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RESUMO

A cana-de-agucar desempenha papel estratégico na economia brasileira, sendo a principal
matéria-prima para agucar ¢ etanol. Na safra 2025/26, o Brasil consolida-se como maior
produtor mundial, com estimativa de 669 milhdes de toneladas de cana e cerca de 27 bilhdes
de litros de etanol. A produgdo desse biocombustivel gera grandes volumes de efluentes, como
avinhaga (10 a 15 L por litro de etanol) e, paralelamente, cerca de 140 kg de palha por tonelada
de cana colhida. Atualmente, a vinhaca destina-se a fertirrigagao e a palha ao manejo do solo
no pos-colheita. A vinhaga, rica em matéria organica e minerais quando utilizada de forma
continua e sem manejo adequado na fertirrigacao, pode causar poluicao do solo e das aguas
subterraneas. J4 a palha da cana, um residuo lignoceluldsico, ainda representa desafios: o
acumulo deste material no campo e seu potencial energético ¢ subaproveitado. Embora
contenha cerca de um ter¢o dos carboidratos estruturais da cana, parte desses acucares,
especialmente as pentoses da hemicelulose, s6 ¢ convertida em etanol de segunda geracdo por
microrganismos geneticamente modificados, o que torna o processo economicamente
desafiador e ainda pouco competitivo em relacdo ao etanol de primeira geracao. Nesse contexto,
a elevada DQO da vinhaga e os carboidratos da palha despontam como fontes estratégicas para
a producdo de hidrogénio (H:) e metano (CHa) via fermenta¢do e digestdo anaerdbia,
possibilitando simultaneamente o tratamento de residuos e a geracao de bioenergia. Este estudo
teve como objetivo produzir H: a partir da vinhaga e do hidrolisado hemicelulésico (HH) da
palha, em mono-fermentagdo e em cofermentacdo, além de gerar CHa de forma sequencial a
partir dos efluentes das fermentagdes. Lodo anaerdbio de estagdo de tratamento de esgoto foi
utilizado como inéculo. Sistemas selados ou com liberagdo de géas foram utilizados para
entender os efeitos da pressdo parcial de hidrogénio na etapa de fermentacdo. A producdo de
H: a partir da vinhaga (25 gpgot/L) atingiu 246 NmL/L em 48 horas, sob condi¢do termofilica
(50 °C), pH 5,5, utilizando reator acoplado a mandmetro e valvula de liberacdo de gas, evitando
que a pressao excedesse 0,6 bar. A pressdo parcial ndo foi um fator dominante na inibi¢cao da
producdo de H, pois o estudo comparativo com frasco selado ndo apresentou diferencas
significativas em relagdo ao reator com controle de pressdo, indicando que, nas condi¢des
estudadas, a complexidade do processo estd mais associada as caracteristicas do efluente. Nas
fermentagdes com hidrolisado hemicelulosico, foram avaliadas concentragdes de 1, 5 e 10 g/L
de carboidratos em reatores selados, nas mesmas condi¢des de pH e temperatura aplicadas a
vinhaga. O desvio de rota, principalmente para a via homoacetogénica, foi observado devido a
concentracdo de gas no sistema, que favoreceu a ativa¢do dessa via. Em concentracdes mais
elevadas, como 10 g/L, a fermentagdo realizada em reator manométrico com liberacao de gas
atingiu 1108 NmL/L em 24 horas, um valor 82% superior ao obtido no sistema selado. A
cofermentacdo da vinhaga e do hidrolisado melhorou a adapta¢do microbiana ao meio com
vinhaca, resultando no aumento de 58% de H:. em comparacdo a fermentagdo apenas com
vinhaga, atingindo 387 NmL/L de Hz, com relacdo C/N 24. Neste estudo foi evidenciado que
os carboidratos do hidrolisado auxiliaram na digestibilidade da vinhaga pelos microrganismos.
A producao sequencial de CHa a partir do efluente da cofermentacdo gerou 4529 NmL/L (343
NmL/gpqo); o efluente da mono-fermentagdo da vinhaga alcancou 3618 NmL/L (386
NmL/gpqo), frente a 2628 NmL/L (185 NmL/gpgo) obtidos na digestdo direta da vinhaca in
natura. Ja a digestdo em dois estagios do efluente do hidrolisado elevou a producao de CH4 em
cerca de cinco vezes (1259 NmL/L; 190 NmL/gpqo), comparada a digestdo em um estagio (253
NmL/L; 20 NmL/gpgo). A separagdo da digestdo anaerdbia em dois estdgios permitiu o pré-
tratamento da matéria-prima para a etapa metanogénica, resultando em maiores ganhos na
producdo e concentragdo de CH4 no biogas. Este estudo destaca os beneficios da cofermentacao
e da digestdo em dois estagios para a integragdo da bioenergia em biorrefinarias de cana-de-
agucar.

Palavras-chave: vinhaga, pentoses, cofermentacao, hidrogénio, metano, biogas.



ABSTRACT

Sugarcane plays a strategic role in the Brazilian economy, serving as the primary raw material
for sugar and ethanol production. In the 2025/26 harvest, Brazil consolidated its position as the
world's largest producer, producing 669 million tons of sugarcane and approximately 27 billion
liters of ethanol. Ethanol production generates significant volumes of effluents, such as vinasse,
with about 10 to 15 liters produced per liter of distilled ethanol. Additionally, sugarcane
harvesting and processing generate around 140 kg of straw per ton of harvested cane. Currently,
the main uses of these byproducts are fertigation for vinasse, while sugarcane straw is used for
soil management after harvest. Vinasse, a material rich in organic load (COD) and minerals,
can lead to soil and groundwater pollution when applied continuously and without proper
management. Given the large volumes produced, sustainable management strategies are
essential. Sugarcane straw, a lignocellulosic residue, also presents challenges: its accumulation
in the field and its energy potential remain underutilized. Although it contains ne-third of the
structural carbohydrates of sugarcane, part of these sugars, particularly hemicellulosic pentoses
from the hemicellulosic fraction, can only be converted into second-generation ethanol by
genetically modified microorganisms, making the process economically challenging and still
less competitive than first-generation ethanol. In this context, the high COD of vinasse and the
carbohydrates from straw hemicellulose emerge as strategic substrates for hydrogen (H2) and
methane (CH4) production through fermentation and anaerobic digestion, providing both waste
treatment and bioenergy generation. This study aimed to produce H. from vinasse and
hemicellulose hydrolysate (HH) of sugarcane straw, both individually and through co-
fermentation, and to sequentially generate CHa from the fermentation effluents. Anaerobic
sludge from a wastewater treatment plant was used as inoculum. Both sealed systems and gas-
releasing systems were evaluated to assess the effects of partial pressure. Hydrogen production
from vinasse (25 gcon/L) reached 245.86 NmL/L within 48 hours under thermophilic conditions
(50°C, pH 5.5) using a manometric reactor equipped with a gas release valve to prevent
pressure from exceeding 0.6 bar. Partial pressure was not a dominant inhibitory factor for H»
production, as comparison with sealed reactors revealed no significant differences, indicating
that the complexity of the process is more closely associated with the characteristics of the
effluent. Fermentation with hemicellulose hydrolysate was evaluated for carbohydrate
concentrations of 1, 5, and 10 g/L in sealed reactors under the same pH and temperature
conditions. Pathway shifts, primarily towards the homoacetogenic pathway, were observed due
to gas accumulation, which favored its activation. At higher concentrations, such as 10 g/L,
fermentation using a manometric reactor with gas release achieved 1107.97 NmL/L in 24 hours,
an 82% increase compared to the sealed system. Co-fermentation of vinasse and hydrolysate
improved microbial adaptation to the medium, resulting in a 58% increase in H> production
compared to vinasse mono-fermentation, reaching 386.60 NmL/L of H> with a C/N ratio of 24.
This study demonstrated that carbohydrates from the hydrolysate enhanced the digestibility of
vinasse by microorganisms. Sequential CHa production from the co-fermentation effluent
reached 4529 NmL/L (343 NmL/gcop), while the effluent from single-stage vinasse
fermentation achieved 3618 NmL/L (386 NmL/gcop), compared to 2628 NmL/L (185
NmL/gcop) obtained from the direct digestion of raw vinasse. Two-stage digestion of the
hydrolysate effluent increased CHa4 production approximately five-fold (1259.37 NmL/L; 190
NmL/gcop) compared to single-stage digestion (253.40 NmL/L; 20 NmL/gcop). The separation
of anaerobic digestion into two stages allowed for substrate pretreatment for the
methanogenesis, resulting in greater CHs production and concentrations in the biogas. Overall,
this study highlights the benefits of co-fermentation and two-stage digestion for enhancing
bioenergy integration within sugarcane biorefineries.

Key-words: Vinasse, pentoses, co-fermentation, hydrogen, methane, biogas
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1 INTRODUCAO

A cana-de-actcar ¢ uma das matérias-primas de maior valor econdmico no Brasil. Na
safra 2025/26, ¢ estimada a produgdo de 668,9 milhdes de toneladas de cana, resultando em
aproximadamente 27 bilhdes de litros de etanol (CONAB, 2025). O ciclo produtivo desse
biocombustivel gera uma quantidade expressiva de efluente, a vinhaga, na propor¢do de 10 a
15 litros para cada litro de etanol destilado (Almeida e Colombo, 2021). Assim, serdo gerados
cerca de 270 bilhdes de litros de vinhaga neste periodo.

Atualmente, a vinhaga é amplamente utilizada na fertirrigagao das culturas agricolas
associadas a producao de etanol. No entanto, o uso continuo e excessivo desse efluente pode
acarretar impactos ambientais significativos, devido a sua elevada concentragdo de sais e alta
carga organica, podendo resultar em erosdo do solo, eutrofizagdo de corpos d’dgua,
contaminagdo de lengois freaticos e processos de desertificacdo (Corazza, 2001; Fuess, Garcia
e Zaiat, 2018). Por outro lado, a elevada carga organica, proveniente de residuos de agucares,
proteinas e acidos organicos, aliada a presenca de minerais como nitrogénio, fésforo e potassio,
torna a vinhaca uma fonte potencial de carbono e nutrientes para microrganismos anaerobios,
possibilitando sua utilizagdo na produgdo de hidrogénio (H2) e metano (CH4) (Elihimas et al.,
2025; Fuess, 2024; Sydney et al., 2021; Vandenberghe et al., 2022).

Além da vinhaga, residuos solidos, como a palha, também sdo gerados durante a colheita
e o processamento da cana-de-agucar para a producgdo de agtlicar e etanol (Ferreira-Leitdo et
al., 2017). Estima-se que cerca de 123 milhdes de toneladas de palha tenham sido produzidas
na safra analisada, e esse material permanece no campo apos a colheita (Castro et al., 2019;
CONAB, 2025; Watanabe et al., 2020). A palha ¢ um residuo lignoceluldsico composto
principalmente por celulose (22-29%), hemicelulose (23-31%) e lignina (19-34%) (Almeida
e Colombo, 2021; Menandro et al., 2017; Tomasini, 2020).

O aproveitamento da celulose para a producao de etanol de segunda geragdo (2G) ou
para outros produtos baseados em uma plataforma utilizando glicose ¢ explorado em algumas
biorrefinarias do Brasil (Aguiar et al., 2021; EPE, 2025; Lorenzi e Andrade, 2019). A
hemicelulose, por sua vez, constitui a segunda maior fracdo estrutural, composta
majoritariamente por pentoses (fragdo C5). Quando submetida a pré-tratamento 4cido, essa
fracdo libera os carboidratos em sua forma monomeérica no meio liquido (Moutta et al., 2013;
Silva, da et al., 2013). No entanto, a conversdo das pentoses em etanol ainda enfrenta desafios
consideraveis. Embora existam leveduras naturalmente capazes de metabolizar esses agucares,

como Spathaspora passalidarum, Pichia stipitis, Candida shehatae e Pachysolen tannophilus
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(Garcia-ochoa et al., 2021) tais microrganismos apresentam baixa tolerancia ao etanol e elevada
sensibilidade aos compostos inibidores do hidrolisado, especialmente acido acético e furfural,
o que resulta em reducdes acentuadas nos rendimentos e produtividades fermentativas (Perez
et al., 2022). O uso de Saccharomyces cerevisiae geneticamente modificada tem avancado na
viabiliza¢do da fermentagdo de pentoses; contudo, a diauxia ainda representa um obstaculo
central. A preferéncia pela glicose retarda o inicio da metabolizacdo da xilose, prolongando o
tempo total de fermentagao e reduzindo a eficiéncia do processo (Pinheiro et al., 2025). Apesar
desses desafios, a hemicelulose tem potencial para ser utilizada como matéria-prima em outros
bioprocessos, como a produgdo de hidrogénio (H2) ¢ metano (CHs) por meio da digestao
anaerobia utilizando fonte de microrganismos de ambientes naturais como lodos anaerdbios
(Mattiello-Francisco et al., 2024; Sa, de et al., 2020; Tomasini, Faber e Ferreira-Leitao, 2022).

Além disso, os carboidratos da fragao C5 podem ser utilizados como cossubstratos em
processos fermentativos com a vinhaga. A conversao bioldgica desse efluente ainda enfrenta
desafios, que exigem investigacdes detalhadas sobre sua composi¢ao, a presenca de compostos
recalcitrantes, as vias metabdlicas empregadas pelos microrganismos e as relagdes entre
carbono e nitrogénio (C/N) (Comparato et al., 2024; Elihimas et al., 2025; Luz et al., 2020;
Piffer et al., 2022). Nesse cendrio, a cofermentagdo com outras fontes de substratos destaca-se
como uma estratégia promissora, pois a combinacdo de diferentes residuos permite a
complementacdo das propriedades das matérias-primas, favorece o equilibrio nutricional do
meio reacional, especialmente no que se refere as relagdes C/N, e potencializa a producao de
Ho>.

Considerando a crescente relevancia desse gas, ¢ importante destacar que o Hz ¢
amplamente utilizado em diversas industrias, como as de metalurgia, petréleo, fertilizantes e
processamento de alimentos (Osman et al., 2021). Além dessas aplicacdes, destaca-se como
vetor energético devido a sua alta densidade energética (141,9 MJ/kg) e a formagdo exclusiva
de 4gua como subproduto da sua combustdo (Castellanos-Sanchez et al., 2024). Em razado
dessas caracteristicas, o H> desponta como um dos principais candidatos a protagonizar a
transicao energética global rumo a uma economia de baixo carbono (ABH2, 2024). No entanto,
atualmente o Hz ¢ produzido majoritariamente a partir de hidrocarbonetos ou carvao, o que
intensifica o consumo de combustiveis fosseis e contribui para o aquecimento global (IEA,
2025). A sustentabilidade energética do H» depende fundamentalmente da rota utilizada para
sua obten¢do. Nesse contexto, a via bioldgica destaca-se por ser um método carbono-neutro e

por apresentar vantagens relevantes em relacdo aos processos termoquimicos e eletroquimicos,
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incluindo a menor demanda energética, j4 que opera em condigdes brandas de pressdo e
temperatura (Ananthi et al., 2024).

Assim como o Hz, o metano (CHa) também se configura como um vetor energético,
apresentando elevado poder calorifico (55 MJ/kg). O CHa pode ser convertido em energia
elétrica e térmica, utilizado como combustivel veicular e também como gés de cozinha
(Castellanos-Sanchez et al., 2024). Por apresentar propriedades fisico-quimicas semelhantes as
do gas natural, o CH4 renovavel pode ser injetado diretamente na infraestrutura existente de
gasodutos, atuando como substituto do gas natural f6ssil (Jensen, Ottosen e Kofoed, 2021).

Tanto o H» quanto o CH4, quando produzidos a partir de matérias-primas residuais por
processos de baixa demanda energética, como os processos biologicos, apresentam elevado
potencial para se consolidarem como vetores estratégicos na descarbonizacdo da matriz
energética global. Nesse contexto, destaca-se a digestdo anaerdbia, uma alternativa promissora
que utiliza a acdo consorciada de microrganismos para a degradacdo de compostos organicos.
Esse processo ocorre em quatro etapas sucessivas, hidrélise, acidogénese, acetogénese e
metanogénese, que viabilizam a conversdo eficiente da matéria organica em biogés (Swinbourn,
Li e Wang, 2024).

Na fase fermentativa (hidrélise-acidogénese), ocorre a produgao de Hz e CO» juntamente
com metabolitos intermediarios, como acidos organicos e alcoois. Essa etapa pode ser separada
da metanogénese, via de consumo do Hz, por meio de pré-tratamentos aplicados ao consorcio
microbiano. Tais métodos, de natureza acida ou térmica, criam condig¢oes hostis a sobrevivéncia
de microrganismos ndo esporulantes, como as arquéias metanogénicas, responsaveis pela
conversdao de H. em CHa4 (Karim et al., 2021; Magrini et al., 2021). O efluente gerado na
fermentagdo, ainda rico em carga organica, pode ser aproveitado como matéria-prima para a
producdo de CH4 pela rota metanogénica, utilizando-se um consorcio microbiano in natura
(sem pré-tratamento). Esse processo sequencial possibilita a obtencdo integrada e sustentavel
de dois gases de alta densidade energética. Além disso, apresenta vantagens em termos de
recuperagdo energética: aproximadamente 10-20% da demanda quimica de oxigénio (DQO)
do sistema ¢ direcionada a producdo de H: na etapa fermentativa, enquanto a digestdo
subsequente de compostos mais complexos na fase metanogénica permite a conversao de cerca
de 80-90% da DQO em CHas (Faber, Meireles e Ferreira-Leitao, 2022; Fasheun, Sant’Ana da
Silva, et al., 2024; Santos, Dos et al., 2021; Soares et al., 2023; Tomasini, Faber ¢ Ferreira-
Leitao, 2022).

Neste contexto, este estudo mostra a utilizagdo da vinhaga e da fracao hemiceluldsica

da palha de cana-de-agucar para a produgdo de Hz, tanto de forma individual quanto integrada,
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por meio de processos de cofermentacdo. Além disso, foi explorada a produgdo sequencial de
H: e CHa4 a partir dos efluentes gerados nas fermentacgdes desses materiais, buscando estratégias
de valorizacdo da vinhaga e da fracao C5 provenientes do setor sucroenergético. A proposta
visa oferecer uma solucao para o aproveitamento sustentavel desses residuos gerados ou com
potencial de geragdo em grande quantidade, apresentando uma alternativa complementar ou
mais eficiente para a geracdo de energia renovavel. Essa abordagem também promove
beneficios ambientais, integrando o tratamento de residuos e efluentes a geragao de créditos de
carbono e contribuindo para a ampliacdo da sustentabilidade energética do setor
sucroenergético.

Para facilitar a compreensdo deste estudo, sua organizagdo foi dividida da seguinte
forma: uma revisao bibliografica (Se¢do 2), abordando os principais conceitos necessarios ao
entendimento do tema; justificativa (Secdo 3), destacando a relevancia e a importancia da
pesquisa; objetivos (Segdo 4) e a metodologia empregada para atingi-los (Secdo 5); resultados
obtidos e discutidos (Segao 6); conclusdes (Secdo 7) e as perspectivas para a continuidade deste

trabalho (Secdo 8).
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2 REVISAO BIBLIOGRAFICA

Este capitulo apresenta os fundamentos tedricos necessarios para a compreensao do
trabalho e para a discussdo dos resultados obtidos. Inicialmente, aborda-se o conceito de
biorrefinaria da cana-de-aglicar e suas principais abordagens, seguido da caracterizagdo e das
possiveis aplicagdes da vinhaca e da palha de cana. Em seguida, discute-se a estrutura
lignoceluldsica da biomassa, com énfase na hemicelulose e em suas aplicagdes biotecnologicas
dentro de estratégias de biorrefinaria. Sdo também explorados aspectos relacionados a produgao
bioldgica de Ha, as vias metabdlicas envolvidas no processo fermentativo, aos processos de
cofermentacao e a producdo sequencial de H. e CHa, além de uma sintese dos principais fatores
que influenciam a digestdo anaerdbia. Por fim, o capitulo inclui uma breve discussdao sobre o
contexto energético e as perspectivas de transi¢do para fontes renovaveis. Juntas, essas
discussodes fornecem o embasamento necessario para contextualizar as analises e interpretagdes

que se seguirao.

2.1 BIORREFINARIA E RESIDUOS DA CANA-DE-ACUCAR

Uma biorrefinaria consiste em um sistema integrado e sustentavel voltado a conversao
de biomassas em uma variedade de produtos com valor agregado (Righetti et al., 2020). Estas
podem utilizar matérias-primas organicas como vegetais, residuos agricolas, florestais e
industriais ricos em carboidratos e/ou 4cidos graxos, para produzir biocombustiveis (etanol de
primeira e segunda geracdo, biodiesel, biogas, H>), insumos bioquimicos (4cidos organicos),
materiais renovaveis (bioplasticos, biopolimeros), enzimas e bioenergia (Qaseem, Shaheen e
Wu, 2021; Vandenberghe et al., 2022; Volpi, Fuess e Moraes, 2023). Grande parte dessa
conversao ocorre por meio da agdo de microrganismos, capazes de transformar a biomassa em
produtos de valor comercial. De modo analogo ao funcionamento das refinarias de petréleo,
que processam o petroleo bruto para gerar combustiveis, produtos quimicos e diversos
materiais, as biorrefinarias adotam uma abordagem integrada voltada a maximizar o
aproveitamento da biomassa, reduzir impactos ambientais e substituir derivados do petrdleo por
alternativas renovaveis.

A cana-de-agucar destaca-se como uma matéria-prima versatil, capaz de ser convertida
em um amplo espectro de produtos, incluindo aglicares, enzimas e bioenergia (Aguiar ef al.,
2021; Kamdem et al., 2018; Volpi, Fuess e Moraes, 2023). No Brasil, existem dois tipos

principais de unidades de processamento da cana: as plantas autonomas e as anexas (Piffer et
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al.,2022). As plantas autdbnomas destinam integralmente o caldo extraido da cana a fermentagao
para produgdo de etanol, sem a fabricagdo de agucar. Ja as plantas anexas realizam a producao
simultanea de agucar e etanol. Nesses sistemas, o agucar ¢ obtido pela concentragdao do caldo
em etapas sucessivas, gerando o melagco como principal subproduto. Esse melago ¢ entdo
misturado a fragdo restante do caldo, formando um substrato posteriormente fermentado para
obtengao de etanol (Fuess, 2024). A maioria das biorrefinarias de cana-de-agucar no Brasil ¢

do tipo anexa (Ferraz Junior et al., 2022) (Figura 1).

Figura 1 - Esquema representativo das rotas de aproveitamento da cana-de-agucar, residuos e efluente em
biorrefinarias de cana-de-aglicar de primeira ¢ segunda geragdo.
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Fonte: Elaboragdo propria com base em Fuess, 2017.

No ciclo produtivo do agucar e do etanol, sdo gerados residuos, como a palha da cana-
de-agucar, proveniente da colheita, o bagaco, resultante do processo de extragdo do caldo.
Ambos s3o biomassas lignocelulosicas, compostas principalmente por carboidratos estruturais,
que podem ser convertidas em bioprodutos e bioenergia. Ja a torta de filtro, gerada na
clarificagdo e filtragao do caldo de cana, apresenta alto teor de fosforo e outros nutrientes, sendo
amplamente empregada como fertilizante para aumentar a produtividade agricola (Duarte ef al.,

2020). Nesse mesmo ciclo produtivo, ¢ gerada a vinhaca, um efluente da destilacdo do etanol
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produzido em grandes quantidades e que representa um desafio para as biorrefinarias de cana
quanto ao seu reaproveitamento. Esse desafio decorre de suas caracteristicas, como a acidez e
a alta carga organica, fatores que tém motivado pesquisadores a explorar alternativas além da
fertirrigagdo. No entanto, a grande quantidade de vinhaca gerada nao apenas impde desafios,
mas também se apresenta como uma oportunidade para diversificar seus usos dentro das usinas
sucroenergéticas, especialmente na geracao de energia limpa e sustentavel, podendo ser

integrada a outros residuos do setor.

2.1.1 Vinhaca de cana-de-agucar

A vinhaga ¢ o principal efluente gerado na etapa de destilagdo do etanol, com um volume
produzido de aproximadamente 10 a 15 litros para cada litro de etanol destilado (Figura 2)
(Almeida e Colombo, 2021; Rabelo, Costa, da e Vaz Rossel, 2015). Na safra 2025/26 ¢é estimada
a produgdo total de aproximadamente 27 bilhdes de litros de etanol (CONAB, 2025). Isto
representa a geragdo minima de 270 bilhdes de litros de vinhaga. Independente do modelo de
processo, usina anexa ou auténoma, a vinhaca ¢ sempre gerada como efluente. Apds a
destilacdo, a vinhaga gerada apresenta temperaturas entre 65 ¢ 90 °C (Fuess et al., 2023a;
Rabelo, Costa, da e Vaz Rossel, 2015). Em seguida, o efluente passa por torres de resfriamento,
onde sua temperatura ¢ reduzida para 40 a 50 °C, permitindo seu uso na fertirrigacao ou seu
armazenamento em lagoas (Figura 2B) (Almeida e Colombo, 2021; Rabelo, Costa, da e Vaz
Rossel, 2015). Sua composi¢dao tem sido amplamente discutida na literatura, e a Tabela 1

apresenta as faixas de concentragdo dos principais compostos identificados nesse efluente.
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Figura 2 - FEtapas do manejo e utilizagdo da  vinhaca na  agricultura.
(A) Vista aérea de areas agricolas destinadas ao cultivo de cana-de-agucar, principais consumidoras da vinhaga
para fertirrigacdo; (B) Lagoa de armazenamento de vinhaga em usina sucroenergética; (C) Ponto de coleta da
vinhaga para ser distribuida; (D) Carregamento de vinhaga em caminhio-tanque adaptado que sera destinado as
plantagdes de cana-de-agucar para ser utilizada na fertirrigagao.

== = =

Fonte: Arquivo pessoal da autora

Tabela 1 - Comparacdo da composigdo fisico-quimica de vinhagas provenientes de melago, usina anexa
¢ usina autdnoma encontrados na literatura

Vinhaca usina Vinhaca de usina

Unidade  anexa 12345678910 qytgnoma 12311
pH - 4-48 4,2-4,6
DQO mg/L 31.604 - 49.000 17.850 - 19.510
Solidos totais mg/L 2.426 - 5.400 14.035 - 23.010
Soélidos volateis mg/L 2.006 - 4.778 1.716 - 2.700
Carboidratos totais  g/L 3,68-11,43 0,45-4,70
Glicerol g/L 2,52 -4,20 2,52 -2,86
Acido latico g/L 1,05-2,43 0,92 - 1,48
Acido acético g/L 1,12 - 2,88 0-0,15
Acido propiénico g/L 0,06 - 1,17 0
Acido butirico g/L 0 0
Metanol g/L 0,07 - 0,39 0-0,59

Etanol g/L 0,57 -5,94 0-0,15
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Fenois totais mg/L 1.706 - 6.258 0,36 - 0,62
Sulfato mg/L 790 - 3.700 1.041 - 1.990
Fosfato mg/L 44 - 345 -
Potassio mg/L 2537 -2693

Nitrogénio total mg/L 620 - 1065 -
Carbono g/kg 46 -

C/N 12 -

I(Piffer et al., 2022); ?(Fuess, Zaiat ¢ Nascimento, 2019); 3 (Santos et al., 2019); 4(Ramos, Silva e Luis, 2019);
5(Barros et al., 2019); 8(Niz et al., 2019); "(Rego et al., 2020); 3(Takeda et al., 2022); °(Aguiar et al., 2023); 1
(Lima et al., 2023); !! (Borges et al., 2021);

Durante as décadas de 1940 e 1950, a quantidade de vinhaga gerada era ainda pouco
expressiva (Corazza, 2001). Contudo, com a criagdio do Programa Nacional do Alcool
(Prodlcool), em 1975, o consumo de etanol no Brasil aumentou significativamente,
impulsionando a expansao da produgdo e, consequentemente, o volume de vinhaga produzido.
Em resposta aos riscos ambientais associados a esse residuo, o extinto Ministério do Interior
publicou, em 1978, a Portaria n° 323, que proibiu o despejo de vinhaca em mananciais
(Carvalho, 2010). Até a década de 1970, o descarte desse efluente era realizado em "areas de
sacrificio", pratica que, pela auséncia de controle e de tratamento, comprometia a fertilidade
dos solos e degradava os ecossistemas locais. A partir da década de 1980, a fertirriga¢ao foi
adotada como alternativa para a disposi¢do da vinhaga, visando seu reaproveitamento agricola
e a mitigacdo dos impactos ambientais (Corazza, 2006).

Atualmente a vinhaga bruta continua sendo utilizada na fertirrigagdo de culturas
agricolas associadas a produc¢do de etanol, devido ao seu elevado teor de minerais essenciais,
como potassio, nitrogénio e fosforo, que auxiliam na fertilizagao do solo. No Brasil, a utilizagao
da vinhaca como fertirrigante ¢ regulamentada pelas normativas da CETESB, com base em sua
concentracao de potassio (CETESB, 2015). A regulamenta¢do delimita a aplica¢do da vinhaca
a partir de parametros agrondOmicos € ambientais, considerando a capacidade de troca cationica
do solo, o teor pré-existente de potdssio na vinhaga e a capacidade da cana-de-agucar de
absorvé-lo por hectare ao longo do ciclo produtivo anual (Rabelo, Costa, da e Vaz Rossel,
2015). No entanto, o uso excessivo ao longo dos anos vem trazendo impactos ambientais, como
acumulo excessivo de sais, alta carga organica e contaminagdo dos recursos hidricos,
favorecendo a erosdo do solo, eutrofizagdo de corpos d'dgua, contaminagao de lengois freaticos
e até desertificacdo (Sydney et al., 2021).

Este efluente ¢ uma matriz complexa, na qual os principais substratos passiveis de
fermentagdo incluem carboidratos, glicerol e dacido lactico. Os carboidratos presentes

correspondem a acUcares residuais ndo convertidos em etanol (Tabela 1). Além desses
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compostos, foi identificado a presenga de proteinas na vinhaga, possivelmente oriundas de
residuos celulares das leveduras (Borges ef al., 2021; Takeda et al., 2022). Em temperaturas
elevadas, proteinas e carboidratos podem reagir por meio da reacdo de Maillard, levando a
formagdo de polimeros como as melanoidinas. Essas macromoléculas possuem propriedades
antioxidantes, conferindo resisténcia a degradacdo bioldgica e tornando a conversdao
biotecnoldgica da vinhaga mais desafiadora (Comparato et al., 2024).

O glicerol ¢ um subproduto do metabolismo da levedura submetida a estresse osmotico
durante a fermentagao para a produgao de etanol (Fuess, 2024). Esse composto pode servir
como substrato para a geragdo de Hz por meio de vias oxidativas, além de ser consumido na via
redutiva para a formacao de 1,3-propanodiol, um composto de alto valor agregado com diversas
aplicagodes industriais (Faber, Meireles e Ferreira-Leitao, 2022). Ja o acido lactico € um dos
principais indicadores de contaminacao da fermentacao alcodlica por bactérias acido-lacticas
(Fuess, 2024).

A vinhaca ¢ considerada acida devido ao seu elevado teor de acidos organicos (Tabela
1). Além disso, os compostos fendlicos mencionados na literatura sdo geralmente quantificados
pelo método colorimétrico de Folin-Ciocalteu, que pode nao ser o mais adequado para materiais
complexos como a vinhaca, devido a sua coloragdo escura, o que pode gerar erros
experimentais. Estratégias de extracdo e analise, como a extracdo liquido-liquido combinada
com técnicas de espectrometria de massas (LC-MS), tém sido usadas para isolar e identificar
esses compostos, ampliando o entendimento sobre o potencial da vinhaca como fonte de
biomoléculas de interesse. Em uma fracdo obtida com diclorometano, o acido siringico foi
identificado, 4cido fendlico com efeito fitotoxico. Este estudo abre novas perspectivas para a
utilizacdo da vinhaca no desenvolvimento de bio-herbicidas inovadores, contribuindo para
minimizar o descarte inadequado desse efluente (Luz et al., 2020). Na andlise de outro extrato
obtido com acetato de etila, foram encontrados os acidos pinélico e tiandsico, ambos acidos
graxos com potencial fitotdxico e antimicrobiano (Divya et al., 2023; Luz et al., 2020). Esses
compostos toxicos provenientes da cana-de-aglcar e presentes na vinhaca podem tornar um
desafio o seu uso em processos bioldgicos como a fermentagdo e digestdo anaerdbia
(Comparato et al., 2024; Divya et al., 2023).

A digestdao anaerdbia da vinhaga tem sido consistentemente destacada como uma das
estratégias mais eficientes para a recuperagao de recursos € a reciclagem de nutrientes (Moraes
et al., 2014). Compostos inorganicos, como o potassio, permanecem em elevada concentragao
no efluente mesmo apds a biodigestdo, o que possibilita sua utilizagdio como insumo na

adubacdo do solo (Moraes et al., 2014).
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No entanto, apesar de seu potencial, algumas limita¢des relevantes ainda precisam ser
superadas. Um dos principais desafios refere-se as elevadas concentra¢des de sulfato (SO+*),
resultantes do uso de acido sulfurico nas usinas de etanol para restaurar o pH ideal do processo,
controle de contaminacdes bacterianas, reduzir compostos toxicos acumulados durante a
fermentagdo, prevencao de contaminagdes nas dornas e tratamento acido das células apos cada
ciclo de fermentacdo para recuperagdo da massa celular do caldo fermentado (Ceccato-
Antonini, 2018; Silva-Neto et al., 2020). Esse fator compromete significativamente a produgao
de CH4 em sistemas convencionais de digestdo anaerdbia em estadgio unico. Durante a etapa
metanogénica, os efeitos negativos do sulfato se intensificam, uma vez que sua presenga
favorece o crescimento de bactérias redutoras de sulfato (BRS). Esses microrganismos
competem diretamente com arqueias metanogénicas por substratos como acetato e H> e, de
forma indireta, promovem a formagao de sulfeto pela reducdo de sulfato em pH superior a 6. O
acumulo de sulfeto, além de ser toxico para as arqueias, compromete a qualidade do biogés,
elevando consideravelmente os custos de purificagdo para seu aproveitamento energético
(Fuess et al., 2023a).

Por outro lado, a atividade fermentativa realizada por bactérias acidogénicas,
responsaveis pela produ¢do de acidos e solventes, ndo ¢ significativamente afetada pela
presenca de sulfeto, dado que esses microrganismos apresentam maior tolerdncia em
comparagdo com arqueias metanogénicas e as proprias BRS (Gil-Garcia et al., 2018). Diante
disso, uma alternativa promissora para o aproveitamento da vinhaga, ¢ a digestdo anaerobia em
dois estagios. A criagdo de condic¢des sulfetogénicas na etapa acidogénica, pode favorecer a
reducao de sulfato a sulfeto, reduzindo, assim, os efeitos inibitoérios do H.S sobre a fase
metanogénica subsequente e contribuindo para o aumento da eficiéncia e da recuperagdo
energética global do sistema (Fuess, Zaiat e Nascimento, 2019; Gil-Garcia ef al., 2018; Rego
et al., 2020).

Essas caracteristicas tornam a vinhaca um efluente desafiador e ao mesmo tempo
promissor para processos de digestdo anaerdbia, além de possibilitarem uma abordagem
integrada capaz de promover a remog¢ao da carga organica, reduzir significativamente seu
impacto ambiental e potencializar sua valorizagdo energética no contexto das biorrefinarias.
Nesse sentido, a superacdo dos desafios técnicos associados, aliada ao desenvolvimento de
tecnologias mais eficientes, ¢ crucial para consolidar a vinhaga como um recurso estratégico
tanto para a promocao de uma agricultura sustentavel quanto para o fortalecimento da matriz

energética renovavel.
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2.1.2 Palha de cana-de-acucar

A palha da cana ¢ composta por aproximadamente 40% de folhas verdes e ponteiro, e
60% de folhas secas (Figura 3) (Menandro ef al., 2017). A cada hectare colhido, sdo obtidas
entre 70 e 75 toneladas de cana (Castro et al., 2019). Na safra 2025/26, destina-se a produgao
de cerca de 8,85 milhdes de hectares, resultando em um total estimado de 125 milhdes de

toneladas de palha (CONAB, 2025).

Figura 3 — Palha de cana-de-agucar; (A) Ilustragdo da cana-de-agucar demonstrando suas partes divididas
em palha (ponteiro, folhas verdes e folhas secas) e colmo. (B) Palha de cana-de-a¢

2

ucar moida

Ponteiro

Folhas secas

Fonte: (A) (Negrio ef al., 2021); (B) Arquivo pessoal da autora

Atualmente, a colheita da cana-de-agucar € majoritariamente mecanizada. O percentual
de mecanizagdo, que era de 24,4% na safra 2007/2008, atingiu aproximadamente 92,4% na
safra atual (CONAB, 2018, 2025). Esse processo deixa uma fracdo da palha sobre o solo,
contribuindo para sua protecao contra erosao € a manuten¢ao da fertilidade, correspondendo a
cerca de 50% do material residual (Forchezatto e Neves, 2020; Longati et al., 2019). Essa
préatica contribui para o balango e a ciclagem de nutrientes, promove o equilibrio do microbioma
local, melhora a infiltragdo e o armazenamento de 4gua no solo e reduz a incidéncia de radiacao
solar direta, inibindo a germinacdo de algumas plantas daninhas. Como consequéncia, hd uma
menor necessidade do uso de herbicidas e um aumento da produtividade do solo (Camargo et
al., 2020).

No entanto, o acimulo excessivo de palha no solo pode prejudicar o desenvolvimento
inicial da cana-de-aglicar e favorecer a proliferacdo de pragas (Forchezatto e Neves, 2020;
Soares, Duft, et al., 2019). Quando ha grande excedente de palha, este material pode ser
destinado ao parque industrial tanto misturado diretamente a carga da colheita (cana + palha)
quanto na forma de fardos (Forchezatto e Neves, 2020). Na usina, a palha ¢ entdo incorporada

ao bagago, aumentando o volume total de biomassa disponivel para cogeracao para a obten¢ao
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de eletricidade para a usina e venda a rede (Camargo et al., 2020). Entretanto, o uso da palha
nas caldeiras apresenta diversos desafios devido a composi¢do quimica, que contém impurezas
como SiO: (17-41%), K20 (8-32%), CaO (7-21%), SOs (9-28%), Fe20s (1-7%) e Cl (0,3—
6%) (Bizzo et al., 2014; Soares, 2019). Esses elementos favorecem a formacao de incrustagoes
nas caldeiras, levando a corrosdo do equipamento, sendo a composi¢ao variada devido a espécie
vegetal utilizada, ao método de colheita da cultura e ao momento da colheita (Sampaio et al.,
2019; Soares, et al., 2019).

Soares et al. (2019) analisaram os impactos do uso da palha na queima para cogeragao
e constataram que, em uma usina de médio porte, aproximadamente 45 mil toneladas de
impurezas minerais foram introduzidas no sistema a cada safra. Além disso, diferengas na
composi¢do quimica da palha em compara¢do ao bagaco, como menor umidade (12 a 45%
comparada a 48-52% do bagaco) e tamanho irregular das particulas, podem causar
entupimentos no alimentador da caldeira, reduzindo a eficiéncia energética do processo
(Camargo et al., 2020; Soares, et al., 2019; Watanabe et al., 2020).

Quanto ao tamanho das particulas, estudos demonstraram que a moagem apresenta
maior eficiéncia do que os trituradores convencionais na obtengdo de particulas com
distribuicdo mais proxima a do bagaco (Soares, et al., 2019). Essas estratégias tém sido
implementadas para minimizar os desafios da cogeracdo de energia. No entanto, considerando
o potencial das biomassas lignoceluldsicas, como o bagago e a palha, a busca por processos
mais eficientes de conversao energética e pela obtencao de produtos de maior valor agregado
pode contribuir para a otimizagao do ciclo produtivo das usinas sucroenergéticas.

O etanol de segunda geragao (E2G) ¢ uma estratégia que traz a conversao desses
residuos em bioprodutos e assim como este, outros produtos de valor agregado podem ser
gerados. Para a obteng@o de aglicares da biomassa lignoceluldsica ha duas etapas principais: 1)
pré-tratamento da biomassa para diminuir a sua recalcitrancia por meio da remocdo da
hemicelulose ou desorganizagdo estrutural da biomassa, aumentando sua area superficial
expondo a celulose para ser mais facilmente digerida pelas celulases; 1) conversdo enzimatica
da celulose por B-glicosidades, endoglucanases e exoglucanases em glicose livre (Almeida e
Colombo, 2021; Gilna et al., 2017).

A Saccharomyces cerevisiae é o microrganismo mais utilizado na metabolizagdo das
hexoses para a producao de etanol. Essa levedura se destaca por sua rapida taxa de fermentagao,
alta produtividade e excelente tolerancia a altas concentra¢des de etanol, agucar e compostos
toxicos, como acidos organicos gerados na fermentagdo (Milessi et al., 2020). No entanto, os

principais desafios para ampliar a capacidade produtiva e a competitividade economica do
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bioetanol de segunda geragdo estdo na eficiéncia da etapa de pré-tratamento e nos altos custos
das enzimas envolvidas no processo (CNPEM, 2018).

Quanto a producao de etanol de E2G a partir da hemicelulose, a segunda fragcao mais
abundante da biomassa lignocelul6sica, ocorre por meio da fermentagao das pentoses. Durante
o pré-tratamento acido, as pentoses, como xilose e arabinose, sdo liberadas em sua forma
monomérica na fracdo liquida (Silva, da et al, 2013). Caso sejam solubilizadas como
xilooligdmeros por outros tipos de pré-tratamento (7opico 2.1.2.1), ¢ necessario hidrolisa-los
em monomeros antes da fermentagdao. Esse processo envolve a agdo de xilanases, incluindo
endo-xilanase (EC 3.2.1.8) e PB-xilosidase (EC 3.2.1.37), além de enzimas auxiliares
responsaveis por hidrolisar as cadeias laterais da xilana, tais como a-galactosidase (EC
3.2.1.22), a-glucuronidase (EC 3.2.1.131), acetilxilano esterase (EC 3.1.1.72), &cido ferulico
esterase (EC 3.1.1.73) e a-arabinofuranosidase (EC 3.2.1.55) (Bhardwaj, Kumar e Verma,
2019). Devido ao alto custo e a complexidade dos coquetéis enzimaticos de que o pré-
tratamento convencionalmente aplicado na industria solubiliza a hemicelulose em carboidratos
monomeéricos, a aplicacao industrial de xilanases em usinas brasileiras ainda nao foi relatada
(Ramos et al., 2022).

A fermentacdo das pentoses no ciclo produtivo do etanol de E2G requer linhagens
recombinantes de Saccharomyces cerevisiae com alta eficiéncia na conversao de xilose e
arabinose (Bettiga ef al., 2009). No entanto, ainda nao ha relatos de aplicagdes industriais bem-
sucedidas dessas leveduras geneticamente modificadas, especialmente em paises como o Brasil,
onde as leis de biosseguranca sdo rigorosas (Milessi et al., 2020). Apesar dos avangos
significativos no desenvolvimento de tecnologias voltadas ao etanol 2G em escala mundial, sua
producdo ainda ¢ limitada quando comparada a do etanol de primeira geragao, obtido a partir
da cana-de-agucar ¢ do milho (EPE, 2025; Susmozas et al., 2025).

Devido a sua composigao rica em carboidratos, como xilose e arabinose, a hemicelulose
pode ser aproveitada em diferentes bioprocessos, entre eles, na produgado de vetores energéticos,
como H»> e CHy, por meio de fermentagao e digestao anaerobia (Mattiello-Francisco et al., 2024;
S4, de et al.,, 2020; Tomasini, Faber e Ferreira-Leitdo, 2022). Esses processos utilizam
microrganismos provenientes de fontes naturais, como lodos anaerdbios. Essa abordagem
representa uma estratégia eficiente para integrar essa corrente residual da producao de etanol
de segunda geracdo ao conceito de biorrefinaria, promovendo a valorizagao desta fragdo com

grande potencial fermentescivel.
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2.1.2.1 Estrutura lignoceluldsica

O que caracteriza uma biomassa lignoceluldsica ¢ a predominancia de celulose, lignina
e hemicelulose na parede secundaria formando uma estrutura recalcitrante (Miguez et al.,
2023). A composicao e organizagdo das biomassas lignoceluldsicas variam conforme a espécie,
tipo celular, funcdo do tecido e condigdes de crescimento, além de mudarem durante o
desenvolvimento celular, influenciando sua estrutura geral (Silva, da et al., 2013).

A celulose ¢ um homopolissacarideo formada por unidades de glicose unidas por
ligacdes glicosidicas B-1,4 e corresponde ao componente mais abundante da parede celular
(Datta, 2024). Esta estrutura possui regioes amorfas e cristalinas, sendo esta ultima formada por
ligagdes glicosidicas unindo hidroxila priméria (C6-OH) e dois grupos hidroxila secundarias
(C2-OH e C3-OH), que formam uma microfibrila insoluvel de dificil acesso as enzimas
hidroliticas (French e Santiago Cintron, 2013; Gomide ef al., 2019). A hidrélise da celulose
pode ocorrer por meio de processos quimicos ou bioquimicos, sendo a via bioquimica mais
vantajosa em comparag¢ao a termoquimica, pois evita a destrui¢ao dos carboidratos, preservando
sua fracdo original (Datta, 2024). Dada a complexidade das estruturas cristalinas e amorfas da
celulose, € necessaria a agdo sinérgica de multiplas enzimas para sua hidrolise eficiente. Essas
enzimas, produzidas principalmente por fungos e bactérias, incluem as endo-3-1,4-glucanases
(endocelulases, EC 3.2.1.9.1), as celobiohidrolases (exocelulases, EC 3.2.1.91) e as B-1,4-
glucosidases (celobiases, EC 3.2.1.21), que atuam de forma complementar para garantir a
hidrolise eficaz da celulose (Lynd et al., 2002).

Quanto a lignina, esta ¢ uma macromolécula complexa e irregular, altamente reticulada
com a hemicelulose e a celulose nas paredes celulares das plantas. E composta por compostos
fenolicos, como dalcoois coniferilico, sinapilico e p-cumarico, ligados por ligacdes éter e
ligagdes carbono-carbono (Moraes et al., 2018).

A hemicelulose, também conhecida como fragao C5, ¢ a segunda fragdo mais abundante
da estrutura lignoceluldsica, sendo um heteropolimero ramificado composto por uma variedade
de monossacarideos, incluindo pentoses (como xilose e arabinose), hexoses (como glicose,
manose e galactose) e acidos urdnicos (como acido-D-glucuronico, 4cido a-D-galacturdnico e
a-D-4-O-metilgalacturdnico) e grupos acetil (Yang ef al., 2020). As hemiceluloses apresentam
uma diversidade de tipos, incluindo xilanas, xiloglucanas, mananas e B-glucanas (Rennie e
Scheller, 2014; Scheller e Ulvskov, 2010). As xilanas sdo polimeros constituidos por cadeias
lineares de xilose por ligacdes glicosidicas 3-1,4, apresentando substituigdes por residuos acido

glucurdnico em ligagdes a-(1—2), sendo, por isso, denominadas glucuronoxilanas (Busse-
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Wicher et al., 2014; Park e Cosgrove, 2012). Quando essas cadeias possuem residuos de
arabinose em suas ramificagdes, sdo chamadas de arabinoxilanas ou glucuronoarabinoxilanas.
Além disso, em certas xilanas naturais, ocorrem substitui¢des por arabinofuranosil, ligado por
meio de uma ligacao éster ao acido ferulico na posi¢do 5-O, uma caracteristica tipica das xilanas
de monocotiledoneas. A maior parte das xilanas também apresenta grupos acetil, que se ligam
predominantemente a posi¢ao O-3 dos residuos de xilose e, em menor propor¢ao, a posi¢ao O-
2 (Carvalho, D. M. de et al., 2017; Girio et al., 2010; Huisman, Schols e Voragen, 2000;
Scheller e Ulvskov, 2010). Os grupos acetil sdo responsaveis por cerca de 1-6% da composi¢ao

da biomassa (Qaseem, Shaheen ¢ Wu, 2021; Qaseem ¢ Wu, 2020) (Figura 4).

Figura 4 — Representag@o esquematica de um tecido vegetal de monocotiledonea, destacando a parede
celular das células, composta por lignina, celulose e hemicelulose. Entre os diferentes tipos de hemicelulose
presentes, a glucoroarabinoxilana representa a da palha de cana-de-agucar.
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Fonte: Elaboragdo propria com base em Scheller e Ulvskov, 2010.
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No caso especifico da palha e do bagago de cana-de-agucar, as hemiceluloses sdo

predominantemente compostas por xilanas do tipo L-arabino-(4-O-metilglucurono)-D-xilana.
Nessas estruturas, as unidades de acido glucurdnico e arabinose estao ligadas as posi¢des O-2
e O-3, respectivamente (Costa et al., 2023; Yang et al., 2020). A hemicelulose presente na palha
apresenta um maior numero de substitui¢des por unidades de arabinose em compara¢do ao
bagaco, além de um menor teor de grupos acetila, que estdo localizados principalmente nas

posigdes O-3, O-2 e O-2,3.
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A complexa interacdo entre celulose, hemicelulose e lignina apresenta desafios quanto
a aplicacdo biotecnologica destas fragdes, como, por exemplo, na produgdo de biocombustiveis
e outros produtos de valor agregado. Atualmente, para utilizar a hemicelulose na produgao de
E2G ¢ necessario empregar Saccharomyces cerevisiae geneticamente modificada, conforme
discutido anteriormente. Isto ndo a torna competitivamente atraente em relagdo ao uso da
celulose, tornando-a um residuo em potencial a ser explorado para geracao de bioprodutos. A
fragdo C5 pode ser utilizada como matéria-prima em diferentes bioprocessos e vem
apresentando resultados promissores na producao de H> e CH4 por meio da digestao anaerdbia
(Rashama, [joma e Matambo, 2019; Sa, de et al, 2020; Santos et al., 2018; Thungklin,
Sittijunda e Reungsang, 2018; Tomasini, Faber e Ferreira-Leitdo, 2022; Yang e Wang, 2018).
O pré-tratamento das biomassas lignoceluldsicas ¢ uma etapa necessaria para maximizar a
acessibilidade dos microrganismos e enzimas a estas fragdes para que possam ser exploradas

biotecnologicamente.

2.1.2.2 Pré-tratamentos para obtencdo da hemicelulose e suas aplicagdes

biotecnoldgicas no contexto de biorrefinaria

A hemicelulose pode ser extraida por meio de pré-tratamentos com &cidos diluidos,
como acido sulftrico (H2SO4), acido cloridrico (HCI) e 4cido oxalico (H2C:04), ou pelo pré-
tratamento hidrotérmico. Os pré-tratamentos acidos promovem a clivagem das ligacdes
poliméricas da biomassa, resultando na solubilizacdo das hemiceluloses em carboidratos em
sua forma monomérica, enquanto a celulose permanece praticamente intacta (Ozbay et al.,
2023; Yildirim ef al., 2022). Embora esses métodos possam remover pequenas quantidades de
lignina, ndo sdo altamente eficientes para sua remocao completa (Baksi ef al., 2023).

Dentre os 4cidos utilizados, 0 H2SO4 ¢ um dos mais amplamente empregados devido a
sua alta eficiéncia na hidroélise da hemicelulose, mesmo em concentragdes relativamente baixas,
alcancando até 90% de eficiéncia na recuperagdo dos carboidratos da biomassa (Luterbacher et
al.,2014). Por outro lado, o HCI também se mostra eficaz na clivagem de ligagdes glicosidicas,
porém sua alta volatilidade e corrosividade exigem medidas adicionais de seguranga no
manuseio € no projeto dos reatores utilizados no processo (Baksi et al., 2023). O acido oxalico
(H2C204), por sua vez, tem sido estudado como uma alternativa mais branda, com menor
impacto ambiental, embora sua eficiéncia ainda seja objeto de investiga¢do (Yildirim et al.,
2022). Contudo, o uso de altas concentragdes de acido pode levar a formacdo de subprodutos

indesejaveis provenientes da degradacdo das pentoses e hexoses, como furfural e 5-
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hidroximetilfurfural (HMF) respectivamente, compostos furanicos que apresentam toxicidade
para células microbianas, podendo comprometer processos fermentativos que utilizam a
hemicelulose como matéria-prima (Guo ef al., 2022).

O pré-tratamento hidrotérmico utiliza d4gua quente liquida, vapor ou agua subcritica
como catalisador, operando entre 150-230 °C por 10—15 minutos, com pressao de 4,9-20 bar.
O processo baseia-se na autoionizagdo da agua, que libera H;O* e OH-, promovendo a hidrolise
da hemicelulose e a reducao do pH do meio (Baksi et al., 2023). Esse método € menos corrosivo
e mais sustentavel em comparacdo com os que utilizam acidos, mas libera os carboidratos da
fracdo hemicelulésica em forma oligomérica, o que impacta na fase adaptativa dos
microrganismos quando este hidrolisado ¢ utilizado como matéria-prima em processos
fermentativos (S4, de et al., 2020).

O aproveitamento da hemicelulose no contexto de biorrefinaria ¢ diverso, apresentando
produtos provenientes dessa fracdo na area alimenticia, farmacéutica e téxtil. Exemplificando,
na industria alimenticia xilanas modificadas s3o utilizadas como emulsificante, hidrogel,
aditivo e material para filmes comestiveis e revestimentos de alimentos, devido a sua
hidrofobicidade e digestibilidade (Ebringerova, 2005). No contexto farmacéutico, xilanas
extraidas do sabugo de milho apresentam diversas propriedades bioativas, incluindo atividades
antimicrobiana, antiproliferativa, antioxidante e anticoagulante (Melo-Silveira et al., 2012).
Dentre elas, as glucoronoarabinoxilanas destacam-se por sua capacidade imunoestimulante
(Qaseem, Shaheen e Wu, 2021). Além disso, a incorporacdo de farmacos em nanoparticulas
revestidas com Fe:0s ou silica modificada com xilana pode aumentar sua biodisponibilidade e
especificidade no organismo, tornando-se uma estratégia promissora no tratamento de doengas
como o cancer (Bouramtane et al., 2019; Ma et al., 2018). Ainda neste contexto, os
mananoligossacarideos sao usados como prebioticos devido a estimulagdo da flora bacteriana
normal, essencial para o funcionamento intestinal ideal e inibicdo de microrganismos
patogénicos (Assis, Ferreira-Leitdo e Silva, 2025). Pré-tratamentos que proporcionam a
recuperagdao da hemicelulose em oligossacarideos desempenham um papel fundamental na
obtengdo de xilooligossacarideos (XOS), compostos amplamente utilizados nas industrias
alimenticia e farmacéutica devido as suas propriedades prebidticas (Qaseem, Shaheen e Wu,

2021).

Os monossacarideos derivados da hemicelulose possuem diversas aplicacdes
biotecnoldgicas (Figura 5). Entre os produtos derivados da fracdo C5, o xilitol ¢ um dos mais

amplamente utilizados, sendo produzido industrialmente pela hidrogenacdo da xilose por
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leveduras e aplicado na remineralizagdo dentaria e como adogante na industria farmacéutica. A
xilose, por exemplo, pode ser convertida em 2,3-butanodiol, um polimero versatil utilizado
como plastificante, aditivo para combustiveis e agente de liberagdo controlada de farmacos.
Essa conversao ¢ realizada por bactérias e leveduras, como Serratia marcescens, Bacillus spp.
e Klebsiella spp.(Petrova, Petlichka e Petrov, 2020; Qaseem, Shaheen ¢ Wu, 2021). Ja o
biobutanol, biocombustivel de segunda geracdo com alta eficiéncia energética e baixa
corrosividade, pode ser produzido a partir da xilose por Clostridium spp., incluindo C.
acetobutylicum e C. beijerinckii, capazes de converter xilanas em butanol. Além disso,
linhagens recombinantes de Bacillus spp., E. coli e S. cerevisiae, modificadas com genes de
xilose isomerase e xiluloquinase, foram desenvolvidas para producdo em larga escala (Brat e

Boles, 2013; Felpeto-Santero et al., 2015).

Figura 5 - Usos biotecnologicos da xilose, principal agticar da fracdo hemiceluldsica, e
microrganismos associados as diferentes rotas de conversdo. (*) Microrganismos geneticamente
modificados.

Candida guilliermondii

Debraryomyces hansenii on o
Pachysolen tannophilus
HO. OH
E coli.
Saccharomyces cerevisiag* OH Actinobacillus succinogenese
Corynebacterium ghutamicum® . Anagrobiospiriilim
Xilitol Q iy
J\/\ﬂ/OH succiniciproducens
HO
o) Manheimia succiniciproducens
Butanol -~ ~"0H T . L Saccharomyces cerevisiae
L ) Acido succinico +
Clostridium butyricum / E. coli
Clostridium saccharobutylicum \ Xilose
Clostridium acetobutylicum O. .OH
Clostridium beiferinckii, Pachysolen tannophilus
Pseudomonas putida HOY “OH Scheffersomyces stipites Leveduras
Lactobacillus brevis / OH \ g?;tga;ﬁg passalidarum
on HsC /\OH Candida shehatae
/H/ l Etanol  Fusarium oxysporum
OH
. o Neuropora crassa - Fungos
2,3 Butanodiol HaC Chalara parvispora
Klebsiella pneumoniae OH
Klebsiol: OH Clostridium 9
ebsiella oxytoca P thermahydrosulffuricum
Panebacilus polymyxa Acido latico Clostridium thermoceflum
Enterobacter cloacae Lactobaciflus pentosuis Clostridium
Lactobacilus bifermentans thermosaccharolyticum - Bactérias
Rhizopus oryzae E. Coi*
Zymomonas mobilis*
Klebsiella planticola™

Fonte: Elaboragdo propria com base em Qaseem, Shaheen e Wu, 2021.
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Outro composto promissor derivado da xilose ¢ o dcido succinico, amplamente utilizado
nas industrias farmacéutica, cosmética, de polimeros e bioplasticos. Além de ser um precursor
de ésteres de perfume, medicamentos, biopolimeros e resinas (PBS e poliamidas), o acido
succinico pode ser convertido em biocombustiveis (Esteres de 4-butanodiol) e aditivos
industriais (Salvachua et al., 2016; Saxena et al., 2017). Outras bioconversdes relevantes
incluem a producao de acido latico, usado em muitas industrias, desde a industria alimenticia
como agente aromatizante, conservante, regulador de pH, e na industria farmacéutica (Semkiv
etal.,2017; Zhang et al., 2020).

Diante da ampla gama de aplicacdes da hemicelulose, destaca-se seu uso crescente na
producdo de vetores energéticos, como Hz e CHy (Jiang ef al., 2023; Mattiello-Francisco et al.,
2024; Ranganathan et al., 2025; Tomasini, Faber e Ferreira-Leitdo, 2022). Embora considerada
um residuo no ciclo produtivo do etanol de segunda geragdo, essa fracdo tem sido valorizada
dentro do conceito de biorrefinaria da cana-de-acucar. Sua conversao em biogas ndo apenas
maximiza o aproveitamento da biomassa, mas também integra a geragdo de energia ao proprio
setor, promovendo maior eficiéncia e sustentabilidade no processo.

Nesse contexto, o aproveitamento de residuos lignoceluldsicos para a produgdo de
biocombustiveis e bioquimicos emerge como uma solugdo estratégica e sustentavel,
combinando abundancia, viabilidade econdmica e distribuigdo geografica favoravel. A
implementacdo de cadeias produtivas locais reduz custos logisticos e impactos ambientais,
fortalecendo a economia circular ao minimizar desperdicios e agregar valor a residuos da
agroindustria. Além disso, ao ndo competir com a produgdo de alimentos, o uso de biomassa
residual refor¢a sua importancia na transi¢do para um modelo energético mais sustentavel,

contribuindo para a descarbonizacao e a redugdo da dependéncia de combustiveis fosseis.

2.2 HIDROGENIO

O hidrogénio € reconhecido como um elemento abundante, embora raramente
encontrado de forma isolada na natureza (Lozano-Martin, Moreau e Chamorro, 2022). Na
maioria dos casos, ocorre na forma diatomica (H:), apresentando-se em estado gasoso em
condi¢des ambientes. Esse elemento desempenha um papel essencial em diversas aplicagdes
industriais, com destaque para o hidrocraqueamento de petréleo. Nesse processo,
hidrocarbonetos pesados sdo transformados em cadeias mais leves, combinando técnicas de
craqueamento catalitico com hidrogenacdo, sendo uma etapa fundamental no refino de petrdleo.

Nos setores siderurgicos, pode ser utilizado no refino de metais como niquel, tungsténio,



36

molibdénio, cobre, zinco, urdnio e chumbo (Gunathilake et al., 2024). H4 projecao de outros
usos industriais para o H» visto que a demanda global em 2023 atingiu 97 Mt e em 2024 foi de
100 Mt (IEA, 2024).

