UNIVERSITAT LEIPZIG

Production of biogas from sugarcane wastes: an assessment of microbial
community dynamics for an efficient process

Der Fakultat fiir Biowissenschaften, Pharmazie und Psychologie
der Universitét Leipzig
eingereichte
DISSERTATION
zur Erlangung des akademischen Grades
Doctor rerum naturalium
(Dr. rer. nat.)
vorgelegt

von

Master of Science, Athaydes Francisco Leite Junior

geboren am 12.12.1989 in Piranhas Goias, Brasilien

Dekan: Prof. Dr. Tilo Pompe

Gutachter: Prof. Dr. Hauke Harms
Prof. Dr. Kornél L. Kovacs

Tag der Verteidigung:  16. Juli 2017



BIBLIOGRAPHISCHE DARSTELLUNG

Athaydes Francisco Leite Junior

Production of biogas from sugarcane wastes: an assessment of microbial community dynamics

for an efficient process

Fakultat fur Biowissenschaften, Pharmazie und Psychologie

Universitat Leipzig

Dissertation

176 Seiten, 374 Literaturangaben, 40 Abbildungen, 23 Tabellen

The disposal of large amounts of waste still
containing energetic value is a central challenge
in the waste management of the Brazilian
sugarcane industry. As a sustainable solution,
the biogas process appears to be a suitable
technology for treating sugarcane waste

products and for providing valuable
commodities such as energy-rich biogas and
digestate with fertilizer properties. Additionally,
the proper treatment of the four major waste
types (straw, bagasse, filter cake and vinasse)
would avoid greenhouse gas emissions, air
pollution and environmental contamination of
soil and water. In order to investigate the
feasibility and reliability of biogas production
microbial

from sugarcane wastes, the

community dynamics of laboratory-scale
reactors were assessed under different start-up
strategies. Despite the promising results of the
methane potential for all the waste products,
chemical and physical pre-treatments were
applied successfully to increase the methane
yield of straw, bagasse and filter cake. The

microbial community dynamics observed during

co-digestion of filter cake and bagasse showed,
together with the process parameters, that cattle
manure can be effectively used as an inoculum
for the start-up of a biogas process in the
remote-located sugarcane industry. Monitoring
methanogenic community dynamics at high
organic loading rate of filter cake and bagasse
demonstrated that the genera Methanosarcina
and  Methanobacterium are the major
methanogens that produce biogas, even under
process imbalances. Moreover, the results
obtained from the process parameters and
methanogenic community analyses revealed that
the stable isotope fingerprinting technique may
be a potential monitoring tool for quickly
identifying changes in the methanogenic
pathway, which indicates process disturbances.
In  conclusion, these studies established
techniques for the efficient substrate processing
and start-up procedure of a biogas process
designed for the anaerobic digestion of
sugarcane wastes, and by these means provided
a highly detailed profile of the microbial

community in relation to process parameters.



‘alles is overal: maar het milieu selecteert’

(Lourens Gerhard Marinus Baas Becking, 1934)
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Summary

Through the production of bioethanol and sugar in the Brazilian sugarcane industry, a large amount of
waste is generated. Unfortunately, poor waste management contrasts with Brazil’s successful
bioethanol history and also with the country’s long tradition as a global sugar producer. The four major
waste products generated by the Brazilian sugarcane industry pose a direct or indirect threat to the
environment and human health. Straw (the leaves of the sugarcane) is either left or burned on the
fields, the latter causing air pollution. Bagasse (the crushed stalk) is usually burned to produce heat and
electricity but sometimes it is simply put aside due to the fact that it is in surplus. Filter cake (the
press-mud) and vinasse (the distillery residue) are spread onto the fields as fertilizers, contributing to
soil and water contamination. In addition, during the temporary storage of vinasse in open lagoons
(before spreading), a great amount of greenhouse gases are emitted. These harmful waste disposal
options squander the considerable energy content of these wastes, which could be exploited. As a
sustainable solution for the energy recovery of sugarcane wastes, biogas production via anaerobic
digestion (AD) might be a suitable treatment technology. Energy-rich biogas has many potential
applications, e.g. vehicle fuel, and heat and power generation. Moreover, the digestate could be used as
a valuable fertilizer. In order to conduct a feasible and reliable start-up procedure and later a stable
operation of the biogas process in the sugarcane industry, the wastes were initially characterized and
then the biogas production, in a semi-continuous feeding regime, was conducted in several laboratory-
scale reactors. Additionally, the microbial community dynamics was assessed by molecular and stable
isotope fingerprinting techniques.

Straw, bagasse, filter cake and vinasse were subjected in the first study to physico-chemical analyses
and batch tests in order to determine the biochemical methane potential (BMP). Furthermore, other
characteristics of sugarcane wastes, including total solids, volatile solids (VS), chemical oxygen
demand (COD), pH value, total Kjeldahl nitrogen, raw fat and protein content, total carbohydrate and
lignin content, and organic acid concentration, were assessed. This information was fundamental to the
design of a semi-continuously fed biogas process, especially in regard to the selection of reactor type,
trace element additive requirement, identification of potential inhibitors, assessment of substrate pre-
treatment options, and evaluation of the potential for co-digestion with other waste products from the

sugarcane process.

The BMP results, of around 215 mLy-gys™ for straw, 275 mLy-gvs ™ for bagasse, 250 mLy-gys* for
filter cake, and 260 mLy-geop * for vinasse, were promising compared to those of energy crops such as

maize silage. However, in order to increase the degree of conversion, physical and chemical pre-
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Summary

treatments were applied to the lignocellulosic materials (straw, bagasse and filter cake). Submitting
straw to only a physical pre-treatment (reduction to a particle size of under 2 mm) yielded a 26%
higher BMP. Alkaline (NaOH) pre-treatment of filter cake resulted in a BMP increase of 22%. When
the reduced particle size of bagasse (below 10 mm) was treated with calcium hydroxide solution, its

BMP rose drastically by more than 50%.

Based on the newly described characteristics of sugarcane wastes, experiments using continuously
stirred tank reactors were designed and carried out to investigate the AD of filter cake as a single
substrate and also its co-digestion with bagasse. Filter cake was the most interesting and promising
waste product, mainly due to its unique characteristic of being suitable for long-distance
transportation, its current disposal status and its elemental composition. The co-digestion of filter cake
with bagasse at a feeding ratio of 7:3 (based on fresh mass) was carried out with the intention of using
part of the remaining bagasse deposited by the industry, and also to complement the AD of the filter
cake by adding bagasse as an additional carbon source. In the continuous feeding experiments, the
microbial community dynamics was investigated in order to determine feasible and reliable start-up
options for an efficient biogas process. The microbial community structure was assessed using
terminal restriction fragment length polymorphisms and next-generation 16S rRNA amplicon
sequencing. The microbial activity of the methanogens was monitored by stable isotope fingerprinting
of the produced methane and carbon dioxide. Both molecular and stable isotope techniques were

compared in terms of their value as indicators of process imbalances.

In the second study, the effect of the gradual increase of the organic loading rate (OLR) from start-up
to overload on the mono-digestion of filter cake and its co-digestion with bagasse was investigated.
This was an important factor for the process design, since it allowed the determination of an
appropriate reactor volume and, consequently, investment costs. In this second study, a high OLR was
desired because it implies a reduction of reactor volume. However, it often results in process
imbalance and acidification due to the accumulation of organic acids. Therefore, the biogas reactors
operated until high OLR levels were monitored systematically in order to identify at early stage
indicators of process failure. Furthermore, an additional challenge for continuous biogas production
from filter cake and bagasse was the seasonality of the sugarcane industry, which operates only around
200 days per year. Hence, due to the short substrate availability, a quick start-up of the biogas reactors
by means of a fast OLR increase was preferred.

The adaptation period of the inoculum in the reactors for testing the gradual OLR increase (eight
stepwise increases of 0.5 gys-L *-day ") showed a very similar methanogenic community structure in

the initial start-up phases of the mono-digestion of filter cake compared to its co-digestion with
vii
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bagasse. At this stage, the predominant genera were Methanosarcina, Methanosaeta and
Methanoculleus. The biogas process was stable up to an intermediate OLR of 2.5 gys-L *-day ™.
Methanosaeta and Methanoculleus were not any longer detected at an OLR of 2.5 and 3.0
gus-L 2-day ?, respectively. Co-digestion system suffered strong process imbalances at lower OLR (3.0
gus-L *-day*) compared to mono-digestion system (3.5 gus-L *-day ). The methanogenic community
changed in a very similar way in both digestion set-ups up to an OLR of 3.0 gL *-day™, when
Methanosarcina became the most abundant (around 80% relative abundance). During reactor
acidification, the methanogenic community structure changed differently in the mono- and co-
digestion processes. The aceticlastic genus Methanosaeta was detected again in the mono-digestion
system, while the abundance of hydrogenotrophic genus Methanobacterium increased drastically in the
co-digestion set-up (about 76% relative abundance). Process imbalance was also indicated by stable
isotope fingerprinting, as the strong depletion of methane in *3C revealed a shift towards
hydrogenotrophic methanogenesis. All these findings regarding the monitoring of microbial
community structure and activity together with the process parameters showed that an intermediate
reactor volume operated up to an OLR of 3.0 gys-L *-day * is appropriate for the mono-digestion of

filter cake and its co-digestion with bagasse.

The third study was devoted to the investigation of different inoculation strategies for biogas
production in the co-digestion of filter cake and bagasse. Inoculating the biogas reactors was a very
important step investigated at the start-up procedure, since the functionality and adaptability of the
microbial communities in the inoculum were supposed to determine the efficiency of the biogas
process. In regions where full biogas plants are widespread and well established, new biogas systems
are commonly inoculated with digestate from the already existing plants. However, this scenario was
not considered feasible in Brazil, since the few biogas plants currently in the country are located very
far from the sugarcane industries. In order to overcome this deficiency, fresh cattle manure from
regional farms surrounding the sugarcane industry was considered as a potential alternative inoculum
for the start-up of biogas reactors. To test fresh cattle manure as an inoculum for the co-digestion
process, two parallel biogas reactors were inoculated and compared to two other parallel reactors
inoculated with mixed inoculum containing different digestate from various biogas systems.
Furthermore, the mono-digestion of filter cake and its co-digestion with bagasse was compared in
terms of their efficiency using the mixed inoculum in five times up-scaled reactors (compared to the

previous study) with longer microbial adaptation times during the new feeding load.

The process parameters showed that both mono- and co-digestion systems inoculated with mixed

inoculum were mainly stable throughout the operation time of the reactors. Still, strong accumulation
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of organic acids was observed during the start-up phase of the reactors inoculated with cattle manure.
This drawback lasted for the first twenty operational days until the process was under stable running
conditions. Although the C:N ratio of the mono- and co-digestion systems were in the appropriate
range (24:1 and 41:1, respectively) for the AD process, the nitrogen bioavailability of filter cake and
bagasse was very low. This influenced the buffer capacity and, consequently, the pH values, mainly at
the steady-state. Despite the fact that the mono-digestion set-up presented higher biogas yield
compared to co-digestion, further assessment demonstrated that, in a large-scale plant, the co-digestion
set-up would be able to produce about 58% more biogas than the mono-digestion of filter cake. The
reason for that regards the availability of the bagasse, which is approximately seven times more

produced than filter cake (in relation to one ton of processed sugarcane).

The bacterial community structure at the start-up phase presented a higher diversity at phylum level in
the reactors inoculated with cattle manure compared to those inoculated with mixed inoculum. The
phyla Firmicutes and Bacteroidetes were dominant from start-up to steady-state. While the relative
abundance of Bacteroidetes gradually increased towards the steady-state (reaching around 70%), the
abundance of Firmicutes decreased. At the final steady-state of the experiment, all reactors in co-
digestion process, independently of the inoculation strategy, displayed very similar bacterial
community structure. Another phylum that showed significant abundance at steady-state was
Synergistetes, which, together with the other two former phyla, comprised around 94% of the entire
community. The major bacterial families involved in the AD of filter cake and bagasse were
Bacteroidaceae, Prevotellaceae and Porphyromonadaceae (phylum Bacteroidetes), Ruminococcaceae,
Clostridiaceae and Lachnospiraceae (phylum Firmicutes) and Synergistaceae (phylum Synergistetes).
Following the same trend as the bacterial community, at initial start-up phase the methanogenic
community structure was distinctive in the reactors with different inoculation strategies and later, at
the final steady-state, was very similar independent of the inoculation strategy. The predominance of
hydrogenotrophic genera (represented mostly by Methanospirillum and Methanobacterium) at the
initial start-up phase was indicated by the strong depletion of *3C in the isotope composition of the
methane produced. Later, during the steady-state phase, the methanogenic pathways in all reactors
shifted towards aceticlastic methanogenesis, as evident by the lower depletion of **C. Furthermore, the
H,-dependent methylotrophic genus Methanomassiliicoccus played an important role at the later
steady-state phase in the co-digestion system. Comparing mono- to co-digestion performances, the up-
scaling and adaptation period also revealed the contribution of the genera Methanosarcina and
Methanobacterium to the mono-digestion of filter cake and its co-digestion with bagasse. Due to the

high similarity of the microbial community in both inoculation strategies at final steady-state, cattle
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manure can be successfully used as an inoculum for the start-up of the biogas process for co-digestion

of filter cake and bagasse.

In a forth study, investigations into the AD of filter cake were carried out by assessing the production
of volatile fatty acids (VFA) instead of biogas. This experiment was conducted because despite VFA
being important intermediates during biogas production, they can also be utilized for the production of
chemicals. The semi-continuous experiment was divided into 5 different phases: start-up, steady-state,
urea implementation, urea plus nitric acid supplementation, and sodium hydroxide pre-treatment. Due
to the low levels of ammonium nitrogen concentration during the steady-state, urea was added to the
reactors as a nitrogen source in order to increase the VFA vyield. However, the addition of urea
drastically raised the pH values to around neutral, which favoured VFA consumption by methanogens.
Consequently, urea was added together with nitric acid to maintain pH values around 5.5. However,
under this new supplementation, the VFA vyield did not recover to the same level as it was in the
steady-state. Thus, the addition of urea did not yield any improvement in VFA production. The
efficiency of alkaline pre-treatment was first investigated under various concentrations of NaOH
solution applied to the filter cake in batch essays. Based on the finding that the highest BMP was
achieved with 6 g NaOH per 100 g filter cake (fresh mass), this concentration was subsequently used
to pre-treat the filter cake in a semi-continuous feeding regime. In this case, the alkaline pre-treatment
increased the VFA yield by 37%.

In summary, the four major waste products (straw, bagasse, filter cake and vinasse) from the Brazilian
sugarcane industry are suited to an efficient biogas production process. Batch and semi-continuous
feeding experiments were carried out systematically in order to link so-far theoretically based research
to future practical applications. Pre-treatment options to enhance methane yield, and nutritional
supplementation assessment for the continuous biogas production process of straw, bagasse, filter cake
and vinasse were established. Monitoring microbial community dynamics from the start-up to the
steady-state phase of the mono-digestion of filter cake and its co-digestion with bagasse revealed the
reliability of using cattle manure as an inoculum for biogas production in the sugarcane industry.
Moreover, the assessment of the methanogenic community dynamics during the gradual increase of
OLR showed the feasibility of using an intermediate reactor volume by defining an OLR at which an
efficient biogas production from filter cake and bagasse was performed. In addition, the assessment of
the microbial community dynamics in the experiments performed provided insights regarding possible
microbial resource management during biogas production from sugarcane wastes. The stable isotope
fingerprinting was used as a potential monitoring tool for indicating process imbalances through

changes in the methanogenic pathway. Nevertheless, further investigation of the stable isotope
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fingerprinting with multiple sample analyses under different process conditions should be conducted in
order to develop predictable models integrating the process parameters and microbial community
dynamics. Lastly, the continuous biogas production from sugarcane wastes can be efficiently
performed, ensuring its feasibility and reliability as an energy source. Based on the final results, the
biogas produced from sugarcane wastes would have been able to supply alone around 12% of Brazil’s
electricity consumption in 2016. However, the governmental incentives are crucial for promoting the
biogas sector in the sugarcane industry and for triggering the necessary changes towards sustainable

development.
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Zusammenfassung

Bei der Herstellung von Bioethanol und Zucker in der brasilianischen Zuckerrohrindustrie entstehen
grol’en Mengen Abfalle. Leider steht die schlechte Abfallwirtschaft der langen Tradition Brasiliens als
groRter Zuckerrohrproduzent der Welt und erfolgreicher Bioethanol-Geschichte gegenuber. Die vier
Hauptabfalle, die von der brasilianischen Zuckerrohrindustrie erzeugt werden, stellen eine direkte oder
indirekte Bedrohung fur die Umwelt und die menschliche Gesundheit dar. Stroh (die Blatter des
Zuckerrohres) wird entweder auf den Feldern liegen gelassen oder verbrannt, wodurch die Luft
verschmutzt wird. Bagasse (die ausgequetschten Stiele) wird hauptsdchlich verbrannt, um Hitze und
Elektrizitdt zu produzieren. Aufgrund der hohen Mengen an anfallender Bagasse bleibt sie oft aber
auch ungenutzt. Filterkuchen (der Pressschlamm) und Vinasse (der Destillationsriickstand) werden
direkt als Dunger auf dem Feld verteilt und verunreinigen damit den Boden und Gewaésser. AuRerdem
wird bei der vorlbergehenden Lagerung von Vinasse in offenen Lagunen (vor der Ausbreitung) eine
grole Menge Treibhausgase emittiert. Daruber bleibt die in den Abfallen enthaltene Energie
ungenutzt. Als nachhaltige Losung fur die Energierlickgewinnung aus Zuckerrohrabféllen erscheint die
Biogasproduktion Uber anaerobe Vergérung als geeignete Behandlungstechnologie. Das energiereiche
Biogas hat viele Anwendungsmoglichkeiten in Form von Kraftstoff, Warme und Strom. Zusatzlich
kann der Garrest als Dinger verwendet werden. Um ein plausibles und zuverlédssiges
Inbetriebnahmeverfahren und spater einen stabilen Betrieb des Biogasprozesses in der
Zuckerrohrindustrie durchzufiihren, wurden die Abfalle zunédchst charakterisiert. AnschlieRend wurden
Versuche im LabormaRstab zur Biogasproduktion in einem halbkontinuierlichen Fitterungsregime
durchgefuhrt. Zusétzlich wurde die mikrobielle Gemeinschaftsdynamik durch molekulare

Mikrobiologie und Analyse von stabilen Isotopen bewertet.

In der ersten Studie wurden Stroh, Bagasse, Filterkuchen und Vinasse physikalisch-chemischen
Analysen und Batchversuchen zur Bestimmung des biochemischen Methanpotentials (BMP)
unterzogen.  Aulerdem  wurden  weitere  Eigenschaften  der  Zuckerrohrabfalle  wie
Trockensubstanzanteil und Anteil der organischen Trockensubstanz (0TS), chemischer
Sauerstoffbedarf (CSB), pH-Wert, Gesamtstickstoffgehalt (nach Kjeldahl), Rohfett- und
Rohproteingehalt, Gesamtkohlenhydrat- und Ligningehalt sowie Konzentration an fllchtigen
organischen Sduren bewertet. Diese Informationen war von grundlegender Bedeutung fir die
Gestaltung des kontinuierlichen Biogasverfahrens, insbesondere hinsichtlich der Auswahl des
Reaktortyps, der Anforderung der Spurenelementzugabe, der Identifizierung potentieller Inhibitoren,
der Abschétzung der Substratvorbehandlungsoptionen und der Bewertung der moglichen Co-

Vergarung von mehreren Abfallprodukten aus der Zuckerrohrindustrie.
xii



Zusammenfassung

Die Ergebnisse des BMP-Tests von circa 215 mLy-gors™ filr Stroh, 275 mLy-gors fiir Bagasse,
250 mLN-goTs'1 fur Filterkuchen und 260 mLy-gess™ filr Vinasse waren vielversprechend im Vergleich
zu denen von Energiepflanzen wie Maissilage. Nichts desto trotz wurden physikalische und chemische
Vorbehandlungen der lignocellulosehaltigen Materialien Stroh, Bagasse und Filterkuchen zur
Erhoéhung des Abbaugrades angewendet. Eine physikalische Vorbehandlung des Strohs (Partikelgrofie
unter 2 mm) ergab ein 26% hoheres BMP. Eine alkalische Vorbehandlung mit NaOH des
Filterkuchens flhrte zu einer Erhohung des BMPs um 22%. Eine Reduzierung der Partikelgréfie von
Bagasse (unter 10 mm) und eine Vorbehandlung mit Calciumhydroxidldsung erhohte das BMP

erheblich um mehr als 50%.

Basierend auf den neu beschriebenen Eigenschaften der Zuckerrohrabfélle wurden Experimente in
kontinuierlichen Ruhrkesselreaktoren entworfen und durchgefihrt, um die anaerobe Vergarung des
Filterkuchens als einzelnes Substrat und dessen Kovergdrung mit Bagasse zu untersuchen.
Filterkuchen war das interessanteste und vielversprechendste Abfallprodukt aufgrund seiner
einzigartigen Eigenschaften wie guter Transportféhigkeit, derzeit schlechten Entsorgungsstatus und
geeigneter elementarer Komposition. Die Kovergarung von Filterkuchen mit Bagasse im Verhéltnis
von 7:3 bezogen auf frische Masse wurde im Hinblick darauf durchgefihrt, einen Teil der
verbleibenden Bagasse in der Industrie zu verwenden und auch die anaerobe Vergarung des
Filterkuchens mit Bagasse als zusétzliche Kohlenstoffquelle zu verbessern. In den kontinuierlichen
Futterungsexperimenten wurde die mikrobielle Gemeinschaftsdynamik untersucht, um durchfiihrbare
und zuverlassige Inbetriebnahmeoptionen fur einen effizienten Biogasprozess zu ermitteln. Die
mikrobielle Gemeinschaftsstruktur wurde unter Verwendung von terminalen
Restriktionsfragmentlangenpolymorphismen und 16S-rRNA-Amplikonsequenzierung untersucht. Die
mikrobielle Aktivitat der Methanogenen wurde durch die Analyse der stabilen Isotope des erzeugten
Methans und Kohlenstoffdioxids verfolgt. Sowohl die molekularbiologischen Methoden als auch die
Analyse der stabilen Isotope wurden hinsichtlich ihres Wertes als Indikatoren fiir Prozessstérungen

verglichen.

In der zweiten Studie wurde die Wirkung der Zunahme der Raumbelastung von der Inbetriebnahme bis
zur Uberlastung auf die Monovergarung von Filterkuchen und dessen Kovergarung mit Bagasse
untersucht. Dies war ein wichtiger Faktor fir die Prozessgestaltung, da es die Bestimmung eines
geeigneten Reaktorvolumens und damit der Investitionskosten erlaubte. In dieser zweiten Studie wurde
eine hohe Raumbelastung erwiinscht, weil sie eine Reduktion des Reaktorvolumens impliziert.
Allerdings fuhrt es oft zu Prozessstorungen einschlielich Verséduerung aufgrund der Anhdaufung von

organischen Sduren. Daher wurden die betriebenen Biogasreaktoren unter hoher Raumbelastung
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Zusammenfassung

systematisch Uberwacht, um im Frihstadium Indikatoren fiir ein Prozessversagen zu identifizieren.
AuRerdem war die Saisonalitat der Zuckerrohrindustrie, die nur rund 200 Tage im Jahr betreibt, eine
zusétzliche Herausforderung fir die kontinuierliche Biogasproduktion aus Filterkuchen und Bagasse.
Aufgrund der kurzen Substratverfligbarkeit wurde daher eine schnelle Inbetriebnahme der

Biogasreaktoren mittels einer schnellen Zunahme der Raumbelastung bevorzugt.

Die Anpassungsperiode des Inokulums in den Reaktoren zum Testen der allmahlichen
Raumbelastungserhdhung (in acht Schritten zu je 0,5 gors-L™*-d™') zeigte eine sehr &hnliche
mikrobielle Gemeinschaftsstruktur in der Anfangsphase der Monovergéarung und der Kovergérung. In
dieser Phase waren die vorherrschenden Gattungen Methanosarcina, Methanoculleus und
Methanosaeta. Bis zu einer mittleren Raumbelastung von 2,5 gors-L *-d™* war das Biogasverfahren
stabil. Im Vergleich zur Monovergarung (bei Raumbelastung von 3,5 gors-L *-d™) zeigte die
Kovergarung schon friher eine starke Prozessunausgewogenheit (bei einer Raumbelastung von 3,0
gors'L1-d™"). Die methanogene Gemeinschaft &nderte sich entsprechend dem Anstieg der
Raumbelastung in sehr &hnlicher Weise in beiden Vergarungsansatzen. Allerdings wurde diese
Entwicklung nur bis Raumbelastung von 3,0 gors-L *-d™* beobachtet, bei der Methanosarcina am
haufigsten vorkam (ca. 80% relative Haufigkeit). Wahrend der Reaktorversauerung veranderte sich die
methanogene Gemeinschaftsstruktur in beiden Vergarungsansdtzen. Die acetoklastische Gattung
Methanosaeta wurde in der Monovergarung erneut nachgewiesen, wahrend die Héaufigkeit der
hydrogenotrophen Gattung Methanobacterium bei der Kovergarung drastisch anstieg (ca. 76% relative
Héaufigkeit). Die methanogene Aktivitat wurde durch die Analyse der stabilen Isotope nachgewiesen,
insbesondere durch die Isotopenzusammensetzung von Kohlenstoff im Methan. Eine starke
Abreicherung von *C im Methan wahrend der Reaktoriiberlastung zeigte die Tendenz zu
hydrogenotropher Methanogenese, was auf eine Prozessunausgewogenheit hinweist. Die Anderungen
der mikrobiellen Struktur und Aktivitdt zusammen mit den Prozessparametern zeigten, dass ein
mittleres Reaktorvolumen, das bis zu einer Raumbelastung von 3.0 gors-L *-d* betrieben wird, fiir die

Monovergarung von Filterkuchen und dessen Kovergarung mit Bagasse am besten geeignet ist.

Die dritte Studie widmete sich der Untersuchung verschiedener Inokulationsstrategien fir die
Biogasproduktion bei der Kovergdrung von Filterkuchen und Bagasse. Die Inokulation der
Biogasreaktoren war ein sehr wichtiger Schritt bei der Inbetriebnahme, da die Funktionalitat und
Anpassungsfahigkeit der mikrobiellen Gemeinschaften im Inokulum die Effizienz des Biogasprozesses
bestimmen. In Regionen, in denen Biogasanlagen weit verbreitet und gut etabliert sind, werden neue
Biogasreaktoren haufig mit Garresten aus den bereits bestehenden Anlagen inokuliert. Allerdings ist

dieses Szenario in Brasilien unrealistisch, da die wenigen Biogasanlagen derzeit im Land sehr weit von
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den Zuckerrohrindustrien entfernt sind. Als Alternative wurde frische Rindergille aus
landwirtschaftlichen Betrieben, die die Zuckerrohrindustrie umgeben, als potenzielles Inokulum fir die
Inbetriebnahme von Biogasreaktoren erwogen. Um Rindergille als Inokulum fir den
Kovergarungsprozess zu untersuchen, wurden zwei parallele Biogasreaktoren inokuliert und mit zwei
anderen parallel betriebenen Reaktoren, die mit gemischtem Inokulum (d. h. Gérrestemischung aus
verschiedenen Biogasreaktoren) inokuliert wurden, verglichen. Weiterhin wurde die Monovergarung
von Filterkuchen und dessen Kovergdarung mit Bagasse im Hinblick auf die Leistung verglichen,
indem beide Vergérungsansatze unter Verwendung des gemischten Inokulums in finfmal so groRen
Reaktoren (verglichen mit der vorherigen Studie) mit langerer mikrobieller Adaptionszeit untersucht

wurden.

Die Prozessparameter zeigten, dass sowohl die Monovergdrung als auch die Kovergarung, die mit
gemischtem Inokulum inokuliert wurden, wéhrend der gesamten Betriebszeit der Reaktoren stabil
waren. Dennoch wurde eine starke Anhdufung von organischen Sauren wahrend der Anlaufphase der
mit Rindergulle inokulierten Reaktoren beobachtet. Diese Beeintrachtigung hielt die ersten zwanzig
Betriebstage an, bis der Prozess sich stabilisierte. Obwohl das C:N-Verhaltnis der Monovergérung und
der Kovergérung fiir die anaerobe Vergarung im empfohlenen Bereich (24:1 bzw. 41:1) lag, war die
Bioverfugbarkeit von Stickstoff sehr gering. Dies beeinflusste die Pufferkapazitat und damit den pH-
Wert, vor allem im stationdren Zustand. Trotz der Tatsache, dass der Monovergarungsaufbau im
Vergleich zur Kovergdrung eine hohere Biogasausbeute aufwies, zeigte eine Abschatzung, dass in
einer groRskaligen Biogasanlage der Co-Vergarungsaufbau etwa 58% mehr Biogas als die
Monovergarung von Filterkuchen produzieren kénnte. Der Grund dafr ist die verfiighare Menge der
Bagasse, die etwa siebenmal mehr produziert wird als Filterkuchen (bezogen auf eine Tonne

verarbeiteten Zuckerrohr).

Bei der Inbetriebnahme umfasste die bakterielle Gemeinschaftsstruktur in den mit Rindergille
inokulierten Reaktoren eine hohere Diversitat auf Phylumebene im Vergleich mit den Reaktoren, die
mit gemischtem Inokulum inokuliert wurden. Die Phyla Firmicutes und Bacteroidetes waren von der
Inbetriebnahme bis zum stationdren Betriebszustand dominant. Wéhrend die relative Haufigkeit von
Bacteroidetes um 70% zunahm, nahm die Haufigkeit an Firmicutes ab. Im abschlieRenden stationdren
Zustand des Experiments zeigten alle Reaktoren in Kovergdrung, unabhangig von der
Inokulationsstrategie, eine sehr &hnliche bakterielle Gemeinschaftsstruktur. Ein weiteres im stationéren
Zustand abundantes Phylum war Synergistetes. Zusammen mit den beiden anderen dominanten Phyla
umfasste Synergistetes etwa 94% der gesamten Gemeinschaft. Die wichtigsten Bakterienfamilien, die

an der anaeroben Vergdrung von Filterkuchen und Bagasse beteiligt waren, waren Bacteroidaceae,
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Prevotellaceae und Porphyromonadaceae (Phylum Bacteroidetes), Ruminococcaceae, Clostridiaceae
und Lachnospiraceae (Phylum Firmicutes) und Synergistaceae (Phylum Synergistetes). Ahnlich wie
die bakterielle Gemeinschaft war die methanogene Gemeinschaftsstruktur nach Inbetriebnahme mit
unterschiedlichen Inokulum zunéchst verschieden und spater, im stationdren Endzustand, sehr &hnlich.
Die Aktivitdt der dominanten hydrogenotrophen Gattungen (reprasentiert vor allem durch
Methanospirillum und Methanobacterium) bei der Inbetriebnahme wurde durch die starke
Abreicherung von “*C in der Isotopenzusammensetzung von Methan angezeigt. Im stationdren Zustand
wurde die acetoklastische Methanogenese zum dominanten Weg der Methanbildung, angezeigt durch
eine starkere Anreicherung des *C. Ansonsten spielte die H,-abhangige methylotrophe Gattung
Methanomassiliicoccus, vor allem bei der Kovergéarung im spéteren stationdren Zustand, eine wichtige
Rolle. Die Gattungen Methanosarcina und Methanobacterium nahmen eine Schlusselposition in der
Monovergarung von Filterkuchen und dessen Kovergarung mit Bagasse ein. Dies wurde sowohl in den
kleinen als auch in den groRBen Reaktoren beobachtet. Beide Gattungen dominierten dabei die
methanogene Gemeinschaft unabh&ngig von der Adaptationszeit. SchlieRlich wurde aufgrund der
hohen Ahnlichkeit der mikrobiellen Gemeinschaft im stationiren Endzustand bei beiden
Inokulationsstrategien nachgewiesen, dass Rindergulle erfolgreich als Inokulum fur die
Inbetriebnahme des Biogasprozesses fiir Kovergarung von Filterkuchen und Bagasse verwendet

werden kann.

Neben der Biogasproduktion wurde die anaerobe Vergarung von Filterkuchen in einer vierten Studie
bis zur Produktion fllichtiger Fettsduren (FFS) durchgefuhrt. In diesem Fall wurde der Versuch
durchgefuhrt, weil die FFS als wertvolles Zwischenprodukt sowohl fiir die Biogas- als auch fir die
Chemieproduktion eingesetzt werden koénnen. Ein semi-kontinuierliche Experiment wurde in 5
verschiedene Phasen aufgeteilt: Inbetriebnahme, stationdrer Betriebszustand, Harnstoff-Umsetzung,
Harnstoff plus Salpetersaure-Supplementierung und Natriumhydroxid-Vorbehandlung. Aufgrund der
geringen Konzentration an Ammoniumstickstoff wéhrend des stationdren Zustands wurde den
Reaktoren Harnstoff als Stickstoffquelle zugesetzt, um die FFS-Ausbeute zu erhdhen. Allerdings
steigerte die Zugabe von Harnstoff drastisch die pH-Werte, was den FFS-Verbrauch durch
Methanogene begunstigte. Folglich wurde Harnstoff zusammen mit Salpetersédure zugegeben, um
einen pH-Werte von 5,5 zu halten. Dadurch erholte sich die FFS-Ausbeute wieder, aber nicht bis zu
dem Niveau wie im stationdren Betriebszustand. So ergab die Zugabe von Harnstoff keine
Verbesserung der FFS-Produktion. Die Effizienz der Vorbehandlung des Filterkuchens mit
Natriumhydroxid wurde zun&chst unter Verwendung realistischer NaOH-Konzentrationen in
Batchversuchen untersucht. Da eine Vorbehandlung mit 6 g NaOH pro 100 g Filterkuchen (frische

Masse) den hdchsten BMP ergab, wurde diese Konzentration zur VVorbehandlung des Filterkuchens im
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semi-kontinuierlichen Experiment angewandt. Durch diese VVorbehandlung konnte die FFS-Ausbeute

um 37% erhoht werden.

Zusammenfassend sind die vier bedeutenden Abfallprodukte Stroh, Bagasse, Filterkuchen und Vinasse
aus der brasilianischen Zuckerrohrindustrie fir eine effiziente Biogaserzeugung geeignet. Batch und
semi-kontinuierliche Futterungsexperimente wurden systematisch durchgefiihrt, um die soweit
theoretische Forschung mit einer zukinftigen praktischen Anwendung zu verknupfen.
Vorbehandlungsoptionen zur Verbesserung der Methanausbeute und Zusatzstoffe fur den
kontinuierlichen Biogasherstellungsprozess von Stroh, Bagasse, Filterkuchen und Vinasse wurden
untersucht. Die Uberwachung der mikrobiellen Gemeinschaftsdynamik von der Inbetriebnahme bis zur
stationdren Phase der Monovergéarung von Filterkuchen und dessen Kovergérung mit Bagasse zeigte
die Zuverlassigkeit der Verwendung von Rindergulle als Inokulum. Darliber hinaus zeigte die
Einschatzung der methanogenen Gemeinschaftsdynamik wéhrend des allmé&hlichen Anstiegs der
Raumbelastung die Durchflihrbarkeit, ein mittleres Reaktorvolumen zu verwenden, indem eine
Raumbelastung fir eine effiziente Biogasproduktion aus Filterkuchen und Bagasse definiert wurde.
AuBRerdem lieferte die Beurteilung der mikrobiellen Gemeinschaftsdynamik in den durchgefiihrten
Experimenten Erkenntnisse tber das mikrobielle Ressourcenmanagement bei der Biogasproduktion
aus  Zuckerrohrabfallen. Die Analyse der stabilen Isotope wurde als potentielles
Uberwachungsinstrument zur Anzeige von Prozessungleichgewichten durch Verdnderungen der
Methanogenesewege herangezogen. Trotzdem sollte eine weitere Untersuchung der stabilen Isotope
mit mehreren Probenahmen unter verschiedenen Prozessbedingungen durchgefihrt werden, um
vorhersagbare Modelle, die die Prozessparameter und die mikrobielle Gemeinschaftsdynamik
integrieren, zu entwickeln. Die effiziente Biogasproduktion aus Zuckerrohrabféllen koénnte eine
realisierbare und zuverlassige Energiequelle darstellen. Auf der Grundlage der vorgestellten
Ergebnisse hatte das aus Zuckerrohrabfallen hergestellte Biogas im Jahr 2016 rund 12% des
brasilianischen Stromverbrauchs decken kdnnen. Allerdings sind die staatlichen Anreize entscheidend
fir die Forderung des Biogassektors in der Zuckerrohrindustrie und fur die Auslésung der

notwendigen Veranderungen in Richtung einer nachhaltigeren Entwicklung.
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Resumo

Durante a producéo de bioetanol e agucar na industria brasileira de cana-de-agucar é gerada uma
grande quantidade de residuos. Infelizmente a ma gestdo dos residuos se contrasta com a bem sucedida
histéria do bioetanol no Brasil e sua longa tradicdo como grande produtor de acucar no mundo. Os
quatro principais residuos gerados pela industria brasileira de cana-de-agucar apresentam uma ameagca
direta ou indireta a0 meio ambiente e a sade humana. A palha (conjunto de folhas da cana-de-agucar)
é descartada ou queimada nos campos, causando o Ultimo poluicdo do ar. O bagaco (cana moida) é
principalmente queimado para produzir calor e eletricidade, mas em alguns casos é simplesmente
depositado em grandes areas a céu aberto devido ao excedente. A torta de filtro (pasta da prensa) e a
vinhaca (residuo da destilaria) sdo espalhados diretamente no campo como fertilizante, contribuindo
para a poluicdo das aguas e do solo. Ademais, durante 0 armazenamento temporario da vinhaca em
lagoas abertas (antes de ser usada na fertirrigacdo), uma grande quantidade de gases de efeito estufa
sdo emitidos. Além destes tipos de descarte final dos residuos serem nocivos ao meio ambiente,
desperdica consideravelmente o contetdo energético que ainda poderia ser melhor explorado. Como
uma solucdo sustentavel para a recuperacdo energética de residuos da cana-de-aglcar, a producao de
biogas via digestdo anaerdbia pode ser uma tecnologia de tratamento adequada. O biogas, rico em
energia, tem potencial para muitas aplicaces, como por exemplo combustivel de veiculos e geracao de
calor e eletricidade. Além disso, o digestato poderia ser usado como um fertilizante valioso. Para
conduzir um procedimento de inicializacdo viavel e confidvel, e posteriormente uma operacao estavel
do processo de biogas na industria de cana-de-acucar, os residuos foram inicialmente caracterizados e
a producdo de biogas, em regime de alimentacdo semicontinua, foi realizada em varios reatores de
escala laboratorial. Além disso, a dindmica da comunidade microbiana foi avaliada através de técnicas
da biologia molecular e da andlise de is6topos estaveis.

Em um primeiro estudo, a palha, o bagaco, a torta de filtro e a vinhaca foram submetidos a analises
fisico-quimicas e testes em batelada para a determinacdo do potencial bioquimico de metano (PBM).
Também concomitante a isso, foram avaliadas algumas outras caracteristicas dos residuos da cana-de-
acucar como solidos totais, sélidos volateis (SV), demanda quimica de oxigénio (DQO), pH,
nitrogénio total (segundo Kjeldahl), teor de gordura e proteina bruta, teor total de carboidratos e
lignina, e concentracdo acidos organicos. Estas informacgdes foram fundamentais para a concepcao do
processo de biogas com alimentacdo semicontinua, especialmente no que se refere a sele¢éo do tipo de

reator, adicdo de elementos nutricionais, identificacdo de potenciais inibidores, avaliagdo das opcdes
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de pre-tratamento do substrato e andlise do potencial de codigestdo dos residuos da industria

sucroalcooleira.

Os resultados do teste de PBM de aproximadamente 215 mLy-gsv ™ para a palha, 275 mLy-gsv ™ para o
bagago, 250 mLy-gsyv" para a torta de filtro e 260 mLN-gDQo‘1 para a vinhaga eram muito promissores
comparados com aqueles de culturas energéticas como a silagem de milho. No entanto, para aumentar
a taxa de degradacdo, foram aplicados pré-tratamentos fisicos e quimicos no caso dos materiais
lignoceluloticos: palha, bagaco e torta de filtro. Submeter a palha apenas a um pré-tratamento fisico
(tamanho abaixo de 2 mm) forneceu um PBM 26% maior. O pré-tratamento alcalino (NaOH) da torta
de filtro resultou num aumento do PBM em 22%. Quando o bagaco com tamanho reduzido (abaixo de
10 mm) foi tratado com solugéo de hidroxido de célcio, o seu PBM aumentou drasticamente em mais
de 50%.

Com base nas caracteristicas recém descritas dos residuos da cana-de-agUcar, experimentos em
reatores continuos de tanque agitado foram projetados e operados para a digestdo anaerobia da torta de
filtro como Unico substrato e também para sua codigestdo com bagaco. A torta de filtro foi o residuo
mais interessante e promissor a ser investigado devido as suas caracteristicas peculiares quanto a sua
adequacdo para transporte de longa duracdo, sua situacdo atual de destino final na industria e sua
composicao elementar. A codigestdo da torta de filtro com bagaco em uma proporc¢édo alimentar de 7:3
(com base na massa fresca) foi realizada com a intencédo de utilizar parte do bagaco que se acumula na
industria e também de complementar a digestdo anaerdbia da torta de filtro com a adi¢do de bagaco
como uma fonte de carbono adicional. Nos experimentos de alimentagdo continua foi investigada a
dindmica da comunidade microbiana nos reatores, a fim de revelar op¢bes viaveis e confidveis de
procedimento de inicializacdo para um processo de biogas eficiente. A estrutura das comunidades
microbianas foi avaliada utilizando o polimorfismo de comprimento de fragmentos terminais de
restricdo e o sequenciamento de proxima geracdo de amplicons 16S rRNA. A atividade microbiana das
arqueas metanogénicas foi investigada através da andlise de isdtopos estaveis do metano e do dioxido
de carbono produzido. Ambas as técnicas de microbiologia molecular e de analise de is6topos estaveis

foram comparadas em relacdo ao seus potenciais de indicacdo de desequilibrio no processo.

