure B1 shows the methane content in biogas related to ORP values during the reactor start-
up. Considerable variation in methane content in biogas was observed in the beginning of
operation, with stabilization only after 45 days. This shows the first stages of the AD phase,
hydrolysis and acidogenesis, so that only in the end does methanogenesis enter and thus
stabilize methane content. Furthermore, it can be observed the period of adaptation of the
microbial consortium, especially the methanogenic ones. This is intrinsic of the start-up of
anaerobic reactors, which is a decisive phase for the success of the operation. Dissatisfaction in
biological start-up treatment systems can lead to a prolonged period of acclimatization and
ineffective removal of organic matter (Angelidak et al., 2006).
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Figure B1. Methane Content in biogas and ORP values of Reactor Operation in co-digestion

Large variation in ORP values was observed in the first 39 days. Stabilization of ORP occurred
few days before the methane content stabilizes, staying between -400 and -500 mV. Thus, OPR
was effective in previously indicating the methanogenesis stabilization. It shows that the ORP
values proceed the same behaviour as methane content. The large variation in ORP values at
the beginning of AD represents the phase of hydrolysis, acidogenesis and acetogenesis, with
the formation of acids and activities of different bacterial groups, showing the phase of
adaptation of these bacteria in the reactor. In these three initial phase, organic compounds of
complex chains such as lipids, carbohydrates and proteins are hydrolyzed through the formation
of compounds with smaller carbon chains. These compounds are biologically oxidized and
converted into organic acids, such as acetic acid, propionic by facultative bacteria (STAMS;
PLUGGE, 2009). The different ORP values represent this intense exchange of electrons and
reactions of reduction and oxidation of substrates, marking the reactor start-up phase. In the
methanogenic phase, acids are converted into methane, carbon dioxide and chemicals
substances or carbon dioxide is reduced to form methane by anaerobic microorganisms
(STAMS; PLUGGE, 2009). When the reactor is already stabilized in the methane content, it
favors the presence of methanogenic microorganisms, acting in chemical reactions for only the
production of methane, making the ORP values not vary as much, also remaining stabilized.

Koch and Oldham, (1985) obtained optimized methane production when the ORP reached
between -500 mV and -520 mV. In the work of Vongvichiankul et al., (2017) for the treatment
of synthetic and leachate food waste, the optimal ORP value for methane production was -335
mV. In the present work, the optimal ORP value for stabilized methane content in biogas in the
co-digestion of residues from the sugarcane industry was close to -500 mV.
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Conclusions

Co-digestion of sugarcane vinasse, filter cake and lignocellulosic liquor from sugarcane straw
pre-treatment was suitable for methane production. ORP stabilization preceded stable methane
content, proving to be an effective control parameter to previously indicate the final step of
start-up reactor.

Acknowledgements.- Thanks to FAPESP for financing this research project, to the Sanitation
and Environment Laboratory of the Faculty of Agricultural Engineering at UNICAMP and to
NIPE UNICAMP.

References

Blanc, F.C., Molof, A.H., 1973. Electrode Potential Monitoring and Electrolytic Control in Anaerobic Digestion.
J. Water Pollut. Control Fed. 45, 655-667.

Deublin, D., Steinhauser, A., 2008. Biogas from Waste and Renewable Resources: An Introduction. Wily Online
Library, Weinheim, Germany. https://doi.org/1010029783527621705

Hagos, K., Zong, J., Li, D, Liu, C., Lu, X., 2017. Anaerobic co-digestion process for biogas production: Progress,
challenges and perspectives. Renew. Sustain. Energy Rev. 76, 1485-1496.
https://doi.org/10.1016/j.rser.2016.11.184

Karthikeyan, O.P., Visvanathan, C., 2013. Bio-energy recovery from high-solid organic substrates by dry
anaerobic bio-conversion processes: A review. Rev. Environ. Sci. Biotechnol. 12, 257-284.
https://doi.org/10.1007/s11157-012-9304-9

Koch, F.A., Oldham, W.K., 1985. Oxidation-reduction potential - A tool for monitoring, control and optimization
of biological nutrient removal systems. Water Sci. Technol. 17, 259-281.
https://doi.org/10.2166/wst.1985.0237

Lin, R., Cheng, J., Zhang, J., Zhou, J., Cen, K., Murphy, J.D., 2017. Boosting biomethane yield and production
rate with graphene: The potential of direct interspecies electron transfer in anaerobic digestion. Bioresour.
Technol. 239, 345-352. https://doi.org/10.1016/j.biortech.2017.05.017