Essas novas aplica¢des, como no transporte de longa distancia € no armazenamento de
energia, t€m o potencial de desempenhar um papel crucial na transi¢ao para energias limpas, ja
que o H> ¢ um vetor energético de elevado poder calorifico (141,9 MJ/kg) (Figura 6) e
combustdo limpa (Hz2 + 2 O. — H20) (Castellanos-Sanchez et al., 2024). Esse elemento pode
ser utilizado tanto em veiculos convencionais quanto hibridos, na geragao de eletricidade por
cé¢lulas a combustivel, na producdo de combustiveis sintéticos para aviacdo e transporte
maritimo, bem como na fabricacdo de fertilizantes e no fornecimento de energia e matéria-
prima para industrias de alta intensidade energética, como o setor siderurgico (ABH2, 2024;
Lozano-Martin, Moreau e Chamorro, 2022). Apesar de um crescimento de 40% em relagdo a
2022, a participagao do H> na demanda energética global ainda permanece abaixo de 1% (IEA,

2024).

Figura 6 - Poder calorifico dos compostos comumente utilizados como combustivel.
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Fonte: Elaboragdo propria com base em Thungklin, Sittijunda e Reungsang, 2018

O uso do H> como fonte sustentavel de energia esta diretamente relacionado a rota
tecnologica empregada em sua producdo. O H: € classificado nacionalmente em diferentes
categorias — preto, marrom, cinza, azul, azul turquesa, verde, verde musgo, rosa e branco —
conforme o método utilizado para sua obtencdo e o impacto ambiental associado (Figura 7). O
H> verde distingue-se pela produgdo isenta de emissdes de carbono, geralmente por meio de

eletrolise da agua utilizando energia renovavel. Nesta categoria também se enquadra a produgao



37

de Hz verde musgo por vias bioquimicas por meio da fermentacdo de residuos e efluentes
organicos processo que pode ou nao incorporar etapas de captura do CO: gerado durante a
fermentagdo (Samrot et al., 2023). Por outro lado, o H» azul e o cinza sao obtidos a partir de
fontes fosseis, como o gas natural, diferenciando-se pela ado¢ao ou nao de tecnologias de
captura e armazenamento de carbono (CCUS). Ja o H> gerado pela gaseificagdo do carvao ¢
denominado preto e marrom, dependendo do tipo de carvdo empregado no processo
(Gunathilake et al., 2024). O Ha rosa, por sua vez, ¢ gerado por eletrolise da agua utilizando
energia nuclear, embora esse processo enfrente limitagdes relacionadas a gestao de residuos
radioativos e questdes de seguranca. Ja o Hz branco possui origem geologica, sendo extraido de
reservas naturais subterraneas e ainda permanece pouco explorado comercialmente (EPE,

2021).
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Figura 7 - Classificagdo do hidrogénio em diferentes categorias de cores — preto, marrom,
cinza, azul, azul turquesa, verde, verde musgo, rosa e branco — de acordo com o método de produgio
utilizado.
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Fonte: Elaboragdo propria adaptado de Hematpur et al., 2023 e EPE, 2021.

A produgdo de H» ainda depende majoritariamente de fontes fosseis, especialmente no
processo de reforma do gas natural (IEA, 2024). Em 2023, essa industria foi responsavel pela
emissao direta de aproximadamente 680 milhdes de toneladas de CO2, o que representou um
aumento de 0,6% em relacdo a 2022. Vale destacar que existem poucos projetos focados na
captura de CO: no subsolo, dificultando o alcance dos objetivos de neutralidade de carbono até
2050 estabelecidos no Acordo de Paris (ONU, 2021).

O Brasil possui potencial para se destacar estrategicamente no mercado global de H»
sustentavel, posicionando-se como um dos paises com maior capacidade de produ¢do de H> de

baixo carbono a custos competitivos (ABH2, 2024). H4 um avango expressivo nas tecnologias
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de conversdo eletroquimica, que utiliza eletricidade renovavel de fonte solar e edlica para
produzir H> e outros compostos verdes, como amonia ¢ metanol. Neste cendrio, a primeira
planta de H> verde a entrar em producao no Brasil foi a da usina hidrelétrica de Itumbiara (MG)
em 2021 com capacidade de producao ¢ de cerca de 100 kg/dia de H> (DCA.P, 2023). No
complexo do Pecém no Ceard estd concentrado o maior polo de H» verde (H2V) do Brasil
devido ao seu potencial solar e edlico, localizacdo e infraestrutura para escoamento do produto.
A empresa australiana Fortescue investiu em projetos bilionarios em produgao de H2V e planeja
produzir 837 toneladas/dia de H> verde e 5 mil toneladas/dia de amonia verde a partir do
consumo de 2,1 mil megawatts (MW) de energia elétrica (SEMASE, 2023; Rodrigues, 2023).
A empresa francesa Qair também estd com projetos de producdo de H2V no Complexo
Industrial e Portuario do Pecém e a expectativa € que comece a operar em 2027 com a produgao
de 42 mil toneladas/dia de H>. Nao pretendem, no momento, produzir amonia para exportagao,
apenas H» para o mercado interno (Lemos, 2024; SEMASE, 2024). O Porto de Suape (PE),
Antonina (PR) e Paranagud (PR) e Acu (RJ) também possuem projetos em desenvolvimento
para producdao de H2V no pais em parceria com empresas como a Shell, Neoenergia, Fuella,
com o apoio da Allianz Capital Partners (Machado, 2024).

Em termos de prontiddo tecnoldgica, levantamento da Associacdo Brasileira do
Hidrogénio (ABH2) mostra que a maioria dos projetos de PD&I em H> no Brasil estd
concentrada nos niveis intermediarios de maturidade tecnoldgica (TRL 3-5), correspondendo a
51,9% das iniciativas (Figura 8). Essa faixa reflete um setor em transi¢ao, com foco na aplicagdo
pratica e em testes-piloto. Destacam-se 25 projetos voltados a produgao bioldgica de Hz, com
base em residuos agricolas e urbanos, abrangendo 13 estados e envolvendo parcerias com
empresas como Petrobras, Siemens, ArcelorMittal e BMW. As tecnologias voltadas a
conversao eletroquimica de energia (eletrolise da molécula da d4gua) somam 18 projetos, com
destaque para colaboracdes com COPEL, Total e Petrogal (ABH2, 2024).

Conforme mostra a Figura 8, nos niveis iniciais (TRL 1-2), que representam 25,9% do
total, hé forte presenca de pesquisas em eletrolisadores e conversao de biomassa, demonstrando
o interesse crescente nessas tecnologias. Ja os TRLs mais avancados (6-8) somam 18,5%, com
8 projetos em producdo bioldgica de H» (digestdo anaerdbia e gaseificagdo) apoiados por
institui¢des como as Universidades Federais de Itajubd e da Bahia, em parceria com Copel,
Petrobras e Renault. Por fim, o TRL 9, que representa 3,7% das iniciativas, reine tecnologias
proximas da comercializagdo, envolvendo conversdo eletroquimica @ H> com destaque para

instituicdes como USP, UNICAMP e Instituto de Energia da USP, que lideram colaboragdes
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com empresas ¢ agéncias como FINEP, FAPESP, Shell, TotalEnergies e Petronas (ABH2,
2024).

Figura 8 - Representagdo dos conceitos relacionados aos Niveis de Maturidade Tecnologica
(Technology Readiness Levels — TRLs) (A). Panorama das pesquisas em hidrogénio verde no Brasil,
com indicagao dos respectivos TRLs alcangados para cada tecnologia (B).
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Fonte: ABH2, 2024

O setor de Hz no Brasil vem se destacando pelo forte investimento em rotas de conversao

biologica, impulsionado pela robusta capacidade da industria agricola nacional em transformar
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biomassa em energia. Essa estratégia se apoia na consolidada expertise brasileira em
biocombustiveis e no potencial do pais para se tornar um ator global relevante no
desenvolvimento de solugcdes sustentaveis para a producao de hidrogénio renovavel.

O aproveitamento de biomassas e efluentes provenientes de industrias agricolas,
alimenticias e de setores urbanos (aterros sanitarios e estacdes de tratamento de esgoto)
representa uma abordagem estratégica. Ao integrar a geragao de energia com o tratamento de
residuos, essa rota agrega valor a materiais subutilizados e contribui para a economia circular.

Nesse contexto, os processos fermentativos, uma alternativa biotecnoldgica promissora,
permitem a conversdo de compostos organicos (carboidratos, lipidios e aminoacidos) em
hidrogénio, diéxido de carbono, &cidos organicos e dalcoois, por meio da acdo de
microrganismos anaerobios estritos ou facultativos. O desenvolvimento dessas tecnologias
sustentaveis ¢ fundamental diante dos desafios globais de descarbonizacdo e da necessidade de

uso eficiente de matérias-primas renovaveis e residuais.

2.2.1 Producio biolégica de H: via processo fermentativo

A fermentacdo, também conhecida como “fermentacao escura” (dark fermentation em
inglés), € um processo no qual microrganismos anaerobios sintetizam H» a partir de substratos
como carboidratos, acidos graxos, determinados acidos e alcoois. A taxa de producdo de H»
depende das vias metabolicas e da sequéncia de reacdes bioquimicas adotadas por diferentes
microrganismos. A Figura 9 mostra sequéncias de reagdes bioquimicas para a producao de H»

a partir de carboidratos e 4cidos graxos.
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Figura 9 - Principais rotas metabdlicas em um consorcio microbiano durante a fermentacdo de
substratos, incluindo carboidratos e 4cidos graxos.
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Fonte: Elaboragdo propria a partir de Ding, C., Yang ¢ He, 2016; Nelson e Cox, 2014; SA, 2015
Enzimas: (1) Hexocinase; (2) Glicose-6-fosfate isomerase; (3) Frutose bisfosfatase; (4) Aldolase; (5)
Piruvato-ferrodoxina oxidoredutase; (6) Hidrogenase; (7) NADH-ferrodoxina oxidoredutase; (8)
NADPH-ferrodoxina oxidoredutase; (9) Fosfotranscetilase cinase; (10) Acetato liase; (11)
Fosfotransbutilase cinase; (12) Butirato cinase; (13) Xilose isomerase; (14) Xilulosecinase; (15) L-
arabinose isomerase; (16) L-ribulose-5-fosfato; (17) L-ribulose-fosfate-4-epimerase; (18) Acetaldeido
deidrogenase; (19) Etanol deidrogenase; (20) p-hidroximetil-glutaril-CoA liase; (21) Acetato
decarboxilase; (22) Butiraldeide deidrogenase; (23) Butanol deidrogenase; (24) Acetato-formato liase;
(25) Formato-hidrogenase liase; (26) Lactato deidrogenase (27) Metilmalonil-CoA decarboxilase; (28)
Propionato CoA-transferase; (29) Acil-CoA graxo sintetase; (30) Acil-CoA deidrogenase; (31) Enoil-
CoA hidratase; (32) 3L-hidroxiacil-CoA deidrogenase; (33) NADH deidrogenase; (34) B-cetotiolase.

Microrganismos anaerdbios estritos ou facultativos possuem a capacidade de converter
carboidratos e lipidios em H», CO», 4cidos graxos volateis e dlcoois (RAJENDRAN et al.,
2020). A oxidagdo destes substratos gera gliceraldeido-3-fosfato e de NADH, e posteriormente,
piruvato (Dai et al., 2019; Nelson e Cox, 2014).

A produgdo de H» pelos microrganismos anaerdbios provem da oxidacao do piruvato
em acetil-CoA, a qual ¢ realizada pela enzima piruvato-ferredoxina oxidorredutase (PFOR) e
com geracdo de CO; (Toledo-Alarcon et al., 2018). A fosforilagdo da acetil-CoA ¢ realizada

por meio da fosfotransacetilase ou fosfotransbutilase, em que sdo gerados acido acético e acido
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butirico, respectivamente ¢ ATP. A ferrodoxina ¢ reduzida para a formacao destes acidos e
transfere elétrons para as enzimas hidrogenases que utilizam do H" como aceptor final de
elétrons. Sucessivamente, a ferredoxina € reoxidada, liberando a molécula de H> (Ding, C, Yang
e He, 2016; MONTOYA, 2019). Bactérias formadoras de enddsporos, como Clostridium sp.,
Bacillus sp. e Ruminococcus, sdo microrganismos representativos da via aceto-butirica
(Mazareli et al., 2019; Patakova et al., 2022). Teoricamente, a producdo de H2 a partir de
carboidratos varia conforme o 4cido formado: 4 mols de H> sdo gerados por mol de glicose
associado a producao de 4cido acético (Reacao 1) e 2 mols quando associado a produgao de
acido butirico (Reacdo 2) (Couto, P T et al., 2020; Wang e Yin, 2018a), conforme mostrado na
Tabela 2. Para pentoses, sdo produzidos 3,33 mols de Hz por mol de agticar quando direcionados
a formacao de acido acético (Reagdo 3), e 1,66 mol quando associados a formagao de acido
butirico (Reagao 4).

Em um processo fermentativo utilizando um consorcio microbiano, parametros como a
concentragdo de substrato e acidos graxos volateis, pH, e pressdo parcial de H> no reator
determinam a via metaboldlica adotada pelas bactérias. Microrganismos do género Clostridium
podem desviar a via metabdlica oxidativa para a redutora em condigdes de elevada pressao
parcial de Hy, alta concentragdo de substratos e acidos, pH acido, no qual, havendo acetoacetil-
CoA, butiril-CoA e acetil-CoA, como compostos intermediarios, H" ¢ utilizado como agente
oxidante do NADH, regenerando NAD" e contribuindo para a produg¢io de acetona, butanol e
etanol (Reagdes 18, 19 e 20) (Patakova et al., 2022). Esta via € conhecida como solventogénese
ou fermentacdo ABE, rota metabdlica concorrente a via de producao de H (Chi et al., 2019;
Fonseca et al., 2021; Thaddeus Ezeji, Nasib Qureshi, 2007).

Na fermentag¢do entérica, o piruvato € convertido em formato e Acetil-CoA pela enzima
acetato-formiato liase. Alguns microrganismos, como Salmonella typhimurium, Klebsiella
pneumoniae, Rhodospirillum rubrum, Methanobacterium formicicum e E. coli, possuem 0
complexo formiato-hidrogenase-liase (complexo FHL), que contém classes de hidrogenases
como a [NiFe] hidrogenase ou a [FeFe] hidrogenase, as quais convertem o acido formico em

H> e CO» (Reagao 9) (Tedsree et al., 2011; Vardar-Schara, Maeda ¢ Wood, 2008).
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Tabela 2 — Principais reagdes quimicas envolvidas nas etapas de acidogé€nese, acetogénese, homoacetogénese, solventogénese ¢ metanogénese durante
a digestdo anaerobia. A etapa fermentativa corresponde ao processo de acidogénese. AG®' (kJ) corresponde a variagdo da energia livre de Gibbs padrao (25 °C
e 1 atm) de uma reagdo quimica.

AG® Reacao A
Substrato Produto Referéncia
(kJ) (n)
Acidogénese

Hexoses CeH1206 + 2 H O — 2 CH3COOH + 4 H, + 2 CO2 -206,00 H» + Acetato 1 Couto, P T et al., 2020;

CsH1206 + 2 H2O — CH2(CH2)>COOH + 2 H> + 2 CO -254,00 H; + Butirato 2 Wang e Yin, 2018b

CsH100s + 1,67 H2O —1,67 CH3COOH + 3,33 Hx + 1,67 CO» —218,6  Hz + Acetato 3 Abdul e al.. 2013
Pentoses CsH1005 — 0,83 CH2(CH2)COOH + 1,67 H> + 1,67 CO> -257,4  H + Butirato 4 ”

3 CsHi00s5 + 5 Hy — 5 C3HeO2 + 5 H20 -473,00  Propionato 5 Mockaitis et al., 2020
Gliceral C3HsO3 + H20 — CH;COOH + CO, + 3 Hy 7034 Hy+Acetato 6 Couto, P T et al., 2020;

2 C3HsOs3 + HoO — CH»(CH2).COOH 2 CO; +4 H» -206,3  H; + Butirato 7 Zheng et al., 2023
La,ct'ato +acido 2CH3HeO3 + CH3COOH « H; +1,5 CH3CH>CH>,COOH + CO, 56,3 H, + Butirato ] Saady, 2013
acético +H>O
Formato HCOOH « CO2 + H» -48.4 H» 9 Tedsree et al., 2011
Hexoses CsH1206 + 2 Hy — 2 CH3CH,COOH + 2 H>O -279,4  Proprionato 10 Saady, 2013

CsH1206 — 2CH;CHOHCOOH + H* -225.4 Lactato 11 Saady, 2013
Lactato + acetato 2 CH:CHOHCOOH + CH:COOH — CsH120; + 2 HCOs~ -53,00  Butanoato 12 Menez;%’;;e etal.,
Lactato CH3CHOHCOOH + H> — CH3CH>COOH + H>0 81,20  Propionato 13 Menez;%’;;e etal,

Acetogénese
Propionato CH3CH2COOH + 2 H,0 — CH3COOH + 3 Hz + CO> +76,2 Acetato 14 Saady, 2013
Butirato CH3CH>CH>COOH + 2H20 — 2 CH3COOH + 2 Ha 484 Acetato 15 Saady, 2013
Lactato 3 CH;CHOHCOOH —> 2 CH3CH:COOH + CH;COOH + HCO + H -165,00 - ropionato+ 16 Saady, 2013

acetato
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Homoacetogénese
Hidrogénio 4 Hy + 2 CO, — CH3COOH + 2 H,O -104,0  Acetato 17 Saady, 2013
Solventogenesis
Hexoses C¢H120¢ — 2 CH3CH2OH + 2 CO» -164,8  Etanol 18 Saady, 2013
Pentoses 3 CsHi100s5 — 5 C2HsO + 5 CO2 -609,0  Etanol 19 Mockaitis et al., 2020
Acetato CH3;COOH + 2 H» —» CH3CH>OH + H,O -37,8 Etanol 20 Mockaitis et al., 2020
Metanogénese
Hidrogénio 4 Hy + CO» — CHa +2 H,0 113500 Metano 21 g;’;g s al., 2020;
Acetato CH3;COOH — CHs + CO2 -35,87 Metano 22
Formato 4 HCOOH + CH4 — 3 CO; + 2H>0 -304,2 Metano 23
Metanol 4CH3;0H — 3CH4 + CO2 + 2H,0 -312,8 Metano 24
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Outra possibilidade ¢ a redugdo do piruvato a acido lactico por enterobactérias, mediada
pela enzima lactato desidrogenase, o que resulta na auséncia de produ¢do de H: (Reagdo 11).
Além disso, ¢ comum em reatores com presenca de Lactobacillus a clivagem do acido lactico
em acidos acético e propionico (Reacao 14) (Fuess, 2024). A via do acrilato ¢ adotada por
microrganismos como Clostridium  propionicum, Coprococcus catus, Clostridium
homopropionicum, Megasphaera elsdenii e Prevotella ruminicola na conversao de lactato em
propionato (Reacao 13) (Menezes, de et al., 2023; Reichardt et al., 2014; Vidra e Németh,
2018).

Além disso, o propionato também pode ser produzido a partir da oxidagdo de acidos
graxos de cadeia longa (AGCL) com ntimero impar de atomos de carbono. A primeira etapa da
oxidacdo de AGCL ¢ ativada com a sintese de acil-CoA catalisada pela acil-CoA sintetase de
acidos graxos; o acil-CoA ¢ repetidamente metabolizado em ciclos de -oxidacdo, nos quais
dois atomos de carbono sao removidos do acil-CoA de acidos graxos a cada ciclo (Figura 9). O
acil-CoA graxo oxidado passa por uma etapa de hidratagao catalisada pela enoil-CoA hidratase,
na qual uma molécula de agua ¢ adicionada a ligagdo dupla, resultando na formagdo de 3L-
hidroxiacil-CoA. O H: ¢ gerado na terceira reagdo oxidativa do ciclo, durante a conversao de
3-L-hidroxiacil-CoA em B-Cetoacil-CoA, catalisada pela 3L-hidroxiacil-CoA desidrogenase.
Nessa etapa, os elétrons provenientes do NADH sdo transferidos para o proton (H"), que atua
como aceptor final de elétrons, em uma reacao mediada pela NADH desidrogenase, resultando
na formacgao de H.. Em seguida, o B-Cetoacil-CoA reage com uma CoA livre em uma reagao
catalisada pela acil-CoA-acetiltransferase, também conhecida como tiolase, resultando na
clivagem do fragmento de dois carbonos do AGCL original na forma de acetil-CoA. Se AGCL
contém numero par de atomos de carbono, esta contempla a ultima reacdo do ciclo da B-
oxidacdo. No caso de AGCL com numero impar de atomos de carbono, no ultimo ciclo do acil-
CoA de 4cidos graxos contendo cinco atomos de carbono, sdo formados acetil-CoA e propionil-
CoA (Elsamadony ef al., 2021; Nelson e Cox, 2014).

Entre os diversos microrganismos produtores de H», os anaerdbios estritos sao os mais
investigados. Esses microrganismos obtém ATP principalmente por meio da fosforilagdo em
nivel de substrato e sdo incapazes de crescer na presenca de oxigénio (Cao et al., 2022). Entre
os géneros mais estudados incluem Clostridia, bactérias que apresentam alta taxa de produgao
natural de H: por fermentacdo e possuem a capacidade de formar esporos, o que lhes confere
resisténcia a altas temperaturas e facilita seu manuseio em aplica¢des industriais. Além disso,

os esporos gerados em condigdes de temperatura elevada podem ser reativados quando o
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ambiente se torna favoravel, restabelecendo as atividades metabolicas voltadas a producao de
H: (Durre, 2005).

Essas bactérias sao capazes de utilizar diversos substratos para a geragdo de H>, como
glicose, xilose, lactose e sacarose (Durre, 2005). Recentemente, o genoma da Clostridium
acetobutylicum foi complemente sequenciado, permitindo avangos significativos nas analises
genomicas do género (Patakova et al., 2022; Yoo, Nguyen e Soucaille, 2019). Exemplos de
bactérias entéricas produtoras de H> sao Enterobacter sp., Escherichia coli e Citrobacter sp.
(Castello et al., 2020). A Escherichia coli ¢ amplamente utilizada como um modelo de células
para a produgdo de proteinas recombinantes e varios metabolitos de valor agregado, além de
consumir diversos tipos de carboidratos. Considerando sua clara base genética e facilidade para
manipulacdo de DNA, estratégias de engenharia metabolica tém sido empregadas para E. coli
para aumentar sua capacidade de producao de H> (Lopez-Hidalgo ef al., 2021).

Muitas bactérias termofilicas anaerobias demonstraram a capacidade de produzir H> em
altas temperaturas, o que processa as vantagens da alta taxa de produgdo de géas, consumo
reduzido de 4gua para resfriamento, menores chances de contaminacdo da matéria-prima e
maior transferéncia de massa. A fermentacao termofilica sera discutida no topico 2.4.1.

Diferentes fatores sdo cruciais para uma produgao satisfatoria de H». Nesse contexto, o
uso de consorcios microbianos como indculo para a fermentacdo oferece vantagens sobre
culturas puras, uma vez que a diversidade de microrganismos presentes permite a degradacgao
eficiente de diferentes substratos, como carboidratos, acidos graxos, aminodcidos e lipideos.
No entanto, vale ressaltar que essa mesma diversidade metabdlica pode levar a rendimentos
mais baixos, pois diversos microrganismos competem pelos mesmos substratos e direcionam o

metabolismo para rotas distintas (Hiligsmann ef al., 2011; Wang e Yin, 2019).

2.2.2 Digestao anaerdbia

A digestdo anaerdbia ¢ o processo de degradacdo de matéria organica por
microrganismos anaerobios estritos e facultativos, resultando na formagao de gases como Ha,
CO3 e CHa4. Consorcios microbianos, como o lodo de estagdes de tratamento de esgoto, contém
microrganismos capazes de atuar de forma sinérgica nas quatro etapas desse processo: hidrolise,
acidogénese, acetogénese € metanogénese (Figura 10) (Olatunji, Ahmed e Ogunkunle, 2021).
A fermentacdo, destacada anteriormente, ocorre na fase hidrolitica-acidogénica da digestao

anaeroébica.
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A hidrolise, primeira etapa do processo e geralmente seu fator limitante a depender do
teor de so6lidos e/ou substratos complexos, consiste na degradagdo de compostos organicos
complexos nao dissolvidos, como polissacarideos, proteinas e gorduras, em moléculas mais
simples, como monossacarideos, glicerol, aminoacidos e acidos graxos (Swinbourn, Li e Wang,
2024). Os produtos soluveis dessa etapa sdo posteriormente convertidos, durante a fermentacao,
em 4cidos organicos volateis (como acetato, formato, lactato, propionato e butirato), alcoois,
Hz, CO2, amonia (proveniente do metabolismo de aminoacidos) e novas células microbianas.
Bactérias acidogénicas sdo predominantemente anaerobias estritas, porém algumas espécies
facultativas podem reduzir a toxicidade para as arqueias na metanogénese ao remover o
oxigénio do sistema (Swinbourn, Li ¢ Wang, 2024).

Durante a acetogénese, ocorre a oxidacao de acidos organicos, alcoois, aminoacidos e
outros metabolitos formados na fase anterior, resultando em produtos assimilaveis pelas
arqueias metanogénicas, como H:, CO: e acido acético. A homoacetogénese ¢ realizada
microrganismos acetogénicos autotroficos para a producgdo de acido acético, por meio da via
redutiva do acetil-CoA, também conhecida como via de Wood-Ljungdahl, na qual dioxido de
carbono (CO:) e hidrogénio molecular (H2) sdo convertidos em acetato (CH;COO") (Reagdo 17
- Tabela 2) (Ragsdale e Pierce, 2008).

Em reatores operando em batelada e batelada alimentada, esses microrganismos podem
consumir entre 11% e 43% do H: gerado, respectivamente (Saady, 2013). Pesquisadores
continuam a explorar maneiras de melhorar as taxas e os rendimentos de producdo de Hz no
processo fermentativo, enfrentando desafios impostos pela homoacetogénese, como controle
cinético, termodindmico e de agitacao, além da remog¢ao de CO: do headspace (Wooshin Park,
Seung H. Hyun, Sang-Eun Oh, Bruce E. Logan, 2005).

A acetogénese e a metanogénese ocorrem simultaneamente, sendo a metanogénese a
etapa final da digestdo anaerdbia. Nessa fase, arqueias metanogénicas convertem precursores
metabolicos, como H: e 4cido acético, em CHa4 (Reagdes 21 a 24 — Tabela 2). Aproximadamente
70% do CH4 da digestao anaerobia ¢ produzido por metanogénicos acetoclasticos, que utilizam
acido acético como fonte de carbono (Reagdo 22 — Tabela 2), enquanto os 30% resultam da
atividade de metanogénios hidrogenotroficos, que consomem H: e CO: para gerar CH4 (Reagao
21 — Tabela 2) (Swinbourn, Li e Wang, 2024). Entre os metanogénicos acetoclasticos,
destacam-se as familias Methanosarcina, que metaboliza diversos compostos, € Methanothrix,
que utiliza exclusivamente acetato.

Os metanogénios hidrogenotroficos consomem H:, reduzindo sua disponibilidade e

impactando processos dependentes desse gas. Para minimizar esse consumo e aumentar a
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producdo de Ho, ¢ essencial selecionar a comunidade microbiana, o que pode ser feito por meio
do pré-tratamento do inoculo. Esse processo favorece o enriquecimento seletivo de
microrganismos produtores de H2, a0 mesmo tempo que reduz a populacao de consumidores
desse gas.

O pré-tratamento, que pode ser quimico (uso de 4acidos ou bases) ou fisico
(ultrassonicagdo, irradiagdo ultravioleta, aeragdo, tratamento térmico, congelamento e
descongelamento), submete os microrganismos a condigdes adversas, beneficiando bactérias
esporulantes (Faloye, Gueguim Kana e Schmidt, 2013; Magrini et al., 2021). Durante a
esporulacdo, esses microrganismos formam endosporos altamente resistentes a fatores
ambientais como calor, desidratagdo, radiagdo e produtos quimicos. Esse processo ¢
rigorosamente regulado, envolvendo a expressdo de genes especificos e a formacgdo de
estruturas celulares especializadas (Palop, Mafas e Condon, 1999). Essa técnica permite a
segregacao das etapas de hidrélise-acidogénese e metanogénese, pois reduz a populagao de
microrganismos nao esporulantes, como as arqueias consumidoras de Hz, enquanto favorece as
bactérias esporulantes, mais adequadas a producao de Hz (Appels et al., 2008; Dai et al., 2019;
Faloye, Gueguim Kana e Schmidt, 2013; Magrini et al., 2021).

Figura 10 — Etapas da digestdo anaerdbia e indicagdo do pré-tratamento do inoculo para a
separacao das fases fermentativa e metanogénica do processo.
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Fonte: Elaboragao propria adaptado de Sa, 2015.

A separagdo das etapas da digestdo anaerdbia em um consdrcio microbiano permite a

producao sequencial de H> e CHa. Na fase fermentativa, além da geracao de H:, ocorre a
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liberagdo de acidos organicos, que podem ser reaproveitados em uma segunda etapa com um
indculo ndo pré-tratado. Esse inoculo, rico em arqueias metanogénicas, consome os acidos
organicos para a conversao em CHas. A producgao sequencial sera abordada com mais detalhes
no proximo tépico.

Essa abordagem melhora a gestdo de residuos ao mesmo tempo em que contribui para
metas energéticas sustentaveis. Além da producdo de biogés, o digestato resultante apresenta
um alto teor de nutrientes essenciais, como nitrogénio, potassio e fésforo, permitindo seu uso
como biofertilizante. A aplicagdo desses biofertilizantes pode reduzir em até 50% a necessidade
de fertilizantes minerais NPK, favorecendo o crescimento das plantas e diminuindo o consumo
energético associado a producgdo desses insumos (Swinbourn, Li e Wang, 2024). Diante disso,
paises com forte atividade agricola e baixa produ¢do de fertilizantes minerais, como o Brasil,
devem adotar estratégias sustentdveis para garantir a disponibilidade de nutrientes na

agricultura.

2.2.2.1 Produgao sequencial de H e CH4

Conforme discutido anteriormente, uma pequena por¢ao da carga organica do sistema ¢
reduzida na producao de H:, representando cerca de 10-20% do total de DQO, associada ao
crescimento celular e a producdo de polimeros extracelulares (Zhang et al., 2017). A DQO
remanescente (80-90%) corresponde aos metabolitos soluveis presentes no efluente do
processo (EPH), formados durante a fase acidogénica (Sukphun ef al., 2023). Uma alternativa
para a recuperacao de energia e reducao de matéria orgéanica ¢ a recuperagdo deste EPH como
matéria-prima para a producao sequencial de CHs. Nesse sistema integrado, a fase acidogénica,
realizada com inoculo pré-tratado, promove a geracdo de H: e acidos organicos, enquanto a fase
metanogénica subsequente, utilizando indculo in natura, converte os compostos organicos
remanescentes em CHa, representando uma reducao de 80% - 90% do DQO, maximizando
assim, o aproveitamento energético do processo (Rajendran et al., 2020).

O uso de dois reatores para a separacao de fases em sistemas de digestdo anaerobia foi
inicialmente proposto por Pohland e Ghosh, em 1971 (Pohland e Ghosh, 1971). Essa abordagem
buscava trazer maior estabilidade ao processo, considerando que os dois principais grupos
microbianos (bactérias e arqueias) diferem significativamente quanto a fisiologia, as exigéncias
nutricionais, as taxas de crescimento, as caracteristicas metabolicas e ao grau de sensibilidade
ao estresse ambiental. Dessa forma, no reator acidogénico o ambiente ¢ controlado para

favorecer o crescimento e a atividade dos formadores de 4cidos conjuntamente com a produgao
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de Ha, enquanto o reator metanogénico recebe o efluente com metabdlicos soluveis e € ajustado
para proporcionar condigdes ideais ao desenvolvimento dos arqueias metanogénicas. Essa
configuragdo possibilita a aplicagdo de valores 6timos de pH distintos em cada fase, contribui
para a regulacdo de sobrecargas organicas na etapa metanogénica e potencialmente eleva a
producdo de CHa.

A abordagem voltada a recuperacdo sequencial de H. e CHa foi explorada por Han
(2005) em escala piloto utilizando residuos alimentares ¢ lodo granular como matéria-prima e
inéculo, respectivamente. Os resultados mostraram que o biogas gerado na etapa acidogénica
continha 18% de Hz, enquanto o biogas produzido na etapa metanogénica apresentava 52% de
CH.4. Em ambas as fases, acidogénese e metanogénese, foi observada uma reducao superior a
70% na DQO, indicando o éxito da operacdao em dois estagios (Han ef al., 2005).

Fasheun ef al. (2024) demonstraram que a inclusdo de um segundo estagio de digestao
anaerobia ap6s a fermentacdo de amido de mandioca, tanto in natura quanto extrudado,
aumentou significativamente a recuperacao energética na forma de CHa. O sistema sequencial
promoveu reducdes de 92-93% na DQO. Notavelmente, o potencial energético do segundo
estagio isolado foi até 15 vezes superior ao da digestdo de estagio Unico, além de gerar biogas
com alto teor de CHa4 (>80%), evidenciando o EPH como uma excelente matéria-prima para a
geragdo de CH4 (Fasheun, Sant’Ana da Silva, ef al., 2024).

A etapa acidogénica pode atuar como um pré-tratamento bioldgico eficaz para a fase
metanogénica da digestdo anaerdbia, contribuindo para a remog¢do ou reducdo de compostos
toxicos que inibem a atividade de arqueias metanogénicas. Essa funcdo desintoxicante ¢
especialmente relevante quando se utilizam substratos lignoceluldsicos, cujos pré-tratamentos
geram subprodutos como 5-hidroximetilfurfural (5-HMF), furfural e 4cido formico, conhecidos
por prejudicarem a produgao de CH4 (Tomasini, Faber e Ferreira-Leitao, 2022). Tais compostos
sdo significativamente menos tolerados por esses microrganismos do que por bactérias
produtoras de Hz (Fagbohungbe et al., 2016).

A digestdao em dois estagios tem se mostrado vantajosa ndo apenas pela desintoxicacao
prévia, mas também pelo aumento na produtividade e no potencial energético, com maior
producdo de CHa (Faber, Meireles e Ferreira-Leitdo, 2022; Fasheun, Sant’Ana da Silva, et al.,
2024; Toro et al., 2021). Tais ganhos estdo associados a capacidade da etapa acidogénica de
modificar as caracteristicas do meio, minimizando a inibicado da metanogénese. Além disso, as
bactérias tendem a apresentar pmax mais elevado e tempo de duplicagdo reduzido, crescendo e
metabolizando substratos em ritmo superior ao das arqueias, que possuem cinética mais lenta e

maior suscetibilidade a oscilagdes ambientais. O ajuste do pH entre as fases pode ser decisivo,
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especialmente para substratos de rapida fermentagdo, que acidificam o meio em curto prazo
(Wang et al., 2021).

Portanto, o processo sequencial ndo apenas possibilita a geracdo de dois vetores
energético, o H> com alto poder calorifico, e 0 CH4, amplamente utilizado como substituto de
combustiveis fosseis, como também permite a recuperacdo mais completa da energia contida
na matéria organica de residuos e efluentes. Além disso, essa separagdo de etapas contribui para
minimizar a sobrecarga metabolica para os microrganismos no processo, reduzindo os riscos
de colapso do sistema e aumentando a estabilidade operacional. A seguir, discute-se o panorama
energético mundial e brasileiro, destacando as oportunidades e desafios para a integragdo de

tecnologias baseadas em bioenergia

2.3 METANO

A distingdo entre biogds e biometano ¢ fundamental para compreender seu uso e
regulamentacdo no setor energético. Ambos os gases sdo definidos por normativas da Agéncia
Nacional do Petroleo, Gas Natural e Biocombustiveis (ANP), como a Resolugao n°® 886/2022,

que estabelece suas classificagdes (ANP, 2022):

I - biogas: gas bruto obtido da decomposicdo bioldgica de residuos organicos;
IT - biometano: gas constituido essencialmente de metano, derivado da purifica¢do do

biogas;

O setor de biogds no Brasil continua em expansdo, contando com 1.365 plantas
cadastradas em 2023, um aumento de 32% em relagcdo a 2022 (Figura 11). A capacidade
instalada ja supera 4 bilhdes de Nm? por ano, com os residuos da agropecuaria sendo a principal
matéria-prima utilizada (80%), seguida pelos residuos industriais (20%) e pelos residuos
solidos urbanos (9%). Em termos de aplicacdo, a geracao de energia elétrica domina o setor,
representando 86% do uso, enquanto 9% sao destinados a energia térmica, 3% a producdo de

biometano e 0,4% a energia mecanica (CIBiogas, 2024).
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Figura 11 - Evolugao do niimero de plantas de biogés e da capacidade de producao acumulada (Nm?*/ano)
entre 2014 e 2022. O grafico mostra o crescimento do numero total de plantas (barras roxas), o nimero de novas
plantas instaladas a cada ano (barras verdes) ¢ a capacidade acumulada de producdo de biogas (linha vermelha),
indicando a expansdo continua do setor ao longo do periodo.
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O biogas € composto por teores consideraveis de metano (40 — 80%) e dioxido de
carbono (30 - 50%), além de baixas concentracdes de outros gases como nitrogénio (0-3%),
vapor de dgua (0-10%), oxigénio (0—1%), sulfeto de hidrogénio (H2S) (0—1%), amonia (0-200
mg/m>) e siloxanos (040 mg/m ) (Khan et al., 2021; Lorant e Tardy, 2022; Mignogna et al.,
2023). Sua composicao depende do substrato sendo digerido e consequentes propriedades
delimitam suas possiveis destinagdes energéticas (Mignogna et al., 2023). Para a sua inje¢do na
rede de gas natural, ¢ essencial remover o didxido de carbono (COs:), pois concentracdes
elevadas reduzem seu valor calorifico (Castellanos-Sanchez et al., 2024; Lorant e Tardy, 2022).

Além do CO., outros contaminantes afetam a qualidade e a aplicabilidade do biogés. O
sulfeto de hidrogénio (H-S), por exemplo, pode corroer componentes metalicos de caldeiras,
motores de combustdo interna e gasodutos, além de apresentar elevada toxicidade aos
operadores das plantas (Ferruzzi ef al., 2023). Ja os compostos de silicio, quando presentes,

tendem a se depositar nas paredes do motor, comprometendo o tubo de escape e o conversor
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catalitico, especialmente em motores de combustdo interna (Nair ef al., 2012). A presenga de
amonia e hidrocarbonetos halogenados também influencia as propriedades de igni¢cdo do
biogas, além de causar corrosdo em motores de cogeracdo e gasodutos apds a
combustao(Golmakani et al., 2022).

A remocao desses compostos pode ser realizada por diversos métodos, conhecidos como
melhoramento ou upgrade do biogés. Entre os processos fisico-quimicos utilizados, destacam-
se: adsorcao fisica por water scrubbing; adsor¢cao quimica com solventes organicos ou
solventes eutéticos; adsor¢ao por oscilacdo de pressao; separacdo por membranas, incluindo
membranas poliméricas, inorganicas ¢ mistas; separacdo criogénica; adsor¢cdo em superficie
solida; e adsor¢ao com biochar (Khan et al., 2021).

Entre os métodos bioldgicos, destaca-se o upgrade quimioautotrofico do biogas, no qual
0 CO: ¢ convertido em CHa por microrganismos anaerdbios, como arqueias metanogénicas dos
géneros Methanospirillum sp., Methanococcus sp., Methanosarcina sp., Methanobacterium sp.,
Methanoculleus sp. e Methanothermobacter sp (Acs et al., 2019). Essa conversio pode ocorrer
de duas formas: in situ, quando o CO- e o H gerados na digestdo anaerobia sdo convertidos em
CHa4 diretamente no reator, e ex sifu, quando uma fonte externa de CO: e H: ¢ adicionada ao
processo. Além disso, o melhoramento fotoautotrofico do biogés pode ser realizado por meio
da captura de CO: e H>S utilizando microalgas e cianobactérias procarioticas, promovendo uma
abordagem sustentével para a purificacdo do biogas (Acs et al., 2019).

Devido as suas caracteristicas semelhantes as do géas natural, o biometano se apresenta
como uma alternativa viavel para diversas aplicagdes na rede de distribui¢do. No Brasil, a
composicdo do biogas deve conter, no minimo, 90% de metano antes de ser injetado nas redes
de gés natural (ANP, 2022). J4 na literatura, considera-se biometano o gas cuja composi¢ao
possui pelo menos 95% de metano (IEA, 2022; Mignogna et al., 2023). E neste contexto, uma
das principais aplicagdes do biometano ¢ como combustivel para transporte automotivo
(Pavici¢ et al., 2022).

Além do setor de transportes, o biometano também desempenha um papel estratégico
na industria e em aplica¢gdes municipais. Equipamentos como caldeiras a gas e sistemas de
cogeracao de calor e eletricidade (CHP) ja operam com gas natural e podem ser facilmente
adaptados para o uso de biometano, facilitando a transi¢dao energética (Robson et al., 2017).
Veiculos movidos a gas natural comprimido (GNC) e tecnologias associadas oferecem um
caminho de menor resisténcia para a descarbonizagdo da matriz energética, substituindo o gés

fossil por uma fonte renovavel. Essa vantagem torna o biometano uma solu¢ao promissora para
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a matriz de transportes brasileira, consolidando-se como um combustivel sustentavel e de baixo
carbono.

O setor de biometano no Brasil registrou um crescimento significativo em 2023, com
50 plantas cadastradas, representando um aumento de 16% em relacdo a 2022. A produgdo
também apresentou avango expressivo, atingindo 114 mil Nm?, volume 19% superior ao
produzido no ano anterior. Esse aumento reflete o potencial do biometano como fonte de
energia limpa e renovavel, contribuindo para a diversificagdo da matriz energética e a redugao
das emissoes de gases de efeito estufa (Abiogas, 2024).

Em 2024, foi sancionada a Lei 14.993/2024, conhecida como Lei do Combustivel do
Futuro, um marco para o setor sucroenergético e a matriz energética brasileira (Agéncia Senado,
2024). Destaca-se, a criacdo do Programa Nacional de Descarbonizacio do Produtor e
Importador de Gas Natural e de Incentivo ao Biometano, que visa fomentar a pesquisa,
produgdo, comercializagcdo ¢ uso do biometano ¢ do biogas na matriz energética nacional,
promovendo a descarbonizacdo do setor de gas natural. O Conselho Nacional de Politica
Energética (CNPE) definird metas anuais para a reducdo de emissdes a partir de 2026, com um
indice inicial de 1%, podendo chegar a 10%. Empresas que ndo cumprirem essas metas estardo
sujeitas a multas, enquanto pequenos produtores e importadores serdo isentos da obrigagdo
(Ageéncia Senado, 2024; Fernandes e Costa, 2024).

Neste cenario, o desenvolvimento de motores a metano para 6nibus e caminhdes ja ¢
uma realidade, com fabricantes como a Scania oferecendo modelos equipados com motores de
9 e 13 litros, que proporcionam desempenho comparavel aos motores a diesel e autonomia de
até 1.200 km (Scania s.d.). No setor sucroenergético, a Cocal, em parceria com a MWM,
substituiu motores a diesel por motores 100% a gés em 20 caminhdes € motobombas, utilizando
biometano produzido a partir de residuos da cana, especificamente vinhaca e torta de filtro
(OTM, 2024). Esse gas renovavel, distribuido via carretas ou gasoduto, permitiu a empresa
reduzir o consumo de diesel e evitar a emissdo de 1.900 toneladas de CO: na ultima safra
(Autoindustria, 2024). Da mesma forma, iniciativas sustentaveis estdo sendo implementadas na
gestdo de residuos urbanos, como a nova frota da prefeitura de Sao Paulo e da concessionéria
de coleta de residuo, composta por 27 carretas movidas a biometano para atuar na destinagdo
final dos residuos nas regidoes Norte e Oeste da cidade. Além disso, o Volkswagen Constellation
26.280, movido a biometano e com capacidade para operar também com GNV ou GNL, sera
testado neste ano, destacando-se como uma alternativa eficiente para reduzir em até 90% as

emissoes de CO: e em aplicagdes como a coleta de residuo (Rosa, 2024).
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Por fim, o biometano se destaca ndo apenas por seu baixo impacto ambiental, mas
também por sua viabilidade econdomica. Como sua infraestrutura de distribuigdo e utilizacao ja
esta estabelecida em diversas regides do mundo, o custo total de implementacdo do sistema
energético baseado em biometano ¢ reduzido, tornando-o uma alternativa competitiva e

sustentavel para o futuro da energia global.

2.4 FATORES QUE INFLUENCIAM A DIGESTAO ANAEROBIA

O desempenho ¢ a estabilidade da digestao anaerobia estao diretamente ligados a fatores
fisico-quimicos e microbioldgicos que modulam o metabolismo dos consdrcios microbianos. A
seguir, serdo apresentados os principais parametros operacionais e bioquimicos que influenciam
esse processo, como temperatura, formagao de acidos e variagdes de pH, pressao parcial,
relacio C/N e estratégias de cofermentacdo, destacando seus efeitos sobre a atividade

microbiana e a produg¢do de biogas.

2.4.1 Temperatura

A temperatura tem grande impacto na fermentagdo para produgdo de Ho, que também ¢
um fator importante para desenvolver a eficiéncia da producao de H>. A producgdo de Ha por
microrganismos na fermentacdo pode ocorrer sob condi¢des mesofilicas (20 - 45 °C),
termofilicas (50 - 60 °C) e extremas termofilicas (65 — 80 °C) (Cremonez et al., 2021; Kumar
e Samadder, 2020). O principal grupo de bactérias produtoras de Hz sob condi¢des mesofilicas
inclui Enterobacter, Klebsiella, Citrobacter, Bacillus e Caldicellulosiruptor (Eder et al., 2020;
Volpi et al., 2021). Bactérias do género Clostridium produzem H» tanto em condigdes
mesofilicas quanto termofilicas. Espécies dos géneros Thermoanaerobacter e Caldanaerobius
também sdo comuns na produ¢do de H> sob condi¢des termofilicas (Dessi ef al., 2018; Niz et
al., 2019). A literatura também descreve psicrofilos (abaixo de 20 °C) como microrganismos
produtores de H», incluindo bactérias dos géneros Gammaproteobacteria, Polaromonas,
Pseudomonas, Carnobacterium ¢ Trichococcus (Alvarado-Cuevas et al., 2014; Alvarez-
Guzman et al., 2016; Debowski et al., 2014).

O controle térmico no processo fermentativo exerce influéncia decisiva sobre o
metabolismo microbiano, a biodegradabilidade dos substratos e a atividade das hidrogenases.
O aumento da temperatura pode favorecer o acimulo de H: ao inibir microrganismos e aumenta
a transferéncia de massa gés-liquido (Ahmad et al., 2024). No entanto, em condi¢des

extremamente termofilicas (temperaturas superiores a 65 °C), foi observada a inibicao dos
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organismos produtores de H:, especialmente em sistemas com lodo ativado como inodculo,
devido a desnaturagdo de proteinas celulares e a consequente inativacdo de enzimas essenciais
para o crescimento microbiano (Dessi et al., 2018). De modo geral, a faixa de temperatura mais
aplicada na acidogénese situa-se entre 30 ¢ 60 °C, sendo evidenciado que intervalos de 35-40
°C e 50-60 °C favorecem a producdo de H. sem comprometer o crescimento celular
(Elbeshbishy et al., 2017).

A escolha da faixa de temperatura ideal também depende da origem e da composicao
do substrato utilizado. Diferentes matérias-primas apresentam caracteristicas fisico-quimicas
especificas, que impactam tanto a taxa de degradacao quanto a eficiéncia da produgao de biogas
em condi¢des térmicas especificas (Ahmad et al., 2024). Em efluentes complexos, como a
vinhaca, composta de moléculas complexas e recalcitrantes (Comparato et al., 2024; Reis et
al., 2020), diversos estudos tém sido conduzidos para determinar a faixa de temperatura ideal
para maximizar a produ¢do de H, com destaque para o uso de condigdes termofilicas, que
também se justifica pela elevada temperatura que esta é gerada (Sillero, Solera e Perez, 2023;
Toledo-cervantes et al., 2020). Resultados satisfatorios em termofilia também foram
observados em fermentagdes envolvendo outras matérias-primas, como o soro de leite
(Almeida et al., 2022) e residuos com alto teor de celulose (Rambabu et al., 2019). Neste tltimo
caso, microrganismos anaerobios termofilicos como Clostridium thermocellum demonstram
elevada capacidade de hidrolise e melhor taxa de crescimento sob condigdes de temperatura
elevadas, resultando em maior eficiéncia na produ¢do de H> (Rambabu et al., 2019).

Em condigdes termofilicas, microrganismos fermentativos apresentam taxas de
hidrolise superiores as observadas em processos mesofilicos, além de favorecerem uma maior
producdo de acidos graxos volateis (Chen et al, 2022). Adicionalmente, microrganismos
termofilicos apresentam alta tolerancia a variagdes de pH e a condigdes de estresse, mantendo
elevadas taxas e rendimentos na producao de Hz (Haque et al., 2022). Contudo, a fermentacao
mesofilica continua sendo amplamente empregada na produgdo de H», devido as suas vantagens
relacionadas ao menor consumo energético € a maior estabilidade operacional. Além disso, as
diferentes afinidades térmicas entre as bactérias produtoras de H> podem influenciar tanto as
rotas metabdlicas quanto as taxas de producao durante a fermentagdo (Chen et al., 2022; Faber,
Meireles e Ferreira-Leitdo, 2022; S4, de et al., 2020).

Altas temperaturas podem restringir a quantidade de microrganismos, uma vez que a
rapida degradacao do substrato e a consequente formacao de acidos organicos afetam ou mesmo
inibem o crescimento de organismos metanogénicos. O aumento expressivo da temperatura esta

associado a uma elevagao significativa na taxa de mortalidade das arqueias metanogénicas em
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comparac¢do as condi¢des mesofilicas (Sukphun et al., 2023). Diante desse cenario, o uso de
sistemas de digestdo anaerdbia em dois estdgios tem se mostrado uma estratégia promissora.
Nessa abordagem, empregam-se condigdes termofilicas (em torno de 50 -55 °C) durante a fase
de hidrolise e acidificagao do material, seguidas por uma etapa mesofilica (cerca de 35 °C) na
fase de producdo de metano, promovendo maior estabilidade e diversidade de arqueias

metanogénicas (Cremonez et al., 2021; Mignogna et al., 2023; Sukphun ef al., 2023).

2.4.2 Geracao de acidos e alteracoes no pH

O controle de pardmetros operacionais, como o pH e a concentragdo de acidos
orgénicos, ¢ essencial para otimizar a producdo de H> e CH4 em sistemas de digestdo anaerdbia.
Durante a hidrélise das matérias-primas, acidos como o formico, acético e levulinico sdo
liberados, enquanto a fase acidogénica gera subprodutos adicionais, como os acidos acético,
butirico, propidnico e latico, todos potenciais inibidores da fermenta¢ao. Quando o pH do meio
cai abaixo dos valores de pKa desses acidos, acético (4,75), butirico (4,80), propionico (4,88)
e latico (3,86), ocorre a dissociacdo intracelular dessas moléculas. Esse processo leva ao
acimulo de prétons no citoplasma, promovendo acidificagdo intracelular, que pode ativar
enzimas associadas a solventogénese, uma rota metabolica que compete com a produgdo de H-
(Basak et al., 2020; Elbeshbishy et al., 2017; Patakova et al., 2019). Além disso, os anions
resultantes elevam a osmolaridade citoplasmatica, aumentando a pressdo de turgor (pressao
contra a parede celular) e induzindo estresse celular. O bombeamento de protons para o meio
extracelular, como mecanismo de defesa, também compromete a disponibilidade de ATP
intracelular, prejudicando o metabolismo microbiano(Elbeshbishy et al., 2017; O-Thong et al.,
2008; Sa, de et al., 2020).

Apesar disso, algumas espécies, como Ethanoligenens harbinense e Clostridium
acidisoli, demonstraram capacidade de crescimento e produ¢do de H> mesmo sob condigdes de
pH extremamente baixas (pH < 3), conforme relatado por Mota et al., 2018. Ainda assim,
considerando a fonte de carbono e as caracteristicas das bactérias dominantes na producao de
H,, a faixa de pH ideal para a fermentagdo situa-se geralmente entre 5 e 7 (Tian ef al., 2019;
Zagrodnik, Duber e Seifert, 2022). Vale ressaltar que o pH inicial ¢ mais importante para os
fatores que afetam o inicio da producao, enquanto o pH operacional afeta as vias metabolicas
que serdo predominantes (Rocha, Sakamoto e Varesche, 2023).

O ajuste da concentragdo de substrato deve ser avaliado para cada sistema, como a

quantidade de microrganismos presentes no indculo (Mattiello-Francisco et al., 2024). Uma
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carga organica excessiva pode levar ao acumulo de 4cidos organicos, promovendo a rapida
reducdo do pH do meio, o que inibe o metabolismo microbiano e prejudica a producio de H»
(Canto-Robertos et al., 2023). As fermentacdes em batelada apresentam vantagens, pois
permitem interromper o processo no momento de maior produgdo de gas, antes que a redugao
do pH cause a inibi¢do microbiana e o consequente consumo do gas produzido. Em sistemas
continuos, existem estratégias como a alimentag@o controlada dos reatores com matéria-prima
previamente ajustada em pH. Além disso, a cofermentacdo com substratos tamponantes pode
contribuir para a estabilizacdo do pH durante a digestao, reduzindo o risco de inibi¢ao por
substrato e por produto e favorecendo a eficiéncia do sistema (Menezes, de et al., 2023).

Quando o processo de digestao anaerdbia ¢ conduzido integralmente com o objetivo da
producdo de CH4, 0 acumulo, especialmente dos acidos propidnico e butirico, ¢ reconhecido
como um dos principais gargalos que limitam a eficiéncia do sistema (Lv et al., 2023). Esses
acidos ndo sdo diretamente utilizados pelas arqueias metanogénicas, que empregam,
preferencialmente, acido acético ou Hz2 e CO2 como substratos para a produgdo de CHa. Assim,
0 propionato e o butirato precisam ser oxidados previamente, por meio de reagdes acetogénicas,
em acido acético e H.. No entanto, essas reagdes de oxidagdo sdo termodinamicamente
desfavoraveis em condigdes padrio (Tabela 2; Reacdo 14 e 15, respectivamente) e somente se
tornam exergdnicas quando os produtos da reagdo (acido acético e Hz2) sdo mantidos em
concentragdes muito baixas (Lv et al., 2023).

Diversos métodos foram propostos para diminuir o acimulo do propionato e do butirato
durante a digestdo anaerdbia, como a adi¢do de carvao ativado granular ou do biochar, com o
objetivo de estimular a transferéncia direta de elétrons entre espécies (DIET) além do
enriquecimento de populacdes de homoacetogénicos (Bu et al., 2021). No entanto, essas
abordagens mostraram-se insuficientes para evitar, de forma continua e estavel, a acumulagdo
dos acidos organicos, especialmente quando o sistema foi submetido a condi¢des ambientais
adversas ou ao aumento de carga orgéanica. Assim, o desenvolvimento de solu¢des mais eficazes
e definitivas para o controle do acumulo de 4cidos continua sendo um desafio relevante. Nesse
cenario, a separacdo da digestdo anaerdbia em dois estdgios desponta como uma técnica

promissora para superar o desequilibrio entre as fases acidogénica e metanogénica.
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2.4.3 Pressao parcial

A pressdao parcial exerce um papel determinante na producdo de H.. Em sistemas
fechados, o aumento da pressdo favorece a ressolubilizacdo do gas no meio liquido devido a
uma limitagdo na transferéncia de massa entre as fases liquida e gasosa, visto que a taxa de
producdo de gés supera sua taxa de transferéncia para a fase gasosa (Junior et al., 2020; Pauss
et al., 1990). Entre os efeitos do acimulo de H> no meio estao os desvios nas rotas metabdlicas,
em que o H> ¢ consumido para a sintese de acetato. Uma alta pressao parcial implica maiores
concentragdes de H, e CO> dissolvido no meio fermentativo, isto leva a um aumento de
populacdo de microrganismos realizando homoacetogénese por meio da via Wood-Ljungdahl
(Ferraz-Junior et al., 2020)

Os homoacetogénicos sdo responsaveis pelo consumo de até 45% do H» produzido na
fermentagdo, sendo este fendmeno um dos mais desafiadores a serem controlados. Isto porque
0s microrganismos que realizam homoacetogénese crescem em uma ampla gama de
temperatura (4 — 80 °C) e persistem ap6s o pré-tratamento do indculo (Augusto et al., 2024).
Entre esses estdo as bactérias do género Clostridium que realizam a homoacetogénese e a
produgdo de Hz. Além disso, esta condicdo de acumulo de H> no meio afeta o metabolismo
bacteriano ao influenciar o balanco de NADH/NAD* e a dire¢ao das reacoes redox, ativando a
via redutora da fermentagdo, conhecida como solventogénese ou fermentacdo ABE (Patakova
etal.,2019). O excesso de NADH e baixo pH favorecem a redu¢do dos acidos acético e butirico,
gerados na fase acidogénica, em seus correspondentes aldeidos e 4lcoois como acetona, butanol
e etanol (Branska et al., 2021) .

A elevada pressdao parcial durante a fase de adaptativa dos microrganismos pode
interromper o consumo de substratos (Chen, Yin e Wang, 2021). Esse comportamento pode ser
explicado pelo Principio de Le Chatelier, que estabelece que "todo sistema em equilibrio reage
aum aumento de pressao deslocando a reagdo no sentido oposto ao que intensifica essa pressao"
(Chen, Yin e Wang, 2021; Ferraz Junior et al., 2022). Durante a fermentacdo, a medida que a
pressdo parcial aumenta nos biorreatores, o equilibrio redox intracelular entre NADH/NAD*
fica afetado, no qual ha acimulo de NADH dentro da célula causando a diminui¢ao do consumo
de substrato e a sintese de H, (Canto-Robertos et al., 2023; Wang e Wan, 2009).

Entre as estratégias adotadas para minimizar a inibi¢do da sintese de Ha, existem as
técnicas de aspersdo por gas inerte (Massanet-nicolau ef al., 2015), do aumento da transferéncia
gas-liquido no reator por meio de agitagdo (Chezeau e Vial, 2019) e de gerar um vacto no

sistema fermentativo (Rajhi et al., 2016). Além disso, a fermentagdo em baixa pressao vem
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recebendo destaque. Diversos estudos relatam que a fermentagdo sob pressoes entre 0,2 e 0,6
atm (Faber, Meireles e Ferreira-Leitao, 2022; Fasheun et al., 2023; Liu et al., 2006; Mandal,
Nath e Das, 2006) melhora a produgao de Hz, evidenciando que operar em condi¢des de pressao
reduzida ¢ uma abordagem eficaz (Castello et al., 2020).

No entanto, ainda ndo ha uma analise detalhada do custo-beneficio dessa estratégia de
fermentagdo em baixa pressdo. Reduzir a pressdo do sistema pode ser oneroso, tornando
essencial o ajuste adequado das condi¢des operacionais para viabilizar a aplicacao dessa técnica
(Castello et al., 2020). A determinagdao de uma pressao limite e a escolha de um reator que
permita alivios continuos de gas em niveis controlados podem minimizar esses desafios e gerar
ganhos significativos para o processo (Fasheun, Silva, da, et al., 2024; Tomasini, Faber e

Ferreira-Leitao, 2022).

2.4.4 Relacao carbono/nitrogénio (C/N)

A relagdo carbono/nitrogénio (C/N) ¢ um fator determinante na fermentacao,
influenciando diretamente o crescimento celular e a producdo de hidrogénio. No entanto, seu
valor ideal varia conforme as caracteristicas da matéria-prima e dos substratos contidos, do
in6culo e das condigdes de fermentagdo (Karim ef al., 2021). A deficiéncia de nitrogénio, ou
seja, elevada relagdo C/N, compromete a proliferacdo microbiana, limita a disponibilidade de
nitrogénio, retardando a digestdo do substrato, reduz a sintese de Hz (Karim et al., 2021; Pérez-
Rangel et al., 2020). Por outro lado, o excesso de nitrogénio (baixa relagdo C/N) favorece o
crescimento excessivo da biomassa, o que deletério a producao de H», pode modificar o pH
intracelular, gerar amonia em excesso € aumentar a toxicidade para microrganismos (Ananthi
et al.,2024; Karim et al., 2021; Pérez-Rangel et al., 2020).