Em um segundo estudo, investigou-se o efeito do aumento gradual da taxa de carga organica (TCO),
da inicializacdo do processo a sobrecarga, na monodigestdo da torta de filtro e na sua codigestdo com
bagaco. Este foi um fator importante para a concepgdo do processo, uma vez que permitiu a
determinacdo de um volume de reator apropriado e, consequentemente, uma estimativa de custos de

investimento. Neste segundo estudo, foi desejado uma TCO alta porque isto implica numa reducéo do
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volume do reator. No entanto, muitas vezes isto também resulta em desequilibrio do processo e
acidificacio devido ao acimulo de 4cidos organicos. A vista disso, os reatores de biogas, operados até
altos niveis de TCO, foram monitorados sistematicamente a fim de identificar, em fase inicial,
indicadores de falha do processo. Ademais, um desafio adicional para a producgéo continua de biogas a
partir da torta de filtro e bagaco foi a sazonalidade da industria de cana-de-agucar, que opera apenas
cerca de 200 dias por ano. Assim, devido a curta disponibilidade de substrato, foi preferida um rapido
procedimento de inicializagdo dos reatores de biogas por meio de um aumento acelerado da TCO.

O periodo de adaptacdo do indculo nos reatores do experimento com aumento gradual da TCO (oito
aumentos escalonados de 0,5 gsy-L™'-d™") mostrou uma estrutura de comunidade microbiana muito
similar na fase inicializacdo do processo, tanto da monodigestdo quanto da codigestdo, com
predominancia dos géneros Methanosarcina, Methanoculleus e Methanosaeta. Até a metade do
experimento, quando a TCO era de 2,5 gsy-L™'-d™, 0 processo de biogés estava estavel. Methanosaeta
e Methanoculleus néo foram mais detectados em uma TCO de 2,5 e 3,0 gsv-L'-d”", respectivamente.
Um vigoroso desequilibrio de processo foi primeiro observado na codigestdo (em uma TCO de 3,0
gsv-L'-d™") e depois na monodigestdo (em uma TCO de 3,5 gsv-L'-d”'). A comunidade
metanogénica mudou de maneira muito semelhante em ambos o0s sistemas de digestao até uma TCO de
3,0 gsv-L'-d”", quando Methanosarcina se tornou a mais abundante (cerca de 80% de abundancia
relativa). Durante a acidificacdo dos reatores, a estrutura da comunidade metanogénica em ambos
sistemas de digestdo sofreu mudancas em sentidos diferentes. O género acetoclastico Methanosaeta foi
detectado novamente na monodigestdo, enquanto a abundancia do género hidrogenotréfico
Methanobacterium aumentou drasticamente na codigestdo (cerca de 76% de abundancia relativa). O
desequilibrio do processo também foi indicado pela analise de is6topos estaveis, uma vez que a forte
diminuicdo do *C do metano revelou uma mudanca em direcdo a metanogénese hidrogenotréfica.
Todas estas descobertas sobre 0 monitoramento da estrutura e atividade da comunidade microbiana
juntamente com os parametros do processo mostraram que um volume intermediario de reator,
operado até uma TCO de 3,0 gsv-L'-d”", é apropriado para a monodigestdo da torta de filtro e a sua

codigestdo com bagaco.

Um terceiro estudo foi dedicado a investigacao de diferentes estratégias de inoculagdo para a producéo
de biogas em codigestdo de torta de filtro e bagaco. A inoculacdo dos reatores de biogas foi um passo
muito importante a ser investigado no inicio do procedimento de inicializacdo, uma vez que a
funcionalidade e adaptabilidade das comunidades microbianas no in6culo deveriam determinar a
eficiéncia do processo de biogas. Em regides onde as plantas de biogds s&o comuns e bem

estabelecidas, applica-se comumente a préatica de inoculacdo de novos sistemas de biogas a partir do
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digestato de plantas ja existentes. No entanto, esse cenario ndo é considerado realista no Brasil, ja que
as poucas plantas de biogds do pais estdo muito distantes das inddstrias de cana-de-acUcar. Para
superar esta questdo, o estrume fresco de gado gerado nas fazendas localizadas na regido da industria
foi considerado como um inoculo com grande potencial para o procedimento de inicializacdo da
producdo de biogas. Para testar o estrume de gado como indculo para a codigestdo, dois reatores de
biogas em paralelo foram inoculados e comparados com outros dois reatores paralelos inoculados com
um chamado inéculo misto, contendo diferente digestatos de varios sistemas de biogas. Ademais, a
monodigestao da torta de filtro e a sua codigestdo com bagacgo foi comparada em termos de eficiéncia
utilizando o indculo misto em reatores de escala cinco vezes superior (em compara¢do com o estudo

anterior) e com tempo de adaptacdo microbiana mais longo sob nova carga de alimentacao.

Os parametros do processo mostraram que ambos 0s sistemas de monodigestdo e codigestdo
inoculados com in6culo misto estavam predominantemente estaveis ao longo do tempo de operagédo
dos reatores. Durante a fase de inicializagdo dos reatores inoculados com estrume bovino, uma forte
acumulacdo de &cidos organicos foi observada. Este inconveniente durou pelos primeiros vinte dias
operacionais até que o processo estivesse sob condi¢des de funcionamento estaveis. Embora a razéo
C:N dos sistemas de monodigestdo e codigestdo estivesse na gama apropriada (24:1 e 41:1,
respectivamente) para o processo de digestdo anaerébia, a biodisponibilidade de nitrogénio da torta de
filtro e do bagaco era muito baixa. Isso influenciou a capacidade tampéo e, consequentemente, 0s
valores de pH, principalmente no estado estacionario. Apesar do sistema de monodigestdo ter
apresentado maior produtividade de biogas em compara¢do com o da codigestdo, uma nova avaliacdo
demonstrou que, em uma planta em larga escala, o sistema de codigestéo seria capaz de produzir cerca
de 58% mais biogas que o da monodigestdo da torta de filtro. A razdo para isso é a disponibilidade do
bagaco, que é aproximadamente sete vezes maior do que da torta de filtro (em relacdo a uma tonelada

de cana-de-agUcar processada).

A estrutura da comunidade bacteriana na inicializacdo do processo de biogas apresentou uma maior
diversidade a nivel de filo nos reatores inoculados com estrume de gado em comparacdo com aqueles
inoculados com o indculo misto. Os filos Firmicutes e Bacteroidetes foram dominantes da inicializacédo
do processo ao estado estacionario. Enquanto a abundancia relativa do filo Bacteroidetes aumentou
gradualmente em direcdo ao estado estacionario (atingindo cerca de 70%), a abundéancia do filo
Firmicutes diminuiu. No estado estacionario final do experimento, todos os reatores em codigestao,
independentemente da estratégia de inoculagdo, apresentaram uma estrutura de comunidade bacteriana
muito semelhante. Outro filo que mostrou abundancia representativa no estado estacionario foi o

Synergistetes que juntamente com os outros dois outros filos corresponderam cerca de 94% de toda a
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comunidade. As principais familias bacterianas envolvidas na digestdo anaerdbia da torta de filtro e
bagaco foram Bacteroidaceae, Prevotellaceae e Porphyromonadaceae (filo Bacteroidetes),
Ruminococcaceae, Clostridiaceae e Lachnospiraceae (filo Firmicutes) e Synergistaceae (filo
Synergistetes). Seguindo a mesma tendéncia que a comunidade bacteriana, a estrutura da comunidade
metanogénica na inicializacdo do processo era distinta nos reatores com diferentes estratégias de
inoculagdo, entretanto mais tarde no estado estacionario final era muito semelhante independentemente
da inoculagdo aplicada. A predominancia dos géneros hidrogenotréficos (representados principalmente
por Methanospirillum e Methanobacterium) na inicializacdo do processo foi indicada pela baixa
presenca do *3C na composicdo isotépica do metano produzido. Mais tarde, no estado estacionario, a
via metanogénica em todos os reatores foi deslocada em direcdo a acetoclastica com mais
enriquecimento do *3C. Ademais, o género metilotréfico, H, dependente, Methanomassiliicoccus
representou um papel importante no estado estacionario no caso da codigestdo. Comparando-se o
desempenho da monodigestdo com a codigestdo, 0 aumento da escala dos reatores e 0 longo processo
de adaptacdo microbiana deste estudo mostrou mais claramente a importante contribuicdo dos géneros
Methanosarcina e Methanobacterium para a monodigestdo da torta de filtro e sua codigestdo com
bagaco. Portanto, devido a alta similaridade da comunidade microbiana em ambas as estratégias de
inoculacdo no estado estacionéario final, o estrume de gado pode ser utilizado com sucesso como

indculo para a inicializacdo do processo de biogas na codigestdo da torta de filtro com bagago.

Além da producdo de biogas, a digestdo anaerobia da torta de filtro foi investigada em um quarto
estudo no intuito de produzir acidos graxos volateis (AGVs). Este experimento foi conduzido porque
além dos AGVs serem intermediarios importantes durante a producdo de biogas, eles também podem
ser usados para a producdo de produtos quimicos. O experimento semicontinuo foi dividido em 5 fases
diferentes: inicializacdo do processo, estado estacionario, implementacdo de ureia, suplementacdo de
ureia e &cido nitrico, e pré-tratamento com hidroxido de sédio. Devido aos baixos niveis de
concentracdo de nitrogénio durante o estado estacionario, a ureia foi adicionada aos reatores como uma
fonte de nitrogénio para aumentar o rendimento de AGVs. Contudo, a adi¢cdo de ureia aumentou
drasticamente os valores de pH, favorecendo o consumo de AGVs pelas arqueas metanogénicas.
Consequentemente, ureia foi adicionada juntamente com acido nitrico para manter os valores de pH
em torno de 5,5. No entanto, sob esta nova suplementacéo, o rendimento de AGVs néo se recuperou ao
mesmo nivel que no estado estacionario. Assim, a adi¢do de ureia ndo produziu qualquer melhoria no
rendimento de AGVs. A eficiéncia do pré-tratamento da torta de filtro com hidréxido de sodio foi
investigada primeiro sob concentragdes distintas em testes de batelada. Apos a melhor performance do

teste de PBM sob 6 g de NaOH por 100 g de torta de filtro (massa fresca), esta concentragdo foi
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Resumo

utilizada para pré-tratar a torta de filtro num regime de alimentacdo semicontinua. Neste caso, o0 pré-

tratamento alcalino aumentou o rendimento dos AGVs em 37%.

Em resumo, os quatro principais residuos (palha, bagaco, torta de filtro e vinhaca) da industria
brasileira de cana-de-aglUcar sdo adequados para um eficiente processo de producdo de biogés.
Experimentos de alimentacdo em batelada e semicontinua foram realizados sistematicamente, a fim de
vincular a, até entdo, pesquisa tedrica de base as futuras aplicacbes préaticas. Foram estabelecidas
algumas opcdes de pré-tratamento para aumentar o rendimento de metano, e também uma avaliacdo da
suplementacdo nutricional para o processo continuo de producdo de biogas de palha, bagaco, torta de
filtro e vinhaga. O monitoramento da dinamica da comunidade microbiana desde o procedimento de
inicializacdo até a fase estacionaria da monodigestdo da torta de filtro e da sua codigestdo com bagago
revelou a confiabilidade do uso de estrume bovino como indculo para a producdo de biogas na
industria de cana-de-aclcar. Além disso, a avaliacdo da dinamica da comunidade metanogénica
durante o aumento gradual da TCO mostrou a viabilidade de usar um volume intermediario de reator,
definido por uma TCO na qual foi realizada uma producao eficiente de biogés a partir da torta de filtro
e do bagaco. Ademais, a avaliacdo da dindmica da comunidade microbiana nos experimentos
realizados forneceu informacGes sobre um possivel gerenciamento de recursos microbianos durante a
producdo de biogas a partir de residuos da cana-de-agUcar. A analise de isotopos estaveis foi usada
como uma potencial ferramenta de monitoramento para indicar desequilibrios no processo através de
alteracBes na via metanogénica. No entanto, uma investigacdo mais aprofundada das andlises de
isdtopos estaveis, com maltiplas amostragens em diferentes condi¢cfes de processo, deve ser conduzida
a fim de desenvolver modelos previsiveis que integrem os parametros do processo e a dindmica da
comunidade microbiana. Por fim, a producdo continua de biogas a partir de residuos da cana-de-agucar
pode ser realizada de forma eficiente, garantindo sua viabilidade e confiabilidade como fonte de
energia. Com base nos resultados finais, o biogas produzido a partir de residuos da cana-de-agucar
teria sido capaz de suprir sozinho cerca de 12% do consumo de eletricidade do Brasil em 2016.
Todavia, 0s incentivos governamentais sdo cruciais para promover o setor de biogas na industria de

cana-de-acgUcar e para desencadear as mudancas necessarias ao desenvolvimento sustentavel.
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Abbreviations

AD - Anaerobic digestion

BMP - Biochemical methane potential

CHP - Combined heat and power

COD - Chemical oxygen demand

CSTR - Continuous stirred tank reactor

GC-IRMS - Gas chromatograph isotope ratio mass spectrometry
GHG - Greenhouse gas

HRT - Hydraulic retention time

mcrA - methyl coenzyme-M reductase a-subunit

OLR - Organic loading rate

PCR - Polymerase chain reaction

SRT - Solid retention time

T-RF - Fluorescent-labelled terminal restriction fragment
T-RFLP - Terminal restriction fragment length polymorphism
UASB - Upflow anaerobic sludge blankets

VFA - Volatile fatty acids

VOA - Volatile organic acids
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1. Introduction

1.1. Brazilian sugarcane wastes

Brazil is the world leader in sugarcane production. The tradition of sugarcane cultivation goes back to
the sixteenth century. The development of the sugarcane industry was mainly based on sugar
processing and since the seventies, also on bioethanol production (Figure 1). Brazilian sugar currently
accounts for around 20% of global production and 43% of world exports (USDA, November, 2015).
Brazil is the greatest bioethanol exporter worldwide and the second largest bioethanol producer, with a
share of about 38% (Balat & Balat, 2009; Valdes, 2011). Bioethanol is consumed by 100% of
passenger cars in Brazil either as a single fuel or blended with gasoline (up to 27%) (van den Wall
Bake et al., 2009).
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Figure 1. Historical progression of Brazilian sugarcane yield per hectare, total harvested area and total
production according to FAO (2016).

The Brazilian biofuel program is considered to be the most developed and integrated in the world.
Brazil’s successful bioethanol industry is the result of investment and incentives from the government,
which launched the program “ProAlcool” following the world oil crisis in 1973 with the aim of
reducing dependency on oil imports and high fuel prices. Over the decades, Brazil has significantly

improved its bioethanol program by using new sugarcane varieties, improving soil fertility and
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1.1. Brazilian sugarcane wastes

applying novel agricultural and processing technologies, among others (Goes et al., 2011). Nowadays,
bioethanol from sugarcane in Brazil is considered to be produced at a better cost-efficiency compared
to other crops such as corn, sugarbeet or cassava (Balat & Balat, 2009; Pippo & Luengo, 2013).

During the sugar and bioethanol processes, four major waste types are produced: straw, bagasse, filter
cake and vinasse (Figure 2). Straw consists mainly of sugarcane leaves from harvesting. Bagasse is the
crushed sugarcane stalk from milling. Filter cake comprises the doughy part from filtering the
sugarcane juice. Vinasse is a liquid effluent from the distilleries that is produced during the final
bioethanol separation step. In view of the large sugar and bioethanol production in Brazil, a huge
amount of waste is produced. For example, in the initial process phase, 1000 kg of sugarcane stalks
generate as waste 140 kg of straw (dry basis), 280 kg of bagasse (wet basis) and 40 kg of filter cake
(wet basis) (de Campos et al., 2015; Leal et al., 2013; Moraes et al., 2014; Zancaner & de Souza
Santos, 2013). In autonomous plants where only bioethanol is produced from sugarcane juice, about
900 L of vinasse and 80 L bioethanol are generated (Cerqueira Leite et al., 2009; Fuess & Garcia,
2014; Moraes et al., 2014). In annexed plants, where bioethanol is produced from both sugarcane juice
and/or molasses (i.e. waste from sugar production), approximately 50 kg of sugar, 50 L of bioethanol
and 550 L vinasse are obtained (Cavalett et al., 2011; Moraes et al., 2014). Thus, based on the
2015/2016 season, in which 667 x 10° tons of sugarcane were processed (UNICA, 2016),
approximately 93 x 10° tons of straw, 190 x 10° tons of bagasse, 27 x 10° tons of filter cake and 300

x 10° L of vinasse were generated.

Bagasse

Boiler ——> Heat and electricity
—> Filter cake > Vinasse
—> Straw >  Treatment Fermentation Distillation ~——> Bioethanol
] Sugarcane ] . Juice Molasses
Field Washing Milling
= Treatment Evaporation [——> Sugar

Figure 2. Simplified flowchart of the sugarcane industry. The final commercial products are

represented in green for bioethanol and grey for sugar. The waste products are shown in brown.
1.1.1. Waste management: challenges and opportunities

Waste management is a global issue that requires stronger efforts and initiatives from all nations for
sustainable development (Finnveden et al., 2013; Halvorsen, 2012). Unfortunately, waste management
3



1.1. Brazilian sugarcane wastes

has achieved a steady-state in which the improvements are counterbalanced by increasing waste
generation and pollution (Giusti, 2009). While very few developed countries put a lot of effort into
waste management, most developing and emerging economies still face many challenges due to rapid
urbanization, population growth and industrialization (Khalili et al., 2015; Marshall & Farahbakhsh,
2013; Zhang et al., 2010).

For instance, Germany and Sweden have achieved great results in the development of their waste
management (Nelles et al., 2016; Sun, 2015). Nevertheless, countries such as Brazil have over the past
years faced many challenges regarding the regulation of solid waste management, hindering
sustainable development and thus continuing to contribute to climate change (Jabbour et al., 2014). In
this context, developing countries have the chance to overcome certain waste-related issues by learning
from developed countries that have already been dealing with the problem of waste in a systematic and
sustainable way for decades.

Besides governmental investments on concepts that involve recycling, reducing and reusing of
materials (Zaman & Lehmann, 2011), some countries such as Austria, Germany, Finland, Sweden and
the United Kingdom also focus on the biomass wastes as an energy source (Demirbas et al., 2009).
Their strategy includes the use of technologies for converting many agricultural and industrial waste
products as well as the organic fraction of municipal solid waste into valuable commodities such as
fuel, electricity and heat, among others. Within these technologies, biogas process has been
extensively applied as crucial component in the waste management (Laurent et al., 2014). Despite the
production of the energy-rich gas methane, the digestate as a waste product generated during the

biogas process is also used as a well-balanced fertilizer, closing thus the material flow cycle.

Along these lines, the Brazilian sugarcane industry with its large amount of biomass waste has a
spectrum of opportunity to apply already developed technologies for its own waste management.
Considering that the sugarcane wastes are disposed of directly into the environment, mostly without
any treatment, a proper waste management would not only overcome certain issues related to climate
change and environmental pollution, but also produce commercialised products providing further
profit to the industry. In this scenario, based on the biogas process applied successfully in some
countries such as Germany and Sweden (Lantz, 2013; Lebuhn et al., 2014; Weiland, 2010), the
anaerobic digestion (AD) process appears to be the most suitable treatment technology for the waste
management in the sugarcane industry. Thus, the energy potential of sugarcane waste products could

be exploited to supplement the energy demand in the country.



1.1. Brazilian sugarcane wastes

At the beginning of the sugarcane supply chain, straw is usually left on the sugarcane fields after
harvesting in order to maintain soil moisture and nutrient cycle (Carvalho et al., 2013). However, there
are often cases in which straw is just burned on the field to facilitate manual harvesting. This practice
causes severe consequences in the environment, with large amounts of greenhouse gas (GHG)
emissions and air pollutants threatening people’s health in the surrounding area (Martinelli & Filoso,
2008). Soil erosion and great losses of soil nutrients are also described as being common in straw
burning regions (Leal et al., 2013). States with large shares in sugarcane production, such as Sao Paulo
and Minas Gerais, have already shifted harvesting to mechanical forms. However, the Brazilian
Federal law established a time schedule to stop straw burning by 2018 only where mechanical
harvesting is possible with current technology (less than 12%), with a date for other areas yet to be
defined (Leal et al., 2013; Modesto et al., 2016).

Bagasse is used to produce heat and electricity in so-called co-generation plants associated with the
sugarcane industry. Unfortunately, bagasse is not burned in a cost-efficient way that could exploit most
of its energy potential. Moreover, not all bagasse is used for the incineration process. In fact, large
amounts of bagasse are simply stored at the perimeters of the sugarcane industry areas (Figure 3).
Considerable research aimed at using bagasse as a substrate to produce so-called second-generation
biofuels has been carried out (Damaso et al., 2014; Pippo & Luengo, 2013; Valdes, 2011).

Figure 3. Temporary bagasse storage at the co-generation plant on the left, and long-term bagasse

storage on the right. Photos by Athaydes F. Leite Jr.

Filter cake and vinasse are used as a fertilizer and applied directly to the sugarcane fields; no previous
treatment of these wastes to avoid environmental contamination is carried out. Vinasse is collected in
open channels and storage lagoons, and later spread through pumps throughout the sugarcane fields

(Figure 4). In the sediments of these channels and lagoons, large amounts of GHG are emitted,
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1.1. Brazilian sugarcane wastes

especially in form of methane, which is an approximately 21 times more potent GHG than carbon

dioxide. In addition, these waste products often contaminate rivers and underground water reservoirs.

Considering the current infrastructure of most Brazilian sugarcane industry facilities, the challenge of
applying a proper waste management would appear to be more complicated for straw. Machinery
harvesting of sugarcane would be the best option to collect and transport straw to the industry, where
this waste could be further processed into final valuable products. However, machinery harvesting has
a negative effect on root development and consequently, sugarcane productivity due to soil
compaction, which changes the natural dynamics of water and gas (Walter et al., 2014). Bagasse, filter
cake and vinasse could easily be used or complemented (in case of bagasse) for biogas production,
considering that they are already generated within industrial settings where a biogas plant could be

directly placed.

Figure 4. Vinasse channel going through a sugarcane field (upper picture) and vinasse being spread on
new growing plants (lower picture). Photos by Athaydes F. Leite Jr.



1.2. Biogas production

The introduction of a new approach is challenging and is often held back by fears of failure. However,
considering the energetic potential of waste products and the benefits of the biogas process, sustainable
waste management should be seen as an opportunity to make the sugarcane industry an even stronger
business. With global warming already affecting our climate worldwide, many countries would be
willing to import a more sustainable bioethanol in order to mitigate their GHG emissions. Brazil would
have the capacity to respond to greater bioethanol demand. Cerqueira Leite et al. (2009) showed that
the Brazilian bioethanol industry has the potential to expand to displace 5% of the world’s projected
gasoline demand in 2025. Therefore, in order to ensure further development of the bioethanol sector
and to avoid drastic effects of global warming, the challenges of applying biogas technology to waste

management in the sugarcane industry should be solved quickly.
1.2. Biogas production

Biogas is produced during the AD process of various organic matters such as crops (e.g. maize, grass),
agricultural waste, sewage sludge, industrial wastewater and food waste. Biogas contains mainly
methane (55-75%) and carbon dioxide (25-45%). The energy-rich methane is a versatile renewable gas
with considerable potential to replace fossil fuels. For instance, the direct combustion of biogas in a
combined heat and power (CHP) unit can generate heat and electricity. Upgrading the biogas to pure
methane (often called biomethane) extends its range of use. Biomethane can be injected into the gas
grid and thus replace non-renewable natural gas or be used as vehicle fuel or cooking gas.

The digestate from the biogas process can be used as fertilizer on agriculture fields, contributing to the
reduction of mineral fertilizer consumption and consequently, GHG emissions. The digestate is already
well balanced, with different nutrients that are essential for microorganisms’ development during AD.
The application of digestate as fertilizer increases agricultural productivity through the presence of
more soluble and bioavailable nutrients, such as nitrogen forms that can easily be taken up by plants
(Weiland, 2010). Avoiding the accumulation and/or storage of organic materials by producing biogas
reduces GHG emissions that would have been otherwise released to the atmosphere during anaerobic
processes in the environment, e.g. open wastewater lagoons that are used to store manure and

industrial wastewater.

The use of biogas as an energy source has increased in recent years worldwide, mainly in developed
countries interested in mitigating their GHG emissions (Lebuhn et al., 2014). Within the European
Union, there are more than 14,000 biogas plants in operation according to EurObserv'ER (2014). The
type of organic material used for biogas production varies depending on availability and on the

political strategies regarding legislation and subsidies. Germany is the largest biogas producer in the
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1.2. Biogas production

world, with around 8,900 plants corresponding about 4,100 MW installed electric capacity
(Fachverband Biogas, 2016). Figure 5 shows the strong development of the biogas market in Germany
over the past 20 years. Most of the biogas produced in Germany comes from energy crops (75%),
especially from ensilaged maize (60%) (EurObservER, 2014). However, this situation has been
changed recently with the new German renewable energy law (Bundesgesetzblatt, 2014), which states
that biogas should be more oriented to flexible production according to demand peaks and should be

produced from a more diverse substrate range.
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Figure 5. Biogas sector progression in Germany according to Fachverband Biogas (2016).
1.2.1. Microbiology of anaerobic digestion

In the AD process, a complex microbial consortium consisting of bacteria and methanogenic archaea
converts the organic materials to biogas in four main metabolic steps: hydrolysis, acidogenesis,
acetogenesis and methanogenesis (Figure 6). Some steps can be rate limiting under distinct conditions,
particularly hydrolysis and methanogenesis (Batstone & Jensen, 2011). An efficient and stable AD
process is essentially based on the concerted syntrophic activity of various microbes. Thanks to recent
advances in molecular biology techniques, new opportunities have arisen that help fully understand

microbial community dynamics, interactions and functionality in AD (Vanwonterghem et al., 2014).
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Figure 6. Simplified diagram showing the main metabolic steps in AD. Adapted from Batstone and
Jensen (2011) and Schink and Stams (2013).

The microbial communities in the AD are considered to be one of the phylogenetically and
functionally most diverse among engineered microbiomes (Vanwonterghem et al., 2014). The bacterial
phyla Firmicutes and Bacteroidetes, and the methanogenic archaeal orders Methanosarcinales,
Methanobacteriales, Methanomicrobiales and Methanococcales are commonly found to be dominant in
biogas reactors (Krober et al., 2009; Lucas et al., 2015; Strauber et al., 2015; Ziganshin et al., 2013).

In the first conversion step, complex organic matter, including carbohydrates, proteins and lipids, is
converted to soluble monomers and oligomers (e.g. sugar, amino acids and long-chain fatty acids). In
this step, the microorganisms cannot directly use the solubilized particles or substrates. Three main
pathways are involved in extracellular enzymatic hydrolysis: (1) enzymes are excreted by the
microorganisms into the bulk liquid, where the enzymes diffuse into the particle; (2) adsorption
processes occur intensively when the microorganisms attach to the particles and secrete enzymes into
the surrounding area; (3) the end products of the enzymatic reactions are then released into the bulk
liquid (Batstone & Jensen, 2011; Lynd et al., 2002).



1.2. Biogas production

Hydrolysis is generally considered to be the rate limiting step of AD, specifically for particulate or
slowly degradable materials (Batstone & Jensen, 2011). For this reason, most of the large-scale biogas
plants have to operate with low organic loading rates (OLR) and very long hydraulic and solid
retention times (HRT and SRT, respectively) (Schmidt et al., 2014). Therefore, this requires biogas
reactors with a higher volume in order to avoid the washout of the microbial communities and
potential process failures. However, a larger reactor size implies higher costs during implementation
and maintenance of the plant.

The most common substrates fed into biogas plants are carbohydrates derived from lignocellulosic
materials of plants. The major fractions presented in lignocellulosic materials are lignin and the
complex carbohydrates cellulose and hemicellulose. However, the content of each fraction varies
depending on the plant material and harvesting time. In the plant cell wall, these three fractions are
combined in a complex network form that limits microbial hydrolytic attack. Cellulose consists of a
linear biopolymer with B(1—4) linked D-glucose units. The cellulose chains are aligned in microfibrils
that are generally incorporated in a matrix of specific polymers such as hemicellulose and lignin
(Leschine, 1995). Hemicellulose, which is present in almost all plant cell walls, is composed of
randomly branched polysaccharides, which comprise minor sugars. In contrast to the low hydrolytic
degradability of cellulose, hemicellulose is easily hydrolysed due to its low-strength amorphous
structure. Lignin is a hydrophobic aromatic polymer that provides strength to the cell wall and restricts
or prevents hydrolysis of the cellulosic material (Batstone & Jensen, 2011). Together, hemicellulose
and lignin are considered to be responsible for the structure and tenacity of biomass (Bergman et al.,
2005).

Approximately 5 to 10% of cellulose is anaerobically degraded in environments such as soil, water and
animal guts (Leschine, 1995). Among the microorganisms involved in hydrolysis, the phyla
Actinobacteria (aerobic order Actinomycetales) and Firmicutes (anaerobic order Clostridiales) present
most cellulolytic capacity (Lynd et al., 2002), specifically the genera Clostridium, Ruminococcus,
Caldicellulosiruptor, Acetivibrio, Butyrivibrio, Halocella, Fibrobacter, Bacteroides and Spirochaeta.
For example, in an animal’s rumen, the predominant bacterial genera are Fibrobacter, Ruminococcus,

Butyrivibrio, Prevotella and Eubacterium (Sun, 2015).

Many pre-treatments have been applied to lignocellulosic biomass in order to improve the efficiency of
biogas production by increasing microbial degradability (Lynd et al., 2002). The various pre-treatment
methods currently used in AD can be briefly classified into three major groups: (1) chemical pre-
treatment with strong acids such as H,SO,4 and strong bases such as NaOH and Ca(OH),; (2) physical

pre-treatment, for instance, milling, liquid hot water, irradiation and steam explosion; (3) biological
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1.2. Biogas production

pre-treatment by fungal attack or enzymatic hydrolysis (Hendriks & Zeeman, 2009). Each pre-
treatment option has certain advantages and disadvantages, but generally they improve hydrolysis
during AD by changing the substrates’ properties to a form that is more suitable for microbial and
enzymatic access. Hence, the use of a specific pre-treatment depends on the cost-efficiency of the

method in terms of providing more benefits for biogas production.

In the second step of the AD process, acidogenic bacteria convert the hydrolytic products (sugar and
amino acids) into simpler compounds, mainly alcohols and organic acids. Through the Embden-
Meyerhof-Parnas pathway, sugars are converted to pyruvate, and subsequently to C3 products (i.e.
propionate and lactate), or C2-C6 products (e.g. acetate, butyrate and ethanol) via acetyl-CoA
(Batstone & Jensen, 2011). Examples of sugar fermenting bacteria are Petrimonas sulfuriphila, which
produces acetate but can also use sulphur or nitrate as an electron acceptor (Grabowski et al., 2005),
and Paludibacter propionicigenes, which generates propionate, acetate, and succinate (Ueki et al.,
2006).

In the third step, acetogenesis take place, which is the conversion of short chain fatty acids (mainly
propionate, butyrate and valerate) into acetate and carbon dioxide. During acetogenesis, hydrogen and
formate are also produced by microbial use of hydrogen ions and bicarbonate ions, respectively
(Batstone & Jensen, 2011). Oxidation reactions require a very low concentration level of hydrogen or
acetate in order to occur. The commonly found acetogens during propionate and butyrate degradation
are Syntrophobacter and Syntrophomonas, respectively (Christy et al., 2014; Muller et al., 2010).

Biogas is finally produced by methanogens in the last step of AD through two main pathways:
aceticlastic and hydrogenotrophic methanogenesis. The methanogens are a much less diverse microbial
group than the bacteria involved in the previous steps. They belong to the domain of archaea and
specifically to the strictly anaerobic phylum Euryarchaeota. Methanogens are also found in extreme
environments such as hot springs and salt lakes, and in human and ruminant guts. Generally,
methanogens are used in biogas production, sewage treatment, and among other biotechnology

applications such as enzyme generation.

The hydrogenotrophic methanogens reduce carbon dioxide to methane using hydrogen as the primary
electron donor. Some members of this group are also able to use formate as an electron donor.
Hydrogenotrophic methanogenesis is the main pathway responsible for electron removal, allowing
syntrophic acetogenesis to proceed. However, these methanogens are not the only microbial group
acting as a sink for electrons. During reduction of nitrate, sulphate and iron, hydrogen is also required

as an electron donor. This therefore causes competition for the available hydrogen in the AD of
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substrates containing nitrate, sulphate and/or iron (in oxidized form). In the case of sulphate, further
undesirable consequences may occur after sulphate reduction: (1) the presence of the resulting
hydrogen sulphide in the biogas process causes several problems due to the toxicity and corrosive
properties of this gas; moreover, its removal from biogas is rather expensive; (2) the formation of
sulphide in the AD process induces the precipitation of specific metals that otherwise could have been

used by the microorganisms (lsa et al., 1986).

Furthermore, homo-acetogenic bacteria are also able to convert hydrogen and carbon dioxide into
acetate and vice versa. According to the Gibbs free energy under standard conditions, methanogenic
hydrogen oxidation requires more energy than homo-acetogenesis, resulting in a higher chance for the
homo-acetogenic bacteria to outcompete methanogens for hydrogen at limiting concentrations (Schink
& Stams, 2013). Homo-acetogenic bacteria have been commonly observed under lower temperatures,
which favours more their thermodynamics (Batstone & Jensen, 2011).

The aceticlastic methanogens cleave acetate into methyl and carboxyl groups, which are further
converted into methane and carbon dioxide (Zinder & Koch, 1984). Only two taxa of the archaea are
responsible for aceticlastic methanogenesis: the strictly acetate-cleaving genus Methanosaeta and the
versatile genus Methanosarcina, which is capable of using different substrates such as CO,/H,, acetate
and methyl groups. Whereas Methanosaeta is sensitive to process changes (such as pH or ammonia
increase), Methanosarcina is considered to be more robust and tolerant to specific inhibitors and

changing process conditions (De Vrieze et al., 2012).

Under certain inhibitory conditions (e.g. high ammonia concentration), acetate can also be consumed
by syntrophic acetate oxidation, which is otherwise thermodynamically not favourable under standard
condition. Hydrogen and carbon dioxide produced by syntrophic acetate-oxidising bacteria are then
converted into methane by the hydrogenotrophic methanogens (Schnirer & Nordberg, 2008).
Tepidanaerobacter acetatoxydans, Clostridium ultunense, Syntrophaceticus schinkii are some of the
species belonging to the syntrophic acetate-oxidising bacteria community observed in biogas reactors

with high levels of ammonia and volatile fatty acids (VFA) (Sun et al., 2014).

Methanogenesis is generally described as another rate-limiting step due mainly to its sensitivity to
specific inhibitors, lack of functional redundancy, slow growth and low microbial diversity (Batstone
& Jensen, 2011; Demirel, 2014). Taking these aspects into consideration, methanogens are commonly
considered the most susceptible microorganisms in the AD process under stress (inhibition) conditions.
Therefore, the monitoring of methanogenesis provides essential information on the overall process
stability (Lucas et al., 2015).
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1.3. Microbial performance

Although knowledge about microbial ecology has increased greatly in the last decades along with the
advances of molecular biology (Volmer et al., 2015), biogas production nowadays is still carried out
under suboptimal process conditions. Considering the broad range of opportunities to further develop
the efficiency of the biogas process, some of the most important factors regulating the efficiency in
terms of microbial performance include: (a) operating parameters such as temperature, substrate
composition and HRT; and (b) monitoring parameters such as methane yield, potential inhibitors (e.g.

ammonia, sulphide and VVFA at high concentration levels), and pH value.

Temperature has a strong influence on biochemical and physico-chemical processes. In biogas
systems, temperature can be classified into three different ranges according to reactor operability and
predominance of microbial communities: psychrophilic (10 to 30 °C), mesophilic (30 to 40 °C) and
thermophilic (40 to 70 °C). Reactions rates rise with increasing process temperature in accordance
with the Arrhenius equation. The increased temperature causes a further increase in volumetric gas
production, solubility of solid particles, gas transfer rates, biogas water content, liquid viscosity and
pathogen deactivation (Batstone & Jensen, 2011).

Most biogas plants operate at mesophilic temperatures of around 40 °C. There are only a few plants
that operate under thermophilic conditions of around 55 °C (Weiland, 2010). Mesophilic processes are
more stable compared to thermophilic ones and are, therefore, more popular in AD facilities. Although
the thermophilic process provides several advantages, the efficiency of biogas production is very risky
due to process imbalances resulting often from higher microbial metabolic rate and higher VFA
concentration (Chen et al., 2008). Moreover, a thermophilic process requires additional energy to keep
the reactor at a high temperature. In this regard, an appropriate choice for operating either under
mesophilic or thermophilic condition depends on many aspects, including substrate composition, final
biogas use (CHP or biomethane), local infrastructure and others.

Substrate composition determines primarily the potential of a specific organic material to produce
biogas and consequently, energy-rich methane. Substrate properties vary widely and determine the
type of reactor suitable for microbial digestion. For instance, the AD of industrial wastewater requires
biogas reactors that provide relatively short HRT such as ones with high biomass retention: fixed bed
reactors and upflow anaerobic sludge blanket (UASB) reactors. By contrast, solid waste products need
reactors that allow slow substrate degradation while the organic material is solubilized. An example of
such a reactor type is the commonly used continuous stirred tank reactor (CSTR), which operates with
a long HRT and SRT in the range of 10 to 60 days.
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Information about the nutritional composition of the substrate is fundamental to ensure microbial
growth and development during the biogas process. Among the nutrients, the most important
macroelements are carbon, nitrogen, phosphor and sulphur, while the essential microelements are iron,
nickel, cobalt, selenium, molybdenum and tungsten. When any of these nutrients are in short supply, a
supplementary addition must be introduced into the reactor in order for the process to be efficient.
Thus, the nutritional content in the AD process should be appropriately balanced. Excesses may lead to
process failure; for example, due to ammonia accumulation during the AD of substrates with high
nitrogen content. To prevent such conditions, the recommended carbon to nitrogen ratio should be
between 15 and 30 (Weiland, 2010).

In solid organic materials, the composition of lignin and carbohydrates determine microbial
performance. Since lignocellulosic matter is relatively resistant to microbial degradation during
hydrolysis, the application of pre-treatments is required for better process efficiency as mentioned
earlier. However, among the pre-treatments applied to the substrate for AD, there are some that release
by-products, which cause inhibition of the biogas process. The most common inhibitory compounds in
such conditions are furfural and phenols, produced during thermo-chemical pre-treatment (Chen et al.,
2008; Monlau et al., 2014). For instance, phenols in the AD process have been documented as

inhibitory for aceticlastic methanogenesis (Leveén et al., 2012).

The microbial communities may also suffer inhibition by weak acids (e.g. VFA) and bases (e.g.
ammonia). Weak acids such as VFA and hydrogen sulphide are considered to have an inhibitory effect
around neutral and low pH respectively, while for weak bases such as ammonia, inhibition occurs at
higher pH (Batstone & Jensen, 2011). To solve this issue with acid or base inhibition in the AD
process, many chemicals are used to adjust the pH; however, this practice may incur high costs.
Ammonia in its free form is the most common inhibitory factor in biogas reactors, especially in AD
processes with proteinaceous or urea-rich substrate feeding such as animal manure. Karakashev et al.
(2005) reported for example that Methanosarcina and other hydrogenotrophic methanogens are more
tolerant to high ammonia concentration compared to Methanosaeta.

Monitoring pH values is also fundamental for controlling process efficiency. In a well-balanced AD
process, the microorganisms metabolise intermediate products (such as organic acids) in a
synchronised way such that no considerable accumulations are detected that cause drastic pH changes.
In other cases, many chemical reactions performed by the microorganisms are strongly influenced by
pH variations (Franke-Whittle et al., 2014; Strauber et al., 2012; Veeken et al., 2000). For instance,
low pH can inhibit the biological activity by deactivating particular enzymes.
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Moreover, microbial growth varies greatly among the different microorganisms. The optimum range of
pH values generally considered for the growth of hydrolytic and acidogenic bacteria is lower compared
to methanogens (normally 6.5 to 8.5) (Weiland, 2010). Since the bacterial communities are less
sensitive to pH changes, biogas reactors are usually operated under the optimum pH range for
methanogens; alkalinity is usually buffered by bicarbonates that keep the pH quite constant, around

neutral values.

Gas-liquid transfer during AD is also an important physico-chemical parameter for monitoring process
stability. In essence, a biogas reactor consists typically of a mixture of different physical states such as
solid particles, gas bubbles and liquid phase. The mass transfer of dissolved gas to gas bubbles is very
intense during biogas production. Carbon dioxide and hydrogen sulphide are relatively soluble,
whereas hydrogen and methane are nearly insoluble under process conditions. Due to this particularity,
carbon dioxide and hydrogen have important effects on the stability of the biogas process.

1.3.1. Methods to investigate microbial communities

Physico-chemical process parameters such as pH, volatile organic acids (VOA) and VFA
concentration do not always reliably indicate unbalanced process conditions. Often, the high buffer
capacity of the system causes a misinterpretation of the parameters. The solution for this can be the
monitoring of microbial activity. Intermediate compounds produced by microbes are measured as
process parameters and therefore changes in microbial activity take place earlier than variations in the
concentration of process parameters (Lebuhn et al., 2014). Thus, changes detected in microbial activity
serve as an early warning indicator, considering that in some cases a distinctive microbial community
may process the same intermediate products. Therefore, the monitoring of microbial activity in the
biogas process is crucial for keeping the process under stable conditions and for eventually

counteracting inhibitors.