Nghiem, L.D., Manassa, P., Dawson, M., Fitzgerald, S.K., 2014. Oxidation reduction potential as a parameter to
regulate micro-oxygen injection into anaerobic digester for reducing hydrogen sulphide concentration in
biogas. Bioresour. Technol. 173, 443-447. https://doi.org/10.1016/j.biortech.2014.09.052

Peddie, C.C., Mavinic, D.S., Jenkins, C.J., 1990. Use Of Orp For Monitoring And Control Of Aerobic Sludge
Digestion. J. Environ. Eng. 116, 461-471.

Stams, A.J.M., Plugge, C.M., 2009. Electron transfer in syntrophic communities of anaerobic bacteria and archaea.
Nat. Rev. Microbiol. 7, 568-577. https://doi.org/10.1038/nrmicro2166

Sung Jae Lee, 2008. Relationship between Oxidation Reduction Potential ( ORP ) and Volatile Fatty Acid ( VFA
) Production in the Acid-Phase Anaerobic Digestion Process. Master Thesis, University of Canterbury, New
Zeland.

Vongvichiankul, C., Deebao, J., Khongnakorn, W., 2017. Relationship between pH, Oxidation Reduction Potential
(ORP) and Biogas Production in Mesophilic Screw Anaerobic Digester. Energy Procedia 138, 877-882.
https://doi.org/10.1016/j.egypro.2017.10.113



ANAEROBIC:=

k= 11 DIGESTION
2020

Urugusy 22010, Brazd 29,10, Chile 31T, Maxko12/11

Certificate of Participation

Hereby we state that the POSTER paper

Oxidation reduction potential (ORP) for monitoring co-
digestion reactor start-up fed with residues from
sugarcane industry

Volpi Maria Paula, Lima Brenno V. M, Moraes Bruna S.

Was presented at the Latin American Meetings on Anaerobic Digestion (Mexico Session)

)

Adalberto Noyola German Buitron
Chair Organizing Committee Chair Scientific Committee

210




211

11 APPENDIXC
The expanded summary below was presented at the XLIX Congresso Brasileiro de
Engenharia Agricola-CONBEA 2020, in poster format, on November 23-25, in an online

congress. The certificate is below.

CO-DIGESTAO DE VINHACA COM TORTA DE FILTRO PARA A OTIMIZACAO
DA PRODUCAO DE METANO

MARIA PAULA CARDEAL VOLPI!, AGATHA SANTOS?, BRENNO VINICIUS
MEDEIROS LIMA?®, BRUNA DE SOUZA MORAES*

! Doutoranda, NIPE-UNICAMP, (19) 3521-1267, mcardealvolpi@gmail.com

2 Mestranda, FEAGRI-UNICAMP, (19) 3521-2900, agathasantoss@hotmail.com

8 Mestrando, NIPE-UNICAMP, (19) 3521-1267, brenno.ufersa@hotmail.com

4 Professora Pesquisadora, NIPE-UNICAMP, (19) 3521-1267, bsmoraes@unicamp.br

Apresentado no
XLIX Congresso Brasileiro de Engenharia Agricola - CONBEA 2020
23 a 25 de novembro de 2020 - Congresso On-line

RESUMO: No cenario mundial a busca por fontes alternativas de energia vem sendo
recorrente, fazendo com o que biogas se destaque. Sua producdo ocorre através da digestdo
anaerdbia (DA), que permite a recuperagdo energética da fonte organica através do uso do
metano (CH4), além da possivel geracdo de subprodutos com valor para a agroindustria. Além
disso a co-digestdo tem se mostrado uma alternativa para o uso de residuos que possuem uma
baixa biodegradabilidade e também para melhorar o rendimento de CH4. Em um contexto de
elevada expectativa, substratos provenientes da atividade sucroalcooleira s&o considerados
potenciais facilitadores para a DA. A vinhaca e a torta de filtro ja sdo usadas como substratos
para a producdo de metano, porém ainda apresentam algumas lacunas a respeito das limitacdes
tecnoldgicas dentro da DA, como a disponibilidade da fracdo biodegradavel. Diante disto, 0
presente trabalho teve como objetivo realizar a co-digestéo da vinhaca com a torta de filtro para
obtencdo de CHa. Os resultados mostraram que a co-digestdo dos dois residuos teve maior
producdo de metano se comparada com a digestdo isolada de cada um deles, alcangando 615,96
N mL CHa/ gSV e corroborando para que a co-digestdo, além de otimizar o processo, permita
um gerenciamento de maior nimero de residuos