Apesar desses desafios, o nitrogénio € essencial para a sintese celular, sendo necessario
na formagao de acidos nucleicos, paredes celulares e proteinas. Quando presente em proporgdes
adequadas, pode reduzir a fase adaptativa dos microrganismos e favorecer a eficiéncia do
processo fermentativo (Reyna-Gomez et al., 2019). Na literatura, hd consenso sobre os
requisitos de nitrogénio para a produc¢do de metano a partir de matérias-primas lignocelulosicas,
com uma relagdo C/N ideal na faixa de 20 a 30 (Pérez-Rangel et al., 2020). No entanto, ndo ha

um consenso claro sobre as necessidades de nitrogénio para a producao de hidrogénio
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Tabela 3 - Resultados comparativos de estudos que identificam as relagdes carbono/nitrogenio em seus trabalhos com producédo de hidrogénio utilizando residuos agroindustriais

ou meios sintéticos

Matéria- Temperatura Modo de Tipo de H:
prima/Substrato inéculo pH °O) C/N operacio Reator (mL/L) Yp/s Referéncia
Meio Frasco 4.8
sintético/Sacarose Lodo anaerobio 6,8 35 47 Batelada selado  1439,2 mL/L. mol/molsacarose  (Lin € Lay, 2004)
Meio sintetizado
mimetizando efluente Frasco
(ndo determinado) Lodo anaerobio 5 55 30 Batelada selado 25mL.h'l.g! - (Xie et al., 2008)
Frasco
P¢ de trigo/amido Lodo anaerobio 7 37 200 Batelada selado 3600 mL/L 281ml/gamido (Argun et al., 2008)
Thermoanaerobacteriu
Efluente do o6leo de ;’;zermosaccharolyticum Frasco 2.53 (O-Thong et al.,
palma (POME) PSU-2 6.2 60 35 Batelada selado 3420 mL/L mol/molhexose ~ 2008)
Meio Temperatura 111.42 mL.h- 3,5 (Felpeto-Santero et
sintético/Sacarose In6culo formulado 5  ambiente 140 Continuo UASB  1.L-1 mol/molsacarose  al., 2015)
Meio 0,76
sintético/Glicose Lodo anaerdbio 3,7 30 200 Continuo AFBR 0,7 L.h-1.L""  mol/molgicese ~ (Carosia et al., 2017)
Frasco (Pérez-Rangel et al.,
Palha de trigo Enterococcus 6,5 37 17,5 Batelada selado 504 mL/L 38 mL/gpalna 2020)
Reator
com
Meio alivio de 0,14 (Faber, Meireles e
sintético/Glicerol Lodo anaerobio 5,5 35 128 Batelada pressdao 258 mL/L mol/molgiicerol ~ Ferreira-Leitao, 2022)
Consorcio 283.6 mL.h° (Garcia-Depraect et
Vinhaga de tequila formulado* 5,8 35 135 Continuo CSTR 'L’ 81.8 mL/gys  al.,2023)
Bagaco de
cana/pentoses da Frasco 1,9 (Mattiello-Francisco
hemicelulose Lodo anaerdbio 6 55 100 Batelada selado 1900 mL/L  mol/molpentose  ef al., 2024)
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A auséncia de nutrientes pode ter um efeito positivo, neutro ou negativo na producao de
H>, dependendo do substrato. Substratos simples ou puros, como sacarose, glicose, glicerol e
amido, parecem exigir baixos teores de nitrogénio, com relagdes C/N variando de 128 a 200
(Tabela 3). No entanto, alguns estudos revelaram o oposto, relataram relacdes C/N menores,
como 47 (Lin e Lay, 2004). J4 matérias-primas complexas, como palha de trigo (biomassa
lignocelulodsica) e efluente da prensagem de dleo de palma (POME), apresentam relagcdes C/N
entre 17 e 35 e requerem maior suplementacao de nitrogénio.

A fonte de nitrogénio ¢ outro fator que influencia significativamente a produgado de Ho.
Meios contendo nitrogénio organico, como a peptona, tendem a promover maior producao de
hidrogénio em compara¢do aqueles suplementados com fontes inorganicas, como o cloreto de
amonio (NH4Cl) (O-Thong et al., 2008). Esse efeito ¢ atribuido a capacidade da peptona de
fornecer aminoacidos essenciais, que atuam como fatores de crescimento para as bactérias
envolvidas no processo fermentativo.

Além do nitrogénio, outros componentes podem favorecer a producio de Ha. Por isso,
diversos estudos investigam o uso de residuos organicos como fonte de nutrientes para
aprimorar o processo fermentativo, frequentemente por meio da cofermentagdo. Esse cenario
reforga a importancia de estratégias como a cofermentagdo de matérias-primas complexas,
como a vinhaga, para otimizar a conversdao de seus substratos em H> de maneira eficiente e

sustentavel.

2.5 COFERMENTACAO

A fermentacado de residuos ou efluentes organicos pode ser limitada pelas caracteristicas
da matéria-prima, como o desequilibrio nutricional ou a presenga de compostos toxicos que
inibem o processo microbioldgico (Sillero, Solera e Perez, 2022). Nesse contexto, a
cofermentacao de diferentes residuos e efluentes surge como uma estratégia promissora, pois
permite a complementacdo das propriedades dos substratos individuais, potencializando a
eficiéncia na producdo de Hz. Além disso, essa abordagem possibilita o aproveitamento
conjunto de diversos residuos, contribuindo simultaneamente para a mitigacdo de impactos
ambientais e a valorizagdo de efluentes organicos. Entre os beneficios adicionais da
cofermentacao, assim como a codigestdo, destacam-se: a capacidade de tratar cargas organicas

mais elevadas com maior facilidade de biodegradagao, a diluicdo de compostos inibitorios, o
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aprimoramento da capacidade tampdo da mistura e o aumento do rendimento de biogés
(Almeida et al., 2022; Menezes, de et al., 2023).

Essa estratégia tem sido destacada como uma alternativa promissora para mitigar a
recalcitrancia da vinhaga, considerando que esse efluente contém compostos organicos
complexos, como fenois, sulfatos e melanoidinas, capazes de comprometer a estabilidade do
processo fermentativo e reduzir sua eficiéncia energética operacional (Fuess, 2024; Kiani et al.,
2022; Reis et al., 2020). Embora a codigestao da vinhaca ja tenha sido amplamente investigada,
estudos mais recentes tém se concentrado no aprofundamento da cofermentagdo, explorando
seu potencial para otimizar a conversdo bioenergética desse efluente.

A cofermentagdo se configura como uma estratégia eficaz para a valorizag¢ao energética
de residuos e efluentes agroindustriais, promovendo ganhos significativos na produ¢do de Ho,
maior estabilidade operacional e aumento da eficiéncia dos processos fermentativos. Além dos
beneficios técnicos, essa abordagem contribui para a mitigagdo dos impactos ambientais
associados ao descarte inadequado desse efluente, alinhando-se aos principios de

sustentabilidade e economia circular.

2.6 CONTEXTO ENERGETICO

A matriz energética brasileira, em 2023, destacou-se pela elevada participagao de fontes
renovaveis, alcancando 49,1% da oferta de energia interna, em contraste com os 47,4%
registrados em 2022 (Figura 12) (EPE, 2024a). O setor de transportes, em particular, manteve-
se como o principal consumidor de energia sendo os derivados do petrdleo as fontes majoritarias
de energia. No entanto, o consumo de biocombustiveis apresentou aumento significativo, com
o etanol crescendo 6,3% e o biodiesel, 19,2%, em relagdo ao ano anterior (EPE, 2024).

O Brasil possui grande expertise no setor de biocombustiveis, sendo o segundo maior
produtor mundial, representando mais de 21% da produgdo global, atras apenas dos Estados
Unidos, que lideram com 38% (Energy Institute, 2023). O potencial de crescimento na oferta
de biocombustiveis ¢ de 4,1% - 6,6% na demanda entre 2022 e 2032, impulsionando o mercado
internacional e beneficiando o pais (Energy Institute, 2023).

Neste contexto, a produgdo de biometano pode atingir 19,2 bilhdes de Nm? até 2032,
correspondente a 34,9 bilhdes de Nm? de biogas, considerando o aproveitamento integral de
vinhaga, torta de filtro, palhas e pontas. Esse volume permitiria a exporta¢do de energia elétrica

equivalente a 2,1 GW médio a partir do biometano gerado especificamente pela vinhaca e torta
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de filtro (EPE, 2022). Além disso, o biometano derivado da vinhaca e torta de filtro teria
potencial para atender cerca de 20% da demanda de diesel do setor agropecuario. Caso fossem
também aproveitados palhas e pontas, esse segmento poderia alcangar a autossuficiéncia
energética (EPE, 2022).

O uso da biomassa, especialmente a derivada da cana-de-agucar, foi um dos principais
destaques na composicao da matriz energética de 2023, 13% superior comparado a 2022,
elevando sua representacao de 46,7% para 52,9%. Esse incremento esta relacionado ao aumento
da produgao de agucar e etanol no setor sucroenergético, além do crescimento no uso do bagaco
de cana na industria, que registrou um aumento de 26,1% no periodo. Esse desempenho
posiciona o Brasil acima da média mundial, onde a contribui¢ao de fontes renovaveis na matriz

energética permanece significativamente menor (14,8%) (EPE, 2024b).

Figura 12 - Participagdo das fontes renovaveis e ndo renovaveis na matriz energética brasileira em 2023.
Os graficos mostram a distribui¢do percentual das fontes renovaveis (como biomassa de cana, hidraulica, edlica ¢
solar) e das fontes ndo renovaveis (como petroleo e derivados, gas natural e carvdo mineral), indicando que 49%
da matriz energética ¢ composta por fontes renovaveis, enquanto 51% ¢ proveniente de fontes ndo renovaveis.
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Fonte: (EPE, 2024a)

No segmento elétrico, a participagao de fontes renovaveis no Brasil alcancou 89,2% da
matriz em 2023, superando os 87,9% de 2022. Essa evolu¢ao deveu-se a manutencao da oferta
de energia hidraulica, combinada com o crescimento expressivo da geragdo eolica (17,4%) e
solar, além do aumento de 3,8% no uso de biomassa. Em contrapartida, houve redugdes
significativas na geragao a partir de gas natural (-7,9%) e derivados de petréleo (-19,4%) (EPE,
2024b). Tal cendrio mostra os avangos brasileiros na transicdo energética por meio da

incorporacdo de novas tecnologias e fontes mais limpas e diversificadas em sua matriz
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energética. No entanto, desafios permanecem, especialmente na necessidade de integragdo entre
os diferentes setores e na promocao de maior eficiéncia no uso dos recursos energéticos.

Globalmente, as energias renovaveis representam cerca de 29% da geragao elétrica total
(setor energético e elétrico) (IRENA, 2024). De acordo com a agencia internacional de energia
(International Energy Agency — IEA) se as tendéncias atuais persistirem, o aquecimento global
ultrapassara 2°C ja no final do século XXI (IEA, 2025). Para alinhar-se as metas do Acordo de
Paris e ao cenario de limitacdo do aquecimento global a 1,5 °C, as proje¢des indicam que a
participacdo de fontes renovaveis deve aumentar para 70% até 2030 e mais de 90% até 2050 na
matriz elétrica mundial (IEA, 2025; IRENA, 2024). Além da solar e edlica, outras fontes, como
biomassa, hidraulica, hidrogénio verde, biogds e biometano irdo desempenhar papéis
essenciais.

O cendrio climatico atual exige aclOes imediatas para mitigar os impactos do
aquecimento global. A transi¢do para energias renovaveis € necessaria para reduzir as emissoes
de carbono e atingir as metas do Acordo de Paris. O Brasil possui condi¢des de assumir um
papel de lideranca na transi¢do energética, aproveitando a sua vasta biodiversidade, producao
agricola e consequente geracdo de residuos com potencial em inovagdes tecnologicas. Essa
atuacdo pode promover o desenvolvimento de mercados para combustiveis sustentidveis e

contribuir para a garantia da seguranca energética nacional e global.
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3 JUSTIFICATIVA

Considerando a necessidade urgente de descarbonizacao da economia e de promogao da
bioeconomia, o aproveitamento de residuos agroindustriais para geracao de bioenergia emerge
como uma solugdo estratégica. O Brasil, com sua vasta extensdo territorial e diversidade
agricola, apresenta vantagens comparativas e competitivas unicas para se consolidar como lider
global na economia de baixo carbono. O desenvolvimento de rotas sustentaveis para a producgao
de energia renovavel ¢ fundamental para o cumprimento das metas climaticas globais
estabelecidas pela COP29 e alinhadas a todos os Objetivos de Desenvolvimento Sustentavel
(ODS) da ONU.

A produgdo bioldgica de H> e CHj a partir da vinhaca e do hidrolisado hemicelulésico
da palha representa uma oportunidade concreta para transformar residuos e efluentes em fontes
de alta densidade energética. A vinhaga, efluente da producdo de etanol, e a fragdo
hemicelulosica da biomassa, rica em aglicares de cinco carbonos, sdo matérias-primas
abundantes e subutilizadas, cujos aproveitamentos energéticos podem impulsionar o
desenvolvimento tecnoldgico, econdmico e ambiental do pais. Enquanto o Hz ¢ apontado como
vetor energético essencial para a transicdo de baixo carbono, o CH4 se consolida como
alternativa para a bioenergia, com aplicagdes industriais e residenciais.

Embora a producao atual de H» ainda dependa majoritariamente de fontes fosseis (IEA,
2024), a via biologica oferece um processo de menor demanda energética e grande potencial de
integragcdo com cadeias agroindustriais ja existentes, agregando valor e diversificando produtos.
Além disso, a utilizacdo de consorcios microbianos provenientes de ambientes naturais pode
ser adaptada e permite superar os desafios técnicos associados a fermentacdo da vinhaga e
pentoses, promovendo maior eficiéncia nos processos biotecnoldgicos.

Portanto, o desenvolvimento de tecnologias voltadas a producdo biologica e sustentavel
de H> e CHa a partir de residuos e efluentes agroindustriais contribui para ampliar o
conhecimento cientifico e tecnoldgico nacional no processamento de matérias-primas
complexas, associado a geracdo de energia renovavel. Essa evolugao reforca a posi¢ao do Brasil
no cenario energético global, a0 mesmo tempo em que impulsiona a inovagao e a integragao de
processos em sistemas de biorrefinaria, maximizando o uso de recursos e reduzindo impactos

ambientais.
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4 OBJETIVOS

4.1 OBJETIVO GERAL

Avaliar a producdo de hidrogénio e metano de forma sequencial, via fermentacdo e
digestdo anaerobia, utilizando vinhaca e hidrolisado hemicelulésico da palha de cana-de-
agucar, avaliando a viabilidade energética e bioquimica do processo em comparacao a digestao
direta, e investigar a cofermentagdo dessas matérias-primas a fim de potencializar a produgao

de H: a partir da vinhaca.

42  OBJETIVOS ESPECIFICOS

1. Avaliar a producdo de H. a partir da vinhaga, investigando os efeitos de pH,
temperatura, concentragao inicial de matéria organica e pressao parcial de H> sobre a eficiéncia

fermentativa.

2. Avaliar a producdo de H: a partir do hidrolisado hemicelulésico em diferentes
concentragdes iniciais de carboidratos e o impacto da pressdo parcial de H> no desempenho

fermentativo.

3. Analisar a producdo de H: na cofermentacdo entre vinhaga e hidrolisado
hemicelulosico, comparando os rendimentos com as fermentagdes individuais e avaliar a

influéncia da relagao C/N sobre a produgdo de Ho.

4. Avaliar a produ¢do de CH4 em processo sequencial (digestdo anaerdbia em duas

etapas) utilizando os efluentes gerados nas etapas 1, 2 e 3.

5. Avaliar a produgdo de CHa por digestdo anaerdbia direta utilizando vinhaca como

matéria-prima.

6. Avaliar a producdo de CHa por digestdo anaerdbia direta utilizando hidrolisado

hemiceluldsico como matéria-prima.
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5 MATERIAIS E METODOS

O diagrama de blocos apresentado na Figura 13 ilustra a sequéncia das etapas
conduzidas neste estudo. A vinhaga utilizada foi cedida pela Usina Batatais (SP), enquanto as
amostras de palha de cana-de-acucar foram fornecidas pela empresa GranBio. Na etapa inicial,
ambos os materiais foram caracterizados quanto aos principais parametros fisico-quimicos. A
palha passou por um pré-tratamento com acido diluido para obtencdo do hidrolisado
hemicelulésico. Na segunda etapa, realizou-se a producao de hidrogénio (H:), testando
diferentes temperaturas ¢ faixas de pH para a vinhaga. J4 a fermentagdo do hidrolisado foi
conduzida sob as condi¢des que apresentaram melhor desempenho com a vinhaga. Essas
mesmas condigdes foram posteriormente aplicadas na cofermentagao das duas matérias-primas,
avaliando-se trés diferentes relagcdes C/N. Na terceira etapa, foi realizada a produgao de metano
(CHa.), tanto de forma sequencial — utilizando o efluente da produgdo de H, (EPH) da vinhaga,
do hidrolisado e da cofermentagdo destas matérias-primas — quanto de forma direta, por meio
de digestdo anaerobia em estagio Unico. A digestdo direta teve como objetivo comparar os

resultados obtidos com o sistema em dois estagios.



Figura 13 - Diagrama de blocos simplificado das etapas dos experimentos do estudo
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5.1 CARACTERIZACAO DA VINHACA

A vinhaga foi cedida pela Usina Batatais com proje¢ao de moagem para a safra 2025/26 de
aproximadamente 3,7 milhdes de toneladas de cana. A vinhaca foi caracterizada conforme as
metodologias do Standard Methods for the Examination of Water and Wastewater, ASTM, ABNT
e os seguintes parametros foram monitorados: DQO (g/L), SST (g/L), SSF (g/L), SSV (g/L)
(APHA, 2017), pH, nitrogénio (% m/m), carbono (% m/m) (ASTM D5291:2016), potassio (mg/kg)
e fosforo (mg/kg) (ABNT NBR 15553:2015). A quantificacdo dos acidos organicos e alcoois foi
realizada por CLAE por meio de metodologias padronizadas (Sa et al., 2011). A vinhaca também
foi hidrolisada seguindo a metodologia descrita por Sluiter e colaboradores (2012) para liberar
carboidratos conjugados, que foram analisados por metodologia de agtcares redutores, conforme

descrito por (Vasconcelos, Pinto e Aragdo, 2013).

5.2 CARACTERIZACAO QUIMICA DA PALHA DE CANA-DE-ACUCAR IN
NATURA

A composi¢do quimica da palha in natura triturada em moinho de facas foi determinada
pelo método de hidrdlise acida descrito pelo NREL (National Renewable Energy Laboratory),
conforme Sluiter et al. (2005, 2012). Foram quantificados os teores de cinzas, extrativos,

carboidratos estruturais, e lignina soltvel e insoluvel.

5.2.1 Determinacio dos extrativos na biomassa cartuchos

Para a determinacdo dos extrativos foram utilizados cartuchos de celulose previamente
secos em estufa a 40°C para remover a umidade. Apds a secagem, os cartuchos foram pesados,
e cada um recebeu 1 grama de amostra em massa seca. O experimento foi conduzido em seis
replicatas e estes cartuchos foram inseridos no sistema extrator Soxhlet. A primeira extragao
foi realizada com 120 mL de 4gua destilada por 24 horas, seguida por uma segunda extragdo
com 120 mL de etanol durante 8 horas. Apos as extragdes, os cartuchos foram secos em estufa
a 105 °C durante a noite e, em seguida, pesados. O teor de extrativos foi calculado pela diferenca
entre a massa inicial da amostra e a massa ap0ds a extracao. Trés replicatas foram secas em estufa
a 40 °C até atingirem uma umidade inferior a 10%, para serem usadas na determinacdo do teor
de carboidratos estruturais e lignina. A umidade da palha foi medida utilizando uma balanga

Mettler Toledo HE53 Moisture Analyzer.
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5.2.1.1 Determinagdo da lignina e carboidratos estruturais e hidrélise éacida e
carboidratos estruturais

Para o experimento, 0,3 grama de palha livre de extrativos foi colocado em tubos de
vidro resistentes a pressdo, realizando o procedimento em triplicata. Cada tubo recebeu 3 mL
de solugdo de 4cido sulfurico a 72% (m/m), e a amostra foi homogeneizada por uma hora em
banho-maria a 30°C. Apo6s esse periodo, 84 mL de adgua ultrapura foram adicionados a cada
tubo para diluir o 4cido sulfurico (H2SO4) a uma concentragao final de 4% (v/v). Os tubos foram
autoclavados a 121 °C e 1 bar de pressdo por uma hora. Simultaneamente, um padrio de
recuperagdo de agucares (PRA) com concentracdo estabelecida de agucares foi autoclavado em
triplicata com a mesma concentracdo de H>SO4 das amostras, visando avaliar a degradacdo dos
acucares das fracdes lignoceluldsicas causada pelo acido durante o procedimento. Apds a
autoclave, os tubos foram resfriados em banho de gelo e filtrados em cadinhos de Gooch com
auxilio de uma bomba de vacuo. A fracdo solida foi lavada com agua destilada até atingir pH
6,5, sendo utilizada para a determinacdo do teor de lignina e cinzas insoliiveis em acido. A
fracdo liquida da filtrag¢do inicial foi neutralizada com carbonato de célcio (CaCO3) até alcangar
pH entre 5 e 6, e entdo analisada por CLAE para determinar a concentragdo de aglicares e por

espectrofotometria para a determinagdo da lignina solavel.

5.2.1.2 Determinagdo da lignina soltivel em 4cido

Este procedimento foi realizado por meio da medida de absorbancia no
espectrofotometro UV-Visivel Thermo Scientific Evolution com comprimento de onda de 240
nm. O hidrolisado da etapa 5.2.7.1 foi diluido até proporcionar a leitura entre as absorbancias

de 0,7 a 1,0.

5.2.1.3 Determinagao da lignina e cinzas insoliveis em acido

A biomassa insoluvel, apos a filtragdo em cadinho de Gooch, foi submetida a uma
secagem em estufa a 105 °C, seguida de resfriamento em dessecador e pesagem. Em seguida,
foi colocada em mufla a 575 °C para calcinagdo por 24 horas, seguida de resfriamento e nova
pesagem. O teor de cinzas insoluveis foi calculado pela diferenca entre a massa do cadinho apos
a estufa e apos a mufla. O teor de lignina em acido foi determinado por meio da diferenga

gravimétrica.
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5.3 PRE-TRATAMENTO ACIDO DA PALHA DE CANA-DE-ACUCAR

A empresa GranBio gentilmente forneceu a palha de cana-de-agucar para este estudo. O
pré-tratamento da palha foi conduzido usando H>SO4 diluido a uma concentragdo de 1,6%
(m/m) na propor¢ao de 1 parte de biomassa para 4 partes de acido, conforme descrito por Moutta
(2009) e Moutta et al. (2012). Neste experimento, o procedimento foi realizado em um frasco
schott de 1 litro, usando 40 gramas de palha seca, 160 mL de H>SOs, e autoclavado a 130°C
por 30 minutos. Apos o resfriamento, a amostra foi prensada manualmente e o liquido extraido
foi neutralizado com NaOH 5 mol/L. Este liquido foi caracterizado por CLAE e usado como
matéria-prima para a producdo de hidrogénio e metano. A eficacia do pré-tratamento foi

determinada utilizando a equagdo 1, com um fator de hidrélise de 0,88.

Eficiéncia = [ g xilose obtida/(g xilana/ fator de hidrdlise)] (Equacao 1)

LogRO=1log {texp [( T—100)/14,75] } (Equacao 2)

RO = Fator de severidade
T = temperatura em que foi realizado o pré-tratamento ( °C )

t = tempo de residéncia do material no reator (minutos)

FCS =log (R0O) — pH (final) (Equacao 3)

FSC = Fator de severidade combinada

5.4 CARACTERIZACAO POR CLAE DOS COMPONENTES DA BIOMASSA E DO
HIDROLISADO HEMICELULOSICO

O cromatografo utilizado nesta etapa do trabalho foi o Ultimate 3000 HPLC
(ThermoScientific). O ensaio de caracterizacdo quimica da biomassa in natura com a analise
dos carboidratos celobiose, glicose, xilose e arabinose, assim como a analise dos carboidratos
do hidrolisado acido hemiceluldsico (glicose, xilose e arabinose) foram realizados utilizando
uma coluna Aminex HPX — P (Bio-Rad, EUA), uma pré-coluna Carbo-P (Bio-Rad, EUA) e um

sistema de remocao de cinzas (deashing system, Bio-Rad, EUA). As anélises foram realizadas
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em modo isocratico a 80 °C, utilizando como solugdo movel dgua ultrapura no fluxo de 0,6

mL/min. Os carboidratos foram identificados com uso do detector de indice de refracao (RID).

5.4.1 Condig¢oes cromatograficas

O hidrolisado hemiceluldsico também foi analisado pela coluna Aminex HPX-87H a
fim de mensurar a concentra¢ao dos carboidratos (glicose, xilose e arabinose), acidos (acético,
butirico), HMF e furfural. A coluna foi acoplada a uma pré-coluna Carbo-H (Bio- Rad,USA),
em um fluxo de 0,6 mL/min utilizando a fase movel HoSO4 0,05 mol/L sob a temperatura de
55 °C. A identificag¢do dos agtcares foi realizada utilizando-se detector de indice de refragao
(RID). Para a detec¢do dos acidos, HMF e furfural utilizou-se o detetor UV-Vis com o
comprimento de onda de 210 nm (DE SA et al., 2011b). Os resultados foram obtidos por meio
do software Chromaleon (Thermo Scientific) ao comparar os sinais de resposta de cada amostra
com os da curva analitica contendo faixas de concentragdes dos compostos previamente
conhecidos: 0,28 a 19,43 mmol/L de glicose, 0,33 a 23,31 mmol/L de xilose e arabinose, 0,18
a 2,92 mmol/L de celobiose, 0,83 a 58,28 mmol/L de acido acético, 0,58 a 39,72 mmol/L de
acido butirico, 1,08 a 43,40 mmol/L de acido férmico, 0,05 a 3,33 mmol/L de HMF € 0,10 a
7,29 mmol/L de furfural.

5.5 ORIGEM E PRE-TRATAMENTO DO INOCULO

Neste trabalho o lodo anaerobio de estacdo de tratamento de esgoto foi utilizado como
indculo. O material foi coletado do digestor anaerdbio de uma estacao de tratamento da cidade do
Rio de Janeiro gerado a partir do lodo da etapa secundaria da estacdo. A determinacdo de solidos
suspensos volateis (SSV) foi avaliada e constitui uma medida indireta da quantidade de
microrganismos presentes no lodo (APHA, 2017). Um pré-tratamento térmico a 65 °C durante 30
minutos sob agitacao foi realizado a fim de promover a inibi¢do dos microrganismos metanogénicos
(Faber, 2021). Estes sdo responsaveis pelo consumo de H2 para produg¢do de CH4 durante a digestao
anaerobia. Este inoculo foi resfriado até atingir a temperatura de 35 °C e assim foi utilizado na

producao de Ho.

5.6 PRODUCAO DE H»

5.6.1 Fermentac¢io em reatores selados sem libera¢io de pressao
Os experimentos de fermentacdo foram conduzidos em batelada, utilizando reatores de

100 mL (frascos de sacrificio) equipados com tampas de borracha para evitar contato com o ar,
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selados com tampa de aluminio e sem valvulas para alivio de pressdo (Figura 14A). A pressao
de cada reator foi medida separadamente, apenas ao final de cada periodo de fermentacao, com
um mandmetro (Figura 14B). O volume de trabalho dos reatores foi de 45 mL, contendo lodo

anaerdbio previamente tratado termicamente, com concentracao de solidos suspensos volateis

(SSV) de 10 g/L.

Figura 14 - Reator selado utilizado para os ensaio de fermentagao (A); Mandmetro utilizado para medir a
pressdo dos reatores selados ao final dos experimentos (B)

A B

Fonte: Arquivo pessoal da autora

As fermentacdes foram realizadas em diferentes condigdes para avaliar o
comportamento metabolico e a producdo de biogéds. Para a fermentacdo da vinhaga, os
experimentos foram conduzidos a 35 e 50 °C, com pH 5,5 e 6,5, durante 72 horas, utilizando
concentracdo de matéria organica medida como demanda quimica de oxigénio (DQO) de 15
gnor/L (DQO:SSV 1,5:1) e 25 gpgovL (DQO:SSV 2,5:1). Os frascos foram purgados com N>
por 45 segundos para garantir um ambiente anaerobio, incubados em shaker em rotac¢ao de 160
rpm.

A fermentagdo com hidrolisado hemiceluldsico (HH), foi testada em trés concentragdes
iniciais de carboidratos (pHH1 =1 g/L, pHHS = 5 g/LL e pHH10 = 10 g/L) sob condigdes
termofilicas (50 °C), pH 5,5 durante 72 horas. O pH do hidrolisado foi ajustado para 5 antes de
e adicionado ao indculo. Os frascos foram purgados com Nz por 45 segundos para garantir um
ambiente anaerdbio e rotacdo de 160 rpm.

O comportamento metabolico destes ensaios foi avaliado considerando o consumo de
substrato, a producao de 4cidos, a producao e o rendimento de H», além dos efeitos inibitorios

causados pela pressdo parcial. O biogas foi analisado utilizando um micromatografo gasoso



76

(micro-CG), enquanto a fragdo liquida foi centrifugada e encaminhada para analise DQO e

CLAE para determinacdo de substratos e metabdlitos gerados.

5.6.2 Fermentaciao em reatores com valvula de liberacio de gas

Reatores com capacidade de 300 mL, projetados com mandmetros e valvula de liberacao
de gas, foram operados em modo batelada com volume de trabalho de 135 mL (Figura 15). A
pressao foi monitorada durante o experimento usando um mandmetro do reator para garantir
que nao excedesse 0,6 bar, evitando assim a efeitos deletérios a fermentacdo, causados pela
pressdo parcial e permitindo a liberacdo controlada de gas quando necessario. Lodo anaerobio
tratado termicamente (10 gvss/L) foi usado nesses ensaios, e triplicatas foram monitoradas para
cada condi¢do: Vinhaca (VII - 25 gpqo/L), HH10 (HH com 10 g/L de carboidratos) e HH20
(HH com 20 g/L de carboidratos). O pH do hidrolisado foi ajustado para 5 antes de e adicionado
ao inoculo. A inoculagdo foi realizada a 50 °C e pH 5,5 por 72 horas. Todos os frascos foram
purgados com N por 1 minuto para garantir um ambiente anaerobio, e a agitagdo foi mantida
a 160 rpm. O biogas foi analisado utilizando um micromatografo gasoso (micro-CG), enquanto
a fragdo liquida foi centrifugada e encaminhada para analise DQO e CLAE para determinagao
de substratos e metabolitos gerados. O efluente da fermentacao foi centrifugado a 5000 rpm por
10 minutos. O sobrenadante foi coletado e utilizado como matéria-prima para producao de CHs

em uma digestdo anaerobia de dois estagios.

Figura 15 — Reator com manometro acoplado e valvula para a liberagdo de gas utilizado neste trabalho

Fonte: Arquivo pessoal da autora
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3.6.3 Fermentaciao com vinhacga e hidrolisado

A fermentagdo com vinhaca e hidrolisado hemicelulésico (HH) foi realizada em
diferentes proporc¢oes de vinhaga:HH denominadas VH1, VH2 e VH3, conforme mostrado na
Tabela 4. Todos os experimentos foram realizados em triplicata, em batelada, utilizando
reatores de 300 mL projetados com mandmetro e valvula de alivio de gas e volume de trabalho
de 135 mL, aplicando lodo anaerobio tratado termicamente (10 gvss/L), 50 °C, pH 5,5 durante
72 horas. Os reatores foram purgados com N> por 1 minuto para garantir um ambiente anaerdbio

sob 160 rpm de agitacao.

Tabela 4 - Composi¢do do meio de fermentacdo em reatores manométricos com liberacdo de gas
utilizando vinhaca de cana-de-agticar e hidrolisado de hemicelulose (HH) da palha de cana

Sistema VH1 VH2 VH3
DQOt Vinhaga (g/L)* 25 10 7

DQOt HH (g/L)? 2 7 7
Vinhaga:HHP 12,5:1 1,43:1 1:1
DQOs (g/L)* 18,78 +£ 0,20 12,85 +£0,62 9,17 £0,49
Carbono (%) (m/m) 4,302 1,232 0,783
Nitrogénio (%) (m/m) 0,182 0,034 0,015

C/N 24 36 52

FAN (mg/L)¢ 652,70 £15,00  513,00+7,63 391,80+ 10,50
Carboidratos (g/L) 2,89+ 0 4,69 + 0,02 5,04 +£ 0,45

2DQOt: Demanda quimica de oxigénio (A quantidade de DQO utilizada foi calculada com base nos valores de DQO equivalente
obtidos a partir da caracterizagdo das matérias-primas (Tabela 5 ¢ 6); ® A relagdo foi calculada com base na DQOt da vinhaga
e DQO do HH em (*); ¢ DQOs: demanda quimica de oxigénio experimental do meio centrifugado; YFAN: Nitrogénio amino
livre

5.7 PRODUCAO DE CH4

5.7.1 Producio de CH4 sequencial

Nesta etapa do trabalho, foi utilizado como matéria-prima o efluente da produgao de
hidrogénio (EPH) proveniente do meio contendo vinhaca ou HH (etapa 5.6.2) e vinhaca com
HH (etapa 5.6.3), que apresentaram os melhores resultados em produgdo e rendimento de Ho.
O objetivo desta fase do trabalho foi avaliar o potencial de produgcdo de metano a partir do

material residual da producdo de Hz. A digestdo anaerdbia foi realizada em reatores com
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capacidade de 300 mL, projetados com mandmetros e valvula de liberagdo de gas (Figura 15),
foram operados em modo batelada com volume de trabalho de 135 mL. A pressdo foi
monitorada durante o experimento usando um mandmetro do reator para garantir que nao
excedesse 0,6 bar. O meio reacional foi composto de lodo anaerdbio in natura (com a presenga
das arqueias metanogénicas) e EPH com a mesma relagdo DQO:SSV inicial da melhor condig¢ao
de produgdo de H». O pH do sistema foi ajustado para 7,0 e os frascos purgados com N> a fim

de garantir a anaerobiose. Assim, foram incubados em uma estufa a 35 °C durante 35 dias.

5.7.2 Producio de metano em um tunico estagio

A produgdo direta de metano, ou seja, sem a separacdo das fases fermentativa e
metanogénica da digestdo anaerdbia também foi estudada de forma comparativa. Este ensaio
foi realizado utilizando HH (10 g/L de carboidratos), vinhaca (25 gpqo/L) como matérias-
primas, na mesma propor¢ao DQO:SSV da produgdo em dois estagios. O pH do hidrolisado foi
ajustado para 5 antes de ser adicionado ao indculo. Além disso, foram analisados os efeitos dos
potenciais inibidores na producdo de CHs. Estes ensaios foram comparados em termos de
produgdo (mL/L), produtividade (mL/L.h) e rendimento (mLCH4/gpoo) com a produgio
sequencial de CH4. Os experimentos foram conduzidos com os mesmos parametros da etapa

5.7.1.

5.7.3 Quantificacio e calculos de biogas

A pressdo do reator selado foi medida exclusivamente no final do periodo de incubacao
usando um mandmetro (Figura 14B). Para o reator equipado com uma valvula, a pressao foi
monitorada continuamente durante todo o experimento usando um mandmetro conectado ao
reator (Figura 15). A determinacdo e quantificacdo do Hz, CO2 e CHa foi feita por cromatografia
em fase gasosa (CQ) utilizando as colunas HP-PLOT U (3 m x 0,320 mm x 30 pum) sob
temperatura de 90 °C e HP-PLOT Molecular sieve 5V (10 m x 0,32 mm x 12 um) sob a
temperatura de 100 °C. A temperatura do injetor foi de 90 °C e a temperatura de entrada da
amostra de 110 °C. Hélio e nitrogénio foram utilizados como gases de arraste nas colunas HP-
PLOT U e HP-PLOT Molecular sieve SA, respectivamente.

O volume de gas normalizado foi calculado usando a equagao de expansao isotérmica e
o principio de conservagao de energia interna para gases ideais, conforme descrito na Equagao

(4). Nesta equagao, Pam representa a pressao atmosférica, Pman denota a pressdo manométrica,
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Vs corresponde ao volume do espaco livre € Viiogas se refere ao volume de biogas (Hz, CO2 ou

CHa) a pressao atmosférica.
(Patm + Pman)*VHS = Patm*vbiogas (Equagéo 4)

Os rendimentos de H> e CH4 (NmL/gpgo) (Y) foram calculados utilizando a Equagao
(5) por meio da razao entre Vcus € 0 consumo inicial de matéria organica, considerando valores

experimentais.
Yu2 ou YCH4 = VHS/ DQOconsumida (Equag:éo 5 )

A equacdo de Gompertz modificada (Equacdo 3) foi empregada para estimar os

parametros cinéticos da produgdo de H> e CHy4 (Barrera-Quintero ef al., 2017).

—exp M(Ao—t)+1]
Hmax

H(t) = Hp,gy €Xp (Equagdo 6)
na qual H ¢ a produ¢do de biogas (mL/L); Hmax ¢ o volume maximo acumulado
(mL/L); Rmax ¢ a taxa maxima de produ¢do de biogds em mL/(L.h) ou mL/(L.d); t é o tempo
de incubacao (horas ou dias); A € a fase adaptativa (h ou d); e € a constante de Euler (2,71828).
Adicionalmente, o potencial energético do biogas (H2 e CH4) foi determinado utilizando

a Equacao (7)
E=HHV*Y*p (Equacao 7)

Nesta equacao, E (kJ/gpqo) representa o potencial energético do biogas, HHV (kJ/g) é
o maior valor calorifico dos componentes do biogés (55,5 kJ/g para CH4 e 142 kJ/g para H>)
(Heywood, 1998), Y (NmL/gpqo) denota o rendimento do componente do biogas € p (g/mL)

representa a densidade do respectivo componente do biogas.
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6 RESULTADOS E DISCUSSAO

6.1 CARACTERIZACAO DAS MATERIAS-PRIMAS

6.1.1 Caracterizacio da vinhaca

A vinhaga de cana-de-agucar ¢ amplamente investigada como matéria-prima para a
producao de H2 e CHa por fermentacao, e as suas caracteristicas composicionais estdo descritas
na Tabela 5. Da mesma forma, sua composic¢ao ¢ bastante analisada em diversos estudos, porém
apresenta variacdes devido a heterogeneidade desse efluente, principalmente referente
ao processo de fermentagdo aplicado durante a produ¢do do bioetanol (Almeida e Colombo,
2021; Fuess et al., 2023a; Piffer et al., 2022; Rego et al., 2020).

Uma das caracteristicas fisicas desse efluente é a presenca de material particulado
(Figura 16). Logo, a quantificagdo da matéria organica foi realizada tanto na vinhaga in natura
(DQO com so6lidos) quanto na vinhaca centrifugada, revelando que 38% da matéria orgéanica
esta associada a fracao particulada. A avaliagao do impacto destes particulados na produgao de

Ha sera discutida na secdo 6.2.1.

Figura 16 — Representacao dos solidos presentes na vinhaga

Material particulado

Fonte: Arquivo pessoal da autora

Além disso, a maior parte da vinhaca ¢ composta por compostos organicos, conforme
indicado pela concentragdo de sdlidos suspensos volateis (12,82 + 0,54 g/L), que representam

94% dos solidos totais (Tabela 5).
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Tabela 5 - Caracterizag@o da vinhaga de cana-de-aglicar usada como matéria-prima neste estudo

Parimetro Unidade Média Desvio
DQO-com s6lidos? g/L 37,7 + 1,7
DQO-vinhaga centrifugada g/L 23,2 + 0,7
Solidos totais g/L 13,67 + 0,7
Solidos volateis g/L 12,82 + 0,54
Carboidratos g/L 1,55 + 0,01
Carboidratos apds a hidrolise® g/L 3,79 + 0,23
Glicerol g/L 1,35 + 0,4
Acido latico g/L 2,48 + 0,21
Acido acético g/L 1,53 + 0,08
Acido propiénico g/L 2,48 + 0,09
Etanol g/L 0,79 + 0,07
Carbono % (m/m) 11,38 + 0,25
Nitrogénio % (m/m) 0,48 + 0,02
Hidrogénio % (m/m) 11,31 + 1,00
Fosforo mg/kg 55,76 + 2,94
C/N 24

pH - 4,45

DQO: Demanda quimica de oxigénio; * DQO da vinhaga in natura; PDQO do sobrenadante da vinhaga centrifugada,
sem particulados. Todos os compostos quantificados foram feitos a partir da vinhaga in natura; ‘A quantificagdo foi
realizada apds a vinhaga in natura ser submetida a hidrdlise 4cida seguindo o protocolo de Sluiter et al.2012. Os
valores sdo a média e o desvio padréo da analise de trés amostras (n = 3) de vinhaga in natura.

Os carboidratos soluveis (1,55 = 0,01 g/L) e os actcares quantificados apds hidrolise
acida (3,78 £ 0,23 g/L) correspondem a agucares residuais da fermentacgdo alcoolica (Tabela 5).
Para simplificar a discussao sobre o consumo de acucar ¢ o rendimento de Hz, esses actcares
serdo considerados como glicose partindo da concentragdo do agucar na forma monomeérica. A
hidrolise da vinhaga in natura revelou que 41% dos carboidratos estdo conjugados em
oligossacarideos ou a outras moléculas. Uma variedade de carboidratos estd presente na
vinhaga, incluindo agucares conjugados com aminodcidos (Couto, P. T. ef al., 2020). Esses
compostos, conhecidos como melanoidinas, sdo recalcitrantes, de coloragdo escura, e se
formam durante a reagdo de Maillard em efluentes termicamente tratados, como a vinhaga de
cana-de-acgtcar (Comparato et al., 2024).

Ja o glicerol (1,35 £ 0,04 g/L) ¢ produzido como um subproduto do metabolismo da
levedura sob estresse osmotico. O &cido latico (2,48 + 0,21 g/L) estd presente devido a
contaminag¢do bacteriana, que ocorre durante a fermentacao para a producao de etanol (Fuess,

Garcia e Zaiat, 2018; Gonzalez, Campbell ¢ Wong, 2010; Silva et al., 2015). Esses sdo os
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principais compostos organicos soluveis quantificados que podem ser utilizados como
substratos na produc¢do de H.

Na realidade, a vinhaga ¢ considerada altamente acida devido ao seu alto teor de acidos
organicos (Bernardes et al., 2019; Rego et al., 2020). Os acidos, acético (1,53 = 0,08 g/L) e
propidnico (2,48 + 0,09 g/L) determinados neste estudo (Tabela 5), sdo produtos da
contaminagdo bacteriana na producdo de etanol, mas sdo potenciais substratos para os
microrganismos no processo de digestdo anaerdbia para a produ¢ao de CHs (Fuess, 2024).
Compostos nao identificados, como proteinas, lipideos e muitas vezes incluindo agentes
corantes como melanoidinas, compostos fendlicos e subprodutos do metabolismo microbiano
(Almeida e Colombo, 2021; Comparato et al., 2024; Fuess, 2024) também estdo presentes neste
efluente, correspondendo a 70% do DQO total (Figura 18).

Foram quantificados elementos inorganicos, incluindo o fésforo, que desempenha um
papel essencial na produgdo de H: devido ao seu valor nutricional e a sua capacidade de
tamponamento (Ananthi et al., 2024). A razdo carbono/nitrogénio (C/N) de 24 indica excesso
de nitrogénio (0,48 + 0,02%) em relacdo a carbono (11,38 + 0,25%) (Cremonez et al., 2021;
Sillero, Solera e Perez, 2022). De uma perspectiva quantitativa, considerando as fontes de
substrato e os aspectos nutricionais, como a relacdo C/N, a vinhaca se destaca como uma
matéria-prima promissora para a fermentacdo. Deste modo, serdo avaliados ajustes como
temperatura, pH, centrifuga¢do do material, alivio da pressao interna no reator e cofermentagdo

com o hidrolisado hemicelulésico, visando alcangar taxas satisfatorias de producao de Ho.

6.1.2 Caracterizacao da palha de cana-de-acucar in natura

A andlise da palha de cana-de-agucar utilizada neste estudo teve como objetivo avaliar
a composicdo desse residuo, assim como o seu potencial para a extragdo de hemicelulose,
visando a producdo de H> e CHa. Assim, foi caracterizada e os teores de cada fragdo estd
apresentado na Figura 17, sendo especificamente 38,60 + 1,95 % de celulose, 27,88 + 1,43 % de
hemicelulose, 19,00 £ 0,68 % de lignina, 4,71 + 0,82 % de cinzas e 8,87 + 0,78 % de extrativos. A
palha pode apresentar teores variados de hemiceluloses, entre 27 - 31%, de celulose entre 29-44%
e de lignina entre 19-34%, de extrativos entre 7-21% e de cinzas entre 2-11% (Almeida e Colombo,
2021; Menandro et al., 2017; Tomasini, 2020). Essas variagdes sdo referentes a espécie vegetal
utilizada, as condi¢des de plantio, como fertilidade do solo, irrigagdo, condi¢des climaticas,
localizagao, ciclos de cultivo, o0 método de colheita, mas essas informa¢des raramente estao

disponiveis na literatura (Bizzo et al., 2014; Menandro et al., 2017).
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Figura 17 - Composicdo quimica do lote tnico de palha de cana-de-agtcar, gentilmente fornecida pela
empresa GranBio, ¢ caracterizada conforme os protocolos “Determination of Extractives in Biomass™ (Sluiter et
al., 2005) e “Determination of Structural Carbohydrates and Lignin in Biomass” (Sluiter et al., 2012).

28%

= Celulose = Hemicelulose ® Lignina ® Cinzas ® Extrativos

Em sintese, a palha excedente do campo ¢ utilizada para aumentar a quantidade de
biomassa disponivel para cogeragdo, e o conhecimento das suas caracteristicas ¢ fundamental
para determinar o potencial energético desta biomassa. Com aspectos fisico-quimicos distintos
aos do bagaco, a ocorréncia de depositos e corrosdo em caldeiras ocasionados pelo uso da palha
sao frequentes nas usinas. Isto ocorre devido ao teor de cinzas e a sua composi¢do quimica, que
possui elementos na sua estrutura que foram absorvidos durante o desenvolvimento da cana,
disponibilizados no solo por meio de fertilizantes, resultando em impurezas minerais (Camargo
et al., 2020). A titulo de exemplo, o silicio (Si) ¢ absorvido pela cana-de-agiicar em forma de
acido monosilicico (HaSi04) presente no solo, transportado das raizes até o sistema de
transpiracao foliar pelo xilema. Estima-se que cerca de 80% do silicio absorvido pela planta
esteja concentrado na palha (Haynes, 2017; Santos, 2017). Além disso, estdo presentes outros
elementos e compostos na palha como 6xido de potassio (K20), 6xido de célcio (CaO), fosforo
(P), aluminio (Al), sodio (Na), ferro (Fe), cloro (Cl) e enxoftre (S) (Barros et al., 2022; Kumar,
Upadhyay e Mishra, 2022). Estes minerais reduzem a eficiéncia da pirdlise causando corrosao
e contaminacao em processos termoquimicos nas caldeiras, mostrando que a palha possui uma
eficiéncia energética 64% menor comparado ao bagaco (Camargo et al., 2020).

Dessa forma, a busca por novas alternativas para o uso da palha de cana-de-agucar
representa um campo promissor a ser explorado, visando tanto o tratamento desse residuo

quanto a geracao de energia eficiente e limpa no setor sucroenergético.
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6.1.3 Caracterizacao do hidrolisado hemiceluldsico

O pré-tratamento com acido diluido ¢ amplamente utilizado na industria e em estudos
envolvendo a fracdo hemiceluldsica, pois promove a liberagao dos aglicares na forma monomeérica,
alcangando uma eficiéncia de recuperagao de carboidratos entre 70% e 90% (Baksi et al., 2023).

Os compostos que caracterizam o hidrolisado hemicelulosico obtido apds o pré-tratamento siao
apresentados na Tabela 6.

Logo, a solubilizagdo de hemicelulose da palha apresentou: 35,42 + 0,20 g/L de xilose, 6,03
+ 0,23 g/L de arabinose e 2,63 + 0,05 g/L de glicose, ndo sendo identificado formagdao de HMF e
furfural na analise deste hidrolisado. De acordo com a literatura, a concentracdo de acido utilizado
no pré-tratamento ¢ diretamente proporcional a solubilizagdo da xilana. No entanto, também esta
diretamente relacionado a formacdo de produtos da degradacio de agucares, o 5-
hidroximetilfurfural e furfural (Baksi ef al., 2023). Neste estudo, o pré-tratamento com H2SO4 foi
realizado em concentracdo de 2,9% (m/v), apresentando fator de severidade combinada (FSC) de
1,21, tido como de baixa severidade ndo havendo formacao de pseudo-lignina (Kumar et al., 2012).
Desse modo, proporcionou alta recuperacdo de acucares da hemicelulose sem a formagdo de
compostos de degradagdo como os furanicos, gerando um hidrolisado de grande potencial

fermentescivel sem necessidade de detoxificacdo.

Tabela 6 - Caracteriza¢do do hidrolisado hemiceluldsico da palha de cana-de-agticar obtido apés pré-
tratamento com acido diluido (H2SO4 = 2,9 % (m/v)) na proporgdo 1:4 (palha:acido); 130°C por 30 min).

Parametro Média Desvio
DQO mg/L 64,04 + 1,17
Glicose g/L 2,63 + 0,05
Xilose g/L 35,42 + 0,20
Arabinose g/L 6,03 + 0,23
Acido acético g/L 5,60 + 0,14
Acido foérmico g/L n.d + n.d
HMF g/L n.d - n.d
Furfural g/L nd + n.d
Carbono % (m/m) 41,67 + 0,76
Nitrogénio % (m/m) 0,36 + 0,03
Hidrogénio % (m/m) 10,69 £ 0,18
Fosforo mg/kg 48,94 + 0,95
C/N - 116

pH - 1,15

DQO: Demanda quimica de oxigénio
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A desacetilacdo das hemiceluloses ocorre por meio da reagdao de hidrélise promovida
pelos de ions hidronio H30" da dissociacio do 4cido sulfirico nos grupos acetil da
glucoarabinoxilana (Carvalho, J. L. N. et al., 2017; Mirmohamadsadeghi et al., 2021). Neste
contexto, foi liberado 5,60 + 0,14 g/L de acido acético, e os ions acetato podem interferir no
processo fermentativo e de digestdo anaerdbia, interferéncia que sera discutida com mais
detalhes na Secao 6.2.3.

A analise elementar do hidrolisado em relagdo ao teor de C, H, N ¢ P mostrou que este
contém elevadas proporg¢oes de carbono (41,67 + 0,76%), hidrogénio (10,69 + 0,18%) e baixo teor
teor de nitrogénio (0,36 + 0,03%) e fosforo (48,94 + 0,95 mg/kg). Esses resultados sdo bastante
semelhantes aos encontrados na literatura em relacdo a palha de cana (KUMAR; UPADHYAY;
MISHRA, 2022). A relagdo C/N do hidrolisado de 116 representa um material rico em
carboidratos/carbono, uma questio relevante para cofermentacdo com vinhaga, matéria-prima com

baixa concentracdo de agticares (Tabela 5).

6.2 PRODUCAO DE H;

6.2.1 Avaliacio comparativa da producio de H: em condicio mesofilica e

termofilica em diferentes valores pH utilizando a vinhaca como matéria-prima

O impacto da temperatura e do pH na producao de H: a partir da vinhaga foi avaliado
sob condi¢des mesofilicas (35 °C) e termofilicas (50 °C), com pH fixado em 5,5 e 6,5 ao longo
de 72 horas (Tabela 7). Além disso, um ensaio comparativo foi realizado utilizando apenas o
sobrenadante da vinhaca, a fim de avaliar os efeitos do material particulado proveniente deste
efluente no processo fermentativo. A producdo maxima de H: foi alcancada em 24 horas sob
condi¢des termofilicas e pH 5,5, atingindo 97,17 = 3,33 NmL/L, um valor 81% superior a
fermentagdo mesofilica (53,49 + 6,56 NmL/L) e 71% maior em comparacao com a fermentacao
a 50 °C e pH 6,5 (56,82 = 10,11 NmL/L) no mesmo periodo. J4 a vinhaga submetida a

fermentagdo mesofilica com pH inicial de 6,5 ndo apresentou producao de Ho.
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Tabela 7 - Produgdo de H» utilizando vinhaga (15 gpqot/L), cujas concentragdes de matéria organica inicial das fermentagdes foram medidas por meio da DQO do meio
centrifugado, pH e temperatura inicial das fermentagdes, degradacao do substrato e metabolitos produzidos em reatores selados sem alivio de press@o. A pressdo foi medida
exclusivamente ao final de cada periodo de incubagfo e ndo excedeu 0,6 bar. A producdo méaxima de H, aconteceu no sistema denominado pVI

Acido Acido Acido
Tempo Carboidratos | Acido latico acético butirico propionico

Sistema/Condicdes | (h) H: (NmL/L) CO2 (NmL/L) (g/L) (g/L) (g/L) (g/L) (g/L) Etanol (g/L)

0 0 0 0,39 + 0,04 0,56 = 0 0,54 = 0,10 0 0,48 + 0,03 0

Vinhaga in natura 24 53,49 + 6,81 | 157,96 + 23,33]0,28 + 0,04 |0,05 + O |037 + 0,02{0,16 = 0,01 0,16 £+ O 0
35°C; pH 5,5; 48 6,56 + 0,15|12472 = 9,12 {034 = 0 0 1,78 + 0,14|0,46 = 0,04|0,55 + 0,05]0,41 <+ 0,02
DQOs: 9,54+ 1,71 72 0 £ 0 |179,74 £ 3594|046 = 0,02 0 2,22 £ 0,07/048 + 0,19|1,21 £ 0,060,443 + 0,08

0 0 0 + 0 0,31 + 0 [0,51 £ 0,04/0,53 + 0,16 0 043 =+ 0 0

Vinhaga in natura 24 0 151,37 £ 0,97 | 0,33 + 0,02 (0,01l £ 0 |1,52 = 0,10/0,17 £ 0,01|0,70 = 0,10 0
35°C; 6,5 48 0 92,18 + 11,67/023 + 0,02| 0 + O |2,58 + 0,05/0,50 = 0,01 142 + 0,14]0,39 + 0,02
DQOs: 11,31+0,26| 72 0 214,02 £ 16,54 022 =+ O 0 + 0 |2,53 £0,04/046 £ 0,01 1,43 = 0,08/045 + 0,05

Vinhaca in natura 0 0 0 + 0 0,40 + 0,04 043 + 0,04/0,65 £+ 0,03 0 + O (048 + 031 0

(pVI) 24 197,17 + 3,33 | 334,10 + 18,57 047 + 0,01 |0,10 £ O (097 + 0 |0,67 =+ 0 |0,76 = 0,06 0

50°C; 5,5 48 37,78 £ 7,17 | 391,65 + 53,56| 0,28 + 0,06 (0,09 + 0 [1,39 £ 0,01{0,77 + 0,02|0,75 + 0,06 0
DQOs: 11,00+ 1,71 72 0 364,83 + 14,68 0,28 + 0,08 0 + 0 |[1,92 + 0,33/0,78 + 0,08 0,86 = 0,08]|0,16 + 0,03

0 0 0 + 0 0,31 + 0,07 |0,51 £ 0,04/0,56 + 0,11| 0 + 0 |043 + 0,03 0

Vinhaca in natura 24 |56,82 + 10,11|233,93 + 2597|0,29 + 0,09 (0,13 £ 0 [1,19 £ 0,32{0,39 + 0,05|0,41 + 0,13 0
50 °C; 6,5 48 0 21597 + 37,84 0,21 + 0,02 0 1,80 + 0,20/ 0,48 + 0,05|0,55 + 0,06|0,08 = 0,01
DQOs: 11,31+0,58| 72 0 379,35 +£ 23,321 0,36 + 0,01 0 1,76 £ 0,07]1091 + 0,07]1,60 £ 0,45]0,33 + 0,04

0 0 0 0,39 £+ 0,04 0,56 = 0 |0,61 = 0,08/ 0 = O 0 0

Sobrenadante da 24 179,31 £ 9,40 | 423,26 + 14,54] 0,23 + 0,01 |0,27 £ O |0,76 = 0,05|0,47 + 0,05]|0,14 + O 0

vinhaga 50 °C; 5,5 48 0 337,93 + 52,51 0 0,10 £ 0 [1,26 = 0,05]/0,36 = 0,03]|0,44 + 0,04 0
DQOs: 9,53 £ 1,71 72 0 192,86 + 0,64 0 0 0,94 + 0,04/ 0,54 + 0,07|0,96 + 0,37]0,16 = 0,03

DQOs: DQO do meio centrifugado; pVI = denominaggo do sistema com 15 gDQO/L em reator selado que serd comparado com os demais resultados utilizando vinhaga e cofermentagdo em

reatores com alivio de pressd
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Diversos estudos indicam que a fermentacao termofilica da vinhaga melhora as taxas de
producao de Ha, principalmente devido a menor solubilidade do gas em meio liquido em
temperaturas elevadas (Ramos et al., 2021; Ramos, Silva e Luis, 2019; Sillero, Solera e Perez,
2023; Toledo-cervantes et al., 2020). Além disso, bactérias termofilicas tendem a ser mais
promissoras do que as mesofilicas na fermentacdo (Ananthi et al., 2024). O lodo de esgoto
contétm diversas espécies microbianas termo resistentes produtoras de H:, como
Thermoanobacterium spp., Clostridium spp., Acinetobacter spp., Eubacterium spp.,
Pseudomonas spp., Enterococcus spp., Tissierella spp., Bacteroides ssp. € Streptococcus spp.
(Abendroth et al., 2018; Carrillo-barragan et al., 2019; Cieciura-Wtoch, Borowski e Otlewska,
2020). A combinagdo entre fermentagdo termofilica e a presenga natural de microrganismos
termofilicos produtores de H> no lodo de esgoto representa uma abordagem altamente eficaz
para a fermentagdo da vinhaga. Essa estratégia ndo apenas potencializa a eficiéncia metabdlica
das bactérias, mas também maximiza a producdo de H> a partir desta matéria-prima.

Ramos ef al. (2021) investigaram a producdo sequencial usando vinhaga em processos
termofilicos (acidogénese) e mesofilicos (metanogénese), bem como sistemas termofilicos em
dois estagios. O estudo demonstrou que a combinacdo de um reator acidogénico termofilico
com um reator metanogénico mesofilico alcangou maior flexibilidade e estabilidade,
particularmente sob condigdes de sobrecarga organica (Ramos et al., 2021). A fermentagdo da
vinhaca sob condi¢des termofilicas teve melhor desempenho na producdo de H, também
relatado por Toledo-Cervantes e colaboradores (2020). Seu estudo mostra que o aumento de
rendimento de 16% na fermentacdo termofilica em comparacdo com a mesofilica usando
vinhaga de tequila e a principal via metabolica envolvida foram a degradacao de lactato e
formato (Toledo-cervantes et al., 2020).

Na fermentagdo mesofilica e termofilica em pH 5,5, o 4cido lactico foi a principal fonte
de carbono convertida em H»> e metabolitos soluveis, como o acido butirico (Reagdo 8 — Tabela
2) (Fuess, 2024). Em geral, os carboidratos sdo a principal fonte de carbono utilizada por
microrganismos em processos fermentativos para produgdo de Hz (Reagdes 1 e 2 — Tabela 2),
0 que contrasta com os resultados obtidos nesta tese. O Unico sistema que apresentou consumo
total de carboidratos foi aquele utilizando apenas o sobrenadante da vinhaga (Tabela 7),
indicando que compostos presentes no material particulado desse efluente interferem na
captagdo dos acucares como fonte de substrato.

Comparato ef al. (2024) demonstraram que os efeitos das melanoidinas no desempenho

da fermentacdo estdo ligados ao consumo de carboidratos livres no meio. Além disso, foi
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relatado que estes compostos exibem efeito bactericida contra espécies de microrganismos
como Clostridium spp., Staphylococcus aureus, Escherichia coli, Salmonella spp.,
Pseudomonas spp., Enterococcus faecalis e Lactobacillus brevis, algumas bactérias presentes
no lodo de esgoto (Diaz-Morales et al., 2022). Portanto, compostos recalcitrantes como as
melanoidinas, amplamente relatados por outros autores (Comparato et al., 2024; Fuess, 2024;
Fuess, Garcia e Zaiat, 2018; Moraes et al., 2019), ndo foram quantificados neste estudo mas
essa explicagdo pode estar correlacionada com o fendmeno observado de baixo consumo de

substratos e producdo de Ho.