The introduction of molecular techniques into microbial ecology has revolutionized the investigation
of complex microbial communities of environmental and engineered systems. In recent decades,
significant development in microbial community analysis has taken place, ranging from methods based
on molecular techniques (e.g. characterization of non-cultivable microorganisms) to current next-
generation sequencing technologies. Molecular fingerprinting techniques enable a fast comparison of
community structures of numerous samples, while novel sequencing techniques allow a deeper
investigation of those communities with more precise taxonomic affiliation. Due to the large amount

of sequencing data generated by many laboratories and genome sequencing centres, a sequence
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database was required to store all information and to make it easily accessible to search with online

programs such as BLAST.
Terminal restriction fragment length polymorphism (T-RFLP)

This technique has been frequently used to monitor changes in the microbial community structure and
dynamics in response to operational variations in the biogas process (Lv et al., 2014b; Nikolausz et al.,
2013; Schmidt et al., 2014; Westerholm et al., 2011). In this approach, the polymerase chain reaction
(PCR) method is conducted with primers labelled with a fluorescent dye to amplify, from the
community DNA, the target genes. As an example of targeted genes, the 16S ribosomal RNA gene for
bacteria and the methyl coenzyme-M reductase a-subunit (mcrA) gene for methanogenic archaea are
targeted. The PCR products are then digested with a restriction enzyme, which cuts the DNA
amplicons at specific sequences. After that, the digested products are separated according to the size on
a capillary gel-electrophoresis system (automated DNA sequencer), and only terminally-labelled
fragments are detected by laser-induced fluorescence (Madigan et al., 2010). Thus, T-RFLP allows
researchers to assess the diversity and relative abundance of the microbial community members by
analysing the peak areas of single fluorescent-labelled terminal restriction fragments (T-RFs). Single
T-RFs may be assigned to a specific taxon following further analyses, i.e. cloning and sequencing. In
this case, copies of the target gene are inserted into a simple genetic element such as a plasmid (also
referred to as a vector). The vector usually carries an antibiotic resistance gene, and is taken up by
competent cells at very low probability (transformation). Only cells containing the vector will grow on
the selective agar (containing antibiotics) and a single colony (clone) contains only one type of vector
with a single gene fragment type. During the replication of the vectors, the cloned DNA is also
replicated (Madigan et al., 2010). Thus, the cloned genes can be identified individually from the
colonies by Sanger sequencing. Unfortunately, as with T-RFLP analysis, the clone library approach for
mcrA and 16S rRNA presents some limitations for detection of relatively low abundance microbes in
the biogas reactor digestate. In addition, genetic analysis through cloning and sequencing is time-

consuming, which consequently reduces the number of comparable samples.
454 Pyrosequencing

This technology, developed by 454 Life Science Corporation, revolutionized DNA sequencing with
rapid sample processing compared to conventional techniques. The 454 pyrosequencing system has
been used for the massive parallel analysis of DNA sequences, e.g. amplicon sequencing, genome
sequencing and metagenomics (lacono et al., 2008; Petrosino et al., 2009). In this approach, each DNA

fragment, comprising around 400 to 600 base pairs, is attached to a microscopic bead. After DNA
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amplification by PCR, the beads, carrying full of amplicons, pass through a fibre-optic plate containing
over a million wells, where finally the sequencing reactions take place simultaneously (Madigan et al.,
2010). Although both the Sanger sequencing and 454 pyrosequencing approaches use DNA
polymerase for the synthesis of a complementary strand, the final detection method is different. Instead
of chain termination as in the Sanger sequencing, pyrophosphate release upon nucleotide incorporation
is detected in the 454 method (Ronaghi, 2001). Compared to the time-consuming clone library and
Sanger sequencing processes, next-generation sequencing systems provide much faster and larger

sequence libraries of complex communities.
Stable isotope fingerprinting

Compound-specific stable isotope analysis, also called stable isotope fingerprinting, is a frequently
used tool for the identification of chemical, physical or biological processes that are involved in the
conversion of substrate to products. In the biogas field, the stable isotope compositions of methane and
carbon dioxide allow an approximate identification of the dominant metabolic pathway during
methanogenesis. In biochemical reactions, molecules with lighter isotopes react much faster compared
to those with heavier isotopes. The kinetics for carbon and hydrogen isotope fractionation is different
in the two major methanogenic pathways, resulting thus in distinctive isotope patterns of CH4 from
aceticlastic vs. hydrogenotrophic methanogenesis (Whiticar, 1999). The investigation of the
predominant methanogenic pathways as a function of the differences in the isotope composition of
carbon from CH,4 and CO,, and hydrogen from CH, has been reported in recent decades (Sugimoto &
Wada, 1995; Whiticar, 1999; Whiticar et al., 1986). These authors used a number of models, including
a scheme combining the isotope composition of carbon and hydrogen from methane, and the apparent
fractionation factor, aC, calculated from the isotope composition of carbon from CH4 and CO,, to
show whether methane in natural systems came predominately from the aceticlastic or

hydrogenotrophic pathways.

With the recent intensification of biogas research, many studies have been devoted to investigate the
isotope composition of biogas in engineered systems, including biogas plants or laboratory-scale
reactors (Keppler et al., 2010; Laukenmann et al., 2010; Nikolausz et al., 2013; Polag et al., 2014;
Polag et al., 2015). They revealed that the stable isotope approach may be used as a monitoring tool for
engineered AD processes. In biogas reactors, methanogens are the most sensitive microorganisms,
reacting rapidly to process changes. Thus, shifts in the predominance of the methanogenic pathway
generally reflect process imbalances, which can lead to the collapse of the system. For instance,

aceticlastic methanogenesis is strongly inhibited under high ammonia concentration. In this case, a
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shift from aceticlastic to hydrogenotrophic methanogenesis is a sign that the process is under stress and

therefore prompt readjustment is required to avoid process failure.

The measurement of stable isotope ratios is usually performed by gas chromatography coupled with
isotope ratio mass spectrometry (GC-IRMS). This technique exhibits high precision for the detection
of stable isotopes of carbon (*3C and *2C) and hydrogen (*H and *H) found at natural abundance level.
The GC-IRMS carbon measurement method comprises basically three steps: (1) individual separation
of the compounds on a gas chromatograph; (2) conversion of each compound to carbon dioxide in a
high temperature combustion oven; (3) water removal and introduction of CO, originated from each
compound into the isotope ratio mass spectrometer (Hunkeler et al., 2008). In the first step of the mass
spectrometer, the CO, is subjected to ionization. Due to the difference in mass-to-charge ratios, the
ionised compounds are then magnetically separated and detected simultaneously with fixed Faraday
cups. This whole instrumentation description of the GC-IRMS is represented in Figure 7.
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Figure 7. Schematic of the GC-IRMS instrumentation. Partially adapted from Dawson and Brooks
(2001) as cited in Michener and Lajtha (2008).

The international standards for carbon (Vienna Pee Dee Belemnite - VPDB) and hydrogen (Vienna

Standard Mean Ocean Water - VSMOW) are used to ensure accuracy and comparable results between
18
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different laboratories. The relative abundance of the ions is converted by specific software into an
isotope ratio, which is finally reported as 8*3C for carbon (Eq. 1) and 8°H for hydrogen (Eq. 2) in the
following equations:

(ﬂ)sample —(ﬁ)standard
§3C(%0) = "o S X 1000 Eqg. 1
(Tc)stardand
(i—:)sample —(i—Z)standard
82H(%0) = — x 1000 Eq. 2
(1—H)stardand

During hydrogenotrophic methanogenesis, the lighter carbon is more often metabolized than during
aceticlastic methanogenesis. Hence, more negative 813CCH4 values indicate depletion of the *C product
(and enrichment in *2C) and reveal that hydrogenotrophic methanogenesis is the major pathway for

methane formation.
1.4. Outline of the thesis

The conversion of organic waste produced in our houses, or by industry, agriculture and forestry into
energy in the form of biogas is a promising approach to change our fossil-fuel-based economy into a
bioeconomy based on sustainable flow of matter and energy. Unfortunately, biogas technology for
transforming waste to energy is still not very efficient, requiring further process enhancement to
increase methane production and its use as an energy source. In this context, complex microbial
interactions, under the influence of their reactor environment, are keys to improve the cost-efficiency
of biogas production. As described previously, there are many factors that drive the AD process under
stable conditions, which consequently provide higher energy yields and higher digestate quality as a
mineralized fertilizer. Substrate characteristics reveal primarily the potential for biogas production and
provide fundamental information for the design of the AD process. In a continuously running biogas
reactor, systematic monitoring of the reactor parameters should be performed intensively in order to
avoid process imbalances and possible failures. In addition, the monitoring of microbial communities,
especially more sensitive methanogens, is essential to understand the microbial interactions in the

reactor and thus be able to develop strategies for a cost-efficient biogas production.

Hence, this PhD thesis describes the performance of various laboratory-scale biogas reactors under
different conditions with a focus on the microbial community structure involved in the AD of

sugarcane wastes. In order to provide crucial information on the process optimization of biogas
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production, the correlations between operating parameters and community structures were thoroughly

assessed. The specific objectives were designed to:

o characterise the physico-chemical properties of sugarcane wastes and to determine their
biogas potential in batch tests (subsections 2.1. and 2.2.);

o follow biogas production from sugarcane wastes according to their variations in
physico-chemical characteristics during an industrial season (subsection 2.1.);

o propose a potential process design for biogas production of each sugarcane waste
(subsection 2.2.);

o operate continuous feeding reactors for mono-digestion of filter cake and its co-
digestion with bagasse and to evaluate their biogas processing without any nutritional
supplementation (subsections 3.1., 3.2., 3.3. and 3.4.);

o investigate the co-digestion set-up as a complementary source of nutrients for
microorganisms (subsections 3.1., 3.2. and 3.3.);

o assess the volume capacity for substrate loading of biogas reactors fed with filter cake

and bagasse by gradual increase of the OLR (subsection 3.1., 3.2. and 3.3.);

o apply different pre-treatments to the sugarcane wastes to obtain higher methane yield
(subsections 2.1., 2.2. and 3.4.);
o investigate VFA yield during AD of filter cake and to evaluate its performance by

nitrogen supplementation (subsection 3.4.);

o analyse cattle manure as a potential inoculum for the start-up of a biogas process as a
solution for remotely located sugarcane industries (subsection 3.2. and 3.3.);

o assess microbial community dynamics throughout continuous operation of biogas
reactors fed with filter cake and bagasse with molecular and stable isotope

fingerprinting techniques (subsection 3.1. and 3.3.).

20



2. Characterization of the sugarcane wastes

2.1. Assessment of the variations in characteristics and methane potential of major waste products
from the Brazilian bioethanol industry along an operating SEason .............ccuuveverererenenenesieeeeeens 22

2.2. Biogas production from sugarcane waste: Assessment on kinetic challenges for process

(0 [=R o a1 T OSSPSR 31

21



2. Characterization of the sugarcane wastes

2.1. Assessment of the variations in characteristics and methane
potential of major waste products from the Brazilian bioethanol

industry along an operating season
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ABSTRACT: Anaerobic digestion appears to be a favorable option to optimize the energetic exploitation and reduce the
environmental impacts of bioethanol waste products. Some analytical characteristics of these waste products are available in
various sources. However, these data are too incomplete and unsystematic to be compared among the bioethanol industries.
Design of biogas processes based on such data has to deal with considerable unknowns regarding the technical feasibility and
operating costs. Therefore, to better understand and assess the applicability of these bioethanol waste products in anaerobic
digestion, the micro- and macro-element concentrations, the physicochemical parameters, and the methane potential were
analyzed. In addition to the assessment of seasonal variations, the effect of alkaline and mechanical treatments was also
investigated for lignocellulosic bagasse samples. Possible deficiencies of the trace elements Ni, Co, Mo, Se, and W in vinasse as a
substrate for anaerobic digestion were recorded. The correlation between the gradual increase in methane yields of vinasse and
filter cake along the bioethanol operating season and the dynamic changes in the substrate characteristics was shown. Moreover,
the methane yield of raw bagasse increased by 50% after applying both treatments in combination.

1. INTRODUCTION

Bioethanol has been produced as a biofuel in many countries,
such as the U.S.A. and Brazil. A consequence of the recent
expansion of bioethanolisanincrease of waste products from the
bioethanol industry. In some countries, the management of such
waste is not well established. Brazil, for example, as one of the
leaders in bioethanol production, has not yet implemented a
waste management strategy, which takes into consideration the
energy potential of these residues.

Worldwide, Brazil is considered to have the largest and most
successful biofuel program. Brazilian bioethanol is produced
from sugar cane at higher efficiency compared to other
agricultural feedstocks, suchas corn.In2013, the total bioethanol
producedinBrazilwasabout 14.7 billonsliters, 18% more thanin
2012 Nowadays, in Brazil, 100% of the passenger cars run with
(blended) bioethanol, including the flex-fueled vehicles, which
are designed to run with hydrated and anhydrous ethanol with
blending rates in gasoline up to 26%.>

The three major waste products from the sugar-cane-based
bioethanol industry are bagasse, filter cake, and vinasse. Bagasse
is generated in the milling process of sugar cane and has a high
dry content. Filter cake, often referred to as press mud, is derived
from the physicochemical sugar cane juice treatment and
contains small solid particles from milling as well as non-fiber
carbohydrates in the form of dissolved sugars. Vinasse, also
termed as stillage, is a dark brown waste water that comes
from the distillation process after bioethanol is separated. Ap-
proximately 280 kg of bagasse, 40 kg of filter cake, 1000 L. of
© 2015 American Chemical Society
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vinasse,and 85 L ofbioethanolare produced per ton of processed
sugar cane. '

The bioethanol waste managementin Brazil is mainly destined
to co-generation and field applications as fertilizer. Bagasse is
burned to produce heat and electricity, whereas filter cake and
vinasse are directly spread on sugar cane crop fields. Most co-
generation facilities are working with low efficiency. Vinasse and
filter cake are often applied on the fields without any previous
treatment or proper dosage. The vinasse is temporarily stored in
large open lagoons, which potentially release large amounts of
methane because of microbial activity under anoxic conditions.
Proper treatment and further energetic utilization of these waste
products thus would not just improve the overall energy balance
of the process but would help to avoid uncontrolled release of a
large amount of greenhouse gas, mainly in the form of methane,
during storage and upon waste disposal on land.™®

Considering the large amount of waste products generated by
the Brazilian bioethanol industry and the energy potential
remaining in it, biogas production via anaerobic digestion
appears to be a suitable treatment technology producing
additional commodities. Anaerobic digestion offers a broad
variety of usage of its main products: biogas and digestate.
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The biogas can be used for the production of heatand electricity,
kitchen gas, and as a vehicle fuel. The digestate is a valuable
fertilizer, because it has balanced elemental composition and a
lower carbon/nitrogen ratio than its precursors.”

The potential of biogas production from the bioethanol waste
products was evaluated in only a few studies.”™” However, the
impact of seasonal variations of these waste products on biogas
production has not been investigated thus far according to our
best knowledge. Variations in characteristics originated from
such factors as soil, crop diversity, climate, harvest time, and
industrial process have significant impact on the biogas yield, as
reported by other studies using different types of biomass for

. . 141 . .
biogas production."*"” A previous study revealed substantial
variation in vinasse composition; however, the factors thatled to

. o ; . . 16
itand its influence on biogas production were not discussed.

Process design for anaerobic digestion and technical feasibility
assessment based on such limited and variable data would be

unreliable."” Therefore, we believe that the assessment of
changes in the characteristics of bioethanol waste products is
essential for the design of an economically viable and sustainable
anaerobic digestion strategy. Because Brazil is a big country
extending over different climate zones, we focused on one region
of the Brazilian state Goids to have anisolated and common view
on the seasonal vatiations of the bioethanol waste products on
biogas production along an operating year. In addition to the
detailed characterization of the substrate, the methane potential
and the effect of mechanical and alkaline treatment in the case of
the lignocellulose-rich bagasse were also evaluated.

2. MATERIALS AND METHODS

2.1. Biomass Sampling. The biomass used in the physicochemical
analysesand as substrate for anaerobic digestion was collected at various
times along the 2013 industrial operating season (neatly 7 months a
year) of a bioethanol plant, located in the Brazilian state of Goias.
Bagasse was taken directly after sugar cane milling. Filter cake samples
were taken from the sugat cane juice rotaty vacuum-drum filter. Vinasse
was taken directly from the distillation discharge. All samples had high
temperature at the collecting points, around 50 °C for bagasse and filter
cake and nearly 90 °C for the vinasse. The samples were transported for
4 h at ambient temperature in sealed 15 L hard plastic canisters to a
refrigerator and stored there at 4 °C for about 30 days until further
transportation. Subsequently, samples were transported by air freight to
Germany, where they were kept in a cold room at 4 °C for a maximum
of 5 and 30 days until analytical analyses and batch tests in an anaerobic
system were catried out, respectively.

2.2. Physicochemical Analyses. Total solids (TS) and volatile
solids (VS) were determined according to the standard methods DIN
12880" and DIN 12879, respectively. The pH values were
characterized using a pH-211 pH meter (Hanna Instruments,
Woonsocket, RI). Chemical oxygen demand (COD) analysis was
catried out by a COD test kit (Hach Lange, Dusseldotf, Germany).
Nesslet’s reagent (Merck, Darmstadt, Germany) was used to analyze the
ammonium nitrogen (NH,"-N) concentration with a DR/2000 spec-
trophotometer (Hach Company, Loveland, CO) at 425 nm. Reducing
sugars were determined according to standards.”® Acetate, propionate,
isobutyrate, and other volatile organic acids (VOA) were measured after
acidificationusinga 5890 series 11 gas chromatograph (Hewlett-Packard,
Palo Alto, CA). An elution of the dissolved filter cake in distilled water
(1 g of filter cake to 10 mL of distilled water for 24 h) was performed to
analyze VOA and pH. Cellulose, lignin, hemicellulose, non-fibrous
carbohydrate, raw protein, raw fat, and total Kjeldahl nitrogen (TKN)
values were measured according to standard analytical procedures.”*'

2.3. Biomass Treatments. The lignocellulosic sugar cane bagasse
was subjected to two different types of treatment. A physical treatment
was applied to the raw bagasse for a reduction of particle size to 10 or
1 mm. The 10 mm milled bagasse was additionally subjected to an
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Table 1. Characteristics of Vinasse Samples Taken during the
Operating Season of a Bioethanol Industry

parameter unit May September November

pH 4.21 4.06 3.81
COD gL 16.40 20.96 23.57
TS gL 16.10 17.00 19.40
'S gL 11.54 13.21 16.10
NH4N gL! 0.01 nd“ 0.02
TKN mg L™ 218.56 105.06 77.95
sulfate (SO mg L™ 66.30 1959.09 584.00
aluminum (Al) mg L 10.77 18.64 29.80
cobalt (Co) mg L:l1 0.00 0.03 0.01
copper (Cu) mg L 0.19 0.38 0.24
iron (Fe) mg L:; 12.02 24.27 27.80
manganese (Mn) mg I 1.63 10.59 4.72
molybdenum (Mo) mg L' 0.01 0.04 0.01
nickel (Ni) mg L™ 0.01 0.02 0.03
silicon (Si) mg L™ 13.05 69.09 64.10
tungsten (W) mg L™ nd nd nd

zine (Zn) mgL™! 0.19 1.61 9.60
calcium (Ca) mgL™! 55.32 459.09 259.00
carbon (C) mgL™! 14384.00 8338.00 6552.00
magnesium (Mg) mgL™ 39.84 307.27 116.00
nitrogen (N) mgL™! 855.60 638.00 275.40
phosphorus (P) mg L™ 44.03 242.27 48.00
potassium (K) mgL™! 466.13 3072.73 1070.00
sodium (Na) mg L™ 1.01 15.14 4.94
sulfur (S) mg L™ 304.42 279.40 212.40
C/N ratio 17 13 24

reducing sugar gL 1.39 2.30 2.58
glucose mg L™ 60.13 na” 27.84
alcohol mg L™ 451.99 na 365.24
acetic mg L™ 114.99 306.41 1380.25
propionic mg L™ 6.15 5.83 6.43
isobutyric mg L™ 1.10 0.99 3.09
n-butyric mg L™ 3.91 1.20 6.81
isovaleric mg L™ 0.00 0.00 2.39
hexanoic mg L' 0.75 0.46 3.04
BMP mln/gcop 220.84 260.74 269.72

“nd = not detected. “na = not analyzed.

alkaline treatment, which was carried out for 24 h after the addition
of 0.1 g of Ca(OH),/g bagasse in 24 mL of distilled water.

2.4. Anaerobic Digestion Tests. Mesophilic anaerobic digestion of
the bioethanol waste products was catried out in a multi-channel
analyzer, the Automatic Methane Potential Test System II (AMPTS 11,
Bioprocess Control, Sweden). Six different batch tests for anaerobic
digestion were setup in the AMPTS 11, resulting in a total of 90 reactor
experiments.

Theinoculum used for the batch tests was from a standard mesophilic
biogas reactor operated under a minimal feeding regime of digestate
from a biogas plant with co-digestion of maize silage and cow manure.
Representative inoculum samples were collected from this standard
reactor 2 days before the batch test setup for TS and VS analyses. The TS
and VS values of inoculum together with those of each waste product
were the basis for calculating the amount of substrate applied in the
anaerobic batch systems. This calculation followed the AMPTS II
producer instructions. The inoculum/substrate ratio chosen for this
experiment was 2 (on the basis of VS). The substrate amount was
calculated based on the TS and VS determined after the treatment
in the case of alkaline-treated bagasse.

AMPTS II was setup and run under the same conditions in all
15 reactors in a batch system. Each reactor had 400 mL working
volume and 250 mL headspace. The anaerobic digestion was carried

DOI: 10.1021/ef502807s
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Figure 1. Methane yield during anaerobic digestion of vinasse samples collected in three different periods along the operating season of a bioethanol
industry. Two independent batch tests were run with May samples: one with six and the other with three reactors for vinasse. Separate batch tests were
run for September and November samples with three reactors for vinasse, each. The average of all daily methane measurements for each particular
vinasse setup is represented on the graph, with the average of methane production from the blank reactors already subtracted. The bars show the

standard deviation.

out in triplicates, and all reactors were filled with the same amount of
inoculum. The reactors that had the substrate with the lowest VS value
were filled just with inoculum and substrate itself. To have the same
volume in the reactors with other substrates, distilled water was added
up to 400 mL. Crystalline cellulose was used as a carbon source in the
positive control reactors. The buffer capacity of inoculum was
sufficient for keeping the biogas process at an optimum pH level,
even with the very acidic vinasse or the basic alkaline-treated bagasse.
Before anaerobic digestion, the pH values of all batch reactors were
measured.

During the entire experiment, the stirrers had the configuration of
30sonand 60soffat 50 rpm. A further technical setup of the batch tests
was conducted according to the manual of the manufacturers. Methane
production was determined automatically in real time for each single
reactor by the AMPTS II software. The experiment time of the reactors
varied from 30 to 40 days depending upon the degradation rate. At the
end of the experiment, pH values were measured again.

3. RESULTS AND DISCUSSION

3.1. Vinasse. The variation of vinasse composition was
determined at three different sampling times in May, September,
and November (Table 1), thus covering the entite operating
season. The COD, VS, and TS values increased during the year.
In November, these parameters had the highest values, whereas
the pH was the lowest.

The TKN represents the sum of ammonia (NH3), organic, and
reduced nitrogen. The vinasse sample collected in May had a
higher TKN than later samples. An increase in nitrogen content
of the substrate can resultin ammonia accumulation, which may
lead to process inhibition.” Therefore, the monitoring of the
TKN levels in the substrate is fundamental.
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Although the sulfate concentration fluctuated during the
sampling season, it was relatively high in all vinasse samples. This
must be taken into consideration, because sulfate can hinder the
biogas process in different ways. Sulfate-reducing bacteria use
sulfate as an electron acceptor to oxidize fermentation products
into carbon dioxide. This affects both acetogenic and
methanogenic microorganisms, once sulfate-reducing bacteria
compete with methanogenic archaea for hydrogen as well as with
acetogenic bacteria for propionate and butyrate.” In addition to
this direct negative impact on biogas production, reduced sulfur

in the form of H,S may cause corrosion in the treatment

s 2425
facilities.”™

The nutritional elements are essential for the metabolism of
microorganisms in the biogas process. Deficiency of trace
elements limits microbial growth, thereby affecting the perfor-
mance of an anaerobic treatment plant.”**’ The macro-elements
calcium, magnesium, phosphorus, sodium, and sulfur varied
moderately, whereas carbon, nitrogen, and potassium varied
more. Because vinasse contains generally very low concen-
trations of trace elements, anaerobic digestion of this waste
product might possibly require amendments of Ni, Co, Mo, Se,
and W

The variation in the carbon/nitrogen ratio directly influences
the biogas production. The optimal C/N ratio for the biogas
process ranges from 10 to 40.”* The low carbon/nitrogen
ratio, such as in the vinasse samples, might indicate the
requirement of the addition of other carbon-rich substrates for
effective co-digestion.

Figure 1 shows the methane yield of various vinasse samples
during 30 days of anaerobic digestion in independent batch

DOI: 10.1021/ef502807s
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Table 2. Characteristics of Filter Cake Sampled during the
Operating Season of a Bioethanol Industry

parameter unit May September  November
TS % 22.85 22.02 23.70
S Yors 75.86 81.43 75.33
cellulose % 29.51 33.25 30.39
lignin % 24.31 27.13 28.48
hemicellulose % 26.32 29.15 30.23
extractives” % 19.86 10.47 10.89
carbohydrates and lignin % 77.02 80.03 83.19
raw protein” % 17.99 14.33 11.89
raw fat* %0 4.99 5.64 4.92
TKN mg/g 95.15 84.78 60.47
aluminum (Al) mg/g 46.22 81.33 165.98
cobalt (Co) mg/g 0.03 0.02 0.05
copper (Cu) mg/g 0.37 0.29 0.18
iron (Fe) mg/g 39.02 102.49 117.43
manganese (Mn) mg/g 1.35 0.99 1.11
molybdenum (Mo) mg/g 0.01 0.01 0.00
nickel (Ni) mg/g 0.04 0.05 0.07
silicon (Si) mg/g 0.60 2.07 209.54
tungsten (W) mg/g nd? nd nd
zinc (Zn) mg/g 2.45 0.66 0.57
calcium (Ca) mg/g 71.11 40.04 18.38
carbon (C) mg/g  91800.00 102907.00 96641.00
magnesium (Mg) mg/g 22.00 5.27 412
nitrogen (N) mg/g 3870.00 3277.60 2337.70
phosphorus (P) mg/g 27.82 10.75 7.88
potassium (K) mg/g 162.67 6.27 13.15
sodium (Na) mg/g 16.53 0.17 0.37
sulfur (S) mg/g 1833.75 1648.44 134.96
C/N ratio 24 31 41

“Non-fibrous carbohydrates, such as sugar, fructan, starch, pectins, and

organic residues. "Raw protein is the sum of all compounds containing
nitrogen ‘Raw fat content that dissolves in fat solvents.
detected

Ind = not

systems. Two independent batch systems were run with May
samples: the first one included six reactors with vinasse, three
with cellulose as the control and three just with inoculum as the
blank (the inoculum had pH 8.00, 3.33% TS, and 63.95% VS of
TS); the second system had three reactors with vinasse and the
same number of reactors used as the control and blank as in the
first system (the inoculum had pH 8.62, 4.22% TS, and 63.14%
VS of TS). In these first and second batch systems, the
accumulated methane production of 15.37 and 2.20 mLy for
blank reactors and 830.20 and 867.28 mly for positive control
reactors were observed, respectively.

Adistinctbatch system for September and November samples
consisted of three reactors for each vinasse sample, controls,and
blanks,ina total of 12 reactors (the inoculumhad pH7.81,6.42%
TS, and 59.29% VS of TS). This last batch system had on average
an accumulated methane production of 21.10 mLy for the blank
reactors and 965.80 mly for the control reactots.

The results obtained with the blank and control reactors
showed that the systems were reliable and demonstrated that the
inocula without substrate were barely producing methane,
although they were active when substrate was added. The
pH values of the reactors with vinasse samples before anaerobic
digestion ranged from 6.89 to 7.26 and at the end of the
experiment from 7.37 to 7.54. Therefore, they remained in an
optimal range for anaerobic digestion.
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The vinasse samples were rapidly degraded in the reactors
without a lag phase. There was a pronounced log phaseduring
the first 16 days, until almost all organic matter was digested and
more than 88% of the total accumulated methane had been
produced. After this period, the gas production became
stationary and only little further methane was produced. This
was indicative of easily degradable organic material, mostly in the
form of acetate and reducing sugars in vinasse.

The methane yields of the various vinasse samples followed a
similar trend along the operating season. Differences between
cumulative methane yields were due to variation in the vinasse
composition. The main contributing factors for such vatiation
were the gradual increase of reducing sugars and acetate. The
alcohol and glucose concentrations in May and November were
not considered to be responsible for changes in the methane
yield because of their low concentrations.

It is not realistic to assume that inhibition by sulfate and
macro-, and micro-elements took place in the reactors because
the greater inoculum part of the operated batch systems should
have suppressed such effects. Inhibition would rather be
observed in continuous systems, where the accumulation of
sulfate or other elements, such as potassium, could affect the
process.

It is excluded that the lack of macro- and trace elements
influenced the assessments in our batch systems because suf-
ficient amounts were introduced with the inoculum. For that
reason, further experiments in continuous biogas processes are
required to further study the impacts of elemental composition.

3.2. Filter Cake. General characteristic parameters of filter
cake from different countries were found in the literature.> >
However, these data vary dramatically as a result of differences in
the sugar cane composition and conditions applied in bioethanol
processes. Evenin a specific industry using the same cultivar and
process, as shown in Table 2 for our case study, filter cake

characteristics vary during the operating season.

TS and VS values of filter cake samples changed slightly during
the operating season. However, even small variations of TS and
VS affect the feeding regime in the anaerobic digestion. For that
reason, it is important to analyze TS and VS periodically.
Alteration in the VS values may be related to variations in the raw
fat, raw protein, carbohydrate, and lignin contents.

Between the sampling months, the raw fat oscillated, reaching
the highest value in September. In the course of the operating
season, the amount of raw protein decreased. In contrast,
the total carbohydrate and lignin contents increased. The
cellulose and extractives values varied distinctively within the
sampling time, whereas the lignin and hemicellulose contents
rose gradually.

The filter cake elution for the September sample had an acidic
pHof5.04, which might pose a problem in the case of continuous
operation mode with filter cake and mightrequire further process
control efforts. Thelow COD concentration of filter cake elution
was expected, because most of the organic carbon presentin the
raw filter cake is in a non-soluble form.

During the operating season, the TKN concentration in filter
cake samples decreased along with total elemental nitrogen
content. Consequently, the C/N ratio rose across the year,
although the carbon concentration somewhat fluctuated. A high
variation in the elemental sulfur concentration was observed
between the two first sampling months and November. A high
sulfur concentration might effect the anaerobic digestion, once
sulfur may be oxidized to sulfate. Potassium concentrations also
varied largely among the different samples. It was much higher

DOI: 10.1021/ef502807s
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Figure 2. Methane yield during anaerobic digestion of filter cake samples collected along the operating season of a bioethanol industry. Independent
batch systems for each sample were run with three reactors for filter cake and triplicates for the blank and control. The daily average of all methane
measurements for each particular filter cake setup is represented on the graph, with methane production from the blank reactors already subtracted.
The bars show the standard deviation.
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Figure 3. Concentration of VOA in filter cake samples collected along the operating season of a bioethanol industry. The elution of each filter cake sample
was analyzed separately by gas chromatography. The columns on the graphic show the VOA concentrationlevels of September and November samples.
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Table 3. Characteristics of Bagasse Samples Taken during the
Operating Season of a Bioethanol Industry

parameter unit May November
TS % 57.13 45.62
VS Yors 97.84 96.91
cellulose % 45.96 43.01
lignin % 15.60 17.22
hemicellulose % 30.01 37.32
extractives” % 8.43 2.45
carbohydrates andlignin % 98.02 97.92
raw protein” % 1.15 1.20
raw fat® % 0.83 0.88
TKN mg/g 3.15 4.04
aluminum (Al) mg/g 1.15 5.73
cobalt (Co) mg/g 0.00 0.00
copper (Cu) mg/g 0.00 0.02
iron (Fe) mg/g 1.44 7.29
manganese (Mn) mg/g 0.05 0.12
molybdenum (Mo) mg/g 0.00 0.00
nickel (Ni) mg/g 0.01 0.01
silicon (Si) mg/g 0.49 29.90
tungsten (W) mg/g nd? nd
zinc (Zn) mg/g 0.02 0.03
calcium (Ca) mg/g 0.81 3.89
carbon (C) mg/g 278817.00 189448.00
magnesium (Mg) mg/g 0.42 1.51
nitrogen (IN) mg/g 3085.50 1870.60
phosphorus (P) mg/g 0.34 1.11
potassium (K) mg/g 3.05 8.37
sodium (Na) mg/g 0.02 nd
sulfur (S) mg/g 920.04 nd
C/N ratio 90 101

“Non-fibrous carbohydrates, such as sugar, fructan, starch, pectins, and
organicresidues. "Raw protein is the sum of all compounds containing

nitrogen ‘Raw fat content that dissolves in fat solvents. “nd = not
detected

for May. The most abundant trace elements filter cake samples
were aluminum, iron, and silicon. Their concentrations gradually
increased toward the end of the operating season.

The variation in methane potential of filter cake was analyzed
in batch tests for September and November sampling months.
Figure 2 shows the methane yield of two filter cake samples
obtained in two independent batch systems within 31 days. Each
batch system consisted of three reactors for filter cake samples,
three reactors for cellulose as the control, and three reactors only
with inoculum as the blank. The blank reactors for September
and November samples had inocula with pH 8.00 and 7.81,
TS4.22and 6.42%,and VS of TS 63.14 and 59.29%, respectively.
The pH values ranged from 7.71 to 8.60 before the experiment
and from 7.20 to 7.29 at the end. The accumulated methane
production in September and November batch systems was
2.30 and 21.20 mIy for the blanks and 868.13 and 966.17 mIy
for the controls, respectively.

Samples from November were digested faster without a lag
phase in the batch test compared to those from September.
There was a 4 day lag phase in the case of samples collected in
September. The observed differences were attributed to the
bioavailability of easily degradable organic matter in the process
and the inoculum activity.

AsshowninFigure 3, filter cakein November contained much
more acetic acid than in September. On the contrary, other
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longer chain VOA, such as butyric acid, reached a much higher
concentration in September. Available acetate can be converted
directly into methane by aceticlastic methanogens, whereas other
VOA had to be transformed first into acetate for further
degradation.

As forvinasse, the evaluation of influences of micro- and trace
elements on the anaerobic digestion was beyond the scope of this
investigation.

3.3. Bagasse. In Table 3, the variation in bagasse com-
position is evaluated for May and November sampling months,
boundaries of the operation season. TS and VS values for bagasse
were the highest among the three bioethanol waste products.
Bagasse had 57.13% TS and 97.84% VS in May. On the contrary,
it had much lower TS (45.62%) in November, but the VS was
kept nearly constant (96.91%). Such variation mainly relates to
the weather and harvesting and millingin the bioethanol process.

Mostofthe VS contentin bagasse was carbohydrate and lignin,
98.02% in May and 97.92% in November, and only minor parts
were raw protein (1.15% for May and 1.20% for November) and
raw fat (0.83% for May and 0.88% for November). From May to
November, cellulose and extractives contents decreased, while
lignin and hemicellulose increased. Literature information
supports substantial variation of the carbohydrate and lignin
contents of bagasse.'”> The characterization of carbohydrate
and lignin is crucial as a determining factor for the microbial
degradability and, consequently, the design and operation of the
biogas process.

TKN ofbagasseincreased from3.15mg/ginMayto4.04mg/g
in November. In contrast, total elemental nitrogen decreased.
A drop in carbon and nitrogen concentrations from May to
November went along with a rising C/N ratio. Elemental sulfur
had a high concentration in May but, surprisingly, was not
detected in November. The other macro- and trace elements
were present in very low concentrations.

different

treatment setups during 33 days of anaerobic digestion. Bagasse
samples were collected in Augustand then subjected to a specific
treatment. A batch system was run with three reactors for each
sample (raw bagasse, alkaline-treated 10 mm bagasse, and 1 mm
bagasse) and triplicates with cellulose as the control and with
inoculum only as a blank (the inoculum had pH 8.33, 4.229% TS,
and 63.14% VS of TS). The final accumulated methane
production was 146.80 mLy for the blanks and 2033.30 mILy
for the controls.

Atthebeginning of the batch test, the pH values in the reactors
ranged for raw bagasse from 8.26 to 8.32, for 1 mm cut bagasse
from 8.15 to 8.29, and for alkaline-treated 10 mm bagasse from
8.38 to 8.43. At the end of the experiment, the pH values ranged
for raw bagasse from 7.49 to 7.57, for 1 mm cutbagasse from 7.46
to7.61,and for alkaline-treated 10 mm bagasse from 7.51 to 7.56.
Allreactors, thus, wereina pH range considered to be optimal for
anaerobic digestion.

The combined alkaline and 10 mm milling treatment
achieved the best performance, increasing the methane yield
of raw bagasse by 50%. During the initial log phase, from the
second to seventh day, more than 62% of the final methane
yield was obtained. After that, the methane yield increased
steadily.

There are various factors, such as the crystallinity of cellulose,
available surface area, and lignin content, that limit the

Figure 4 shows the methane yield of bagasse for

biodegradability of lignocellulosic biomass.” Many studies

have tested specific treatments to make such substrate more

11,13,33-36

accessible to microorganisms. Our method choice was
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Figure 4. Methane yields from differentially treated bagasse as a function of the incubation time. The samples collected in August were subjected to a
milling process to obtain particle sizes of 10 or 1 mm. The 10 mm bagasse was subjected to an alkaline lime treatment. Independent batch systems wete
runwith three reactors for each bagasse configuration and with triplicates for the blank and control, each. The daily average of allmethane measurements
foreach particular bagasse setupis represented on the graph, with the methane production from the blank reactors already subtracted. The bars show the

standard deviation.

based on the high methane yield achieved when milling® and
lime'" treatment were applied, and the fact that alkaline
treatment is economically feasible provided that the residual
alkali water is recycled.”

4. CONCLUSION

Waste products from the Brazilian bioethanol industry showed
satisfactory biogas potential for energy production. The seasonal
dynamic changes on the characteristics of bioethanol waste
products resulted in methane yields varying by 22% for vinasse
and 26% for filter cake. Even more dramatic year to year
variations in the substrate composition are expected, which
should also be considered. Therefore, repeated analysis of the
chemical composition of these substrates is recommended to
estimate their expected methane yields as a basis for optimal
process operation. It turned out that the methane production
from lignocellulose-rich bagasse could be increased more than
50% by milling and alkaline treatment. Co-digestion of the
nitrogen-poor bagasse together with nitrogen-rich vinasse is an
option for achieving an increased overall efficiency of biogas
production. Moreover, the co-digestion of the acidic vinasse
together with the alkaline-treated bagasse may solve the pH
optimization problem of the process. However, the availability
of bagasse needs to be assessed along with the economic
and energetic consequences of its use in the biogas process,
instead of thermal energy generation. Further  investigations
should focus on microbiological aspects of the use of bioethanol
waste products. In particular, a more systematic investigation of
the influences of the elemental balance to avoid limitation or
inhibition would be desirable.
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Abstract: Biogas production from sugarcane waste has large potential for energy
generation, however, to enable the optimization of the anaerobic digestion (AD) process
each substrate characteristic should be carefully evaluated. In this study, the Kkinetic
challenges for biogas production from different types of sugarcane waste were assessed.
Samples of vinasse, filter cake, bagasse, and straw were analyzed in terms of total and
volatile solids, chemical oxygen demand, macronutrients, trace elements, and nutritional
value. Biochemical methane potential assays were performed to evaluate the energy
potential of the substrates according to different types of sugarcane plants. Methane vyields
varied considerably (5-181 Nm3-tonrv'), mainly due to the different substrate
characteristics and sugar and/or ethanol production processes. Therefore, for the
optimization of AD on a large-scale, continuous stirred-tank reactor with long hydraulic
retention times (>35 days) should be used for biogas production from bagasse and
straw, coupled with pre-treatment process to enhance the degradation of the fibrous
carbohydrates. Biomass immobilization systems are recommended in case vinasse is used
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as substrate, due to its low solid content, while filter cake could complement the biogas
production from vinasse during the sugarcane offseason, providing a higher utilization of
the biogas system during the entire year.

Keywords: sugarcane waste; nutritional requirements; methane potential; degradation rates;
process designing

1. Introduction

Although the combined production of sugar and ethanol based on sugarcane is recognized as one of
the most efficient systems for biofuels production (yield per hectare) [1], the Brazilian sugarcane
industry is responsible for the generation of different types of organic waste which, in most cases, are
still not being properly treated, especially from the energy point of view [2]. Based on the amount of
sugarcane processed during the 2013-2014 season (653 x 10° tons of cane) [3], the generation of
91 x 10° tons of straw (dry basis), 169 x 10° tons of bagasse (wet basis), 22 x 10° tons of filter cake
(wet basis), and 286-678 x 10° m® of vinasse are estimated.