PALAVRAS-CHAVE: Co-digestao, Metano, Residuos, Vinhaga, Torta de Filtro
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CO-DIGESTION OF VINASSE WITH FILTER CAKE FOR THE OPTIMIZATION
OF METHANE PRODUCTION

ABSTRACT: In the world scenario, the search for alternative energy sources has been
recurrent, making biogas spotlight. Its production occurs through anaerobic digestion (AD),
which allows the energy recovery of the organic source through the use of methane (CHa), in
addition to the possible generation of by-products with value for the agribusiness. In addition,
co-digestion has been shown to be an alternative for the use of residues that have a low
biodegradability and also to improve CHjs yield. In a context of high expectations, substrates
from sugar and alcohol activity are considered potential facilitators for AD. Vinasse and filter
cake are already used as substrates for the production of methane, but they still have some gaps
regarding technological limitations within AD, such as the availability of the biodegradable
fraction. In view of this, the present study aimed to co-digest vinasse with the filter cake to
obtain CH4. The results showed that the use of the two residues together had a higher methane
production than if they were used separately, reaching 615.96 N mL CH4/ g SV, corroborating
that the co-digestion in addition to optimizing the process, allows a management greater number
of waste

KEYWORDS: Co-digestion, Methane, Residues, Vinasse, Filter Cake

INTRODUGCAO: A digestio anaerdbia (DA) é um processo atrativo para o gerenciamento de
residuos liquidos e sélidos que permite a recuperacao energética através do biogas, que é rico
em metano (CH4), e geracdo de bioprodutos com valor agregado para agricultura, sendo
desenvolvido sob um ecossistema fielmente equilibrado de microrganismos.

E evidente a busca por substratos residuais disponiveis que estejam alinhados com a
diversificacdo de geracdo de produtos. Aliado a isto, é de destaque a intensidade das
expectativas quanto ao uso de diversas biomassas e a producdo de biogas para fins energéticos.
Apesar de todo crescimento cientifico nesta area, faz-se necessario aprofundar o conhecimento
com base em questdes e variacdes inovadoras, que investiguem, de forma abrangente, as
interacdes entre as limitacdes tecnoldgicas predominantes no bioprocesso para geracao de CHa.
Por exemplo, a disponibilizacdo da fracdo biodegradavel presente nos substratos provenientes
da industria sucroenergética (relacionada a biodigestdo anaerdbia com consequente producéo
de CHj4) ainda representa um gargalo para este campo cientifico (JANKE et al., 2015).

Neste contexto, o processo de co-digestdo vem ganhando destaque exibindo melhor eficiéncia
no processo de DA por oferecer beneficios complementares como melhor rendimento de
producdo, disponibilidade de nutrientes, menor volume de alimentacdo, variabilidade de
substrato, diluigdo de toxicidade, sinergismo e microrganismos robustos (MEHARIYA et al.,
2018).

Dentre os residuos que sdo utilizados na DA, é de destaque os subprodutos da industria
sucroalcoleira como vinhaca, torta de filtro e bagaco, que ja mostram seu potencial para a
producéo de metano (MORAES et al., 2015; JANKE et al., 2015).
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Diante do cenério abordado, o objetivo deste trabalho foi realizar a DA da vinhaca e da torta de
filtro separadamente e também a co-digestao de dos residuos para comparar a producao de CHa

MATERIAL E METODOS: Substratos e Residuos-Os substratos vinhaca e torta de filtro
(da producéo de etanol 1G) foram obtidos da Usina Iracema (do grupo S&o Martinho), assim
como o inoculo anaerobio proveniente de um reator mesofilico (BIOPA®CICX - Pagues) para
tratamento de vinhaca da mesma usina.

Ensaio de Potencial Bioquimico de Metano (PBM)-Para avaliar a producdo do metano foram
realizados ensaios de PBM segundo a metodologia VDI 4630 (2006), em frascos Duran em
triplicata. Em um frasco foi adicionado a torta de filtro com o inoculo, em outro frasco a vinhaca
e o0 inoculo, e em outro frasco os dois residuos juntos com o inoculo. Ensaios apenas com
inoculo foram utilizados como controle negativo. Todos os frascos foram incubados a 55°C e
analisado o volume de biogas com o uso da seringa Hamilton e a concentracdo de metano
através de cromatografia gasosa. O ensaio durou um total de 120 dias.