Hexoses: CsH1206 + 2 HO — 2CH3COOH + 4H; + 2CO» (Reacao 1)
AG®' -206 kJ

CeH1206 + 2H,0O — CH3CH2CH2COOH + 2 H; + 2CO» (Reagido 2)
AG®' -254 k]

Acido latico:
2 C3HsO3 + CH3COOH < H; + 1.5 CH3CH>CH2COOH + CO2+ H,O  (Reagao 8)
AG®' -56,6 kJ

Cerca de 70% da DQO da vinhaga ¢ atribuida a compostos ainda ndo identificados
(Figura 18). Em um estudo de Luz ef al. (2020), a analise de um extrato da vinhaca obtido com
acetato de etila, por espectrometria de massa (LC-MS), revelou a presenca de 4cidos pinélico e
tianasico, ambos acidos graxos com potencial fitotoxico e antimicrobiano (Divya et al., 2023;
Luz et al., 2020; Seukep et al., 2020). Esses compostos, juntamente com as melanoidinas,
compdem a fracdo de concentragdo desconhecida da vinhaca denominada como “outros” na
Figura 18. A identificacdo desses componentes ¢ desafiadora, uma vez que exige técnicas
analiticas ainda ndo padronizadas, sendo atualmente objeto de estudos em desenvolvimento
(Comparato et al., 2024; Luz et al., 2020). A baixa producao de H2 observada a partir da vinhaga
também pode estar associada a presenga de compostos citotoxicos, como o acido pinélico, que
induzem morte celular, enquanto as melanoidinas afetam o consumo de carboidratos

(Comparato et al., 2024; Divya et al., 2023; Seukep et al., 2020).
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Figura 18 — Composig¢do percentual da vinhaga em termos de DQO na vinhaga in natura
e pontos iniciais das fermentagdes apresentadas na Tabela 7. (VI) = Vinhaca
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A conversdo do lactato e acetato para butirato foi relatada como a principal rota
metabolica envolvida na producdo de Hz a partir da vinhaga no processo termofilico em batelada
(Toledo-cervantes et al., 2020) (Reacdo 8), comportamento também observado neste estudo
(Tabela 7). Na fermentacdo termofilica e pH inicial 5,5 (pVI), 30% dos carboidratos da
fermentagdo com vinhaga in natura foram consumidos em 72 h, enquanto em pH 6,5 nenhum
consumo de acucar foi observado até o final da fermentacgao (Tabela 7). No final da fermentagao
a pH 6,5, a concentracdo de acido propionico (1,60 + 0,45 g/L) foi 66% maior em comparagao
com a fermentagao a pH 5,5 (pVI) (0,86 + 0,08 g/L). O propionato pode ser produzido a partir
da fermentacdo do lactato (Reagdo 13 e 16 - Tabela 2) e representa o pior cendrio de
fermentagdo (Fuess ef al., 2020; Menezes, de et al., 2023). Isto porque o acido latico pode ser
consumido juntamente com H para a geragao de 4cido propidnico (Reagdo 13) e para formagao

conjunta de acetato (Reacdo 16), sendo esta ultima mais favoravel termodinamente.

CH;CH(OH)COOH + Hy — CH3CH,COOH + H20 (Reagio 13)
AG®' -81,20 kJ
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3 CH;CH(OH)COOH — 2 CH3CH>COOH + CH3COOH + CO2 + H2O  (Reagdo 16)
AG®' -165 kJ

Em todas as condi¢des avaliadas — pH inicial de 5,5 e 6,5, a 35 °C e 50 °C — foi
observada atividade homoacetogénica, caracterizada pela producdo de acetato a partir de Hz e
CO: (reagdo 17). As fermentacdes foram conduzidas em reatores selados, sem liberacao de gés,
0 que aumentou a pressao parcial de Ha> no sistema. Essa condigdo pode ter favorecido a
reabsor¢ao de Ha na fase liquida, devido as limitagdes na transferéncia de massa entre as fases
liquida e gasosa (Ferraz-Junior et al., 2020; Pauss et al., 1990). O acumulo de H: induziu
alteragdes nas rotas metabolicas, favorecendo seu consumo para a sintese de acetato e etanol
(Patakova et al., 2019). Em reatores em batelada e batelada alimentada, microrganismos
homoacetogénicos podem consumir entre 11% e 45% do H. gerado (Augusto et al., 2024,
Saady, 2013). Estratégias para aumentar as taxas e rendimentos de producao de H> em processos
fermentativos continuam sendo investigadas, com foco em superar os desafios associados a
homoacetogénese, como limitacdes cinéticas e termodinamicas, além da remoc¢do de gases do

headspace do reator (Wooshin Park, Seung H. Hyun, Sang-Eun Oh, Bruce E. Logan, 2005).

4 H, +2 CO2 » CH3COOH + 2 HxO AG®' -104kJ]  (Reagdo 17)

O acumulo de acetato (at¢ 1 g/L), juntamente com o aumento das concentragdes de
outros acidos organicos (butirico e propidnico), pode causar danos celulares (Elbeshbishy et
al., 2017). Em pH 5,5, parte dos &cidos acético (pKa 4,75), butirico (pKa 4,80) e propionico
(pKa 4,88) que estdo presentes no meio encontra-se na forma ndo dissociada e pode difundir-
se para o interior das células, onde ocorre a dissociacdo intracelular. Esse processo resulta no
acumulo de proétons no citoplasma, provocando acidificacao intracelular, o que pode ativar
enzimas associadas a solventogénese, via metabolica que compete com a producao de H:
(Basak et al., 2020; Elbeshbishy et al., 2017; Patakova et al., 2019). Além disso, os anions
resultantes aumentam a osmolaridade citoplasmatica, elevam a pressdo de turgor contra a
parede celular e induzem estresse celular. O transporte de protons para o meio extracelular,
como mecanismo de defesa, reduz ainda mais a disponibilidade intracelular de ATP, afetando
0 metabolismo microbiano (Elbeshbishy et al., 2017; O-Thong et al., 2008; S4, de et al., 2020).
Embora o pH inicial de 5,5 tenha apresentado desempenho superior e pequena variagao do pH

ao final das fermentacdes, atingindo pH 5,4 na condi¢ao mesofilica e 5,9 na termofilica, em
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comparac¢do ao sistema iniciado em pH 6,5, a produg¢do de H: ainda se manteve baixa nessa
condigao.

Em contraste, na fermentagcdo em pH 6,5, os acidos acético, butirico e propionico estao
predominantemente em suas formas dissociadas. Para manter a homeostase do pH intracelular,
0s microrganismos precisam compensar o influxo de protons gerado pela dissociacdo dos
acidos. Esse processo requer energia metabolica, uma vez que o ATP é consumido para exportar
ativamente ions H* através da membrana celular, e consequentemente reduz as taxas de
crescimento microbiano. O impacto do acimulo de acidos organicos sobre a integridade celular
tem sido amplamente relatado na literatura (Lv ef al., 2023; Mirmohamadsadeghi et al., 2021).
Efeitos semelhantes também foram observados no presente estudo, uma vez que, na condi¢do
de pH inicial 6,5, a produgdo de H: foi baixa ou nao quantificavel e o pH final, na fermentagao
conduzida a 35 °C, caiu para 5,5, evidenciando acidificagdo do meio devido ao acumulo de
acidos organicos; essa queda de pH ¢ coerente com a auséncia de produ¢ao de Ha, pois favorece
rotas metabolicas nao produtoras de Hz, como a via propionica.

Além disso, em fermentagdes com pH superior a 6, as bactérias redutoras de sulfato
(BRS) utilizam o H: da acidogénese para reduzir sulfato a sulfeto (Gil-Garcia et al., 2018;
Rogeri et al., 2023), fato relevante na fermentacao da vinhaga, matéria-prima rica em sulfato
devido ao uso de acido sulfurico nas usinas de etanol para controle microbiano (Aguiar ef al.,
2023; Ceccato-Antonini, 2018; Rego et al., 2020). Esse consumo direciona o metabolismo para
a sulfetogénese, outro fator que provavelmente impediu a deteccdo de H: na fermentagdo a pH
6,5 neste estudo.

Deste modo, o pH ¢ um parametro critico na atividade das hidrogenases e vias
metabolicas adotas pelos microrganismos (Ayodele et al., 2023). Embora a atividade das
hidrogenases ndo tenha sido quantificada neste trabalho, estudos anteriores relataram a
estabilidade dessa atividade em uma faixa de pH entre 5,0 e 6,5 (Karim et al., 2021; Zagrodnik,
Duber e Seifert, 2022). Entre os esaios realizados, a fermentacao a pH 5,5 e 50 °C foi a mais
favoravel a geracdo de H. (Tabela 7). No entanto, a produgdo de H» permaneceu baixa,
principalmente devido a operagdo em reatores selados. Neste contexto, foi implementado um
sistema de alivio controlado de pressdao por meio de um reator acoplado com mandmetro e
valvulas de liberacao de gés, buscando melhorar a produ¢ao de H: e utilizar concentracdes

iniciais de DQO mais altas.
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6.2.2 Avaliacido da producio de H: utilizando vinha¢a em maiores concentracoes e

alteracido para reator manométrico com alivio de pressao

Como a condicao termofilica a 50 °C e pH 5,5 foi a mais favoravel para a producao de
Hz, novos ensaios foram realizados nessas condi¢des, porém utilizando uma vinhaga mais
concentrada, com maior teor de matéria organica (25 gpoov/L) em frasco selado (Figura 19A) e
reator manométrico (Figura 19B). Nessa configuragdo, o meio apresentou o dobro de acido
latico (0,81 +0,12¢g/L) e 1,7 vezes mais carboidratos (0,66+0,02 g/LL) em comparagdo ao
ensaio com 15 gpoov/L (pVI) (Tabela 7).

Comparando os sistemas em frasco selado, a produ¢do de Hz nas primeiras 24 horas do
sistema com 25 gpqov/L foi 68% maior (163,53 +2,62 NmL/L) em relagdo ao sistema com
15 gpqov/L (pVI), atingindo o pico de 189,24 +£9,26 mLH>/L em 48 horas (Figura 19A). Além
disso, a producdo de acido butirico, principal metabodlito associado a geragdo de H, foi
aproximadamente duas vezes superior em 24 h de fermentagado (1,32 £ 0,12 g/L - Figura 19A)
em comparacdo a condi¢do com 15 gpgo/L (pVI) (0,67 g/L - Tabela 7). O éacido latico foi
totalmente consumido em 72 horas, enquanto os carboidratos permaneceram no sistema durante
esse periodo (Figura 19).

Em sistemas fechados, o aumento da pressdo parcial no reator pode interromper a
producao de Ha, favorecendo sua ressolubilizagdo no meio liquido em fun¢do da limita¢do na
transferéncia de massa entre as fases liquida e gasosa, uma vez que a taxa de producdo de gas
supera sua taxa de liberacdo para a fase gasosa (Ferraz Junior ef al., 2020; Pauss ef al., 1990).
Esse acimulo de H2 no meio causa desvios nas rotas metabolicas, promovendo o consumo de
H: para a sintese de acetato e etanol (Patakova ef al., 2019). Este fendmeno homoacetogénico
e solventogénico foi observado no presente estudo, visto que os ensaios iniciais foram
conduzidos em reatores selados de 100 mL, sem liberagdo de pressdo, com vinhaga a 15 gpqor/L
(pV]) (Tabela 6), enquanto a Figura 19A exibe o perfil da fermentacdo com vinhaca a
25 gpgov/L também em frasco selado. Neste ultimo caso, a pressao interna dos reatores atingiu
0,9 bar apds 48 horas de fermentagao.

A alta pressdo interna mostrou impactos negativos na produc¢dao de H:, corroborando
estudos anteriores que relatam efeito inibitério e de consumo de gas em pressdes superiores a
0,6-0,8 bar (Cazier et al., 2015; Fasheun, Silva, da, et al., 2024). Considerando esses efeitos,
foi implementado um reator adaptado com mandmetro acoplado para monitoramento da pressao
interna, além de uma vélvula de alivio de gés, permitindo o alivio do gés durante a fermentacao

para evitar que a pressdo ultrapassasse o limite critico de 0,8 bar.
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Deste modo, a Figura 19 mostra o perfil da produg¢do de H» e metabolitos soltveis
produzidos usando vinhaga na concentra¢do inicial de 25 gpgo/L usando um reator
manométrico (VI1). A produgao de H> em 24 h de fermentagao foi de 179,64 = 37,85 mL/L, e
atingiu a maior produ¢ao em 48 horas com uma geracao de 245,86 + 8,56 mL/L ¢ 0,47 bar de
pressdo, aproximadamente 30% maior em comparacdo ao modo batelada com reator selado
(189,24 £ 9,26 NmL/L e 0,82 bar de pressao - Figura 19A). A andlise estatistica t-Student com
um nivel de significancia de 5% revelou que a producdo de Hz ndo foi afetada (valor de p >

0,05) pela pressao parcial.
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Figura 19 - Producdo de hidrogénio a partir da vinhaga (25 g poo/L) a 50 °C e pH 5,5 usando dois tipos de reatores: (A)
reator selado (a pressdo foi medida exclusivamente ao final de cada hora de incubagao) e (B) reator manométrico (pressdo avaliada
durante a fermentagdo), denominado como experimento VI1. A concentracdo do substrato e dos metabdlitos ¢ apresentada em
barras, enquanto a producao experimental de H, e CO,, em volume especifico, é representada por marcadores, bem como a pressao
interna do sistema. Parametros estimados pela modelagem dos dados experimentais de producao de H» pela equacdo de Gompertz:
(A) 153,76 NmL/L (Hmax); 132,87 mL/L.h (Rm); 15 h (1); 0,84 (R?); (B) 203,74 NmL/L (Hmax); 37,92 mL/L.h (Rm); 18 h ();
0,91 (R?);
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Embora o sistema com reator manométrico (VI1 - Figura 19B) tenha permitido o
alivio de pressdo, a producao de H2 ndo foi retomada apds 48 horas, indicando que outros
fatores, como a recalcitrancia da vinhaga, podem exercer influéncia mais determinante
sobre o processo do que a propria pressao parcial. A fermentacao da vinhaca de cana-de-
acucar ainda enfrenta importantes desafios para alcangar altos volumes acumulados de
H., principalmente devido as caracteristicas intrinsecas dessa matéria-prima e a operacao
em modo batelada.

Observou-se um aumento de quase 40% na producdo de CO: no sistema com
alivio de pressao (590,22 + 48,90 NmL/L em 72 horas) em comparagao ao sistema selado
da Figura 19A (364,83 + 14,68 NmL/L), sugerindo elevada atividade metabdlica no reator
manomeétrico VI1, ainda que ndo direcionada a geracdo de H.. Esse comportamento ¢
reforcado pela maior concentragdo de etanol obtida (0,65 g/L em 48 horas, Figura 19B),
indicando atividade de vias redutoras, como a solventogénese (Mockaitis et al., 2020).

Independentemente do tempo de fermentacdo, a produ¢dao de H> ndo se mantém
ao longo do processo, cessando a partir de 72 horas, momento em que se observa o inicio
do consumo de H: e a posterior produ¢do de CHa4 (dados ndo mostrados). A utilizagdo de
um inoculo previamente adaptado ao meio complexo da vinhaga pode contribuir para
aumentar a estabilidade da producdo de H: (Bayu et al., 2022; Garcia-Depraect et al.,
2023). Nesse contexto, sistemas em modo continuos sdo frequentemente usados para
promover a adapta¢do microbiana, favorecendo o metabolismo dos compostos presentes
na vinhaga e, consequentemente, elevando a geragao de H: (Garcia-Depraect et al., 2023).

A Tabela 8 apresenta estudos comparativos sobre a producao de H: utilizando
vinhaga como matéria-prima. Sillero ef al. (2024) aplicaram quase o dobro da DQO inicial
(49 gpoo/L) em relagdo a utilizada neste estudo (25 gpqo/L), além de realizarem a
adaptacdo do in6culo em meio rico em carboidratos e suplementado para favorecer o
crescimento celular, o que resultou em maiores volumes de H: produzido. Em
contrapartida, Tena et al. (2020) utilizaram a maior DQO entre os estudos analisados (53
gpoo/L), associada a um inéculo adaptado a condigdes termofilicas e a um meio
igualmente enriquecido em nutrientes. No entanto, o uso de substratos-padrao para
adaptacao do in6culo antes da fermentacdo tende a ser economicamente inviavel,
ressaltando a importancia da avaliagdo de alternativas mais acessiveis, como materiais

naturalmente ricos em carboidratos. Essa abordagem foi explorada nesta tese, conforme
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serd discutido na seg¢dao 6.2.5, por meio da cofermentagdo de vinhaga e hidrolisado

hemicelulésico (HH).

Tabela 8 - Estudos comparativos na produgdo de H» utilizando vinhaga como matéria-prima por

fermentacdo em modo batelada e pH 5,5.

DQO

inicial Temperatura H>
Matéria-prima (g/L) “©O Tempo (mL/L) Referéncia
Vinhaga de cana-de- (Pouresmaeil, Nosrati
agucar 11,6 36 42 horas 68 ¢ Ebrahimi, 2019)
Vinhaga de cana-de-
agucar 0,3 25 44 horas 6 (Peixoto et al., 2012)

(Tena, Luque e Solera,

Vinhaga de vinho 53 55 8 dias 842  2020)
Vinhaga de cana-de- (Sillero, Solera e
agucar 49 55 - 458  Perez, 2023)
Vinhaga de cana-de- Este estudo (reator
acucar 25 50 48 horas 189  selado)
Vinhaga de cana-de- Este estudo (reator
acucar 25 50 48 horas 246  manométrico — VI1)

6.2.3 Producido de H: utilizando hidrolisado hemicelulésico como matéria-

prima avaliando os efeitos de aumento de concentracio inicial e pressao parcial nos

reatores selados

A fermentacdo do hidrolisado hemicelulosico (HH) foi conduzida a 50 °C e pH

inicial 5,5, parametros definidos a partir das condi¢des determinadas nas fermentagdes

com vinhaga. Para o estudo cinético da produ¢ao de Ha, foram testadas trés concentragdes

iniciais de carboidratos de HH (1, 5 e 10 g/L), designadas como pHH1 (Figura 20A),

pHHS (Figura 20B) e pHH10 (Figura 20C), respectivamente, referentes a ensaios

utilizando frascos selados. As pentoses (Reacdes 3 e 4 - Tabela 2) e a glicose (Reagdes 1

e 2 - Tabela 2) presentes no HH foram utilizadas como fontes de carbono para a

fermentagdo, resultando na produgdo de H: e CO:, juntamente com &cidos acético e

butirico (Abdul et al., 2013; Couto, P. T. et al., 2020; Elbeshbishy et al., 2017).

Pentoses

CsH100s + 1.67 H2O — 1.67 CH3COOH + 3.33 H> + 1.67 CO2

CsH100s5 + 0.83 CH3CH2CH2.COOH — 1.67 Hz +1.67 CO2

(Reacdo 3)
AG® -218,6 k]
(Reagao 4)
AG®' -257,4 K]
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No sistema pHH1 usando reator selado (Figura 20A), a maior producao de H» foi
alcangada em 24 horas, 451,76 £ 14,94 NmLn2/L, correspondendo a um aumento de
100% em comparagdo com o estudo anterior (Tomasini, 2020; Tomasini, Faber e
Ferreira-Leitao, 2022), que atingiu 217,48 + 10,42 NmL/L de produgdo de H, em 24 horas
usando HH na mesma concentragao inicial de carboidratos, mas em condi¢ao mesofilica
(35 °C). Em temperaturas elevadas, a solubilidade do H> no meio liquido diminui, o que,
por sua vez, reduz a atividade da homoacetogénese e favorece a maior liberagdo de H:
para a fase gasosa. Estudos anteriores indicam que uma razao acetato-butirato (Hac/Hbut)
superior a 1 sinaliza a predominancia da via do acetato, enquanto valores inferiores a 1
indicam a predominancia da via do butirato (Ginkel e Logan, 2005). Na fermentagao do
pHHI sob condi¢des termofilicas, a razdo Hac/Hbut observada foi de 2,16, sugerindo que
o processo favoreceu a rota do acido acético, uma via associada a maiores rendimentos
de H: (Reagdes 1 e 3). No entanto, essa razdo nao contempla a atividade
homoacetogénica, na qual o aumento da concentragdo de acetato esta relacionado ao
consumo de Hz. De fato, o consumo de H: foi detectado ap6s 24 horas de fermentacdo
(Figura 20A), acompanhado por um aumento na concentragdo de acetato, especialmente
entre 42 e 48 horas. Nesse intervalo, também foi observada a producao de etanol entre 18
e 36 horas, com posterior diminui¢do. Durante a fermentacao, a reacdo entre acetato e Ho,
catalisada pela CoA-transferase para formagao de acetil-CoA, pode direcionar a produgdo

de etanol via solventogénese (Reagdo 20 - Tabela 2).

C>2H40, + 2H2 — C2HsO + H20 AG®' -37,8 kJ (Reagéo 20)

Dessi et al. (2018) também compararam condi¢des mesofilicas e termofilicas
utilizando xilose padrdo como substrato e observaram um rendimento de H2 17% superior
na fermentag¢do conduzida a 55 °C. A presenc¢a de bactérias termotolerantes em lodo de
esgoto, ja descrita na literatura (Abendroth ef al., 2018) e discutida nas se¢des 6.2.1 e
6.1.2, pode explicar essa melhora em termos de produgdo em condi¢des termofilicas.
Neste presente estudo, a glicose contida no pHHI1 foi o primeiro carboidrato a ser
completamente consumido, em apenas 4 horas de fermentacao (0,10 g/L) (Figura 20A).
Em seguida, a xilose, principal agticar do meio (1,22 + 0,12 g/L), teve seu consumo

iniciado efetivamente apds 8 horas de fermentacdo, enquanto a arabinose comecou a ser
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consumida a partir de 12 horas. A arabinose foi completamente metabolizada em 18 horas
(0,15 £ 0,02 g/L), e a xilose foi totalmente consumida apds 24 horas de fermentagao.

Microrganismos termofilos, como espécies dos géneros Caldicellulosiruptor,
Anaerocellum e Thermoanaerobacterium, destacam-se pela capacidade de metabolizar
tanto pentoses quanto hexoses. Espécies de Clostridium também demonstram potencial
genético para utilizar uma ampla variedade de carboidratos (Durre, 2005). A incorporagao
desses agucares na célula ocorre por meio de proteinas de transporte de membrana
especificas. Em Clostridium acetobutylicum, os mecanismos de transporte diferem entre
pentoses e hexoses: enquanto acucares de cinco carbonos sao transportados por
transportadores de cassete de ligacdo de ATP (ABC), carboidratos de seis carbonos sao
internalizados via sistema de fosfotransferase (PTS) (Tjo e Conway, 2024).

A afinidade do PTS clostridial pela glicose (Km' entre 12 e 34 uM) é comparével
A observada em outras bactérias, como Bacillus, que possui cerca de 50 transportadores
diferentes para carboidratos (Durre, 2005). Embora o PTS seja amplamente estudado para
transporte de hexoses, também se sabe que pode atuar no transporte das pentoses, embora
o valor de Km para esse processo ainda seja desconhecido. Em estudos com
Parageobacillus thermoglucosidasius, Bidart et al. mostraram que a delecdo da Enzima
I do sistema PTS eliminou o crescimento em meios com hexoses, mas nio em meios
contendo xilose, sugerindo a existéncia de transportadores alternativos, como os do tipo
ABC (Bidart, Gharabli ¢ Welner, 2023). Posteriormente, a delecdo da Enzima IIB
especifica para xilose aboliu também o crescimento nesse substrato, indicando que a
difusdo facilitada através da Enzima II € crucial para o transporte de xilose, mesmo sem
fosforilagdo (Bidart, Gharabli e Welner, 2023). De forma semelhante,
Thermoanaerobacterium saccharolyticum € capaz de metabolizar tanto hexoses quanto
pentoses, mas exibe repressao do catabolismo de carbono na presenga de agucares mistos,
assimilando preferencialmente a glicose (Dev, Jilani e Yazdani, 2022). Nesse contexto, o
consumo de xilose s6 se intensifica quando a concentracao de glicose atinge niveis baixos.
Assim, em consdrcios microbianos, fendomenos como a repressdo catabolica podem ser
observados, resultando na preferéncia inicial pela glicose devido a maior afinidade dos

transportadores, seguida pelo consumo das pentoses.

! Km: constante de Michaelis-Menten determinada experimentalmente, que corresponde 2
concentragdo de substrato necessaria para que a velocidade da reacdo enzimadtica atinja 50% da velocidade
maxima (Vmax). No modelo de Michaelis—Menten, o Km indica a afinidade da enzima pelo substrato:
valores baixos refletem alta afinidade, enquanto valores elevados indicam afinidade menor.
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Figura 20 - Produgdo de hidrogénio usando hidrolisado de hemicelulose nas concentragdes iniciais de
carboidrato 1g/L. = pHH1 (A), 5g/L = pHHS5 (B) e 10 g/L = pHH10 (C) a 50 °C ¢ pH 5,5, em reatores
selados sem alivio de pressdo. A pressdo foi medida exclusivamente ao final de cada hora de incubag@o.
A concentragdo do substrato e dos metabolitos ¢ apresentada em barras, enquanto a producdo
experimental de H> e CO», em volume especifico, é representada por marcadores, bem como a pressdao
interna do sistema. Parametros estimados pela modelagem dos dados experimentais de produgdo de H»
pela equagio de Gompertz: HH1 = 316,25 NmL/L (Hmax); 25,89 mL/L.h (Rm); 7 h (1); 0,84 (R?); HH5
= 833,94 NmL/L (Hméx); 44 mL/L.h (Rm); 7 h (A); 0,96 (R?); HH10 = 706,88 (Hmax); 49,34 mL/L.h
(Rm); 9 h (1); 0,99 (R?).
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O perfil metabdlico e a produgdo de Ha diferiram significativamente em fermentagdes
conduzidas em maiores concentragdes iniciais de substrato, como observado nos sistemas
pHHS (Figura 20B) e pHH10 (Figura 20C). No sistema pHHS, a maior produgdo de H: foi em
48 horas, alcangando 938,36 + 155,68 NmLH:/L, enquanto no pHH10 o pico de produgao
ocorreu em 42 horas, com um volume acumulado de 735,41 + 97,74 NmLH2/L. Apds 42 horas
de fermentagcdo do pHH10, ndo foram observados aumentos significativos na produ¢do de Hz
nem consumo relevante do gas em ambos os sistemas. Embora fosse esperado que o aumento
da concentragdo de substrato e da temperatura do processo promovesse uma maior producao de
Hz, em fung¢do da intensificagdo da transferéncia de massa liquido-gas (Karadagli, Marcus e
Rittmann, 2019), o reator pHHS ndo apresentou diferenca significativa no volume acumulado
de H2 (p > 0,05) comparado a pHH10, apesar da maior disponibilidade de substrato neste
ultimo. A pressao manométrica em ambos os sistemas (pHHS e pHH10) ultrapassou 1 bar,
provocando desvio de rota para a homoacetogénese e solventogénse, assim como a postergagao
do consumo de substrato devido ao acimulo de H: no sistema.

Em pHHS5 houve alta produgdo de acetato de 2,02 + 0,3 g/L de acido acético em 72
horas. Contudo, a producao de Hz> nao acompanhou proporcionalmente a formacao de acido,
sendo consumido pela via homoacetogénica. Alguns autores utilizam a Equagdo 8 para
descrever a quantidade de acido acético que ¢ gerado a partir da homoacetogénese, em que,
[HAc], [HBu], [HPr] e [Hz] indicam a produgdao (mmol) de &cido aceito, acido butirico, acido

propidnico e Ha, respectivamente (Zhao et al., 2022).

H, = 4*{(2[HAc] + 2[HBu]-[HPr]-[H.])/6} (Equagdo 8)

Conforme ilustrado na Figura 21, a analise do consumo de H: durante a reagdo de
homoacetogénese evidencia diferencas entre os sistemas avaliados. Em pHH1 (Figura 21A), o
consumo de H: para homoacetogénese torna-se evidente apds 24 horas de fermentagdo,
enquanto em pHHS5 (Figura 21B) e pHH10 (Figura 21C) essa via metabolica ja se encontra
ativa desde as primeiras horas do processo. Essa diferenca est4 associada a maior concentragao
de substrato e ao fato de os reatores estarem selados, condi¢do que, ao aumentar a pressao
parcial de Hz sem alivios, favorece o acumulo de H: dissolvido no meio, promovendo seu
consumo pelas bactérias homoacetogénicas.

Aproximadamente 20% do H: gerado foi consumido pela homoacetogénese nos

sistemas estudados. Ressalta-se que microrganismos homoacetogénicos podem consumir até
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45% do H: produzido durante a fermentacao, o que representa um dos principais desafios para

a maximiza¢ao da producao de H> (Augusto et al., 2024).
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Figura 21 — Correlagdo entre o hidrogénio produzido (barras pretas) e hidrogénio consumido pela homoacetogénese (barras brancas) de acordo com a equagdo 8 (Zhao
et al., 2022) nas concentragdes iniciais de carboidrato 1g/L. = pHH1 (A), Sg/L = pHHS (B) e 10 g/L = pHH10 (C) a 50 °C ¢ pH 5,5, em reatores selados sem alivio de presséo.

A pressdo foi medida exclusivamente ao final de cada hora de incubagao.
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Além disso, os sistemas pHHS e pHH10 apresentaram indicios de transicao metabdlica
da producdao de H: para fermentagdo ABE (acetona-butanol-etanol). No pHHI10, foram
detectados 0,43 = 0,1 g/L de etanol em 72 horas, enquanto no pHHS5 essa produgao foi de 0,19
+ 0,01 g/L. Na solventogénese, o Hz produzido pelas vias acético-butirica, glicolise ou pentose-
fosfato ¢ doador de elétrons para a regeneracdo de NAD*, favorecendo a sintese de solventes
como o etanol (Reagdes 18, 19 e 20) (Couto, P. T. et al., 2020). Considerando que a conversao
de pentoses em etanol ¢ termodinamicamente mais favoravel (Mockaitis et al., 2020; Saady,
2013), sistemas com maior concentracdo de xilose tendem a apresentar maior producao de
etanol, desde que as condi¢des favorecam essa via metabdlica. Este fendmeno foi observado

em pHH10 com a produgdo de 0,78 g/L de etanol em 48 horas (Figura 20C).

Hexoses: C¢Hi120s — 2 CH3CH20H + 2 CO> (Reacao 18)
AG®' -164,8 k]

Pentoses: 3 CsHi100s — 5 C2HsO + 5 CO2 (Reacao 19)
AG®' -609,0 kJ

Acetato: CH3COOH + 2 H, — CH3CH;OH + H,0 (Reacao 20)
AG®' -37,8 kJ

Apesar de pHHS5 e pHH10 apresentarem volumes especificos de Hz semelhantes (p >
0,05), os rendimentos ficaram abaixo do valor tedrico previsto para a via acética (3,33 mol
Hz/mol de carboidratos — Reacgdo 3). O sistema pHHS obteve o melhor desempenho, com um
rendimento de 1,32 molu,molcarboidratos €m 48 horas, correspondente a uma eficiéncia de 40%,
enquanto o pHH10 alcangou apenas 0,64 moln,/molcarboidratos, com eficiéncia de 19%. Ao final
da fermentacdo, o pHH10 apresentou o acido butirico como principal metabolito (2,30 = 0,01
g/L). A produgdo de H: pela via do butirato consome dois NAD* juntamente com a geragao de
H: (Reagao 7), o que reduz a quantidade final de H2 produzido. Em sistemas como o pHH10, a
pressdo parcial de H> acima de 1 bar torna desfavoravel termodinamicamente a liberagdo
adicional de H: pela hidrogenase. Esse acumulo dificulta a reoxidacdo do NADH para NAD",
reduzindo a eficiéncia da via fermentativa e desviando o metabolismo para rotas mais redutoras
e menos produtoras de Hz, como a via butirica. A pressdo parcial exerce um papel crucial no
equilibrio bioquimico da conversao de substrato em H; influenciando diretamente a seleg¢ao da
via metabdlica predominante (Ayodele et al., 2023; Montoya-Rosales et al., 2023). Assim, em
relacdo ao consumo de carboidratos, o sistema pHHS completou o processo em 48 horas,

enquanto o pHH10 necessitou de 72 horas. Ao longo da fermentagdo, o aumento da pressdao



105

parcial nos biorreatores interfere no equilibrio redox intracelular entre NADH e NAD,
resultando no acimulo de NADH dentro das células, o que gera um desbalanco redox que
compromete o consumo de substrato e reduz a produ¢ao de H.. (Canto-Robertos et al., 2023;
Wang ¢ Wan, 2009).

Na literatura, hé estudos que investigaram estratégias para mitigar os efeitos da pressao
parcial de Hz por meio da remog¢do do gas produzido. A aspersdo de H> do reator elevou o
rendimento em 121%, enquanto a pratica de manter o headspace inerte com nitrogénio resultou
em um aumento de 56%, ambos em compara¢do com reatores nao tratados (Massanet-Nicolau
et al.,2010). Além disso, a reducdo da pressdo parcial de Hz pela aplicagdo de vacuo promoveu
um incremento de até oito vezes na producgdo de hidrogénio em relagdo ao controle (Rajhi et
al., 2016). Sistemas com concentragdes iniciais elevadas de substrato foram avaliados por
Fashuen et al. (2024) e Faber et al. (2022), que empregaram controle de pressdo para evitar
exceder 0,8 ¢ 0,25 bar, respectivamente, alcancando maior produ¢do de H: ao trabalhar com
meios mais concentrados. Mandal et al. (2006) dobraram o rendimento de H» (1,9
moln2/molgiicose para 3,9 moly2/molgiicose) quando limitaram a pressao dos reatores de 1 atm para
0,5 atm. Vale ressaltar que este rendimento foi obtido com uma cultura pura de Enterobacter
cloacae. Liu e Wang (2017) também investigaram o efeito de trabalhar com pressdo reduzida
em um CSTR e observaram um aumento da produtividade em 17 vezes com a reducao da
pressao de 0,9 atm para 0,2 atm. Além disso, a conversdao de glicose atingiu 90% no reator
operado a 0,2 atm (Liu e Wang, 2017).

No sistema pHH10, a produgdo de H> permaneceu estavel até 72 horas, sem aumento
significativo, mesmo com o acumulo de pressdo, que atingiu 1,78 bar em 36 horas — a maior
pressao interna registrada. Esses resultados evidenciam os efeitos da saturacdo de Hz devido a
pressdo parcial. Diante disso, adotou-se a estratégia de alteragdo do modelo de reator, utilizando
um sistema equipado com mandmetro acoplado e valvula para liberagdo controlada de gés, e

foram avaliados meios contendo concentragdes iniciais de carboidratos de 10 e 20 g/L.

6.2.4 Avaliacdo da producio de H: utilizando hidrolisado hemiceluldsico em

maiores concentracoes e em reatores manométricos com alivio de pressao

A Figura 22 apresenta a cinética de producado de H, consumo de carboidratos e sintese
de metabolitos soltveis nos sistemas HH10 (10 g/L de carboidratos iniciais — Figura 22A) e
HH20 (20 g/L de carboidratos iniciais — Figura 22B), conduzidos em reatores manométricos

equipados com valvulas para liberacao de gés, a fim de manter a pressdo manométrica abaixo
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de 0,6 bar. No HH10, a producdo de H: atingiu 1107,97 + 74,83 NmL/L em 24 horas,
representando um aumento de 82% em comparagao a produ¢ao no sistema pHH10 (608,70 +
74,45 NmL/L - Figura 20C), sem liberacdo de pressdo. Além disso, houve consumo total de
carboidratos em 36 horas de fermentacao (Figura 22A). Em 30 horas de fermentacgdo, a
producdo de H: no sistema HH10 atingiu 1070,68 + 29,42 NmL/L, estatisticamente igual a
registrada em 24 horas (p > 0,05). No entanto, a concentracdo residual de carboidratos,
especialmente da xilose, reduziu de 2,33 + 0,24 g/L para 0,72 + 0,15 g/L nesse intervalo. Dessa
forma, a fermentacao no HH10 em 30 horas foi considerada a condi¢ao ideal para a recuperacao
do efluente do meio fermentativo (EPH-HH10), visando a produgao de CHa, ao se equilibrar a
maxima produ¢do de H> com a baixa concentragao residual de carboidratos.

No sistema HH20 (Figura 22B), a produgdo de H: teve inicio por volta das 18 horas e
atingiu a produg¢do maxima em 72 horas, correspondendo a 670,24 + 37,26 NmL/L. Este
desempenho inferior revela claros efeitos de inibi¢do, evidenciados pelo consumo de apenas
37% dos carboidratos ao final da fermentacdo. A elevada concentragao inicial de xilose (15,79
+ 0,60 g/L) em comparacdo ao sistema HH10 (7,65 £ 0,36 g/L) sugere que a inibi¢do por
substrato pode ter sido um fator limitante. De fato, diversos estudos ja relataram inibi¢do
associada a meios ricos em xilose, com varia¢des dependendo do tipo de cultura: 10 g/l em
sistemas com culturas mistas (Fangkum e Reungsang, 2011) e 20 g/L em culturas puras (Tomas,
Karakashev e Angelidaki, 2011).

Em teoria, maiores concentracdes de substrato favorecem o aumento da produgdo e do
rendimento de Hz, porém isso so se confirma na auséncia de outros fatores inibitorios. No caso
do HH20, mesmo com controle de pressdo para evitar efeitos da pressdo parcial, a elevada
concentracdo de carboidratos em relacdo a biomassa microbiana disponivel pode ter
comprometido o desempenho do sistema. Além disso, 0 HH contém acido acético em sua
composicao, proveniente da clivagem dos grupos acetil ligados a cadeia principal da xilana, os
quais sao liberados como acetato durante a desacetilagdo, favorecida por pré-tratamentos acidos
(Mirmohamadsadeghi et al., 2021). Portanto, a concentracdo de acetato aumenta
proporcionalmente ao aumento de concentragdo inicial de carboidratos adicionados no meio
fermentativo, elevando a osmolaridade do sistema (Sa, de et al., 2020). As concentragdes de
acetato inicial no HH20 ¢ de 2,09 £ 0,07 g/L, em contraste com 0,99 + 0,06 g/L observadas no
HHI10 (Figura 22A). Dentre os metabolitos avaliados, incluindo etanol, acido propidnico e
acido butirico, o &cido acético destacou-se como 0 composto com maior impacto negativo sobre

a produ¢do de Hz. Além disso, a elevada osmolaridade do meio contribuiu para o
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prolongamento da fase de adaptacdo microbiana, que se estendeu por 13 horas, o maior tempo
observado entre todos os sistemas avaliados.

Embora nao haja consenso sobre a concentragdo exata de acetato para a inibi¢do da
geragao de Ha, varios estudos sugerem que valores proximos a 3 g/l podem comprometer
significativamente a producdo de Hz (Chen, Yin e Wang, 2021; Tang et al., 2012; Xu et al.,
2016). Van Ginkel e Logan (2005), por exemplo, observaram inibi¢cdo completa da produgao
de H2 em meio contendo 50 mM (aproximadamente 3 g/L.) de acido acético e butirico, operando

a 30°C, pH 5.5, com glicose como substrato.
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Figura 22 - Produg¢@o de hidrogénio usando hidrolisado de hemicelulose nas concentragdes iniciais de carboidrato 10 g/L = HH10 (A) e 20 g/L = HH20 a 50 °C e pH
5,5, em reatores manométricos com liberagdo de gas. A pressdo foi medida e liberada durante o experimento em cada hora de analise, garantindo que ndo excedesse 0,6 bar. A
concentrag@o do substrato ¢ dos metabdlitos ¢ apresentada em barras, enquanto a produgdo experimental de H, e CO,, em volume especifico, é representada por marcadores,

bem como a pressdo interna do sistema. Parametros estimados pela modelagem dos dados experimentais de producdo de H; pela equagdo de Gompertz: HH10P = 1123,18

NmL/L (Hmax); 86,03 mL/L.h (Rm); 10 h (X); 0,97 (R2); HH20P = 526,88 NmL/L (Hmax); 57,04 mL/L.h (Rm); 12h (X); 0,96 (R2); HH10 = 706,88 (Hmax); 49,34 mL/L.h

(Rm); 9h (1); 0,79 (R2).
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A Tabela 9 resume os resultados da producdo de H- relatado na literatura, a partir da
fermentagdo em sistemas batelada utilizando hidrolisados hemiceluldsicos de cana-de-agucar,
milho e arroz como matérias-primas. A produgdo de H: a partir da palha ¢ complexa, mas
demonstrou potencial como matéria-prima viavel. Os resultados obtidos neste estudo superaram
aqueles relatados na literatura em termos de tempo para a producdo maxima de Ho,
concentragdes de carboidratos e ao tipo de cultura microbiana empregada, seja ela pura ou
consorcio microbiano. Contudo, a comparagao direta dos rendimentos ¢ equivocada, uma vez
que os estudos anteriores utilizaram concentragdes de carboidratos significativamente mais

baixas.
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Tabela 9 - Estudos comparativos na producao de hidrogénio usando fracdes de hemicelulose de palhas de cana-de-aclicar e arroz em batelada.

Biomassa Matéria- Inéculo Concentracio Temperatura Tempo H: H: Referéncia
prima P inicial (g/L) (°O) (h) (NmL/L) Yp/s
H1d,r qhsado Consorcio anaerébio 7 5 28 48h 304 0.64 Tsa1, Du e Yang,
acido moln/molcarboidratos 2021
Palha de
arroz . .
Hidrolisado .
hidrotérmico ~ Consorcio anaerdbio 5 28 96 h 433 0,90 Tsai, Du e Yang,
. moly2/mMolcarboidratos 2021
detoxificado
Hidrolisado o 1,03 mol Mechery et al.,
Palha de Acido Lodo anaerobio n.r 34 96 h 1075 /MOl 2071
arroz . .
Hldroll'sado Lodo anaerdbio n.r 34 96 h 937 0.9 Mechery et al.,
alcalino molm/molgicose 2021
Palha de Hldrro'llsado Lodo anaerébio s 35 36 h 1095 1,75 Tomasini et al,,
cana acido mol/molcarboidratos 2022
Bagacode  Hidrolisado Thermoanaerobacierium 1,12 Saripan et al
n Lcid thermosaccharolyticum 6,5 5 55 - 840 mol /m’ e 2013 ”
cana acido KKU-EDI OlH2/MOlcarboidratos
. . Este estudo
Palha de Hld,r o.llsado Lodo anaerobio 5,5 10 50 24 609 0,54 mol (sem alivio de
cana acido H2/m01carb0idratos ~
pressiao)
. . Este estudo
Palhade  Hidrolisado 0 0 erobio 5,5 10 50 24 1107 0,66 mol (com alivio de
cana acido

H2/m01carb0idratos pressﬁo)
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Portanto, com base nos resultados obtidos, a condigdo termofilica é adequada para a
producdo de H: por fermentacao utilizando HH. Em uma matéria-prima rica em carboidratos, a
medida que a concentracdo do substrato aumentava, foram observadas mudancas de via
metabolica em dire¢do a solvogénese ¢ homoacetogénese, parametros associados a pressao
parcial de Hz. Alguns pesquisadores relataram esse fendmeno e sugeriram que concentragdes
iniciais baixas/moderadas de substrato podem resultar em melhor rendimento de H> e
desempenho de produgdo (Cota-Navarro et al., 2011; Ginkel e Logan, 2005).

No entanto, a viabilidade econdmica da produgdo biologica de H: a partir de residuos,
como vinhaga e palha de cana-de-acucar, permanece desafiadora, particularmente quando se
utiliza meios diluidos que requerem multiplas bateladas. Esse desafio foi enfrentado
empregando reatores manométricos especificamente projetados para permitir a liberagdo
continua de gés, evitando assim que as pressdes excedam 0,6 bar e facilitando o uso de meios
mais concentrados. No entanto, o sistema HH20 foi colapsado devido a alta osmolaridade do
meio. A alta concentragdo de acido na fermentagdo pode resultar em mudangas na dinamica
populacional microbiana, levando a uma redu¢do ou interrup¢ao na produgdo de H. (Canto-
Robertos et al., 2023). Estratégias para superar essa questdo incluem o aumento da concentracao
de microrganismos no meio (Ghimire et al., 2016; Mattiello-Francisco et al., 2024).

Esses resultados confirmam que os sistemas devem ser avaliados individualmente, visto
que cada material organico apresenta desafios especificos, como a biodegradabilidade do
substrato (como observado com HH em concentracdes de até¢ 10 g/L) e o aumento da pressao
parcial. Além disso, matérias-primas complexas, como o HH20, com altas concentracdes de
acido acético, requerem mais investigacdo sob diferentes proporcdes de indculo para otimizar
sua utilizacdo. Isso representa uma abordagem promissora para valorizar a fragdo CS5,
integrando palha de cana-de-aglcar ao processo de biorrefinaria, uma biomassa que permanece

subutilizada na industria sucroenergética devido as impurezas inerentes a sua composicao.

6.2.5 Cofermentacido da vinhaca e hidrolisado de hemicelulose de palha de cana-

de-acucar

A Tabela 10 apresenta os resultados da producdo de H2, do consumo de substrato e da
formagdo de metabolitos durante a cofermenta¢do (VH) de vinhaga (VI) e hidrolisado (HH),
comparados aos processos de fermentacdo realizados separadamente. A cofermentacdo VH1

alcangou uma producao de 389,60 + 60,61 NmL/L de Ha, representando um aumento de 58%
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em relacdo ao VII1 (245,86 + 8,56 NmL/L), considerando DQO experimental equivalente, com
o dobro da concentracdo de carboidratos e o mesmo periodo experimental.

Os acucares derivados do HH melhoraram significativamente a producao de Hz, como
observado na cofermentacao VH2 (709,71 + 69,40 NmL/L), que gerou sete vezes mais Hz do
que a fermentacdo apenas com vinhaga pVI (97,17 + 3,33 NmL/L). Embora o ensaio com
pHH10 apresentasse o dobro da concentragao de carboidratos (Tabela 10), a produgdo de H- foi
estatisticamente equivalente a observada em VH2, sugerindo que outros fatores além da
disponibilidade de substrato, como os efeitos de pressao parcial (Topico 6.2.2), influenciaram
o desempenho do sistema.

No caso do pHHS, que possuia a mesma concentragdo de carboidratos que VH2, a
composicao mais simples de pHHS (principalmente composto por carboidratos) e a menor carga
organica (7,10 £ 0,20 g/L) comparado a VH2 (12,85 + 0,62 g/L), favoreceram a producao de
Hz. Deste modo, comparagdes diretas desses dois sistemas sdo injustas visto que a vinhaga
possui diferentes compostos interferentes e recalcitrantes (Comparato et al., 2024; Couto, P. T.
et al., 2020; Luz et al., 2020). Vale destacar que no sistema pVI a produg¢ao de H2 ocorreu
apenas nas primeiras 24 horas; por isso, os dados desse ensaio referem-se a esse intervalo, visto
que posteriormente houve apenas consumo de H» (Tabela 7).

Em processos fermentativos a relagdo carbono/nitrogénio (C/N) ¢ um fator critico que
reflete o equilibrio de nutrientes no meio, influenciando diretamente a sintese celular, o
crescimento e o metabolismo microbiano. A relagdo C/N ideal pode variar conforme o tipo de
substrato, o inoculo e as condic¢des especificas de fermentacdo (Karim ef al., 2021). Embora
diversos estudos tenham investigado o impacto das concentragdes de nitrogénio na producao
de Ha, ainda n3o se definiu uma relacdo C/N universalmente ideal, devido a variabilidade
inerente aos sistemas de fermentacdo e aos parametros operacionais (Tabela 3 - topico C/N).
Diversos autores sugerem que relagdes C/N entre 20 e 200 sdo apropriadas para a produgdo de
H: (Karim et al., 2021; Mattiello-Francisco et al., 2024; Menezes, de et al., 2023; Ribeiro et
al., 2024; Sillero, Solera e Perez, 2022; Volpi et al., 2024). Relagdes inferiores a 6 podem ser
toxicas e prejudiciais aos microrganismos anaerdbios, devido a baixa disponibilidade de
carbono e consequente superproduciao de amonia (NHs) (Shapovalov et al., 2020).

Neste estudo, a propor¢do vinhaga:hidrolisado (VI:HH) foi definida para avaliar o
potencial de digestibilidade da vinhaga, promovido pela adigdo de mondmeros derivados do
HH. A vinhaga foi incorporada ao meio em quantidades iguais ou superiores, de modo a
respeitar a relacdo C/N adequada para o desenvolvimento microbiano. As misturas resultantes

apresentaram relagdes C/N de 23,6 (VHI), 36,1 (VH2) e 52,2 (VH3) (Tabela 10).
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Tabela 10 - Resultados comparativos da cofermenta¢ao (HV) com hidrolisado hemicelulésico e vinhaga; mono-fermentagdo da vinhaga (VI) e do hidrolisado hemiceluldésico (HH) para

producao de hidrogénio

Cofermentaciao — Vinhaca e hidrolisado em Vinhaca em Vinhaca Hidrolisado em Hidrolisado em reator
- reator em reator L.
reatores manometricos . reator selado manomeétrico
manométrico selado

Sistema VH1 VH2 VH3 vii pVI pHHS pHH10 HH10 HH20
DQOs (/L) 18,78+020 |12.85+062  |9.17+0.49 16,40 + 0.3 “1’0701 = 761§0i 12,30 £0,07 | 12,76+ 0,15 160’%67i
Carboidratos 2,89 + 0,004 4,69 + 0,002 5,04 £ 0,20 1,20+ 0,04 |0,40+0,08 4,76 9,81 9,59 19,70
Razao VI:HH? 12,5:1 1,43:1 1:1 1:0 1:0 0:1 0:1 0:1 0:1
Carbono (%) (m/m) 4,3 1,23 0,78 7,55 4,52 4,72 9,45 9,45 18,62
Nitrogénio (%) (m/m) 0,18 0,03 0,01 0,32 0,19 0,041 0,082 0,08 0,16
C/N 24 36 52 23 23 115 115 115 116
Tempo de fermentagio (h) 48 48 48 48 24 48 72 24 72
Consumo de substrato (%) 72 88 92 62 30 100 100 76 53

~ 97,17+ | 93836+ | 797,92+ 1107,97 + 670,24 +
Produgdo de H, (NmL/L) 389,60 + 60,61 | 709,71 £69,40 | 649,13+41,50 | 245,86+ 8,56 333 155.68 135.48 74.83 37.56

~ 334,10+ | 898,34+ | 1063,69 + 917,38 + 1246,44 +
Produgdo de CO> (NmL/L) 751,28 £87,95 | 990,91 £96,46 | 804,11 61,65 |453,87+40,92 18.57 228.36 163.39 132.79 133
Acido acético final (g/L)" 1,88 + 0,03 0,72 + 0,09 0,79 + 0,003 2,14+£0,15 097+0 1(,)7;'91 1,74 £0,20 | 2,06 +0,06 | 0,61 +0,19
fgr/of)‘jgao de dcido acetico 135 + 0,03 | 0,40+0,09 0,20 % 0,06 1,19+0,15 |0,32+0,03 16316; 0,96+ 0,10 | 1,07 0,06 *
g/olfi)ugao de dcido butirico 2,18 £ 0,08 1,51 +£0,11 1,66 + 0,22 1,38 £ 0,06 0,66 +£0 1(,)52%91 2,42+0,02 | 1,63+0,18 | 3,27+0,02
Acido propibnico final (g/L) | 0,75 + 0,13 | 0,77 £ 0,02 - 1,09+0,10 |0,76 0,06 - - - -
g/of)‘j@ao de deido propidnico | o 39 . 010 | 037 + 0,02 - 033+0,10 [028+0,06| - - - -
Producdo de ctanol (g/L) 066 + 004|016 £ 003 | 022 + g3 | 065£030 ; Oélgli 07840 | 0.50=0.04 | 038007

3DQOs: Demanda Quimica de Oxigénio do sobrenadante do meio de fermentagdo.; *A relagdo foi calculada com base na DQO da vinhaga e do HH; “Concentragdo inicial de 4cido acético: 0,53

g/L (VHL1), 0,32 g/L (VH2), 0,59 g/L (VH3), 0,95 g/L (VI1), 0,65 g/L (pVI1), 0,39 g/L (pHHS), 0,78 g/L (pHH10), 0,99 g/L (HH10), 2,09 g/L (HH20); ‘Concentragio inicial de 4cido propidnico:

0,36 g/L (VH1), 0,40 g/L (VH2); *somente consumo.
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O perfil metabolico da cofermentacdo ¢ apresentado na Figura 23, sendo que a Figura
23 A corresponde ao ensaio VHI1, a Figura 23B ao ensaio VH2 e a Figura 23C ao ensaio VH3.
Observa-se que, tanto na cofermentacao quanto na fermentagao individual das matérias-primas
(Figura 19), o acido latico foi o primeiro metabolito consumido quando a vinhaga esté presente
no processo fermentativo. Embora ndo tenham sido identificados neste estudo, compostos como
as melanoidinas, no qual ¢ investigado na vinhaga em estudos da literatura, sdo relatados como
agentes capazes de influenciar o consumo inicial de agtcares, favorecendo o desenvolvimento
de microrganismos do género Lactobacillus (Comparato et al., 2024).

Além disso, outros compostos com efeitos citotoxicos sao encontrados nesse efluente,
atuando como agente antimicrobiano (Divya et al., 2023; Seukep et al., 2020). Neste cenario,
em ensaios com menores concentragdes de vinhaga, como na cofermentacdo VH3, o impacto
negativo sobre as células ¢ reduzido, permitindo uma metabolizacdo mais eficiente da glicose
(Figura 23C). Como resultado, observou-se um consumo de 92% do substrato em 48 horas, em
contraste com os 30% registrados na fermentacdo da vinhaga (pVI), referente apenas ao
consumo de lactato. Além disso, em 72 horas de fermenta¢ao houve consumo total de substratos
em VH3 (Figura 23C). Embora a producao de H. em VH2 e pHH10 tenha sido estatisticamente
equivalente (p > 0,05), a presengca de carboidratos altamente biodegradaveis do HH
impulsionou significativamente o consumo de substrato, atingindo 88% em VH2, frente aos

30% observados em pVI.
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Figura 23 Cofermentagdo vinhaga (VI) e hidrolisado hemicelulésico (HH) a 50 °C e pH 5,5, em reatores manométricos com liberagdo de gas em relagdes: C/N 24 =
VHI1(A); C/N 36 =VHI2; C/N 52 = VH3. A pressao foi medida e liberada durante o experimento em cada hora de analise, garantindo que ndo excedesse 0,6 bar. A concentragdo
do substrato e dos metabdlitos ¢ apresentada em barras, enquanto a producio experimental de H, e CO,, em volume especifico, é representada por marcadores, bem como a
pressdo interna do sistema.
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O meio VH3 foi o unico que ndo apresentou formacao de acido propionico durante
a fermentagdo, pois resultou da combinagcdo em propor¢do 1:1 de vinhaca (VI) e
hidrolisado hemicelulésico (HH). Como a concentracdo propionico em VH3 esteve
abaixo do limite de quantificagdo e o HH ndo contém propionico, nao houve produgao
neste sistema. Considerando que o propionato esta frequentemente associado a
instabilidade e a inibi¢do do processo fermentativo (Fuess et al., 2023b), sua auséncia
em VH3 contribuiu para um comportamento distinto, refletido em maior
biodigestibilidade em comparagdo aos demais meios. Isso ocorre porque o propionato
deixou de atuar como um dos analitos que elevam a osmolaridade e impdem estresse
adicional ao sistema fermentativo.

A literatura reforca que a cofermentacao de outras matérias-primas com a vinhaga
pode potencializar a conversdo de substratos em H:, especialmente sob baixas cargas
organicas. Menezes et al. (2023) relataram uma producdo de 1.851 mL H> L' d™! a partir
da cofermentacdo de glicerol e vinhaga, atribuida ao glicerol como fonte de carbono para
crescimento celular. Em estudo semelhante, Ribeiro et al. (2024) observaram um aumento
de 55% na produgdo de H: ao utilizar melagco como co-material, alcangando 2,8 L
H..L'.d!, e relacionaram esse desempenho a maior assimilacdo de carboidratos em
comparagdo ao glicerol. Esses resultados destacam o papel de fontes de carbono com alta
biodegradabilidade no estimulo ao crescimento microbiano e, consequentemente, a
produtividade. No entanto, ¢ importante ressaltar que tais estudos ndo consideraram as
relacdes C/N sob investigacdo. Para fins comparativos, a Tabela 11 apresenta uma sele¢ao
de estudos sobre a cofermentagdo da vinhaca e com soro de leite, que também ¢ um
efluente gerado em grandes volumes pela industria de laticinios. Entretanto, ndo sao todos
os trabalhos que realizaram a fermentagao das matérias-primas isoladamente, o que limita

a comparagao direta entre as produgdes de Hz obtidos na cofermentacao e na fermentagao.
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Tabela 11 — Estudos comparativos de cofermentacdes de residuos e efluentes agroindustriais,
utilizando lodo anaerdbio como indéculo em condigdo termofilica de 55°C

Concentracao Modo de
Matéria prima Relacao inicial operacao pH Hz Referéncia
Vinhaga e Torta de 95 NmL H> (Volpi et
filtro 15:1 (TS) 0,20 gvs/mL Batelada 5,5 gvs! al., 2024)
(Sillero,
Solera e
Esterco de avese  49,5:49,5: Perez,
vinhaga de vinho 1 (DQO) 50 gpqo/L Batelada 7,5 730 mL/L  2022)
Soro de queijo e (Almeida et
glicerol 1:1(DQO) 90 gpgo/.L'.d!  Continuo 4,1 39L.L'.d' al,2022)
(Menezes,
de et al.,
Vinhaca e glicerol 1:1 (DQO) 120 gpgo/.L1.d!  Continuo - 1,sL.Ltd! 2023)
2,8 (Ribeiro et
Vinhaga e melago  1:1 (DQO) 30 gpoo/.L'.d'  Continuo 7,1 LL7Ld™!  al,2024)
Vinhaca e
hidrolisado 12,5:1 389,60 Este
hemicelulésico (DQO) 18,78 gpqos/L Batelada 5.5 NmL/L trabalho

Segundo Volpi e colaboradores (2023), a silagem da torta de filtro em conjunto

com a vinhaga, além de proporcionar um ambiente anaerobio favoravel a fermentagao,
elevou significativamente o rendimento de Hz (95 NmLp,/gvs), em comparacado a torta de
filtro in natura (63 NmLu,gvs) (Volpi et al., 2024). Almeida (2022) destacou o uso do
soro de leite e glicerol em uma cofermentacdo. Uma das vantagens apontadas foi a
regulacdo do pH sem a necessidade de adicdo de reagentes quimicos, como bicarbonato,
cuja aplicagcdo pode inviabilizar economicamente o processo. A cofermentacdo com
residuos tamponantes se apresenta, assim, como uma alternativa ambientalmente
sustentavel e de baixo custo para manter a estabilidade do sistema. Nesses experimentos,
os rendimentos obtidos foram trés vezes superiores aos observados na mono-fermentagdo
de soro de leite.

Em resumo, os resultados evidenciam que a cofermentacdo proporciona um
aumento expressivo na producao de H.. O presente estudo reforga que a incorporacao de
uma matéria-prima rica em carboidratos pode favorecer a adaptacdo microbiana a meios
contendo outros substratos recalcitrantes, como a vinha¢a, aumentando a
biodigestibilidade do sistema. Isto também valida a opgdo de valorizagdao simultanea de

dois residuos agroindustriais em um unico processo fermentativo.
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6.3 PRODUCAO DE METANO

A fase metanogénica da digestdo anaerébia em dois estdgios foi conduzida
utilizando trés diferentes efluentes gerados a partir da produc¢ao de Hz, sendo estes: o
efluente obtido a partir da fermentacdo da vinhagca (EPH-VI1), da fermentagdao do
hidrolisado (EPH-HH10) e da cofermentacao de vinhaca com HH (EPH-VH1). Para fins
comparativos, também foi realizada a digestdo anaerobia direta (em um unico estagio) da
vinhaga, nas concentracoes de 15 gpoot/L € 25 gpqor/L, € do hidrolisado contendo 10 g/L

de carboidratos.