While some of these organic wastes are directly applied as organic fertilizers on the sugarcane fields
for nutrient recycling without previous energetic utilization (i.e., vinasse and filter cake), the other part
of the residues are mostly used as fuel in low-efficiency cogeneration systems (i.e., bagasse) or even
left to decay on the fields (i.e., straw) due to a lack of incentives to produce bioenergy from them [4-6].
Non-controlled digestion of such waste on the fields may lead to the release of large amounts of
methane, which may hinder the positive effect of bioenergy utilization on the climate change mitigation.

The State of S&o Paulo, a major sugarcane producer in Brazil, is responsible for more than 56% of
the sugarcane processed in the 2013-2014 season. The state is committed to an ambitious plan to
further increase the share of renewable energy from 55% to 69% until 2020, as well as to reduce the
CO2 emissions by 20% in comparison to 2005 levels. To achieve these targets, among other measures,
a biogas program was launched in 2012 to stimulate and increase the sustainable use of biomass for
biogas production, including a future mandatory share of biomethane into the natural gas grid [7-9].

The anaerobic digestion (AD) of sugarcane waste can be considered a promising strategy, since the
digestate could still be used to partially replace the mineral fertilizers on the sugarcane fields and the
produced biogas could be upgraded to biomethane and sold as a new energy product by the sugarcane
plants [10-12]. However, before being implemented on a large-scale, the AD process should be
carefully evaluated, especially regarding the substrates’ characteristics, as organic matter and
nutritional value, macronutrients, trace elements, and specific biogas production. Those parameters
directly influence some other important process parameters, such as the pH, accumulation of
inhibitors, potential macronutrients, and trace elements deficiencies, as well degradation rates.

Several authors [10,13,14] suggested that for a proper AD process a balance among the main
nutrients: carbon, nitrogen, phosphorous and sulfur is necessary. If a certain substrate has a too high
C:N ratio, or in another words, has nitrogen deficiency, it may negatively influence the microbial
community functioning. That means a direct influence on the ability to produce enzymes that are
needed to the carbon utilization, causing an incomplete conversion of the carbon contained in the
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substrates, resulting in lower methane yields. On the other hand, substrates that contain high levels of
nitrogen can cause inhibition to the AD process via accumulation of toxic ammonia (NHs) produced
from protein degradation or by urea conversion [15].

According to Britz et al. [16] and Scherer et al. [17], phosphorus and sulfur are also considered
essential nutrients for the AD process. While sulfur is an important constituent of amino acids,
phosphorus is needed for microbial growth during the formation of energy carriers ATP (adenosine
triphosphate) and NADP (nicotinamine adenine dinocleotide phosphate), an important constituent of
nucleic acids, as well as it plays an important role in the maintenance of an optimum pH. However,
when sulfur is found in high concentrations, sulfates are reduced to sulfide by the so-called
sulfate-reducing bacteria, leading to two possible inhibitions. On the one hand, due to thermodynamic
advantages sulfate-reducing bacteria outcompetes methanogens for hydrogen and acetate [18,19].
On the other hand, hydrogen sulfide (H2S), an end product of sulfate reduction, has a toxic effect on
various groups of bacteria [20]. In addition to that, when found in high concentrations, Hz2S can cause
corrosion to some biogas plant parts, such as the combined heat and power units (CHP), biogas
upgrading systems, and metal pipes and tanks, leading to high costs of maintenance [21].

The importance of trace elements during AD is relatively well known, especially for important
enzymes and cofactors involved in different steps of the process, where special metal ions are required.
Several authors [22,23] reported higher gas yields, improvements on process stability and reaching
higher organic loading rates (OLR) through the supplementation of cobalt, copper, iron, molybdenum,
nickel, selenium, tungsten, and zinc. While animal waste (e.g., bovine and swine manure) are expected
to require less amendments, AD of energy crops, plant residues, and agro-industrial waste faces more
trace element deficiencies. Therefore, it is expected that the substrate composition plays a major role
for the trace elements requirements during the AD process, being an important parameter to be
considered during the development of stable process with novel substrates. Additional aspects also
need to be taken into account, especially regarding the trace elements’ availability for microbial
uptake, mainly driven by metal speciation, pH and process temperature, applied organic loading rate,
as well as the chemical processes of precipitation and complexation [23-25].

Furthermore, another aspect that should be taken into account when a biogas concept based on
agroindustry waste is under development, is the seasonality of the crops and the feasibility of
minimizing the negative effects by conserving and storing part of the substrates to be used during the
offseason period. Therefore, allowing a higher utilization of the biogas system during the entire year.

To provide guidance during the designing of an AD system based on sugarcane waste, the present
research performed an extensive evaluation of vinasse, filter cake, bagasse, and straw generated by
plants with different production systems in the Center-South Region of Brazil, including autonomous
plants, where ethanol is produced exclusively from sugarcane juice, and annexed plants, where ethanol
is produced by a mixture of sugarcane juice and/or molasses (i.e., waste from sugar production).

Through the analysis of several parameters, as total solids (TS), volatile solids (VS),
macronutrients, trace elements, nutritional value, and biochemical methane potential (BMP). It was
possible to assess the main kinetic challenges of the sugarcane waste, in terms of nutritional
imbalances, energy potential, degradation rates, and proper hydraulic retention time (HRT) for the
substrates’ conversion in a continuous stirred-tank reactor (CSTR) system. Moreover, in order to
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demonstrate how the sugarcane seasonality could be overcome, the energy synergies among the
substrates were demonstrated based on the two different types of sugarcane plants.

2.Results and Discussion
2.1. Physical-Chemical Composition
2.1.1. Basic Characteristics

The basic characteristics of the sugarcane waste types are presented in Table 1. Considerable
differences among vinasse samples derived from sugar and/or ethanol production were found. Samples
from the autonomous plant presented lower values of organic matter content in terms of COD, TS, and
VS (22.1 g-L %, 1.15% and 76.0% of TS), while samples from the annexed plants presented higher
values for the same parameters (32.4 g-L ™%, 3.44% and 70.6% of TS). That fact is explained, among
other reasons, by the use of different feedstocks (molasses and/or sugarcane juice) during the ethanol
production in these two different types of sugarcane plants. Similar values were also found previously [4]
in an extensive survey about water uses in the sugarcane industry.

Filter cake presented intermediate values for TS and VS (28.9% and 74.2% of TS) in comparison
to vinasse, bagasse, and straw, having an appearance similar to sludge, once it is derived from
a physical-chemical treatment process that removes soluble and insoluble impurities from the
sugarcane juice. Similar values were also reported during co-digestion experiments for bio-hydrogen
production [26].

Table 1. Main characteristics of the sugarcane waste.

Vinasse
Filter Cake Bagasse Straw
Autonomous Annexed Recommendation
Parameters Units (n=9) (n=9) (n=12)
(n=6) (n=15)
AV SD AV  SD AV SD AV SD AV SD [13] [14]
TS? % FM ¢ 115 012 344 111 28.9 +3.77 55.4 +4.19 76.7 +21.6
VSPh % TS 76.0 699 70.6 +3.84 74.2 +10.8 96.0 +2.70 86.3 +11.9
CoD*¢ g-L! 221 +046 324 £10.0
c % TS 370 +424 390 861 427 +6.95 47.6 +2.69 43.4 +4.78 C:N
N % TS 294 035 231 035 1.76 +0.24 0.41 +0.04 0.52 +0.21 20-40:1
P % TS 0.16 +0.05 035 012 0.60 +0.25 0.04 +0.02 0.06 +0.03 C:N:P:S
S % TS 087 049 212 +0.27 0.18 +0.02 0.05 +0.03 0.21 +0.06  600:15:5:3
Ca mg-L™! 774  *¥243 655 +211 4139  +1667 704 +215 2981 +1656 - 100-200
Na mg-L! 164 939 245 +9.58 7.75 +5.98 11.3 +8.83 37.1 +25.1 - 100-200
K mg-L™! 1306 708 6021 565 740 +280 1651  +1036 5002 +2344 - 200400
Mg mg-L™! 1736 724 771 +177 971 +259 409 +173 1140 +404 - 75-150

atotal solids;  volatile solids; ¢ chemical oxygen demand; ¢ fresh matter; n = number of repetitions (each
sample was analyzed in triplicate); AV = average values; SD = standard deviation.

Bagasse and straw presented relatively similar average TS and VS values (55.4% and 96.0% of TS
for bagasse; 76.7% and 86.3% of TS for straw), due the fact of being mainly formed by sugarcane
fibers. The only exception was one sample of straw that presented different values of TS and VS
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(92.4% and 68.6% of TS), possibly due to the inorganic soil particles attached to its fibers
during harvesting.

2.1.2. Macronutrients

The macro element contents of the sugarcane waste types are also presented in Table 1. The carbon
to nitrogen ratio (C:N) of vinasse samples derived from the autonomous plant presented slightly lower
average value (12:1) in comparison to the samples from the annexed plants (16:1). For both cases the
values found are lower than the optimal value recommended for AD (20-40:1) [13], and could lead, in
extreme cases, to process inhibition if the surplus nitrogen is converted into ammonia.

Samples of filter cake presented an average C:N ratio considered proper for AD (24:1), meanwhile
bagasse and straw presented different C:N ratio profiles of 116:1 and 83:1, respectively. From the
carbon and nitrogen content, a lack of nitrogen in bagasse and straw is clearly noted. However, it is
noteworthy that not all of the carbon content in these lignocellulosic substrates will be bioavailable
because of the high content of non-degradable lignin.

When the other macronutrients are also considered, the high sulfur content in both types of vinasse
was around four, up to 10, times higher than what would be considered an optimum concentration [13].
Such high sulfur content can cause several undesirable effects as the competition of sulfate-reduction
with methanogenesis, reducing the conversion of organic acids into biogas, besides also negatively
influencing the bioavailability of trace elements inside the bioreactors [23,24,27].

For the other sugarcane waste, sulfur and phosphorus contents were rather low. Scherer et al. [17]
observations demonstrated that the addition of phosphate and sulphate increased considerably the
degradation rate and biogas production from fodder beet silage as a mono-substrate, supporting the
role of P and S as limiting macro nutrients for certain AD systems.

The development of a co-digestion strategy to balance the macronutrients of the sugarcane waste
apparently could make sense from the economic point of view, once it could partially replace the
addition of high cost chemicals as, for example, urea that usually would be used to balance the
C:N ratio during AD of bagasse and straw. However, the co-digestion of vinasse with other
lignocellulosic waste can also provide undesirable effects as increasing the production of H2S that
could lead to the necessity of costly biogas desulfurization.

Moreover, another aspect that should be taken into account is the degradation rates of the substrates
(see Subsection 2.2.2 and 2.2.3). The eventually co-digestion of waste with different degradation
profiles could lead to a lower biomass conversion if the HRT is too short compared to the other
co-substrate, or lead to an unnecessary increase in the reactor size if the HRT is based on the substrate
with the slowest degradation rate.

2.1.3. Trace Elements

A lack of some important trace elements can be seen from the composition of autonomous- and
annexed-derived vinasse (Table 2); especially nickel is critical. Meanwhile, the concentrations of other
trace elements, as tungsten, manganese, selenium, zinc, cobalt, molybdenum, and copper, are close to
the lowest limit recommended by Kayhanian et al. [22] and Oechsner et al. [28].
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Table 2. Trace elements content of the sugarcane waste.

Vinasse

Filter Cake Bagasse Straw
Autonomous Annexed Recommendation
Parameters Units (n=9) (n=9) (n=12)
(n=6) (n=15)
AV SD AV SD AV SD AV SD AV SD [22] [28]
Fe mg-kgrs' 200 177 488 +142 27,267  £24,625 2012 #1530 14,949 +23435  100-5000 750-5000
Ni mg-kgrs' 049  £0.03 230  +0.92 14.3 +5.81 4.04 +3.17 7.17 +5.22 5-20 4-30
Co mg-kgrs™! 0.55  +0.02 0.62 +0.46 3.36 +1.34 0.52 +0.25 2.87 +3.73 <1-5 0.4-10
Mo mg-kgrs' 048 001  0.84  0.20 1.03 +0.74 0.58 +0.37 0.71 +0.25 <1-5 0.05-16
w mg-kgrs™! Nd - 0.08 +0.04 0.29 +0.50 0.19 +0.05 0.24 +0.05 <1 0.1-30
Mn mg-kgrs™! 59.6 +5.94 194 +49.2 566 +188 43.4 +11.1 177 +85.1 - 100-1500
Cu mg-kgrs' 362 +0.14 796  +4.03 43.8 +4.04 4.82 +1.93 10.7 +12.7 - 10-80
Se mg-kgrs ™! Nd - 0.08 +0.06 0.01 +0.02 0.83 +0.12 0.19 +0.24 - 0.05-4
Zn mg-kgrs' 368 105 326  +4.45 132 +7.21 17.2 +10.1 10.1 +14.9 - 30-400

From the filter cake composition, less trace elements were observed below the recommendation
values (i.e., tungsten and selenium) in comparison to vinasse, as well as elements close to the lowest
limit (i.e., molybdenum). This occurs, probably, because at the industrial phase where filter cake is
generated, metal based coagulants and flocculants are added during the physical-chemical process that
removes impurities from sugarcane juice.

Trace element deficiencies were also found for bagasse and straw, as manganese, copper, zinc, tungsten,
and selenium, as well as nickel, were found in a concentration close to the lowest recommended limit.

2.1.4. Nutritional VValues

Carbohydrates were the main constituents found in all analyzed samples, though differing
considerably into its components (Table 3). Filter cake, bagasse, and straw presented higher average
lignin content, 116, 124, and 162 g-kgrs?, respectively, while samples of vinasse had much lower
values, 34.3 up to 56.5 g-kgrst. According to previous studies [29-32] the presence of lignin in
certain substrates can negatively influence the microbial access to cellulose and hemi-cellulose during
the AD process. Such type of substrate is frequently submitted to physical, chemical or biological
pre-treatment procedures to accelerate and enhance degradation in large-scale biogas plants.

Non-fiber carbohydrates (NFC), which are easy accessible to microbial degradation, were found in
different concentrations among two of the lignocellulosic waste types (i.e., filter cake and bagasse).
The high variation found in bagasse (181 + 216 g-kgrs ') is explained by different milling efficiencies
during the extraction of the juice at the sugarcane plants, whereas the differences found among the
three analyzed samples of filter cake (118 + 136 g-kgrs ) can be explained by the use of different
technologies (i.e., rotary vacuum-drum filter or filter press) to recover sucrose during the process of
juice treatment.
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Table 3. Nutritional values of the sugarcane waste.

Vinasse -
Filter Cake Bagasse Straw
. Autonomous Annexed
Parameters Units (n=9) (n=#6) (n=9)
(n=6) (n=6)
AV SD AV SD AV SD AV SD AV SD

Raw protein - g-kgrs' 137 £517 159 +115 124 +128 179 +3.89 27.7 18.36
Raw fat - g-kgrs 072 1085 0.12 +0.10 395 511 7.20 +3.27 9.18 +1.55
NFC? g-kgrs' 372 447 263 +69.9 118 +136 181 +216 107 +41.2

Carbohydrate Cellulose g-kgrs! 349 +11.7 60.9 +138 126 #19.2 357 #96.1 311 #88.1
Hemi-cellulose  g-kgrs™! 101 £275 243 +176 164 +16.3 233 931 227 %145

Lignin - g-kgrs' 565 +155 343 +3.03 116 +27.1 124 £38.2 162 +26.2
Raw ash - g-kgrs! 296 +82.0 238 +101 309 +125 783 +10.1 154  +120
TKN® - g-kgrs' 222 +0.78 496 +321 200 +2.09 290 +0.65 448 +1.36

anon-fiber carbohydrates; ® Total Kjeldahl nitrogen.
2.2. Biochemical Methane Potential
2.2.1. Methane Yields

The results of BMP assays are presented in Figure 1 and Table 4. It can be observed that vinasse from
the autonomous plant (V-1) achieved the lowest methane yield after 35 days (246 + 15NmL-gcop %), in
comparison to the two samples from the annexed plants (273 + 02 and 302 + 06 NmL-gcop 2).
However, when these results are given in methane production per fresh matter, the differences among
samples of autonomous and annexed plants are even higher. Sample V-1 achieved the methane yield
of 5 Nm3-tonem ™2, while samples V-2 and V-3 achieved higher values, 7 and 11 Nm3-tonem 2,
respectively. The reason for such differences is due to the lower COD content found in the sample fromthe
autonomous plant (23.1 g-L %) in comparison to the samples from the annexed plants (24.9-39.5 g-L™2).

The methane yield achieved by the three filter cake samples did not present any major difference in

terms of final methane yield, varying between 245-281 NmL-gvs 1. When the results are converted to
methane production per fresh matter (50 up to 58 Nm?-tonrm ™), it becomes clear that filter cake has a

higher energy content than vinasse from the autonomous plant (around 10 times higher), or even from
the annexed plant (around 7 times higher).

However, in comparison to vinasse it seems that the higher lignin content of filter cake could have
hampered the utilization of the cellulose and hemi-cellulose during the biogas conversion. This fact is
even clearer in sample (FC-3), where the lower NFC content also influenced the lag phase during
its degradation.

The methane yields obtained from two different samples of bagasse varied considerably between
236-326 NmL-gvs ' (119 to 181 Nm?3-tonrm™"), possibly due to different NFC concentrations found in

these samples (181 + 216 g-kg™' TS). In a different way, samples of straw did not vary considerably
into its nutritional content, however presented slightly different methane yields from 199 to 234 NmL-gvs*
(101 to 126 Nm?3-tonem™). Nevertheless, submitting the straw to a physical pre-treatment by grinding
to 2 mm, resulted in 26% higher methane yield.
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Figure 1. Cumulative methane yield of the sugarcane waste during 35 days of BMP assays.
(A) vinasse from autonomous (V-1) and annexed plants (V-2 and V-3); (B) filter cake (FC-1,
FC-2 and FC-3); (C) bagasse (B-1 and B-2); (D) straw (S-1 and S-2), and S-2 ground to 2 mm.

Therefore, the theory that smaller particle sizes increases the specific surface area of the biomass,
providing greater possibility for enzymatic attack [33] is reinforced. Thus, if the straw would have
undergone a more intensive physical pre-treatment, it could have produced higher biogas yields.

Table 4. Biochemical methane potential of the sugarcane waste after 35 days of assay.

Methane Yield * Methane Yield K
Substrates Samples [NmL-gvs™'or NmL -gcoo-1] [Nm3-tonem-1] [day-1]
S-1 234 +03 101 +01 0.091
Straw S-2 199 + 23 126 £+ 15 0.075
S-2 (2mm) 252 +02 160 £ 01 0.102
Bagasse B-1 326 £ 04 181 £ 02 0.119
B-2 236 £ 05 119 £ 02 0.124
FC-1 281 £ 04 58 + 01 0.159
Filter cake FC-2 245 + 01 50 + 01 0.178
FC-3 254 + 08 54 + 02 0.091
V-1 246 + 15 05+01 0.413
Vinasse V-2 302 £ 06 0801 0.209
V-3 273 +£02 11+01 0.107

* Methane yield of vinasse is given in NmL-gcop ™.
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2.2.2. Reaction Rates

The decay constant (k-value) calculated with Equation (1) (see Subsection 3.3) is presented in Table 4.
Samples of vinasse achieved the highest k-value (0.107-0.413), mainly by the lower lignin and higher
NFC content found in this material. Interestingly, the sample from the autonomous plant (V-1)
presented a higher k-value (0.413) than samples from the annexed plants. Vinasse from the annexed
plant that produces ethanol from a mix of sugarcane juice and molasses (V-2) presented an
intermediate k-value (0.209), while vinasse from the annexed plant that produces ethanol exclusively
from molasses presented a lower k-value (0.107). According to Wilkie et al. [34] the concentration of
sugars in molasses, through crystalinization and evaporation of cane juice, increases the content of
more recalcitrant organics which remain in the vinasse after fermentation. This fact supports the
presented results, since vinasse from molasses-based ethanol resulted in longer lag phases in
comparison to vinasse from sugarcane juice-based ethanol.

Samples of filter cake achieved intermediate k-values (0.091-0.159), however, as well as for
vinasse, one of the samples achieved a completely different performance. In that case, sample FC-3
was from a sugarcane plant that applies a different strategy during the juice treatment, where small
pieces of bagasse are intentionally added to the filter cake to increase its permeability, enhancing the
recovery of residual sucrose at the rotary vacuum-drum filter. Therefore, the longer lag phase can be
explained by the lower NFC content found in this sample.

Although the samples of bagasse presented considerably different methane yields, both displayed
similar k-values (0.119-0.124). In the meantime, the two different straw samples presented the slowest
reaction rates (0.075-0.091) of all analyzed materials, even always presenting similar values of TS,
VS, and nutritional values in comparison to bagasse. Fact that explained by the longer length of its
fibers (£6 cm) in comparison to bagasse (3 cm), once when the sample of straw (S-2) was submitted
to a mechanical pre-treatment, the k-value increased from 0.075 to 0.102.

2.2.3. Substrate Conversion in a CSTR System

The substrate conversion in a hypothetical CSTR system was simulated with Equation (2) and data
presented in Table 5. Depending on the feedstock used for ethanol production, the HRT needed to achieve
80% of the vinasse degradation would vary considerably (1040 days). In this case, the vinasse derived
from an autonomous plant would demand a shorter HRT. On the other hand, the vinasse derived from an
annexed plant that was using the entire sugarcane juice for sugar production at the time of sampling—that
is, only molasses mixed with water was used for ethanol production—would demand a longer HRT.
However, for the Brazilian conditions, where, in most cases, the ethanol is produced by a mix of molasses
and juice, the most likely scenario would be the values found for vinasse (V-2).

In this way, due to economic reasons, one of the main concerns during the choice of an AD system
is to reach the expected methane yield with maximum organic loading rate (OLR) and, consequently,
minimum hydraulic retention time (HRT) that can be applied under stable process conditions.

Considering the low TS content of vinasse and the absence of clogging materials, it seems to be
clear that the utilization of a biomass immobilization system would be the most suitable for this
substrate, once it would permit a lower HRT in combination with higher solid retention times (SRT),
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considerably reducing the size of the reactors in comparison to the conventional continuous
stirred-tank reactor (CSTR) system.

Therefore, the AD using vinasse as a substrate for biogas production should focus on these types of
reactors, such as fixed bed reactors, fluidized bed reactors or granular sludge systems, especially the
upflow anaerobic sludge blanket (UASB) reactor, as this system is already being successfully used in
Brazil for the treatment of different types of wastewater. Thus, the process of technology scaling up
could be facilitated, once the basic reactor concept and operation is already widespread in the region [35].

The results from simulating the filter cake samples also presented a wide range of HRT (25-45 days).
This is justified since one of the samples (FC-3) has presented a longer lag phase and, consequently,
lower k-value. The two bagasse samples presented the same conversion profile in general, demanding
longer HRT in comparison to vinasse and filter cake, in a similar way to straw, that would need
between 45-55 days to achieve 80% of its degradation. Nevertheless, the effect of a physical pre-
treatment could increase the methane yield, or alternatively reduce the HRT from 55 to 40 days as
demonstrated in the straw S-2 (2 mm).

Table 5. Simulation of the hypothetical substrates conversion using CSTR system.

HRT Vinasse Filter Cake Bagasse Straw

(Days) V-1 V-2 V-3 FC-1 FC-2 FC-3 B-1 B-2 S-1 S-2 S-2 (2 mm)
5 0.67 0.51 0.35 0.45 0.47 0.31 0.37 0.38 0.31 0.27 0.34
10 0.80 0.68 0.52 0.62 0.64 0.48 0.54 0.55 0.48 0.43 0.50
15 0.86 0.76 0.62 0.71 0.73 0.58 0.64 0.65 0.58 0.53 0.60
20 0.89 0.81 0.68 0.77 0.78 0.65 0.70 0.71 0.64 0.60 0.67
25 0.91 0.84 0.73 0.80 0.82 0.70 0.75 0.76 0.69 0.65 0.72
30 0.93 0.86 0.76 0.83 0.84 0.73 0.78 0.79 0.73 0.69 0.75
35 0.94 0.88 0.79 0.85 0.86 0.76 0.81 0.81 0.78 0.72 0.78
40 0.94 0.89 0.81 0.87 0.88 0.79 0.83 0.83 0.78 0.75 0.80
45 0.95 0.90 0.83 0.88 0.89 0.80 0.84 0.85 0.80 0.77 0.82
50 0.95 0.91 0.84 0.89 0.90 0.82 0.86 0.86 0.82 0.79 0.84
55 0.96 0.92 0.86 0.90 0.91 0.83 0.87 0.87 0.83 0.80 0.85
60 0.96 0.93 0.87 0.91 0.91 0.85 0.88 0.88 0.84 0.82 0.86
65 0.96 0.93 0.87 0.91 0.92 0.86 0.89 0.89 0.85 0.83 0.87
70 0.97 0.94 0.88 0.92 0.93 0.86 0.89 0.90 0.86 0.84 0.88

HRT = hydraulic retention time; The results highlighted in bold correspond to approximately 80% of the
substrate conversion at different HRT.

2.3. Process Design
2.3.1. Energy Potential

BMP results combined with specific waste generation from two different sugarcane plants
(Figure 2A) were used to assess the energy potential in a hypothetical plant with a capacity to process
4 million tons of cane (TC) per year (Figure 2B).
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Figure 2. Mass flows VS energy potential of the sugarcane waste. (A) The values liters or
kilogram per ton of cane (L or kg-TC™?) refer to fresh matter according to data collected in
two different sugarcane plants, except straw (dry matter) according to previous study [4];
(B) The values normal cubic meter of methane per ton of cane (Nm3CH4-TC™) were
calculated based on the BMP results and data presented in Figure2A.

Although vinasse from the autonomous plant has a lower methane yield per fresh matter, an
autonomous plant could produce 40% more energy from vinasse in comparison to an annexed plant.
This is possible due to differences in ethanol production between these two types of plants, from
30 to 71 L-TC™?, directly influencing the specific vinasse generation of them (Figure 2A). Even filter
cake being produced in clearly lower amounts in comparison to vinasse derived from autonomous and
annexed plants, the energy potential of filter cake is close to the vinasse potential.

Although bagasse presented the highest methane potential, its entire utilization as a substrate for
biogas production may suffer restrictions due to the fact that it is already being used for co-generation
purposes by the thermochemical conversion system. Straw would not suffer the same restriction, since
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nowadays, in most cases, this material is left to decay on the fields due to the low incentives to produce
bioelectricity from it.

Nevertheless, the dissemination of second-generation biofuels in the future can lead to an extreme
competition for biomass among different available energy conversion pathways, whereas it is expected
that the system providing not only higher energy production, but also higher environmental benefits,
will have better possibilities to play an important role in the market.

2.3.2. Energy Complementarities

In order to understand how the AD process could be designed to enhance the utilization capacity of
a biogas plant integrated to the sugar and/or ethanol production processes (Table 6), it is reasonable to
develop a storage system that would permit the use of filter cake, or even parts of bagasse and straw,
during the sugarcane offseason, in the same way as is already practiced for the maize ensiling in
Germany, for example.

The Figure 3 presents the daily methane generation that could be produced using vinasse during the
236 days of sugarcane season (8 months, from April to November) and filter cake during the
129 days of offseason period (4 months, from December to March) in the main sugarcane producing
region in Brazil (i.e., Center-South Region).

By applying this concept to an annexed plant, the daily methane production that filter cake
during the offseason period could provide is 14.4% lower than the daily methane production of
vinasse during the sugarcane season. The remaining methane production needed to compensate for
such difference during the sugarcane offseason (6398 Nm3.CHas-day™) could be provided by
converting in methane 2.1% + 0.5% of the total straw generated or, alternatively, 1.8% * 0.4% of
bagasse. In the meantime, when an autonomous plant is considered (Figure 3B), the remaining residual
energy (23,925 Nm?3-CHa-day 1) would be equivalent to 7.9% + 1.9% of the energy potential straw or
6.8% £ 1.7% of bagasse.

For those plants where a fraction of straw or bagasse would not be available for biogas production, two
different possibilities could be explored to keep methane production constant during the entire year.

Considering that, in Brazil, there is no environmental obligation that mandates the treatment of
vinasse before fertirrigation on the fields, the biogas plant does not necessarily need to operate as a
treatment facility and the amount of vinasse used for methane production could be reduced by 14.4%
in the case of an annexed plant, and by 38.6% in the case of an autonomous plant. However, obviously
in this case the final energy produced by the biogas plant would be reduced.

Another option could be the utilization of a pre-treatment process on filter cake to increase its specific
methane production, since such an alternative has already been tested before. Gonzalez et al. [36,37]
evaluated two different pre-treatment methods to increase the methane yields of filter cake (named as
press mud) under mesophilic conditions (£37 °C). The liquid hot water pre-treatment method was
able to increase the methane yield by 63% after 20 min of exposure at 150 °C, while the
thermo-alkaline pre-treatment method was able to increase the methane yield by 72% by adding
10 g Ca(OH)2 per 100 g-TS*for 1 h. However, questions regarding the application of such methods at
the large-scale still remain unclear, especially whether these types of pre-treatments would be able to
provide net profit gain to the biogas system.
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Figure 3. Energy potential of the vinasse and filter cake calculated for a hypothetical
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(highlighted by the dotted lines) is the difference in daily methane production between the
potential energy of vinasse and filter cake.
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Table 6. Summary of the kinetic challenges for designing an anaerobic digestion process
applied to the sugarcane industry.

Aspects Vinasse Filter cake Bagasse Straw
. ) o CSTR or combination o o
Biomass immobilization o CSTR with high HRT CSTR with high HRT
Reactor type with biomass
system (e.g., UASB) . o (>35 days) (>40 days)
immobilization system
Pre-treatment Not necessary Recommended Highly recommended Highly recommended
Phosphorous addition to . Nitrogen, sulfur and Nitrogen, sulfur and
. ) Sulfur addition to . .
Macronutrients balance C:P ratio at . phosphorus addition to phosphorus addition to
balance C:S ratio ] ]
autonomous plant balance C:N:P:Sratio balance C:N:P:Sratio
Lack of Fe, Ni, Co, Mo, Lack of Fe, Ni, Co, Mo, W,  Lack of Fe, Ni, Co, Mo, W,
Trace elements Lack of Mo, W, and Se
W, Mn, Cu, Se, and Zn Mn, Cu, Se, and Zn Mn, Cu, Se, and Zn
High sulfur content, Storage in case of . _— -
. . . Low biomass availability; Substrate logistic;
Major challenge especially at use during o o
High lignin content; High lignin content
annexed plants sugarcane offseason

3. Experimental Section
3.1. Substrates

Sugarcane waste derived from one autonomous plant, where ethanol is produced exclusively from
the sugarcane juice, and sugarcane waste derived from two annexed plants, where ethanol is flexibly
produced from molasses (i.e., by-product from sugar production), sugarcane juice, or in most cases by
a mix of both, were utilized in order to provide an extensive evaluation of the different existing
sugarcane industrial processes found in Brazil. Therefore, samples of vinasse, filter cake, bagasse, and
straw were collected from those sugarcane plants in the States of Goias and Séo Paulo, Brazil during
different seasons (2012—-2013 and 2013-2014), transported to Germany in cooled boxes and kept under
low temperature (i.e., 4 °C) until its use.

3.2. Analytical Methods

For all samples, TS and VS were analyzed according to VDI 4630 [38]. For vinasse samples,
chemical oxygen demand (COD) was also analyzed through LCK 014 COD kit (Hach-Lange,
Dusseldorf, Germany) according to the manufacturer’s protocol.

Nutritional content of the substrates was determined according to Weender, followed by Van Soest
methods. By the Weender method raw protein, raw fat, NFC, and raw fiber are determined. Van Soest
method allows the determination of the remaining carbohydrates and lignin fractions from the neutral
detergent fiber (NDF), which represents hemicellulose, cellulose, lignin and ash, acid detergent fiber
(ADF) represented by cellulose, lignin and ash, and the lignin content depicted by the acid detergent
lignin (ADL). Detailed description of the methods were previously published by Liebetrau [39].

To determine the major and trace elements contained in each sugarcane waste, dried samples were
pretreated with a mixture of HNO3s/H202/HF, followed by neutralization with HsBOgs, and the resulting
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clear solution was analyzed by inductively-coupled plasma atomic spectrometry (ICP-OES,
ThermoFischer iCAP6200) according to standard procedures [40-42].

3.3. Biochemical Methane Potential

The biogas yield of each sugarcane waste was obtained through BMP assays according to
VDI 4630 [38] using eudiometer systems under mesophilic temperature (38 °C) for 35 days, and
corrected to normal conditions, considered 273.15 K and 101.325 kPa. Methane concentration in
biogas was measured by using a GA2000 Landfill Gas Analyzer (Geotechnical Instruments Ltda.,
Warwickshire, UK). The inoculum used for the BMP assays was originally from a large scale biogas
plant, which uses maize silage and cattle manure as substrates. The decay constant (k-value) was
calculated based on the results from BMP assays by using a first-order kinetic model (Equation (1)),
which equates biogas production with organic mass reduction [43]:

St =250 x e Q)

where, So: initial mass of the substrate, substrate input (gVS); St: mass of the substrate at time t, after
degradation (gVS); k: conversion rate (day 1); t: time (day).

In order to eliminate the lag phase and use only the log phase of the test, which better represent the
first order kinetics, data between days 0-5, 0-12, 3-25, and 3-25 were considered for vinasse, filter
cake, bagasse, and straw, respectively. The high values of coefficient of determination (R?), from 0.93
to 0.99, demonstrate the congruence of the model and experimental data.

The simulation of the substrates conversion using a CSTR system was performed by transferring the
k-values previously calculated into the CSTR kinetics presented in Equation (2):

So

St=——m (2)
1+ kx26

where, So: initial mass of the substrate, substrate input (gVS); St: mass of the substrate at time t, after
degradation (gVS); & hydraulic retention time (day); k: conversion rate (day 1); t: time (day).

3.4. Energy Assessment

The energy potential of each sugarcane waste type was calculated based on the obtained BMP
results, together with the specific waste production of annexed and an autonomous sugarcane plants.
The energy complementarity between vinasse and the other types of waste was performed considering
a hypothetical sugarcane plant with capacity to process 4 x 10° tons of cane per year (TC-year ™),
considering the same average days of operating season (236 days) as the two sugarcane plants
previously analyzed.

4. Conclusions

The organic waste generated during the sugar and/or ethanol productions have different
characteristics that should be taken into account during the design of the anaerobic digestion process.
The challenges of straw and bagasse utilization as substrates for biogas production are clear as several
potential nutritional deficiencies were identified for these substrates. Urea supplementation could not
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only balance the C:N ratio, but also increase the buffer capacity of the system and enhance the quality
of the digestate for further use as fertilizer on the sugarcane fields. Although the higher methane yields
of straw and bagasse (based on fresh matter), respectively, were 129 and 150 Nm?®-tonrm™2), the high
lignin content of these substrates suggests that a pre-treatment process can enhance their degradability.
The lower methane yield of vinasse (5-11 Nm?3-tonrm™?), together with its huge specific generation
(438-1038 L-TC 1) suggests that future developments should be focused on a biomass immobilization
reactor to allow higher OLR and lower HRT. Filter cake can play an important role to reduce the
negative effects of sugarcane seasonality in the biogas system, if utilized as an alternative substrate to
vinasse during the offseason. Such a concept still needs to be technically proven, especially regarding
the feasibility of filter cake storage and the net energy gain that a pre-treatment procedure could
provide to the system.
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Abstract: The anaerobic digestion of filter cake and its co-digestion with bagasse, and the
effect of gradual increase of the organic loading rate (OLR) from start-up to overload
were investigated. Understanding the influence of environmental and technical parameters
on the development of particular methanogenic pathway in the biogas process was an
important aim for the prediction and prevention of process failure. The rapid accumulation
of volatile organic acids at high OLR of 3.0 to 4.0 gvs-L *-day ! indicated strong process
inhibition. Methanogenic community dynamics of the reactors was monitored by stable
isotope composition of biogas and molecular biological analysis. A potential shift toward
the aceticlastic methanogenesis was observed along with the OLR increase under stable
reactor operating conditions. Reactor overloading and process failure were indicated by the
tendency to return to a predominance of hydrogenotrophic methanogenesis with rising
abundances of the orders Methanobacteriales and Methanomicrobiales and drop of the
genus Methanosarcina abundance.
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1. Introduction

Sugarcane is widely used in Brazil for bioethanol and sugar production. Bioethanol is well
established as fuel primarily in Brazil, whereas sugar supplies the national and international markets.
However, the waste generated by the bioethanol/sugar industry consisting mainly of filter cake,
vinasse, and bagasse is not managed adequately, since it is still rich in energy when disposed. For the
treatment of these waste products, the anaerobic digestion (AD) process was chosen as a promising
technology for energy recovery, since the digestate could still be used to fertilize the sugarcane fields,
as discussed in our previous study [1-4].

Despite the methane potential of sugarcane waste, the use of such novel substrates in AD requires
research to achieve a process of practical and economic viability. Applying a continuous feeding
biogas process along the entire year is a challenge due to the temporal availability of the substrate
during approximately 200 operating days of the Brazilian bioethanol/sugar industry. A rapid start-up of
the biogas process for more productivity reaching high levels of OLR at the beginning of the operation
season may be the solution. Furthermore, the organic loading rate (OLR) is a factor of interest as it
determines how much substrate can be treated and converted into biogas per time and reactor volume.
However, at high OLR there is a risk of acidification by overloading, potentially followed by process
failure. The tightrope walk between exploiting the reactor potential and maintaining a stable process
requires cost effective monitoring which allows predicting and assessing process instabilities/failure
particularly when the feeding regime is changed. It has been shown that stable isotope fingerprinting of
the produced biogas can provide information about the most sensitive functional guild in the AD, the
methanogens [5].

In AD the organic matter degradation into biogas proceeds in four major steps, i.e., hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, which are carried out by the complex consortia of
various bacteria and methanogenic archaea [6]. Methanogenesis, as the terminal phase for methane
production, to which two major pathways (aceticlastic and hydrogenotrophic methanogenesis)
contribute, is a major target for biogas process optimization [7].

Acetate, Hz, and CO2 (or formate) are the products of the digestion of macromolecules by
hydrolytic, acidogenic, and acetogenic bacteria. Aceticlastic methanogens convert acetate into methane
and carbon dioxide, whereas hydrogenotrophic methanogens catalyze the conversion of H2 and
CO:z2 (or formate) to methane. In a stable AD process these complex microbial consortia cooperate
and self-regulate their abundances and activities. However, overproduction of organic acids by
the bacterial community, e.g., triggered by substrate overload, may overexert the downstream
consumption and result in drastic acidification which inhibits the methane production [8]. Thus, to
establish and optimize a biogas process with novel substrates such as waste products from the
bioethanol/sugar industry, it is essential to study the propensity for acidification and its effect on the
methanogenic communities.

54



3. Biogas from filter cake and bagasse: special focus on microbial ecology

Int. J. Mol. Sci. 2015, 16 23212

Several research studies using different substrates have assessed the microbial diversity in
laboratory- and large-scale biogas reactor [9-11] and the effect of reactor parameters such as organic
acid accumulation on the methanogenic diversity and pathway dominance [12-14]. However, to our
best knowledge, the effect of acidification by overloading of biogas reactors fed with sugarcane waste
has not been investigated. Furthermore, it is known that the susceptibility of AD to overloading
depends on the substrate, reactor type, and temperature, thus motivating the present investigation with
a novel substrate.

The assessment of the methanogenic community in biogas reactors requires appropriate methods.
Variations of the methanogenic community can be analyzed by molecular techniques [15,16], whereas
analysis of the biogas isotope composition provides information about the relative contributions of the
methanogenic pathways [5,17-19]. While molecular biological analyses appear very time-consuming
and costly for routine process monitoring, biogas isotope composition appears to be a promising
monitoring parameter for industrial biogas processes [20].

Laboratory-scale, semi-continuously-fed, stirred digesters were established to observe the changes
of the activity of methanogens as a function of reactor acidification triggered by overloading. Two
parallel reactors with mono-digestion of filter cake as substrate, and two other parallel reactors with
co-digestion of filter cake and bagasse were monitored by molecular and isotopic techniques to
determine the contributions of the methanogenic pathways. Statistical analyses served to correlate
isotope signatures and community structures.

2.Results and Discussion
2.1. Biogas Reactor Performance

In Table 1 the technical parameters and reactor performance during the eight phases of operation are
shown. An average value was calculated for each of the two reactor pairs performing mono- and
co-digestion. Due to the high volatile organic acids (VOA) concentration (2.45 g-L ™) of the digestate
mixture used as inoculum, an acclimation of 10 days was required for degradation of the remaining
organic matter from the previous reactors. The OLR increased from 0.5 to 4.0 gvs-Lt-day* within
nine weeks. As a consequence, the hydraulic retention time (HRT) decreased from 36 to 7 and from 37
to 12 days for the mono- and co-digestion reactors, respectively. Along the experiment until Phase 5,
the biogas yield was lower for mono- than for co-digestion, whereas the methane content, in
mono-digestion reactors was higher. After exceeding the OLR of 2.5 (Phase 5) and 3.0 gvs-L*-day™*
(Phase 6) for co- and mono-digestion, respectively, the biogas yield decreased drastically. In the
co-digestion reactors, the biogas production was inhibited earlier because the pH and the buffering
capacity were lowered already in Phase 6. In the following phases, the buffer capacity was insufficient
to neutralize the VOA accumulation. The acidification led to decreased biogas yield followed by
process failure in both digestion set-ups. Reactor overload and imbalance were already noticed in
Phase 6, when the propionate-to-acetate ratios rose from 0.043 to 1.434 (33%) and 0.037 to 1.999 (54x)
for mono- and co-digestion, respectively. The results from this phase for mono-digestion were
consistent with some other studies, thus confirming that the overload effect is seen earlier from the
propionate-to-acetate ratio than from changes in pH or in biogas yield [12,14,21]. Prochazka, et al. [22]
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reported that low ammonium nitrogen (NH4-N) concentration (0.5 g-L™*) caused low methane yield,
loss of biomass and loss of aceticlastic methanogenic activity, and further presented lower buffer
capacity and less stable pH. However, this statement does not corroborate our results until Phase 5,
indicating that these findings were circumstantial, i.e., depending on the substrate and microbial
adaptation. Although the low NHs-N concentration during mono-digestion in Phase 6 did not influence
negatively the methane yield, foaming was observed in both parallel reactors, which necessitated liquid
volume reduction for mono-digestion. The foaming can be ascribed to non-degraded soluble organics,
which result in the surface tension reduction of reactor content [23]. At high volatile organic acids per total

inorganic carbonate buffer (VOA/TIC) values (3.1 gvoa-gcacos *) in Phase 7, the total- (TS) and volatile
solids (VS) values also increased due to the lack of further degradation of the organic matter. This
indicated that not just the methanogenesis, but the whole process was inhibited eventually.