RESULTADOS E DISCUSSAQ: A Tabela C1 mostra os valores de PBM da vinhaca, da torta
de filtro e dos dois residuos juntos.

TABELA C1. Potencial Bioquimico de Metano (PBM) da vinhaca, torta de filtro e co-

digestao
Residuos PBM (NmL CH4/ g SV)
Vinhaga 506,23
Torta de Filtro 260,17
Torta de Filtro + Vinhaca 615,96

De acordo com os resultados obtidos, fica evidente que o processo de co-digestdo potencializa
a producao de metano para ambos 0s residuos. A vinhaca sozinha atingiu 506,23 N mL CHa/ g
SV e a torta de filtro apenas 260,17 N mL CHa4/ g SV. A co-digestdo aumentou em até 17% a
producdo de metano quando comparada a digestao isolada da vinhaca e 57% quando comparada
com a digestédo isolada da torta de filtro. A digestdo de mais de um substrato no mesmo reator
pode estabilizar positivamente o sinergismo e adicionar macro e micronutrientes que podem
suportar o crescimento microbiano (MATA-ALVAREZ; MACE; LLABRES, 2000), além
disso permite o gerenciamento de um maior nimero de residuos, inclusive aqueles que ainda
ndo tém um destino final adequado.

A Figura C1 mostra a producdo de volume de metano que foi acumulado ao longo do tempo,
ficando claro que a co-digest&o dos residuos foi a melhor condig&o. E possivel observar que a
vinhaga acaba estabilizando a producdo de metano em um tempo muito menor do que a torta e
a co-digestdo e alcanga uma producdo de volume acumulado proximo & 400 N mL CHea,
enquanto que a co-digestdo chega a mais de 1400 N mL CHa, Este fato pode ser devido a maior
biodegradabilidade da vinhaca, que pode estar relacionada ao menor teor de solidos totais.
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E vale ressaltar que os ensaios realizados em batelada ndo tiveram agitacéo, o que pode ter feito
os sélidos da torta de filtro sedimentarem. Considerando a possibilidade de uma futura agitagéo,
como por exemplo em um reator, a producdo de CH4 da co-digestao pode ser ainda maior.

Producdo de Volume de Metano Acumulado
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Filtro
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FIGURA CL1. Volume acumulado de metano de Vinhaga, Torta de Filtro e Co-digestao

CONCLUSOES: A co-digest&o da vinhaca e da torta-filtro foi eficaz para a producio de CHa,
sendo considerada um processo de otimizacdo da DA, além de ser uma boa alternativa para o
uso de residuos que possuem baixa biodegradabilidade e/ou baixo PBM.
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12 APPENDIX D

The abstract below was presented at 8th International Conference on Energy, Sustainability
and Climate Crisis (ESCC 2021), which took place in Volos, Greece during August 30 —
September 3, 2021. The certificate is below.

Presentation Title: “The use of biogas as a source of bioenergy within 1G2G ethanol
biorefineries through residues co-digestion *