6.3.1 Digestao anaerobia da vinhaca

A baixa redu¢do da DQO da fase acidogénica trouxe a recuperacdo de 90% da
DQO inicial da fermentagdo da vinhaca no efluente da batelada (EPH-VI1). A Figura 24
apresenta a composicdo desse efluente gerado ap6s a fermentagdo da vinhaga,
denominado EPH-VII, reutilizado na segunda etapa para a produgdo de metano, além de
mostrar a produgdo volumétrica de CH4 e CO», experimental e com base na equagao de
Gompertz, os metabdlitos consumidos e produzidos, ¢ a redu¢do da DQO durante o

Processo.
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Figura 24 - Produ¢@o de metano usando o efluente da fermentag@o da vinhaca (EPH-VI1) usando
reator manométrico, DQO experimental de 10,57 g/L; 35 °C; pH 7. A pressdo foi medida durante o periodo
incubagdo. A concentragdo do substrato e dos metabolitos é apresentada em barras, enquanto a producdo
experimental de CH4 ¢ CO», em volume especifico, ¢ representada por marcadores, bem como a DQO do
sistema. Parametros estimados pela modelagem dos dados experimentais de producdo de CH4 pela equagdo
de Gompertz: 3722,71 NmL/L (Hméx); 151,58 mL/L.h (Rm); 1 d (}); 0,89 (R?).
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Compostos residuais e subprodutos da acidogénese foram recuperados no EPH-
VII1 e as principais fontes de carbono para metanogénese foram os carboidratos, os 4cidos
latico, acético e propidnico (Figura 24). A maior produgdo de CHa utilizando o EPH do
VI1, foi de 3617,79 £+ 195,45 NmLcn.,L, com produtividade de 103 NmL/L.d e 89% de
redugdo de DQO apds 35 dias de digestao. No entanto, a produgdo obtida em 28 dias foi
estatisticamente equivalente a de 35 dias (p > 0,05). Assim, a interrupgao do processo em

28 dias resultaria em um volume especifico acumulado de 3329,71 + 209,49 NmLcn./L,
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com rendimento de 294,39 + 0,84 NmLcH4/gpqo, produtividade de 119 NmL/L.dia e 85%
de redugdo de DQO, representando um ganho em produtividade sem perda significativa
na producdo de CHas.

Nos primeiros quatro dias de digestdo, o acido propidnico proveniente do EPH-
VII foi convertido em &cido acético e, posteriormente, em CHa ¢ CO2, por meio da
metanogénese acetoclastica (Rajendran et al., 2020). No sétimo dia, aproximadamente
85% do écido acético de EPH-VI1 havia sido consumido, juntamente com a producao de
659,63 + 37,51 NmLcu/L. A fase exponencial de producao de CHa4 estendeu-se por 21
dias e, ao final do processo, a concentracdo de CHa4 no biogés atingiu 58%, enquanto o
pH do sistema se manteve proximo da neutralidade (7,25).

Resultados comparativos foram obtidos por Sillero et al. (2023) em uma digestao
sequencial utilizando EPH da fermentacdo a 70 °C da vinhaca que atingiu a producao de
3837 mLcu/L. No entanto, a producao de H2 na primeira etapa foi de apenas 83 mLu./L.
A estratégia de utilizar condigdes extremofilicas visava maximizar a producdo de acidos
para a etapa subsequente, a produ¢do de CHs. Embora a producdo de CHa de Sillero ef al
(2023) tenha sido semelhante a observada neste ensaio, o presente estudo mostra que
quase trés vezes mais H2 (285,86 NmL/L) foi obtido na primeira etapa (Figura 19) sob
condi¢des de temperatura menos extrema, a 50 °C.

A digestdo anaerdbia em um estagio, utilizando 25 gpqov/L de vinhaga in natura,
atingiu a maior producdo de CH4 em 47 dias, com 2627,94 + 311,53 NmLcn./L (Figura
25A) e 81% de redugdo de DQO. Houve uma fase adaptativa mais prolongada nesse
sistema em comparagdo ao processo em dois estagios (10 dias — Figura 24), atribuida a
elevada DQO. Um ensaio comparativo com DQO experimental equivalente ao do sistema
de dois estagios ¢ apresentado na Figura 25B. A maior producdo de CHa4 foi alcangada

em 35 dias, com 1803 + 98,94 NmL/L e 87% de reducao da DQO.
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Figura 25 - Producao de metano usando a vinhaga in natura (VI1), DQO total de 25 g/L e DQO experimental de 17,5 (A); DQO total 15 g/L e DQO experimental de
9,85 (B); 35 °C; pH 7 em reatores manométricos com liberagdo de gas. A pressdo foi medida durante o periodo incubag@o. A concentragdo do substrato ¢ dos metabolitos é
apresentada em barras, enquanto a produg@o experimental de CH4 e CO,, em volume especifico, ¢ representada por marcadores, bem como a DQO do sistema. Parametros
estimados pela modelagem dos dados experimentais de produgdo de CHs pela equagdo de Gompertz: (A) 2914.45 NmL/L (Hmax); 69.05 mL/L.h (Rm); 4 d (1); 0.83 (R?); (B)
1618.89 NmL/L (Hmax); 84.72 mL/L.h (Rm); 1 d (); 0.99 (R?).
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A produgdo sequencial foi 38% maior que a produgdo direta com DQOt de 25 g/L ¢
100% maior que a concentracdo de DQOt de 15 g/L. A alta concentragao de acido acético no
EPH-VII (2,19 g/L) foi um fator importante para a maior producao de CH4 comparada com a
digestao direta, visto que € o substrato direto das acetoclasticas (Mignogna et al., 2023).

A presenca de substratos recalcitrantes, fenois e o sulfato, caracteristicos da composicao
da vinhaga in natura (ndo quantificados), diminuem a eficiéncia da digestao direta (Borges et
al.,2021). Em condicdes tipicas da metanogénese (pH 7 e 35 °C), o sulfato pode ser reduzido
a sulfeto por bactérias redutoras de sulfato (BRS) que utilizam H» produzido na acidogénese
como doador de elétrons, proporcionando competicdo das bactérias com as arqueias
metanogénicas (Gil-Garcia et al., 2018; Rogeri et al., 2023). Esses fatores demandam um
periodo maior para a adaptacao da microbiota ¢ a efetiva metabolizacdo dos compostos
complexos presentes no meio para geragdo de CHy. Por outro lado, a atividade fermentativa
realizada por bactérias acidogénicas, ndo ¢ significativamente afetada pela presenga de sulfeto,
mostrando maior tolerdncia em comparagcdo com arqueias metanogénicas e as proprias BRS
(Gil-Garcia et al., 2018). Deste modo, a reducdo simultanea de parte Hz gerado na acidogénese
e do SO.*da matéria-prima, apesar de haver perda na eficiéncia de produgdo de H» na
fermentagdo, mostra que separar a etapa hidrolitica-acidogénica (fermentacdo) da etapa
metanogénica ¢ uma estratégia de diminuir a complexidade e toxicidade da vinhacga,
aumentando a eficiéncia global do processo de digestdo anaerdbia, podendo ser considerada um
pré-tratamento para a metanogénese.

A digestdo em dois estagios proporciona que a primeira etapa seja usada como
detoxificagdo do meio, o que facilita a geragdo de compostos menos complexos para o estagio
de metanogénese subsequente. Além disso, a producdo sequencial resulta em maior producao
de gas e com maior teor de CHs — 58% comparado a 40% de ambos os sistemas de digestao
direta. Deste modo, o potencial energético global do processo sequencial (2,7 kcal/gpgo) € duas

vezes maior comparado ao processo direto (1,2 kcal/gpqo).

6.3.2 Digestao anaerobia do hidrolisado hemiceluldsico

A reducao da DQO durante a acidogénese ¢ de aproximadamente 10-20%, devido ao
crescimento celular e geracdo de polimeros extracelulares. O EPH-HH10, composto por esses
bioprodutos como acidos acético e butirico, etanol e agucar residual (xilose) foi reutilizado na

segunda etapa para a producao de CHa (Figura 26A).
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Durante a metanogénese, foram produzidos 1259,37 + 52,30 NmL/L de CHa em 35 dias
de digestao anaerobia, com redugdo de 85% da DQO, conforme apresentado na Figura 26A. O
volume acumulado de CH4 em 35 dias foi equivalente ao produzido em 21 dias (1095,55 +
82,89 NmLcu4/L) (p < 0,05), com redugdo de 75% da DQO. Portanto, a producdo de CHa
poderia ser interrompida aos 21 dias, com uma produtividade de 52,17 NmL/L.d, representando
um aumento de 66% em relagdo a produtividade do processo interrompido aos 35 dias (31,32
NmL/L.d).

A xilose residual da fermentacao foi completamente consumida em 4 dias, enquanto o
acido butirico foi gradualmente degradado durante a digestdo anaerdbia, ambos sendo
convertidos em acido acético e CHs. Nao foi detectado Ha, pois este foi rapidamente consumido
por arqueias metanogénicas hidrogenotroficas para a produgao de acetato e CHa. Os principais
metabolitos soliveis responsaveis pela producao de CH4 foram os acidos butirico e propidnico,
que foram convertidos em dacido acético, substrato direto das arqueias metanogénicas
acetoclasticas, e, consequentemente, em CHa. Apds 35 dias de digestdo, restaram apenas 0,41
g/L de é4cido propiodnico, o que indica que, caso o processo fosse prolongado por mais 7 dias,
esse acido provavelmente seria convertido em acido acético. No entanto, nesse ponto, mais de
80% da DQO ja havia sido reduzida. O pH do processo manteve-se estavel em torno de 7, sem
variacoes significativas, o que favoreceu uma producao satisfatoria de CHa pelas arqueias

metanogeénicas.
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Figura 26 - Produg@o de metano usando o efluente da fermentacdo com hidrolisado (HH10) em DQO experimental 7,76 g/L em processo sequencial (A); producdo de metano em um
estagio com hidrolisadohemiceludsico com 10 g/L de carboidratos (HH10) e DQO experimental de 11,74 g/L (B); 35 °C; pH 7, em reatores manométricos com liberacdo de gas. A pressao foi
medida durante o periodo incubag@o. A concentra¢do dos substratos e dos metabolitos ¢ apresentada em barras, enquanto a producdo experimental de CHs e CO,, em volume especifico, é
representada por marcadores, bem como a DQO do sistema. Parametros estimados pela modelagem dos dados experimentais de produgdo de H» pela equacdo de Gompertz: 1192,08 NmL/L
(Hmax); 114,57 mL/L.d (Rm); 3 d (A); 0,90 (R?). (B) DQO experimental de 11,74 gDQO/L; 35 °C; pH 7. Parimetros estimados pela modelagem dos dados experimentais de produgio de Ha
pela equagio de Gompertz: 216,25 NmL/L (Hmax); 10,06 mL/L.d (Rm); 4 d (}); 0,99 (R?).
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A digestdo anaerdbia em um estadgio unico alcangou a producdo maxima de CHa de
253,40 £ 19,72 NmL CH4/L ao longo de 28 dias de digestdo (Figura 26B). A partir do 4° dia,
nao foi observado aumento significativo no volume acumulado de gés, devido ao rapido
consumo de carboidratos e, consequentemente, ao acumulo acelerado de 4cidos como &cido
acético, butirico e propidnico. Substratos facilmente fermentaveis, como agucares
monoméricos, podem tornar a acetogénese a etapa limitante do processo, visto que as reagoes
de conversao dos acidos gerados na acidogénese como o butirico e propidnico a acido acético
nao sao termodinamicamente favoraveis (Tabela 2). Além disso, as arqueias metanogénicas sao
altamente sensiveis a flutuagdes de pH (Cremonez et al., 2021).

Neste estudo, foram gerados aproximadamente trés vezes mais acidos (5,82 g/L) em
comparag¢do ao processo em dois estagios (1,78 g/L), e esses compostos causaram a reducao do
pH para 4,8, inibindo a atividade das arqueias metanogénicas. Concentracdes mais elevadas de
acidos podem indicar condigdes de estresse para os microrganismos nos reatores, o que pode
inibir as arqueias acetoclasticas em maior grau do que as hidrogenotroficas (Ribeiro et al.,
2017).

O HH foi obtido por meio de um pré-tratamento acido com acido sulftrico, o que
implica na presenca de sulfato nesse material (ndo quantificado), e no pH 7 da digestdo este
composto encontra-se praticamente todo dissociado. Como discutido anteriormente, a etapa
fermentativa pode ter atuado como uma etapa de “limpeza” do sistema, favorecendo um
ambiente mais estavel e resultando em maior produgdo de gas quando comparada ao processo
direto. Este processo também tem um potencial energético global superior a digestao direta, 1,6

kcal/gpqo, oito vezes maior que o processo direto (0,2 kcal/gpgo).

6.3.3 Digestdo anaerobia sequencial do efluente da fermentacio com vinhaga e

hidrolisado hemicelulosico

O ensaio selecionado para dar continuidade a produgao sequencial de CHa a partir do
efluente de cofermentacdo foi o VH1 (EPH-VHI). Embora ndo tenha apresentado a maior
producao de gas e consumo de substratos (Figura 23 e Tabela 10), esse sistema foi escolhido
por ter demonstrado respostas positivas no processo de cofermentacao, tais como: relagdo C/N
de 24, Razdo VI:HH de 12,5:1, que apresentou aumento de 58% da producdo de H» (389,60
NmLy/L) em relagdo a fermentagdo apenas com vinhaga (245,86 NmL H:/L), mantendo a

mesma carga organica inicial e predominancia da vinhaca, enquanto o hidrolisado
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hemiceluldésico foi adicionado em menor propor¢do apenas para favorecer sua
biodegradabilidade (Tabela 10).

A digestao do EPH-VHI1 alcangou uma produgao de 4529,83 + 889 NmL CH4/L em 35
dias de digestao e 74% de redugdo da DQO, sendo o sistema com maior geragao de CHs4 entre
todas as condicdes avaliadas neste estudo (Figura 27). Conforme discutido, a digestdo em duas
etapas atua como um pré-tratamento para a etapa metanogénica, reduzindo inibi¢des associadas
ao enxofre presente em matérias-primas como HH e vinhaga (Adarme et al., 2019; Elihimas et
al., 2025). Esse efeito foi comprovado neste estudo, visto que as abordagens sequenciais,
fermentagdo e posterior digestdo, superaram as obtidas em processos diretos.

Na comparagao entre os sistemas, a digestdo do EPH da mono-fermentagdo (EPH-VI1)
resultou em 3617,79 &+ 195,45 NmL/L de CHa, enquanto a EPH-VHI foi 25% superior, embora
sem diferenca estatistica (p > 0,05). E importante destacar que a DQO inicial dos sistemas nio
foi equivalente, sendo 17,87 g/L para o EPH-VHI1 e 10,57 g/L para o EPH-VII. Assim, tempos
mais longos de digestdo do EPH-VH1 poderiam potencializar tanto a produ¢ao de CH4 quanto
a remog¢do de DQO. Contudo, para fins comparativos, o ensaio foi interrompido em 35 dias.
Apesar disso, a concentracdo de CH4 no biogds do EPH-VHI1 foi de 65% comparado a 58% na
digestao do EPH-VII em 35 dias, ou seja, um gas mais enriquecido em CHy.

Ainda assim, a elevada producdo de CHa4 no processo sequencial foi notdvel quando
comparada a digestdo apenas da vinhaca in natura, que, mesmo com DQO experimental
semelhante (17,50 g/L - Figura 25A), atingiu apenas 1715,84 NmL/L e 54% em reducdo da
DQO no mesmo periodo. Dessa forma, a producao no sistema EPH-VH1 foi aproximadamente

2,6 vezes superior a obtida com a vinhaca isolada.
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Figura 27 - Producdo de metano usando o efluente da fermentagdo com vinhaca e hidrolisado (EPH-VH1)
em DQO experimental 17,87 g/L em processo sequencial; 35 °C; pH 7, em reatores manométricos com liberagao
de gas. A pressdo foi medida durante o periodo de incubagfo. A concentragdo dos substratos ¢ dos metabolitos é
apresentada em barras, enquanto a produg@o experimental de CHs ¢ CO,, em volume especifico, ¢ representada
por marcadores, bem como a DQO do sistema. Parametros estimados pela modelagem dos dados experimentais
de produgio de H; pela equagido de Gompertz: 4447,18 NmL/L (Hmax); 210,58 mL/L.d (Rm); 7 d (1); 0,99 (R?).
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A Tabela 12 apresenta estudos reportados na literatura que comparam a producdo de
CHj4 por digestdo direta, sequencial e de codigestao a partir de diferentes biomassas. No estudo
de Adarme ef al. (2019), foi utilizado extrato de levedura como fonte de nitrogénio, adotando-
se baixas concentra¢des de hidrolisado hemicelulosico (HH ou VI:HH) em razdo da presenca
de compostos inibidores, como HMF e furfural. Borges et al., 2021 e Tiburcio Neto et al., 2024
trabalharam com sistemas de baixa DQO, estratégia que reduz sobrecargas organicas; contudo,
meios com baixa recuperacao de compostos organicos para a degradagdo podem nao apresentar

viabilidade econdmica. Os estudos que apresentaram rendimento em solidos volateis totais
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(VS) nao foram convertidos para rendimento em DQO devido a auséncia de dados suficientes
para essa transformagdo. Vale ressaltar que, nos estudos desta tese, buscou-se trabalhar com
meios concentrados, a fim de maximizar o aproveitamento dos residuos e efluentes associando
a produgao de biogdas, sem a adi¢ao de suplementos comerciais, de modo a reduzir os custos e
tornar o processo mais proximo da realidade industrial.

A utilizagdo conjunta da vinhaga e do hidrolisado ¢ promissora, pois ambos sdo residuos
das usinas sucroenergéticas, e seu aproveitamento integrado pode viabilizar o abastecimento da
demanda interna de energia deste setor por meio de uma planta de biogas. O potencial
energético do EPH-VHI foi de 2,2 kcal/pqo, € para fins comparativos, a Tabela 13 mostra os
principais resultados desta tese quanto a reduc¢do da carga orgéanica (%), volume acumulado
(NmL/L), respectivo tempo (h ou d), produtividade (NmL/L-h ou NmL/L-d) e potencial
energético (cal/gpgo). A digestdo sequencial em duas etapas, aumenta a eficiéncia global na
geracdo de biogas em termos de producgdo de gas, potencial energético e reducdo de carga

organica.



Tabela 12 - Estudos comparativos de digestdo anaerobica em um e dois estdgios utilizando residuos agroindustriais.

Digestao anaerobia em um estagio

Concentracio

Digestao anaerobia em dois estagios
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inicial da Concentracio Concentracio
Biomassa Inéculo dicestio CHj4 inicial da H: inicial da CH4 Referéncias
gestac acidogénesis metanogénesis
anaerobia

. . 190 gpqo/L 431 mL/gsv 190 gpgo/L  5.64 mL/gsv 190 gpqo/L 467 mL/gsv  Pakarinen, Tahti
Silagem de capim Esterco 62 b0/l 252mLlgsy | 62epoo/l  338mL/gsy 62 epoo/l  413mlL/gsy e Rintala, 2009
Vinhaga Lodo anaerobio 35 gpgo/L 260 mL/gpgo | 27 gpoo/L 84 mL/gpqo 27 gpqo/L ;31? - Nasr et al., 2012
Vinhaca de tequila Lodo anaerobio 8,2 gsv/LL 365.4 mL/gsv 8.2 gsv/L 12 mL/gsv 8,2 gsv/L rzrfI%/’gsv Toro et al., 2021
Vinhaca Esterco animal - 507 mL/gsv
Vinhaga e Torta de filtro Esterco animal - 614 mL/gsv

. . (Volpi et al.,
Vlnhag:a} e Liquor Esterco animal - 917 mL/gsv 2021)
desacetilado
Ymhaga - tort'a de filtro + Esterco animal - 605 mL/gsv
liquor desacetilado
Vinhaga e melago Lodo anaerobio 6 gpoo/L 298 mL/gsv lel;rlm;(l)\;?o et
Vinhaga e glicerol Esterco de aves 5 gpoo/L 352 mL/gpgo Borgzeoszelt al.,
Vinhaca + HH + extrato de  Esterco + Lodo 279 mL/ Adarme et al.,
levedura + cinzas anaerdbio i £DQOr 2019
Vinhag¢a 1G + vinhaga 2G Lodo anacrébio i 562 mL/gsy Freitas et al.,

+ HH

2023



Vinhaga + extrato de
levedura + cinzas

Palha de arroz

Talo de milho

Soro de leite

Efluente de amido de
mandioca

Bagaco de cana-de-acucar

Xarope de cana-de-agucar

Xarope de cana-de-agucar

Xarope de cana-de-acucar
Bagaco de cana-de-agucar
Bagago de cana-de-agucar

Bagago de cana-de-agucar

Palha de cana-de-acucar

Lodo anaerdbio
Lodo anaerdbio

Lodo anaerdbio

Esterco de vaca

Lodo anaerdbio

Esterco de vaca

Lodo anaerdbio

C. butyricum
TISTR1032
(Células
imobilizadas)

Lodo anaerdbio

Lodo anaerdbio
+ esterco

Lodo anaerdbio

Lodo anaerdbio

Lodo anaerdbio

243 mL/gsv

10 gsv/L

89 gsv/L

34.5 gpoo/L

9,8 gsv/L

25 gpgo/L

25 gpqo/L

30 gpoo/L

1,63 gsv/L

10 gsv/L

39 gsv/L

20 mL/gpqo

13,4 mL/gsv

19.5 mL/gsv

81,5
mL/gpgo

93,4 mL/g-
SV
91,7
mL/gpqo

174
mL/gpgo

8,24
mL/gpqo
170 mL /g
DQO
68.26
mL/gsv

41.8 mL/gsv

42.1 mL/gsv

10 gsv/L

89 gsv/L

9,5 gpoo/L

5,8 mgsv/L

25 gpgo/L

25 gpqo/L

22 gDQO/ L

1,63 gsv/L

8,3 gsv/L

39 gsv/L

170
mL/gpgo
172,6
mL/gsv

627,6
mL/gsv

310,5
mL/gpgo

221,8
mL/gsv

2983
mL/gpqo

273
mL/gpgo

345
mL/gpgo
246,44
mL/gpgo
304.39
mL/gsv

147 mL/gsv

334 ml/gsv
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Nualsri et al.,
2024
Cheng, Li e Liu,
2012

Liuetal., 2013

Lateef e
Beneragama,
2013
Khongkliang,
Kongjan e O-
Thong, 2015
Varanasi,
Kumari e Das,
2018

Nualsri,
Reungsang e
Plangklang,

2016

Cheng et al.,
2016
Adarme et al.,
2017
Deng et al.,
2019

Ruiz-Aguila et
al., 2022-
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, . 126 107 Qelish et al.,
Palha de cana-de-agucar Lodo anaerobio - - 2.2 gnqo/L NmL/gnoo 2,2 gpqo/L mL/2000 2002
Vinhaga de tequila Lodo anaerobio - - 2 gsv/L 26.7 mL/gsv 2 gsv/L 71,7 mL/gsv Serr;;w;\(;[;; aet
Lodo 14,39 83,91 162,32
Palha (HH) anaerébio 11,74 gpqo/L NmL/gnoo 12,76 gpqo/L NmL/gnoo 7,76 gpQo/L NmL/gnoo Este estudo
. Lodo 98,05 14,99 342,27
Vinhaca anaerébio 17,50 gpqo/L NmL/gnoo 16,40 gpqo/L NmL/gnoo 10,57 gpqo/L NmL/gnoo Este estudo
. Lodo 20,75 253,49
Vinhaca + HH anaerébio - - 18,78 gpqo/L NmL/gpoo 17,87 gpqo/L NmL/gpoo Este estudo
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Tabela 13. Comparag@o dos principais pardmetros avaliados neste estudo para a producdo de hidrogénio e metano a partir de vinhaga, hidrolisado hemicelulésico de
palha e da cofermentacdo de ambos. Sdo apresentados a redugdo da carga organica (%), o volume acumulado (NmL/L), o respectivo tempo (h ou d), a produtividade (NmL/L-h
ou NmL/L-d) e o potencial energético (cal/gpgo).

Reducio da Potencial
Sistema DQOs Tempo P (mL/L) ¢ o Qp energético
DQO (%) (cal/
£0Qo)
VIl 1640 + 0,30  48horas 24586 + 854 - 5 39
H> HH10 12,76 * 0,15  24horas 1107.97 * 74,83 - 46 (mL/L.h) 213
VHI1 18,78 £+ 0,20 48 horas 389,6 + 60,61 8 54
DA EPH VII 10,57 + 0,02 28 dias  3329,71 + 209,47 85 119 2695
DAEPHHHIO 7,76 * 0,42 21dias  1095,55 * 82,89 75 52 1389
CH, DAEPHVHI 1787 — 13 35dias  4529,83 + 889 74 96  (mL/L.d) 2222
DA VII 17,50 0,50 47 dias 262794 + 113 81 51 1172
DA HHI0 1174 = 050  28dias 253397 + 17 i 9 185
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CONCLUSOES

Com o objetivo de produzir hidrogénio e metano a partir da vinhaga e do hidrolisado

hemicelulosico da palha de cana-de-agucar, esta tese evidenciou a complexidade dos

bioprocessos envolvidos em sistemas bioldgicos a partir de residuos e efluentes da

agroindustria. Foram empregadas estratégias como a mudanca de reatores ¢ a adocdo de

processos integrados, incluindo cofermentacdo e digestao anaerodbia em dois estagios, visando

melhorar o desempenho e aprofundar o conhecimento cientifico sobre o processo. Os resultados

obtidos levam as seguintes conclusoes:

Foi possivel produzir H> a partir da vinhaga, e as estratégias adotadas (aumento da
concentragdo inicial, controle da pressdo parcial do sistema e cofermentagdo com
hidrolisado hemiceluldsico) contribuiram para aumentar o rendimento do processo. A
melhor condi¢do foi em termofilia (50 °C) e pH inicial de 5,5 com o uso de reator
manométrico com valvula de alivio de pressdo interna que apresentou aumento na
producao de H» de aproximadamente 30% (245,86 NmL/L e 0,47 bar de pressdo interna)
em compara¢cdo ao modo batelada com reator selado (189,24 NmL/L e 0,82 bar de
pressao).

O hidrolisado hemicelulésico ¢ uma matéria-prima de facil assimilacdo pelos
microrganismos por ter monossacarideos em sua composi¢do, € em processos
termofilicos mostrou a interrup¢ao da produgdo por efeitos da pressao parcial e desvio
de rota para a homoacetogénese. A liberagdo continua do gés, evitando que a pressao
parcial excedesse 0,6 bar mostrou aumento de 82% na producdo de H> em sistema de
10 g/L (1107,97 NmL/L e 0,50 bar de pressao interna) comparado ao sistema sem alivio
(608,70 NmL/L e 1,60 bar);

A cofermentagdo mostrou que os carboidratos do hidrolisado hemiceluldsico auxiliaram
0s microrganismos a se adaptarem ao meio complexo com vinhaga, proporcionando um
aumento de 58% na producdo de Hz (389,60 NmL/L) comparado & mono-fermentagao
com vinhaca (245,86 NmL/L). Neste conjunto de ensaios houve consumo total de
substrato, fato que ndo foi observado nos sistemas apenas com vinhaga. A relagdo

carbono nitrogénio ideal neste processo foi de 24;



134

A digestdo anaerobia em dois estdgios da vinhaga demonstrou maior eficiéncia na
geragao de CH4 em comparacao a digestdo em um estagio. O processo sequencial atua
como uma etapa de pré-tratamento da matéria-prima, em que compostos mais
complexos sdo degradados durante a fase fermentativa, reduzindo a toxicidade da
vinhaga por meio da acao de bactérias hidroliticas e acidogénicas. Como resultado, a
etapa subsequente de metanogénese ¢ favorecida, proporcionando maior producao de
CHa e biogas com maior concentragao de metano;

A digestdo anaerobia em um estagio do hidrolisado hemicelulosico apresentou
limitagdes devido a elevada concentragdo inicial de carboidratos. A rapida geragdo de
acidos organicos provocou uma queda acentuada no pH do meio, criando um ambiente
desfavorével para a atividade das arqueias metanogénicas. Esse desbalanco metabolico
comprometeu a eficiéncia do processo e limitou a producdo de CHa; a produgdo de
metano no processo sequencial foi cinco vezes superior ao processo direto.

A codigestdo do efluente da fermentagdo com vinhaga com o hidrolisado hemiceluldsico
(EPH-VHI) apresentou desempenho superior em termos de producao (4530 NmL/L) e
concentracdo de CH4 (65%) no biogas comparado a digestdo sequencial apenas com
vinhaca (3330 NmL/L e 58% de CH4) e hidrolisado hemiceluldsico (1096 NmL/L e
36% de CHa4). Essa estratégia promoveu a geracdo de um biogas mais enriquecido em

CH4 comparada a todas as demais condi¢des avaliadas neste estudo.
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SUGESTOES PARA TRABALHOS FUTUROS

Identificar as espécies microbianas presentes no lodo anaerdbio em diferentes etapas do
processo, tais como: antes e depois do pré-tratamento, antes e depois da produgao de H»

e antes e depois da produgdo de metano;

Identificar compostos polimerizados e com potencial citotoxico presentes na vinhaca

por meio de técnicas como espectrometria de massas;

Avaliar a co-digestao da vinhaga com hidrolisado hemicelulésico para a produgdo direta
e sequencial de CHg;
Avaliar o processo continuo dos processos estudados nesta tese;

Aumentar a escala dos processos otimizados.
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ARTICLE INFO ABSTRACT

Keywords: This study evaluated hydrogen (Hs) production via dark fermentation using sugarcane vinasse and hemicellulose
Vinasse hydrolysate (HH). Vinasse, rich in organic matter and micronutrients but recalcitrant, yielded low Hy when used
Wastewater

alone. The most suitable conditions for Hy production were 50 °C and pH 5.5. Using sealed reactors without

f):i‘zses pressure release, fermentation of vinasse (15 gcop/L) produced 97.17 NmL/L of Hy, which was 71 % higher than
Hydrolysed at pH 6.5 and 81 % higher than at 35 °C. In pressure-controlled reactors (<0.6 bar), H, production using vinasse

(25 gcop/L) increased from 189.24 to 245.86 NmL/L. Co-fermentation of vinasse and HH boosted Hy production
by 58 % compared with vinasse mono-fermentation using pressure-controlled reactors and improved substrate
consumption (up to 92 %). A balanced C/N ratio and appropriate carbohydrate concentration favored the butyric
and acetic acid pathways, enhancing H, production while minimizing propionic acid accumulation. Vinasse and
HH integration enhances Hj recovery and valorizes sugarcane residues.
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Vinasse is currently applied to fertigate agricultural crops associated
with ethanol production. However, its continuous and excessive use can
cause significant environmental impacts due to its high salt content and
organic load. Despite these concerns, vinasse also presents an opportu-
nity for additional uses. Its concentrations of residual sugars, proteins,
and organic acids, along with essential minerals, such as nitrogen,
phosphorus, and potassium, make it a valuable source of carbon and
nutrients for anaerobic microorganisms. This composition supports its
use as a substrate for hydrogen production [1,4,5].

Along with vinasse, sugarcane straw is an abundant by-product of the
sugar and ethanol industries, mainly composed of lignocellulosic
biomass and often left in the field or used as a low-value resource [6].
Hemicellulose constitutes approximately 20-30 % of the dry weight of
sugarcane straw, a complex polysaccharide of pentose and hexose sugars
with diverse applications in biorefineries [1,7]. Unlike cellulose, which
forms strong structures, hemicellulose is easily hydrolysed, making it an
ideal candidate for bioconversion processes [8,9]. In biorefineries,
hemicellulose converted into sugar monomers by diluted acid pre-
treatment can be a precursor to produce biofuels and bioenergy, such as
Hj by dark fermentation.

Hydrogen, often considered a clean fuel due to its high energy con-
tent and zero carbon emissions upon combustion, plays a crucial role in
the transition towards a low-carbon economy [10]. Countries with
substantial sugarcane industries, like Brazil, can support both energy
diversification and environmental sustainability by adopting Hy pro-
duction from their wastes. Economically, the use of agricultural waste
for energy production can create new revenue streams for the agricul-
tural and energy sectors, reducing costs associated with waste disposal
while generating clean energy. In addition, sugarcane wastes could play
a significant role in achieving national energy targets and reducing
carbon footprints. In biological production through dark fermentation,
bacteria convert organic substrates into Hj, volatile fatty acids, and
carbon dioxide. Several types of inoculum can be used in the dark
fermentation process, including anaerobic sludge from a sewage treat-
ment plant, which contains a mixed microbial population. As that
population has both Hy-producers and Hy-consumers, it is necessary to
treat the microbial consortium to suppress hydrogen-consuming
archaea, which facilitates Hy accumulation in the reactor [11]. The ef-
ficiency of the dark fermentation process can be limited by factors such
as type of substrate and initial concentration, temperature, pH, and
hydrogen partial pressure inhibition [12].

Fermentation using sugar-rich materials often yields higher H; pro-
duction compared to protein or fatty acid-rich materials. This is attrib-
uted to the higher accessibility of carbohydrate-based substrates for
microorganisms and the predominance of the acetate-butyrate
pathway, which yields 4 and 2 mol Hy per mol of glucose, respectively.
In contrast, protein- or fatty acid-rich feedstocks lead to propionate as a
metabolic product, which is generally not associated with Hy formation
[13,14]. The propionate pathway is undesired because it lowers pH and
reduces Hjy yields [15-17]. Maintaining a stable pH is critical, as
excessive substrate loading can lead to acid accumulation that inhibits
microbial activity and Hy production [18-20]. In sealed reactors, high
substrate concentrations can also stimulate homoacetogenic bacteria to
consume the produced Hj. Pressure release can mitigate the adverse
effects of Hy partial pressure [12,21-23]. Furthermore, co-fermentation
with buffering substrates is a crucial strategy for stabilizing pH, allevi-
ating inhibition, and optimizing the carbon-to-nitrogen ratio, thereby
improving Hj production efficiency [17,23].

The optimization of these conditions is essential to maximize Hy
yield and improve the overall efficiency of biohydrogen production
systems. This study explores biochemical limitations by substrate con-
centrations (glucose, xylose, and arabinose), Hy partial pressure, and
strategies to alleviate such inhibitory effects for enhancing the Hy pro-
duction. Additionally, co-fermentation experiments were carried out
mainly to verify vinasse digestibility by microorganisms and the balance
of nutrients (C/N ratio), since it is a recalcitrant effluent.

International Journal of Hydrogen Energy 193 (2025) 152411

2. Methods
2.1. Characterization of raw materials

Vinasse and sugarcane straw were collected from a sugar and ethanol
mill located in the state of Sao Paulo, Brasil. The vinasse was collected
during the 2021/22 harvest season and stored at 4 °C, while the straw
was kept at room temperature.

The sugarcane straw was characterized according to the standard
methodology “Determination of Extractives in Biomass” and “Determi-
nation of Structural Carbohydrates and Lignin in Biomass” [24,25], in
which 39 % of lignocellulose material corresponds to cellulose, 28 %
hemicellulose, 19 % lignin, 5 % ashes, and 9 % extractives.

The raw straw was pretreated with diluted acid (H2SO4 1.6 % m/m)
as described in previous work [26,27]. Hemicellulose hydrolysate (HH)
were analyzed according to the protocol for sugars and by-products
[28]. Carbohydrates from raw vinasse was analyzed following for
reducing sugars methodology, as described by Ref. [29], and vinasse was
also hydrolysed following the methodology described by Ref. [25] to
release conjugated carbohydrates, which were then analyzed by
Ref. [29]. Chemical oxygen demand (COD), pH, and suspended solids
were analyzed according to the Standard Methods for Examination [30].
The element content (C, H, N) was measured by an elemental analyzer
(LECO CHN 628), and sample readings were performed according to the
procedure described in ASTM D5291:2016. Phosphorus was quantified
using Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES).

2.2. Inoculum

Activated anaerobic sludge collected from a UASB reactor at a
municipal sewage treatment plant (Rio de Janeiro, RJ, Brazil) was used
as inoculum for all experiments conducted in this work. The anaerobic
sludge contained approximately 20,000 mg/L of volatile suspended
solids (VSS), 11,173 mg/L of fixed suspended solids (FSS), 31,031 mg/L
of total suspended solids (TSS), pH 7.39, and 1156 mg/L of chemical
oxygen demand (COD) [30]. Aiming at hydrogen (Hy) production, the
anaerobic sludge was heat-treated at 65 °C for 30 min to inhibit meth-
anogenic archaea and other non-spore-forming organisms. Accordingly,
the heat-treated sludge was employed in the fermentations at an
adjusted concentration of 10,000 mgyss/L. The heat-treated sludge
characterization, analyzed according to the methods described by
Ref. [30], showed 10,333 mg/L of VSS, 10,050 mg/L of FSS, 20,317
mg/L of TSS, pH 7.34, and 1268 mg/L of COD.

2.3. Hydrogen production

Two experimental systems were used to evaluate the dark fermen-
tation process. Figure illustrating the systems is available in the sup-
plementary material.

2.3.1. Dark fermentation in sealed flasks

The batch experiments were performed in 100 mL flasks sealed with
rubber lids to prevent air contact, without valves for pressure release.
Pressure was measured exclusively at the end of each fermentation
period using a mobile pressure gauge. The working volume was 45 mL,
composed of thermally treated anaerobic sludge with VSS at a concen-
tration of 10,000 mg/L and the raw material. All flasks were purged with
Ny for 1 min to ensure an anaerobic environment, and agitation was
maintained at 160 rpm. Vinasse fermentation was conducted at 35 and
50 °C for 72 h, at two different pH levels (5.5 and 6.5), using 15 and 25
gcop/L. An additional experiment with centrifuged vinasse was done to
assess the effect of particulates in the effluent on the fermentation
process. For HH fermentation, three initial concentrations of carbohy-
drates were tested for Hy production (pHH1 = 1 g/L, pHH5 =5 g/L, and
pHH10 = 10 g/L) under a thermophilic condition (50 °C) at pH 5.5 for
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72 h in order to observe the biochemical behavior of the process. Prior to
its use as a raw material for Hy production, the pH of HH was adjusted to
5 by adding NaOH at 10 mol/L. Metabolic patterns were evaluated based
on substrate consumption, volatile fatty acids (VFAs) production, Hy
production and yield, and inhibitory effects caused by H, partial
pressure.

2.3.2. Dark fermentation in manometric reactors

Reactors with a 300 mL capacity, equipped with manometer and a
gas release valve, were operated in batch mode with a working volume
of 135 mL. Pressure was monitored throughout the experiment using the
reactor manometer to ensure it did not exceed 0.6 bar, preventing over-
pressurization and allowing controlled gas release when necessary.
Thermally treated anaerobic sludge (10,000 mgyss/L) was used in these
assays, with triplicate samples monitored for each condition. All flasks
were purged with N3 for 1 min to ensure an anaerobic environment. The
medium pH was adjusted to 5.5 by adding NaOH at 10 mol/L, and
agitation was maintained at 160 rpm. The assays were conducted at
50 °C for 72 h in order to observe the biochemical behavior of the
process. For fermentation assays, vinasse or HH was used at concen-
trations: VI1 (25 gcop/L of vinasse), HH10 (HH with 10 g/L of carbo-
hydrates), and HH20 (HH with 20 g/L of carbohydrates). The co-
fermentation assays using vinasse and HH were performed with
different VI:HH ratios, designated as VH1, VH2, and VH3, as shown in
Table 1.

2.4. Biogas quantification and calculations

The pressure of the sealed reactor was measured exclusively at the
end of the incubation period, using a manometer. For the manometric
reactors equipped with a valve, the pressure was continuously moni-
tored throughout the experiment using a manometer attached to the
reactor (supplementary material). The normalized gas volume was
calculated using the isothermal expansion equation and the principle of
internal energy conservation for ideal gases, as described in Equation
(1). In this equation, Patm represents atmospheric pressure, P, de-
notes manometric pressure, Vyg corresponds to the headspace volume,
and Vypiogas refers to the volume of biogas (Ha, COy, or CHy) at atmo-

spheric pressure.
(Patm + Pman)*VHS = Patm *Vbiogas (Eq l)

Hj yield (NmL/gcop) (Y) was calculated using Equation (2) through
the ratio between Vyy and the initial organic matter, considering
experimental values.

VHS
COD

The modified Gompertz equation (Equation (3)) was employed to

YH2 = (Eq. 2)
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Table 2

Characterization of raw sugarcane vinasse used as raw material in this study.
Parameter Media SD
COD" total g/L 37.70 + 1.70
COD soluble g/L 23.20 + 0.70
TSs” g/L 13.67 + 0.70
VSSs* g/L 12.82 + 0.54
Acetic acid g/L 1.53 + 0.08
Lactic acid g/L 2.48 + 0.21
Propionic acid g/L 2.48 + 0.09
Soluble Carbohydrates g/L 1.55 + 0.01
Carbohydrates after hydrolysis’ g/L 3.78 + 0.23
Glycerol g/L 1.35 + 0.40
Ethanol g/L 0.79 + 0.07
Nitrogen % (m/m) 0.48 + 0.02
Carbon %(m/m) 11.38 + 0.25
Hydrogen % (m/m) 11.31 + 1.00
Phosphorus mg/kg 55.76 + 2.94
PH 4.45
C/N 24

# COD:Chemical oxygen demand.

b TSS:Total suspended solids.

¢ VSS:Volatile suspended solids.

4 Quantification was performed after raw vinasse was subjected to acid hy-
drolysis following the Sluiter et al. [25] protocol. The values are the mean and
standard deviation (SD) of the analysis of three samples (n = 3) from raw
vinasse.

estimate kinetic parameters of Hy production [31].

o |

H is specific Hy production (NmL/L); Hp,ay is the maximum accumulated
specific Hy volume (NmL/L); Rpyax is maximum Hj rate production
(NmL/(L.h)); tis the incubation time (h); A is the adaptive phase (h); and
exp is Euler’s constant (2.71828).

Rinax_exp

H(t) = Hpax 6@7W |: fines (Eq. 3)

2.5. Analytical methods

The analysis of carbohydrates in dark fermentation using vinasse was
performed by measuring reducing sugars, following the method
described by Ref. [32]. The hydrolysate from acid pretreatment and the
effluent from Hy production were analyzed by high performance liquid
chromatography (HPLC Shimadzu LC 10 AT). The liquid assays applying
HH and the co-fermentation of vinasse with HH were analyzed to
determine xylose, glucose, arabinose, ethanol, acids, HMF, and furfural,
following the methodology described by Ref. [27]. Free amino nitrogen
concentration was assayed by the ninhydrin colorimetric method [33].
H,, CH4, and CO. concentrations were analyzed using a gas

Table 1
Media composition of co-fermentation in manometric reactors using sugarcane vinasse and hemicellulose hydrolysate (HH).
System VH1 VH2 VH3
CODt Vinasse (g/L)" 25 10 7
CODt HH (g/L)* 2 7 7
CODt of VH (g/L)* 27 17 14
sCOD (g/L)h 18.78 + 0.20 12.85 + 0.62 9.17 + 0.49
Vinasse:HH ratio® 12.5:1 1.43:1 1:1
Carbon (%) (w/w) 4.302 1.232 0.783
Nitrogen (%) (w/w) 0.182 0.034 0.015
C/N 24 36 52
FAN (mg/L)‘I 652.70 + 15.00 513.00 + 7.63 391.80 + 10.50
Carbohydrates (g/L) 2.89 + 0 4.69 + 0.02 5.04 + 0.45

VH: mixture of vinasse and hydrolysate; CODt: Total chemical oxygen demand.
# The amount of CODt was determined based on COD of the results obtained from the characterization of raw materials, as presented in Tables 2 and 3.
b sCOD: soluble COD in the supernatant obtained after mixing two raw materials and measured experimentally.

¢ The ratio was calculated based on CODt of HH and CODt of vinasse.
4 FAN: Free amino nitrogen.
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Table 3
Characterization of the hemicellulose hydrolysate obtained by the diluted acid
pretreatment of raw sugarcane straw.

Parameter Media SD
COD" total g/L 64.05 + 1.17
Glucose g/L 2.63 + 0.05
Xylose g/L 35.42 + 0.20
Arabinose g/L 6.03 + 0.23
Acetic Acid g/L 5.60 + 0.14
HMF* g/L n.d. + n.d.
Furfural g/L n.d. + n.d.
Carbon % (m/m) 41.67 + 0.76
Nitrogen % (m/m) 0.36 + 0.03
Hydrogen % (m/m) 10.69 + 0.18
Nitrogen % (m/m) 0.36 + 0.03
Phosporus mg/kg 48.94 + 0.95
PH - 1.15

C/N - 116

# COD:Chemical oxygen demand.

b TSS:Total suspended solids.

¢ VSS:Volatile suspended solids.

4 HMF: 5-hydroxymethyl-2-furaldehyde. The values are the mean and stan-
dard deviation (SD) of the analysis of three samples (n = 3) from hemicellulose
hydrolysate.

chromatograph, model AGILENT 7890B, equipped with PORA PLOT Q
column (27.5 m x 0.53 mm x 0.70 pm). The injector temperature was
set at 180 °C, the thermal conductivity detector at 220 °C, the valve
temperature at 200 °C, and the oven at 40 °C, with nitrogen as the
carrier gas.

3. Results and discussion
3.1. Physical and chemical characterization of the raw materials

Sugarcane vinasse is widely studied as a feedstock for Hy and CHy4
production by dark fermentation, and extensive detail is available on the
compositional characteristics of sugarcane vinasse [34-37]. However,
the variability in composition is expected, as prior characterization is
necessary before use as a substrate source. Table 2 shows the main pa-
rameters quantified. The soluble carbohydrates (1.55 + 0.01 g/L) and
the sugars quantified after acid hydrolysis (3.78 + 0.23 g/L) consist of
residual sugars that have not been converted to ethanol (Table 2). The
hydrolysis of raw vinasse revealed that 41 % of the carbohydrates are
oligosaccharides or conjugated with other molecules, as shown in
Table 2. In addition to monosaccharides, vinasse contains several car-
bohydrates [38], such as melanoidins, which are dark-colored recalci-
trant compounds formed during the Maillard reaction in heat-treated
wastewaters with a composition of sugars and amino acids, such as
sugarcane vinasse [39]. To simplify the discussion on sugar consump-
tion and the calculation of Hy yield, glucose was assumed to be the
standard sugar.

Glycerol (1.35 + 0.04 g/L) is formed as a by-product of yeast
metabolism during ethanol production under osmotic stress, frequently
present in vinasse. Lactic acid (2.48 & 0.21 g/L) is produced by bacterial
contamination during yeast fermentation in ethanol production, espe-
cially by lactic acid bacteria [40-42]. These substrates are the main
soluble organic compounds quantified before dark fermentation. Acetic
acid (1.53 + 0.08 g/L) and propionic acid (2.48 + 0.09 g/L) are prod-
ucts from bacterial contamination in the alcohol fermentation process
[4]. Unidentified compounds such as proteins, melanoidins, phenolic
compounds, and by-products of microbial metabolism [4,39,43] are also
present and correspond to 70 % of the CODt (supplementary material).

Vinasse has a high content of inorganic components, mainly phos-
phorous, which is important for Hy production due to its nutritional
value and buffering capacity [44]. The carbon to nitrogen ratio (C/N) of
24 represents low levels of nitrogen (0.48 + 0.02 %) and carbon (11.38
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+ 0.25 %). Some unbalanced nutritional aspects, including the C/N
ratio, must be adjusted for a satisfactory Hy production rate [45,46].

Hemicellulose acid hydrolysate characterization showed similar ni-
trogen content (0.36 £ 0.03 %) compared to vinasse (Table 3). Thus, the
C/N ratio of the hydrolysate of 116 represents a carbohydrate- and
carbon-rich material suitable for co-digestion with vinasse. HH from
sugarcane straw is mainly composed of monosaccharides, such as xylose
(35.72 + 0.20 g/L), arabinose (6.07 + 0.23 g/L), and glucose (2.63 +
0.05 g/L), representing approximately 42 % of the carbon fraction of
HH.

Acetic acid (5.60 + 0.14 g/L) was released during the hydrolysis
reaction of hydronium ions (H30™) from the dissociation of sulfuric acid
with the acetyl groups of glucuronoarabinoxylan [47,48]. The hydro-
lysate used for Hp and CH4 production did not require a prior detoxifi-
cation step for fermentation and anaerobic digestion, as no furanic
compounds were measured. In this study, approximately 88 % of the
COD in the hemicellulose hydrolysate was quantified using our analyt-
ical method [28], which means that 12 % was not considered in the
analysis (data in supplementary material) and the HH may be a suitable
feedstock for use as a single or co-substrate source for Hy and CHy4
production, with potential competition for ethanol production.

3.2. Hydrogen production from vinasse

3.2.1. Comparative mesophilic and thermophilic fermentations at different
PH for the H, production using vinasse

The influence of temperature and pH on H; production using vinasse
was investigated under mesophilic (35 °C) and thermophilic (50 °C)
conditions at pH 5.5 and 6.5 (Table 4). In addition, a comparative assay
was performed with the supernatant of vinasse after centrifugation to
evaluate the effects of particles from the vinasse on the fermentation.
Maximum Hj production was achieved in 24 h under thermophilic
conditions and a pH of 5.5 (97.17 NmL/L), 81 % higher than in meso-
philic fermentation (53.49 NmL/L) and 71 % higher compared with
fermentation at 50 °C and at pH 6.5 (56.82 NmL/L) in the same period.
Hydrogen production was not observed during the fermentation of
vinasse under mesophilic conditions at an initial pH of 6.5.

Several studies have demonstrated that thermophilic fermentation
improves Hy production rates due to the lower solubility of Hj in liquid
at higher temperatures [46,49-51]. In addition, thermophilic bacteria
may be more promising than mesophilic bacteria in dark fermentation
[44]. Sewage sludge often contains heat-resistant microbial species that
produce Hy, such as Thermoanobacterium ssp., Clostridium ssp., Acineto-
bacter ssp., Eubacterium ssp., Pseudomonas ssp., Euterococcus ssp., Tis-
sierella ssp., Bacteroides ssp., and Streptococcus ssp. [52]. The
combination of thermophilic fermentation with the inherent presence of
heat-resistant Hp-producing microbial species in sewage sludge is a
better approach for the dark fermentation of vinasse. Toledo-Cervantes
and coworkers [51] also reported that fermentation of vinasse under
thermophilic conditions yielded better performance in Hy production.
Their study showed that the yield increased by 16 % in thermophilic
fermentation compared to mesophilic fermentation using tequila
vinasse, and the main metabolic pathways involved were lactate and
formate degradation.

At pH 5.5, both mesophilic and thermophilic fermentation processes
mainly used lactic acid as the carbon source, which was converted into
H, and soluble metabolites such as butyric acid by Clostridium propio-
nicum, Coprococcus catus, Clostridium homopropionicum, Megasphaera
elsdenii, and Prevotella ruminicola (reaction 1) [17,53,54]. Carbohydrates
are typically the main carbon source for endospore-forming bacteria,
including Clostridium ssp. and Bacillus ssp., which are representative
microorganisms involved in the aceto-butyric pathway during dark
fermentation (reactions 2 and 3) [55,56]. However, the results obtained
in this study using vinasse deviated from this pattern, as sugars were not
the first compounds to be metabolized by the bacterial community.
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Among the media tested, only the one containing the supernatant of the
vinasse fermentation effectively used carbohydrates as the primary

% 82828 carbon source, producing 79.31 + 9.40 NmL/L of Hj. Although Table 4
g|°°°ee-° presents only the results at 24 h, the assays were conducted over 72 h,
f HHH and this was the only condition in which complete carbohydrate con-
g sumption (0.39 + 0.04 g/L) was achieved, occurring within 48 h (data
% SRR8E Y not shown). These results indicate that the compounds present in the
[2% o O © oo

suspended solids of the vinasse probably inhibit sugar uptake by mi-
croorganisms. Comparato and co-workers [39] showed that melanoidins
negatively affect dark fermentation by reducing the availability and
consumption of free carbohydrates. Although we did not quantify mel-
anoidins, this explanation could support the phenomenon observed in
our study. This suggests that the carbohydrates were used for microbial
growth rather than fermentative gas production.

Butyric acid (g/L)
+ 0.01
+ 0.01
+ 0.00
+ 0.05
+ 0.05

0.16
0.17
0.67
0.39
0.47

Lactic Acid : 2 C3HgO3; + CH3COOH < H, + 1.5 CH;CH,CH,COOH
-+ CO, + H,0 AG™

0.02
0.10
0.00
0.32
0.05

Acetic acid (g/L)
+
+
+
+
+

=-56.3kJ
5R52 8 (1a)
S -O - S
Hexoses:
°eeee- CeH1206 + 2H,0 — 2CH3COOH + 4H, +2C0, AG”=-206.0kJ (2a)

CeH1,06 + 2H,0 — CH3CH,CH,COOH + 2 H; + 2C0; AG® =-254.0 kJ
(3a)

Lactic Acid (g/L)
+
+
+
+
+

0.05
0.01
0.10
0.13
0.27

Thus, the conversion of lactate and acetate to butyrate has been
identified as the primary metabolic pathway responsible for Hy pro-
duction from vinasse in thermophilic batch processes [51] (reaction 1),
which was also confirmed in this study (Table 4). At the end of
fermentation at pH 6.5, the propionic acid concentration (1.60 + 0.45
g/L) was 66 % higher than that measured at pH 5.5 (pVI) (0.86 + 0.08
g/L). Propionate formation, which can occur via lactate fermentation
(reactions 4 and 5), is associated with Clostridium ssp. metabolism,

Carbohydrates (g/L)
+ 0.04
+ 0.02
+ 0.01
+ 0.09
+ 0.01

0.28
0.33
0.47
0.29

0.23

Accumulated hydrogen after 24 h of vinasse (15 gcop/L) fermentation performed in sealed reactors without pressure relief, and final medium composition. The internal pressure did not exceed 0.6 bar. The systems started
with average initial concentrations of 0.36 & 0.05 g/L of carbohydrates, 0.51 + 0.05 g/L of lactic acid, 0.58 4 0.05 g/L of acetic acid, and 0.46 + 0.02 g/L of propionic acid. The maximum H, production was obtained in

[ T S S A
E 3@ E : represents the least favorable fermentation pathway [16,17]. This un-
— —
favorable outcome occurs because lactic acid can be converted either
S| HHAHHA together with H; to form propionic acid (reaction 4) or converted into
E both acetate and propionic acid (reaction 5).
2185288
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Ol == N <
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Sl mge In this context of acid production, under all tested conditions — initial
pH values of 5.5 and 6.5 at 35 °C and 50 °C — homoacetogenic activity
NEENE N was observed, characterized by the production of acetate from Hy and
"o e CO; (reaction 6) through the Wood-Ljungdahl pathway [57]. Repre-
5 W H sentative microorganisms of this reaction include species of the Clos-
2 tridium genus, such as Clostridium ljungdahlii, Clostridium ragsdalei, and
25585 K Clostridium carboxidivorans [23,58]. These fermentations were con-
Ol === o . . . .
o - ducted in sealed reactors without pressure release, resulting in an
oo 5 increased partial pressure of Hj in the system. This condition facilitated
N v R the reabsorption of H; into the liquid phase due to limitations in mass
_ transfer between the liquid and gas phases. [59,60]. The resulting Hj
g oo o accumulation induced shifts in metabolic pathways, favoring its con-
glE|eoren sumption for acetate and ethanol synthesis [61]. In batch and fed-batch
= o reactors, homoacetogenic microorganisms can consume between 11 %
‘;é ~ and 43 % of the Hy generated, respectively [62]. Strategies to improve
2 z = Hj; production rates and yields in fermentative processes are still under
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S 2888% investigation, with an emphasis on addressing challenges posed by
E|lg| 222848 homoacetogenesis, including kinetic and thermodynamic limitations, as
< 2 8|5555 ¢ o
o 21El:2%2% 8 well as efficient gas removal from the reactor headspace [63].
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4H,+2CO, — CH3;COOH+ 2 H,0 AG”=-104.0kJ (6a)

Acetate accumulation (up to 1 g/L), along with increasing concen-
trations of other organic acids (acetic, butyric, and propionic acids), can
lead to cell damage [64]. At pH 5.5, a greater fraction of acetic (pKa
4.75), butyric (pKa 4.80) and propionic (pKa 4.88) acids are
un-dissociated and can diffuse into the cells, where intracellular disso-
ciation occurs. This process leads to proton accumulation within the
cytoplasm, inducing intracellular acidification that can activate en-
zymes involved in solventogenesis, a metabolic pathway that competes
with Hy production [61,64,65]. Additionally, the resulting anions in-
crease cytoplasmic osmolarity, elevate turgor pressure against the cell
wall, and induce cellular stress. Proton transport to the extracellular
medium, as a defense mechanism, further reduces intracellular ATP
availability, thereby impacting microbial metabolism [28,64,66,67].
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Although an initial pH of 5.5 showed better results than 6.5, Hy pro-
duction remained low under this condition.

In contrast, during fermentation at pH 6.5, acetic, butyric, and pro-
pionic acids are predominantly present in their dissociated forms. To
maintain intracellular pH homeostasis, microorganisms must offset the
influx of protons generated by acid dissociation. This process requires
metabolic energy, as ATP is utilized to actively export H" ions across the
cell membrane, consequently reducing microbial growth rates. The ef-
fects of organic acid accumulation on cell integrity have been widely
reported in the literature [15,68], and similar effects were also observed
in the present study, since under this condition (pH 6.5), low or un-
quantifiable Hy (Table 4).

In addition, at pH above 6, sulfate-reducing bacteria (SRB) use Hy
from acidogenesis as an electron donor to reduce sulfate to sulfide [69,
70]. This is particularly relevant in the treatment of vinasse, which
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Fig. 1. Hydrogen production from vinasse (25 gcop/L) at 50 °C and pH 5.5 using two types of reactors: (A) sealed reactor (pressure was measured exclusively at the
end of each hour incubation, and (B) VI1 — manometric reactor (pressure evaluated during the fermentation). The concentration of substrate and main metabolite are
presented in bars, while experimental H, and CO, production, in specific volume, are represented by markers, as well as the internal pressure of the system. Estimated
parameters by modeling the experimental data of H, production by the Gompertz equation: (A) 153.76 NmL/L (Hmax), 132.87 NmL/L.h (Rm), 15 h (), 0.84 (R?;

(B) 203.74 NmL/L (Hmax), 37.92 NmL/L.h (Rm), 18 h (3), 0.91 (R?).
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contains high concentrations of sulfate due to the use of sulfuric acid in
ethanol mills to control microbial contamination [37,71,72]. Hydrogen
production occurring alongside sulfidogenesis suggests that sulfidogenic
pathways can be integrated with Hy generation as a preparatory step for
methanogenesis, since represent a strategic ‘cleaning’ step to remove
sulfate before methanogenesis [36], providing potential for sequential
H, and CH,4 production in integrated biotechnological processes.

Therefore, pH is a crucial factor influencing hydrogenases activity
and metabolic pathways [73]. Although hydrogenase activity was not
quantified in this work, previous studies have reported the stability of
hydrogenase activity within a pH range of 5.0-6.5 [19]. It can signifi-
cantly influence microbial activity by altering intracellular ion trans-
port, substrate degradation efficiency, growth dynamics of different
microbial groups, and the overall metabolite profile during dark
fermentation [19,23]. Among the systems investigated, dark fermenta-
tion at a pH of 5.5 and 50 °C was the most favorable for Hy production,
and had the highest Hy value (Table 4). Nevertheless, overall Hy pro-
duction remained limited, mainly due to operation in sealed reactors.
The implementation of a controlled pressure release could improve the
Hj production profile and use higher initial COD concentrations, which
would improve process efficiency and scalability.

3.2.2. Effects of increased COD concentration and pressure-release reactor
configuration

Since the thermophilic condition at pH 5.5 (pVI) favored the pro-
duction of Hy, a new batch was conducted under these conditions, but
using a higher initial concentration of organic matter from vinasse.
Fig. 1A shows the profile of the dark fermentation with vinasse at 25
gcop/L in a sealed reactor (Fig. 1A) and using a manometric reactor
(Fig. 1B - VI1).

In sealed reactor, the medium was composed with two-times more
lactic acid (0.81 + 0.12 g/L) and 1.7-fold more carbohydrates (0.66 +
0.02 g/L) than the assay using 15 gcop/L (pVI - Table 4), providing more
substrates for microbial growth and gas production (Fig. 1A). The Hy
production in 24 h was 68 % higher (163.53 + 2.62 NmL/L) than the
condition using 15 gcop/L (pVI), and the maximum was achieved in 48
h, 189.24 4+ 9.26 NmL/L (Fig. 1A). In addition, the production of butyric
acid, the main metabolite associated with Hy formation, was approxi-
mately twice as high after 24 h of fermentation (1.32 + 0.12 g/L —
Fig. 1A) compared to the pVI (0.67 g/L - Table 4). Lactic acid was fully
consumed at 72 h, while residual carbohydrates remained in the system
during this period (Fig. 1A). The internal pressure of the reactors
reached 0.9 bar after 48 h. Several strategies can be implemented to
mitigate the inhibitory effects of H, partial pressure, including
increasing the reactor headspace volume [74], purging the headspace
with an external gas to adjust the high pressure, sparging inert gas (e.g.
nitrogen) into the fermenter to reduce the Hy partial pressure during
biohydrogen synthesis [75], or reducing the internal pressure of the
reactor by releasing gas [22]. The latter strategy was applied in this
study, designing a reactor equipped with a manometer to monitor in-
ternal pressure and a valve to release gas, thereby preventing pressures
exceeding 0.6 bar.