2.2. Methanogenic Community Dynamics

The diversity and structure of the methanogenic communities from the mono- and co-digestion
were investigated by terminal restriction fragment length polymorphism (T-RFLP) fingerprinting of
the mcrA/mrtA gene (Figure 1) and further validated by sequence analysis of clone libraries
(Supplementary Table S1). Immediately before the first feeding on day 10, the reactors displayed
similar mcrA/mrtA profiles for both reactor types, but a slight difference in the relative T-RF
abundances was observed, indicating distinct acclimatization of the inoculum mixture. In Phase 1, the
strictly aceticlastic genus Methanosaeta and the versatile genus Methanosarcina were more abundant
in mono- than in co-digestion set-ups, whereas the strictly hydrogenotrophic genus Methanoculleus
was more predominant in the co-digestion reactors. In both digestions, the abundance of
Methanosarcina increased gradually from Phase 2 to Phase 6, reaching a proportion of approximately
80%. Methanosaeta was not detected after the acetic acid concentration started to increase in the
process in Phase 4. The high affinity of Methanosaeta for acetate is a competitive advantage over
Methanosarcina at low acetic acid concentrations [24], but at higher concentrations Methanosarcina is
outcompeting Methanosaeta. Our observation of Methanosaeta at low acetic acid concentration is
consistent with the findings of other studies [12,25,26]. To our surprise, at very high acetic acid
concentrations during the Phase 7 and Phase 8 of mono-digestion, Methanosaeta was detected again,
whereas the abundance of Methanosarcina dropped. Chen and He [27] also demonstrated
competitiveness of Methanosaeta with Methanosarcina at high acetate levels. In the co-digestion
reactors Methanobacterium predominated mainly in Phases 7 and 8. Sequences affiliated to the
hydrogenotrophic genus Methanoregula were relatively abundant in the last phases of the experiment,
when the propionate-to-acetate ratio drastically increased and the pH decreased. According to
Yashiro, et al. [28] the genus Methanoregula includes acid-tolerant strains.
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Table 1. Major reactor parameters along the eight phases of the experiment set-up.
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8
Reactor’ Parameters (sampling Day: 19) (sampling day: 26) (sampling day: 33) (sampling day: 40) (sampling day: 55) (sampling day: 61) (sampling day: 68) (sampling day: 75)
Mono-  Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co-
Digestion Digestion Digestion Digestion Digestion Digestion Digestion Digestion
Biogas yield * (mL-gvs™!) 1086.3 1198.2 506.9 541.0 2839 4096 2928 329.2 3683 4109 3976 2512 1279 583 69.7 33.7
CHs § (%) 57.7 55.6 57.4 56.6 60.3 53.9 57.8 54.9 61.3 54.9 61.1 na na na na na
CO: § (%) 42.3 444 42.6 43.4 39.7 46.1 422 45.1 38.7 45.1 38.9 na na na na na
Acetic acid (mg-L™) 55.7 37.3 26.7 254 46.1 69.6 160.3 1205 2406 1556 1451 1419 1003.0 914.2 1370.0 1334.1
Propionic acid (mg-L™") 10.7 6.9 6.7 4.9 5.3 4.6 13.1 8.8 10.4 5.8 208.0 2837 537.6 550.7 4339 391.8
n-Butyric acid (mg-L™") 4.7 25 3.1 2.0 2.2 1.8 19.5 12.1 5.3 1.8 26.0 6.7 4289 403.3 11448 1193.0
VOA (g-L™") 0.8 0.8 0.6 0.7 0.6 0.6 0.5 0.5 1.0 0.8 0.6 0.6 2.2 2.1 na na
VOA/TIC (gvoa-gcacos ) 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.7 0.6 3.1 3.1 na na
pH * 75 75 7.4 7.3 75 75 7.2 7.1 7.2 6.9 7.0 6.5 6.3 5.7 5.4 5.2
NHa-N (g-L") 1.0 1.1 0.8 0.8 0.6 0.9 0.5 0.5 0.3 0.3 0.1 0.1 0.2 0.1 0.1 0.2
TS (%) 31 29 2.7 2.6 25 2.7 2.3 2.8 21 2.3 21 2.1 5.6 na 6.9 7.6
VS (%) 21 2.0 1.8 1.7 1.7 1.8 16 1.9 15 1.7 16 15 3.8 na 45 5.0

* Only for these parameters an average of all measurements during each specific Phase was done, since these parameters were analyzed almost every day; § Trace gases
were not detected in our measurements with the applied technique, therefore we rounded our CHsand COz values to 100%; “sampling day” corresponds to the last Phase
day, when the samples were analyzed; “na” refers to not analysed due to technical operation problems: the very low biogas production on the last two phases hindered the
GC measurement for gas composition; the low pH values detected on the last phase hindered the titration of sample for measuring VOA and VOA/TIC; and the TS and VS

measurement was hindered by technical mistake while handling the samples.
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Figure 1. Methanogenic community dynamics in the mono- (a) and co-digestion (b)
reactor. The relative T-RF abundance of methanogens in the digestate samples are given as
function of experiment time. For each of the parallel reactors in the specific digestion
set-up, two samples were analyzed, that in total four samples were analyzed for each,
mono- and co-digestion. All samples belonging to the same digestion set-up had similar
methanogenic community based on the relative T-RF abundances. Therefore, each bar on
the graphic represents the T-RFLP profile calculated by the average of the four analyzed
samples in each digestion set-up. The supporting clone libraries and sequence analysis of
the selected clones allowed the taxonomic affiliation of the T-RFs from the community
T-RFLP profiles of the complex reactor samples.
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2.3. Isotopic Changes of the Produced Biogas

Carbon-stable isotope compositions of filter cake and bagasse samples were analyzed since they
influence the final isotope composition of the produced methane [5]. Filter cake and bagasse had
isotope signatures of —14.30%o and —13.64%0 8*°C, respectively, which are in the typical range for C4
plants (5*3C values between —12%o and —16%o) [29].

The gradual overload of the mono- and co-digestion reactors resulted in process changes that were
monitored via the isotope composition of the biogas in terms of §*Ccras, §**Ccoz, and §?Hcha (Figure 2).
Both digestion set-ups had very similar dynamics. The §*3Cchs became enriched from —52%o to about
—32%o along the gradual OLR increase until Phase 5 at 2.5 gvs-L-day ™ (Figure 2a). Following, the
Phase 6 had similar isotope values as the previous phase. This stationary isotope signature around
—32%o is consistent with former studies that found similar isotope fractionation of biogas samples from
continuous stirred tank reactors (CSTRs) fed with C4 plant maize silage [5,19]. The inhibition of
biogas production in co-digestion in Phase 6 also coincided with the isotopic depletion of the methane
associated with slightly lighter 53Cchs values. In the last two phases of the experiment, when the
process was clearly inhibited, depletion of §3Ccra values was observed.

The 8'3C of carbon dioxide in the produced biogas in the mono- and co-digestion presented also
similar trends (Figure 2b) with an enrichment from 4%. to about 15%.. However, only in Phase 6 the
tendency between both digestion set-ups differed. In this case, the biogas production inhibition in
co-digestion may have resulted in abrupt §**Ccoz depletion. Phase 7 had the most enriched §**Cco2
composition, followed by drastic depletion in $3C values in Phase 8. However, the observed isotope
effect is at certain extent due to the decreasing pH and the associated fast degassing of the CO2 from
the bicarbonate in the liquid.

The hydrogen isotope composition of methane (5°Hchs) in the mono- and co-digestion shows
similar trends (Figure 2c). The hydrogen isotope compositions showed an opposite tendency to carbon
isotope composition regarding enrichment and depletion periods. After the feeding regime has stated at
Phase 1 the isotope values depleted from around —327%. to —342%o. at the end of the stable operation
phases. In the final phases, 8*Hcra enriched to about —322%. when OLR drove the methanogenic
process to collapse.
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Figure 2. Isotopic dynamics of 8:3CcHa (a); §3Ccoz (b); and §?Hcha (c) along gradual OLR
increase in biogas reactors fed with sugarcane waste products. Isotope data of CO2 during
the last overload phase contains data uncorrected regarding the pH shift induced degassing.
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2.4. Methanogenic Pathways

The apparent fractionation factor (aC) calculated based on §*Cchas and §**Cco2 composition as
previously described [30-32] was used to identify a predominance of hydrogenotrophic and
aceticlastic methanogenesis (Figure 3a). An intermediate oC value ranging between 1.065 (>for
hydrogenotrophic) and 1.025 (<for aceticlastic) was found in our experiment, indicating that the
methane produced during increasing OLR was derived similarly from both methanogenic pathways.
This agrees with the broad spectrum of methanogenic genera (Figure 1) which included the versatile
genus Methanosarcina, the strictly aceticlastic genus Methanosaeta and the strictly hydrogenotrophic
order Methanomicrobiales (Methanoculleus and Methanoregula-related microorganisms) and the
genus Methanobacterium. However, the high aC values 1.060 and 1.056 at the beginning of the
experiment, in Phase 0 (at day 10 just before the first feeding) and Phase 1, respectively, indicated a
predominance of hydrogenotrophic methanogenesis, suggesting that Methanosarcina was using this
pathway together with Methanoculleus and Methanobacterium. The substrates from other AD
processes in the mixture of digestate inoculated in our reactors may have also contributed to the initial
isotope composition. Along the experiment, the relative abundance of Methanosarcina gradually
increased and may have slightly shifted the methanogenesis from the hydrogenotrophic towards the
aceticlastic pathway until the OLR of 3.0 gws-L*-day* was reached. In this case, the composition of
sugarcane waste and the added water favored a tendency towards aceticlastic methanogenesis, though
the strictly aceticlastic genus Methanosaeta was no longer abundant after Phase 4 in both digestion
set-ups. However, in case of mono-digestion in the inhibition-characterized Phases 7 and 8, sequences
affiliated with the genus Methanosaeta were detected again. A similar finding was described by
Schmidt, et al. [33] who observed that decreasing HRT may favor the genus Methanosaeta under
certain conditions. Nikolausz, et al. [5] described that more depleted *3Ccha values in biogas reactors
potentially indicate a shift toward the dominance of hydrogenotrophic methanogenesis. This
observation was also supported by our results. Since the first feeding with the sugarcane waste
products Methanobacterium became abundant with minor changes along mono-digestion and with
increase in dominance during overload of co-digestion reactors. This was shown by the increase of the
aC values at reactor overload, which also indicated a shift towards hydrogenotrophic methanogenesis.
In addition, the relative abundance of the other hydrogenotrophic taxon related to the genus
Methanoregula also increased during reactor overload in both digestion set-ups.

The combination plot of 53Ccra and 8?Hcha as function of increasing ORL is shown in Figure 3b,
where the dotted, dashed, and lined hulls represent the beginning, middle, and end of the experiment,
respectively. Phases 0 and 1 are represented in the dotted hull with higher aC values as described
earlier. The dashed hull area is covering most of the phases (from Phase 2 to Phase 7), which had
similar ranges and trends of aC values for mono-digestion (1.049-1.055) and co-digestion
(1.045-1.055). Samples from Phase 8 are grouped into the lined hull, representing the period when the
mono- and co-digestion reactors were overloaded, imbalances were clearly observed and less depleted
oD values were measured. The isotope effect associated with aceticlastic methanogenesis is
significantly larger in case of hydrogen derived from the water, but it affects only one out of four
hydrogen atoms of the methane, while the other three atoms are influenced by the 3D of the organic
matter. In natural environments aceticlastic methanogenesis results in more depleted 6D values of
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methane, which is in agreement with our data where depleted values were observed during the stable
reactor operating conditions and explained by the predominance of Methanosarcina.
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Figure 3. Characterization of the potential predominant methanogenic pathway along
gradual OLR increase in biogas reactors fed with sugarcane waste products in mono- and
co-digestion. In diagram (a) the dynamic shift of aC values are shown, while diagram
(b) presents the correlation of §*°Hcha and 8*Ccra; In (b) the dotted, dashed and lined hulls
represent the beginning, middle, and end of the experiment, respectively. The numbers in

the graphic indicate the experiment day.
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In Figure 4 the correlation between the T-RFLP profile dynamics and the isotope composition of
biogas is shown in a non-metric multidimensional scaling (NMDS) plot. The methanogenic pathway
shift can be viewed in the NMDS plot as shifts of T-RFLP profile clusters (dashed hulls) during the
different phases of the ORL increase. The methanogenic community most significantly correlates with
the isotopic fractionation of **Ccra as indicated by the vector converted to the larger grey arrow in the
NMDS plot. The reactor overload in Phases 7 and 8 for mono-digestion was characterized by a strong
correlation of the hydrogenotrophic taxon related to the genus Methanoregula and less depleted
isotopic values of §'3Ccrs and 83Cco2, whereas for co-digestion it was characterized by a significant
correlation of the strict hydrogenotrophic genus Methanobacterium and 8?Hcha. This corroborates the
increase of the aC values for both digestion set-ups at reactor overload in Phase 7 indicating the
shift towards hydrogenotrophic methanogenesis and higher aC values of co-digestion compared to
mono-digestion at the Phase 8, when the relative abundance of Methanobacterium was around 75%.
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Figure 4. NMDS analysis plot for correlating the T-RFLP profile of methanogens with the
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represents the mono- and co-digestion in several sampling time, respectively. The letter M
stands for mono-digestion and C for co-digestion set-up and the following numbers
correspond to the sampling day. The dim grey and black arrows indicate the highly
significant (p < 0.001) and significant (p < 0.05) correlations, respectively. Grey arrows
indicate the correlation vectors of community differences and the isotope composition at
lower significance (p < 0.5). Monte-Carlo permutation was used to test the significance
against 999 random data sets. The direction of the arrows show the correspondence to the
community structures and the length of the arrow indicate the strength of the correlation
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3.Experimental Section
3.1. Biogas Reactors, Operation and Analytical Methods

The experiment was carried out in four CSTRs under mesophilic conditions at 38 °C. In order to
provide a diverse microbial start-up community as inoculum, each reactor was inoculated with a
mixture of digestates from several CSTRs, which had been fed daily with either maize silage, dried
distillers grains with soluble (DDGS), straw or chicken manure. In our experiment, filter cake and
bagasse, two solid waste products from the bioethanol industry (Goias, Brazil), were used as substrate.
Bagasse was cut to 1 mm pieces by milling to increase the accessible surface area and to facilitate
reactor feeding and stirring. The TS and VS were 28% and 17% for filter cake and 57% and 55% for
bagasse, respectively. Mono-digestion was performed with filter cake, whereas co-digestion reactors
were fed at a substrate ratio of 70% filter cake and 30% bagasse (based on fresh mass), corresponding
to a VVS-based filter cake to bagasse ratio of 1:0.74. All four reactors were fed every day according to
the digestion set-up.

Table 2 shows further technical parameters of the operation. The experiment was divided into eight
phases according to the gradual increase of the OLR. Biogas production was monitored, by counting
biogas bubbles in a liquid-filled pipe via digital imaging and size recognition [34]. Biogas composition
was measured with a thermal conductivity detector Chrompack Micro GC CP-2002P (Middelburg,
The Nederland). The TS and VS, the pH values, the NH4-N concentration, acetate, propionate, and
n-butyrate were determined as described previously by Leite, et al. [1]. The total VOA concentration
and the VOA/TIC were analyzed as described earlier by Ziganshin, et al. [35].

3.2. Methanogenic Community Analysis

Duplicate digestate samples were collected in 2-mL test tubes and immediately stored at —20 °C for
further analysis. Total DNA isolation was carried out using NucleoSpin® Soil kit (Macherey-Nagel,
Diren, Germany). Methanogen-specific methyl coenzyme-M reductase (mcrA) gene fragments were
amplified by polymerase chain reaction (PCR) using the forward primer mlas and the reverse primer
mcrA-rev labeled with 6-carboxyfluorescein (FAM) for T-RFLP analyses. Non-labeled primers were
used for molecular cloning and sequencing as in a previous study [5]. Further, T-RFLP screening
and partial sequencing of purified PCR products were performed as described by Nikolausz, et al. [5].
The BLASTN and BLASTX tools were used to search for similar sequences in public databases. The
mcrA/mrtA gene sequences obtained in this study were deposited in the European Bioinformatics
Institute (EMBL-EBI) database under the accession numbers LN847074-LN847091. The NMDS
analyses were conducted as described by Strauber, et al. [36].
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Table 2. Technical parameters during the experiment set-up of the mono- and co-digestion of filter cake and bagasse.
Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 Phase 6 Phase 7 Phase 8
Set-up-Technical Parameters  Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co- Mono- Co-
Digestion Digestion Digestion Digestion Digestion Digestion Digestion Digestion
Experiment phase (day) 11-19 20-26 27-33 34-40 41-55 56-61 62-68 69-75
Substrate (g fresh mass) 24 15 4.9 3.0 7.3 45 9.7 60 122 75 146 9.0 107 105 122 120
Water mixed with substrate (mL) 20 25 30 35 45 45 50 55
Working volume (L) 0.8 0.8 0.8 0.8 0.8 0.8 0.5 0.8 0.5 0.8
VS (g-day ™) 0.4 0.8 1.2 1.6 2.0 2.4 1.8 2.8 2.0 32
OLR (gvs-L™"-day™) 05 1.0 15 2.0 25 3.0 35 4.0
HRT (day) 357 372 268 286 214 232 179 195 153 152 134 148 82 132 74 119
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3.3. Stable Isotope Analysis

The carbon isotope composition of the solid waste products (filter cake and bagasse) were
measured in a continuous flow system consisting of an elemental analyser (Euro EA, HEKAtech
GmbH, Wegberg, Germany) connected to an isotope ratio mass spectrometer (Finnigan MAT 253,
Thermofinnigan, Bremen, Germany).

Biogas from the reactor headspace was sampled with a syringe at the same time as digestate was
sampled. Twenty mL biogas was transferred and stored in gas-tight pre-evacuated vials until further
analysis. Isotope measurements were performed as described by Feisthauer, et al. [37]. Briefly, an
isotope ratio mass spectrometry system (Finnigan MAT 253, Thermofinnigan, Bremen, Germany) was
coupled to a gas chromatograph (HP 6890 Series, Agilent Technology, Santa Clara, CA, USA) either
via a combustion device for carbon analysis or via a pyrolysis unit for hydrogen analysis. Fifty uL of
biogas sample from the vials were injected into a helium carrying tube at the split ratio of 1:50 for
carbon and 1:5 for hydrogen analysis.

4. Conclusions

Strong dynamics of community structure and pathway shifts in methanogens were observed by
molecular and stable isotope fingerprinting during gradual increase of OLR. The overloading effect in
both digestion set-ups was observed beginning at an OLR of 2.5 gus-L*-day from the increase of
the propionate-to-acetate ratio. However, the co-digestion processes suffered process failure earlier
(at OLR 3.0) than mono-digestion (at OLR 3.5). Until process-overload Methanosarcina became
gradually predominant, shifting the methanogenic pathway towards aceticlastic. The change towards
hydrogenotrophic methanogenesis during reactor overload might be taken as an indicator for process
failure. Monitoring of the methanogenic pathways by stable isotope composition of biogas can be an
excellent tool to control and predict process failure.

Supplementary Materials
Supplementary materials can be found at http://www.mdpi.com/1422-0067/16/10/23210/s1.
Acknowledgments

The Brazilian scientific mobility program, Science without Borders (Pt.: Ciéncia sem Fronteiras) is
the funding agency for the scholarship grants of Athaydes Francisco Leite and Leandro Janke. We
would like to thank for the technical support of Bérbel Haase and Birke Brumme with the analytics,
Ute Lohse with the molecular analyses and Ursula Gunther with the isotope measurements. The
research was partially financed by the i-NoPa project: Sustainable bioeconomy in Brazil: Bioenergy
from biogas using various types of waste substrates from the Brazilian bioethanol industry.

Author Contributions

Designed the experiments: Athaydes Francisco Leite, Marcell Nikolausz and Leandro Janke;

Performed the experiments: Athaydes Francisco Leite, Leandro Janke and Zuopeng Lv. Analyzed and
66



3. Biogas from filter cake and bagasse: special focus on microbial ecology

Int. J. Mol. Sci. 2015, 16 23224

interpreted the data: Athaydes Francisco Leite, Marcell Nikolausz and Hans-Hermann Richnow;
Supervised the study: Marcell Nikolausz and Hauke Harms; Wrote the paper: Athaydes Francisco Leite.

Conflicts of Interest

The authors declare no conflict of interest.

References

1

10.

Leite, A.F.; Janke, L.; Harms, H.; Zang, J.W.; Fonseca-Zang, W.A.; Stinner, W.; Nikolausz, M.
Assessment of the variations in characteristics and methane potential of major waste products
from the brazilian bioethanol industry along an operating season. Energy Fuels 2015, 29,
4022-40209.

Janke, L.; Leite, A.; Batista, K.; Weinrich, S.; Strauber, H.; Nikolausz, M.; Nelles, M.; Stinner, W.
Optimization of hydrolysis and volatile fatty acids production from sugarcane filter cake:
Effects of urea supplementation and sodium hydroxide pretreatment. Bioresour. Technol. 2015,
doi:10.1016/j.biortech.2015.07.117.

Janke, L.; Leite, A.; Wedwitschka, H.; Schmidt, T.; Nikolausz, M.; Stinner, W. Biomethane
production integrated to the brazilian sugarcane industry: The case study of sdo paulo state; In
Proceedings of the 22nd European Biomass Conference and Exhibition, Hamburg, Germany,
December 2014; pp. 1295-1299.

Janke, L.; Leite, A.; Nikolausz, M.; Schmidt, T.; Liebetrau, J.; Nelles, M.; Stinner, W. Biogas
production from sugarcane waste: Assessment on Kinetic challenges for process designing. Int. J.
Mol. Sci. 2015, 16, 20685-20703.

Nikolausz, M.; Walter, R.F.; Strauber, H.; Liebetrau, J.; Schmidt, T.; Kleinsteuber, S.; Bratfisch, F.;
Gunther, U.; Richnow, H.H. Evaluation of stable isotope fingerprinting techniques for the assessment
of the predominant methanogenic pathways in anaerobic digesters. Appl. Microbiol. Biotechnol.
2013, 97, 2251-2262.

Weiland, P. Biogas production: Current state and perspectives. Appl. Microbiol. Biotechnol. 2010,
85, 849-860.

Demirel, B.; Scherer, P. The roles of acetotrophic and hydrogenotrophic methanogens during
anaerobic conversion of biomass to methane: A review. Rev. Environ. Sci. Biol. Technol. 2008, 7,
173-190.

Chen, Y.; Cheng, J.J.; Creamer, K.S. Inhibition of anaerobic digestion process: A review.
Bioresour. Technol. 2008, 99, 4044-4064.

Briones, A.; Raskin, L. Diversity and dynamics of microbial communities in engineered
environments and their implications for process stability. Curr. Opin. Biotechnol. 2003, 14, 270-
276.

Karakashev, D.; Batstone, D.J.; Angelidaki, I. Influence of environmental conditions on
methanogenic compositions in anaerobic biogas reactors. Appl. Environ. Microbiol. 2005, 71,
331-338.

67



3. Biogas from filter cake and bagasse: special focus on microbial ecology

Int. J. Mol. Sci. 2015, 16 23225

1

14.

16.

17.

24

Lucas, R.; Kuchenbuch, A.; Fetzer, I.; Harms, H.; Kleinsteuber, S. Long-term monitoring reveals
stable and remarkably similar microbial communities in parallel full-scale biogas reactors
digesting energy crops. FEMS Microbiol. Ecol. 2015, 91, doi:10.1093/femsec/fiv004.

Blume, F.; Bergmann, I.; Nettmann, E.; Schelle, H.; Rehde, G.; Mundt, K.; Klocke, M.
Methanogenic population dynamics during semi-continuous biogas fermentation and acidification
by overloading. J. Appl. Microbiol. 2010, 109, 441-450.

Franke-Whittle, 1.H.; Walter, A.; Ebner, C.; Insam, H. Investigation into the effect of high
concentrations of volatile fatty acids in anaerobic digestion on methanogenic communities.
Waste Manag. 2014, 34, 2080—2089.

Marchaim, U.; Krause, C. Propionic to acetic acid ratios in overloaded anaerobic digestion.
Bioresour. Technol. 1993, 43, 195-203.

Steinberg, L.M.; Regan, J.M. Phylogenetic comparison of the methanogenic communities from
an acidic, oligotrophic fen and an anaerobic digester treating municipal wastewater sludge.
Appl. Environ. Microbiol. 2008, 74, 6663-6671.

Talbot, G.; Topp, E.; Palin, M.; Masse, D. Evaluation of molecular methods used for establishing
the interactions and functions of microorganisms in anaerobic bioreactors. Water Res. 2008, 42,
513-537.

Chidthaisong, A.; Chin, K.-J.; Valentine, D.L.; Tyler, S.C. A comparison of isotope fractionation
of carbon and hydrogen from paddy field rice roots and soil bacterial enrichments during CO2/H2
methanogenesis. Geochim. Cosmochim. Acta 2002, 66, 983-995.

Lv, Z.; Leite, A.F.; Harms, H.; Richnow, H.H.; Liebetrau, J.; Nikolausz, M. Influences of the
substrate feeding regime on methanogenic activity in biogas reactors approached by molecular
and stable isotope methods. Anaerobe 2014, 29, 91-99.

Lv, Z.; Hu, M.; Harms, H.; Richnow, H.H.; Liebetrau, J.; Nikolausz, M. Stable isotope
composition of biogas allows early warning of complete process failure as a result of ammonia
inhibition in anaerobic digesters. Bioresour. Technol. 2014, 167, 251-259.

Keppler, F.; Laukenmann, S.; Rinne, J.; Heuwinkel, H.; Greule, M.; Whiticar, M.; Lelieveld, J.
Measurements of 13C/12C methane from anaerobic digesters: Comparison of  optical
spectrometry with continuous-flow isotope ratio mass spectrometry. Environ. Sci. Technol. 2010,
44, 5067-5073.

Nielsen, H.; Uellendahl, H.; Ahring, B. Regulation and optimization of the biogas process:
Propionate as a key parameter. Biomass Bioenerg. 2007, 31, 820-830.

Prochazka, J.; Dolejs, P.; Maca, J.; Dohanyos, M. Stability and inhibition of anaerobic processes
caused by insufficiency or excess of ammonia nitrogen. Appl. Microbiol. Biotechnol. 2012, 93,
439-447.

Jenkins, D.; Richard, M.G.; Daigger, G.T. Manual on the Causes and Control of Activated Sludge
Bulking, Foaming, and Other Solids Separation Problems; IWA Publishing: London, UK, 2003;
pp. 131-161.

Zinder, S. Physiological ecology of methanogens. In Methanogenesis; Ferry, J., Ed.; Springer:
New York, NY, USA, 1993; pp. 128-206.

68



3. Biogas from filter cake and bagasse: special focus on microbial ecology

Int. J. Mol. Sci. 2015, 16 23226

2.

8 B

3L

Griffin, M.E.; McMahon, K.D.; Mackie, R.1.; Raskin, L. Methanogenic population dynamics during
start-up of anaerobic digesters treating municipal solid waste and biosolids. Biotechnol. Bioeng.
1998, 57, 342-355.

Yu, Y.; Kim, J.; Hwang, S. Use of real-time PCR for group-specific quantification of aceticlastic
methanogens in anaerobic processes: Population dynamics and community  structures.
Biotechnol. Bioeng. 2006, 93, 424-433.

Chen, S.; He, Q. Persistence of methanosaeta populations in anaerobic digestion during process
instability. J. Ind. Microbiol. Biotechnol. 2015, 42,1129-1137.

Yashiro, Y.; Sakai, S.; Ehara, M.; Miyazaki, M.; Yamaguchi, T.; Imachi, H. Methanoregula
formicica sp. nov., a methane-producing archaeon isolated from methanogenic sludge. Int. J. Syst.
Evol. Microbiol. 2011, 61, 53-59.

O’Leary, M.H. Carbon isotopes in photosysnthesis. BioScience 1988, 38, 328-336.

Conrad, R. Quantification of methanogenic pathways using stable carbon isotopic signatures:
A review and a proposal. Org. Geochem. 2005, 36, 739-752.

Galand, P.E.; Yrjala, K.; Conrad, R. Stable carbon isotope fractionation during methanogenesis in
three boreal peatland ecosystems. Biogeosciences 2010, 7, 3893-3900.

Whiticar, M.J.; Faber, E.; Schoell, M. Biogenic methane formation in marine and freshwater
environments: COz reduction vs. Acetate fermentation—Isotope evidence. Geochim. Cosmochim. Acta
1986, 50, 693-7009.

Schmidt, T.; Ziganshin, A.M.; Nikolausz, M.; Scholwin, F.; Nelles, M.; Kleinsteuber, S.; Préter, J.
Effects of the reduction of the hydraulic retention time to 1.5 days at constant organic loading in
CSTR, ASBR, and fixed-bed reactors—Performance and methanogenic community composition.
Biomass Bioenerg. 2014, 69, 241-248.

Tauber, T.; Berta, B.; Szabo, Z.; Kovacs, J.; Marialigeti, K.; Toth, E.M. A simple and novel
volumetric method to metre low gas flows from laboratory-scale bioreactors and its application on
laboratory sludge digesters. Appl. Microbiol. Biotechnol. 2011, 90, 1453-1461.

Ziganshin, A.M.; Schmidt, T.; Scholwin, F.; II’inskaya, O.N.; Harms, H.; Kleinsteuber, S.
Bacteria and archaea involved in anaerobic digestion of distillers grains with solubles.
Appl. Microbiol. Biotechnol. 2011, 89, 2039-2052.

Strauber, H.; Schroder, M.; Kleinsteuber, S. Metabolic and microbial community dynamics during
the hydrolytic and acidogenic fermentation in a leach-bed process. Energy Sustain. Soc. 2012, 2,
13,d0i:10.1186/2192-0567-2-13.

Feisthauer, S.; Siegert, M.; Seidel, M.; Richnow, H.H.; Zengler, K.; Grindger, F.; Kriger, M.
Isotopic fingerprinting of methane and CO2 formation from aliphatic and aromatic hydrocarbons.
Org. Geochem. 2010, 41, 482-490.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

69



3. Biogas from filter cake and bagasse: special focus on microbial ecology

3.2. Comparison of start-up strategies and process performance
during semi-continuous anaerobic digestion of sugarcane filter

cake co-digested with bagasse
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during steady state conditions. A large-scale co-digestion system would produce 58% more biogas
(1008 m® h™) than mono-digestion of filter cake (634 m® h™)) due to its higher biomass availability for
biogas conversion. Considering that the biogas production rate was the technical parameter that dis-
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by the available construction techniques, since economically efficient tanks could compensate the lower
biogas production rate of co-digestion option.
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1. Introduction waste, which in most cases are still not being properly managed
from the energy point of view (De Carvalho Macedo, 2007). In this
context, bagasse, a solid waste derived from the extraction of sug-
arcanejuice, is generated in large amounts (260 kg per ton of cane),
and usually used as fuel in low-efficiency cogeneration systems or
sold by the sugarcane plants to another end-uses (e.g. animal feed-
ing) (Bressan Filho, 2011; Nogueira et al., 2008). Onthe other hand,
filter cake, produced during the clarification (physical-chemical
process) of the sugarcane juice, is generated in lower amounts than

The production of sugar and ethanol based on sugarcane as
feedstock is responsible for generation of different types of organic

Abbreviations: AD, anaerobic digestion; C:N, carbon to nitrogen; C:P, carbon to
phosphorus; C:S, carbon to sulfur; FCM, fresh cattle manure; FM, fresh matter; HRT,
hydraulic retention time; MIX, mixture of digestates; NFC, non-fiber carbohydrates;
NH4-N, ammonium-nitrogen; OLR, organic loading rate; SBP, specific biogas

production; SCSTR, semi-continuous stirred-tank reactor; SUC, specific upgrading
cost; TBP, theoretical gas potential; TS, total solids; VFA, volatile fatty acids; VOA,
volatile organic acids; VOA/TIC, ratio of volatile organic acids and total inorganic
carbonate to calcium carbonate; VS, volatile solids.
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E-mail address: leandro.janke@dbfz.de (L. Janke).

http://dx.doi.org/10.1016/j.wasman.2015.11.007
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bagasse (35—40 kg per ton of cane), however it is mostly applied as
organic fertilizer on the sugarcane fields without any previous
energy recovery (Janke et al., 2015a).

Anaerobic digestion (AD) is a promising strategy to manage
such type of waste, since as a result of the biochemical process
in which complex organic matter is degraded to CH, and CO; by
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various types of microorganisms biogas could be produced and
used as fuel to improve the energy balance of the sugarcane plants
(Janke et al., 2015b; Leite et al., 2015a). However, several factors
such as temperature, pH, organic loading rate (OLR), hydraulic
retention time (HRT), balance of nutrients and presence of inhibi-
tors must be considered for an efficient AD process. Furthermore,
the microbial community and the quality of the inoculum used
for the start-up of an anaerobic reactor are also considered decisive
factors for a successful biogas production (Cho et al., 2013; Moset
et al., 2014).

In previous studies (Janke et al., 2014; Leite et al., 2015b) our
group has already assessed the possibility of using these type of
waste for biogas production in batch tests. However, the feed
regime and high proportion of inoculum used during batch tests
do not allow an adequately assessment of anaerobic reactors
start-up, neither possible process inhibition during digestion of
the substrates. Therefore, understanding the reactor’s behavior
during the start-up phase can be attained only by using a similar
feeding regime applied in large-scale applications (semi-
continuous system).

For large-scale applications, it is well known that using diges-
tate taken from a stable working digester could be a good strategy
to overcome the start-up challenges (Kobayashi et al., 2009). How-
ever, in countries where biogas technology is not established in the
market yet, plant operators must find alternative sources of inocu-
lum suitable for the start-up period of an anaerobic reactor. In this
case, the utilization of animal waste, such as cattle manure, could
be a useful strategy, since such material is rich in microorganisms
from animal digesting system, as well important macronutrients
and trace elements (Seadi et al., 2008).

According to earlier studies (Kayhanian and Rich, 1995;
Meccarty, 1964), another factor that can influence the performance
of the AD process is the nutrient content of the substrates. If a cer-
tain substrate has too high C:N ratio and consequently nitrogen
deficiency, it may negatively affect the functioning of the microbial
community. Thus, a direct effect on their ability to produce
enzymes that are needed for the carbon utilization, causing an
incomplete conversion of the substrates, resulting in lower CH,
yields. On the other hand, substrates that contain high levels of
nitrogen can cause inhibition to the AD process via accumulation
of toxic ammonia (NH3) produced from protein degradation or by
urea conversion (Lv et al., 2014).

The characteristics of different sugarcane waste assessed by
Leite et al. (2015b), showed that bagasse has a C:N variation of
90-101:1 along an operating season, which is higher than the
range of values (20—40:1) recommended by others (FNR, 2012).
Meanwhile, previous studies (Lépez Gonzalez et al., 2013) showed
that filter cake has a C:N ratio of 26:1, that is around the lowest
recommended limit.

Considering that filter cake is a waste stream that currently is
not used for any energy purpose, it makes sense to use such type
of biomass on the AD process to produce biogas. This would
enhance the energy balance of sugarcane plants without losing
the essential nutrients for the sugarcane cultivation. Additionally,
bagasse that is the major solid waste produced on-site by the sug-
arcane plants, could be an interesting co-substrate to balance the
C:N of filter cake and improve energy production in the biogas
system. Thus, the objectives of the present study were to (i) assess
cattle manure as alternative inoculum for the start-up phase of
semi-continuous anaerobic reactors; (ii) compare the process
performance during semi-continuous mono-digestion of filter cake
versus the option of co-digestion with bagasse; and (iii) analyze
both substrate options (mono-digestion and co-digestion) on the
main parameters used for the AD process design integrated to a
large-scale sugarcane plant.

2. Materials and methods
2.1. Substrates and inocula

Samples of sugarcane filter cake and bagasse were collected
from a distillery plant in the State of Goias (Brazil) during the
2012/2013 season, transported to Germany in sealed plastic bags
and kept under low temperature (.e. 4 °C) until its use. A large-
scale biogas plant that uses maize silage and fresh cattle manure
(FCM) as substrate provided FCM that was used for the start-up
of two semi-continuous reactors. A mixture of several digestates
(hereafter referred as MIX) from mesophilic lab-scalereactors were
used for the start-up of four other semi-continuous reactors. To
avoid inlet and outlet pipes from clogging, both inocula were
sieved prior to inoculation in the reactors. Tap water was utilized
to keep the total solids of the feed below 15% for the wet fermen-
tation process.

2.2. Semi-continuous feeding experiments

Six lab-scale semi-continuous stirred-tank reactors (SCSTR)
with 5 L total volume and 3 L working volume were carried out
in these experiments. The reactors were continuously stirred
(100 rpm) using a central stirrer with helix shaped blades located
in the lower part of the reactors. The operation temperature was
kept under mesophilic conditions (38 + 1 °C) by recirculating hot
water through the double-walledreactors.

Each of the three following experiments performed in our study
was carried out in duplicate with the same feeding regime (once
per day). Reactors R3.3 and R3.4 were fed with filter cake and
MIX for start-up. Reactors R3.5 and R3.6 were fed in a co-
digestion system with filter cake (70%) and bagasse (30%) on fresh
matter basis, also using MIX for start-up. Reactors R3.7 and R3.8
were fed with the same co-digestion proportion, however using
FCM asinoculum. Detailed information about the different feeding
rates, OLR and HRT arelistedin Table 1.

2.3. Analytical methods

For all samples, total solids (TS) and volatile solids (VS) were
analyzed according to VDI 4630 (2006). Nutritional values were
determined according to Weender followed by Van Soest methods.
By the Weender method raw protein, raw fat, non-fiber carbohy-
drates (NFC) and raw fiber are determined. Van Soest method
allows the determination of the remaining carbohydrates and lig-
nin fractions from the neutral detergent fiber (NDF), which repre-
sents hemicellulose, cellulose, lignin and ash, acid detergent fiber
(ADF) represented by cellulose, lignin and ash, and the lignin con-
tent depicted by the acid detergent lignin (ADL). Detailed descrip-
tion of the methods was previously published by Liebetrau et al.
(2015). To determinate the major elements contained in each sug-
arcane waste, dried samples were pre-treated with a mixture of
HNOyH;0,/HF and latter neutralized with H;BOs3, and the result-
ing clear solution was analyzed by inductively coupled plasma
atomic spectrometry (ICP-OES, ThermoFischer iCAP6200) accord-
ing to standard procedures (DIN, 2011a, 2011b, 2002).

The daily biogas production in each of the semi-continuous
reactors was measured by a milligascounter type MGC-10 (Ritter,
Bochum, Germany), and corrected to standard temperature and
pressure conditions (273.15 K and 101.325 kPa), and the specific
biogas production (SBP) was presented in norm milliliters per g
of VS (mL gVS™). The composition of the produced biogas (CH,,
CO; and Oy was measured twice a week in the headspace of the
reactors by using a GA2000 Landfill Gas Analyzer (Geotechnical
Instruments Ltda., UK).
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Table 1
Overview of the semi-continuous feeding experiment.

Reactors Inoculum C:N ratio Phase Period (day) Filter cake Bagasse Water HRT (days) OLR (gVSL d7
Input (g day ") Input (g day™") Input (mL day™")

R3.3 MIX 24:1 Start-up 0-41 36.5 — 50 34.7 2.0
R3.4 42—-69 45.7 — 50 31.4 2.5
Steady 1 70-113 54.8 - 50 28.6 3.0
Steady II 114-137 54.8 - 75 23.1 3.0
R3.5 MIX 41:1 Start-up 0-41 15.78 6.78 50 41.4 2.0
R3.6 42—69 19.73 8.45 50 38.4 2.5
Steady 1 70-113 23.67 10.15 50 35.8 3.0
Steady II 114-137 23.67 10.15 75 27.6 3.0
R3.7 FCM 41:1 Start-up 0-3 15.78 6.78 50 41.4 2.0
R3.8 4-20 7.89 3.39 25 82.7 1.0
21-41 15.78 6.78 50 41.4 2.0
42—-69 19.73 8.45 50 38.4 2.5
Steady I 70-113 23.67 10.15 50 35.8 3.0
Steady II 114-137 23.67 10.15 75 27.6 3.0

Five days per week pH was measured immediately in fresh
digestate of each reactor with a pH-electrode (WTW type pH
3310 Sentix 41, Germany). Once a week fresh digestate samples
were also centrifuged in 10,000 rpm during 10 min at 10 °C and
supernatant liquid was used after filtration to subsequent analysis.
Filtered samples (10 mL) were used for the quantification of all
volatile organic acids (VOA) and a ratio of total inorganic carbonate
to calcium carbonate (VOA/TIC, gvoa/gcacos) measurement in a
Titration Excellence T90 titrator (Mettler-Toledo GmbH, Switzer-
land). The concentrations of the major volatile fatty acids (VFA),
including acetic- and propionic acid, were determined by gas chro-
matography using a 5890 series II gas chromatograph (Hewlett
Packard, USA) equipped witha HS40 automaticheadspacesampler
(Perkin Elmer, USA) and an Agilent HP-FFAP column

(30 m % 0.32 mm % 0.25 pm). Ammonium-nitrogen (NH4,-N g L)
was determined from 500 uL filtered samples diluted with deion-

ized water in a proportion of 1:1000 during the start-up phase
and 1:500 during the steady phase with the Nessler method using
a benchtop spectrophotometer (Hach-Lange DR 3900, Loveland,
Us).