Keywords: “Methane; sugarcane residues; anaerobic digestion; bioenergy

Abstract (min 300 words — max 500 words): The debates on issues of global warming and
reduction of greenhouse gases are common knowledge, and in this scenario, bioenergy gains
strength and stands out as an efficient alternative. With the industrial development of the
countries, an exponential increase in energy consumption will occur, and at the same time,
energy demand will increase by an annual average of 1.6% by 2030. The importance of using
biomass for power, heat, and fuel generation is increasing on a global scale. In this promising
and challenging context, the production of biogas is returning to prominence and, consequently,
has received numerous initiatives. Biogas (60—70% CHs4, 30-40% CO3, and the rest are the
impurities) is considered a versatile energy carrier, which can be used to replace fossil fuels in
the production of both electricity and heat, as well as used as a gaseous fuel for vehicles.
Anaerobic digestion (AD), an attractive process for the management of liquid and solid waste
that allows energy recovery through methane (CH4). The co-digestion, process where is used
two or more residues in AD, has been highlighted since is an option to use poorly biodegradable
substrates and providing and balancing macro and micronutrients for the AD process. The AD
of vinasse, residue from the production of 1G ethanol, is already successfully disseminated in
the literature, reaching CHa productions that can be used as an energy source within the ethanol
mills. In addition to vinasse, the production of 1G ethanol generates other residues with the
potential for CH4 production through AD, such as filter cake. However, the literature reports
little about the use of residues from the production of 2G ethanol, mainly from the use of liquors
originated from pretreatments of lignocellulosic residues such as sugarcane straw or bagasse.
Among these residues, the deacetylation liquor is a residue obtained from the pretreatment of
sugarcane straw and has a high biochemical potential. Therefore, the present study aimed to co-
digest vinasse, filter cake, and deacetylation liquor to produce CH4 in a continuous reactor, in
a thermophilic process. It was possible to obtain a production of approximately 230 NmLCH4
gVS? (VS-volatile solids), emphasizing that the co-digestion of these residues is effective for
energetic recuperation in sugarcane biorefinery, in addition to allowing the integration of 1G2G
ethanol biorefineries. Considering the entire volume of waste produced in the harvest (232 days
~ 7 months) it is possible to obtain a monthly electricity production of 17 x 10°® kWh
(considering an engine with 38% efficiency) for the sugarcane mill. Considering that the
residential energy consumption per capita in Brazil is 38 kWh per month, this amount of
electricity generated is capable of supplying a city with 4.6 x 10° inhabitants. These results also
show an advance for the use of bioenergy within these biorefineries and show that biogas plays
an important role in the context of the introduction of bioenergy in the current world, proving
to be a strong candidate to supply the conditions for reducing greenhouse gases and generating
renewable energy.
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13 APPENDIXE

The paper below was presented at The 9" Microbial Ecology and Water Engineering
(MEWE) specialist conference of the internation water association (IWA), online 18-20 october
2021. Delft. The certificate is bellow.

Microbial community change in methane production in co-digestion of
residues from ethanol production

Maria Paula Cardeal Volpi*?”, Bruna de Souza Moraes®

YInterdisciplinary Center of Energy Planning, University of Campinas (NIPE/UNICAMP), R.
Cora Coralina, 330 - Cidade Universitaria, Campinas - SP, 13083-896, Brazil
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Environment (GBMA), School of Agricultural Engineering (FEAGRI), University of
Campinas (UNICAMP), Av. Candido Rondon, 501 - Cidade Universitaria, Campinas - SP,
13083-875, Brazil

* e-mail correspondence:mcardealvolpi@gmail.com

Preferred topic #: Engineering and managing microbial communities

The biogas (rich in methane CHa) production is carried out through the process of anaerobic
digestion (AD), in which residues are substrates for a microbial consortium that by their
metabolism stabilize organic matter and generate by-products. Through co-digestion of
residues from 1G and 2G ethanol production is possible to obtain sufficient CH4to supply an
integrated 1G2G plant ethanol. However, the AD process is highly complex from a
microbiological point of view, since these microorganisms can follow different metabolic
routes depending on the substrate or experimental conditions. The present work aimed to
realize the characterization of the microbial community present in a co-digestion reactor of
filter cake (1G), vinasse (1G), and deacetylation liquor (2G), under 55°C, to assess the change
in this microbial community when the CH4 production was stable. Genetic sequencing of the
16S ribosomal RNA gene of samples from the microbial consortium was performed before
being inserted into the reactor (sample 1), and when the CH4 production was stabilized
(sample 2). Figure E1 shows the Family characterization made of the two samples. It is
possible to notice that there is a difference between the two characterized samples. Among the
main families found in Sample 2, the family stands out (~30%) Petrotogaceae, characteristic
in thermophilic processes. Two other families that stand out in Sample 2 are (~3%)
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Syntrophomonadaceae and (~20%) Ruminococcaceae, which are bacteria from the acetogenic
group and characterized by degrading cellulosic materials, which are predominant in the
reactor. Methanomicrobiaceae which was present just in sample 2, indicating that the
metabolic route of syntrophic oxidation of acetate coupled with hydrogenotrophic
methanogenesis, was possibly predominant. With these results, it is possible to better
understand the change that the microbial consortium undergoes, and which Bacteria and
Archeae are involved in the degradation of residues from ethanol production.
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Figure E1. Relative abundance of microorganisms at the Family level from the seed sludge-
Sample 1 (1.1, 1.2, and 1.3) and from the s-CSTR sludge with stable CH4 production-Sample
2(2.1,2.2,2.3)
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