In this context, Fig. 1B shows the profile of Hy production and soluble
metabolites produced using vinasse at an initial concentration of 25
gcop/L in a manometric reactor (VI1). Hydrogen production at 24 h of
fermentation was 179.64 + 37.85 NmL/L, and achieved the highest
production at 48 h with a generation of 245.86 + 8.56 NmL/L and 0.47
bar of pressure, approximately 30 % higher H, compared to sealed batch
mode (189.24 + 9.26 NmL/L and 0.82 bar of pressure — Fig. 1A). Based
on the Student’s t-test at a 5 % significance level, the variations observed
in the volumes produced were not statistically significant (p > 0.05)
between the sealed and manometric systems.

High reactor pressure influences Hy production, with inhibitory ef-
fects already observed at pressures of 0.6-0.8 bar during fermentation
[22,76]. Although the manometric reactor with a valve (VI1 - Fig. 1B)
enabled pressure release and showed differences in Hy production at 48
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h compared with the sealed system, no further production was observed
after this point. Fermentation of sugarcane vinasse still faces major
challenges in achieving high cumulative H; yields, primarily due to the
intrinsic characteristics of this feedstock and the constraints of batch
operation. This indicates that other factors, such as the recalcitrance of
the vinasse, could exert a more decisive influence on the process than the
partial pressure itself. A fermentative medium supplemented with
macro- and micronutrients, along with microorganisms adapted to
vinasse substrates, could enhance the stability of Hy production [77,78].
Continuous systems are commonly employed to facilitate inoculum
adaptation to this recalcitrant medium and to improve the metabolism
of vinasse-derived substrates and compounds, thereby supporting sus-
tained Hy production [77].

Table 5 includes comparative studies on Hy production using
vinasses as feedstock. Sillero and colleagues [46] used almost double the
initial organic load (49 gcop/L) as this study (25 gcop/L) and inoculum
adaptation with carbohydrate-rich and supplemented medium to pro-
mote cell growth and produce higher volumes of Hy. In contrast, Tena
and colleagues [79] used the highest organic load (53 gcop/L) of the
studies examined, an inoculum adapted to thermophilic conditions, and
nutrient-supplemented medium. From an overall perspective, the use of
supplemented media is common in studies with vinasse, as it provides
better acclimation conditions for microorganisms and facilitates the
adaptation of the inoculum to complex substrates containing recalci-
trant compounds, such as those present in vinasse. The use of standard
substrates or minerals for inoculum adaptation prior to dark fermenta-
tion systems is generally not economically feasible [80], emphasizing
the importance of using alternative raw materials carbohydrate-rich
materials, as evaluated in the present study in section 3.3 using
vinasse and HH for co-fermentation.

3.3. Hydrogen production from hemicellulose hydrolysate

3.3.1. Evaluation of increased initial substrate concentration and partial
pressure in sealed reactors

Fermentation of HH was conducted at 50 °C and an initial pH of 5.5,
the best condition applied to vinasse fermentation. Three initial carbo-
hydrate concentrations of HH (1, 5, and 10 g/L) were used in a kinetic
study of Hy production employing sealed reactor (pHH1 - Fig. 2A; pHH5
— Fig. 2B; pHH10 - Fig. 2C). Pentoses (reactions 7 and 8) and hexoses
(reaction 1 and 2) from HH used as carbon sources for dark fermentation
lead to the production of Hy, CO5, along with acetic and butyric acids
[64].

CsH;005+1.67 H,O — 1.67 CH;COOH + 3.33 H, ”
+1.67 CO, AG”=-218.6 kJ (72)
C5H1005 + 0.83 CH3CH2CH2COOH - 1.67 H2 8
+1.67 CO, AG”=—257.4kJ (8a)
In the pHH1 system using a sealed reactor (Fig. 2A), the highest Hy
production was achieved at 24 h, 451.76 + 14.94 NmL/L, which cor-
responds to a 100 % increase compared to a previous study by Tomasini
et al. [27]. In that study, an Hy production of 217.48 + 10.42 NmL/L
was achieved in 24 h with HH at the same initial carbohydrate con-
centration but under mesophilic conditions (35 °C). At high tempera-
tures, dissolved Hy decreases, and the pathway of homoacetogenesis is
reduced, allowing greater H; release in gaseous form. Previous studies
have shown that an acetate to butyrate ratio (Hac/Hbut ratio) greater
than 1 indicates dominance of the acetate pathway, while a ratio less
than 1 indicates preference of the butyrate pathway [85]. In dark
fermentation of pHH1 under thermophilic conditions, the ratio of acetic
acid to butyric acid (Hac/Hbut) was 2.16, indicating that the process
followed the acetic acid pathway, which is associated with higher Hj
yields, as the acetate to butyrate was above 1 [85]. However, the acetate
to butyrate ratio does not account for homoacetogenic activity, i.e., the
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Table 5

Comparative studies on H, production with vinasse as raw material by dark fermentation using batch mode.
Raw Material Initial COD (g/L) pH Temperature (°C) Time Production (mL/L) Reference
Sugarcane Vinasse 11.6 5.5 36 42h 67.75 [81]
Sugarcane Vinasse and Molasses 6 6.1 25 24 h 25 [82]
Sugarcane Vinasse 0.3 5.5 25 44 h 6 [83]
Wine Vinasse 53 5.5 55 8 days 842 [84]
Sugarcane Vinasse 49 5.5 55 - 458 [46]
Sugarcane Vinasse 25 5.5 50 48 h 189.24 This study *
Sugarcane Vinasse 25 5.5 50 48 h 245.86 This study °

# Hydrogen production using vinasse in sealed reactors without pressure relief.
b The most favorable condition for hydrogen production in this study was obtained using vinasse in a manometric reactor with gas release.
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Fig. 2. Hydrogen production using hemicellulose hydrolysate in sealed reactors without pressure relief. Initial carbohydrate concentration 1 g/L = pHH1 (A) 5 g/L
= pHH and 10 g/L = pHH10 at 50 °C and pH 5.5. Pressure was measured exclusively at the end of each period of incubation in HH1 = 1 g/L (A), HH5 = 5 g/L (B),
and HH10 = 10 g/L (C) at 50 °C and pH 5.5. The concentration of substrates and main metabolites are presented in bars, while experimental H, and CO, production,
in specific volume, is represented by markers, as well as the internal pressure of the system. Estimated parameters by modeling the experimental data of Hy pro-
duction by the Gompertz equation: pHH1 = 316.25 NmL/L (Hmax), 25.89 NmL/L.h (Rm), 7 h (1); 0.84 (Rz); pHH5 = 833.94 NmL/L (Hmax), 44 NmL/L.h (Rm), 7 h
(), 0.96 (R®); pHH10 = 706.88 (Hmax), 49.34 NmL/L.h (Rm), 9 h (1), 0.99 (R?).

increased acetate concentration is associated with Hy consumption.
Consequently, Hy consumption was detected after 24 h of fermentation
(Fig. 2A), and acetate concentration increased mainly after 42-48 h.
Ethanol was also measured between 18 and 36 h and decreased there-
after. During dark fermentation, the reaction between acetate and Hy
(reaction 9), which is catalyzed by CoA transferase to form acetyl-CoA,
leads to the production of ethanol by the solventogenesis pathway. Thus,
H, production under thermophilic conditions was two-fold higher than
in mesophilic conditions observed in the study by Tomasini et al. [27].
Hy consumption after 24 h in pHHI1 could be related to homoaceto-
genesis and solventogenesis, justifying the low Hj yield in this
concentration.

C,H40; +2H, — C;H¢O+H,0 AG”=-37.8kJ (9a)

Dessi et al. [86] also compared mesophilic and thermophilic condi-
tions using standard xylose as a substrate and found a 17 % higher yield
at 55 °C. In addition, glucose from pHH1 was the first substrate
completely consumed at 4 h of fermentation (0.1 g/L) (Fig. 2A). Xylose
was the main carbohydrate in the medium (1.22 + 0.12 g/L); its con-
sumption began effectively at 8 h of fermentation. Arabinose con-
sumption started at 12 h and was completely consumed (0.15 + 0.02

g/L) in 18 h of fermentation, while xylose was fully consumed in 24 h.
Thermophilic microorganisms such as Clostridium species can metabo-
lize both pentoses and hexoses via distinct transport systems, such as
ABC transporters for pentoses and PTS for hexoses [87-89]. The high
affinity of PTS for glucose favors its uptake, often leading to carbon
catabolite repression in mixed-sugar conditions [89]. Therefore, owing
to the higher affinity of the transporters for glucose, this carbohydrate is
preferentially consumed, followed by pentoses.

The metabolic profile and Hy production differed significantly in
fermentations conducted with higher initial substrate concentrations,
such as in the pHH5 (Fig. 2B) and pHH10 (Fig. 2C) systems. In pHH5
(Fig. 2B), the highest Hy production was achieved at 48 h (938.36 +
155.68 NmLys/L), and in pHH10 (Fig. 2C) at 42 h with an accumulated
volume of 735.41 + 97.74 NmLyy/L. In pHH5 and pHH10, there were
no significant increases in Hp production or gas consumption after 42 h
of fermentation. Although higher substrate concentrations and elevated
temperatures are generally associated with increased Hy production due
to enhanced liquid-gas mass transfer [90], this trend was not observed
in the present study. The pHHS5 system exhibited superior Hy production
compared to pHH10, but no difference in Hy accumulation (p-value
>0.05) was observed, despite pHH10 having more substrates available
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for conversion to Hy. The manometric pressure in both systems (pHH5
and pHH10) exceeded 1 bar, triggering a pathway shift toward homo-
acetogenesis and solventogenesis, delaying substrate consumption due
to Hy accumulation in the system and Hy adsorption for these routes [22,
56]. In pHH5, there was a high acetate production of 2.02 + 0.3 g/L of
acetic acid within 72 h. However, H, production was not proportional to
acid formation because it was consumed through the homoacetogenic
pathway.

In addition, both pHH5 and pHH10 demonstrated a metabolic shift
from hydrogen-producing pathways toward ethanol formation, indi-
cating the activation of a solventogenic Clostridium-type metabolism
characterized by the synthesis of acetone, butanol, and ethanol (ABE
pathway) [91]. Specifically, pHH10 produced 0.43 + 0.1 g/L of ethanol
within 72 h, while pHH5 generated 0.19 + 0.01 g/L. During solvento-
genesis, Hy produced via the acetic-butyric pathway or derived from
glycolysis and the pentose phosphate pathway is used as an electron
donor for NAD" regeneration, leading to the formation of solvents, such
as ethanol (Reactions 10, 11, and 12) [38]. Considering that the con-
version of pentoses into ethanol is thermodynamically more favorable
[62,92], systems with higher xylose concentrations tend to exhibit
increased ethanol production, provided that conditions are conducive to
this metabolic route.

Hexoses : CgH1,06 — 2 CH3CH,OH+2 CO, AG”=-164.8kJ  (10a)

Pentoses : 3 CsH;00s — 5 CoHgO +5 CO; AG”=-609.0 kJ (11a)
Acetate : CH;COOH + 2 H, — CH3CH,O0H + H,0 AG”=-37.8kJ

(12a)

Although pHH5 and pHH10 resulted in similar production of Hy (p >
0.05), both values remained below the theoretical yield via the acetic
acid pathway (3.33 mol/mol - reaction 7). In pHHS5, the highest yield
was 1.32 molH2/molcarbohydrates after 48 h, corresponding to 40 %
efficiency, whereas pHH10 reached only 0.64 molH2/molcarbohy-
drates, with an efficiency of 19 %. A control assay was previously con-
ducted by Tomasini et al. [27] using a standard medium (SM) composed
of glucose, xylose, and arabinose at the same concentrations present in
the HH. The results showed that SM did not outperform HH in
fermentation; on the contrary, HH exhibited higher H2 production, 941
NmL H2/L was obtained for HH, compared with 737 NmL H2/L for SM,
using 10 g/L of carbohydrates. In anaerobic digestion, however, inhib-
itory effects became evident, as SM achieved 56.8 % higher methane
accumulation than HH. These results suggest that methanogenic archaea
are more sensitive to the complex composition of HH than fermentative
bacteria [27].

In the pHH10 assay, butyric acid was the predominant metabolite at
the end of fermentation (2.30 & 0.01 g/L). Hydrogen production via the
butyrate pathway involves the reduction of two NAD * molecules along
with Hy generation (Reaction 8), resulting in lower Hp yields than the
acetic pathway. The pHH10 experiment was conducted in sealed re-
actors without partial pressure relief, a condition that allows excess H"
to serve as an electron donor for NAD " reduction, favoring less efficient
Ha-producing pathways such as the butyrate route. Hydrogen partial
pressure, therefore, plays an indirect but crucial role in the biochemical
equilibrium during substrate conversion to Hp, ultimately influencing
the dominant metabolic pathway [73,93]. Previous studies have also
investigated strategies to mitigate the effects of partial pressure by
removing the produced Hy. Reactor sparging enhanced H; yield by 121
%, while headspace flushing with nitrogen resulted in a 56 % increase,
both compared with untreated reactors [94]. Moreover, lowering Hy
partial pressure via vacuum application resulted in an eightfold increase
in Hy production relative to the control [95].

Systems with increased initial substrate concentrations were evalu-
ated by Fasheun et al. [22] and Faber et al. [21] in systems with pressure
control to avoid exceeding pressures of 0.8 and 0.25 bar, respectively. By
using more concentrated media, they achieved higher Hy production. In
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pHH10, production remained stable, without an increase in Hy pro-
duction, until the end of the process in 72 h with 1 bar of pressure. This
system achieved 1.78 bar in 36 h, and the highest internal pressure was
observed. Thus, the saturation effects of H, owing to partial pressure are
explicit. Based on this statement, two media with initial concentration of
carbohydrates of 10 g/L (Fig. 3A-HH10) and 20 g/L (Fig. 3B — HH20)
were evaluated in a system with gas release to avoid manometric pres-
sures higher than 0.6 bar.

3.3.2. Evaluation of hydrogen production using hemicellulose hydrolysate
at higher concentrations in manometric reactors with pressure release

In HH10, Hy production achieved 1107.97 + 74.83 NmL/L at 24 h,
82 % higher than pHH10 fermentation (608.70 + 74.45 NmL/L) system
without pressure release, and carbohydrates were fully consumed at 36
h (Fig. 3A). In 30 h of HH10 fermentation 1070.68 + 29.42 NmL/L of Hy
was produced, which was similar to that observed at 24 h of fermenta-
tion (p > 0.05). However, carbohydrate concentration at 30 h, specif-
ically xylose, was 0.72 + 0.15 g/L, compared with 2.33 + 0.24 g/L at 24
h. As predicted by the Gompertz model, stabilization of the process was
initiated at 30 h of fermentation (Fig. 3A). Therefore, dark fermentation
can be interrupted at 30 h with maximum H; production and low re-
sidual carbohydrate in the medium, in which the subsequent period (36
h) consumes Hj for other pathways, such as solventogenesis.

In HH20 (Fig. 3B), Hy production began at 18 h, and the maximum
production was 670.24 + 37.26 NmL/L in 72 h. This system exhibited
inhibitory effects, as evidenced by only 37 % of the carbohydrates
consumed by the end of fermentation. Substrate inhibition could be a
significant factor, as xylose concentrations increased in this system
(15.79 + 0.6 g/L) compared with HH10 (7.65 + 0.36 g/L). Some studies
have reported substrate inhibition in xylose-rich media at concentra-
tions of 10 g/L in mixed cultures [96] and 20 g/L in pure cultures [97]. It
is reasonable to anticipate that Hy production and yield would increase
with higher substrate concentrations, provided that other influencing
factors were not considered. Although HH20 had pressure control to
avoid Hp partial pressure inhibition, one factor to consider is the excess
carbohydrate concentration relative to the number of microorganisms in
the medium. Additionally, because hydrolysate was used as a raw ma-
terial, acetic acid is present in its composition, and its concentration
increases concurrently with the initial carbohydrate concentration in the
medium, two factors that enhance the system osmolarity [98]. Acetate
concentration in HH20 was 2.09 =+ 0.07 g/L compared with 0.99 + 0.06
g/L in HH10 (Fig. 3). There is no consensus on the exact threshold ac-
etate concentration that inhibits Hy production, but several studies have
reported its occurrence at high levels (up to 3 g/L) [12,99,100]. Van
Ginkel and Logan [101] demonstrated complete inhibition of Hy pro-
duction when 50 mM (approximately 3 g/L) of acetic and butyric acids
operated at 30 °C, pH 5.5, and glucose as substrate. Furthermore, high
osmolarity influenced the adaptive phase, extending it to 13 h, the
longest observed in the systems evaluated in this study.

Table 6 summarizes Hy production results from batch dark fermen-
tation using hemicellulose hydrolysates of sugarcane, corn, rice and pine
tree wood as raw materials, as reported in the literature, and compares
them with the findings of this study. Among the studies reported in the
literature, the present work is distinguished by the levels of Hy pro-
duction achieved, the carbohydrate concentrations employed, and the
use of pure or mixed microbial cultures as inoculum without external
supplementation. Lower initial carbohydrate concentration in previous
studies limits yield comparability with this work. In contrast, Gonzales
et al. [102] reported higher yields and production, which can be
attributed to the supplementation of the fermentation medium with
mineral nutrients. Although supplementation provides more favorable
initial conditions for fermentation, it also increases operational costs,
representing a limitation for processes aimed at the valorization of
agro-industrial residues.

Therefore, based on the results obtained in this study, thermophilic
conditions are appropriate for Hy production through dark fermentation
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Fig. 3. Hydrogen production using hemicellulose hydrolysate in a manometric reactor with gas relief (pressure evaluated during the fermentation). Initial carbo-
hydrate concentrations are 10 g/L = HH10 (A) and 20 g/L = HH20 at 50 °C and pH 5.5. Concentration of substrate and main metabolite are presented in bars, while
experimental H, and CO, production, in specific volume, are represented by markers, as well as the internal pressure of the system. Estimated parameters by
modeling the experimental data of H, production by the Gompertz equation: HH10P = 1123.18 NmL/L (Hmax), 86.03 NmL/L.h (Rm), 10 h (A); 0.97 (R?); HH20P =
526.88 NmL/L (Hmax), 57.04 NmL/L.h (Rm), 12 h (1), 0.96 (R?); HH10 = 706.88 (Hmax), 49.34 NmL/L.h (Rm), 9 h (A); 0.79 (R?).

Table 6
Comparative studies on Hy production using hemicellulose fractions from pine three wood and straws of sugarcane and pine tree wood.
Biomass Raw Material Inoculum pH Initial Temperature Time H, Yp/s Hy Reference
Concentration (9] (h) (NmL/
(g/L) L)
Rice Straw Rice straw thermal acid Anaerobic consortium 7 5 28 48 304 0.64 moly/ [104]
hydrolysate mOlcarbohydrates
Rice Straw Detoxified rice straw Anaerobic consortium 7 5 28 96 433 0.90 molyy/ [104]
thermal acid mOlcarbohydrates
hydrolysate
Sugarcane Acidic hemicellulose Anaerobic Sludge 5.5 5 35 36 1095 1.75 molyy/ [27]
Straw hydrolysed mOlcarbohydrates
Sugarcane Acidic hemicellulose Thermoanaerobacterium 6.5 5 55 - 699 1.12 molyy/ [96]
bagasse hydrolysed thermosaccharolyticum KKU- mOlcarbohydrates
ED1
Pine tree Acidic hemicellulose Anaerobic consortium 7 10 35 24 1617 1.27 moly,/ [102]
wood hydrolysed filtred using MOlcarbohydrates
8 N Ca(OH)"
Sugarcane Acidic hemicellulose Anaerobic sludge 55 10 50 24 609 0.54 molyn/ This study
Straw hydrolysed MOl carbohydrates a
Sugarcane Acidic hemicellulose Anaerobic sludge 5.5 10 50 24 1107 0.66 molyy/ This study
Straw hydrolysed mOlcarbohydrates b

# Hydrogen production using hemicellulose hydrolysate in sealed reactors without pressure relief.
b The most favorable condition for hydrogen production in this study was obtained using hemicellulose hydrolysate in a manometric reactor with gas release.

using hemicellulose hydrolysate as the raw material. The use of
carbohydrate-rich substrates has been shown to increase the H; partial
pressure as substrate concentrations rise. This condition may promote a
metabolic shift toward solventogenesis and homoacetogenesis, thereby
reducing the overall H; yield. Some researchers have reported harmful
effects associated with high H; partial pressure caused by concentrated
substrates in the medium and have suggested that low to moderate
initial substrate concentrations may lead to improved Hy yield and
production performance [85,103]. However, the economic feasibility of
biological Hy production from wastes such as vinasse and sugarcane

10

straw remains challenging, particularly when using diluted media that
require multiple batches. This challenge was addressed by employing
manometric reactors specifically designed to enable continuous gas
release, thereby preventing pressures from exceeding 0.6 bar and facil-
itating the use of more concentrated media. However, the system
collapsed in HH20 because of the high osmolarity of the medium.
These results confirm that the systems must be evaluated individu-
ally, as each organic material presents specific challenges, such as the
biodegradability of the substrate (as observed with HH at concentrations
up to 10 g/L) and increased partial pressure. In addition, complex raw
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materials, such as HH20, with high initial acetic acid concentration
(2.09 g/L), require further investigation under different inoculum ratios
to optimize their utilization [20]. This represents a promising approach
to valorize the C5 fraction by integrating sugarcane straw into the bio-
refinery process, as this biomass remains underutilized in the sugarcane
industry owing to impurities inherent in its composition.

3.4. Co-fermentation of vinasse and straw hemicellulose hydrolysate

Table 7 presents the results of Hy production, substrate consumption,
and metabolite formation during the co-fermentation (VH) of vinasse
(VD) and hydrolysate (HH) compared to the fermentation processes
carried out separately. VH1 produced 389.60 + 60.61 NmL/L of Hy, 58
% higher than VI1 (245.86 + 8.56 NmL/L) under equivalent soluble
COD, with double the carbohydrate concentration and the same exper-
imental period (Table 6). Co-fermentation with HH-derived sugars
significantly improved Hy production, as seen in VH2 (709.71 + 69.40
NmL/L), which generated seven-fold more Hy than pVI (97.17 + 3.33
NmL/L). Despite the presence of double carbohydrates, pHH10 showed
statistically equivalent Hy production. Although pHH5 had the same
carbohydrate concentration as VH2, its simpler composition and lower
organic load favored Hy production, hindering direct comparisons with
the co-fermentation system involving vinasse due to the presence of
diverse interfering and recalcitrant compounds that affect the process.
As Hj production in pVI occurred only within 24 h, data for these sys-
tems are presented for this period, after which only gas consumption was
recorded (Table 4).

In anaerobic fermentation, the carbon/nitrogen (C/N) ratio is a
critical factor that reflects the nutrient balance in the medium and
directly influences cellular synthesis, growth, and metabolism. The
optimal C/N ratio may depend on the type of substrate, inoculum, and

Table 7
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fermentation conditions [23]. Several authors have suggested that C/N
ratios ranging from 20 to 200 are appropriate for Hy production [20,23,
105-107]. Values lower than 6 may be toxic and harmful to anaerobic
microorganisms owing to the low availability of carbon, leading to the
overproduction of ammonia (NH3) [108]. In this study, the ratio of VI:
HH was chosen to evaluate the possible improvement in vinasse con-
sumption assisted by monomers derived from HH. Thus, the vinasse was
equal to or exceeded the organic matter (COD) in the medium con-
cerning the optimal C/N ratio for the microorganisms. Specifically, the
C/N ratios of 23.6 (HV1), 36.1 (HV2), and 52.2 (HV3) (Table 1).

In metabolic profiles of co-fermentation and fermentation of vinasse,
lactic acid was the first substrate to be consumed (Supplementary ma-
terial). Although this study did not identify them, previous research on
vinasse has reported compounds, such as melanoidins, that influence the
initial sugar consumption and promote the growth of Lactobacillus spe-
cies [39]. At lower concentrations of COD from vinasse in the medium,
as observed in VH3, cells were less negatively affected, enabling them to
metabolize glucose more effectively, which resulted in 92 % substrate
consumption in 48 h compared to 30 % in vinasse fermentation (pVI),
corresponding to lactic acid consumption (Table 4). In addition, all
monitored substrates were completely consumed in VH3 within 72 h of
fermentation (supplementary material).

While H; production in VH2 and pHH10 was statistically equivalent
(p < 0.05), the carbohydrates from HH, a highly biodegradable carbon
source, significantly enhanced substrate consumption, achieving 88 % in
VH2 compared to only 30 % in pVI. Co-fermentation studies involving
vinasse enhanced the conversion of substrate into Hj, particularly at
lower organic loads. The literature reinforces that co-fermentation with
vinasse can enhance substrate conversion into Hy, especially under low
organic loading conditions. Menezes et al. [17] reported
co-fermentation of glycerol and vinasse, attributing it to its use as a

Comparative results of co-fermentation (HV), fermentation of vinasse (VI), and hemicellulose hydrolysate (HH) for hydrogen production.

Co-fermentation — Vinasse and Vinasse

Vinasse in Hydrolysate in sealed reactor =~ Hydrolysate manometric

Hydrolysate manometric reactor manometric reactor  sealed reactor reactor
System VH1 VH2 VH3 Vil pVI pHHS5 pHH10 HH10 HH20
sCOD (g/L)" 18.78 + 12.85 + 9.17 + 16.40 + 0.3 11.00 + 1.71 7.10 £0.20 1230 £0.07 12.76 + 16.06 +
0.20 0.62 0.49 0.15 0.37
Carbohydrates (g/L) 2.89+0 469+ 0 5.04 + 1.20 + 0.04 0.40 + 0.08 4.76 9.81 9.59 19.70
0.20
VI:HH ratio” 12.5:1 1.43:1 1:1 1:0 0:1 0:1 0:1 0:1 0:1
Carbon (%) (m/m) 4.30 1.23 0.78 7.55 4.52 4.72 9.45 9.45 18.62
Nitrogen (%) (m/m) 0.18 0.03 0.01 0.32 0.19 0.04 0.08 0.08 0.16
C/N (m/m) 24 36 52 23 23 115 115 115 116
Fermentation time 48 48 48 48 24 48 72 24 72
Substrate consumption 72 88 92 62 30 100 100 76 53
(%)
H, production (NmL/L) ~ 389.60 + 709.71 + 649.13 + 245.86 =+ 8.56 97.17 £+ 3.33 938.36 + 797.92 + 1107.97 + 670.24 +
60.61 69.40 41.50 155.68 135.38 74.83 37.56
CO;, production (NmL/ 751.28 + 990.91 + 804.11 + 453.87 + 40.92 334.10 + 18.57 898.34 + 1063.69 + 917.38 + 1246.44 +
L) 87.95 96.46 61.65 228.36 163.39 132.79 1.33
Final Acetic acid (g/L)" 1.88 + 0.72 + 0.79 £ 0 2.14 £ 0.15 097 £0 1.75+0.19  1.74 + 0.20 2.06 + 0.06 0.61 +0.19
0.03 0.09
Acetic acid production 1.35 £ 0.40 + 0.20 £ 0 1.19 £+ 0.15 0.32 + 0.03 1.36 £0.18  0.96 +£0.10 1.07 + 0.06 e
(g/L)* 0.03 0.09
Butyric acid production 218 + 1.51 + 1.66 + 1.38 + 0.06 0.66 £ 0 1.58 + 0.69 2.42 £0.02 1.63 £ 0.18 3.27 £0.02
(g/L) 0.08 0.11 0.22
Final propionic acid (g/  0.75 + 0.77 + - 1.09 + 0.10 0.76 + 0.06 - - - -
L) 0.13 0.02
Propionic acid 0.39 + 0.37 £ - 0.33 £0.10 0.28 £+ 0.06 - - - -
production (g/L)* 0.10 0.02
Ethanol production (g/  0.66 + 0.16 + 0.22 + 0.65 + 0.30 - 0.12+0.01 0780 0.50 + 0.04 0.38 + 0.07
L) 0.04 0.03 0.03

2 sCOD: Soluble Chemical Oxygen Demand in the supernatant of fermentation medium.

b The ratio was calculated based on the COD of vinasse and HH.

¢ Acetic acid initial concentration: 0.53 g/L (VH1), 0.32 g/L (VH2), 0.59 g/L (VH3), 0.95 g/L (VI1), 0.65 g/L (pVI1), 0.39 g/L (pHH5), 0.78 g/L (pHH10), 0.99 g/L

(HH10), 2.09 g/L (HH20).
4 Propionic acid initial concentration: 0.36 g/L (VH1), 0.40 g/L (VH2).
¢ only consumption.
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carbon source for cell growth, which achieved a production of 1851 mL
Hpod 'L7% Similarly, Ribeiro and coworkers [109] applied molasses as
a raw material to achieve a 55 % increase in Hy production compared to
Menezes [17], reaching 2.8 L Hy L! d’l, which indicates that its car-
bohydrates were more assimilated by microorganisms than glycerol. The
supply of highly biodegradable carbon source fosters increased biomass
growth within the reactor. On the other hand, continuous processes offer
greater microbial adaptation to organic matter in the system. However,
these studies did not establish the C/N ratio under investigation.

A table comparing studies on the co-fermentation of vinasse with
various raw materials, as well as the co-fermentation of cheese whey and
glycerol, which are effluents also generated in large volumes by the
dairy industry, is provided in the supplementary material. However,
since not all studies conducted separate fermentations of the raw ma-
terials, direct comparisons between H, production in co-fermentation
and mono-fermentation processes are limited.

Volpi et al. [7] reported that ensiling filter cake together with vinasse
not only created an anaerobic environment favorable for fermentation
but also significantly increased Hy yield, reaching 95 NmL Hy gVS~!
compared to 63 NmL H, gVS™! obtained with raw filter cake. Similarly,
Almeida [110] investigated the co-fermentation of whey and glycerol,
highlighting the advantage of natural pH regulation without the need for
chemical additives such as bicarbonate, which can make the process
economically unviable. In this context, co-fermentation with buffering
residues offers a low-cost and environmentally sustainable alternative to
maintain system stability. In those experiments, Hy yields were three
times higher than those achieved through mono-fermentation of whey.

Acetic and butyric acids increase in all tests related to Hy production.
Propionic acid, often associated with system instability and inhibition
[70], did not exhibit these effects during co-fermentation, as propionate
production in the VH1 and VH2 media was equivalent to vinasse
mono-fermentation (VI1 and pVI). However, VH1 demonstrated the
most shift pathway to the solventogenesis, with ethanol production
reaching 0.66 + 0.04 g/L.

In summary, these results reinforce that co-fermentation substan-
tially enhances Hy production. This study demonstrates that incorpo-
rating a carbohydrate-rich feedstock can facilitate microbial adaptation
to more recalcitrant raw materials, such as vinasse, while enabling the
integrated utilization of two residues within a single production cycle.

4. Conclusion

This study demonstrates the potential of integrating sugarcane
vinasse and hemicellulose hydrolysate (HH) as complementary raw
materials for dark fermentation aimed at hydrogen production. Ther-
mophilic conditions (50 °C, pH 5.5) proved promising, and pressure-
release reactors played a critical role in mitigating inhibitory effects,
allowing higher gas accumulation. The co-fermentation strategy not
only increased Hy production by 58 % compared to fermentation with
vinasse but also improved carbohydrate consumption and promoted
metabolic shifts toward favorable pathways, such as butyrate and ace-
tate production, while reducing propionate formation. Moreover, the
use of HH, rich in readily biodegradable sugars, enabled microbial
adaptation to more complex substrates, such as the substrates contained
in vinasse. Overall, the results support the feasibility of integrating
vinasse and sugarcane straw hydrolysate into biorefinery systems for
sustainable hydrogen production, contributing to the circular economy
within the sugarcane-ethanol industry.
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Keywords: Anaerobic digestion has been widely applied for waste treatment, renewable energy generation and biofertilizer
Anaerobic digestion production. The biogas potential in Brazil is sizable, but the state of Rio de Janeiro is largely dependent on fossil
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fuels, and there is a lack of biogas potential assessments in the state. Thus, this study evaluated biomethane,
electricity and biofertilizer potentials in the region. Three different scenarios of biomass supply were considered
for four major biowaste streams: sewage sludge; cattle manure; sugarcane processing waste; and food waste.
Biomethane generation from the assessed sources could reach 0.6-1.3 billion Nm® year™!, corresponding to
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1,768-3,961 GWh year ! of electricity and 1.6-3.3 million Mg year ! of biofertilizer. Cattle manure was
responsible for 73-84% of the projected biomethane production, presenting an opportunity to reduce the sig-
nificant emissions from livestock farming. The estimated biofertilizer production could meet the demands of the
state, and the produced electricity could offset up to 10% of the demand. The gas grid could facilitate the dis-
tribution of upgraded biomethane, and 10-22% of the natural gas demand could be met. The findings of this
work highlight the high potential for biogas generation in Rio de Janeiro, which is up to seven times larger than

the current production.

Abbreviations

AD Anaerobic Digestion

ANP National Agency for Petroleum, Natural Gas and
Biofuels

CAM Campos dos Goytacazes
COD Chemical Oxygen Demand
CHP Combined Heat and Power

DM Dry Mass

FW Food Waste

GHG Greenhouse Gases

LPG Liquefied Petroleum Gas

MRC Macaé-Rio das Ostras-Cabo Frio
MSW Municipal Solid Waste
OFMSW Organic Fraction of Municipal Solid Waste

PET Petropolis

RJA Rio de Janeiro

SS Sewage Sludge

RJ State of Rio de Janeiro
VS Volatile Solids

VRB Volta Redonda-Barra Mansa

1. Introduction

To meet the rise in energy consumption and the Sustainable Devel-
opment Goals of the United Nations 2030 Agenda (SDG), a significant
effort should be made to increase renewable energy production. Bio-
based residues have been increasingly used to produce fuels, electricity
and heat worldwide, increasing the valorization of organic wastes and
demonstrating the concept of a circular biobased economy [1]. The
conversion of biowaste into valuable products such as biogas and bio-
fertilizers via anaerobic digestion (AD) represents a strategic circular
biotechnology contributing to the offset of a fossil fuel-based economy.
AD is applied to several organic substrates, e.g., animal manure,
agricultural-based residues, food waste, and sewage sludge, to produce
biogas, which is mainly composed of methane (CH,) and carbon dioxide
(COo) [2].

Biogas can be directly converted into energy and heat or upgraded to
biomethane and injected into a natural gas grid, providing a renewable
and clean energy source [3]. Furthermore, the residue from AD pro-
cesses, called digestate, is commonly applied as biofertilizer, since it is
usually rich in several nutrients, including nitrogen, potassium, and
phosphorus [4,5]. Biofertilizers can reduce the use of NPK mineral fer-
tilizers by 50%, resulting in better conditions for plant growth and
decreased energy consumption [6,7]. Therefore, it is imperative that
countries with agricultural production and low mineral fertilizer pro-
duction, such as Brazil, implement sustainable solutions to ensure the
supply of nutrients necessary for agriculture.

Denmark, Sweden and Germany are examples of European countries
that successfully apply AD processes for waste treatment and energy
generation, with strategic investments and policies that encourage
biogas production and use [8,9]. In 2020, 18 billion m® of biogas was

produced in Europe, and the aim is to reach 35 billion m® by 2030 [10].
Although developing countries have large potential for the imple-
mentation of biogas solutions, they have a much lower biogas produc-
tion rate, which is only 2.35 billion m® year™! in Brazil, for example
[11].

During the 21st Conference of the Parties (COP 21) of the United
Nations Framework Convention on Climate Change (UNFCCC), held in
2015, Brazil presented its Intended Nationally Determined Contribution
to reduce greenhouse gas (GHG) emissions by 43% until 2030 compared
to 2005 levels [12]. The state of Rio de Janeiro (RJ) has the third largest
population in Brazil, with over 17 million inhabitants living in a densely
populated area [13], and accounts for 10% of the Brazilian gross do-
mestic product [14]. Although it is one of the most developed states in
Brazil, RJ relies heavily on nonrenewable fossil-based energy sources
[15]. Furthermore, it exhibits high discharges of urban sewage [16] and
biomass from rural areas [17], in addition to organic urban waste
landfilling [18], which are important sources of soil, air and water
degradation.

Therefore, the aim of this study is to assess the potential for bio-
methane and biofertilizer production associated with electrical power
generation from major biowaste sources in RJ. Considering the lack of
similar assessments in the region, this work could contribute to the
promotion of biogas technology as a sustainable pathway to replace the
current predominant fossil fuel-based economy and as a model for
developing countries.

2. Material and methods
2.1. Study design and data compilation

Biogas potential was estimated for the five regions of RJ: Rio de
Janeiro (RJA), Volta Redonda-Barra Mansa (VRB), Petrépolis (PET),
Campos dos Goytacazes (CAM), and Macaé-Rio das Ostras-Cabo Frio
(MRC). RJA is the most populous region; it is highly urbanized and
houses the state’s capital. CAM is the largest region, characterized by
significant livestock and agricultural production, which is also seen to a
lesser extent in PET. VRB also has some livestock production, while MRC
is responsible for 13% of the state’s crop production.

Based on their availability in RJ, four sources of biowaste were
considered for AD: sewage sludge (SS), cattle manure, sugarcane pro-
cessing waste, and food waste (FW). FW and SS are two major waste
streams in highly populated and urban areas [19], which is the case for
RJ [13]. Nearly 500 million m? year™! of sewage is treated in the 371
treatment plants in RJ [20,21]. Although agricultural production in the
state is less expressive than in other areas of Brazil, the sugarcane pro-
duction of 2.4 million Mg year™! comprises almost 61% of the crop
production in RJ [22]. With 2.6 million animals [23], cattle are the
largest livestock source in the state and represents the largest contri-
bution of RJ to Brazilian animal production [24].

A dataset was compiled from trusted public and private sources, as
specified in the following sections. Three scenarios for potential biogas
production were considered: minimum, medium and maximum, defined
by different assumptions of substrate availability (Table 1). As a pro-
spective approach to support the implementation of AD in developing
countries, the potential for biomethane, electricity and biofertilizer
production in the different regions of RJ was estimated by applying
conversion values from the literature for each available biowaste
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Table 1 Table 2
Minimum, medium and maximum scenarios considered for the estimation of the Equations used to calculate the biomethane potential of different biowaste
biogas potential in the state of Rio de Janeiro. sources.
Biowaste Scenario Equations Variables
Minimum Medium Maximum 1) sS, — SG x Sewage o SS;: sewage sludge (Mg DM year 1)
t — " 1n6 . .
106 SG: solid slud: t 350 g DM
Sewage Sludge from 50% of Sludge from 100%  Sludge from 100% ¢ m 330[;%]5 udge generation ( g
sludge treated sewage of treated sewage of collected o 3 Y
sewage o Sewage: volume of sewage (m” year ')
. . . [20]
Cattle manure  Dairy cattle and Dairy cattle and Dairy cattle and .
2 BMPss = SS; x SSys x Y BMP;;: ludge biometh
feedlot beef cattle 50% beef cattle 100% of beef cattle @ s 0 X 95 X Tss ¢ 5 Sewagg sl %? tomethane
potential (Nm” year ")
manure manure manure e SSys: sewage sludge volatile solids (77.5%
Sugarcane Waste from ethanol Waste from Waste from DM) [26]
processing production operation with operation with o Yeo: sewage sludge biomethane vield
waste (2021-2022 harvest 50% capacity in 100% capacity in ss- g3 ,% y
(249.3 Nm® Mg ™! vS) [27-29]
season) ethanol plants ethanol plants (€)) ® BMPpqiry: dairy cattle manure biomethane
Food waste 25% of the generated ~ 50% of the 100% of the BMPpairy = Dairy: r}; i
food waste potential (Nm® year™ ")
generated food generated food Mbairy X VSpai . :
airy Dairy  y ® Mpqiry: dairy cattle daily manure
waste waste 106 X ¥pairy X k4 1
365 production (93.7 Ld™) [30]
® VSpairy: dairy manure VS content (68.59 g
LY
(Table 2). ® Ypuiry: dairy cattle manure biomethane
yield (210 Nm® Mg~ VS) [30]
2.2. Waste and biomethane production estimation @ pyp. My X VSner @ BMPpey: beef cattle manure biomethane
Beef 100 potential (Nm® year™')
2.2.1. Sewage sludge Yiee X 365 ® Mp,,: beef cattle daily manure production
e 9Ld™ [30
The data on the amount of collected and treated sewage were ob- . %3 9_ Cim)e [mal]wre VS content (80.19
N . . N Beef - .
tained from the Water and Sewage Services Diagnosis of 2019, released L71§ef
by the Brazilian National System of Information on Water and Sanitation e Ygey: beef cattle manure biomethane yield
[20]. The minimum and medium potential scenarios considered only (230 Nm® Mg V) [30]
treated sewage for the estimation of SS availability for biogas produc- (5)  BMPcy = BMPpairy + * BMPqy: cattle manure biomethane
tion, while the maximum ial was based on all collected BMPecs potential (Nm* year )
s potential was based on all collected sewage. © BMPyy: sugarcane vinasse biomethane
. . . . . 4 Vin* Vi
BMPy;, = E x SPy;
The biomethane production p(3)tent1al was calculated assuming a solid Vin % SPvin X potential (Nm? year1)
sludge generation of 350 g m™* of treated sewage [25], a volatile solids CODyin e E: ethanol production (m® year )
(VS) content of 77.5% of dry mass (DM) [26] and an average bio- 1000 e SPy;,: vinasse specific production (13 m®
. . . -3 -
methane yield for a mixture of primary and secondary sludge of 249.3 met]l;anol) (311 ) > (279
Nm3 Mg,l VS [27-29]. . CE)1 vin: SUgarcane vinasse COD (27.25 g
L7 [32]
o Yyi,: vinasse biomethane yield (274 Nm®
2.2.2. Cattle manure Mg~! COD) [32]
The amount of cattle manure was estimated based on the total @ sc—E 1000 * SC: sugarcane used for ethanol production
number of cows in RJ [23] and the percentage of feedlot beef cattle was SPg gl;[g yf;'r )1 - duction (724 L
. . . . . . ethanol specific production .
obtained from the agricultural census [36]. The scenarios for the esti- M;—l ) [3%] P
. . . oy . . . sugarcane.
mation of biogas and biofertilizer potential were designed according to 8) AP _SC x SPsyjrc o BMPg,/rc: sugarcane straw or filter cake
the ease of manure collection, with the minimum potential scenario v S7/FC 71000 biomethane potential (Nm? year™)
considering only feedlot cattle and the maximum potential scenario si/re ® SPsyrc: sugarcane straw or filter cake
taking manure from all cattle into account. Manure production, VS fvfl’efllﬁc pmdugt;‘;“ky“;zd (140 kg
. . . . . an )
content and biomethane yield were estimated according to Mito et al. ref;“egc"‘trf:':ly) [34] & Mesugarcane
[30]. For beef and dairy cattle, the daily manure production per animal o Ysyypc: sugarcane straw or filter cake
was 43.9 and 93.7 L d!, the VS content was 80.19 and 68.59 g L}, and biomethane yield (129 Nm® Mg ™" and 54
the biomethane yield was 230 and 210 Nm® Mg ™! VS, respectively. For Nm® Mg ™, respectively) [32]
biofertilizer estimation, DM was calculated considering a VS/DM con- ®  BMPgy = BMPyiase + * BMPgy: sugarcane processing waste
. . . biomethane potential (Nm” year )
tent of 83.7% and 85.3% in beef and dairy manure, respectively [37]. BMPsy oo
2 re
. 1 MSW, = MSW; MSW,: Municipal solid waste (M -1
2.2.3. Sugarcane processing waste ao SWe = 365 x Xl) SWi ° SW‘. unicipal solid waste (Mg year =)
SR . e MSW;: per capita municipal solid waste
Quantification of sugarcane processing waste was conducted based Pop; generation of each municipality (Mg
on the ethanol production in the 2021/2022 harvesting season, ac- inhab™! d™1) [25]
cording to the National Supply Company [33] or the ethanol production e Pop;: population of each municipality [13,
capacities of plants in RJ, as obtained from the National Agency for 251 ~
1 1 d Biofuel datab for biofuel (11) FW = MSW; x %OFMSW x o FW: food waste (Mg year 1)
Petroleum, Natural Gas and Biofuels (ANP) database for biofuel pro- WFW « %OFMSW: organic fraction of municipal
ducers [38]. The minimum potential scenario considered the ethanol solid waste (53%) [25]
production in RJ, while the medium and maximum scenarios considered o %FW: food waste fraction of OFMSW
50% and 100% of the ethanol plants capacities, respectively. An average (73%) [35]
(12)  BMPry =FW x VSpw X Yry e BMPpy: food waste biomethane potential

vinasse production of 13 L L™ ethanol [31] and an ethanol production of
72.4 L Mg;}gmane [33] were considered. The amounts of sugarcane
straw and filter cake were 140 kg Mgs’ulgarcane and 35 kg Mg’1 sugarcane
respectively [34]. While all vinasse and filter cake generated were
considered for AD, only 50% of the sugarcane straw was assumed to be
available, as half of it is usually left in the field [39,40]. The chemical
oxygen demand (COD), DM and VS contents of sugarcane processing

(Nm? year1)

VSrw: food waste volatile solids content
(%) [35]

oYry: food waste biomethane yield (341 Nm?
Mg~ 'Vs) [35]
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wastes were estimated according to Janke et al. [32]. The biomethane
potentials for vinasse, straw and filter cake were 274 Nm?® Mg(;clm, 129
Nm® Mg ™! and 54 Nm® Mg}, respectively [32].

2.2.4. Food waste

FW generation was estimated based on municipal solid waste (MSW)
production, with 53% of the total MSW produced annually considered as
the organic fraction of MSW (OFMSW) [25], while FW content was
assumed to be 73% of OFMSW [35]. MSW production was based on the
population [13] and per capita MSW generation index of the munici-
palities, provided by the State’s Solid Waste Plan [25]. The minimum
and medium potential scenarios considered that 25% and 50% of MSW
would be destined for AD, which are the mid- and long-term goals of
energy recovery from waste in the state [25]. The maximum scenario
estimated the biogas potential from 100% of the FW generated in RJ. A
biomethane potential of 341 Nm? CHy4 Mg’1 VS was considered for FW,
assuming that all components of the OFMSW contribute equally to the
mass of VS, so the average DM and VS contents for FW are 229.5 kg
Mg ! and 200.5 kg Mg}, respectively [35].

2.3. Biofertilizer potential

The potential for biofertilizer production (in DM) from the digestate
generated in the biogas process of each biowaste stream considered in
this study was calculated according to Eq. (13) [41]. The estimated DM
and VS contents of the different biomasses were obtained from previous
studies, as detailed in Sections 2.2.1-2.2.5 [26,30,37,32,35].

Biofertilizer = DM-VS + 0.4 x VS 13)

where DM is the dry mass and VS is the volatile solids of the biowaste
(Mg).

2.4. Electricity production from biomethane

The potential electricity generation from the biomethane produced
from each biowaste source was calculated using Eq. (14).

P=Vceyy X LHV X1 14)

where P is the potential electricity generated from biomethane (kWh
year’l), Vcna is the volume of biomethane produced (Nm?® year’l), LHV
is the lower heating value of methane (9.97 kWh Nm 3 CHjy) and 1) is the
engine’s conversion efficiency (30%) [35].

2.5. Greenhouse gases avoided emissions

The avoidance of GHG emissions by the implementation of AD to
generate electricity and biomethane was calculated based on the emis-
sions from conventional energy sources that would be replaced [35]. Net
electricity generation from AD was calculated considering the difference
between electricity produced from biomethane and electricity
consumed in the AD process, which was 67.9 kWh Mg ™! DM of waste
[42]. Avoided emissions were then calculated considering the net elec-
tricity generation and the current emissions of the Brazilian electricity
mix (78.8 kg CO2¢q MWh_l) [43]. For biomethane application as vehicle
fuel, only the replacement of fossil fuels by biomethane in passenger cars
was considered for the estimation of avoided emissions. Emission factors
for gasoline and natural gas of 164 and 124 g CO2¢q km ™}, respectively
[44], and a biomethane consumption yield of 2.02 km Nm 3 [35] were
applied in the calculations.

3. Results and discussion
A total annual production of up to 1324 million Nm® of CHy, 3961

GWh of electricity and 3.3 million Mg of biofertilizer could be obtained
in RJ with the implementation of AD for treating the biowaste streams
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assessed in this study (Table 3). The total potential from the medium and
maximum scenarios was approximately 1.5 and 2.2 times higher than
that from the minimum scenario. Cattle manure had by far the highest
potential, being responsible for 73-84% of the total projected bio-
methane and electricity production and 78-87% of the biofertilizer
production, while sewage sludge had the lowest potential (3-5%). Brazil
is one of the largest cattle producers in the world; therefore, cattle
manure management and its AD potential are important in the country
[45].

3.1. Biomethane potential

Even the lowest estimated biomethane potential of 591 million Nm>
year ! is considerably larger than the current biogas production in RJ of
327 million m® year ! [11]. Assuming a CHy4 content in biogas of 60%
[46,47], the biomethane potentials calculated in the minimum and
maximum scenarios were, respectively, 3.0 and 6.7 times larger than the
current methane production in RJ. Among the different regions of RJ,
the estimated potentials were much higher than the current production,
except in RJA (Fig. 1). In this region, which is responsible for 88% of the
state’s biogas production, the minimum potential did not surpass the
current production. This may be due to an underestimation of the po-
tential in the minimum scenario, in addition to the presence of biogas
production from industrial residues in RJA [11], which were not
considered in this study. Furthermore, it is noteworthy that the region
with the largest potential, CAM, is also the one with the least amount of
biogas currently produced, since most of the production in the state
comes from MSW and sewage treatment and is concentrated in the
metropolitan area of the capital [11].

The geographical distribution of biomethane potential in RJ was
different among the biowaste streams (Fig. 2). This is directly related to
the different biowaste generation rates across the regions of the state
(Table S1).

SS production from treatment plants in RJ was estimated to be
174,641 Mg DM year™ !, resulting in a potential biomethane production
of 17-54 million Nm® year!. RJA contains more than 3/4 of the total
state population and presents by far the largest potential (83%) for
biomethane production (Fig. 2A). Although it has the third largest
population, VRB has the lowest methane potential (2% of the SS po-
tential) in the minimum and medium scenarios, as less than 30% of the
sludge is treated; in the maximum scenario, which considers the po-
tential production if all collected sewage was treated, the contribution of
this region increased to 5%. Conversely, the MRC region has one of the
highest collected sewage treatment indices (85.8%), being responsible
for a potential biomethane production of 2.5 million Nm? year™! in the
medium scenario.

Table 3
Potential biomethane, electricity and biofertilizer production from different
biowaste sources in the state of Rio de Janeiro.

Scenario Biomethane Electricity Biofertilizer
(10° Nm® (GWh (10° Mg
year 1) year 1) year 1)
Sewage Minimum 16.9 50.5 46.7
sludge Medium 33.7 100.9 93.4
Maximum  54.2 162.2 150.1
Cattle manure ~ Minimum 498.0 1489.6 1356.8
Medium 733.6 2194.2 1966.0
Maximum  972.6 2909.1 2584.0
Sugarcane Minimum 30.6 91.5 74.3
processing Medium 57.5 171.8 139.6
waste Maximum 114.9 343.7 279.2
Food waste Minimum  45.6 136.5 72.9
Medium 91.3 272.9 145.8
Maximum 182.5 545.9 291.5
Total Minimum 591.1 1768.1 1550.7
Medium 916.1 2739.8 2344.8
Maximum  1324.3 3960.9 3304.8
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Fig. 1. Comparison of estimated biomethane potential with current production [11] considering a methane content of 60% in biogas. CAM: Campos dos Goytacazes;
MRC: Macaé-Rio das Ostras-Cabo Frio; PET: Petropolis; RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa.

Million Nm®/ year a

Fig. 2. Potential production of biomethane (million Nm® year’l) in the medium scenario from sewage sludge (A), cattle manure (B), sugarcane processing waste (C),
and food waste (D) in the regions of the state of Rio de Janeiro. RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa; PET: Petrépolis; CAM: Campos dos Goy-

tacazes. MRC: Macaé-Rio das Ostras-Cabo Frio.

When sludge from all collected sewage was considered (maximum
scenario), the biomethane potential from SS increased by 61% in com-
parison with the scenario in which only sludge from treated sewage was
considered for biogas production (medium scenario). Moreover, the
potential for biomethane production from sewage that is neither
collected nor treated also exists. In RJ, only 64% of the population has
access to sanitation, 63% of the collected sewage is treated [20], and the
development of sewage collection and treatment infrastructure would
be needed for AD. The possibility for biogas production could become an
additional motivation to develop more extensive sanitation programs.

According to the State’s Solid Waste Plan [25], the generated sludge
is placed in sanitary landfills throughout RJ. Therefore, the application
of AD to treat this waste would allow for the recycling of nutrients and a

reduction in operating costs due to energy generation.

There are 2.6 million cattle heads in RJ, with 1.6 million beef cattle
and 1.0 million dairy cattle. As most of the cattle in the state come from
CAM, this region has the highest potential for biomethane production
(42%) from cattle manure (Fig. 2B). The other regions each account for
9%-20 % of the potential CH4 generation, with the lowest potential in
RJA, a highly urbanized area.

The cattle industry is responsible for 80% of the emissions from
agricultural activities in RJ, with manure management alone contrib-
uting to the emission of 232 Gg CO2¢q in 2015 [48]. Worldwide, less than
9% of the generated manure is treated, with most of it being left in the
fields [49]. According to the World Biogas Association, livestock manure
is one of the main sources of energy generation through AD [50] and is
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expected to play a crucial role in most countries in future years,
achieving up to 1900 million Nm® of methane every day [51]. Even if
livestock farming is not the main economic activity of a region, this
study shows that biogas production from livestock residues could be of
extremely high value. Legislation to enforce and encourage manure
treatment via AD and to stimulate its energetic use are needed to realize
the global potential for biogas generation from manure [50].

Cattle for milk production are usually placed in a confined space
twice a day; therefore, a significant amount of manure could be
concentrated in these locations, which facilitates manure management.
On the other hand, beef cattle are more dispersed, which makes manure
management more difficult and expensive. As a result, 64% of dairy
manure is treated in some way, while only 1% of beef cattle manure is
adequately managed [49]. In RJ, most of the cattle production farms
have relatively small pasture areas (<20 ha), especially in RJA, where
57% of the establishments have less than 10 ha of pasture, which could
facilitate manure management [36]. There is a need to encourage the
appropriate management of manure, especially that from beef cattle, to
achieve a more sustainable production process.

Family farming is the basis for the cattle industry in RJ [22], with the
average number of heads per producer being between 74 (PET) and 142
(VRB) [36]. Solutions for small producers depend on collaboration
among farmers, who must gather enough raw material to enable biogas
production. Most local milk producers are associated with cooperatives,
and more than 65% of them use collective cooling tanks [52]. This in-
dicates an existing relationship among farmers that could facilitate the
development of joint AD facilities to collectively treat wastes and allow
for an increase in scale. Another possibility is the establishment of
centralized AD facilities near large producers, which would allow for
high-capacity biogas plants, decreasing specific capital and operational
costs of production [53].

There are four large sugar-ethanol processing plants in RJ, three of
which are in CAM and one in MRC [38]. Altogether, they have the ca-
pacity to produce 1270 m3hanot d 1, which would generate 6 million m®
year ! of vinasse, 896 thousand Mg year ! of straw (with only half being
considered for AD), and 224 thousand Mg year " of filter cake. This
capacity is much higher than the actual ethanol production, which was
reported to be only 123,400 mgthanol year’1 in the 2021/2022 harvest
season. The biomethane potential would increase 276% if the full ca-
pacity was utilized (maximum scenario) in comparison to the current
ethanol production (minimum scenario), presenting the potential to
improve both bioethanol and biogas production in RJ. CAM is respon-
sible for 79% of the biomethane production potential (Fig. 2C).

Vinasse and filter cake are generally used as fertilizers, but this
practice might affect soil structure and cause contamination, saliniza-
tion and acidification of soil, and surface and groundwaters [54,55].
Therefore, AD of these wastes could help to reduce the environmental
impacts of ethanol production and allow for the recovery of energy and
nutrients. However, low pH, low C:N ratio, and macro- and micro-
nutrient deficiency [56] could hamper biogas production from vinasse.
Vinasse also contains high concentrations of sulfur, leading to the for-
mation of HyS, which can impair biogas production and decrease biogas
quality, requiring a desulfurization step [56].

RJA, where the state capital is located, has the highest population
density [13] and per capita MSW generation index in the state (1.19 kg
inhabitant ' d~1) [25] and thus has the highest potential for bio-
methane production from the AD of FW (82%) (Fig. 2D).

Source-segregated organic waste is preferable for AD since it facili-
tates reactor maintenance and digestate processing, allowing the
digestate to meet the criteria needed to be used in food production [57].
In RJ, there is no collection of source-separated organic waste, but some
municipalities have specific legislation [25] for the separate collection
of organic residues from large waste generators, such as restaurants and
supermarkets.

Although this residue is usually disposed in sanitary landfills, which
wastes opportunities for resource recovery and energy generation,
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organic waste from large generators is currently being used in a pilot
plant in Rio de Janeiro City for the production of biomethane [35].
According to the National Solid Residue Plan [58], this is the only fa-
cility in RJ where AD technology is applied to OFMSW, of which 73% is
FW [35], and the facility can treat up to 30 Mg d~?, producing 1000 Nm?>
d ! of biomethane. This plant also produces digestate, which is used by
the municipality in reforestation programs [59]. However, the treatment
capacity of this facility corresponds to only 0.4% of the FW production
in RJ, showing the need for the implementation of policies to increase
sustainable organic waste management.

Solid waste management measures in Brazil are focused on elimi-
nating improper waste disposal, so the implementation of source-
segregation could be difficult, requiring a change in societal behavior
and the enforcement and promotion of new public policies. Thus, post-
separation technologies would be essential at present for separating FW
from MSW.

3.2. Application of biogas to offset electricity and fossil-fuel demands in
the state of Rio de Janeiro

The produced biogas could be used as a substitute for cooking gas.
The application of biogas from small-scale plants for cooking has envi-
ronmental, economic, and social benefits for rural and low-income areas
[60,61]. This could help offset the effects of the rising liquefied petro-
leum gas (LPG) prices in RJ. In 2020, 3.2 million tons of LPG were used
in the whole Southeast region of Brazil [62], which is equivalent to
nearly 41,464 GWh [63], which could be offset by 14-32% by the en-
ergetic potential of methane estimated in this study.

RJ already has a natural gas distribution grid connecting its five
regions, covering almost 60% of the municipalities (Fig. 3), that could be
used for biomethane distribution. RJA has several municipalities con-
nected to the grid, while CAM, which has the highest biomethane po-
tential, has only one. However, the only two current biogas facilities that
produce biomethane in the state do not inject it into the gas grid;
instead, they sell it directly to the final consumer (e.g., gas stations and
industrial clients) [46], which can be attributed to inconsistencies in the
legislation for biomethane distribution (Section 3.5).

The produced biomethane could be easily distributed to households
and businesses connected to the natural gas distribution grid. According
to the natural gas distributor in RJ, Naturgy, 16.6 million m® of gas is
distributed every day, which would be equivalent to a demand of nearly
6.1 billion m® every year [64,65]. The estimated biomethane production
could provide between 10 and 22% of this demand, reducing de-
pendency on fossil fuels and improving the contribution of renewable
energy sources in the state. Biomethane is commonly applied in the
vehicle fuel sector in countries such as Sweden [8]. Although the
number of vehicles that use biomethane in RJ is quite low (286), more
than 1.3 million vehicles run on natural gas (Fig. S1), highlighting an
enormous market for biomethane. Almost 3.4 million m® day ™! of nat-
ural gas is commercially used as vehicle fuel [64,65], and all this de-
mand could be supplied by biogas production from the sources selected
in this study. The development of biogas solutions in the state could
encourage a shift in vehicle fuel consumption, along with government
policies and incentives for the production and use of renewable energy.