2.4. Degradation index

A degradation index was calculated to compare specific biogas
production achieved during semi-continuous feeding experiments
to the theoretical biogas potential of the substrates, according to
Eq.(1).

Dindex = SBP/TBP 1

where,
Dinaes' degradation index (fraction);
SBP: specific biogas production (mL gVS™);
TBP: theoretical biogas potential (mL gVS™);

Theoretical biogas potential was calculated according to Eq. (2)
considering average values for carbohydrates, proteins and lipids
published by WeiBbach (2009).

TBP=(Prgp+Lrep+Crep) @)

where,
Prpp: theoretical biogas potential of proteins (mL gVS™);
Lrgp: theoretical biogas potential of lipids (mL gVS™?);
Crpp: theoretical biogas potential of carbohydrates (mL gVS™);

2.5. Preliminary assessment for large-scale process designing

Results from semi-continuous digestion were used to assess the

effects of different substrate options on the main parameters used

Table 2
Main characteristics of the sugarcane plant used as reference to assess the large-scale
biogas application.

Characteristic Value Unit
Working days 232 daysyear
Sugarcane processed 2.0 x 10° TCyear '
Specific filter cake generation 35 kgrm TC'
Total filter cake generation 70 x 10° tonpy year
Specific bagasse generation 260 kg TC™?
Total bagassegeneration 520 x 10° tonpm year '

TC: tons of cane.

for large-scale process designing. Considering that for the Brazilian
conditions depending on the energy balance of the sugarcane
plants a surplus of bagasse is expected (Nogueira et al., 2008),
which corresponds to an average value of 8.5% of total bagasse gen-
erated (Bressan Filho, 2011). The co-digestion proportion used in
the laboratory experiments represents less than 6% of the total
bagasse generated by a sugarcane plant. Table 2 presents the main
characteristics of the reference sugarcane plant used in this study.

3. Results and discussion
3.1. Substrate composition

The main characteristics of substrates used during semi-
continuous feeding experiments are presented in Table 3. Filter
cake, having an appearance similar to sludge, showed lower TS
and VS content once is derived from a physical-chemical treat-
ment process that removes soluble and insoluble impurities from

Table 3

Composition of sugarcane waste used during semi-continuous feeding experiments.

Parameters Filter cake Bagasse Units
TS 21.9 54.7 % FM
Vs 75.5 97.7 % TS
Raw protein 135.9 11.2 gkgﬁlTS
Raw fat 37.7 8.2 gkg ' TS
Carbohydrate NFC 115.5 80.8 gkg ' TS
Cellulose 171.7 440.4 gkg ' TS
Hemi-cellulose 153.1 287.6 gkg ' TS
Lignin 141.4 149.4 gkg™ ' TS
Raw ash 244.6 22.4 gkg™'TS
Carbon 40.8 49.7 %'I'S
Nitrogen 1.72 0.55 % TS
Phosphorus 0.6 0.01 % TS
Sulfur 0.7 0.02 % TS
Total Kjeldahl nitrogen 21.8 1.82 gkg™' TS
C:Nratio 24:1 90:1 —
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the sugarcane juice. Bagasse presented higher carbohydrate con-
tent, especially in form of cellulose and hemicellulose, since it is
basically composed by sugarcane fibers. In this way, although both
substrates displayed similar lignin content, it is expected that the
negative effects of lignin during AD would be more significant in
bagasse than filter cake because bagasse has 124% higher carbohy-
drates in fibrousform.

Both substrates presented large differences in terms of
macronutrients. The carbon to nitrogen ratio of filter cake (24:1)
is within the optimum range for AD (20-40:1), while bagasse pre-
sented much lower nitrogen content, resulting in higher C:N ratio
of 90:1. If phosphorus and sulfur are also considered, the unbalance
of nutrients is even more evident. Filter cake presented relatively
low C:P and C:S ratios (68:1 and 58:1), what could lead in extreme
cases to competition of sulfate-reduction with methanogenesis,
reducing the conversion of organic acids into biogas, and also neg-
atively influencing the bioavailability of trace elements inside the
bioreactors (Gustavsson et al., 2013; Schmidt et al., 2014a).

Meanwhile, bagasse presented much higher values for C:P
(4970:1) and C:S 2485:1, supporting the idea of a co-digestion
strategy to balance those nutrients in order to improve the degrad-
ability and energy production from both substrates.

3.2. Start-up during the semi-continuous experiment

3.2.1. Mixture of digestates (MIX)

All reactors that used MIX as inoculum performed a relatively
stable process during the start-up phase (days 0—69), except in a
short period between days 20—30 for co-digestion with bagasse
(reactors R3.5-3.6) and days 30—40 for mono-digestion of filter
cake (reactors R3.3—3.4). In both cases acetic acid was the predom-
inant accumulated VFA (around 90% of total VFA) suggesting a
temporarily failure of the acetoclastic methanogenesis pathway
during the adaptation of the microbial community to the substrate
(Banks et al., 2012).

However, the same amount of accumulated acids caused differ-
ent negative effects when both substrate options are compared.
The VOA/TIC increased higher in mono-digestion than in co-
digestion, since different concentrations of NH,-N, at the moment
when VFA started to accumulate, were found (Figs. 1 and 2). The
higher NH4-N concentration found during process instability of
co-digestion (0.80 g L™") could have helped to buffer the system
against the more severe pH drop found during the process instabil-
ity of mono-digestion (NH4-N of 0.57 g L™"). Moreover, the process
of inoculum washing-out that usually occurs immediately after the
start-up of SCSTRs seems to be the reason why the concentration of
NH,4-N was higher in co-digestion (instability at 20—30 days) than
in mono-digestion (instability at 30—40 days) because the trend
of gradually NH4-N depletion can be seen in all reactors during
the entire experiment period.

Regarding biogas production, the mono-digestion showed a 41%
lower specific biogas production (SBP) than the theoretical biogas
potential calculated based on substrate nutritional values (see Eq.
(2)). In general, the SBP did not vary considerably during the entire
phase, except during the process instability occurrence described
previously. During this short period, a lower than average SBP
was observed for both mono-digestion reactors, caused by VFA
accumulation, followed by a rapidly increase over than the average
SBP. This can be explained by the normal substrate feeding without
any interruption or reduction in OLR, which has provided more
VFA to biogas conversion at the moment when reactors recovered
normal performance. The CH, content found in biogas was around
60% (v/v) during stable conditions and 55% (v/v) during the short
unstable process period (Table 4).

When those results are compared to the co-digestion with
bagasse, the SBP was 12.8% lower than in case of the mono-

digestion, which in turn represents 50% lower than the theoretical
biogas potential calculated based on substrate nutritional values.
During the unstable period in the process, the co-digestion reactors
behaved similarly to the mono-digestion, decreasing the SBP below
average as result of the VFA accumulation and increasing above
average afterward due to the same reasons previously described.

Additionally, the CH, content found in biogas from the co-
digestion was lower than in mono-digestion during stable condi-
tions and lower as well during the unstable period of the process.
This can be explained by different substrate compositions, since
according to WeiBbach (2009) carbohydrate-based substrates
would produce around 50-55% (co-digestion of filter cake and
bagasse) of CH,in biogas, while a share of protein could increase
CH, content up to 60—65% (mono-digestion of filter cake).

Furthermore, the higher cellulose and hemicellulose content
found in bagasse might have been another factor that has influ-
enced the differences in SBP between the mono-digestion and
co-digestion with bagasse. According to Montgomery and
Bochmann (2014) the recalcitrant presence of lignin may have
hampered the hydrolysis of such fibrous materials resulting in a
lower conversion of the volatile solids into biogas.

3.2.2. Fresh cattle manure (FCM)

A completely different situation was found during the start-up
of co-digestion reactors inoculated with FCM (reactors R3.7-3.8).
Due to the high VFA concentration in the inoculum, composed by
60% of acetic acid, 20% of propionic acid and 10% of butanoic acid,
among other minor acids, both reactors were subjected to a greater
process instability demanding a temporary feed reduction (OLR at
1.0gVSLd™) during days 4-20, until VFA levels stabilized and
VOA/TIC returned to the safe ratio of <0.5.

Therefore, the biogas production monitored during this period
cannot be considered realistic from the substrate potential because
most of the performed SBP were derived from the inoculum VFA
conversion into biogas, which after further observation showed a
drastic SBP reduction immediately after the consumption of VFA
originated from the inoculum (Fig. 3).

Despite of the high VFA concentration, the measured pH during
the entire start-up phase was in an optimum range considered for
AD, mainly due to the high buffer capacity provided by FCM, of
which the initial concentration of NH4-N was around 117% higher
than found in the other co-digestion system inoculated with MIX.

On one hand the higher NH4-N concentration provided by FCM

can be considered an advantage over the other evaluated inocu-
lum, since in case of process instability, the reactor inoculated with
FCM could withstand higher unbalances caused by VFA accumula-
tion without major changes in the pH, which usually can happen
during start-up of anaerobic reactors due to process instabilities
caused by OLR increase and slow adaptations of microorganisms
to the substrate.

On the other hand, the high VFA concentration found in FCM
would demand a proper acclimation ofinoculum tothereactor envi-
ronment toreducethe VFA and VOA/TIC ratio to a safelevel, which
could delay the normal start-up of a large-scale biogas plant by at
least 20 days. On the contrary, if the acclimation period is not
respected, the VFA concentration could reach a certain level where
the NH4-N would not be able to keep an optimum pH value for
methanogenesis (>6.5), leading to a possible failure of the AD process.

To compare the SBP of two co-digestion systems, it is appropri-
ate to consider values achieved after the acclimation period
because until day 20 most part of SBP in reactors R3.7-3.8 was
derived from VFA degradation of the inoculum. In this way, the
co-digestion system that used FCM as inoculum produced a similar
SBPthanobservedinreactorsinoculated with MIX.Incontrast, CH,
in reactors R3.7—3.8 has presented a slightly higher concentration
in comparison toreactors R3.5—-R3.6.
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Fig. 1. Results during semi-continuous feeding experiment of filter cake using mix of inocula (Reactors R3.3 and R3.4). (A) Specific biogas production (SBP); (B) total volatile
fatty acids (VFA); (C) ratio of volatile organic acids with total inorganic carbonate to calcium carbonate (VOA/TIC); (D) pH; (E) Ammonium-nitrogen concentration (NH4-N).
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Fig. 2. Results during semi-continuous feeding experiment of filter cake and bagasse using mix of inocula (Reactors R3.5 and R3.6). (A) Specific biogas production (SBP); (B)
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Table 4
Specific biogas production during start-up and steady condition.
Reactors Phase SBP (mLgVS™") CH. (% viv) TBP (mLgVS™) Dindesx
R3.3-R3.4 Start-up 382 60.0 0.59
Steady 1 480 57.9 650 0.74
Steady 11 471 58.7 0.72
R3.5-R3.6 Start-up 333 55.0 0.50
Steady I 320 53.0 0.48
Steady II 277 54.8 0.41
R3.7-R3.8 Start-up 326 54.4 671 0.49
Steady I 320 52.3 0.48
Steady II 277 55.6 0.41

SBP: specific biogas production.
TBP: theoretical biogas potential.
Dindex' degradability index.

These findings are considered unexpected since the higher
availability of nitrogen in the form of NH4 N provided by FCM
should have increased the conversion of the co-digestion substrate
(C:N of 41:1) into biogas. This means that the type of inoculum has
not influenced significantly the final energy production for the co-
digestion with bagasse, leading to the conclusion that utilization of
FCM did not result in any advantage over MIX, at least from the
energy point of view.

3.3. Steady condition during the semi-continuous experiment

3.3.1. Mono-digestion of filter cake

After the start-up phase and inoculum wash-out, the OLR of all
reactors was increased to 3.0 gVS L d—" at day 70 and stayed until
the end of the experiment at day 137. During this period the mono-
digestion of filter cake (reactors R3.3—3.4) did not present any sign
of process unbalance, even when the NH4-N and pH achieved their
lowest values observed during the entire experiment.

The mono-digestion system achieved a SBP of 480 mL gVS™!
(Dingex of 0.74) during the period when the HRT was kept in
28.6 days (70-113 days), and slightly reduced when the HRT was
changed to 23.1 days during the days 114-137. Such higher biogas
production found during steady phase (+25%) in comparison to the
start-up phase is explained by a higher biomass concentration
inside the reactors found at day 137 (TS of 10.6% and VS 6.07%)
in comparison to the biomass found during the beginning of exper-
iment (T'S of 4.02% and VS of 1.42%).

3.3.2. Co-digestion with bagasse

In contrast to the results obtained during the mono-digestion of
filter cake, all reactors used for the co-digestion with bagasse
(R.3.5-3.8) presented an acid accumulation immediately after the
OLR increase from 2.5 to 3.0 gVS L d"' at day 70 until day 105, this
time mainly composed of propionic acid (90% of total VFA). Accord-
ing to previous studies conducted by Schmidt et al. (2014b), propi-
onate oxidizing bacteria are sensitive to the lack of trace elements,
especially iron and nickel depletion, which could be the reason of
such VFA accumulation, since at this time of the experiment most
part of the macronutrients and trace elements contained in MIX
and FCM were already washed-out from the reactors.

Moreover, due to the lower buffer capacity as a result of the
decreasing NH,-N levels in comparison to the start-up phase, the
VOA/TIC ratio achieved its highest value during the entire experi-
ment (0.57). As a consequence, the pH dropped to its lowest
observed level (6.45), which could have caused an inhibition of
methanogenic activity leading to complete process failure.

In the meantime, the SBP of the co-digestion system (biogas
production was measured only in reactors R3.5, R3.7 and R3.8
due to a technical failure of the milligascounter in reactor R3.6)
reached the value of 320 mL gVS™ (Djuaex of 0.48) when the HRT

was kept in 35.8 days, and reduced by 13.2% when the HRT
decreased to 27.6 days. However, as opposed to the
digestion, in both co-digestion systems the SBP observed during
the steady phase was not higher than found during the reactors
start-up (excluding the days 4-20 in reactors R3.7-R3.8), even con-
sidering an average increase in the biomass inside the reactors TS
from 4% to 8%. In this case, the higher dependency of additional
nutrients necessary for the co-digestion with bagasse (poorer in
macronutrients) was possible supplied by both inocula during
the reactor’s start-up.

Indeed, the substrates composition played a major role during
the semi-continuous experiments. The additional carbon supplied
by bagasse in the co-digestion system was not able to improve
the overall AD performance, mainly due to the form in which car-
bon was provided (fibrous carbohydrates). Moreover, the low con-
centration of phosphorus and sulfur found in bagasse has also
negatively influenced the biogas production, since both elements
are important during microbial growth (Kayhanian and Rich,
1995). In this case, a supplementation strategy based on phosphate
and sulfate are recommended (Scherer et al., 2009), however
demanding special attention to avoid excessive costs for the anaer-
obic system.

mono-

3.4. Preliminary assessment for large-scale process designing

In order to analyze the positive and negative aspects of different
substrate options, an assessment of the main parameters used for
designing the AD process integrated to a sugarcane plant with
the capacity to process 2 million tons of cane per year is presented
in Table 5.

Considering the same substrate proportions used during our
semi-continuous digestion experiments, the co-digestion option
would have 27,606 tons of VS y* to be used as substrate for biogas
conversion, while mono-digestion would have 11,574 tons of VS
vy '. Such a difference is not only explained by higher substrate uti-
lization during co-digestion (35 kg of filter cake per ton of cane +
15 kg of bagasse per ton of cane), but also by higher TS and VS con-
tent found in bagasse in comparison to filter cake.

Therefore, even considering that mono-digestion presented
higher SBP during continuous digestion, the hourly biogas produc-
tion of co-digestion (1008 m® h™') would be 58% higher than
mono-digestion (634 m® h™).

However, such higher biogas production during co-digestion
could only be achieved if the HRT would be 35.8 days, which is
25% longer than the HRT needed for mono-digestion (28.6 days).
Thus, when the sizes of the reactors are calculated, the differences
between the substrate options are even larger, and co-digestion
would need a 24,303 m?® reactor, while mono-digestion a 10,499
m?® reactor. Nevertheless, differences on biogas production rate
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Fig. 3. Results during semi-continuous feeding experiment of filter cake and bagasse using fresh cattle manure as inoculum (Reactors R3.7 and R3.8). (A) Specific biogas
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nitrogen concentration (NH4-N).
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Table 5
Main parameters used for designing the AD process in large-scale.

Substrates Filter Bagasse Co- Unit
cake digestion”
Fresh matter 70,000 30,000 100,000 ton y71
TS 15,330 16,410 31,740 tony !
Vs 11,574 16,032 27,606 tony !
SBP 480 - 320 mL gVS™'
CHi content 60 - 55 % vIv
OLR 3.0 - 3.0 gVSLd™'
HRT" 28.6 - 35.8 days
Biogas production 634 — 1008 m®h~!
Size of reactor 10,499 - 24,303 m?
Biogas production 1.45 — 0.99 m® biogas m®
rate da-!
SUC 1.60 - 1.34 EURctkWh™!

# Calculated based on the same substrate proportion used during semi-continu-
ous feeding experiment: 70% of filter cake + 30% of bagasse on fresh matter.

" Calculated based on the fresh matter input + water necessary to adjust the TS
below 15% according to semi-continuous feeding experiment.

¢ Specific upgrading cost calculated based on FNR (2014).

would be lower, since co-digestion would produce 0.99 m?® biogas
m® d™ and mono-digestion 1.45 m® biogas m® d—.

On the other hand, if biogas is intended to be upgraded to bio-
methane, the specific upgrading cost decreases as the amount of
biogas processed increases (scale effect). According to a market
survey considering different upgrading technologies (FNR, 2014),
the specific upgrading cost calculated for the co-digestion option
would be 1.34 EUR ct kW h™', which is 16% lower than the upgrad-
ing cost for mono-digestion (1.60 EUR ct kW h™), thus in this case
would give an advantage for co-digestion option over mono-
digestion.

Finally, the application of a pre-treatment technique to break-
down the lignocellulosic structure of the substrates making cellu-
lose and hemicellulose more accessible to microbial degradation
could lead to different perspectives in terms of SBP and HRT (De
Paoli et al., 2011; Schumacher et al., 2014), which would directly
influence the main parameters used for process designing. How-
ever, questions regarding the application of pre-treatment tech-
niques in large-scale still remain unclear, especially whether
these types of pre-treatment would be able to provide net profit
gain to the biogas system.

4. Conclusion

The present study demonstrated that fresh cattle manure is
an alternative inoculum suitable for the start-up of anaerobic
reactors if a proper acclimation period of at least 20 days to
reduce the initial VFA concentration is respected. However,
despite of presenting a higher availability of nitrogen in form
of NH4-N, fresh cattle manure was not able to improve the bio-
gas production of filter cake co-digested with bagasse (C:N ratio
of 41:1), possibly due to the recalcitrant lignocellulosic fraction
found in bagasse.

Although the mono-digestion of filter cake displayed 50%
higher specific biogas production in comparison to the option of
co-digestion with bagasse during the steady condition phase of
the semi-continuous experiment. If both substrate options are
assessed for a large-scale sugarcane plant with capacity to pro-
cess 2.0 x 10°tons of cane per year, the co-digestion with bagasse
would produce 58% more biogas in comparison to the mono-
digestion due to the higher biomass availability. In this case,
the decision of which substrate option should be used would be
mainly driven by the different construction techniques available
in the market, since the biogas production rate of co-digestion

with bagasse was 31% lower than the mono-digestion of filter
cake.
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3.3. Lessons learned from the microbial ecology resulting from
different inoculation strategies for biogas production from waste

products of the bioethanol/sugar industry
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Abstract

Background: Duringstrategic planning of abiogas plant, the local availability of resources for start-upand opera-
tion should be takeninto consideration for a cost-efficient process. Because most bioethanol/sugarindustries in Brazil
arelocatedinremoteareas,theuseoffreshcattlemanurefromlocalfarmscouldbeasolutionfortheinoculation of
the biogas process. This study investigated the diversity and dynamics of bacterial and archaeal communities and the
performance of biogas reactors inoculated with manure and a mixed inoculum from different biogas reactors as fora
controlled start-up until steady state.

Results: Laboratory-scale biogas reactors were fed semi-continuously with sugarcane filter cake alone (mono-diges-
tion) or together with bagasse (co-digestion). At the initial start-up, the reactors inoculated with the mixed inoculum
displayed a less diverse taxonomic composition, but with higher presence of significant abundances compared to
reactorsinoculatedwithmanure.However,inthefinal steadystate, the communities ofthedifferentlyinoculated
reactorswerevery similarly characterized by predominance of the methanogenic genera Methanosarcina and Metha-
nobacterium, the bacterial families Bacteroidaceae, Prevotellaceae and Porphyromonadaceae (phylum Bacteroidetes) and
Synergistaceae (phylum Synergistetes). In the mono-digestion reactors, the methanogeniccommunities varied greater
than in the co-digestion reactors independently of the inoculation strategy.

Conclusion: The microbial communities involvedinthe biogas production fromwaste products of the Brazilian
bioethanol/sugarindustry were relatively similar and stable at the reactor’s steady phase independently of the inocu-
lum source (manure or mixed inoculum). Therefore, the locally available manure can be used as inoculum for start-up
of the biogas process, since it also contains the microbial resources needed. The strong fluctuation of methanogenic
communitiesinmono-digestion reactorsindicates higherrisk of process instability thanin co-digestion reactors.
Keywords: Inoculation, Biogas process, Cattle manure, Bioethanol/sugar waste, 454 Pyrosequencing, Methanogens

Background

The Brazilian bioethanol/sugar industry has been previ-
ously reported in our studies to have a big potential to
improve the local bioeconomy while reducing green-
house gas emission by applying biogas technology to the
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treatment of its waste products [1 — 3]. However, to make
the biogas technology profitable and reliable for the Bra-
zilian bioethanol/sugar industry, the reactor design and
start-up requires strategic considerations.

In regions where biogas plants are widespread and well
developed, a biogas reactor can be started with inocula
from already established processes. Contrary to this
scenario, in Brazil there are only very few plants apply-
ing the anaerobic digestion (AD) process to treat waste
at large scale and these plants are spread across the

©2016The Author(s). Thisarticleis distributed underthe terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
oublicdomain/zero/1.0/)aonliestothedatamadeavailableinthisarticle. unless otherwise stated.
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country and separated by long distances. Therefore, we
have addressed the possibility of reactor inoculation with
fresh cattle manure (FCM) as a locally available, potential
inoculum. For comparison in terms of microbial robust-
ness, we have also prepared an engineered mixed inocu-
lum (referred to as MIX) originating from the digestate
of different biogas reactors fed mainly with energy crops
and agricultural wastes such as maize silage, thin still-
age, straw and chicken manure. The first results regarding
biogas production and feasibility of these two different
inoculation strategies were recently reported by Janke
et al. [4]. Nevertheless, the microbiological background
of this experiment remained to be investigated.

In the biogas process, a complex metabolic network
of microorganisms is responsible for organic matter
degradation, which proceeds in four steps: hydrolysis,
acidogenesis, acetogenesis and methanogenesis. While
bacteria are involved in the first three steps, methano-
genic archaea are responsible for the last step. Metha-
nogens are very sensitive to process changes due to the
relative lack of functional redundancy and low diversity
[5]. Besides that, the methanogens are very important
for the AD process stability, because they are directly
involved in the removal of fermentation product acetate
or makes the syntrophic oxidation of acetate and other
fermentation products thermodynamically feasible by
keeping hydrogen partial pressure low [6]. Therefore, the
methanogenic community requires particular regard for
the development of an efficient and robust AD process.

The methane formation by the methanogens is car-
ried out either via direct acetate conversion (aceticlastic
methanogenesis) or reduction of CO, with H, (hydrog-
enotrophic methanogenesis). The determination of
different methanogenic pathways has been described
to have crucial implications for the design and opera-
tion of biogas reactors [5, 7 — 10], since the aceticlastic
and hydrogenotrophic methanogens may have different
growth rates depending on the reactor s conditions [11].
However, the factors controlling the balance of methano-
genic pathways is still not clear and seems to depend on
the substrate used and process conditions such as organic
loading rate, reactor type and temperature [12 — 14].

Knowledge of microbial adaptation to environmental
conditions is also very important to understand the com-
plex interplay between bacteria and methanogens [15,
16], particularly during acclimatization leading to suc-
cessful and efficient reactor operation [17]. Moreover,
correlations of methanogenic community data with pro-
cess parameters have been reported to contain decisive
information about shifting pathway dominance during
biogas production [9, 18, 19].

In a comprehensive study, we investigated the impact
of different inoculation strategies and digestion  setups
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(mono-digestion of filter cake and its co-digestion with
bagasse) on the microbial community composition and
dynamics along the operation of six mesophilic labora-
tory-scale continuously stirred tank reactors. In addi-
tion, the bacterial and methanogenic communities were
assessed to identify key microorganisms of indicator
value for the AD of the waste products from the bioetha-
nol/sugar industry. Moreover, this study evaluated the
links between microbial composition and reactor perfor-
mance as a basis for an efficient future microbial resource
management. The microbial communities were analyzed
by DNA-based fingerprinting techniques and next-gen-
eration sequencing. The correlation between the micro-
bial communities and reactor parameters was established
by multivariate data analysis. In addition, the dominant
methanogenic pathway was determined by the stable
1sotope fingerprinting of the produced biogas, following
approaches applied to various anaerobic systems [20] and
biogas reactors with several substrates [7, 21, 22].

Methods

Biogas reactors

Six identical laboratory-scale continuously stirred tank
reactors with working volumes of 3 L under mesophilic
conditions (38 = 1 °C) were established to operate three
experiments in duplicate: R3.3 and R3.4 were inoculated
with MIX and fed with a single substrate (mono-diges-
tion of filter cake); R3.5 and R3.6 obtained the same inoc-
ulum, but the filter cake was co-digested with bagasse;
R3.7 and R3.8 were inoculated with FCM and performed
co-digestion similarly to R3.5 and R.3.6. Figure 1 shows
the major process parameters for each reactor along the
whole experiment. The analytical methods and detailed
description of the start-up and performance of the reac-
tors are reported in our previous study [4]. Briefly, the
experiments of 137 days duration were divided into two
phases: start-up (until day 69) and steady state (from
day 70 on), as shown in Table 1. In our experiments, the
day O does not represent the inoculation with MIX and
FCM, but the end of an acclimatization time of around
24 h. On day 0, the feeding of the reactors was started.
During the start-up phase, the organic loading rate
(OLR) varied from 1.0 (only R3.7 and R3.8) or 2.0 (the
other four reactors) to 2.5 g, L ™! days™! (all reactors),
whereas during the steady state the OLR was constant at
3.0gy L~ 'days ™. The hydraulic retention times (HRT) at
the final stage of the steady state were 23 and 28 days for
mono- and co-digestion, respectively.

Microbial community analysis

Duplicate digestate samples from each reactor were
taken for molecular analysis on specific days and stored
at —20 °C until further analysis. Simultaneously, biogas
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sampling time of the digestate and the biogas for the molecularand isotopic analyses, respectively
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Table 1 Feeding regime divided into start-up and steady state according to variations on HRT and OLR. This table was

adjusted from our previous study [4]

Reactors Inoculum C:Nratio Phase Period (day) Filter cake Bagasse Water HRT OLR

input input input (days) (8usL71d™Y)
(gday™) (gday™)  (mLday™)

R3.3 MIX 24:1 Start-up Initial (0-41) 36.5 - 50 34.7 2.0

R3.4 Final (42-69) 45.7 - 50 31.4 2.5

Steady Initial (70-113) 54.8 - 50 28.6 3.0

Final (114-137) 54.8 - 75 23.1 3.0

R3.5 MIX 41:1 Start-up Initial (0-41) 15.78 6.78 50 41.4 2.0

R3.6 Final (42-69) 19.73 8.45 50 38.4 2.5

Steady Initial (70-113) 23.67 10.15 50 35.8 3.0

Final (114-137) 23.67 10.15 75 27.6 3.0

R3.7 FCM 41:1 Start-up Initial 1(0-3) 15.78 6.78 50 41.4 2.0

R3.8 Initial 11 (4-20) 7.89 3.39 25 82.7 1.0

Initial H1(21-41) 15.78 6.78 50 41.4 2.0

Final (42-69) 19.73 8.45 50 38.4 2.5

Steady Initial (70-113) 23.67 10.15 50 35.8 3.0

final (114-137) 23.67 10.15 75 27.6 3.0

samples were taken from the reactors’ headspace for
stable isotope analysis. The total genomic DNA of the
bacterial and methanogenic communities was extracted
with the ‘NucleoSpin Soil' kit (Macherey — Nagel) as rec-
ommended by the supplier. The buffers SL2 and SX were
used.

PCR amplifications for terminal restriction fragment
length polymorphism (T-RFLP) screening of the meth-
anogenic community were targeting the mcrA genes
using the forward primer mlas and the reverse primer
mcrA-rev and following the PCR protocol of Steinberg
and Regan [23]. T-RFLP analysis of purified PCR prod-
ucts was conducted after digestion with the restriction
enzyme BstNI using the fragment size standard GeneS-
can-500 ROX (Applied Biosystems GmbH, Weiterstadt,
Germany). T-RFLP electropherograms were processed
as described by Lucas et al. [24]. During statistical analy-
sis in R, signals with low peak areas were removed using
a cutoff of 12 times the standard deviation of the data
sets. The reproducibility of the T-RFLP was validated by
comparing the results with duplicate samples from each
reactor at a particular sampling day (Additional file 1:
Figure S1). The mcrA-derived T-RFs were assigned taxo-
nomically using cloned mcrA amplicons database from
anaerobic digester sample analyses performed in our lab-
oratory [21, 24 - 27].

The bacterial community analysis was performed only
for the four co-digestion reactors inoculated with either
FCM or MIX. Samples from two times (days O and 44)
in the start-up phase and from one time (day 113) of the

steady state were processed based on the 16S ribosomal
RNA genes and further analyzed on the 454-pyrose-
quencing platform GS Junior (Roche) as described by
Ziganshin et al. [28]. The variable regions V1 - V3 of
the bacterial 16S rRNA gene fragments were ampli-
fied with the primers Bac27F (5'-AGAGTTTGATCMT
GGCTCAG-3") and Bac519R (5’-GWATTACCGCGG
CKGCTG-3") using the Phire Hot Start II DNA Poly-
merase (Thermo Scientific). The raw sequence data were
assessed with the QIIME 1.8.0 Virtual Box release [29].
Further data processing was performed according to
Lucas et al. [24] and Sun et al. [14]. In summary, the data-
set was firstly quality filtered by excluding sequences that
were shorter than 150 and longer than 590 bp in lengths,
comprised an average quality score below 25, held 50 bp
at the end section below the quality score threshold of 25,
comprised ambiguous bases, held a homopolymer run
with more than 6 bp, or did not comprise any primer or
barcode sequence. The USEARCH pipeline was applied
on the sequences for further quality filtering based on
non-chimeric sequences and for clustering into opera-
tional taxonomic units (OTUs) consisting of 97 % 1iden-
tity threshold [30]. The taxonomic classification based
on representative sequences was performed using the
Greengenes core set (gg_13_8) [31] and the Ribosomal
Database Project classifier 2.2 [32]. For the taxonomic
alignment, the Infernal algorithm with default setting
was used [33]. Finally, the summarized OTU tables were
constructed according to their taxonomy and abun-
dance. Further, the visualization of the OTU tables was
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processed via the spreadsheet program. De-multiplexed
sequences of the 12 samples were deposited under the
EMBL-EBI accession number PRIEB12073 (http://www.
ebi.ac.uk/ena/data/view/PRJEB12073). The ecological
data analyses leading to chaol, Shannon and Simpson
indices [34, 35] and rarefaction curve were also per-
formed with the QIIME software based on alpha diver-
sity. Due to the differences in sequencing library size
between the samples, we have used QIIME further to
subsample (rarefy) the libraries down to 8000 sequences
per sample for comparative diversity analyses and to cal-
culate the beta diversity (pairwise sample dissimilarity).
The ordination of the dissimilarity matrices achieved by
non-metric multidimensional scaling (NMDS) was pro-
cessed as reported by Lucas et al. [24]. Shortly, the vari-
ability of the microbial communities was evaluated by the
Bray - Curtis dissimilarity index based on the presence
and relative abundance. Thus, e.g., highly similar commu-
nity composition 1s indicated by tiny distances. The cor-
relation of reactor parameters and microbial communities
based on the relative abundance was analyzed with the
‘envfit  function and its significance was tested by a Monte
Carlo test with 999 permutations. The significance thresh-
old was set to a maxima of 0.001 and 0.05 for the metha-
nogenic and the bacterial communities, respectively.

Stableisotopefingerprinting

The carbon and hydrogen stable isotope compositions
of CHy and CO, from each reactor were measured in
triplicate biogas samples collected in 20-mL gas-tight
pre-evacuated vials. For analysis, an isotope ratio mass
spectrometry system (Finnigan MAT 253, Thermofinni-
gan Bremen) coupled to a gas chromatograph (GC) (HP
6890 Series, Agilent Technology, USA) via a combustion
device and a pyrolysis unit (with a water-removal assem-
bly) was used for carbon and hydrogen measurements,
respectively. Fifty-microliter biogas sample was injected
into the inlet tube of the GC instrument equipped with
a CP-Porabond Q column (50 m X 0.32 mm ID Varian,
USA) held at a constant temperature of 40 °C.  Helium
was used as a carrying gas at the split ratio of 1:50 for
carbon and 1:5 for hydrogen analysis. The isotope ratios
of all samples are given in delta notation (8 °C and & *H)
in per mil (%0) units according to the standards VPDB
(Vienna Pee Dee Belemnite) for carbon and VSMOW
(Vienna Standard Mean Ocean Water) for hydrogen.

Results and discussion

Bacterial community succession

The microbial profiles of anaerobic digesters have been
reported to be very specific for each type of reactor
and substrate feeding [12, 28, 36]. Thus, to investigate
the shaping forces of novel substrates (filter cake and
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bagasse) on the inocula (FCM and MIX), the bacte-
rial community in the co-digestion reactors (R3.5, R3.6,
R3.7 and R3.8) was assessed by amplicon pyrosequencing
at three sampling times, i.c., days O and 44 in the start-
up phase and day 113 during steady state. The bacterial
community succession of each reactor is shown on phy-
lum level in Fig. 2. The parallel reactors R3.5 and R3.6,
and R3.7 and R3.8 had very similar bacterial profiles. The
community similarity between the reactor samples based
on the beta diversity are shown in Additional file 1: Table
S1 and Figure S3. All OTUs obtained from the 12 sam-
ples are presented in Additional file 2: Table S2, and the
respective rarefaction curves are shown in the Additional
file 1: Figure S2.

We obtained on average around 12,000 high-quality
sequence reads per reactor, varying from circa 9000 to
13,000. Along the operation of the co-digestion reactors
during start-up and steady state, the taxonomic com-
position of our analyzed reactors was very diverse with
a total of 1137 OTUs, but only 18 core OTUs (1.6 %),
which were found in all reactors at all sampling times
(Fig. 3), accounting for 18 % of all sequence reads. Thus,
the variation of bacterial communities was very high with
only a few microorganisms being significantly abundant
in all reactors throughout the experiment. Examples
were the families Porphyromonadaceae and Synergista-
ceae accounting for 8 and 4 % of all sequence reads,
respectively.

Figure 3 also shows the variation of the numbers of core
OTUs and phyla along the experiment. Day 0 samples
contained the highest numbers of unique OTUs shared
either only by the MIX parallels R3.5 and R3.6 (242,21 %
of all OTUs) or by the FCM parallels R3.7 and R3.8 (313,
28 % of all OTUs). The parallel FCM reactors R3.7 and
R3.8 were more diverse in terms of OTUs, but only few
microorganisms of high relative abundance were detected.
On the other hand, parallel MIX reactors R3.5 and R3.6
presented lower diversity comprising microorganisms
with high relative abundances (Fig. 2). On day 44, the
number of total shared OTUs and phyla for all reactors
was significantly increased, whereas the amount of unique
OTUs per parallel reactors was drastically decreased (57
for R3.5 and R3.6 and 90 for R3.7 and R3.8). On day 113,
the number of total OTUs and phyla shared by all reactors
was decreased to 110 and 16, respectively. Moreover, the
number of unique OTUs shared by parallel reactors was
much lower.

These variations indicate that despite different inocula-
tion, the bacterial communities were already very simi-
lar after 44 days of reactor operation. Nevertheless, the
consolidation and stabilization of the bacterial commu-
nities proceeded until the steady state. Figure 3 shows
that there was uniqueness in terms of OTUs and phyla of
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R3.5 R3.6 R3.7 R3.8
Day Day Day Day
0 44 113 0 44 113 0 44 113 0 44 113
Unclassified bacteria
Other bacteria 0.0323 0.0278 0.0295 0.0349 0.0013 0.0107 0.0223 0.0010 0.0079 0.0235 0.0029
Acidobacteria 0.0025 10,0005 0.0066 0.0048 0.0064 0.0028 0.0042 0.0028
Actinobacteria 0.0186 0.0059 0.0166 0.0070 0.0081 0.0296 0.0027 0.0039 0.0294 0.0013 0.0076
Armatimonadetes 0.0015 0.0076 0.0006 0.0052 0.0053 0.0027 0.0013 0.0019 0.0018
BRCI 0.0006 0.0005
Bacteroidetes 0.1784 0.3514 0.1776 0.3442 0.6364 0.2409 0.3266 0.6298 0.2571 0.2856 0.6749
Chlorobi 0.0017 0.0009 0.0017 0.0006 0.0031 0.0042
Chloroflexi 0.0054 0.0047 0.0062 0.0046 0.0378 0.0031 0.0072 0.0053 0.0039 0.0032 0.0027
Cyanobacteria
Elusimicrobia 0.0041 0.0048 0.0055 0.0070 0.0029 0.0011 0.0061 0.0011 0.0061
Fibrobacteres 0.0123 0.0063 0.0164 0.0056 s | o002 0.0079 0.0011 0.0006 0.0110 0.0016
Firmicutes 04356 0.3600 0.1083 0.4455 0.3248 0.1476 06151 04119 02270 05939 04525 0.1894
Lentisphaerae 0.0063 0.0015 0.0059 0.0013 0.0036 0.0027 0.0037 0.0025
NKBI19
ODI1 0.0081 0.0043 0.0095 0.0106
OP3 0.0012 0.0007
OP9 0.0005 0.0020 0.0006 0.0022 0.0007 0.0015
Planctomycetes 0.0056 0.0032 0.0007 0.0057 0.0055 0.0006 0.0056 0.0035 0.0072 0.0085
Proteobacteria 0.0061 0.0112 0.0083 0.0058 0.0132 0.0091 0.0128 0.0113 0.0036 0.0156 0.0089 0.0089
SR1 0.0034 0.0070 0.0035 0.0026 0.0043 0.0091
Spirochaetes 0.0612 0.0024 0.0024 0.0562 0.0034 0.0052 0.0367 0.0078 0.0044 0.0363 0.0095 0.0039
Synergistetes 0.0506 0.0478 0.1344 0.0475 0.0653 0.1320 0.0154 0.0461 0.1050 0.0153 0.0232 0.0837
T™M6
T™7 0.0006 0.0006 0.0008
Tenericutes 0.0330 0.0070 0.0325 0.0092 0.0212 0.0068 0.0197 0.0112
Thermotogae 0.0728 0.0020 0.0775 0.0052
Verrucomicrobia 0.0012 0.0099 0.0014 0.0145 0.0005 0.0034 0.0039 0.0040
WPS-2 0.0061 0.0022 0.0059 0.0009 0.0007
WS1 0.0018 0.0023 0.0020 0.0019 0.0008 0.0034 0.0007 0.0066
WS4
WWEIL 0.0629 0.1209 0.0561 01333 0.0011 0.1117 0.0029 0.1244
[Thermi] 0.0013 0.0008
[ I e
0 0.1 0.3 0.8 1

Fig. 2 Phylogenetic composition and succession of the bacterial communities. Heatmap displaying the relative abundance of the bacterial com-
munitiesatthe phylumlevelalongtheexperimentusingdifferentinoculationstrategies (MIXand FCM)forthe co-digestionoffiltercakeand
bagasse. The relative abundances were based on the 454-pyrosequencing of 16S ribosomal RNA gene amplicons

individual reactors along the experiment, although R3.5
and R3.6 as well as R3.7 and R3.8 were operated in paral-
lel under the same conditions.

The estimated richness of the bacterial commu-
nity in all samples is shown in Table 2. The number
of OTUs decreased slightly during start-up, whereas
at steady state a drastic drop was observed. The same
trend was reflected by the OTU richness estimator
chao 1 and the Shannon index. The Simpson diversity
was stable between the two samplings during start-up,
while it decreased during steady state. In MIX reac-
tors R3.5 and R3.6, the Simpson index dropped more
than in the FCM reactors R3.7 and R3.8, indicating

higher community evenness in the former. Generally,
the bacterial species richness was lower during steady
state with more pronounced predominance of some
microorganisms.

The phyla Firmicutes and Bacteroidetes dominated the
bacterial communities in all analyzed reactors along the
entire operation time (Fig. 2). Both together comprised
72 % of all sequence reads. The presence of most OTUs
affiliated with these two phyla known to utilize carbohy-
drates has frequently been reported in studies about AD
of different substrates, mainly maize silage and manure,
in laboratory- and full-scale biogas reactors [12, 24, 28,
36, 37].
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a Core OTUs
Day 0 Day 44

Core phyla
Day 0 Day 44

Day 113

Day 0 Day 44
R3.6 R3.7 R3.6 R3.7

R3.8 R3.5 R3.8
Fig.3 Venndiagramofthe core OTUs (a)and phyla (b) of the bacterialcommunities. Three distinct samplingtimes during experiments with dif-
ferentinoculation strategies (MIX and FCM) for the co-digestion of filter cake and bagasse were assessed. The 18 core OTUs in the greyscale Venn
diagramwere fromthe 125,224 and 110 core OTUs identified in the four reactors at day 0, 44 and 113, respectively. In the same way, the 11 core
phyla presented also in a greyscale Venn diagram were from the 17, 23 and 16 core phyla found in all reactors at day 0, 44 and 113, respectively. The
Venndiagrams were prepared according to Oliveros [52]

88



3. Biogas from filter cake and bagasse: special focus on microbial ecology

Leite et al. Biotechnol Biofuels (2016)9:144

Although the succession toward steady state was
not favorable for Firmicutes, the phylum was the most
diverse taxonomic group in the reactors with 620 OTUs
(54 %), represented mainly by the order Clostridiales
(485 OTUs), in which the families Ruminococcaceae (153
OTUs), Clostridiaceae (53 OTUs) and Lachnospiraceae
(41 OTUs) were predominant. Following the succes-
sion of these families during our experiment, Rumino-
coccaceae was the most constant family, without much
variation in its abundance (around 5 % in all reactor
samples). Clostridiaceae had also a constant abundance
around 0.8 % in the reactors inoculated with MIX. How-
ever, the same family was the most variable one in the
reactors inoculated with FCM, presenting 21.8 and 1.3 %
relative abundances at the beginning (day 0) and end of
the experiment (day 113), respectively. The family Lach-
nospiraceae was relatively constant at abundances around
1.8 %, except for the reactors at the beginning of the
experiment with MIX. Hence, our results with sugarcane
waste products were in agreement with former studies
that also investigated the bacterial communities in the
AD of plant-based biomass [37, 38], especially in terms
of the prevalence of Clostridiales. Members of this order
are equipped with the cellulosome, a multienzyme com-
plex, which enables them to efficiently hydrolyze recalci-
trant cellulosic and hemicellulosic structures in the plant
cell wall [39]. Our feeding substrates from the sugarcane
industry contain high percentages of cellulose and hemi-
cellulose, both together representing 75 and 55 % of the
total carbohydrate and lignin content of bagasse and filter
cake, respectively [1]. Sequences affiliated to the cellulo-
some-producing bacterium Ruminococcus flavefaciens
were detected 1n our reactors. These type of sequences
related to the anaerobic cellulolytic rumen bacterium
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contributed significant proportions of sequence reads in
our experiment (0.79 % of all), especially at the end at day
113 (0.34 %), which suggests that this phylotype was one
of the specialists degrading bagasse and filter cake, since
both inocula sustained its presence. Members of the
genus Ruminococcus are also known to produce hydro-
gen and acetate, thus supplying the hydrogenotrophic
methanogenic genus Methanobacterium [40)].

Bacteroidetes as the second most diverse phylum with
128 OTUs showed a gradual increase in relative  abun-
dance toward steady state. Within this phylum, OTUs
affiliated with the genera Bacteroides (4 OTUs, ca. 9.4 %
of all sequence reads) and Prevotella (4 OTUs, ca. 7.2 %
of all reads) and the family Porphyromonadaceae (39
OTUs, ca. 9.8 % of all reads) were predominant. Since
most of these sequence reads were detected at the end
of the experiment, we assume that these microorganisms
are crucial for the hydrolysis and fermentation of the fil-
ter cake and bagasse. The genus Bacteroides represented
by the species B. cellulosolvens [41] is also known for its
cellulosome. Within the genus Prevotella, there are some
species notably involved in the degradation of hemicel-
lulose, e.g., Prevotellapaludivivens [42].

On day O, the phyla Firmicutes and Bacteroidetes
together represented about 85 and 62 % abundance in
the reactors inoculated with FCM and MIX, respectively
(Fig. 2). In R3.5 and R3.6 (MIX), other phyla such as Act-
inobacteria, Fibrobacteres, Spirochaetes, Synergistetes,
Tenericutes, Thermotogae and the candidate WWEI were
also presented in significant relative abundances. Most of
these phyla are involved in the degradation of lignocellu-
lose-rich substrates [14, 28, 36]. However, the ecophysi-
ological role of some phyla such as WWE] is still unclear
[24].

Table 2 Ecological index showing the estimated richness of the bacterial communities

Reactor Day OTUs Chaol Shannon Simpson

R3.5 0 510 (447) 590 (562) 6.35 (6.35) 0.96 (0.96)
R3.6 483 (433) 548 (545) 6.33 (6.34) 0.96 (0.96)
R3.7 588 (554) 635 (621) 6.63 (6.64) 0.97 (0.97)
R3.8 578 (545) 607 (620) 6.69 6.71) 0.97 (0.97)
R3.5 44 437 (400) 528 (521) 6.03 (6.03) 0.96 (0.96)
R3.6 425 (412) 538 (519) 6.24 (6.24) 0.96 (0.96)
R3.7 506 (462) 632 (597) 6.52 (6.48) 0.97 (0.97)
R3.8 488 (414) 595 (502) 6.36 (6.34) 0.97 (0.97)
R3.5 113 176 (156) 200 (194) 3.80 (3.76) 0.82 (0.82)
R3.6 187 (169) 227 (209) 4.06 (4.05) 0.86 (0.86)
R3.7 216 (181) 258 (222) 4.33 (4.32) 0.90 (0.90)
R3.8 239 (226) 316 (283) 4.58 (4.58) 0.90 (0.90)

Values in parentheses originated from all randomly subsampled (without replacement) libraries down to the lowest number of sequences per sample
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On day 44, the bacterial communities were already
very similar in all reactors independent of the inocula-
tion source. The relative abundance of the phylum Fir-
micutes decreased, whereas that of the Bacteroidetes
increased. While the relative abundance of Synergistetes
was kept constant in R3.5 and R3.6 (MIX), it increased
slightly in the other co-digestion reactors (R3.7 and R3.8).
The third most abundant phylum at this time was the
candidate WWEI1 (12 %), which had been found in many
other studies dealing with mesophilic AD in the frame of
wastewater treatment [43, 44]. Moreover, this candidate
phylum was recently reported in large-scale continuously
stirred tank reactors digesting the cellulose-rich substrate
maizesilage[24].

The steady state on day 113 was characterized by a less
diverse community with three major phyla, Bacteroidetes,
Firmicutes and Synergistetes, comprising nearly 94 %
of the entire community. The relative abundance of the
phylum Bacteroidetes of approximately 66 % in all reac-
tors was even greater than on day 44. On the contrary,
the abundance of Firmicutes dropped further to about
16 %. Synergistetes were present in all reactors along the
experiment and their increasing abundance (to ca. 11 %)
demonstrated their participation in the degradation of
the lignocellulosic bagasse and filter cake. Within this
phylum, the class Synergistia has reported to degrade
fiber-rich feedstock [36]. Whereas all reactors had a very
similar overall community structure, the phylum Chloro-
flexi (specifically, class Anaerolineae) was significantly
abundant (3 %) only in R3.5 and R3.6 (MIX). This phy-
lum had also been found in similar proportion in a biogas
plant co-digesting maize silage, green rye and liquid
manure [37].

The plot in Fig. 4 shows an NMDS analysis of bacte-
rial 16S rRNA genes. The bacterial community compo-
sitions notably converged toward steady state (day 113).
It 1s also visible that duplicate FCM reactors presented
more diverse bacterial communities than MIX reac-
tors. The correlation between the bacterial communi-
ties and the reactor parameters is indicated by the most
significant vectors represented as arrows in the NMDS
plot. The abundance of the phylum Synergistetes was
strongly correlated with increasing OLR, whereas the
abundance of the candidate phylum TM7 grew with
the decrease of NH, — N. The more enriched values for
S1C and 6%H of methane were inversely correlated
with NH, - N and positively with the bacterial commu-
nity presented after the second sampling point (day 44).
Furthermore, the decrease of pH influenced the bacte-
rial communities primarily in the start-up phase. As
already mentioned, the presence of phylum Bacteroi-
detes was strongly correlated with the steady state (at
day 113).
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Co-digestion _ Mixed inoculum
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Fig.4 TheNMDS plotanalyses of the bacterialcommunities (phylum
level). The results were based on the pyrosequencing data of the 16S
ribosomalRNAgenes. Thedatapointsarenumberedaccordingto
specificsamplingdays. Thebluearrowsindicate the highly significant
(p<0.05)bacterial phyla,whereastheblackarrowsrepresentthe
highly significant (p < 0.05) reactor parameters as correlation vectors
ofthebacterialcommunitysuccession.Thearrowlengthshowsthe
correlationwiththeordinationaxis, whilethearrowdirectioncor-
responds to the community structures

Dynamics of the methanogenic community

The phylogenetic composition and dynamics of the
methanogenic community were analyzed in all six reac-
tors by mcrA-based T-RFLP fingerprinting. A heatmap
presenting the relative abundance of the methanogenic
communities along the whole experiment is shown in
Fig. 5. Duplicate reactors (R3.3 and R3.4, R3.5 and R3.6,
R3.7 and R3.8) had very similar methanogenic commu-
nity compositions at each sampling time (Additional
file 1: Figure S4). However, some non-abundant microor-
ganisms, for examples Methanomassiliicoccaceae atthe
initial phase and Methanomassiliicoccus and Methanoreg-
ulaceae at the steady phase were occasionally detected
in one of the duplicate reactors. Except during start-up,
microorganisms affiliated with the genus Methanosarcina
were the most abundant methanogens across all analyzed
samples, reaching as much as 90 % T-RF abundance at
day 51 in the final stage of the start-up phase.

The first sampling on day O was characterized by dif-
ferent methanogens in the MIX and FCM inocula.
MIX-inoculated reactors were dominated by the genera
Methanoculleus (ca. 50 %) and Methanosaeta (ca. 30 %)
and less by Methanomassiliicoccus (ca. 8 %). Methano-
sarcina and Methanomassiliicoccaceae were not detected
simultaneously in all four reactors at day 0. In the FCM-
inoculated reactors, the most abundant genera were
Methanospirillum (ca. 50 %), Methanosarcina (ca. 30 %)
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Fig.5 Heatmap composingthe T-RFLP profiles ofthe methanogeniccommunity dynamics. Therelativeabundancesare shownaccording tothe
sampling days of the experiments with different inoculation strategies (MIX and FCM) and digestion setups with filter cake and bagasse. Color
intensity increases with relative abundance. Two digestate samples for each reactor were analyzed on every sampling day. Due to the high similarity
of these samples, an average was calculated to show a more representative T-RFLP profile of each reactor
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and Methanobacterium (ca. 20 %). In case of both inoc-
ulation strategies, the predominant methanogens were
affiliated to either strictly hydrogenotrophic taxa or to
the metabolically flexible Methanosarcina genus. Never-
theless, strict aceticlastic methanogens were also present
at usually minor abundances.

The addition of bagasse as a co-substrate in MIX-inoc-
ulated reactors had an influence on the methanogenic
community. The T-RF profiles of the mono- and co-
digestion on day 28 were already significantly distinct. On
the other hand, the methanogenic community structures
of the co-digestion reactors (MIX and FCM) were similar
after sampling day 21. In this latter case, the dynamics of
the microbial community also followed the same trend
toward the predominance of the Methanosarcina.

The genus Methanosarcina has been described to out-
compete Methanosaeta at elevated acetate levels, due
to 1its faster growth kinetics [45, 46]. However, recently
Methanosaeta was reported to dominate over Methano-
sarcina even at high acetate concentration in the AD of
dairy waste with poultry waste as co-substrate [47]. In
accordance with this recent finding, the high abundance
of the strictly aceticlastic Methanosaeta was stable during
volatile organic acids (VOA) accumulation (1273 mg L™
of acetate and 55 mg L~ ! of propionate) at day 35. This
corroborates our previous study [26], in which Methanos-
aeta was also detected at high VOA concentrations.

In the final part of the start-up phase (days 42 — 69),
Methanosarcina was the most abundant methanogen
reaching the highest T-RF relative abundance in allreac-
tors. The presence of Methanosarcina in AD is regarded
to be advantageous. As discussed by De Vrieze et al. [48],
it is very robust against many stress conditions, €.g., tol-
erate process overloading, sudden pH changes and high
levels of ammonium and salt. In addition, Methanosar-
cina has high growth rates, can use both the aceticlastic
and the hydrogenotrophic pathway and utilize methanol
to produce methane.

In the late start-up stage, Methanoculleus and Metha-
nospirillum, which had been dominant in the MIX and
FCM inocula, respectively, were no longer abundant. The
taxon represented by T-RF 180 in the mono-digestion
(MIX) and Methanoregulaceae in the co-digestion (MIX)
became abundant until steady state.

The relative abundance of Methanosarcina decreased
at steady state to around 30 and 50 % in the mono-
and co-digestion reactors, respectively. In the mono-
digestion, the taxon represented by T-RF 180 and
Methanobacterium became more abundant, while
Methanoregulaceae appeared first in the process. In
the four co-digestion reactors, the methanogenic com-
munities were very similar during steady state. Gen-
erally, the abundances of Methanomassiliicoccus and
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Methanobacterium 1increased, whereas
laceae was not abundant.

Figure 6 shows the results of a multivariate statistical
analysis based on the correlation between T-RLFP data
and reactor parameters such as biogas yield and compo-
sition (CH, and CO,), volatile fatty acids (acetate, propi-
onate and butyrate), pH, total VOA, volatile organic acids
per total inorganic carbonate buffer (VOA/TIC), HRT,
ammonium - nitrogen (NH, - N) and stable isotope data
(6 BCeps 6 PCrpyand S *Heyy). The effect of the inocula-
tion strategy (MIX vs. FCM) using the co-digestion setup
and the effect of the substrate (mono vs. co-digestion)
applying MIX inoculum were analyzed separately for
more comprehensible results.

Figure 6a compares the different inoculation strategies
(MIX and FCM) in the co-digestion setup. The main dif-
ference between them was observed at the beginning of
the start-up phase. After day 21, both setups, independ-
ent of the inoculum, had attained similar methanogenic
community patterns with minor temporal compositional
shifts. Methanoculleus and Methanosaeta were strongly
correlated with the MIX inoculum at the beginning of the
experiment, whereas Methanosarcina was predominantly
present in the second part of the start-up phase. The
methanogenic community dynamics was most signifi-
cantly correlated (p < 0.001) with the pH, which gradually
decreased during the start-up phase and kept constant
values during steady state. On day 128, the T-RFLP pro-
files clustered together, indicating very high similarity of
the methanogenic community structures, independent of
the inoculum source.

Mono- and co-digestion with the same inoculum (MIX)
were compared in an independent analysis (Fig. 6b).
Although the substrate regimes differed, methanogenic
community patterns were similar. Bigger changes in the
structure of the methanogenic community were observed
during mono-digestion, visible as a more extended
dashed hull, while the samples from the co-digestion
reactor clustered more closely together. The reactor
parameters with most significant correlation (p < 0.001)
to the community structures of the investigated samples
were OLR, & 13CCH4, NH, - N and pH. Whereas OLR and
5 PCeyyq values rose along the reactor operation, NH, - N
concentration and pH value decreased gradually, mainly
in the start-up phase.

Methanoregu-

Stable isotope characterization of the produced biogas
Isotopic variations as a function of inoculation strate-
gies (MIX and FCM) and substrate regimes are shown
in Fig. 7. Samples for & “Ceys 6 PCopp and 6 *Hepy
measurements were taken together with samples for the
analyses of microbial profiles and reactor parameters.
Substantial isotopic changes were mainly observed in
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Fig.6 NMDS plotanalyses of the methanogenic T-RFLP profiles and
its correlation with reactor parameters. The hulls show the effect of
the inoculation strategy (MIX vs. FCM) using the co-digestion setup
(a),andthe effect of the substrate (monovs. co-digestion) apply-
ing MIX inoculum (b). The data points are numbered according to
specificsampling days. Thebluearrowsindicatethe highlysignificant
(b <0.001) methanogens, whereas the black arrows represent the
highlysignificant(p < 0.001) reactor parametersas correlationvectors
of the methanogenic community dynamics. The arrow length shows
the correlation with the ordination axis, while the arrow direction cor-
responds to the community structures

the initial start-up phase (days O — 41). Thereafter, the iso-
tope values followed very similar trends independent of
the inoculum. Initially, the isotope values were strongly
depleted, particularly in reactors inoculated with FCM
(=64 %o for & *C ey, —6 %o for 6 *Cegy and —352 %o for
6 *Hema).

Figure 7a shows that the 6 *Cgyy, values during the ini-
tial start-up increased until day 44. As an exception on
day 9 in the FCM-inoculated reactors, the & *Ccyy, values

changed drastically to —25 %o, but from day 21 onward
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the & Ceyy values followed the same trend as in the
other reactors inoculated with MIX. A similar isotope
signature for 6 *Ceyyq of about —32 %o on day 44 had also
been observed in our previous study of co-digestion of
filter cake and bagasse at gradual OLR increase [26] and
in some other studies with C4 plant biomass, namely
maize silage [7, 21]. Afterward, all reactors displayed
constant i1sotope signatures also indicating stable metha-

NOgeNIc process.
The effect of different inocula and substrates on the

5 1C o, composition is clearly observed in Fig. 7b. The
reactors inoculated with MIX had very similar isotope
values on days O and 9. But after that, the isotopic pat-
tern diverged between mono- and co-digestion. Enriched
5 P¥Cepy values were found for mono-digestion (up to
about 15 %o). The reactors inoculated with FCM had
much more depleted & *Cq, values on days 0 and 9. On
day 79 during steady state, the & 13Cc02 values for all co-
digestion reactors were very similar (around 11 %o).

The S *Hey, values shown in Fig. 7c presented a simi-
lar tendency among the reactors at specific sampling
times. After start feeding the freshly inoculated reactors
(from day 9 on), the & 2HCH4 values indicated enrichment
of methane in deuterium. Similarly to the dynamics of
5 Cepp values, the influence of the co-digestion was also
visible from the variation of the & *Hyy isotopic signa-
tures, mainly at the last samplings. In co-digestion reac-
tors, lower & “Heyy values were observed.

The 6 C composition of filter cake and bagasse were
—14.30 and —13.64 %o, respectively [26]. The isotopic
signature of the substrates has also influenced the trends
observed in Fig. 7, in which the & °C values became more
enriched. The daily added tap water affects as well the
) 2HCH4 1sotopic signatures. Nikolausz et al. [7] reported
that the &°H of the tap water in Leipzig corresponds to
about —64.7 + 0.8 %o. Therefore, more enriched & *Hepy
values were found after the addition of water to the
substrates.

Methanogenic pathways

The dominance of a specific methanogenic pathway along
the reactor operation was assessed using the apparent
fractionation factor (a C) (Fig. 8a), which was calculated
based on the isotopic composition (&8 C) of methane
and carbon dioxide. As previously reported [20, 49, 50],
a predominance of hydrogenotrophic methanogenesis 1s
indicated by a C >1.065, whereas a C <1.025 indicates the
predominance of aceticlastic methanogenesis. Intermedi-
ate a C values mostly found along the experiment showed
that both methanogenic pathways were involved 1in
methane production. This 1s also in agreement with the
methanogenic community profiles composed of hydrog-
enotrophic and aceticlastic methanogens (Fig. 5).
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Only on days O and 9 in co-digestion reactors inocu-
lated with FCM, the predominance of one methanogenic
pathway was observed. On day 0, the a C value indicated
the predominance of hydrogenotrophic methanogenesis
in accordance with a 68 % predominance of the strictly
hydrogenotrophic genera Methanospirillum (ca. 50 %)
and Methanobacterium (18 %). In addition, the versatile
genus Methanosarcina, which contributed 32 % to the
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community profile, most probably produced methane
via the hydrogenotrophic pathway during this period. On
day 9, the methanogenic pathway was shifted drastically
to the dominance of aceticlastic methanogenesis. The a C
value was slightly lower than 1.025 and the predominance
of the versatile Methanosarcina (ca. 75 %) suggested that
members of this genus became not just numerically
abundant, but switched to methane production from
acetate. On day 21, again a sudden change was observed
from the a C dynamics. At this time, Methanosarcina was
still the most abundant taxon, which, however, probably
used both methanogenic pathways.

The methanogenic pathway dynamics during the
experiment 18 possibly also observed in plots combining
& BCand 6 °H isotopic variations of methane during start-
up (Fig. 8b) and steady state (Fig. 8c). Nikolausz et al.
[7] had used this combination of 6 *Ceyy and 6 *Heyyy to
identify the dominant methanogenic pathway in labo-
ratory-scale biogas reactors. Accordingly, the suggested
predominance of the hydrogenotrophic methanogenesis
at day O (marked in the graphic with the hull) for FCM-
inoculated reactors is confirmed as suggested by Sugi-
moto and Wada [51]. Although their classification did
not correspond to the other sampling points in terms of
predominant methanogenic pathway defined by « C and
the molecular biological results, the differences between
the inocula and the substrate were still observed in the
combined & PCeyqand 6 *Heyy graphics (hulls). A general
trend of less negative 6 “Heyq values observed in case of
later samples in all reactors is probably due to the influ-
ence of the isotopic composition of the supplemented
process water.

Conclusion

Our results confirmed that FCM is a reliable and effi-
cient inoculum for the co-digestion of filter cake and
bagasse, since very similar methane and biogas yields
were obtained under the steady-state phase, independ-
ent of the inoculation strategy. The bacterial and metha-
nogenic communities were also very similar at the end of
the experiment, regardless of whether the reactors had
been inoculated with FCM or MIX. Bacterial composition
and succession showed that the major phyla involved in
the anaerobic degradation of the waste products from the
Brazilian bioethanol/sugar industry were Bacteroidetes,
Firmicutes and Synergistetes. The co-digestion of filter
cake and bagasse in both inocula setups led to the devel-
opment of polysaccharide-degrading specialists affiliated
to the genera Prevotella and Bacteroides (both comprised
around 50 % relative abundance of the bacterial commu-
nity at steady phase). Methanogenic communities varied
mainly in the first 3 weeks of operation for co-digestion
reactors and in the first 5 weeks for mono-digestion. The
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key methanogens were affiliated with Methanosarcina,
Methanobacterium, Methanoregulaceae and Methano-
massiliicoccus in co-digestion reactors, as opposed to
Methanosarcina, Methanobacterium, Methanoregulaceae
and a non-identified taxon in mono-digestion reactors.

o The most important reactor parameter correlating with
a the methanogenic community structure in both digestion
10607 setups was the pH. Stable isotope fingerprinting showed
1,055 clearly, especially in case of carbon dioxide, the influence
1050 Ay of different inoculum strategies and substrate feeding on
/.‘”‘2:” the methanogenic activity. Based on the isotope analysis,
1.045 . . .
\ W in agreement with the molecular approach, both aceti-
& 1001 clastic and hydrogenotrophic methanogenesis pathways
1.035 contributed importantly to methane production through-
050 out the experiment.
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HIGHLIGHTS

o A dual-pool two-step model was fitted to the batch experiment data.

¢ 6 g NaOH/100 g FCrm achieved the highest methane potential in batch experiment.

¢ Urea addition did not enhance VFA yield during semi-continuous experiment.

o Optimum pH for VFA production during semi-continuous experiment was between 5 and 5.5.
¢ NaOH prefreatment increased the VFA yield by 37% during semi-confinuous  experiment.
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Different methods for optimization the anaerobic digestion (AD) of sugarcane filter cake (FC) with a spe-
cial focus on volatile fatty acids (VFA) production were studied. Sodium hydroxide (NaOH) pretreatment
at different concentrations was investigated in batch experiments and the cumulative methane yields fit-
ted to a dual-pool two-step model to provide an initial assessment on AD. The effects of nitrogen supple-
mentation in form of urea and NaOH pretreatment for improved VFA production were evaluated in a
semi-continuously operated reactor as well. The results indicated that higher NaOH concentrations dur-

Keywords: ing pretreatment accelerated the AD process and increased methane production in batch experiments.
iﬁf’gﬁgﬂkz Nitrogen supplementation resulted in a VFA loss due to methane formation by buffering the pH value

at nearly neutral conditions (~6.7). However, the alkaline pretreatment with 6 g NaOH/100 g FCem
improved both the COD solubilization and the VFA yield by 37%, mainly consisted by n-butyric and acetic
acids.

Anaerobic digestion
Volatile fatty acid
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© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Sugarcane is the most produced agricultural commodity (fresh
mass basis) in the world (FAO, 2013). It is mainly used for sugar,
first-generation  bioethanol and bioelectricity  production.
Nowadays, new developments aim to add value to the underused
biomass fractions derived from the cane processing with the
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intention to diversify the product portfolio of the sugarcane plants
in a biorefinery concept (Mariano et al., 2013).

Filter cake (FC), also known as press mud or filter mud, is a solid
waste generated during the clarification (physical-chemical pro-
cess) of sugarcane juice before been used for sugar and first-
generation bioethanol production. Itis mainly composed of water,
inorganic soil particles, residual sugars and small pieces of sugar-
cane bagasse, which are oftenintentionally added toimprove the
permeability during the recovery of sucrose at the rotfary
vacuum-drum filter. In most cases, FC is applied as organic fertil-
izer on the sugarcane fields without any previous recovery of
value-added products (Elsayed et al., 2008).
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Anaerobic digestion (AD) is a promising strategy fo treat such
type of waste, since methane and/or platform chemicals for
value-added products could be produced as a result of the different
syntrophic biochemical phases: hydrolysis, acidogenesis, acetoge-
nesis and methanogenesis (Deublein and Steinhauser, 2008;
Merklein et al., 2014). These cascade reactions are performed by
various microorganisms, thereby the composition and dynamics
of the microbial community is influenced by different process
parameterssuch as organicloadingrate (OLR), hydraulic retention
time (HRT), pH value, balance of macronutrients and trace ele-
ments as well as presence of inhibitors (FNR, 2010; Kayhanian
and Rich, 1995).

Foroptimizationof AD, hydrolysis/acidogenesisand acetogene-
sis/methanogenesis may be improved independently by physical
separation of these phases in two reactors (Cysneiros et al.,
2012a). It is well known that hydrolysis is often the rate-limiting
step during AD when fibrous material, such as filter cake is used
as feedstock due to the recalcitrant presence of lignin, which pre-
vents the action of microorganisms and enzymes by its hydropho-
bic nature (Montgomery and Bochmann, 2014; Yu et al., 2014).
One option to improve the hydrolysis of lignocellulosic substrates
is to perform a physical (comminution, hydrothermolysis), chemi-
cal (acid, alkali, solvents, ozone), physico-chemical (steam explo-
sion, ammonia fiber explosion) or biological (enzymes, fungi)
pretreatment process to increase the accessible surface area, to
modify the crystalline structure or partially depolymerize cellu-
lose, to solubilize hemicellulose and/or lignin, or to modify lignin
structure (Hendriks and Zeeman, 2009; Silverstein et al.,  2007).

Only few studies have assessed the effects of different pretreat-
ment methods on methane production from FC in batch systems
(Lopez Gonzdlez et al., 2013, 2014). To our knowledge, pretreat-
ment of FC for VFA production in a semi-continuous stirred-tank
reactor (SCSTR) has not been studied yet. Only by applying a sim-
ilar feeding system used during large-scale applications (semi-
continuous) it is possible to have a broader understanding of the
reactor’s behaviorin terms of effect of inhibitors, nutrient deficien-
cies and optimum pH value for a specific AD phase.

Previous studies from our group (Leite et al., 2015) assessed the
main characteristics of sugarcane waste along an operating season.
Apparently, FC presented a proper C:N ratio for AD, varying from
24 to 41, which is according to several authors (FNR, 2010;
Fricke et al., 2007; Weiland, 2010) intfo the optimum range of
around 20-40. However, it is noteworthy that in case of low nitro-
genrelease during fermentation, it could negatively influence the
microbial community functioning due to nitrogen deficiency. In
the meantime, the sodium concentration of FC was found to be
very low (up to maximum 3.7 mg L™') much lower than recom-
mended values (100-200 mg L™') by early studies (Mccarty,
1964), which might also negatively affect the microbial growth
during the AD process.

The use of sodium hydroxide (NaOH) for substrate pretreatment
could be a potential strategy to overcome these possible draw-
backs. Atthe same time cellulose andhemicellulose wouldbecome
more accessible to hydrolytic enzymes by breaking down the lig-
nocellulosic structure of FC, and sodium as animportant macroele-
ment for microbial growth would be provided (Sambusiti ef al.,
2013a). However, particular attention should be paid to the
NaOH dosage, since the ion Na*in high concentrations could neg-
atively affect the activity of non-halotolerant microorganisms and
interfere with their metabolism (Chen ef al., 2008).

Therefore, in this study the effect of alkaline FC pretreatment
was previously investigated in batch experiments evaluating the
influence of different NaOH concentrations on the short-term AD,
followed by fitting the cumulative methane yields to a dual-pool
two-step model to provide a preliminary estimation of VFA pro-
duction. Moreover, a SCSTR was operated as an acidogenic reactor

at high OLRs and low HRTs fo investigate how VFA production
could be optimized providing urea as a NH4-N source and NaOH
prefreatment as a measure to improve the microbial hydrolysis.

2. Methods
2.1. Substrate and inoculum

Sugarcane FC was obtained from a distillery plantin the State of
Goids (Brazil) during the 2013/2014 season, transported to
Germany in sealed plastic bags and stored at 4 °C until its use. A
large-scale biogas plant that uses maize silage and cattle manure
as substrate provided fresh digestate, which was used asinoculum
for the batch experiments and the start-up of the semi-continuous
reactor.Toavoidinletand outlet pipesfrom clogging, the digestate
was sieved prior to inoculation in the reactors. During the opera-
fion of the semi-confinuous experiment tap water was utilized to
keep the total solids (TS) of the feed in below 15% for wetfermen-
tation process.

2.2. Alkaline pretreatment

For batch experiment, alkaline pretreatment was carried out in
500 mL glass flasks applying different NaOH concentrations (0, 1.5,
3 and 6 g NaOH/100 g FCew), hereafter referred as to untreated,
low, mild and high NaOH concentrations. The substrate TS concen-
tfration was 68 gTSL™". FC and NaOH mixture was stired for
30 min (100 rpm) at 45°C using a magnetic stirer (Heidolph
Instruments). After pretreatment, the FC was neutralized with
hydrochloric acid and immediately used for subsequent ADtrials.
The same pretreatment procedure was used prior semi-
continuous digestion in a concentration of 6 g NaOH/100 g FCe.

2.3. PCA analysis

A principal component analysis (PCA) was run on VFA and
chemical oxygen demand (COD) concentrations obtained after pre-
freatment to evaluate the relationship between the effects of the
different NaOH concenfrations on solubilization of the main sub-
strate components. The analysis was run with the software
Stafistica 6.0 (Statsoft, Tulsa, OK, USA).

2.4. Batch experiment

The methane yield of the FC pretreated with different NaOH
concenfrations was obtained through biochemical methane poten-
tial (BMP) assays according to VDI (2006) using an Automatic
Methane Potential Test System Il (AMPTS I, Bioprocess Control,
Sweden) under mesophilic temperature (38°C) during 10 days.
Based on the different model derivations presented by Brulé
et al. (2014) an exponential dual-pool two-step model (Model D)
wasusedtoevaluate the methane productionkineticsof the anaer-
obic batch experiment. This modeling approach differentiates
between rapidly and slowly degradable fractions (dual-pool) of
the available substrate. Furthermore, it includes the acidification
of the two fractions to VFA as well as the degradation of the resuli-
ingintermediate VFA concentration to methane (two-step).

Thus, five model parameters and constants needed to be
adjusted to depict the respective measurement results: the total
methane potential S (mLygVS™), the ratio of rapidly degradable
substrate fo total degradable substrate a (=) and the three  first-
orderreaction constant for the degradation of rapidly degradable
substrate kr (d7), slowly degradable subsirate k. (d™') and the
degradation of VFA kyea (7). The model implementation as well
as the numeric parameter identification (Levenberg-Marquard
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algorithm) were realized in the software environment Matlab as
described by Brulé et al. (2014).

2.5 Semi-continuous experiment

A lab-scale SCSTR with 5 L total volume (3 L working volume)
was used for this experiment. The reactor was confinuously stfirred
(100 rom) using a central stirrer with helix shaped blades located
in the lower part of the reactor. The operation temperature was
kept under mesophilic conditions (38 = 1 °C) by recirculating hot
water through the double-walled reactor.

The experiment was carried out over nearly 100 consecutive
dayswiththe same feedingfrequency (once perday).Forthereac-
for start-up the HRT was set to 2.5 days and gradually increased to
4.5 daysin order to wash-out methanogens from the inoculum and
overload the reactor with organic acids. After achieving a steady
phase for VFA production at a HRT of 5.0 days, 3 g of urea was sup-
plemented at day 30. During a second urea supplementation per-
iod (days 54-71), 5 mL of nitric acid (10 mL L™') was added for
pH control. From day 72 until the end of the experiment, NaOH
pretreatment was applied to the FC prior to feeding as described
above. Detailed information about different feeding rates, OLR
and HRT are listed in Table 1.

2.6 Analytical methods

TS and volafile solids (VS) were determined by drying the sam-
ples for 24 h at 105 °C in a drying oven (Binder, Germany) and fur-

therreducing the organic contentto ashesfor2h at 550 °Cin ahigh
temperature oven (Carbolite, UK). The COD of non-centrifuged ali-
quots of the untreated and pretreated FC was analyzed using LCK
014 COD kit (Hach-Lange, Germany) according to the manufac-
turer’s protocol. VFA (acetic, propionic, n-butyric, iso-butyric, n-
valeric, iso-valeric and hexanoic acid) were determined using a
5890series Ilgaschromatograph (Hewlett Packard, USA) equipped
with an HS40 automatic headspace sampler (Perkin Elmer, USA)
and an Agilent HP-FFAP column (30 m x 0.32 mm x 0.25 pum)
according to apreviously described method (Stréiuberetal., 2015).

The daily biogas production in the semi-continuous experiment
was measured by a drum-type gas meter TG 05 (Ritter, Bochum,
Germany), and corrected to standard temperature and pressure
conditions. Specific biogas production (SBP) was presentedinnorm
milliliters per g of VS (mLugVS™). The composition of the biogas
(CH4,CO,, O2andHsS)inthe headspace ofthereactorwasmeasure
three fimes a week using a GA2000 Landfil Gas Analyzer
(Geotechnical Instruments Ltd., UK).

Every day the pH value of fresh digestate was measured imme-
diately after sampling of the semi-continuous reactor with a pH-

Table 1
Overview of the semi-continuous experiment.

Phases Period FC Water HRT OLR
(d) Input  Input (d)  (gvsSL'd™)
(gd™) (mLd™))
Start-up 0-3 300 900 2.5 167
4-7 250 750 3.0 120
8-10 220 650 3.4 1791
11-14 190 565 40 1ns
15-17 165 490 4.6 9.1
Steady 18-30 150 450 50 83
Urea supplementation 31-48 150 450 5.0 8.3
49-53 220 650 3.4 12.1
Urea + nitric acid 54-56 220 650 3.4 12.1
supplementation 57-71 150 450 5.0 8.3
Sodium hydroxide 72-99 150 450 50 83

pretreatment

electrode (WTP type pH 3310 Sentix 41, Germany). Three fimes a

week fresh digestate samples were centrifuged for 10 min at
10,000 rom and 10 °C. The supernatant was used after filtration
for subsequent analysis, including the measurement of volatile
organic acids (VOA) by using a Titration Excellence T90 ftitrator
(Mettler-Toledo GmbH, Switzerland) and soluble chemical oxygen
demand (SCOD) using the equipment as previously described.
Ammonium-nitrogen concentration (NH,-N g L") was determined
from 500 uL filtered supernatant diluted with distilled water
(1:500) with the Nessler method using a benchtop spectropho-
tometer (Hach-Lange DR 3900, Loveland, US).

Toreveal the hydrolytic potential of the acidification step in the
semi-continuous experiment the partial, and unintentional, gas
production was converted info a theorefically corresponding
amount of acetatein the liquid phase. Based on the stoichiometric
pathways of the acetoclastic methanogenesis presented by
Angelidakietal. (1993) 3.96 g of acetic acid are needed forthe pro-
duction of 1 gof methane. Using the ideal gaslaw at standard con-
ditions (1.01325 bar und 273.15 K) the specific weight of methane
equals 1.40 Ly g™, which results into 2.83 g of acetic acid per Ly of
methane. Finally, the theoreticalamount of VOA (g) neededforthe
respective methane production is divided by the liquid volume
(3L), addedto the measured VOA concentration and presented as
calculated volatile organic acids (CVOA).

3.Results and discussion
3.1 Substrate composition

3.1.1 Raw FC

The main characteristics of the sugarcane FC are presented in
Table 2. Having an appearance similar to sludge, the substrate pre-
sented a TS value of 27.03% and relatively low VS concentration of
61.75% of TS, since inorganic soil particles could be attached during
the sugarcane juice treatment processwhere FCis generated. Our
group has already assessed the characteristics of sugarcane FCin
details (Leite et al., 2015). The most relevant observations are the
high lignin content found, which is equivalent to about 23% of
the fotal organic matter of the substrate, and the low sodium con-
centration (1.27 mgL™"), which is below the recommended values
for AD (Mccarty, 1964).

3.1.2 Pretreated FC

The COD and VFA content after FC pretreatment with different
NaOH concentrations are presented in Fig. 1. The mild and high
NaOH concentrations were responsible forincreasing the COD

Table 2
Main characteristics of the sugarcane FC.
Parameters FC Units
Total solids (TS)” 27.03+0.13 BFM?
Volatile solids (VS)” 61.75+0.13 AN
Carbon (C) 42.52 + 3.63 AN
Nitrogen (N) 1.38 £0.36 AN
Sodium (Na) 1.27 £ 2.10 mg L’]
Raw protein 107.9 £ 15.9 g kg_] N
Raw fat 39.31 £5.83 gkg TS
Carbohydrates NFC” 56.78+19.8 gkg™'TsS
Cellulose 184.6 £35.2 gkg™'Ts
Hemi-cellulose 170.9 +32.5 gkg TS
Lignin 169.6+13.8 gkg™'Ts
C:N ratio 3110 -

< Fresh matter.
® Non-fiber carbohydrate.

" All values, except TS and VS, were previously published by our group (Leite
et al., 2015).

101



3. Biogas from filter cake and bagasse: special focus on microbial ecology

238 L. Janke et al./Bioresource Technology 199 (2016) 235-244

value by 12% and 17%, respectively,incomparison fo the untreated
FC.In the meantime, the lower NaOH concentration did not show
anyimprovement for the same parameter, whichisin accordance
to previous studies conducted by Sambusiti et al. (2013b), where a
pretreatment with alow NaOH concentration (1 g NaOH/100 g TS)
at40°Cdid notimprove CODrelease fromwheat straw and ensiled
sorghum forage.

For all pretreatment conditions the VFA were manly composed
by n-butyricand acetic acids, whereasitwas observed areduction

(A) 15,000 -
# minor acids
] W i-butyric acid
12,500 1 it propionic acid
acetic acid
10,000 1 @ n-butyricacid
= 7,500 1
E

5,000 -

2,500 -

untreated low

on their concentration along the increase of NaOH dosage. Fact that
can be explained by a possible dilution of such major VFA by the
additional COD released during mild and high alkaline dosages.
Ontheotherhand, the sameeffectwasnotobservedonconcentra-
tfion of the minor VFAs, which were mainly composed by pheny-
lacetic, hexanoic and formic acids. Moreover, it is important to
note that furfural and 5-methylfurfural, which could potentially
inhibit the AD process (Barakat et al., 2012), where not detected
for any pretreatment condition.

R
N N
R

mild high

(B) 600

525 4

other acids
% 2-propanol

# Formic acid

® 1-butanol
# n-valeric acid

Hexanoic acid

2-butanol
mi-valericacid

B Phenylacetic acid

450 1
375

300 -

mglL?

225

150 -

75 4

untreated

(C) 25,000 -

20,000 - mCcoD

15,000 -

mglL?

10,000 -

5,000 -

untreated low

mild high

Fig. 1. Characteristics of the FC after alkaline pretreatment. (A) major VFA, (B) minor VFA, and (C) COD of the pretreated substrate, untreated (0 g NaOH/100 g FCrwu), low
(1.5 g NaOH/100 g FCeum), mild (3 g NaOH/100 g FCrm) and high (6 g NaOH/100 g FCem).
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The PCA between the main solubilized components and the dif-
ferent pretreatment conditions recovered 69.8% of the total vari-
ance. As can be seenin Fig. 2, PCA was effective in grouping the
solubilized components according fo the different pretreatment
conditions. It is clearly observed that a deviation occurred after
alkaline pretreatment, and the untreated FC emerged as an isolated
group from the other components. PC1 (53.4%) is related with high
NaOH concentration and evidences the relationship between this
pretreatment condition and most of the analyzed components,
including theincrease on CODrelease, whichis considered the pri-
mary effectofanefficientpretreatmentprocess. Onthe otherhand,
the mild NaOH concentration is related to PC2 (16.4%) and
describes the influence of this pretreatment in the concentration
of acetic and n-butyric acids, which were the main VFA observed
for all pretreatment conditions. In this case, increasing the NaOH
dosage from low to mild or high did not result in a higher concen-
fration of n-butyric acid. Similarly, the high pretreatment did not
display higher acetic acid concentration than mild dosage.