Despite economic advantages, the initial investments into biogas
upgrading can be costly [66], and the produced biomethane would have
to be competitive with natural gas. Alternatively, biogas could be used
for heat and electricity production in a CHP system. The electricity could
help supply the biogas plant and waste-generating activities (e.g., farms,
sugar-ethanol plants, and wastewater treatment systems). For example,
sewage treatment plants that use activated sludge systems have very
high electricity demands associated with the aeration of reactors, and
the integration of CHP is the most accepted option to increase energy
recovery [67]. In RJ, the total electricity consumption in sewage systems
is approximately 107 GWh year ! [20], of which 47% could be supplied
by electricity generation from biogas from SS in the more conservative
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Fig. 3. Gas distribution in the state of Rio de Janeiro [64,65]. Compressed Natural Gas (CNG).

scenario. With the expansion of sewage treatment and the AD of sewage
sludge (maximum potential scenario), all electricity could be provided
by biogas, and profits could be obtained from selling the excess energy.

If the electricity is not used within the biogas plant, it could be
distributed locally. A total of 39,244 GWh was consumed in RJ in 2019
[68]; thus, the electricity potential estimated from all streams consid-
ered in our study could offset 5-10% of the electricity from the power
grid. Heat is also generated within the system, which could be utilized in
other parts of the process, such as during pretreatment or for heating
reactors.

Table 4

3.3. Digestate utilization: achieving a circular economy

Digestate can help neutralize acid soils, since its pH usually ranges
from 7 to 8.5, and enhance soil fertility, both as a source of nutrients
[69] and by improving soil cation exchange capacity, which is crucial for
RJ low fertility soils. It can also be used as a substrate for plant beds,
especially for Atlantic Forest trees in RJ [70]. In summary, digestates
from suitable feedstocks could act as secondary nutrient sources, pro-
moting a circular biobased economy.

CAM has the highest potential for biofertilizer production from AD of

Biofertilizer and nutrient production from digestate and demand in each region of the state of Rio de Janeiro. CAM: Campos dos Goytacazes; MRC: Macaé-Rio das
Ostras-Cabo Frio; PET: Petrdpolis; RJA: Rio de Janeiro; VRB: Volta Redonda-Barra Mansa.

Region Scenario Biofertilizer (Mg year ') N (Mg year 1) P (Mg year 1) K (Mg year )
CAM Minimum 648,331 29,160 7,923 41,299
Medium 947,999 41,580 11,297 60,582
Maximum 1,314,190 54,696 14,841 84,604
MRC Minimum 148,853 6,633 1,861 9,237
Medium 271,945 12,091 3,404 16,832
Maximum 413,827 17,691 4,941 25,811
PET Minimum 304,847 14,918 4,096 18,968
Medium 415,815 20,354 5,613 25,741
Maximum 531,559 26,015 7,215 32,658
RJA Minimum 238,257 11,947 4,052 10,840
Medium 407,069 20,498 7,181 17,313
Maximum 643,417 31,907 11,314 25,760
VRB Minimum 210,423 10,283 2,822 13,071
Medium 301,928 14,750 4,063 18,662
Maximum 401,849 19,691 5,510 24,445
Total Minimum 1,550,711 72,941 20,754 93,416
Medium 2,344,756 109,274 31,557 139,130
Maximum 3,304,842 150,000 43,820 193,279
RJ Demand® - 52,802 8,976" 5,280" 7,920"

& Source: NPCT [72].

b Considering the N-P-K composition of the southeast region of Brazil (17-10-15%).
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the studied biowastes, with more than twice the potential of any other
region, while MRC has the lowest potential (Table 4). The produced
biofertilizer can be used in agricultural production, since CAM is
responsible for 61% of the state’s production, mainly related to sugar-
cane [22]. Alternatively, the biofertilizer could be used for the cultiva-
tion of soybean and other grains, which has been encouraged and
identified as one alternative to occupy the areas that were previously
used by sugarcane in the North and Northwest of Rio de Janeiro [71].

The biofertilizer production projected in this study could surpass the
fertilizer demand in RJ, of 52,802 Mg year ' [72], providing at least 8, 4
and 12 times the amount of N, P and K needed, respectively. In the
maximum potential scenario, the application of AD to treat the studied
wastes could provide up to 17, 8 and 24 times the needed N, P and K,
respectively. The replacement of mineral fertilizers for biofertilizers
usually results in a reduction in GHG emissions and energy consumption
in fertilizer production, reducing the use of fossil fuels [7,73].

Digestate characteristics vary widely with feedstock. Digestate from
FW has the highest nitrogen (N) content, while that from SS has the
highest phosphorus (P) concentration, and those from cattle manure and
sugarcane waste have the highest potassium (K) content (Table S2).
Biosolids produced from sewage treatment stations in RJ after AD and
drying are suitable for agricultural application, complying with the legal
quality requirements [70,74], but sludge is landfilled due to the absence
of a state sludge recycling program [25,70]. Cattle manure and
OFMSW-based digestates can have pathogens, impurities and contami-
nants, which negatively affect digestate processing and the possibility of
land application [57,75,76].

Furthermore, for farmland application, the land should be located
near the biogas plant, and for land that is farther away, volume reduc-
tion and digestate treatment must be considered to reduce trans-
portation costs [5,57]. For longer distances, ammonia stripping can
result in cost reduction, and if a CHP system is used, excess heat can be
used to increase stripping efficiency [5]. Additionally, pelletization of
the end-product may improve its fertilization properties, reduce trans-
portation costs and facilitate land application [75].

Since the calculated digestate potential is much higher than the
fertilizer demand in RJ, alternative uses in addition to soil application
should be considered. For example, co-combustion of digestate can be
performed for power generation [57]. Thermal conversion technologies
such as combustion, pyrolysis and gasification are usually applied for
energy recovery from digestate while also producing biochar, which
could be utilized as a soil amendment [75]. Gasification is commercially
available for urban digestates, and several operating plants exist in the
United States [75]. The produced gas could be used either in pretreat-
ment steps, to heat the reactor or in the digestate drying process.

3.4. Avoided greenhouse gas emissions

Brazil has one of the most sustainable energy matrices mainly due to
the contribution of sugarcane biomass (19%) and hydropower (13%),
with 48% of the energy produced coming from renewable sources
(Fig. S2A) in 2020, in comparison with 14% in the world [77]. However,
in 2016 (the latest available data), RJ was strongly dependent on
nonrenewable sources for energy (88%) and electricity (78%) produc-
tion [15] (Fig. S2).

Studies have noted that the energy produced from biogas contributes
to lower GHG emissions compared to fossil fuels [78,79]; therefore, the
implementation of AD technology can help improve the energetic status
of RJ. Emissions of up to 439 thousand Mg COzq could be avoided if
gasoline was replaced by the estimated biomethane produced from the
studied biowaste streams as vehicle fuel. A total of 332 thousand Mg
CO2¢q would be avoided if natural gas was replaced. In this study, only
passenger vehicles were considered, and further opportunities for GHG
reduction exist if biomethane was used in heavy transportation.

If biogas is used to generate electricity, the emission of 275 thousand
Mg CO2¢q could be avoided based on the Brazilian electricity mix. If the
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RJ electricity mix were to be considered, this impact would be even
higher due to the higher dependency of the state on nonrenewable
sources (Fig. S2B). However, it is important to emphasize that anaerobic
digester energy and GHG emissions can differ depending on the input
substrates and end-use applications [80], which could change the value
of the calculated avoided emissions.

Due to its higher biomethane potential, CAM is the region that could
have the largest avoided GHG emissions, with 104, 167 and 126 thou-
sand Mg COazeq avoided when biomethane is used to substitute elec-
tricity, gasoline, and natural gas, respectively (Fig. S3). Conversely, the
MRC region has the lowest reduction potential, with less than 54
thousand Mg COz¢q avoided for these applications. RJA, which is the
most urbanized region, could achieve up to 99 thousand Mg COzeq
avoided.

3.5. Current legal framework

In Brazil, in addition to legislation regulating biogas production and
its subsequent commercialization and consumption, there are also pol-
icies to encourage or enforce the use of renewable energy sources
(Table S3). One of the most important policies in the biogas scenario is
the National Biofuels Policy (RenovaBio - law 13,576,/2017). It aims to
promote the increase of biofuel contribution in the energy matrix, with
an emphasis on energy security and efficiency, predictability in the fuel
market and reduction of GHG emissions at all stages.

The Brazilian Electricity Regulatory Agency (ANEEL) provides tax
reductions for power plants that use biodigestion (Normative Resolution
77/2004) and allows that the energy generated from renewable sources
to be used by producers or be distributed in the local electricity grid
(Normative Resolution 482/2012). Additionally, ANP sets standards for
quality control and specifications for biomethane destined for vehicular
use and use in residential, industrial, and commercial installations to be
sold throughout Brazil (Normative Resolution 685/2017, Resolution
08/2015). This allowed the first authorization for commercialization of
biomethane from landfills in the state (ANP Dispatch 1,084/2017).

In RJ, there is also a legal framework that could influence the
development of the biogas sector, with the aim being to increase energy
generation from renewable sources (Decree 41,318/2008, Law 5,690/
2010, Resolution 65/2012, Law 6,361/2012, Decree 46,476/2018).
However, many of the goals have not yet been executed or evaluated.
The State Policy of Renewable Gas should be highlighted, as it encour-
ages the production and consumption of biomethane in RJ and states
that gas distributors must replace 10 % natural gas with biomethane
when available. However, it also establishes a maximum price for bio-
methane sale to natural gas distribution companies, which is often not
advantageous for biomethane producers, who currently choose to sell
biomethane directly to the final consumer.

Despite the number of policies in place that encourage the produc-
tion and use of renewable energy, few are focused on biogas and other
AD products. This clearly indicates that a governmental agenda focused
on legal, political, and regulatory challenges is necessary to allow for the
development of AD technology in Brazil [81].

3.6. Challenges for biogas production in the state of Rio de Janeiro and
comparison with other regions

Despite the importance of RJ to the national economy, the state has
only 10 (out of 755) biogas plants under operation, that are responsible
for approximately 17% of the biogas in Brazil [47]. Our estimates,
however, indicate that RJ alone could approach the current biogas
production of the entire Southeast region (1.42 billion Nm?) [47]. This
region, which comprises RJ, Sao Paulo, Minas Gerais and Espirito Santo,
is responsible for 60% of the current national production, with Sao Paulo
being the largest regional and national producer. Despite the fact that
84% of the biogas plants in the Southeast region belong to the agricul-
tural and livestock sectors, and the enormous biogas potential of cattle
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manure in RJ, no biogas plant in the state currently treats these feed-
stocks. A previous assessment of the biomethane potential in the state of
Sao Paulo [82], estimated a potential production of 2,992 million m?
year !, which is 3.5 times higher than the estimated potential in our
maximum scenario. This difference was expected, since Sao Paulo has a
much larger population and more expressive agricultural activity [13,
24,83]. Similar to our findings, the estimation was significantly higher
than the current biogas production in the state.

In spite of all this potential, hindrances to expansion are manifold.
They include a low level of knowledge about biogas and the use of
cheaper and less technologically challenging options (e.g., composting),
a mismatch in funding opportunities and financial requirements for
biogas projects, poor interactions among actors, and high variability in
geography and types of feedstocks, which collide with a highly
centralized policy development, and the lack of a national biogas agenda
[84-86]. Many of the specific barriers for biogas development noted in
the present study, such as poor collection and segregation of waste, long
digestate transportation distances, and lack of political support are also
present in other Latin American and developing countries [87].

We compared our estimates with some recently published bio-
methane potential data from the world’s leading producers of sugarcane
and cattle manure and/or upper middle-income level countries with
considerable agriculture production. Large variation in biomethane
potential between regions or states is, for instance, also observed in
India, China, Thailand and Turkey [88-91]. In our study, the largest
potential comes from CAM mostly due to a combined potential of cattle
manure and sugarcane processing waste (Figs. 1 and 2) with estimates
that are comparable to those from regions with low to moderate po-
tentials from animal and agricultural residues in Turkey (52-472 million
Nm?® year’l) [90], India (150-600 million Nm?3 year’l) [88]; Thailand
(<819 million Nm?® year_l) [91] or in the Hubei Province in China
(<494 million Nm? year’l) [89]. Although Brazil is the world’s largest
producer of sugarcane and one of the largest cattle producers, produc-
tion in RJ is not as expressive. For instance, while the Southeast region is
responsible for 63% of the sugarcane produced in Brazil, the contribu-
tion of RJ is only 0.3% [33].

The International Energy Agency [92] reported the potential for
biogas generation throughout the world. While Europe generates more
than twice the biogas of China, which is the second largest producer,
Asia, Central and South America have much higher potential than
Europe. Successful biogas production has been shaped by the applica-
tion of policies and incentives to realize existing potential. Therefore,
developing countries located in Asia, and in Central and South America
have much scope for increasing biogas production, if adequately sup-
ported. Accordingly, assessing the potential in these regions is the first
step to promote a discussion of the development of AD.

Regarding biogas end utilization, almost two-thirds of the global
biogas generated in 2018 was used for electricity and heat generation,
with only a small share upgraded to biomethane [92]. One reason for
this is a gap between natural gas and biomethane prices in Central and
South America. Biomethane production from landfill gas upgrading is
typically the least expensive option.

Northern Europe has the largest proportion of renewable energy
within Europe, with most of it coming from bioenergy generation [93],
and can be used as an example of successful implementation of bio-
energy. In Germany, which is the largest biogas producer in the region,
92% of biogas comes from agricultural plants [93]. This highlights that
the development of biogas solutions in rural areas may be an important
driving force in establishing a strong biogas sector. The benefits go
beyond bioenergy and biofuel production, and the abatement of GHG
emissions, with clear positive outcomes regarding employment and
development of rural areas and an increase in energy security [93,94].

4. Conclusion

This study showed substantial potential for biogas generation from
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different biowastes in RJ, especially via AD of cattle manure, which was
the substrate with the highest estimated potential. Potential biomethane
generation from the assessed biowaste streams was at least three and up
to seven times greater than the current production in RJ and would be
able to considerably offset the cooking gas, natural gas, or electricity
demands of the state. The presence of a gas distribution grid throughout
the state could be an important factor promoting the utilization of the
produced biomethane as a substitute for natural gas. Furthermore, the
biofertilizer potential would be enough to supply the nutrient demand
for agriculture in the state, even in the most conservative scenario, and
the digestate could be valorized in other ways. To date, the existing legal
framework does not consider the specificities of the biogas industry, and
policy implementation needs to be improved.
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Introduction

The sugar and alcohol sector is one of the drivers of the Bra-
zilian economy, corresponding to 2% of the national GDP,
which makes Brazil the largest sugarcane producer in the
world [1]. Sugarcane production in the 2022/23 harvest is
estimated to be 596 million tons, corresponding to the gen-
eration of approximately 93 million tons of straw, related to
the harvest and processing of sugar and ethanol [2,3]. Almost
50% of the straw generated remains in the field, and part of the
surplus is mixed with bagasse and burned for energy cogen-
eration; however, this practice does not harness the full po-
tential of this lignocellulosic residue [4].

Several bioproducts have been studied by using sugarcane
biomass [5,6] as raw material. First of all, the complex inter-
action among the lignocellulose fractions must be ruptured
through a pretreatment step to enable the biotechnological
use of cellulose, hemicellulose, or lignin [7]. Hemicellulose,
also known as the C5 fraction, is the second largest compound
in lignocellulose, which is a heterogeneous ramified polymer,
composed mainly of pentoses [8,9]. Diluted acid pretreatment
is one of the most studied pretreatments to solubilize the
hemicellulose carbohydrates into their monomeric forms in
the liquid medium [7,10,11]. C5 sugars are not readily metab-
olized by the conventional microbial strains of the ethanol
industry, so to be used for this purpose, it is necessary to use
genetically modified yeasts or to develop a separated ethanol
production process through pentose-fermenting microor-
ganisms [12]. Therefore, C5 fraction is less attractive for the
2G-ethanol production chain; nevertheless, hemicellulose
might be used as a feedstock in different bioprocesses, such as
the production of H, and CH, by anaerobic digestion [5,13—15].

In the recent decades, H, has been explored as a biofuel due
to its high energy density, and it could also play a significant
role in future carbon reduction [16]. Currently, hydrogen is
mainly used in the industry for ammonia production, oil
refining, and methanol production [17]. Besides H,, methane
might also be used as a promising fuel to replace compressed
natural gas (CNG) [18]. Both gases could be applied in the
heating, transport, and power industries.

Hydrogen and methane can be sequentially produced by
dividing the anaerobic digestion into two distinct stages,
namely acidogenic and methanogenic phases [19,20]. The
acidogenic stage produces H,, CO,, and volatile fatty acids
(VFA), such as acetic, butyric, propionic acids and alcohols,
corresponding to the fermentation stage of anaerobic diges-
tion. To separate that phase, the microbial consortium used
for anaerobic digestion must be pretreated to inhibit H,-
consuming archaea, enabling H, accumulation [21]. The sol-
uble metabolites from acidogenesis would be used as a carbon

source for methanogenic archaea in the next stage, in which
the microbial consortium must be used without pretreatment
to ensure that the methanogenic archaea remain metaboli-
cally active [21,22].

The interest in two-stage anaerobic digestion has been
increasing because it reduces digestion time compared to CHy
production in a single-stage process. The separation of the
faster stage, hydrolysis-acidogenesis phase, from the slower
stage, methanogenesis, is advantageous. In addition, the use
of the most appropriate pH for each stage favors the entire
process. This approach also avoids the overload of organic
matter in the methanogenic phase [22—-25].

This study evaluated H, production using hemicellulose
hydrolysate from diluted acid pretreatment of sugarcane
straw; furthermore, the liquid effluent of the fermentation
step was used to produce CH, in two stages. The direct pro-
duction of CH, was also assessed. The experiments were
performed in batches to evaluate the biochemical aspects
resulting from the increased concentration of carbohydrates
and other analytes in the hemicellulose hydrolysate, such as
the effects of increased VFA produced, system osmolarity, pH,
metabolic pathway shift for solvent production, and catabolic
repression. In addition, the influence of hydrox-
ymethylfurfural (HMF) and furfural contained in hemicellu-
lose hydrolysate was studied in comparative assays using
standard sugars.

Methods
Chemical characterization of sugarcane straw biomass

The sugarcane straw was kindly supplied by Raizen (a Bra-
zilian sugar and alcohol company). The biomass was milled in
a cutting mill and the extractives quantified according to
standard methodology “Determination of Extractives in
Biomass” [26]. Extractive-free straw samples were submitted
to an acid hydrolysis process in two steps in triplicate, as
described in “Determination of Structural Carbohydrates and
Lignin in Biomass” [27].

Pretreatment of lignocellulose biomass

Diluted acid pretreatment (DAP) of sugarcane straw was
conducted at 130 °C for 30 min, using 1.6% (v/v) H,SO4 with a
solid:liquid ratio of 1:4 (w/v) [28]. After that, the biomass hy-
drolysate was manually pressed resulting in a liquid stream
and the residual solid. The liquid fraction, also known as
hemicellulose hydrolysate (HH), was vacuum filtered. The HH
was analyzed according to the standard protocol for sugars
and byproducts [29]. Prior to being employed as raw material
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for H, and CH, production, the pH of the HH was adjusted to
5.5 by adding NaOH at 5 mol/L.

Inoculum

The anaerobic sludge used as inoculum was collected from an
anaerobic digester in a municipal sewage treatment plant
located in Rio de Janeiro, Brazil. The concentration of volatile
suspended solids (VSS) in the anaerobic sludge was approxi-
mately 12,000 mgyss/L.

Before use as inoculum for H, production, the sludge was
thermally pretreated at 65 °C for 30 min to reduce the meta-
bolism of the methanogenic archaea and to select the spore
forming H,-producing microorganisms.

Two-stage anaerobic digestion

Hydrogen production

The batch experiments were carried out in 100 mL glass flasks
sealed with rubber lids to avoid contact with air. The working
volume was 45 mL containing thermally treated anaerobic
sludge (VSS added: 10,000 mg/L) and HH. Different initial
concentrations of carbohydrates from HH were used in the
fermentation medium to evaluate H, production
(S1 = 9 mmol/L, S2 = 30 mmol/L, and S3 = 48 mmol/L). All
assays were adjusted to pH 5.5 using NaOH 5 mol/L. The flasks
were purged with N, for 45 s to ensure an anaerobic envi-
ronment, incubated at 35 °C under agitation at 160 rpm. A
standard medium (SM) containing only standard sugars
(glucose, xylose, and arabinose) was also used comparatively
to understand the effect of HMF and furfural on H, production
in 24 h. Kinetic studies were carried out for 54 h applying S1,
S2, and S3 using HH as raw material to evaluate the optimal
condition of H, production. All experiments were performed
in triplicate. The condition that led to higher H, production
was selected and its liquid effluent was centrifuged at
5000 rpm for 10 min. Then, the supernatant was collected and
used as raw material for methane production in a two-stage
anaerobic digestion.

Methane production

The methanogenesis step was performed in a 45 mL static
batch, using the raw anaerobic sludge as inoculum, and the
effluent from H, production (EHP) as feedstock, using a
COD:SSV ratio of 0.77:1, and pH 7.0.

Single-stage anaerobic digestion (SS-AD) was performed
using HH as raw material as a comparative study with the
methanogenic stage of TS-AD. It was applied the same con-
ditions used in the methanogenesis step of TS-AD: volume,
COD:SSV ratio, temperature, and initial pH (45 mL; 0.77:1;
35 °C; 7; without shaking). In addition, a standard medium
(SM) containing the same concentration of sugars in the HH
(30 mM - glucose, xylose, and arabinose) was also used as a
comparative medium to SS-AD to analyze the effect of HMF
and furfural over CH, production.

The flasks containing the media were purged with N, for
45 s and incubated at 35 °C for 35 days. All assays were per-
formed in triplicate.

Kinetic analysis

The modified Gompertz equation (Equation (1)) was employed
to estimate kinetic parameters of H, and CH,4 production [30].

—exp {W(lo—lﬂl}
H(t) = Hyax €Xp

(1)
where H is the biogas production (mL/L); Hpmax is the
maximum accumulated volume (mL/L); Rmax is maximum
rate of biogas production in mL/L.h or mL/L.d; t is the incu-
bation time (hours or days); A is the adaptive phase (h or d);
and e is the Euler's constant (2.71828).

Energy potential from H, and CH, produced

The energy potential of TS-AD and SS-AD for HH and EHP were
estimated by the relative density of H, and CH, (0.089 kgy,/
m>y, and 0.72 kgeua/m3cpg, respectively) and their respective
lower calorific value (120 MJ/kgy, 50 MJ/kgena) multiplied by
the production of hydrogen (Equation (2)) and methane
(Equation (3)) in specific volume (Lyo/L, Lcua/L) [23,31,32]. E (+)
is the gas energy potential per day of anaerobic digestion (J/d).

E (+) H2 = H, production* [0.089 kgp,/m>p, * 1m>p,/1000 Lyg,] *
[120 MJ/kgu,] 2

E (+) CH4 = CH, production* [0.72 kgcna/m3cus * 1m>cua/1000
Lcua] * [50 MJ/kgcnal 3)

Analytical methods

The liquid fraction from acid pretreatment, effluent from H,
production, and digested media were analyzed by high per-
formance liquid chromatography (HPLC Shimadzu LC 10 AT).
Samples from fermented and digested experiments were first
centrifuged at 10,000 rpm for 10 min and the supernatants
obtained were filtered through a 0.22 mm Millipore filter. The
analytes were determined using an Aminex HPX-87H column
(BioRad) maintained at 55 °C (Shimadzu column oven, model
CTO-30A), and a Carb-H precolumn (Biorad). The analysis of
carbohydrates (xylose, glucose, and arabinose) and ethanol
was determined by a refractive index detector (RI) (Shimadzu,
model RID-6A), while acids, HMF, and furfural were analyzed
by UV—Vis detection at 210 nm (Shimadzu, model SPD-10AV).
The mobile phase was composed of 5 mmol/L H,S0, at a flow
rate of 0.6 mL/min, according to Faber and Ferreira-Leitao
(2016) [33].

The H,, CHy, and CO, concentrations were analyzed by
gas chromatography on a Micro GC (Agilent Technologies
3000A), equipped with thermal conductivity detector (TCD),
HP-PLOTU (3 m x 0.32 mm x 30 mm) and HP-PLOT Molec-
ular sieve 5A (10 m x 0.32 mm x 12 mm) columns, heated at
60 and 100 °C, respectively. The injector temperature was
set at 90 °C and the sample inlet temperature was 110 °C.
Helium and nitrogen were used as the carrier gases for the
HP-PLOT U and HP-PLOT molecular sieve 5A columns,
respectively.
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Chemical oxygen demand (COD) analysis of the liquid
fraction was also measured according to the colorimetric
method described in the Standard Methods for the Examina-
tion of Water and Wastewater [34].

Results and discussion

Chemical characterization of the sugarcane straw and the
hydrolysate obtained after straw acid pretreatment

The chemical composition analysis of sugarcane straw per-
formed on a dry-weight basis, presented the following average
results: 29 + 1.9% of cellulose, 23 + 1.4% of hemicellulose,
20 + 0.79% of lignin, 15 + 1.6% of extractives, and 8 + 0.5% of
ashes. These values are within the range reported in the
literature for this type of material, which are 29-44% cellu-
lose, 23—31% hemicellulose, and 19—34% lignin [35,36]. The
expected variation in the composition is related to different
planting conditions, such as soil fertility, irrigation, climatic
conditions at harvest, location, and cultivation cycles [13,37].

Ashes are inorganic reminiscent compounds obtained
from the burning of biomass. Ash content above 7% affects
biomass combustion, resulting in a decrease in calorific value
and the generation of a large amount of waste and particulate
matter [38]. The disadvantages energy cogeneration from
straw compared to bagasse is the boiler encrustation related
to inorganic compounds, such as SiO,, CaO, CL, K, and S
[36,39]. Considering the process of sugarcane juice extraction,
bagasse is a cleaner biomass than straw, containing approxi-
mately 2% of ashes [10,40]. Therefore, as mentioned before,
the high ash amount in straw biomass causes problems of
encrustation and less efficient generation of energy by
burning.

The chemical characterization of the hemicellulose hy-
drolysate obtained after diluted acid pretreatment of raw
sugarcane straw is presented in Table 1. In addition to the
sugar composition, C5 and C6, Table 1 also includes the con-
centration of furanic compounds derived from sugar dehy-
dration, namely furfural and HMF, and acetic acid. As the
diluted acid pretreatment results in hemicellulose solubiliza-
tion, xylose was the most abundant sugar in the hydrolysate

Table 1 — Chemical characterization of the hemicellulose

hydrolysate obtained by the diluted acid pretreatment of
raw sugarcane straw.

Parameter g/L + SD mmol/L+ SD
Glucose 8.22 +0.2 45.63 + 1.0
Xylose 33.76 £ 0.2 224.87 + 2.5
Arabinose 458 +0.5 30.51+2.6
Acetic acid 8.33+0.3 138.72 + 2.3
Formic acid 1.68 + 0.4 36.50 + 3.8
HMF? 0.65 + 0.01 5.15+ 0.2
Furfural 0.68 + 0.06 7.08 + 0.6

pH 1.15 =

COD (mg/L) 85,117 + 4630 =

& HMF: 5-hydroxymethyl-2-furaldehyde. The values are the mean
and standard deviation (SD) of the analysis of three samples
(n = 3) from hemicellulose hydrolysate.

(224.87 mmol/L), as expected, corresponding to 72% of the
total amount of sugar analyzed.

Glucose and arabinose concentrations in the hydrolysate
were 45.63 mmol/L and 30.51 mmol/L, respectively. Thus, free
pentoses represented 62% of all compounds analyzed. Based
on the results obtained, the efficiency calculated for the sol-
ubilization of the hemicellulose fraction was 79%.

The hydrolysis reaction in the ether bonds from xylan in-
creases due to pH reduction in the medium, and the carbo-
hydrates are released in their monomeric form [23]. Sulfuric
acid dissociation enhances the hydronium ions concentration
in the medium (H50%), which catalyzes the hydrolysis reaction
in acetyl groups from hemicellulose in free acetic acid, the
second most predominant compound in HH (138.72 mmol/L)
[7]. Acetate, reported as a potential inhibitor of H, production,
can penetrate the microbial cell membrane decreasing the
intracellular pH and hindering ATP synthesis [41].

HMF is derived from glucose thermal degradation, while
xylose and arabinose dehydration generates furfural [42]. Due
to the high temperature of the pretreatment, fractions of both
compounds might be converted into formic acid (36.50 mmol/
L). Furanic compounds are described as inhibitory compounds
for H, production in a concentration above 1 g/L, corre-
sponding to 9.93 mmol/L of HMF and 10.41 mmol/L of furfural
[43]. Previous studies reported that furanic compounds above
1 g/L inactivated several enzymes of the glycolytic pathway
and damaged the microbial cell membrane [41,42]. The HMF
and furfural concentrations recovered from the HH produced
were approximately 5 and 7 mmol/L, respectively, and their
effects on H, and CH, production are analyzed in section 3.2.

The hemicellulose fraction has been considered a prom-
ising raw material for two-stage anaerobic digestion [5,44].
Well-established concentrations of hexoses and pentoses can
be easily consumed by microorganisms and result in energy
for cell growth and substrate for synthesis of the expected
products and byproducts. Moreover, acetic acid is a direct
substrate for acetoclastic methanogenic archaea and could be
converted into methane [19,32].

2- Hydrogen production using hemicellulose hydrolysate
(HH)

Pentoses and hexoses from C5 fraction used as carbon sources
for dark fermentation lead to the production of H,, CO, along
with acetic and butyric acids [41,45]; therefore, it is charac-
terized as an acetic-butyric-type fermentation. The biological
process is summarized by the following reactions [46,47]:

Pentoses: CsHyo0s + 1.67H,0 —1.67 CH;COOH + 3.33H, + 1.67
Co, (1)

CsH1005— 0.83 CH3CH,CH,COOH + 1.67H, + 1.67 CO; (2)
Hexoses: CgH1,0¢ + 2H,0 — 2 CH3COOH + 4H, + 2 CO, (3)

CeH1206 + 2H,0 — CH3CH,CH,COOH + 2H,+ 2 CO, 4)

Reactions (1) and (3) refer to the conversion of pentoses and
hexoses, respectively, into H, via acetic acid route, while re-
actions (2) and (4) represent H, production through butyric
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pathway. According to the reactions above, the maximum H,
theoretical yield using pentoses as a carbon source is 3.33 mol/
mol.

The effect of increasing the initial concentration of carbo-
hydrates was analyzed in terms of hydrogen production and
prediction. Fig. 1 presents the kinetic profiles of HH substrate
consumption in S1 (Fig. 1A), S2 (Fig. 1B), and S3 (Fig. 1C) as well
as H, production and prediction by the modified Gompertz
equation in each condition.

The maximum yield and specific volume of H, produced in
S1was 1.28 mol /Mol carbohydrate aNd 305.60 MLyo/L_medium in
18 h. S3 reached a yield of 1.48 mol y2/MOl carbohydrates and
1788.69 mLio/L_megium Of Ho in 48 h of fermentation. S2
resulted in the highest yield of 1.75 mol y2/mol carbohydrates at
36 h of fermentation and a specific volume of H, of 1363.08
mLHZ/L_medium.

Although S1 and S2 had similar adaptive phases (6 h), the
maximum H, production in S1 was achieved after 18 h (Fig. 1A)
while in S2 was achieved after 36 h of fermentation (Fig. 1B).
Glucose was the first sugar completely consumed, however
xylose was the main carbohydrate in the media and its con-
centration was 4 fold-higher than glucose in the beginning of
the process. It occurs due to the low levels of gene transcrip-
tion for transport proteins and enzymes associated with
xylose consumption when both xylose and glucose are pre-
sent in the medium [48]. Glucose modulates transcription of
transport proteins and enzymes associated with xylose con-
sumption [49]. This phenomenon, called carbon catabolite
repression, reduces or prevents the use of xylose in the pres-
ence of the preferred carbon source such as glucose. In S2, the
initial xylose concentration was 3-fold higher than S1, which
extended the time required for the xylose consumption and
maximum H, production. However, H, production in S2 was 4-
fold superior than S1 (Fig. 1).

Furthermore, Servinsky and co-workers (2018) demon-
strate that Clostridium acetobutylicum tends to preferentially
use arabinose in a mixed medium containing pentoses
(arabinose and xylose), suggesting a hierarchy of pentose
utilization. Arabinose leads to catabolic repression of xylose
assimilation [49]. Thus, although xylose is the most abundant
sugar in HH, it was the last sugar consumed, due to the
catabolic repression mechanism and the carbohydrate trans-
port system. The increase in substrate concentration from
30 mM (S2) to 48 mM (S3) also demonstrated a similar profile of
substrate hierarchy consumption by inoculum (Fig. 1B and
1Q).

The sugar transport systems in C. acetobutylicum for hex-
oses and pentoses are different, being ATP-binding cassette
transporters (ABC) for the uptake of pentose sugars and
phosphotransferase transporter system (PTS) for the uptake of
hexoses [50]. Nevertheless, the metabolism of pentoses and
hexoses starts simultaneously in this study. Pentoses catab-
olism via the phosphoketolase pathway has less enzymatic
reaction than the glycolytic pathway, and although glucose
may be the first carbohydrate assimilated by the cell, the
initial consumption of pentoses and hexoses are the same
because pentoses are metabolized in fewer reactions.

A small increase in the HH initial concentration impacts
the efficiency of sugar consumption by microorganisms [5,51]
and the time to achieve the maximum H, production. In

addition, enhancing the initial substrate concentration also
increases the amount of soluble compounds, affecting the
system osmolarity, which can cause disorders in the carbo-
hydrates transport system and consumption [41].

Table 2 shows a comparative production of H, using HH
and SM (composed of standard glucose, xylose, and arabi-
nose). The SM compared with S1, S2 and S3 were analyzed in
18 h, 36 h, and 48 h of fermentation, respectively, the
fermentative time of the highest H, production in each
system.

There was total consumption in both HH and SM media in
the lowest initial carbohydrates concentration. However, in S2
and S3 even in longer fermentation times an amount of car-
bohydrates remained unconsumed, showing that both media
composition (HH versus SM), and substrate concentration (S2
versus S3) might disturb the microbial metabolism.

In S1 and S2 the H, production using HH was respectively
305.60 mL/L and 1363.08 mL/L while in SM was 204.66 mL/L
and 637.36 mL/L. In the same systems, acetic acid formation
was higher in SM, compared to HH. Since all carbohydrates
were consumed in 18 h and 36 h using SM, H, could have been
first produced in SM and then consumed for acetate formation
via homoacetogenesis in these systems. The Wood-Ljungdahl
pathway describes this behavior, in which H, is consumed as
an electron donor by microorganisms responsible for homo-
acetogenesis for acetic acid production (Reaction 5) [52].

4H, + 2 CO, — CH3COOH +2H,0 ©)

It occurs under stress conditions or after substrate deple-
tion, resulting in decreases of H, and CO, yield on dark
fermentation [53]. The accumulated volume of CO, in SM was
also lower than in HH, indicating CO, consumption in SM: S1
(SM = 235.81 mL/L; HH = 425.34 mL/L), S2 (SM = 652.75 mL/L;
HH = 1087.81 mL/L) and S3 (SM = 970.95 mL/L;
HH = 1146.52 mL/L). Considering that the difference in CO,
concentration between HH and SM was due to its consump-
tion in homoacetogenesis, in S1 1.68 mM of acetic acid could
be produced, in S2 8.61 mM and S3 3.44 mM.

In S3, both H, and acetic acid production were similar using
HH or SM media, this could have occurred due to the incom-
plete metabolism of carbohydrates in SM. Probably, in longer
fermentative assays, similar effect of the homoacetogenesis
observed in S1 and S2 could be observed in S3.

In this study, the enhancement of the initial substrate
concentration in the systems simultaneously increased fur-
anic compounds and acetic acid that come from biomass
pretreatment, which turn media composed by HH more
complex compared with SM. However, HH media showed
greater production and yield of H, compared to SM, which
demonstrates no negative impacts related to HMF and furfural
from the raw material.

Furfural and HMF have been described as potential in-
hibitors of H,-producing microorganisms. According to Nasr
et al. (2014) and Quéméneur et al. (2012), impacts on H, yield
and production could be observed at concentrations higher
than 8 mmol/L of HMF and 11 mmol/L of furfural, which de-
creases the H, yield by approximately 70% [43,54]. The con-
centration of furanic compounds in HH was 5.15 mmol/L for
HMF and 7.08 mmol/L for furfural (Table 1), lower than the
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Fig. 1 — Hydrogen production using hemicellulose hydrolysate (HH). Kinetic profile of substrate consumption, experimental H, production, in specific volume, and
predicted H, production by the modified Gompertz equation. Initial carbohydrate concentration in S1 = 9 mmol/L (A), S2 = 30 mmol/L (B), and S3 = 48 mmol/L(C). Estimated
parameters by modeling the experimental data of H, production by Gompertz equation: S1 = 330.60 mL/L (Hp,,); 35.33 mL/L h (Rm); 6 h (A); 0.80 (R?); S2 = 1493.80 mL/L
(Hmax); 54.97 mL/L h (Rm); 6 h (2); 0.98 (R?); S3 = 1500.65 (Hpmax); 84.92 mL/L h (Rm); 10 h (A); 0.96 (R?).
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Table 2 — Comparative evaluation of accumulated H, production, using media containing HH (hemicellulosic hydrolysate)
or SM (standard medium) applying three different initial concentrations of carbohydrates. Substrate consumption and the

concentration of metabolites and main components are also showed. No methane amounts were detected during the
fermentation process, evidencing satisfactory inhibition of methanogenic archaea promoted by the pretreatment of
anaerobic sludge.

System S1 S2 S3

Initial carbohydrates concentration 9 mmol/L 30 mmol/L 48 mmol/L
Fermentation time (h) 18 36 48

Medium HH SM HH SM HH SM
Substrate consumption (%) 100 100 84 100 79 86

Final pH 5.3 5.3 4.7 4.7 4.8 4.3

H, Productivity (mL/L.h) 16.98 11.78 37.86 17.70 37.26 29.19

H, yield (mL/gcop) 138.29 + 31 120.96 +27  177.16 + 40 91.53 + 21 152,51 + 35 127.46 + 29
H, yield (molis/molcambonydrates)” 1.28 + 0.01 0.86+0.03  1.75 + 0.08 0.83 + 0.02 1.48 + 0.01 1.20 + 0.02
H, production (mL/L)* 305.60 + 3.3 204.66 + 7.7 1363.08 + 33.5 637.36 + 14.2 1788.69 + 13.3 1401.37 + 26.1
CO, production (mL/L)* 425.34 + 13.6 235.81 + 4.5 1087.81 + 21.4 652.75 + 16.2 1146.52 + 25.4 970.95 + 27.2
Final Acetic acid (mmol/L)*" 9.23+1.1 6.06 + 0.2 18.59 + 1.1 12.87 + 0.4 31.36 + 0.7 1544 + 2.4
Acetic acid production (mmol/L)" 429+0.7 6.06 +£ 0.2 7.69 £ 0.7 12.87 £ 0.4 12.55 + 1.6 1544 + 2.4
Butyric acid production (mmol/L)* 6.40 + 0.4 412+0.2 17.17 £ 0.8 15.79 £ 0.1 21.17 £ 0.01 17.68 +2.2
Ethanol production (mmol/L) 4.20 +0.01 245+ 0.3 4.03+0.6 471+0.2 473+0.2 2.76 £ 0.2
Initial HMF (mmol/L)* 0.12 + 0.04 0 0.51 + 0.05 0 0.74 + 0.05 0

Initial Furfural (mmol/L)* 0.31 + 0.01 0 0.66 + 0.06 0 0.91+0.2 0

& Mean + Standard deviation (n = 3).

® Initial acetic acid concentration: 5.64, 10.90, and 18.81 mmol/L; for media containing respectively 9, 30, and 48 mmol/L of carbohydrate.

values considered inhibitory for dark fermentation. Thus, the
biomass pretreatment conditions allowed the depolymeriza-
tion of sugars with low formation of inhibitory compounds,
avoiding the need for an additional detoxication step. How-
ever, in addition to furanic compounds, acetic acid from HH
can delay the adaptive phase of microorganisms by enhancing
the system osmolarity, decreasing the rate of carbohydrates
consumption in the assays using HH. It will be discussed in
section 3.4.2 in single-stage anaerobic digestion using hemi-
cellulosic hydrolysate or the standard medium.

The profiles of soluble metabolites produced during dark
fermentation using HH are shown in Fig. 2. In S1 (Fig. 2A), S2
(Fig. 2B), and S3 (Fig. 2C) it can be observed the kinetic profiles
of H, and CO, production, along with acetic and butyric acids
formation. Ethanol, HMF, furfural, propionic and formic acids
were also evaluated in these systems. Acetic acid, butyric acid,
and ethanol were the main soluble products after 54 h of
fermentation. The accumulation of these compounds was
expected in the systems due to the absence of non-spore-
forming microorganisms in the medium, such as methano-
genic archaea, which were inhibited in the sludge pretreat-
ment step and would convert VFA and alcohols into CHy [55].

S1 medium achieved the maximum yield in 18 h (305.6 mL/
L). After that, H, dropped down along with CO, consumption
and acetic acid formation (Fig. 2A), indicating a homoceto-
genic activity (Reaction 5).

Most homoacetogenic microorganisms in the fermentation
system belong to the genus Clostridium, which is the same
genus as many of the H,-producing microorganisms. As these
bacteria are spore forming, they are not eliminated during the
sludge pretreatment and can be reactivated when the condi-
tions are reestablished [56]. Identifying and controlling
homoacetogenesis is a massive challenge when mixed cul-
tures are used as inoculum, since H, consumption occurs

simultaneously with its production in these systems. In a
batch mode reactor, until 43% of H, in the reactor can be
consumed by homoacetogenics [53].

In S1, H, consumption was followed by acetic acid gener-
ation; 3.38 mmol/L of acetic acid was produced and
9.33 mmol/L of H, was consumed between 18 h and 42 h of
fermentation. Considering that all the H, consumed were
directed to homoacetogenesis, 2.33 mmol/L of acetic acid
would be formed. The maximum H, production predicted by
the Gompertz equation in S1 was 330.60 mLy,/L
(Supplementary Material). Since this model does not consider
the effects of homoacetogenesis, S1 had an accumulative
deficit of 25 mL H,/L, which was probably consumed for acetic
acid synthesis due to the quick H, accumulation in the liquid
medium.

A different pattern was observed in S2, in which higher
hydrogen production was achieved at 36 h (1363.08 mL/L) and
its consumption started subsequently, with a H, decrease of
13.78 mmol/L until 54 h of fermentation, while only
0.78 mmol/L of acetic acid was produced in the same period. In
other words, acetic acid production was insignificant
compared to the H, consumption. The accumulated volume of
H, in S2 predicted by the Gompertz model was 1493.80 mL/L,
showing a cumulative deficit of 130.72 mLy,/L that apparently
was not directed to homoacetogenesis. In S3, no effects of
homoacetogenesis were observed in the time interval evalu-
ated, probably due to the interruption of the assay at 54 h; thus
the highest H, volume accumulated was achieved in 48 h of
fermentation (1788.69 mL/L). There was low H, (10.44 mmol/L)
and acetic acid (13.38 mmol/L) consumption (Fig. 2C), however
longer fermentation time would be required to explain that. It
is worth mentioning that besides S1, S2, and S3 had different
initial carbohydrates concentrations, they also had different
initial acetic acid concentrations (S1 = 5.64 + 0.44 mmol/L
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(Fig. 2A), S2 = 10.90 + 0.12 mmol/L mmol/L (Fig. 2B), and
S3 = 18.81 + 1.75 mmol/L (Fig. 2C)). Increasing the initial HH
concentration in the systems delayed both production and
consumption of H, in S2 and S3. Therefore, the homoaceto-
genesis observed in S1 could also be observed in S2 and S3
systems in longer fermentation times.

The reaction between acetate and H, (Reaction 6), cata-
lyzed by CoA-transferase to acetyl-CoA, result in ethanol
production, throughout dark fermentation [57].

C2H402 + 2H2—> C2H6O + H2O (6)

Enhancement of hydrogen partial pressure caused by its
supersaturation in the liquid makes changes in the microbial
pathway [58], and may cause the H, consumption to produce
acetate throughout homoacetogenesis. Other metabolic
pathways such as propionic, and formic acids production can
also occur. Increasing organic acids concentration lead to
microbial intracellular pH decreasing, reducing or interrupt-
ing substrate consumption and H, production [41]. In low pH
media, non-dissociated forms of acetic and butyric acids may

promote an increase of osmolarity in the cytoplasm and
activate essential enzymes for solventogenesis, triggering the
production of acetone, ethanol, and butanol [41]. Therefore,
organic acids can interfere in H, production, damaging the
metabolism and cell growth of microorganisms. Previous re-
sults reported in the literature showed that acetic acid has a
negative effect on H, yield at concentrations higher than
11.8 mmol/L, while for acetic and butyric acids together in the
medium the value is 19 mmol/L [59,60]. In this study, due to
the acetyl groups present in the straw biomass, there is acetic
acid in the initial composition of S1, S2 and S3 media,
demonstrated in Fig. 2 (A) and 2 (B), and Fig. 2 (C), respectively.
These concentrations increased during fermentation, due to
the metabolic reactions described above (1—4).

Enhancement of acetic and butyric acids in the medium
decreases the pH, leading to H, consumption and synthesis of
ethanol [61]. In S1, ethanol production started in 12 h of
fermentation and the highest production was 6.12 + 0.44 at
21 h along with the beginning of H, consumption. In S2 the
ethanol production was higher in 18 h (6.60 + 0.86 mmol/L)
and the greatest production in S3 was 7.45 + 0,30 mmol/L at
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36 h of fermentation. All systems had simultaneous accu-
mulation of H, and production of ethanol, acetic, and butyric
acids but this phenomenon was less observed in S1.

The optimal pH range for dark fermentation of hemicellu-
lose using consortium of microorganisms is 5—6.5 [62]. How-
ever, fermentation at initial acidic conditions, in addition to
facilitating the pH conditioning step after acid pretreatment of
lignocellulose is also appropriate for ethanol-type fermentation
[63]. Ethanol was detected in all systems evaluated. Metabolic
targeting of the fermentation process for ethanol production
also rose due to the high H, partial pressure. NAD(P)H formed
by consumption of H,, a product of acetic-butyric pathway,
carries electron reduction of Acetyl-CoA into ethanol by acet-
aldehyde dehydrogenase and ethanol dehydrogenase
(ELBESHBISHY et al., 2017; MORAES et al., 2019; YANG; WANG,
2018). Antonopoulou and co-workers (2008) also observed this
behavior in dark fermentation in the pH range from 4.7 to 5.5
using hemicellulosic fraction of sorghum as raw material,
achieving a concentration of 13.76 mmol/L of ethanol; in that
study manure was the inoculum and the biomass was hydro-
thermally pretreated [64]. Carrillo-Barragen (2019) and collab-
orators evaluated several pH ranges in the fermentation media
using different types of inoculum (manure, rumen, and
anaerobic sludge) and the consequent ethanol production;
ethanol was the main soluble product in fermentation media
using anaerobic sludge as inoculum in pH 5.5 showing a pro-
duction of 41 mmol/L, superior to fermentation applying
manure (22 mmol/L) and rumen (12 mmol/L) [63].

Xylose is the main carbohydrate in the systems S1, S2, and
S3 and up to 40% of this pentose can be consumed by the
phosphoketolase pathway and acetyl-P and converted to
ethanol and acetate by Clostridium [65,66]. Reactions 7 [64]
and 8 [57] show the production of ethanol using glucose and
xylose as substrates:

Ethanol solventogenesis (from glucose): C¢H1,06 —
2C,H0 + 2 CO, @)

Ethanol solventogenesis (from xylose): 3CsH;00s— 5C,HeO + 5
CO, (8)

H, is produced during sugar metabolism and it could be
also consumed for ethanol generation. Supposing that the H,
consumption rate was lower than the H, production rate, it
would be observed a hydrogen accumulation in the biogas
even though part of this gas was used in another reaction.

Propionic acid was also observed in the beginning of the
process, possibly due to the degradation of organic complex
compounds in the anaerobic sludge. In addition, propionic
acid is a common intermediate of sugars metabolism in me-
dium with high H, accumulation [67]. Its consumption
observed in S2 (Fig. 2 (B)) is probably related to anaerobic
oxidation of H, and acetate production. Formic acid is also a
substrate for anaerobic bacteria [68]. The catalysis reaction of
formic acid to H, is carried out by the FHL (formate-hydro-
genlyase) complex [69], and its biosynthesis depends on the
acid concentration in microbial cells. According to Yoshida
et al. (2005), a formic acid concentration of around 25 mmol/L
is required to be used as a substrate by microorganisms [70].
The formic acid concentrations in S1 (2.65 + 0.40 mmol/L), S2

(5.12 + 0.80 mmol/L), and S3 (6.85 + 0.22 mmol/L) were con-
stant for 54 h of fermentation, with no significant consump-
tion. Therefore, due to the low concentration in the systems
and the prioritization of other carbon sources by the micro-
organisms, formic acid only contributed to the increase in the
osmolarity of the fermentation medium.

Furfural and HMF were completely consumed in S1
(0.31 + 0.01 mmol/L) and S2 (0.66 + 0.06 mmol/L) (Fig. 1 (A), and
(B), respectively). Some gram-negative bacteria are able to
prevent and repair the damage caused by furanic compounds,
such as Escherichia coli and Thermodesulfovibrio sp, which are
present in sewage sludge and can degrade furan compounds
and use it as a carbon source during the growth phase [71,72].
Thus, some of the microorganisms could assimilate furanic
compounds. In S3, the furfural concentration at 54 h of
fermentation (0.94 + 0.08 mmol/L) was statistically equal to
the initial (0.91 + 0.2 mmol/L), showing that it was not
consumed.

In S1, the highest H, production was achieved after 18 h of
fermentation (305.60 mLy,/L), corresponding to a yield of
1.28 mol H,/mol carbohydrates. However, it was still lower
than the yields obtained in both S2 and S3 (Table 2). In S2, H,
production and yield was higher than S1 and S3 although the
carbohydrates were not totally consumed in 36 h. Comparing
HH with SM (Table 2), the enhancement of the initial substrate
concentration consequently increased the initial acetic acid
concentration from HH. Besides the furanic compounds,
acetic acid from HH increased system osmolarity and can also
contribute to delay the adaptive phase of microorganisms,
decreasing the rate of carbohydrates consumption. In S3, the
sugars available were not completely assimilated in 54 h of
fermentation, and 15% of the substrate was not consumed by
microorganisms, probably due to the higher initial concen-
tration of carbohydrates (48 mM). In this condition, xylose was
part of the residual sugar in the medium. The impacts were
mainly in the uptake of carbohydrates, in which the excess of
substrate in the system provided catabolic repression and
could have influenced the symporter system [73,74]. Although
S2 demonstrated a shift route to ethanol-type fermentation
and a limitation in the H, production, the best fermentation
results were obtained in this condition, achieving the
maximum volumetric production of 1363 mLy,/Lin 36 hand a
yield of 1.75 mol H2/molcarbohydrates as showed in Table 2.

Based on the different parameters analyzed, such as sub-
strate consumption, H, production, yield, and productivity, the
condition applied in S2 was selected for the subsequent ex-
periments for CH, production (section 3.3). Table 3 summarizes
the results reported in the literature related to H, production
using hemicellulose fractions obtained from acid, hydrother-
mal and steam explosion pretreatments of different types of
biomasses compared to this study. The use of straw for H,
production is not trivial, but it has been emerging as potential
raw material. It is important to mention that the results ob-
tained in this study were superior to the previous studies re-
ported in the literature containing equivalent carbohydrate
concentrations, compared to the production applying pure or
mixed culture of microorganism as an inoculum.

The decrease of the partial pressure of H, by increasing the
headspace volume could be a strategy to improve system
stabilization and H, production. In addition to that, the
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m01carbohydrates)

(mL/L)
472

Soares et al. 2019

1.44

Anaerobic sludge

Hemicellulose Hydrothermal

Sugarcane

bagasse
Sugarcane

DE SA et al. 2020

1.55

352.22

Anaerobic sludge

Hemicellulose Diluted acid

bagasse
Sugarcane

Thungklin et al. 2018

1.59

1982

63

Hemicellulose Steam explosion Anaerobic sludge

bagasse
Sugarcane

Fangkum e Reungsang, 2010

0.84

1314.65

70

Elephant dung

Hemicellulose Diluted acid

bagasse
Cashew apple

SILVA et al., 2018

0.10

126

108

Clostridium roseum ATCC 17797

Hemicellulose Diluted acid

bagasse
Sugarcane straw Hemicellulose Diluted acid

Sugarcane straw Hemicellulose Diluted acid

This work
This work
This work

1.28
1.75
1.48

305.60

Anaerobic sludge

1363.08
1789

30
48

Anaerobic sludge

Anaerobic sludge

Sugarcane straw Hemicellulose Diluted acid

removal of H, from the medium during fermentation has
demonstrated positive impacts on overall yield [75], and a
continuous system could decrease the impacts of organic acid
accumulation, such as increased osmolarity in the system,
caused by the high content of soluble metabolites in the me-
dium. Hence, it can reduce damaging effects on H, production.

Therefore, through the results obtained in the conditions
studied, the experimental condition applied in S2 was the
most appropriate for H, production via dark fermentation.
Moreover, this work demonstrated the great potential of
hemicellulose fraction and its positive use associated with
mixed cultures of microorganisms for H, production. More-
over, the furanic compounds from the biomass pretreatment,
as shown in Table 2, did not affect the system. Thus, this is a
promising approach to add value to the C5 fraction, inte-
grating sugarcane straw into the biorefinery, which is a
biomass not fully explored in the sugarcane industry due to
the impurities associated with its nature.

Methane production

Methanogenic stage of two-stage anaerobic digestion (TS-AD)
was performed using the effluent from H, production, EHP
collected at 36 h, as raw material for the second step. The
COD:SSV ratio of S2 condition (0.77:1) was applied. Compara-
tively, the single-stage anaerobic digestion (SS-AD) used both
hemicellulosic hydrolysate (SS-AD HH) or the standard me-
dium (SS-AD SM). In the SS-AD HH and SS-AD SM, the initial
sugar concentration of 30 mM was directly digested. Standard
medium composed of only standard sugars (30 mM) was
comparatively digested with HH, in SS-AD, to understand the
influence of HMF and furfural on biogas production.

Methanogenic stage of two-stage anaerobic digestion

Since the COD removal in H, production is low, the acido-
genesis and methanogenesis phase separation is a strategy to
increase the overall biogas production by energy recovering
from the fermentation stage. In S2, the COD removal was only
10% due to the accumulation of VFA and ethanol in the liquid
phase during the fermentation process, such as acetic acid, a
by-product of sugar degradation and a direct substrate for
acetoclastic methanogenic archaea [76,77]. Moreover, as
observed in Fig. 2 (B), furanic compounds were totally
consumed in fermentation stage, promoting some level of
medium detoxification for methanogenesis.

The soluble metabolites produced in the first stage (butyric,
formic, propionic acids, and ethanol), and non-consumed
carbohydrates can be converted into CH,; by methanogenic
archaea in the second stage. Fig. 3A shows CH,4 accumulation
during the methanogenesis stage, the prediction CHy by the
modified Gompertz equation and the concomitant consump-
tion of VFA and ethanol.

As shown in Fig. 3A, the maximum volume of CH, accumu-
lated was 908.8 + 52.1 mL/L after 35 days of AD, corresponding to
ayield of 119.3 + 6.84 mLcua/gcop. Most of the initial metabolites
were consumed in 21 days. The difference in CH, production
until 35 days was only 7%. Indicating that the production could
be interrupted in 21 days of AD with specific volume accumu-
lated of 842.46 + 53.9 mLcua/L medium, 110.59 +6.97 mLcpa/gcop of
yield, and a 91% COD reduction (Fig. 3B).
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Initially, xylose, ethanol, propionic acid, butyric acid, and
formic acid were gradually consumed, culminating in an
acetic acid accumulation and biogas generation. From 14th
day onward CH4 and CO, were formed through acetoclastic
methanogenesis. Acetate and H, can be produced from xylose
(Reaction 1) and butyric acid (Reaction 9), while formic acid
(Reaction 10) can be oxidized to H, and CO, [78,79]. However,
H, was not detected in the methanogenic stage of TS-AD
probably due to its quick consumption by homoacetogenic
bacteria and hydrogenotrophic methanogenic archaea to
produce acetate (Reaction 5) and CH,4 (Reaction 11), respec-
tively [80]. This study was carried out without medium
agitation to decrease the gas transfer from the liquid to the gas
phase, which makes H, available for these microorganisms
[22]. Although CO, is a direct substrate in the hydro-
genotrophic pathway, it is also produced in acetate route for
CH, production (Eq. (12)).

CH5CH,CH,COOH +2H,0 — 2 CH3COOH + H" + 2H, 9)
HCOOH © CO, + H, (10)
4H2 + C02 g CH4 + 2H20 (11)

All metabolites initially produced were gradually
consumed along with biogas production. In 35 days of AD,
none of the initial metabolites was measured. Therefore, to
continue the anaerobic digestion for more than 35 days would
not bring relevant gains to the system.

Single-stage anaerobic digestion using hemicellulosic
hydrolyzate or the standard medium

Fig. 4 A shows the total consumption of carbohydrates, and the
accumulation of VFA in the first 4 days of AD, accompanied by a
slight CH,4 production. This is characteristic of the acidogenesis
step of AD, in which carbohydrates are converted into soluble
organic compounds such as VFA, alcohols, H,, and CO,. In the
same period, AD using SM (Fig. 4C) presented a CH, accumu-
lated 56.8% higher than the HH medium, which contains sugars,
VFA, and furanic compounds. This result could be due to the
composition of each raw material, being HH more complex than
SM. According to Siegert and Banks (2005), the concentration of
organic acids higher than 4 g/L provides inhibitory effects on AD
[81]. The acids analyzed here were acetic, formic, butyric, and
propionic, which achieved the maximum concentration on the
7th day of AD inboth SM and HH, accounting for around 3 g/L, ie,
not exceeding the amount mentioned as inhibitory. However,
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as previously described, a high concentration of acids can in-
fluence the metabolism of methanogenic archaea. As observed
in Fig. 4A and C, HH and SM used as raw material in SS-AD
promoted rapid accumulation of VFA due to the fast con-
sumption of sugars in the acidogenesis step. Then, these VFA
produced has slower consumption in methanogenesis
compared to its formation in acidogenesis [82].

As mentioned before, HH is more complex than SM. HH
has an initial concentration of acetic acid (10.72 + 0.38 mmol/
L), HMF (0.46 + 0.04 mmol/L) and furfural (0.77 + 0.06 mmol/L)
derived from the acid pretreatment, which could be related
to the slower CH4 production rate compared to SM. HMF and
furfural were unable to interfere in H, production, although
the carbohydrate consumption rate was lower in fermenta-
tion using HH when compared to SM (Table 2). The effects of

HMF and furfural on CH, production were clear during the
adaptive phase (Fig. 4A). The results obtained and some
previous studies available in the literature suggest the
interference of HMF and furfural in the growth phase of
methanogenic microorganisms, as they are less tolerant to
these compounds than H,-producing organisms [42,83].
Therefore, the initial production phase in HH is slower than
in SM (Fig. 4A and C). At the end of AD, the microbial com-
munity consumed furanic compounds in the medium, since
microorganisms such as Clostridium spp. and Lactobacillus
spp. can convert furfural into furfuryl or furanoic alcohol and
use them as a substrate for methane production [82,84].
Phenolic compounds (not quantified) from lignocellulosic
biomass can also negativelly impact AD [85]. After the 14th
day, HH and SM systems exhibited a significant rise in CH,

Table 4 — Comparative evaluation of CH, production using EHP (Effluent from hydrogen production), HH (hemicellulosic

hydrolysate), or SM (standard medium) as raw material and its respective production volume (mL), yield (mLcpua/gcop or mL
cHa/MOlearbohydrates), productivity (mL/L.d) and COD reduction.

Raw Initial COD (g/  Production Yield (mLCH4/ Yield (mL/mol Productivity (mL/ COD reduction
Material L) (mL/L) gCOD) carbohydrates) L.d) (%)
EHP 7.6+0.1 842.46 + 54 110.59 + 6.9 = 40.12 91
HH 7.7 + 0.6 1612.55 + 13 209.58 + 1.6 60.18 + 0.4 46.11 88
SM 3.8+0.1 811.42 + 47 213.45 + 12 3193 +1.9 23.18 80

@ Mean =+ Standard deviation (n = 3).
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Table 5 — Comparative studies of two-stage or single-stage anaerobic digestion using agro-industrial wastes.