3.2. Batch experiment

The methane yields obtained from the batch experiment and
fitted to the dual-pool two-step model are shown in Figs. 3 and 4
andTable 3.The untreated FC presented a fotal methane potential
of 259 mlLy gVS™, which is similar to values previously reported
(Janke et al., 2014; Leite et al., 2015). The lower NaOH concentra-
fion (1.5 g NaOH/100 g FCry) was not able to significantly improve
the total methane potential (262 mLygVS™) in comparison tothe
untreated FC. Thisis explained by the lower COD release by the low
NaOH concenftration during the substrate pretreatment.

The mild NaOH concentration (3 g NaOH/100 g FCry) was not
only able to achieve 14.7% higher methane potential
(297 mLygVS™), but also accelerate the AD process, since the ratio
of rapidly degradable substrate to total degradable substrate (a
value)increased from0.36 (untreated) to 0.59 (mild NaOH concen-
fration). Whereas, the additional 12% of COD released as an effect
of the mild NaOH prefreatment seems to be the reason of such
higher performance.

In the meantime, by applying the highest sodium hydroxide
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saponification effect provided by the alkali reagent was even
higher, responsible for solubilizing additional 17% of COD, which
has resulted in the highest a value (0.67) of all tested pretreatment
conditions and 22.4% higher methane potential (317 mLy gVS™) in
comparison to the untreated EFC.

From the remaining model constants it is possible fo observe
that in all cases the hydrolysis was the rate-limiting step, since
the krand k; values are lower than kvea, Which isin - accordance
to previous studies on lignocellulosic substrates conducted by
Weinrich and Nelles (2015). Additionally, if the kvea of the different
prefreatment conditions is considered for the short-term AD, the
high NaOH concentration was responsible for increasing the VFA
peak by 38.6% in compassion to the untreated FC. Fact that could
give an advantage if the high NaOH concentration would be used
in a semi-continuous process aiming the production of VFA, since
low HRT should be maintained to wash-out the slow growing
methanogens.

Another aspect that should be taken into consideration during
semi-continuous AD process is the possibility of reactor’s saliniza-
tion by high Na* concentrations. Previous studies (Chen et al.,
2008) reported that depending on the adaptation period, antago-
nistic/synergistic effects, substrate and reactor configuration,
methanogens could be inhibited with sodium concentrations
between 5.6 and 53 g L. Thus, if methane is further intended to
be produced in a two-stage reactor system, special care should
be taken with the highest NaOH concentration (6 g NaOH/100 g
FCeu), since in this case the Na® concentration would achieve
around 8 gL

3.3. Semi-continuous experiment

3.3.1. Start-up phase

For the reactor’s start-up phase (days 0-17) the initial OLR was
setto 16.7g VS L' d™" and gradually decreased to 9.1 gVSL™' d™,
while the HRT was increased from 2.5 days to 4.6 days. Such start-
up strategy was responsible for overloading the AD process
(between days 8 and 17) by increasing the initial VOA concentra-
tion from 1.0 g L' to an average value of 6.9 g L, followed by a
decrease of the pH value from 7.7 to nearly 5.2 at the same period

dosage (6 NaOH/100 FCrv) in  this experiment, the ia. 5).
9
1.4
1.0
untreated
high ST
0.6 - ,.-"-'--:p-,:p-a:o'[ .... . Dglenvlpropioniuam'd Y I'\\ ® benzoicacid "'
""‘ . ““ _______________
g hexanoic acid Y
/ . \
§ 0.2 4 II' 2-propancl p®pionicacid ‘:
g. Y ) «OD ,.'
= 3 Fvajgricarid - Fd
N "\ velericacid ‘henylaceticacid Y
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@ decanoicacid -_‘__Tll-d_ ______ low
064 et T e e
’,-' ® formicacid . s ® n-butyric amd‘\.
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Fig. 2. PCA of the main characteristics of the FC pretreated with different sodium hydroxide concentrations applied for the batch experiment.
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Fig. 3. Individual cumulative methane yields obtained from the batch experiment and fitted to the dual-pool two-step model. (A) untreated (0 g NaOH/100 g FCrm): (B) low
(1.5 g NaOH/100 g FCrm); (C) mild pretreatment (3 g NaOH/100 g FCem) and (D) high (6 g NaOH/100 g FCrm). Abbreviations refer fo (M_F) methane from rapidly degradable
fraction, (M_S) methane from slowly degradable fraction, (M_VFA) intermediate VFA production, (M) total methane potential and (Data) experimental measurements.
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Fig. 4. Grouped cumulative methane yields obtained from the batch experiment and fitted to the dual-pool two-step model. (A) methane from rapidly degradable fraction;
(B) methane from slowly dearadable fraction: (C) intermediate VFA production and (D) total methane potential of untreated. low. mild and hiah FC pretreatment conditions.
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Table 3
Results of the batch experiment fitted to the dual-pool two-step model.

Condition S (mlyCHs gVS™) o (-) ke (d7) ki (d7) kvea (d7) S (MLuCHsgVS™) a’ (-) Increase S” (%)
Untreated 238 0.36 0.83 0.12 4.40 259 0.51" -

Low 267 0.58 0.71 0.10 4.95 262 0.51 1.24

Mild 325 0.61 0.77 0.14 4.59 297 0.59 14.7

High 333 0.67 0.83 0.32 4.09 317 0.67 22.4
* Optimized values (curve fitting) for constant values of kr=0.83 (d™'), ku=0.17 (d”') and kvia = 4.51 (d™), respectively.

™ Manually adjusted (see Figs. 3 and 4).

Although the SBP achieved a maximum value of 97 mLygVs™
(methane 53.8% v/v) at days 2-5 when the average pH value and
the VOA concentrations were 7.0 and 3.4 g L™, respectively. The
fast increase of the VOA concentration and decrease of the pH
value observed during the start-up phase caused a strong inhibi-
tion of the methane production, depicted by a SBP of nearly zero
betweendayséand 17.

Additionally, the process of inoculum washing-out that usually
occurs immediately after the start-up of a SCSTR also seems to
have confributed to the fast pH decrease, since the initial NH4N
concentration in the inoculum (1.7 g L™") was rapidly decreased
tolowerthan0.1 g L™'at day10, reducing the capacity of NH,* buf-
fer the system.

3.3.2.Steady phase

In order to provide stable conditions for VFA production during
steady phase (days 18-30) the OLR and HRT were kept at
8.3 g VS L'd™" and 5 days, respectively. The VOA concentration
achieved a constant value of 6.6gL™" at an average pH value of
5.2, conditions in which nearly no methane production was
observed.

The NH4-N concentration displayed the same value as observed
at the end of the start-up phase (0.1 g L™'), indicating a possible
nitfrogen deficiency of the substrate. According to a previous study
(Zhang et al., 2005) the optimum concentration of NH,-N for VFAs
production is about 1.0-1.2 g L', which is 10-12 times higher
than found during the steady phase.

The Fig. 6 shows the VFA profile of the semi-continuous exper-
iment. Under the above mentioned operation conditions, 3.8g L™
of n-butyric acid, 2.7 gL~ of acetic acid and 0.5 gL™" of propionic
acid were produced (total VFA of 8.0 g L), resulting in a VFA yield
of 0.32 g VFA gVS™'. Based on the average SCOD concentration
observed during steady conditions (14.6 g L™'), a conversion of
approximately 54% of the soluble compounds produced by hydrol-
ysis intfo VFAs were assumed.

3.3.3.Urea supplementation

As mentioned previously, the NH,-N concenfration indicated a
potential nitrogen deficiency of the substrate. Additionally, previ-
ous studies (Cysneiros et al., 2012b) on AD of maize silage using
leach bed reactorsreported anincrease of 50% in VFA production
by controlling the pH at around 6.5. Therefore, 3 g of urea was sup-
plemented at day 30 to buffer the reactor’s pH, and at the same
fime fo balance the C:N rafio of the substrate in case of low nitfro-
gen solubilization during hydrolysis/acidogenesis.

After supplementation, the NH,-N concentration increased to
0.45 g L™ at day 36, also resulting in an increase of the pH value
from 5.2t0 6.7. However, instead of optimizing the acidogenic pro-
cess, a decrease in the VOA concentration from 6.6 gL™' to a min-
imum level of 1.7 g L' at day 47 was observed, followed by an
increase of the SBP from 10 mLygVS™" to a maximum production
of 275 mLy gVS™' (methane 49.3% v/v) at day 44. This fact suggests
thatthe slow-growing methanogenswere able torecoverand con-
vert the accumulated VOA info biogas even at a low HRT (5 days)
setup, possibly due to the pH increase, which is close tothe

opfimum range for the methanogenesis phase (Schmidt et al.,
2014; Solera et al., 2002).

Moreover, it is assumed that acetogenesis also benefited from
the pHincrease, since the n-butyric acid concentration decreased
from around 3.8-0.01 g L™'. Interestingly, during the same period
the propionic acid concentration increased from 0.5gL™" to
1.1 gL™". In fact, the urea supplementation strategy was responsi-
ble for reducing the VFA yield by 75% (0.08 g VFA gVS™'), whichis
the lowest level observed during the entire experimental period.

At day 49 the OLR was increased to 13.1 g VS L™' d™' whilethe
HRT decreased o 3.4 days in order fo recover the VFA production.
Such procedure allowed a faster NHs-N wash-out provided by the
ureasupplementation, followed by the reduction of the pH value to
around the same value (5.5) found at steady phase.

3.3.4.  Urea with nitric acid supplementation

At day 57 the OLR and HRT were set fo the same levels as during
steady and urea supplementation phases, and kept stable until the
end of the semi-continuous experiment at day 99 to allow a reli-
able comparison among the different experimentphases.

Between the days 54 and 71 a second urea supplementation
was performed, however at this time the pH value was also con-
trolled to prevent VFA conversion to biogas. Therefore, at day 57
urea was daily supplemented (1.2 g) and HNO; added every two
days (5 mL of 10mL L™ solution) to keep the pH close to the same
level observed during steady phase (5-5.5).

Along the increasing on NH4-N concentration (0.8 g L™ atday
64),the pHvariedbetween 5.1 and 5.9, andthe VOA concentration
reached a maximum value of 6.1 g L' (11% lower than in steady
phase). Apparently, the urea supplementation and pH control by
HNO; addifion did not result in keeping the SBP at the same low
level as observed during steady phase, i.e., nearly zero.
Occasionally, the SBP achieved 100mLygVS™ (methane 45.0% v/
v) when the pH increased above 5.5. Such results are in the con-
trary to other studies (Veeken et al., 2000; Wang et al., 2014) that
reported improvements of hydrolysis and acidogenesis by control-
ling the pH above 6, possibly due to their different reactor config-
uration (i.e.,leachbed) and/orfeedingregime (i.e., batchsystem).

The produced VFA spectrum consisted mainly of acetic acid
2.8g L™, n-butyric acid 1.7 g L' and propionic acid 0.7 gL' (total
VFA concentration of 6.3 g L™'). Although the VFA:SCOD ratio
demonstrated that 57% of the soluble compoundswere converted
info VFAs, which is 3% higher than during steady phase, the VFA
yield (0.24 g VFA gVS™') was 25% lower. The main reason for that
is the relatively high pH value where it was difficult to counteract
the buffering capacity provided by NH,-N with HNO3; additions to
keep the pH relatively constant between 5 and 5.5. At a higher pH
value acetogenesis and methanogenesis are recovered resulting in
VFA loss through biogas production.

3.3.5.  Sodium hydroxide pretreatment

The NaOH concentration for substrate prefreatment that
resulted in the highest methane yield during batch AD has been
chosen for substrate pretreatment between days 72 and 99 of
the semi-contfinuous experiment. Mostly during this phase the
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Fig. 5. Main parameters monitored during the semi-continuous experiment. (A) specific biogas production (SBP), organic loading rate (OLR) and hydraulic retention time
(HRT); (B) volatile organic acids (VOA) and calculated volatile organic acids (CVOA); (C) ammonium-nitrogen (NH4-N) and pH value; (D) volatile fatty acid (VFA) and soluble

chemical oxygen demand (SCOD).

pHvaluewaskeptaround 5.0, resultinginanaverage VOAconcen-
tration of 8.8 g L™'. The NH,-N concentration retumed to the same
low level (0.1-0.15gL™") as found during steady phase. Under
these conditions it was possible to prevent any losses of VFA
through methanogenesis, since the observed SBP was nearly zero.

The average VFA yield reached ifs highest value during this
phase (0.44g VFAQVS™), representing an increase of 37% in com-
parison to the steady phase. Meanwhile, the VFA:SCOD ratio (0.54)
did not show any improvement, suggesting that NaOH pretreat-
ment enhanced primarily the hydrolysis phase, which  reinforces

the hydrolysis as the rate-limiting step during AD of FC. The total
VFA reached its highest average production (10.9 g L™'), which s
36% higherthan the average value found during the steady phase.
Finally, it is possible to assume that the syntrophic relationship
between acetogenesis and methanogenesis was inhibited by the
low pH observed during the sodium hydroxide pretreatment
phase, since the n-butyric acid production recovered from
0.01 g L™ during urea supplementation phase to 4.0 g L' and pro-
pionic acid increased from 0.5g L™ during steady phase to
T4gl™.
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4. Conclusions

The present study showed the effects of urea addition and
NaOH pretreatment on AD of FC. By increasing NH,-N provided
by urea, the VFAaccumulationwas drastically reduced by 75% dur-
ing semi-continuous experiment. NaOH pretreatment provided
positive effects during batch and semi-contfinuous experiment.
During batch experiment methane potential was increased by
22.4%, while during semi-confinuous experiment VFA yield
achieved maximum value of 0.44 g VFA gVS™' (37% higher than
found at steady phase). Such results can enhance the development
ofabio-basedeconomy, since the optimized VFA productioncould

substitute fossil based raw materials in several industrial
applications.
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4.1. Challenges for novel substrates in bioenergy production

Based on recent alarming figures regarding population growth and climate change (Thornton et al.,
2014; Wheeler & von Braun, 2013), the assessment of potential novel substrates for biogas and biofuel
production has to be reconsidered, since it involves, more than ever, complex issues related to land use
and waste management (Rey, 2013). Many substrates already used for biogas and biofuel production
are cultivated in agricultural regions, resulting in potential competition with food production in regard
to land use. For example, the cost-efficiency of biogas and biofuels in Germany, Brazil and USA
mainly relies on the use of agricultural crops. Germany, as the greatest biogas producer worldwide
(Hijazi et al., 2016; Weiland, 2010) and as an extensive biodiesel producer (De Oliveira & Coelho,
2016), uses mostly maize for biogas production and vegetable oils for biodiesel. Brazil and USA,
leading countries in bioethanol (Marin, 2016) and biodiesel production (Martins & de Andrade Janior,
2016; Tolmac et al., 2014), use sugarcane and maize, respectively, for bioethanol production and
vegetable oils for biodiesel (Fischer et al., 2009; Herrmann, 2013; Lewandowski, 2015).

Significant efforts and extensive research have been devoted to produce biofuels and biogas from
alternative substrates with low or no requirement of agricultural areas, such as algae (Debowski et al.,
2013; Mussgnug et al., 2010), cassava (Moshi et al., 2014) and crops grown on marginal lands (Popp
et al., 2015; Scordia et al., 2010). Waste products have also been intensively investigated for their
potential in biofuel and biogas production, e.g. apple waste with swine manure (Kafle & Kim, 2013),
coffee grounds (Kim et al., 2016), and fruit and vegetable waste (Bouallagui et al., 2003), among
others. Hence, considering the advances in research in recent years regarding process monitoring and
controlling, and efficient pre-treatment options, the decision to use novel substrates is oriented not
towards agricultural crops but rather towards alternative substrates and waste products.

Applying pre-treatments to novel substrates as a strategic part of the biogas process design is common
practice. Pre-treatment strategies for exploiting higher methane yields are predominately performed
firstly in batch tests in order to quickly estimate the conversion ratio of the novel substrate. However,
batch tests may show only the energy potential and disregard for instance the toxicity of most
inhibitors present in the treated substrate. The negative effects are masked due to the larger content of
inoculum compared to substrate used in batch tests. Also, the deficiency of micro- and macro-elements
of the substrate is normally disguised by the balanced elemental composition of the inoculum.
Furthermore, the adaptation of microorganisms to inhibitory substances is not considered in batch tests
due to the short running time. For example, Lv et al. (2014a) and Nie et al. (2015) have reported long-

term microbial adaptation under high ammonia concentration in a continuous biogas process.
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Therefore, combining the pre-treatment strategy together with a (semi-) continuous feeding system is
crucial in a feasibility and cost-efficiency assessment of the whole concept.

Many of the potential substrates considered for biogas production lack essential elements which ensure
an efficient microbial process. In mono-digestion processes, these substrates would not be
implemented extensively in the biogas sector due to eventual further costs of adding chemicals with
micro- and macro-elements. For this reason, the co-digestion of substrates which complement each
other in relation to the elemental composition is considered. For instance, Li et al. (2015) showed that
the optimal feeding ratio of rice straw to cow manure during anaerobic mesophilic co-digestion was
1:1 based on volatile solids. Wan et al. (2011) reported that the co-digestion of thickened waste-
activated sludge with fat, oil and grease at 64% volatile solids, increased biogas production by 137%.
During the assessment of potential co-digestion options, the local available resources are also taken

into consideration. Otherwise, the transportation costs of the co-substrate may circumvent profitability.

To ensure continuous biogas production from novel substrates, storage options are evaluated through
the different weather conditions throughout the year. In Europe, in order to guarantee an effective
storage of substrates for biogas production, ensilaging is commonly applied. In this case, a process
under low pH values and high concentration of organic acids, and cold temperature during long storage
period prevents further microbial degradation of the substrate. Still, due to energy losses during
undesirable aerobic degradation in the ensiling process, Weiland (2010) suggested compacting the
substrate in silos and covering it with plastic wrap. Later, after opening the bunker silo, Weiland
(2010) further recommends the application of heterofermentative starter cultures. In tropical countries,
where temperatures are much higher and rains are more intense, storage options, including previous
ensilage, are assessed according to each specific condition, e.g. dry and rainy seasons, hot days and

cold nights, and available local infrastructure.

The ensiling of substrates for biogas production is also considered as a pre-treatment process, because
part of the structural polysaccharides of the plant material is degraded. In order to further increase the
degradation ratio, some researchers, considering the long storage period, have investigated additional
biological pre-treatment with fungus to enhance methane production in the biogas process (Liu et al.,
2014; Zhong et al., 2011). Altogether, the great advantage of storing substrates is the flexibilization of
bioenergy production. In contrast to solar and wind energy, the stored substrates in the biogas sector
can be used to produce energy on demand (Lv et al., 2014b; Mulat et al., 2016). Hence, this contributes

to the consolidation of biogas as a reliable energy source.
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4.2. Implementing the biogas process in the sugarcane industry

Biogas production from sugarcane wastes has been described in a number of biorefinery concepts in
which Brazil, with its strong sugarcane industry, was presented as a case study (Rabelo et al., 2011;
Rend et al., 2014). Furthermore, in life cycle assessments performed on other sugarcane producing
countries such as Cuba (Contreras et al., 2009), India (Chauhan et al., 2011) and Columbia (Pabon
Pereira et al., 2006), biogas production from sugarcane wastes was considered as a sustainable option
for energy recovery. In this context, the application of biogas technology in the sugarcane industry
follows the current global trend towards sustainable development. This PhD thesis is part of the early
stage development of practical biogas research on sugarcane wastes with laboratory-scale reactors

simulating large biogas plants.

Few other scientists, who have contributed to the development of concepts for AD process in the
sugarcane industry, have studied basically the theory of a possible sustainable application of the biogas
production from sugarcane wastes (Chandel et al., 2012; Lettinga & Haandel, 1993; Moraes et al.,
2014; Moraes et al., 2015; Pabon Pereira et al., 2006). Only few other studies used laboratory-scale
reactors investigating continuous biogas production from sugarcane wastes (Costa et al., 1986;
Lakshmanan et al., 1990; Souza et al., 1992; Thangamuthu, 2010). However, they were using very
simple monitoring techniques and vague approaches. Publications arising from this PhD thesis were
based on clear monitoring of parameters with modern techniques to undoubtedly show the effects of

controlled variations on the process.

In view of the evaluation of the experiments performed in this work, it was observed that despite
promising biochemical methane potential (BMP) results, bagasse in mono-digestion process for
continuous biogas production is not recommended due to its very high C:N ratio and low
concentrations of important trace elements. Moreover, potential competition with the thermal energy
recovery (incineration) and with the production of second generation bioethanol was consider as risk
for the mono-digestion of bagasse (Bezerra & Ragauskas, 2016). The other lignocellulosic waste,
straw, was evaluated in a similar fashion to bagasse with respect to high carbohydrate and lignin
content, and low trace elements concentration. However, straw can still be used for energy recovery
purposes, because it is simply left on the fields or burned without energy recovery to facilitate
harvesting. Although a few other studies have reported the pre-treatment of filter cake (Lopez
Gonzalez et al., 2014; Lopez Gonzalez et al., 2013), they conducted experiments only in batch tests.
Vinasse has shown satisfactory potential for biogas production in the batch essays in comparison to
other industrial wastewaters (Maya-Altamira et al., 2008).
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Considering the final products from AD process, Brazil has a great potential to implement biogas
technology successfully in the sugarcane industry, since the initial infrastructure for the use of biogas
commodities already exists. Electricity demand is continuously increasing in emerging economies and
developing countries. Heat can be used in the industry itself during the distillation process.
Biomethane can serve as a biofuel for vehicles used in the agriculture and industry, from the sugarcane
fields to bioethanol/sugar distribution. Additionally, it can also replace the use of imported natural gas.
In this case, the pipes coming from Bolivia and going to Sdo Paulo could also be used for
transportation of upgraded biogas (Janke et al., 2014). Digestate as a well-balanced fertilizer can easily
stop the direct disposal of sugarcane wastes into the environment in the sugarcane fields. Furthermore,
it can prevent the use of mineral fertilizer. In addition to all these benefits in supporting the
implementation of biogas technology in the sugarcane industry, Brazil may provide additional
conditions for biogas development after winning the long fight in regulating the laws on waste
management (Jabbour et al., 2014; Janke et al., 2014).

Based on the sugarcane production of the 2015/2016 season (UNICA, 2016) and on the BMP of raw
straw, bagasse, filter cake and vinasse found in this PhD thesis, the biogas process in the Brazilian
sugarcane industry is able to provide a total electricity production around 56 TWh (203 PJ) per year
(as much as 42% conversion in the combined heat and power system). In this case, only 50% of the
straw and 12% of the bagasse were considered available for the biogas process, since the burning of
straw prior to manual harvesting and the thermo-conversion of bagasse into heat and electricity are
currently applied (De Paoli et al., 2011). Filter cake and vinasse were considered to be 100% available
for the biogas process. By selling biogas electricity, the Brazilian sugarcane industry could earn, in
local currency, close to R$ 16 billion (considering an electricity price of 0.28 R$/kWh). In Figure 8,
the potential electricity capacity of biogas power plants is shown for each single sugarcane waste.
Considering only the potential for biogas production from the four sugarcane wastes in Brazil, the
electricity capacity in the sugarcane industry would be approximately 41% larger than the current
biogas-installed capacity in Germany. Furthermore, the sugarcane industry could cover about 12% of
the total electricity consumption of Brazil in 2016 simply by using its wastes for biogas production. If
Brazil substituted natural gas with biogas as a fuel source for electricity generation, approximately 23
Tg CO, emissions could be saved. Despite this, GHG emissions from sugarcane fields and vinasse

lagoons could be prevented by using sugarcane wastes in biogas processes.
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Figure 8. Potential electricity capacity of biogas power plants in the Brazilian sugarcane industry
compared to the total biogas-installed capacity in Germany. By estimating the potential values, a

capacity factor of 90% was considered for the biogas combined heat and power system.
4.3. Microbial ecology reveals opportunities for an efficient process

Very often the biotic component of engineered ecosystems, such as in biogas processes, is ignored by
operators and researchers, who in recent decades have mostly focused on the abiotic component (e.g.
pH, VOA and VFA concentration) in order to solve certain process imbalances and/or enhance
productivity (e.g. application of pre-treatment to the substrates) (Koch et al., 2014). However, the
relation between abiotic and biotic components is crucial for the stability of the biogas process,
especially for novel substrates such as sugarcane wastes. The combination of microbial community
dynamics and physico-chemical process parameters forms the basis for the development of predictive
process models for monitoring biogas production. Additionally, information regarding microbial
community structure at high performance provides insights into microbial resource management in
order to avoid process disturbances and thereby profit disruptions due to lower biogas production
(Koch et al., 2013; Merlin Christy et al., 2014).

The development of new concepts based on microbial resources management relies on a deep
understanding of the microbial interactions and their dependency on technical process set-ups.
Nevertheless, current knowledge on this matter is limited, which hinders further development (Walter
et al., 2012). Although changing the process conditions and/or managing the microbes seems to be
much easier in laboratory-scale reactors compared to full plants, this should not be a limiting factor for
the development of microbial resource management at the large scale. As an example, a biogas process
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with a number of disturbances and low production could be managed with robust specific microbes
which provide fast process recovery. In this context, in the experiment with the gradual OLR increase
(subsection 3.1.), the bioaugmentation of the versatile genus Methanosarcina in the reactor ecosystem
under acidification could have potentially recovered the process in the sense that it would have reduced
the large accumulation of VFA by consuming acetate. In this case, Methanosarcina was the most
promising methanogen, because this genus has been shown to predominate in the mono-digestion of
filter cake and its co-digestion with bagasse under stable process conditions also in the experiments

with different inoculation strategies (subsection 3.3.).

With the advance of microbial fingerprinting technologies applied to the optimisation of consolidated
industrial process, new questions have been raised regarding the Baas-Becking hypothesis, in which
the following assumption is formulated ‘Everything is everywhere, but, the environments selects’
(Becking, 1934; De Wit & Bouvier, 2006). The reason for that refers to the limitations in detecting
many microbial species that are only latently present, which implies a distorted observation of the
microbial biodiversity found in a certain environment (De Wit & Bouvier, 2006; O’Malley, 2008).
Considering the Baas-Becking hypothesis, microbial management in a bioprocessing system such as
the biogas process should focus on the communities environmentally selected by previously
determined conditions, which are based on an effective biodegradation ratio and/or process recovery.
In this way, a microbial community with stability, resistance and resilience might improve the process
yield and/or prevent drawbacks in biogas production when eventually the environmental parameters
change. Further reference to the Baas-Becking hypothesis is applied to the inoculation of a
bioprocessing system. The experiments with different inoculation strategies performed in this work
show that, at steady-state, the microbial community in all reactors with the same environmental
conditions was very similar, independently of whether cattle manure or mixed inoculum were used to
inoculate the reactors. Although the research developed in this PhD thesis was performed in Germany
and not in Brazil, where the biogas process should be implemented in the sugarcane industry, the same
microbial community detected in the experiments presented here is expected to be found in Brazil

under the same process conditions, even when using fresh manure from Brazilian cattle.
4.4. Stable isotope fingerprinting as a monitoring tool for biogas process

The microbial community dynamics assessed through molecular biology techniques was followed by
stable isotope fingerprinting, as shown in experiments with different inoculation strategies and gradual
increase in OLR. This revealed that the isotope technique is a very promising monitoring tool for

biogas process. Its effectiveness in detecting rapid changes in microbial activity provides crucial
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information about process disturbances at an earlier stage. The development of stable isotope
fingerprinting as a monitoring tool for the biogas process is still at an initial phase and requires,
therefore, specific ecological models that combine results from microbial ecology and isotope
composition. Inconveniently, in the up-to-date analysis of stable isotope composition of methane, the

diagram combining the carbon and hydrogen isotope composition of methane (613CCH4 and SZHCHA) and

the apparent fractionation factor aC proposed for evaluating the predominant methanogenic pathway in
environmental samples (Conrad, 2005; Sugimoto & Wada, 1995; Whiticar, 1999; Whiticar et al.,

1986) do not completely agree with the results from the biogas process.

In the experiment performed in this work, it was observed that more frequent sampling with an
automated measurement procedure is strongly recommended in order to achieve greater reproducibility
and reliability, especially regarding the 2H isotope signature of methane, which was further influenced
by the isotope composition of the process water. Blaser and Conrad (2016) have suggested monitoring
the performance of several experiments under identical conditions to ensure the variability of the
isotopic signatures. They also recommend the investigation of distinctive effectors influencing the
range of fractionation factors in microbial cultures in order to better understand the biogeochemical
pathway. Unfortunately, applicability of stable isotope fingerprinting in the context of biogas
production in the sugarcane industry is currently speculative due to the fact that only very few
laboratories in the country have this so-far expensive technology. New developments of optical
methods based on laser absorption spectroscopy enable the continuous measurement of stable carbon
isotopes with significant precision (Polag et al., 2015). The more widespread utilization of this
approach, also outside the biogas sector, is expected in future. This might influence the price of the

technology in a way to be affordable for the biogas industry.
4.5. Final remarks and future perspectives

During continuous biogas production of sugarcane wastes, it was observed that the nitrogen
bioavailability of filter cake was very low despite its suitable C:N ratio for the AD process. In this
case, nitrogen supplementation is recommended in order to ensure a stable process for biogas
production. Special monitoring of nitrogen addition should be carried out during the production of
VFA under low pH values (around 5.5). This is due to fact that the increase in nitrogen in the process

contributes to the buffer capacity, tending thus to elevate the pH to neutral values.

The pre-treatment of filter cake with sodium hydroxide provided an increase in chemical oxygen
demand (COD) solubilization and VFA vyield. However, in order to implement such pre-treatment on a

larger scale, further research should be conducted to evaluate its cost-efficiency under different
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conditions related to the location of the sugarcane industry (e.g. transportation and nitrogen supply
costs). Other pre-treatment strategies applied to continuous biogas production of sugarcane wastes
(e.g. steam explosion, liquid hot water, enzymes and acid/biological/alkaline pre-treatments) should

also be further investigated, taking into consideration their cost-effectiveness to the process.

Bagasse, straw and filter cake as solid waste products have the potential to be used as in CSTRs, which
is the most common biogas reactor configuration applied nowadays in Germany (Weiland, 2010). In
order to lower the total solid concentration of the biogas process using these waste products as feeding
substrates, vinasse could be used as a co-substrate to keep the process under wet conditions. In the case
of the mono-digestion of vinasse, the best suitable options regarding reactor type are considered to be
those with biomass retention, such as fixed bed reactors, UASB reactors or fluidised bed reactors (Pant
& Adholeya, 2007; Rajeshwari et al., 2000).

Process inhibition under a surplus of certain chemical elements such as sulphur and potassium present
in the sugarcane wastes was not observed in the semi-continuous feeding experiments. However,
foaming and acidification in the mono-and co-digestion set-ups limited the application of higher OLR
and lower HRT. Since this may be related to certain elements, further investigation into this matter is
required. In this context, microbial resource management could provide microbes associated with the
degradation of specific foam generating compounds, or microbes that may contribute to a faster

conversion of acetate into methane, avoiding thus VFA accumulation.

Further experiments on the microbial ecology of AD processes from sugarcane wastes would provide
further knowledge about the functional organisation of microbial communities that yield greater
productivity, or even single species that are able to perform the desired functions. Based on the current
infrastructure situation of the sugarcane industry, on the characteristics of the waste products and on
the already performed experiments, research on the following topics is strongly recommended: (a)
restart-up of the biogas process after storage of the digestate under environmental temperatures during
the sugarcane industry offseason; (b) gradual change of the feeding substrate using silage of sugarcane
wastes in order to maintain biogas production throughout the entire year; (c) application of distinct
reactor types, focusing on biomass retention during the AD process of vinasse; (d) addition of macro-

and microelements in the biogas process of sugarcane wastes.

Considering the research conducted in this PhD thesis, the future of the Brazilian sugarcane industry
would appear promising in terms of efficient biogas production from its different wastes. Despite the
recent drawbacks in Brazil’s economy and therefore limited financial resources, the country still has an

opportunity to develop its waste management along with economic growth, environmental protection
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and social health. Brazil currently has a cultural tendency to search for new opportunities during
economic recession. Now may be the right time for promoting innovation through biogas production
from sugarcane wastes, and thus reactivating the economy and ensuring sustainable development. The
benefits of biogas processes to the sugarcane industry shown in this PhD thesis provide the insurance
to develop a reliable investment plan of biogas projects. Considering the present situation in Brazil, a
pilot biogas plant is strongly recommended based on its lower investment costs. By increasing the
number of installed biogas plants in the sugarcane industry, more companies would then have the
courage to invest further and the market would consequently develop by itself. However, this
optimistic and reasonable pathway should be carried out together with governmental incentives
regarding subsides for biogas commodities. Moreover, the government should provide stricter
environmental regulations and monitoring of the sugarcane industry in order to promote sustainable

waste management.
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Supplementary material for the subsection 3.1.

Table S1. Sequence analyses of representative mcrA/mrtA gene clones.

Closest cultivable relative BstNI
Clone (Acc. No.) Sequences ] ] )
cc. No.) with sequence identity - p
(Acc. No.) with dentit T-RF (bp)
Methanobacterium - - -
Methanobacterium congolense strain NBRC 105227
E10-8H2 (LN847074) 469
(AB542748.1) 73%
Methanobacterium formicicum
E2-8H1 (LN847075) 6 470
(LN515531.1) 86%
Methanobacterium formicicum strain BRM9
C9-8C1 (LN847076) 6 463
(CP006933.1) 86%
Methanobacterium kanagiense
C1-8H2 (LN847077) 8 469
(AB551869.1) 90%
Methanobacterium sp. MB1
E8-8H1 (LN847078) 3 332
(HG425166.1) 99%
Methanoculleus - - -
Methanoculleus bourgensis MS2T
A1-8C1(LN847079) 6 93
(HE964772.2) 99%
Methanoculleus bourgensis strain MAB1
H8-8C2 (LN847080) 1 93
(KJ708788.1) 93%
Methanoculleus chikugoensis
C6-8C2 (LN847081) 9 91
(AB288270.1) 93%
Methanoculleus chikugoensis strain NBRC 101202
D10-8C2 (LN847082) 1 92
(AB703634.1) 90%
Methanoculleus sp. M07
A12-8C1 (LN847083) 6 92
(AB288284.1) 93%
Methanomassiliicoccus - - -
Methanomassiliicoccus luminyensis strain B10
C10-8C1 (LN847084) 2 408
(HQ896500.1) 93%
Methanoregula - -
Methanoregula formicicum SMSP
H3-8H2 (LN847085) 6 338

(CP003167.1) related 81%

Methanosaeta
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Methanosaeta concilii strain NBRC 103675

A10-8C1(LN847086) 15 127
(AB679170.1) 93%
Methanosarcina - - -
Methanosarcina mazei Tuc01
A4-8C1 (LN847087) 9 55
(CP004144.1) 93%
Methanosarcina thermophila TM-1
B3-8C1 (LN847088) 29 56
(AB353225.1) 96%
Methanosarcina mazei strain KOR-4
B1-8XH1 (LN847089) 1 55
(KC292223.1) 99%
Methanosarcina mazei strain NBRC 101201
B9-8XH1 (LN847090) 1 487
(AB703645.1) 99%
Methanospirillum - - -
Methanospirillum stamsii strain Pt1
B11-8C1 (LN847091) 3 344

(KC951357.1) 95%

The mcrA/mrtA gene sequences detected in the study under subsection 3.1 were deposited in the

European Bioinformatics Institute (EMBL-EBI) database under the accession numbers LN847074-

LN847091.
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Supplementary materials for the subsection 3.3.
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Supplementary Figure S1. Duplicate T-RFLP profiles of the methanogenic community dynamics for

each reactor in order to show the reproducibility of the T-RFLP approach.

147



Supplementary materials

600

500 .

B
<
(=]

5o
(=)
(=

Number of OTU observed
=
[=]

T e . o et el o0 v e
T er e e W e

100

0
OO AN TR TS DT =0 =10 — 10— 0 —NooMmOowmomnmewmmowao
ST ZEH ORI IR EARAN VRO LRI A FH N ON00G Y o
ANEANE - FEOADADHANX IO 00X oFEOTED M0
e, AN ANMTTFTNNINOOOE RO RRTNHOOO D — = A
i/ BN SN B B B S
Number of sequences sampled
—R35 day0th —R3.6 dayOth ——R3.7 dayOth ——R3.8 dayOth

—R3.5 day 44th —R3.6 day 44th —R3.7 day 44th —R3.8 day 44th
——R3.5 day 113th—R3.6 day 113th—R3.7 day 113th—R3.8 day 113th

Supplementary Figure S2. Rarefaction curves of the pyrosequencing data of the 16S ribosomal RNA
genes from the four co-digestion reactors (R3.5, R3.6, R3.7 and R3.8) at three different sampling
points along the experiment.
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Supplementary Table S1. Beta diversity indices based on 16S rRNA gene amplicon sequences

showing the community similarities between samples.

Day 0 Day 44 Day 113

R3.5 R3.6 R3.7 R3.8 R3.5 R3.6 R3.7 R3.8 R3.5 R3.6 R3.7 R3.8
R3.5 | -0.0087 00265 00110  -0.0067 | -0.2098  0.1676  0.1964  0.1496 | -0.0073  -0.0659 00386  -2.70E-09
Day R3.6 | -0.0121 00147 00080  -0.0033 | -0.2560  0.1325  0.0481 02478 | 00082 00607  -0.0391  -2.70E-09
0 R3.7 00143  -00193  -00118  -0.0246 | -0.2830  -0.3782  0.0503  -0.0446 | -0.0227  0.0491  0.0503  -2.70E-09
R3.8 | 00083  -0.0041 00041 00367 | -0.2858  -0.3787  0.0403  -0.0580 | 00181  -0.0460  -0.0510  -2.70E-09
R3.5 | 00963  -0.1116 00610  -0.0733 | -0.0533 02056  0.0437  -0.1497 | 00293 00014  -0.0108  -2.70E-09
Day R3.6 0.0500  -0.0626  -0.0760  0.0951 | -0.0440  0.2502 0.0461  -0.1116 | -0.0385  0.0125 0.0008  -2.70E-09
44 R3.7 | -0.0964  0.0405 0.1058 0.0492 | -0.1455 01062  -0.2145  -0.0675 | -0.0193  0.0024 00135  -2.70E-09
R3.8 | -0.0552 00630  -0.0974  -0.0642 | -0.2067  0.1219  -0.2087  -0.0591 | 0.0260  -0.0147  -0.0012  -2.70E-09
R3.5 | -01344 00070  -0.0065 00237 | 04046  -0.0215  0.1460  -0.0582 | 0.0864  0.0176  0.0093  -2.70E-09
Day R3.6 | -00786 -0.1341  -0.0132  -0.0232 | 0.3983  -0.1198  -0.1162  0.1384 | -0.0492  -0.0195  -0.0049  -2.70E-09
113 R3.7 0.0213 0.1308 0.0102  -0.0381 | 03669  -0.0039  0.1201  -0.0932 | -0.0730  0.0064  -0.0216  -2.70E-09
R3.8 | 01950 00493 00048 00288 | 03142  -0.0818  -0.1515  0.1060 | 0.0420  -0.0041  0.0161  -2.70E-09
eigvals 00873 00609 00309 00263 | 08956 04846 02108 01745 | 00213  0.0137  0.0093  8.73E-17

% variation

43334 30200 15319  1.3069 | 444419 240463 104624 86594 | 10586  0.6785 04606  4.33E-15

explained

Legend: The values were obtained using unweighted UniFrac.
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Supplementary Figure S3. Two dimensional version of 3D principal component analysis diagram

based on the beta diversity of bacterial communities in various reactor samples taken at different time

points.

150



Supplementary materials

Stress = 0.098
<
—
0C
r\
4
_Lzrm' \
-
-——_-—---"’- - \ Y] '\ oD
23Ry —mmm—T TN 4
- emea \
r ’l 1288 g 'l
o — / 1 113B / |
< 28 [} [ x 1
1o P L '
4 /4 " [ JEET
R S
o J i _—————m T |;Z)];;l '.
n s --l'----- ) ! 'ﬂ\Jf ,‘
a , ————— ! "[J:\
= 4 Uie o == ! "/ 128D
Z J 4 ! V7o '.“’*\
4 4 (] 4’ i';:u'l,u.%l)
o 4 I, [ 6[)." 19D 'HM‘
S 4 P 2 h
o §518 4 leoc 60A
oAy \)\‘I . ! dang1Al g 60D3IA [ 5
oy | : )/ N L= 2l
Ve e ——— S I it
! -\.‘--'-- e 1/ herc ’
\ == —— 1 sic ¥
N - ' ' 51C
-— e ! 67 «
}\ “‘-"--_“.. ',’ Hl ’9()[)
" s~ ! :[-)—/(_.’l
S 2[*{;{[) 67A
21D35¢
Mono-digestion _Mixed inoculum (A —R3.3 and B — R3.4)
Co-digestion Mixed inoculum (A —R3.5 and )
Co-digestion  Cattle manure inoculum (C - R3.7 and D — R3.8)
| | | |
-1.0 -0.5 0.0 0.5

NMDS1

Supplementary Figure S4. N-MDS plot showing the similarity of the methanogenic community

compositions in parallel reactors based on the Bray-Curtis dissimilarity index.
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The Supplementary Table S2 containing the list of obtained OTUs for the co-digestion reactors at three
different sampling points can be found wunder the following link <https://static-
content.springer.com/esm/art%3A10.1186%2Fs13068-016-0548-4/MediaObjects/13068 2016 548 M
OESM2_ESM.xlsx>.

Furthermore, the de-multiplexed sequences from the pyrosequencing analysis obtained in the study
under subsection 3.3. are deposited under the EMBL-EBI accession number PRJEB12073
<http://www.ebi.ac.uk/ena/data/view/PRIEB12073>.
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