Biomass Raw Material Inoculum Operation Single-stage  Operation Two-stage References
process T process H, CH,

Coffee husks Hemicellulose Anaerobic sludge Batch 91.1 mL/gcop Batch 55.8 mL/gcop 284.3 mL/gcop Santos et al. 2018

Grains Vinasse Anaerobic sludge Batch 250 mL/gssy  Batch 14.8 mL/gssy 274 mL/gssy  Fu et al. 2017

Cheese Cheese whey — Continuous 31.9 mL/gcop Continuous 42mLl/gcop  37.2mL/gcop Antonopoulos et al. 2008

= Standard xylose + yeast extract Anaerobic sludge — Batch 179 mL/gcop  202.5 mL/gcop Cheng et al. 2012

Sugarcane Hemicellulose Anaerobic sludge - Batch 33 mLl/gcop 244 ml/gcop Thungklin et al. 2018
bagasse

Agave tequila bagasse hydrolysate Anaerobic sludge Continuous — Continuous 124 mL/gcop 320 mL/gcop  Corona et al. 2018
vinasse

Sugarcane Molasse Anaerobic sludge — Semi-continuous 1.4 mL/gssy 17.7 mL/gssy  Park et al. 2010
bagasse

Sugarcane Hemicellulose Sludge + manure Batch 170 mL/gcop  246.4 mL/gcop Adarne, 2017
bagasse

Sugarcane Hemicellulose Raw sludge Batch 173 mL/gcop  Batch 43.8 mL/groc 340 mL/gcop Baeta 2016
bagasse

Sugarcane Hemicellulose Anaerobic sludge Batch 209.6 mL/gcop Batch 117.2 mL/gcop 110.6 mL/gcop This study
straw

Sugarcane Sugarcane bagasse Activated sludge Batch 247.6 mL/gssy Ali et al. 2017
bagasse

Sugarcane Sugarcane bagasse Anaerobic sludge Batch 132 mL/gSSV Zou et al. 2018
bagasse

Sugarcane Liquid waste from alkaline and oxidative pretreatments Anaerobic sludge Batch 273 mL/gCOD Bittencourt et al. 2019
bagasse

Sugarcane Residue from hydrothermal pre-treatment Anaerobic sludge Batch 358 mL/gcop Buitrén et al. 2019
bagasse

Sugarcane Hemicellulose Anaerobic sludge Batch 316.1 mL/gcop Sanchez-Herrera et al. 2018
straw

Sugarcane Cellulose Anaerobic sludge Batch 342.7 mL/gcop Sanchez-Herrera et al. 2018
straw

Sugarcane Sugarcane straw Anaerobic sludge Batch 231 mL/gssv Janke et al. 2017
straw

Filter cake Filter cake Anaerobic sludge Batch 231 mL/gssyv Janke et al. 2017
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production and, consequently, showed a high consumption
of VFA (Fig. 4A).

The maximum specific volume of CH, accumulated using
HH was 1612.6 + 12.68 mLcpa/L, with a yield of 209.58 + 1.65
MLcua/gcop (60.18 + 0.39 mMLcpa/MOlearbonydrates) and 88%
reduction of COD (Fig. 4B), while in the assay using SM
composed only of sugar standard, the maximum volume of
accumulated CH, was 811.42 + 47.2 mLcypa/L, with a yield of
213.45 + 12.40 mLcpa/8cop (31.93 + 1.86 MLcua/MOlcarbohydrates)
and 80% reduction of COD (Fig. 4D). The SM presented a higher
COD yield because this system has less initial organic load
than the HH. Thus, the yield was also calculated on a molar
basis of carbohydrates for comparison. The difference in CHy
production between the two systems is due to the initial acetic
acid in HH, which acts as an additional substrate for CH,
production.

Table 4 summarizes the conditions employed to produce
CH4 in the methanogenic stage of TS-AD using EHP and SS-AD
with HH or SM as raw materials and their respective produc-
tion, yields, and productivity.

The results clearly demonstrated that compounds from
HH, such as formic acid, HMF, and furfural, can negatively
affect the CH,4 production in the beginning of AD, as after its
total consumption an increase in CHy production can be
observed. Therefore, this study showed the potential of
hemicellulosic fraction obtained from sugarcane straw pre-
treated with diluted acid for CH, generation. Although the
sequential process resulted in a lower yield (110.59 mLcpa/
gcop) compared with the SS-AD (209.58 mLcya/gcop), the pro-
ductivity of TS-AD (40.12 mLcus/L.d) was similar to SS-AD
(46.11 mLcya/L.d), as the methane production in TS-AD can
be interrupted at the 21st day. Table 5 shows comparative
studies of methane production directly and sequentially from
different biomasses.

It is important mentioning the EHP generated in this study
presented lower residual sugar and a higher amount of sub-
strates not directly consumed by microorganisms when
compared to HH, which is carbohydrate-rich, facilitating some
steps of microbial metabolisms, such as cell growth [86]. In
addition, CH, production sequentially to H, production
resulted in 91% COD reduction, while SS-AD HH resulted in
88% of COD removal. However, in SS-AD, the energy potential
for CH,4 produced per day of anaerobic digestion would be 60 J/
d, while in TS-AD, the overall energy potential (H, + CH,)
would be 90 J/d, approximately 33% higher than SS-AD.

The major advantages of the TS-AD were: sequentially
production of two gases of industrial interest, reduction of
retention time in 14 days, which represents a gain in pro-
ductivity, and higher energy potential for CH, produced per
day of anaerobic digestion. Furthermore, the acidogenesis
stage played a detoxification role of raw material (EHP) for the
sequential production of CH,, enabling a faster CH, accumu-
lation, greater stability of the process, and energy recovery in
the fermentation phase. TS-AD was considered successful in
literature reports, however, the techno-economic analysis of
the overall system needs to be deeply studied to analyze the
capital cost to produce the two gases sequentially.

Conclusion

Hemicellulose hydrolysate is an attractive raw material for
two-stage anaerobic digestion. Higher H, yield and volumetric
production were obtained in the condition tested in S2 (30 mM
— sugar concentration), which represents 4 times more H,
when compared to S1 (9 mM — sugar concentration). HMF and
furfural were not inhibitory compounds of H, production,
however, impacted the substrate assimilation by the meth-
anogenic microorganisms. The two-stage anaerobic digestion
resulted in 91% COD removal and a CH, production rate of
40.12 mL/L.d. The two-stage anaerobic digestion overall en-
ergy potential was 33% higher than those of the single-stage
process.
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20.1 Introduction

Global primary energy consumption increases yearly, and in 2019, 84% of total
consumed energy was obtained from fossil fuels (Statistical Review of World Energy,
2021). The uncontrolled use of this type of resource results in increased carbon dioxide
emissions and environmental problems, which motivates nations to seek solutions
through environmental treaties. In 2015, the Paris Agreement, a United Nations treaty,
was created to reduce greenhouse gas emissions and control the increase in global
temperature from 2020 (Christensen; Olhoff, 2019, Hohne et al., 2019). Therefore, the
production of fuels and chemicals from renewable sources stands out as a viable way to
achieve the goals established in this agreement and has become a priority in the energy
policy strategies of several countries (Straathof, 2013; Straathof and Bampouli, 2017;
Saravanan et al., 2020; Lin and Lu, 2021).

Within this scenario, Brazil stands out for its production of biofuel and
replacement of fossil fuels. The history of biofuel production in Brazil started at the
beginning of the 1970s, with the creation of the National Fuel Alcohol Program (Pro-
alcool). The program was focused on ethanol production from sugarcane, also known as
first-generation ethanol (1G) (Saravanan et al., 2020). Initially, the program predicted the
mandatory blend of 20% ethanol (E20) to gasoline or the use of 100% ethanol (E100) in
cars equipped with special engines. Currently, the Brazilian legislation establishes that
the government can fix the blend of ethanol to gasoline between 18 and 27%. The
percentage is determined by the government according to the legislation of each state and
market factors.

The increased demand for renewable liquid fuels and the emergence of cars with
flex-fuel engines (compatible engines with any ethanol/gasoline blend) promoted the
progress of fuel technology obtained from biomass, also known as second-generation
ethanol (2G). In 2019, over 94% of new cars licensed in Brazil were flex-fuel (Anfeva,
2020) and 69.5% of the entire light vehicle fleet was made up of vehicles with this type
of engine (Sindipecas, 2020).

Second-generation ethanol has a great potential to replace fossil fuels partially and
aggregate value to agricultural waste, as it is usually obtained from lignocellulosic
biomass, which is composed of cellulose, hemicellulose, and lignin. This is a complex,
heterogeneous and recalcitrant material; therefore, the biggest challenge for this

technology is biomass deconstruction. The use of enzymes to hydrolyze that material has



been beneficial because it shows high specificity, low energy consumption and chemical
products, and the generation of less toxic waste (Binod et al., 2011).

Beyond bioethanol, biodiesel, another renewable fuel was implemented in the
Brazilian energy matrix, through the creation of the National Program of Production and
Use of Biodiesel (PNPB). The program initially provided a mandatory blend of 2% (B2)
of biodiesel to diesel until 2008 (Ribeiro and Silva, 2020). Currently, the mandatory blend
is 13% (B13), with an expectation of an increase to 15% in the coming years (MME,
2020).

Biodiesel, composed of monoalkyl esters produced from vegetable oils or animal
fats, has similar properties to petro-diesel. Its burning results in lower emissions of
particulates, CO, SOx, and aromatic hydrocarbons (Robles-Medina et al., 2009).
Currently, the predominant technology for biodiesel production is alkaline
transesterification with methanol. However, this type of production presents several
difficulties, such as the generation of large amounts of highly alkaline effluents,
generating enormous environmental impact, the formation of glycerol contaminated with
alkaline catalyst, and the difficulty in recovering the catalyst. In addition, this route
requires high-quality raw materials, being responsible for some 80% of the final costs of
biodiesel production (Demirbas, 2007; Pourzolfaghar et al., 2016; Robles-Medina et al.,
2009; Sharma et al., 2008).

Therefore, innovation for biodiesel production is centered on the transition of
biocatalysis processes, using lipases as a biocatalyst and, more recently, microbial
processes. The use of lipases or whole cells in biodiesel production has the advantage of
relatively simple downstream processing steps to purify biodiesel and glycerol. In
addition, enzymatic processes allow the use of cheaper raw materials, which contain high
levels of FFA (free fatty acids) and water, as lipases can catalyze esterification and
transesterification reactions (Aguieiras et al., 2013, 2017; Souza et al., 2009; Zeng et al.,
2017; Zheng et al., 2020).

In addition to the forms mentioned above, ethanol and biodiesel can be produced
using microalgae. These organisms are viable biomass sources to produce biofuels, also
known as third-generation (3G) (Lin and Liu, 2021). The production of ethanol or
biodiesel depends on the type of microalgae. Some species of microalgae, when grown
under stress, accumulate lipid. These can later be used in the production of biodiesel.
Other microalgae species are rich in carbohydrates, which can be used to produce ethanol

and other chemical compounds (Souza et al., 2020).



Beyond the liquid fuels from biomass, studies of the production of biogas, such as
hydrogen and methane, should not be neglected. The production of these gases occurs in
a process called anaerobic digestion (AD). This technology is considered a viable
technology for treating organic waste through the action of microorganisms with
subsequent generation of bioenergy and fertilizers (Holm-Nielsen et al., 2009; Mao et al.,
2015). Several materials rich in organic matter can be used as raw materials for AD, such
as wastes and effluents generated in the production chains of ethanol and biodiesel
(Dawood et al., 2020). In addition, anaerobic digestion leads to a reduction in the emission
of greenhouse gases, a reduction of pathogens through sanitization, and the final residue
could be used as fertilizer (Holm-Nielsen et al., 2009; Mao et al., 2015).

Last but not least, the search for more sustainable and ecological processes based
on the circular economy is needed for the most different production chains, not only in
the biofuel sector. In a biomass-based chemical industry, biomass can be exploited
directly or as a source of platform molecules, such as those obtained by the petrochemical
industry (Soccol et al., 2011; Straathof, 2013; Straathof and Bampouli, 2017). According
to Straathof (2013), in 2013 there were already at least 22 types of industrial or pilot-scale
chemical production processes from biomass, including the synthesis of different classes
of compounds: hydrocarbons, alcohols, carbohydrates, carboxylic acids, esters, amines,
and amino acids.

In summary, the production of biofuels, bioenergy, and biochemicals from
biomass is of great interest to support Bioeconomy development and to achieve the goals
of environmental treaties. Considering the massive generation of agricultural residues,
such as lignocellulosic and oleaginous residues in Brazil annually, their processing
through sustainable technologies is a strategic aspect. Figure 20.1 summarizes some
opportunities considering the integration of the sugar and oil biorefinery, mainly fostered
by biofuels production chains. The large amount of fuels required in the current society
drives the development of new technologies, however, the concept and the exploitation
of biorefineries is still a potential. This chapter will cover the production of bioethanol
and biodiesel from biomass (plant and microalgae), besides biogas and chemical
products, focusing on microbial and enzymatic approaches.

Although the opportunity for the biorefinery so far, has resulted mainly from the
demand for fuel, the next steps and the most effective transition to the use of electric and
hydrogen cars in the market are still being defined in different world markets, and also in

Brazil (Noussan et al, 2021). It is clear that Brazil has favorable conditions to give a huge
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contribution to the decarbonization of the local and world economy, and the country also

has enormous potential for the establishment of a Bioeconomy. As an example, but

without any intention of exhausting the theme, the figure below contemplates an

integrated sugar and oil biorefinery, envisioning two major processes that use renewables

in Brazil, the production of ethanol and biodiesel, generating large volumes of products.

It will be a natural transition for the diversification of products in these two production

chains. The fuel sector is changing, and the chemical industry is still in deficit

(ABIQUIM, 2021)
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Figure 20.1. Sugar and oil biorefinery integration
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Around 589 million tons of agricultural residues are produced annually in Brazil,
e.g. sugarcane straw and bagasse, soybean straw, maize stover and cob, rice straw, and
several residues from fruit production (Aradjo et al., 2019). Among those, the residues
from sugarcane cultivation are still the most represented, a consequence of the production
of 1G ethanol and sugar. Indeed, Brazil is the world’s largest producer of sugarcane,
reaching a harvest of 654.8 million tons in 2020/21, which was used for the production
of approximately 32.8 billion liters of ethanol and 41.25 million tons of sugar (CONAB,
2021). Most commercial sugarcane varieties have an average bagasse and straw yield of
140 kg each per ton of milled sugarcane (dry basis) (Pippo et al., 2011). Thus, considering
these numbers, it is estimated that approximately 183 million tons of bagasse and straw
(dry weight) were produced in the 2020/21 harvest in Brazil.

A priori, the bagasse was used for energy self-sufficiency of the plants, producing
steam in boilers to feed the industry equipment. However, with the development of high-
pressure boilers (Dias et al., 2012), electricity cogeneration from sugarcane biomass
became a profitable strategic option of bioenergy source in Brazil (Chandel et al., 2019;
Watanabe et al., 2020). The bioelectricity from sugarcane biomass increased from 4 to
7% of Brazil's total electricity between 2010 and 2020 (Bujan, 2020; Watanabe et al.,
2020; Brasil, 2020 a,b). Over the recent years, the sugarcane straw has become available
in large quantities in the field due to the transition from manual to mechanical harvesting,
pushed by the elimination of straw burning before sugarcane harvesting (Franco et al.,
2018; Gonzaga et al., 2019; Watanabe et al., 2020). Such transition resulted in increased
sugarcane straw availability, which represents not only a great opportunity for second-
generation ethanol production and bioelectricity cogeneration, but also a new challenge
to map the best destination and processing. The agronomic and environmental
implications of straw sugarcane removal from the field, the appropriate amount of
removal, and their potential for electricity production have recently been studied by the
Sugarcane Renewable Electricity Project (SUCRE) (Carvalho et al., 2016; Gonzaga et
al., 2019; Sampaio et al., 2019 and Watanabe et al., 2020). Interestingly, considering the
use of 50% of the straw, an additional 35 Terawatt-hour (TWh) could be exported to the
Brazilian grid yearly (SUCRE, 2017). Besides, as the bioelectricity from sugarcane is
generated during sugarcane harvesting in the dry season —when the hydroelectric
reservoirs are at low levels— it complements the hydroelectric generation (Carpio and
Souza, 2017).



Although sugarcane biomass bioelectricity generation is a profitable residue
management process, it does not hamper the cellulosic ethanol technology
implementation. The coproduction (bioelectricity and cellulosic ethanol) following the
level of aversion to risk of the sugarcane industry, would represent, according to Carpio
and Souza (2017), the best scenario of biomass use. The next topics will focus on the
production of cellulosic ethanol, presenting the main process steps and the perspectives

on biomass processing for composites and chemicals production.

20.2.1 Cellulosic Ethanol: Worldwide Production and Feedstock Description

Cellulosic ethanol is an alternative for the diversification of energy sources and
decarbonization of the transport sector, due to the reduction in greenhouse gas (GHG)
emissions when compared to fossil-based fuels and conventional (starch and sugar)
ethanol. One of the major challenges is to degrade the highly recalcitrant lignocellulosic
biomass into simple carbohydrates at the industrial scale. Among the options available
for biomass conversion into simple sugars, enzymatic hydrolysis has been the technology
chosen by the commercial plants that produce cellulosic ethanol (Padella et al., 2019).

Cellulosic ethanol technology has been under development for many years, and
its commercial production in Brazil only became reality in 2014. However, since 2015,
the production capacity remains unchanged (127 million liters). The production follows
the same pattern, as in 2020/21 the estimated production is 32 million liters, similar to
2019/20 (30 million liters) (Barros, 2020). In the European Union (EU), the production
capacity is currently 60 million liters, and although the capacity could increase to 240
million liters in 2020, the actual production is expected to be no more than 50 million
liters (Flash et al., 2020). A similar production number was observed in the United States
(US). In 2019, 15.5 million gallons (60 million liters) of liquid cellulosic biofuel were
produced, and according to the projection of the Environmental Protection Agency
(EPA), the production will continue to be around 15 million gallons (Environmental
Protection Agency (EPA), 2020).

20.2.2 Lignocellulosic Biomass Components and Biomass-Degrading Enzymes



20.2.2.1 Composition of Lignocellulosic Materials

Lignocellulosic biomass is mainly composed of cellulose, hemicellulose, and
lignin but can also contain small amounts of pectin, proteins, extractives, and ash.
Typically, the distribution of biomass components is 30-50% cellulose, 20-35%
hemicellulose, and 15-35% lignin, depending on their origin.

Lignin is an aromatic macromolecule present in all vascular plants and is known
to bind physically/chemically to cellulose and hemicelluloses by covalent bonds. Lignin
is not evenly distributed in the cell wall; it is absent in the primary cell wall, found in high
concentration in the cell corner middle lamella followed by compound middle lamella,
and found in low amount in secondary wall regions (Gellerstedt and Henriksson, 2008;
Wang et al., 2017). The presence of lignin in the plant cell wall provides the plant tissue
with stiffness, impermeability, and resistance to microbial and mechanical attacks
(Grabber, 2005; Mishra et al., 2007). Consequently, lignin imposes one of the main
limiting factors on the enzymatic attack of biomass carbohydrates (cellulose and
hemicellulose) by hindering the access of enzymes to the substrates and/or promoting
unproductive adsorption of cellulases through charged and uncharged interactions (Zhu
et al., 2008; Kumar et al., 2012; Wang et al., 2017; Yoo et al., 2020). The influence of
lignin on cellulose conversion has recently been discussed in lignocellulosic biomass
conversion reviews (Zoghlami and Paés, 2019; da Silva et al., 2020). Lignin is formed by
the polymerization of phenyl-propane alcohols, namely p-coumarilic, coniferilic, and
synapilic alcohols, which differ in structure, depending on the type of plant (Laurichesse
and Averous, 2014). In coniferous (softwood) trees, lignin consists almost exclusively of
coniferilic alcohol, with small amounts of p-coumarilic alcohol. In hardwoods, both
coniferilic and synapilic alcohols are present, while in monocots, such as sugarcane, all
three alcohols are present as lignin precursors (Fengel and Wegener, 1984; Sjostrom,
1993; Sakakibara and Sano, 2001; Yu et al., 2014).

The hemicelluloses are branched/unbranched heteropolymers with low molecular
weight, having a degree of polymerization of 80-200 (Peng et al., 2012; Mota et al.,
2018). Hemicelluloses could be divided into four major classes, namely xylans, mannans,
xyloglucans, and mixed-linkage B-glucans (Qaseem et al., 2021). Hemicellulose may
include pentoses (xylose and arabinose), hexoses (mannose, glucose, galactose), and/or

uronic acids (glucuronic and galacturonic acids), which are connected to each other



mainly through B -(1—4) glycosidic linkages but also by B -(1—3), B -(1—6), a-(1—2),
a -(1—-3), and a -(1—06) glycosidic bonds in branches. Other sugars such as rhamnose
and fucose may also be present in small amounts, and the sugars’ hydroxyl groups may
be partially replaced by acetyl groups (Girio et al., 2010). The variety of linkages and
branching, as well as the presence of different monomer units, contribute to the structural
complexity of hemicellulose, which thus requires a complex enzyme system for its
degradation (Mota et al., 2018). However, as the hemicelluloses are amorphous and have
little physical strength, their hydrolysis is easier than the hydrolysis of cellulose. Many
studies have reported hemicellulose removal for improving cellulose enzyme
accessibility and hydrolysis rate (Leu and Zhu, 2013; Lv et al., 2013; Kruyeniski, 2019).
Due to the variety of components in its structure, hemicellulose is considered a promising
alternative for replacing fossil resources with many important fuels and biopolymers
(Isikgor and Becer, 2015; Zhou et al., 2017; Dulie et al., 2021; Qaseem et al., 2021).

Cellulose is the most abundant organic polymer in nature and the major
constituent of plant cell walls, with an annual production estimated at 1.5 x10%? tons
(Klemm et al., 2005). Cellulose is defined as a linear polymer consisting of glucose
residues connected by type PB-(1,4) glycosidic linkages. The formation of B-(1,4)
glycosidic bonds requires that adjacent residues be positioned 180° relative one to
another, forming cellobiose units (O’Sullivan, 1997). The degree of polymerization of
plant cellulose ranges from 500 to 15,000 d-glucose residues, depending on its location
in the primary or secondary cell wall (Albersheim et al., 2011). The linear character
observed in cellulose chains allows adjacent chains to be positioned close to each other
(Dufrense, 2012). Thus, cellulose chains are aligned in strands forming organized fibrils.

Cellulose microfibrils contain crystalline and amorphous regions. The crystalline
regions consist of highly ordered cellulose molecules derived from the organization of
cellulose chains linked by hydroxyl groups to form intra- and intermolecular hydrogen
bonds in different arrangements (Djahedi et al., 2015), while the molecules are less
ordered in the amorphous regions (Park et al., 2010). The crystalline regions are more
recalcitrant to enzymatic attack, while the amorphous regions are more readily
hydrolyzed (Cao and Tan, 2005; Van Dyk et al., 2012). Not only the cellulose crystallinity
index but also the degree of polymerization (DP) affects cellulose recalcitrance, as
celluloses with low DP are usually more easily hydrolyzed (Meng et al., 2017; Mattonai
et al., 2018).



20.2.2.2 Cellulose-Degrading Enzymes

The typically reported enzyme for complete cellulose degradation into glucose
comprises three main activities: cellobiohydrolases (CBHs — EC 3.2.1.91 and EC
3.2.1.176), endoglucanases (EGs — EC 3.2.1.4), and B-glucosidases (BGLs— EC 3.2.1.21)
(Chandel et al., 2012; Cao and Tan, 2002; Singh et al., 2021). This cellulase enzyme
consortium is classified under the glycoside hydrolase (GH) family, which mainly
hydrolyze the glycosidic bond between two or more carbohydrates (cazy.org/Glycoside-
Hydrolases.html). According to the currently accepted model of Trichoderma reesei
cellulases action, EGs randomly hydrolyze internal glycosidic bonds in amorphous
regions of cellulose, creating new chain ends and releasing oligosaccharides. CBHs act
mainly in the crystalline part of cellulose, removing cellobiose units from the reducing
and nonreducing free chain ends. EGs and CBHs act synergistically, as EGs create new
chain ends for CBH action and CBHs create more substrate for EGs by disrupting the
crystalline substrate and/or exposing previously inaccessible less ordered substrates (Al-
Zuhair, 2008; Sukumaran et al.,, 2021). EGs and CBHs are described to have a
carbohydrate binding module (CBM), which helps in substrate binding and keeps the
catalytic domain (CD) (responsible for hydrolysis reaction) closer to the substrate
(Nakamura et al., 2016; Singh et al., 2021; Sukumaran et al., 2021). Interestingly, CBHs
from GH family 7 show a processive cellulose degradation, or in other words, work
through successive hydrolytic catalytic reactions without dissociation from the cellulose
chain (Nakamura et al., 2016; Uchiyama et al., 2020). Ultimately, the cellobiose released
by CBHs is hydrolyzed by BGLs to glucose. BGLs can also, to a lesser extent, hydrolyze
other small cello-oligosaccharides to glucose (Kostylev and Wilson, 2012). As BGLs are
inhibited by their end product (glucose), new improved commercial cellulase
preparations, such as Novozymes’ Cellic series and Dupont’s Accelerase, present
engineered BGLs for increased glucan conversion and reduced product inhibition
(Cannella and Jorgensen, 2014). For more information, the effect of sugars and
degradation products derived from biomass on enzyme efficiency (including commercial
enzymes) and cellulose conversion has recently been reviewed on lignocellulosic biomass
conversion under low and high solids conditions (da Silva et al., 2020).

Cellulases can be produced by bacteria and fungi, but aerobic fungi have been
preferred due to their versatile substrate utilization and high production level (Srivastava

et al., 2018). Cellulases are in high demand, as they are used in numerous industries, and
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occupy the third position in the enzyme global market, after amylases and proteases
(Sajith et al., 2016; Singh et al., 2021). Due to their importance, the improvement of
cellulolytic enzymatic cocktails has been continuously studied (Karp et al., 2021). In
addition to these hydrolytic enzymes, many cellulolytic microorganisms produce
enzymes that can degrade crystalline cellulose through an oxidative mechanism of action
(Zifcakova and Baldrian, 2012; Dixit et al., 2019). Although studies on cellulose
degradation date to the early 1950s, it was only in 2010 that studies demonstrated the
ability of metalloenzymes, now known as lytic polysaccharides monooxygenases
(LPMOs), to disrupt crystalline cellulose, and thus to complement the glycoside
hydrolases by functioning as endoenzymes that cleave crystalline cellulose surfaces,
creating new chain ends for CBH action (Laurent et al., 2019; Sukumaran et al., 2021). It
has been shown that LPMOs are copper-dependent monooxygenases that oxidize
polysaccharides at C1 and/or C4, starting a chain breakage (Harris et al., 2010; Vaaje-
Kolstad et al., 2010; Hemsworth et al., 2013). LMPOs were incorporated into commercial
cellulases, such as Cellic® CTec 2 and CTec3 (Novozymes), within a few years after their
discovery, as they were proven to boost cellulose degradation (Horn et al., 2012). The
addition of LMPOs to commercial enzyme cocktails adds a new variable to cellulose
hydrolysis, as those enzymes require oxygen. To benefit from LMPOs’ boosting
activities, processes must be designed to avoid any competition with dissolved oxygen,
preferably by conducting the hydrolysis step separately from fermentation (Cannella and
Jorgensen, 2014). For more information, the improvement of enzyme blends containing
LPMOs on lignocellulose conversion at high solid conditions has been recently reviewed
(da Silva et al., 2020).

20.2.2.3 Hemicellulose-Degrading Enzymes

Enzymatic depolymerization of hemicellulose is commercially attractive due to
the requirement of mild conditions, low formation of toxic degradation products, and its
diverse sugar composition. Different plants have different types of branched/unbranched
hemicelluloses, composed of two to six monosaccharides, which may be acetylated or
methylated. Due to its heterogeneity, multiple enzymes with distinct specificities acting
synergistically and/or sequentially are needed for the conversion of each type of biomass
(Juturu and Wu, 2013; Juturu et al., 2014; Qaseem et al., 2021). The prerequisite for the
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conversion of hemicellulose to value-added chemicals is its depolymerization, which may
require endoxylanase (EC 3.2.1.8), B-xylosidase (EC 3.2.1.37), a-arabinofuranosidase
(EC 3.2.1.55), a-glucuronidase (EC 3.2.1.139), endo-1,4-mannanase (EC 3.2.1.78), -
mannosidases (EC 3.2.1.25), acetyl xylan esterase (EC 3.1.1.72), and feruloyl xylan
esterase (EC 3.1.1.73) (Juturu and Wu, 2013; Sukumaran et al, 2021, Qaseem et al.,
2021). These enzymes can be classified based on their substrate specificities as glycoside
hydrolyses (GHs) or carbohydrate esterases (CEs). For example, grasses, such as
sugarcane, have arabinoxylan as a major hemicellulose component, and their complete
degradation requires an enzyme mixture containing Xxylanases, which catalyzes the
hydrolysis of 1,4-B-d-xylosidic linkages in xylan, B-xylosidases, which catalyzes the
hydrolysis of xylo-oligosaccharides and xylobiose into xylose, and a-arabinofuranosidase
hydrolyze arabinan side chains attached to the xylan backbone to arabinose (Sorensen et
al., 2007; Sweeney and Xu, 2012).

The requirement of hemicellulases for lignocellulosic biomass hydrolysis is
strongly dependent on the type of pretreatment used to reduce the biomass recalcitrance.
As some pretreatments, as such hydrothermal, remove the hemicellulose content almost
completely, the need for hemicellulases is reduced in those cases. However, the trend in
new commercial plants for cellulosic ethanol production is to use low-severity
pretreatments to reduce capital cost and toxic waste generation (Harris et al., 2014).
Pretreatments conducted in lower-severity conditions tend to leave more hemicellulose
in the biomass material, thus requiring the incorporation of hemicellulases in commercial
enzymatic pools, as hemicellulose remains linked to cellulose and act as a physical barrier
for cellulose-degrading enzymes. Several studies have shown a significant increase in
cellulose hydrolysis or reduced requirement of cellulases, by adding hemicellulases in
enzyme mixtures for the hydrolysis of pretreated biomass (Tabka et al., 2006; Garcia-
Aparicio et al., 2007; Xu et al., 2019)

Thus, commercial enzymes for the hydrolysis of lignocellulosic materials, such as
the Cellic enzymes series, offer the option of mixing cellulases and hemicellulases for a
better hydrolysis response. Although the application sheet of Cellic CTec2 describes the
product as a mixture of aggressive cellulases, high levels of BGLs, and hemicellulases,
the manufacturer also offers the option of mixing Cellic CTec2 with HTec2, which is
described as a product rich in endoxylanases with high specificity to soluble
hemicellulose, with a cellulase background. A dose-response test through the addition of

Cellic HTec2 to CTec2 in comparison to CTec2-only dose is recommended when
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pretreatment results in a feedstock that would benefit from additional hemicellulose
degradation. Cellic HTec3, which is the new generation enzyme, is described as a
hemicellulases complex that contains endoxylanases and B-Xxylosidases activities for
effective hemicellulose conversion. The manufacturer describes this product as highly
effective for the hydrolysis of liquid process streams rich in xylan-oligomers to xylose,

and the conversion of soluble and insoluble hemicellulose in pretreated biomass slurries.

20.2.3 Difficulties and Perspectives of Cellulosic Ethanol Production

The commercial production of cellulosic ethanol increased in the last few years,
nonetheless, it is far away behind the expected. The processes required to produce
cellulosic ethanol are inherently more complex than sugar/starch ethanol production. First
of all, before enzymatic hydrolysis can be conducted, the key obstacle of biomass
recalcitrance needs to be addressed by performing a pretreatment step to improve the
accessibility of cellulose to hydrolytic enzymes. Major efforts have been made towards
improving the pretreatment step, and several methods have been developed (e.g., steam
explosion, diluted-acid, and hydrothermal pretreatments). The choice of pretreatment
technology depends mainly on the biomass type, however, studies and experts agree that
the steam explosion is one of the most cost-effective, as it removes the lignin and
hemicellulose, provides high glucose yields, and results in low environmental impact
(Albertsetal., 2016; Chandel et al., 2019). Thus, the pretreatment step that was previously
considered the main limitation in cellulosic ethanol production is nowadays of lower
impact when compared to other factors. A similar pattern is observed in the efforts made
to improve the fermentation process, as the development of new yeast strains has been
copiously studied during the last few years (Chandel et al., 2019).

Divergently, enzyme production continues to be a critical technology step that still
impairs the economic feasibility of cellulosic ethanol production. Although the enzyme
cost reduced from $3.00 per gallon in 2001 to about $0.40 in 2020, according to the U.S.
Department of Commerce, for cellulosic ethanol to reach competitiveness, the enzyme
cost should be at least $0.05 per gallon (Oshorne, 2020). Reducing the enzyme cost is
incredibly challenging, as in the current market only one company, Novozymes®,

produces industrially effective cellulases.
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Besides the enzyme costs, the enzymatic hydrolysis step under industrial-scale
poses technical issues, as the solids loading can directly affect the ethanol yield. To reach
distillation feasibility —ethanol concentrations above 4% (w/w)— (Zacchi and Axelsson,
1989; Varga et al., 2004), the concentration of the glucose syrup must be around 80-100
g.L%, and, by extension, the amount of solids required during enzymatic hydrolysis has
to be increased. High-solids enzymatic hydrolysis (at least 15% of solids) is mandatory
to reach cellulosic ethanol feasibility, however, technical issues are faced when working
in this condition. The high viscosity of the media hampers the enzymatic catalysis due to
many factors, e.g., mass transfer limitation, product inhibition, and water constraint (da
Silva et al., 2020).

The beginning of cellulosic ethanol developments occurred in a scenario where
macro- and microenvironmental factors contributed to triggering the technology
establishment, where oil prices were rising, the world was facing a financial crisis, and
the climate change consensus was pressuring governments to seek sustainable energy
options. However, the cellulosic ethanol industry faced several challenges due to the
dramatic drop in oil prices in the second half of 2014 and uncertainty about the political
support for biofuels. Global new investment in renewable power and fuels increased 5%
from 2018 to 2019 (RENEWABLES 2020 GLOBAL STATUS REPORT, 2020).
However, those investments have been increasing due to the wind and solar power sector,
and indeed, the biofuels sector lost 10% of investments from 2018 to 2019. This is a reflex
of the lack of effective policies in the vast majority of the countries, and although the
global transport sector has the second-highest share of total final energy consumption, it
remains the sector with the lowest penetration of renewables and continues to rely heavily
on fossil fuels (IEA, 2018). Another important factor that has hindered most of the
investments in this sector is the global COVID-19 pandemic. In Brazil, “the expected
negative impact in the Brazilian Otto-cycle fuel consumption (gasoline and ethanol) in
the next couple of years, forced Ministry of Mines and Energy to propose the review of
compulsory targets.”

The price of cellulosic ethanol in the US decreased from $ 5 per gallon in 2001 to
about $ 2.65 in 2020 (Osbhorne 2020). And the effective communication of the benefits
and lessons learned to the public and policy makers will be essential for the full
development of this growing industry. As the example of the state of California, which
has harsh policies, as the Low Carbon Fuel Standard (LCFS) over the use of biofuels

(Storlak, 2018). Another example is the instruments based by RenovaBio Program in
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Brazil, e.g., the Decarbonization Credits (CBio) (Barros, 2020). However, to reach a
competitive status with starch ethanol in the US, it is estimated that cellulosic ethanol
should cost $1.07 per gallon, which means that more efforts are demanded toward the
investments in this sector (Osborne 2020). Thus, renewable-based policies are important
to boost the investments in R&D for the development of the processes that are still not
cost-effective; as the on-site production of enzymes, to diminish the enzyme costs; and
the coproduction of different chemical feedstocks alongside the cellulosic ethanol to
increase the economic feasibility of the industrial production of cellulosic ethanol (Zhao
and Liu, 2019; Rosales-Calderdn and Arantes, 2019; Chandel et al., 2019).

20.2.4 Enzyme-Based Initiatives for Ethanol Production at Commercial Scale

Although Brazilian initiatives to stimulate cellulosic ethanol production have been
made in the last few years (e.g. investments from the Brazilian Development Bank for the
construction of cellulosic ethanol facilities), recently those investments have been
drastically reduced mainly by the technical issues in the plants that hindered the full
implementation of this technology in Brazil. Indeed, other types of ethanol production
feedstock have been emerging, like corn, which is abundant and generally cheap. Since
2014, corn starch ethanol production has been increasing in Brazil to attend to the demand
for biofuels required by Brazilian policies during the summer rainy season when
sugarcane is not available. Since then, its production has been higher than cellulosic
ethanol production. According to the Brazilian Corn Ethanol Union (Unido Brasileira de
Etanol do Milho - UNEM), the total corn ethanol production in 2020/21 is estimated as
2.5 billion liters, which represents an increase of 1.17 billion liters when compared to
2019/20 (Bini, 2020).

Brazil has two commercial-scale facilities for the production of ethanol from
sugarcane biomass: Bioflex, in the state of Alagoas, from Granbio (82 million liters
production capacity) and Raizen — Costa Pinto Unit in the state of Sao Paulo (42.2-million
liters production capacity). GranBio built its first unit in Alagoas with the technology
based on the pretreatment developed by PROESA of the BetaRenewables (company
Group M&G). The enzymes are from Novozymes, and the yeasts were developed by
DSM (GranBio, 2014). GranBio started operation in September 2014 and due to technical
difficulties in the pretreatment stage, they resumed the cellulosic ethanol production

operations in 2016 (Susanne, 2016; Kennedy, 2019). Granbio is currently diverting the
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biomass to the thermoelectric plant and in 2020 it announced a strategic alliance with
NextChem to license its patented technology for the production of cellulosic ethanol
(GranBio, 2020). Raizen — Costa Pinto Unit is the only one producing cellulosic ethanol
at a relatively large scale. Raizen, a company based on the merger of Shell and Cosan, in
partnership with logen Corporation, in November 2014, began the operation of its
biomass-to-ethanol facility in Piracicaba, Sao Paulo, using logen Energy’s technology
(RAIZEN, 2014; I0GEN, 2015). The company also signed an agreement with
Novozymes regarding the development of enzyme technology for 2G ethanol production
(UNICA, 2014). In 2016, the company announced reductions in its cellulosic ethanol
investment due to low gasoline prices (Jim, 2016), and strategically, since 2019, it has
been supplying cellulosic ethanol to O Boticario, one of the biggest beauty and cosmetics
companies in Brazil (Vital, 2021).

The cellulosic ethanol production downturn is worldwide. The plants Beta
Renewables, DowDuPont, Abengoa, and POET-DSM have announced bankruptcy, a
break, and switched the energy matrix, respectively (Scott, 2018; Lane, 2017; Erin, 2016;
Bomgardner, 2019). Even though the industrial production of cellulosic ethanol became
a reality, it is clear that the cost-effectiveness of the production is still impracticable.
Incentives and investments ended up being reduced due to fear of the persistent high cost
linked to its production. Thus, solutions for lowering the costs must be developed and
tested to once again the investments return to arise. Indeed, the projections indicate a
worldwide demand for ethanol. In this sense, Raizen announced the construction of a
second cellulosic ethanol facility by 2023. According to Marcelo Eduardo Martins, the
investor relationship vice-president of the group, the new facility will meet the growing

international demand for the product (Reuters Staff, 2021).

20.2.5 Perspectives on the Use of Microalgae as Sources of Fermentable Sugars

Algae are simple photosynthetic organisms with no roots, stems, or leaves
(Andersen, 2013). They are responsible for half of the world's photosynthetic activity,
with a large part occurring in the oceans (Falkowski and Raven, 2007). Due to the great
diversity of species, varying between microscopic (microalgae) and macroscopic

(macroalgae), there is no consensus on the definition of this group of organisms.
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When comparing the use of algae to agricultural crops for obtaining bioproducts,
the bhave several advantages over the latter: i) high photosynthetic efficiency; ii) do not
require arable land; iii) do not need freshwater; iv) do not present seasonality (Sayre,
2010). Moreover, both macro- and microalgae have been shown to grow on wastewater
(Ge and Champagne, 2017; Nagarajan et al., 2020) and the CO- required for their growth
can be obtained from industrial plants, with the flue gas line being diverted to the aqueous
culture medium (Cheah et al., 2014). These alternatives would minimize the production
costs and offer additional advantages for algae production; however, they are still in the
research phase and have not been applied on the industrial scale for biomass production
for further recovery of bioproducts.

Regarding the Brazilian prospects for microalgae technology, Brazil has a high
global solar irradiation in any region of its territory, of 4200-6700 kWh/m?, which is
higher than for most countries in the European Union, at 900-1850 kWh/m?2. Moreover,
as a great part of its territory is located near the equator, Brazil has an even distribution
of sunlight throughout the year (Pereira et al., 2017). Recent studies have identified more
than 3000 algae species in Brazil, with two endemic genera and 52 endemic species
(Bicudo and Menezes, 2010). Therefore, Brazil has enormous potential for growing
microalgae, a potential thus far hardly explored.

Studies on the use of microalgae as sources of biomolecules for fuel and chemicals
production have been increasing in recent decades. Historically, the idea of using algae
as an energetic feedstock dates back to the end of the 1950s and was furthered by the
1970s oil crisis (Chen et al., 2009). From 1978 to 1996, the US Department of Energy
invested US$ 25 million in a program on the study of algal fuels, achieving great advances
in this field (Waltz, 2009). As some species of microalgae, when cultivated under
metabolic stress, can accumulate higher amounts of lipids as an energy reserve
(Brindhadevi et al., 2021; Mata et al., 2010), they have been mostly studied for biodiesel
production. However, carbohydrate-rich algae have also been gaining attention in the last
decade as a potential source of fermentable sugars for the production of ethanol and other
biochemicals. Indeed, as observed for lipid accumulation, certain microalgae species,
under metabolic stress, increase their intracellular carbohydrate content, making them
more attractive as a feedstock for obtaining high-concentration sugar syrups (Souza et al.,
2020). Common algae, such as species belonging to the Chlorella genus, can accumulate

between 10% and 80% of carbohydrates depending on the cultivation conditions (Souza
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et al., 2020, 2017). Table 20.1 presents the biochemical composition of different starch-

accumulating microalgae.

Table 20.1. Content of carbohydrates (starch content shown in parentheses), lipids, and proteins
of several microalgae species.

Species Carbohydrates Lipids Proteins Reference
P (starch) (%) (%) (%)
Arthrospira platensis ~ 60 =5 ~25 (Markou et al., 2013)
Chlimydomonas n.d. (43.5) n.d. 30.4 (Asada et al., 2012)
asciata
Chlamydomonas 59.7 (43.6) n.d. 9.2 (Choi et al., 2010)
reinhardtii
Chlorella variabilis 53.9 (37.8) 24.7 19.8 (Cheng et al., 2013)
Chlorella vulgaris 50.4 (31.3) 11.6 23.3 (Ho et al., 2013)
Dunaliella salina 32 6 57 (Becker, 2007)
Mychonastes 76 (55) 14 6 (Mota et al., 2018; Souza
homosphaera etal., 2017)
Chlorella sorokiniana 35 (28) 23 30 (Mota et al., 2018; Souza
etal., 2017)

n.d. — not determined

Carbohydrates in microalgae can be found in the cell wall (Scholz et al., 2014;
Takeda, 1988), and as intracellular starch (Branyikova et al., 2011; Souza et al., 2017).
Since the cell wall of microalgae only accounts for a small part of their dry weight, i.e.
between 3-6% (Scholz et al., 2014; Takeda, 1991), the intracellular starch can be
considered the main potential source of fermentable sugars in these microorganisms.
Nevertheless, the cell walls play an important part in this technology, as they act as a
physical barrier that needs to be ruptured before accessing the intracellular starch for
further processing the biomass into fermentable sugars (Glinerken et al., 2015).

Starch is an insoluble and semi-crystalline glucose polymer whose fundamental
unit is maltose, a glucose dimer with an a-1,4 bond. This polymer consists of two distinct
fractions, amylopectin, and amylose. Amylose consists of a linear maltose chain without
branches, while amylopectin also has a-1,6 bonds, branching its structure (Takeda et al.,
1987). Starch molecules stored intracellularly are always found in the form of granules
(Buléon et al., 1998), as shown in Figure 20.2. These granules are formed mainly due to
the presence of amylopectin. The chains originating from the branches align and form
double helices, giving rise to the crystalline sections of the starch chains, which are

insoluble and responsible for the collapse of the structure in granular format. The chain
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fractions close to the branching points are part of the amorphous sections of the polymer
(Imberty et al., 1991).

Figure 20.2. Starch granule with emphasis on the formation of double helices in the amylopectin
chains (Ball et al., 2011).

Due to this crystalline nature, starch in its native form is not easily degraded.
However, when heated, the starch undergoes a gelatinization process (Ratnayake and
Jackson, 2008), which results in the disorganization of the crystalline fractions, and
becomes more susceptible to hydrolysis by amylases (Slaughter et al., 2001). Several
factors determine the extent and rate of hydrolysis of starch granules, including granule
size and morphology and the ratio of amylose and amylopectin present (Svihus et al.,
2005). In general, hydrolysis of amylopectin-rich starches is faster than that of amylose-
rich starches (Tester et al., 2006).

For the complete hydrolysis of starch, several enzymes are required. The main
ones are a-amylases (EC 3.2.1.1), p-amylases (EC 3.2.1.2), and amyloglucosidases (EC
3.2.1.3), which act on a-1,4 bonds; the first acts internally in the depolymerization of the
chains, releasing dextrins, while the others act from the non-reducing terminals, releasing
maltose and glucose, respectively. Other enzymes, called isoamylase (EC 3.2.1.68) and
pullulanase (EC 3.2.1.41), hydrolyze a-1,6 bonds, acting on the branches and helping the

action of the former.
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In a well-established corn ethanol industry, corn starch undergoes two subsequent
stages of enzymatic hydrolysis to generate glucose syrup. The first stage consists of
liquefaction, in which commercial a-amylase from thermoresistant bacteria of the genus
Bacillus is used at temperatures of 90 to 110 °C; at this temperature, the starch is also
gelatinized. Then, there is the saccharification stage, with the action of fungal
amyloglucosidases at 60-70 °C (Sanchez and Cardona, 2008). Although this process is
well established, it generates high energy costs. An alternative is the hydrolysis of starch
at low temperatures, without the prior need for a gelatinization step. Several amylases
have already been described as being able to digest starch in natura, without the need for
this step; however, in general, greater amounts of enzymes are required than for the
hydrolysis of gelatinized starch (Robertson et al., 2006).

As the microalgal starch processing industry still does not exist, there is no
established process for its hydrolysis, with the existing research studies varying between
using or not a gelatinization step (Souza et al., 2020). Moreover, as mentioned before,
there is usually the need for a cell wall disruption step either simultaneously or before the
enzymatic hydrolysis of the intracellular starch, which also varies between studies. Table
20.4 shows the different treatments and yields obtained in the main studies published in
the area of enzymatic hydrolysis of microalgae for the production of glucose syrup.

As can be seen from Table 20.2, only milling has been used consistently in several
studies for cell wall rupture, probably as this mechanic process is independent of cell wall
composition and is guaranteed to work as long as enough energy is given during
treatment. Even though enzymatic hydrolysis of the cell wall of microalgae has been
explored as a method for cell wall disruption, this is highly dependent on the cell wall
composition, being genera- or even species-specific (Gerken et al., 2013). For instance,
Choi et al. (2010) reported the rupture of the cell wall of Chlamydomonas reinhardtii by
treatment with commercial a-amylase rich in proteases, since the cell wall of this
microalgae is composed of glycoproteins. Another study conducted with several enzymes
concluded that the cell wall of C. vulgaris was susceptible to the action of chitinase,

lysozyme, pectinase and pectiolase (Gerken et al., 2013).
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Table 20.2. Reported glucose yields for the enzymatic hydrolysis of starch-rich microalgae (as
presented in Souza et al. (2020)).

. Solids Glucose yield
Microalgae Treatment loading (reaction time) Reference
Chlamydomonas Proteases/ 94 % .
reinhardti Liquefaction Dl (30 min) (Chen L, A0
Chlorella sp. Milling/gelatinization 22 g/L 97 % (24 h) (Marsa;g%? ctal,
Chlorella vulgaris Sonication/autoclave 10 g/L 79 % (24 h) (Ho et al., 2013)
Chlorella variabilis Virus infection 4.25g/L 43 % (120 h) (Chggglg)t al,
Chlorella vulgaris Milling 100 g/L 79 % (72 h) (Kim et al., 2014)
Chlorella sp. Lipid extraction 50 g/L 93 % (3 h) (Lee et al., 2015)
Scenedesmus - L 0
dimorphus Milling/gelatinization 20 g/L 96 % (1 h) (Chng et al., 2017)
. - (de Farias Silva et
0,
Chlorella vulgaris Milling 100 g/L 91 % (4 h) al., 2018)
Chlorella .-
SR Milling 111 g/L 94 % (4 h) (Souza et al., 2020)

In addition to the use of commercial enzymes, another approach that has been used
is the co-culture of microalgae with bacteria or viruses that produce enzymes capable of
degrading their cell wall. Cheng et al. (2013), for instance, used virus infection as a
strategy to increase the hydrolysis yield of Chlorella variabilis starch by 80%. An
innovative alternative that is still in the preliminary stage of studies is the use of enzymes
from the algae itself in a process called autolysis, which occurs naturally during the cell
division process. Some enzymes involved in this process have already been identified;
however, the only work to induce autolysis in algae was carried out to mitigate the

phenomena of red tide and overproliferation (Demuez et al., 2015).

20.3 Technical and Economic Prospects of Using Lipases in Biodiesel

Production

20.3.1 Current Biodiesel production and perspectives

Biodiesel is composed of mono-alkyl esters, commonly methyl and ethyl
esters, with similar properties to petro-diesel (Robles-Medina et al., 2009). Biodiesel is
produced from vegetable oils or animal fats; its application has gained attention over the

years as a potential substitute for crude oil-based diesel due to its implications in global

21



warming by reducing carbon monoxide emissions particulates, hydrocarbons, and
sulfates. When blended with petro-diesel, the emissions reduction of the resultant fuel
depends on the blend’s composition. Besides, biodiesel can degrade at a much faster rate
than petro-diesel. Biodiesel use has already been implemented in several countries
worldwide (Almeida et al., 2021; Robles-Medina et al., 2009). Indonesia, Brazil, United
States, and Germany are among the largest biodiesel producers in the world, totaling 24.1
billion liters produced in 2019. In the same year, Indonesia rose to be the world’s largest
biodiesel producer reaching nearly eight billion liters. The implementation of the Energy
Policy Act of 2005 in the U.S., which provided tax incentives for certain types of energy,
led to an increase in biodiesel production. Future projections estimate production levels
of over 1 billion gallons of biodiesel by 2025

(https://www.statista.com/statistics/271472/biodiesel-production-in-selected

countries/#statisticContainer).

In Brazil, biodiesel production and use are mandatory since the creation of
the National Program for Use and Production of Biodiesel (PNPB) in 2004, which was
implemented by the law n°® 11.097 of January 2005. The PNPB established a minimum
percentage of biodiesel blended with crude oil diesel of 2%, named B2, in January 2008,
which has increased over time (Ribeiro and Silva, 2020). B11 was adopted in September
2019; although the production capacity was 9.2 million m® with forty-two authorized
plants in operation, the national production achieved 5.9 million m® (64% of the total
capacity) in that year. However, the production was 10.3% superior to 2018 (ANP, 2020).
Currently, Brazil uses B13 with perspectives to reach B14 on March 1%, 2022, and B15
on March 1%, 2023 (MME, 2020). Considering these perspectives, the Mines and Energy
Ministry coordinates a group aiming to attend the Report of Consolidation and Validation
Tests and Trials for the Utilization of B15 Biodiesel in Engines Vehicles by the definition
of oxidation stability reference established by ANP Resolution n° 798, from August 1%,
2019. Moreover, the literature has been reported that blends up to B20 are adequate and
compatible with most of the petro-diesel equipment available, including storing and
distribution ones (Balat, 2011; MME, 2020).

Nowadays, the technology broadly adopted for biodiesel production is alkaline
transesterification, using methanol as an acyl acceptor. This route presents some
drawbacks — generation of large amounts of highly alkaline wastewater (with significant
environmental impacts that impose additional handling costs), production of impure

glycerol by-product (contaminated with alkaline catalyst), and laborious catalyst
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recovery. Furthermore, the alkaline route requires high-quality and expensive raw
materials that represent around 80% of the total biodiesel production costs, hindering the
economic competitiveness of this biofuel (Demirbas, 2007; Pourzolfaghar et al., 2016;
Robles-Medina et al., 2009; Sharma et al., 2008). Therefore, using low-cost feedstocks
could make biodiesel more suitable for commercialization.

Lipases have been highlighted as powerful tools for synthesizing esters by
biocatalysis to produce several products, including biodiesel. Biocatalysis can
circumvent the drawbacks of chemical catalysis, and thus, several studies focus on
developing new technologies in biodiesel production to increase its competitiveness in
the international fuel market. Particular attention has been given to biocatalysis using
lipases, and, more recently, bioprocesses using whole-cells as biocatalysts also emerged
as a potential alternative. The use of lipases or whole-cells for biodiesel production
requires relatively simple downstream processing steps to purify biodiesel. Besides, the
by-product glycerol (without catalyst contamination) has better quality, and
consequently, a higher value. Furthermore, enzymatic processes allow the use of cheaper
raw materials that contain high FFA (free fatty acids) and water content, as lipases can
catalyze both esterification and transesterification reactions (Aguieiras et al., 2013, 2017;
Souza et al., 2009; Zeng et al., 2017; Zheng et al., 2020).

Lipases are versatile biocatalysts and can act in different functional groups and
substrates, under several reaction conditions, in different chemical transformations, and
with different transition states. Moreover, lipases show regio-specificity (the distinction
between positions 1 and 3 of the triacylglycerols), specificity in terms of fatty acids and
alcohol present in the synthesis/hydrolysis, and stereo-specificity. In general, these
enzymes also show stability in the presence of organic solvents (Kapoor and Gupta,
2012). Typically, lipases are found in the environment, being produced by multicellular
eukaryotes (animals and plants) and microorganisms in general, present in the three
domains (Eukarya, Archaea, and Bacteria). Lipases of animal origin are responsible for
the metabolism of lipids; in plants, they are present in the energy reserve tissues of several
species (Sharma et al., 2001), and can also be found in the seeds of several angiosperms
such as castor - Ricinus communis (Greco-Duarte et al., 2017), physic nut - Jatropha
curcas (De Sousa et al., 2010), and others like sunflower (Heliantus annuus L.) and wheat
(Triticum aestivum L.) (Barros et al., 2010).

Due to their advantages and versatility, lipases are among the most frequently used

groups of enzymes in the industrial sector worldwide.
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20.3.2 Biocatalytic production of biodiesel

The concepts of lipases and esterases are often mixed up since both enzymes are
versatile and catalyze the same diversity of reactions. The definition of esterases
compared to lipases is still widely discussed, and over the years, several studies have been
carried out to distinguish them. Despite all efforts and criteria of distinction that have
been proposed, no consensus has been reached in the scientific community. However, a
reorganization was suggested only in a pragmatic way which divides the large group of
carboxyl ester hydrolases into lipolytic esterases (LEst or lipases: E.C.: L3.1.1.1) and
non-lipolytic esterases (NLEst: E.C.: NL3.1.1.1) (Romano et al., 2015).

A possible difference is in the concept that, by definition, the natural function of
lipases is to catalyze the hydrolysis of ester bonds present in long-chain triacylglycerols
(TAGS), releasing diacylglycerols (DAGs), monoacylglycerols (MAGSs), glycerol, and
fatty acids. There is no explicit definition for the term “long chain” triacylglycerol;
however, the “standard substrates” for lipases are believed to be those whose chains
contain more than 8 carbon atoms. It is important to note that lipases can hydrolyze esters
of smaller chains, unlike esterases that only hydrolyze esters with chains whose size is
less than 8 carbon atoms (Romano et al., 2015). Thus, it can be inferred that all reactions
catalyzed by esterases can be catalyzed by lipases, but not all reactions catalyzed by
lipases can be catalyzed by esterases. It is a common consensus that lipases are esterases
that act on long-chain acylglycerols (Jaeger et al., 1999; Manchefio et al., 2003).
Triacylglycerol is just one example compared to all other compounds that can be
substrates for these enzymes, whether they are of low or high molar mass. The possible
substrates for lipases vary and range from amides, thioesters, fatty acids, hydroxy fatty
acids, and others.

Despite the efforts to rename the groups, the official nomenclature designated by
the International Union of Biochemistry and Molecular Biology (IUBMB), in which
lipases and esterases are within the EC 3.1.1 group whose classification is hydrolases,
carboxylic ester or hydrolases, is still being evaluated. Esterases or carboxylesterases (EC
3.1.1.1) are systematically classified as carboxylic ester hydrolases as well as the group
name, and lipases or TAGs lipases (EC 3.1.1.3) are systematically classified as

triacylglycerol acylhydrolases. The natural function of these enzymes is, as stated above,
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the hydrolysis in an agueous medium of ester bonds releasing fatty acids and alcohol, as
shown in Figure 20.3.

RL{ o)
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HO o o 0
O 4+ 3H0 T—2 o 4 RL{+H;{’+H%
OH OH L
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o~ Triacylglycerol Glycerol Fatty acids

Figure 20.3. Hypothetical example of the natural reaction catalyzed by lipases and esterases.
Hydrolysis of triacylglycerol are in direct sense of the reaction producing glycerol and fatty acids
as products (R* = or # R? = or # R® | R* < 8 carbon atoms).

However, in water-restricted environments, these enzymes can catalyze reverse
synthetic reactions such as interesterification, transesterification, and esterification
(Figure 20.4) (Jaeger and Reetz, 1998; Paques and Macedo, 2006; Sharma et al., 2001).
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Figure 20.4. Example of synthesis reactions performed by lipases and esterases.
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In this chapter, the majority of reports boarding the enzymatic biodiesel
production treated the enzymes as lipases. In industrial production, greater emphasis is
given to those enzymes produced by microorganisms since they have a shorter generation
time and great versatility of operating conditions. Besides, they are easy to manipulate
genetically, aiming to improve their production capacity and cultivation conditions,
which increases their biotechnological interest (Pereira Jr. et al., 2008; Sharma et al.,
2001). These enzymes are active for the transesterification of vegetable oils and other oils
into fatty acid methyl esters (FAME) or fatty acid ethyl esters (FAEE). Moreover,
literature also shows the enzymatic transesterification of oils with other acyl acceptors
such as 1-propanol or 1-butanol (Ma et al., 2019), 2-propanol (Kumar et al., 2018), and
enzymatic interesterification of oils with ethyl acetate (Kovalenko et al., 2015) all known
as biodiesel in the literature.

20.3.3 Feedstocks used for Biodiesel Production

The evaluation of the feedstock to be used has utmost importance since the
feedstocks significantly impact the production costs of biodiesel and bring some
specificities for the process. Each country has specific quality requirements to produce
and commercialize biofuels (Budzaki et al. 2017), and the feedstock needs to be adequate
to match these requisites. The use of refined oils can facilitate the achievement of these
requirements. However, the use of soybean oil, corn oil, or any oil whose grains are
included in human feeding implies a discussion about competition between biofuel and
food, and problems caused by monoculture in the ecosystem. In addition, the use of
refined oils reduces the competitiveness of biodiesel compared to crude-oil diesel.
Therefore, the utilization of alternative feedstocks can assure the future of this biofuel.
Alternative feedstocks include non-edible and crude vegetable oils, grease and animal
fats, microbial oils (e.g. from microorganisms and microalgae), and residual oils (e.g.
deodorizer distillate from the process of refinement) (Table 20.3). The availability of
these oils in each country will be the main choice-point to consider (Aarthy et al., 2014).

Palm and soybean oils are the main feedstocks used for biodiesel production
worldwide. In the Brazilian context, through 2019, soybean oil remained the primary raw

material for the B100 production, reaching 68.3% of the total, which means an increase
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of 9% compared to 2018. Other feedstocks, which include canola oil, castor oil, corn oil,
palm oil, peanut oil, sesame oil, sunflower oil, turnip oil, used frying oil, and other fatty
materials, accounted for the second-largest amount used (16.5% of the total), followed by
animal fat (14.1% of the total) and cotton oil (1.1%) (ANP, 2020).

The increasing use of waste oils is due to the significant contribution of the raw
material’s cost in biodiesel’s total production costs. However, since waste oils contain
>1% of FFA, their use in alkaline transesterification requires a pre-treatment step to avoid
the formation of soaps as by-products, leading to an increase in the total cost. Besides,
waste oils also contain high levels of water, reducing the yields of the reaction (Budzaki
et al., 2017; Sharma et al., 2008). Considering the ability of lipases to convert both FFA
and acylglycerols into esters (biodiesel), these biocatalysts become promising alternatives

for obtaining biodiesel from these sources, with fewer pre-treatment steps.

Table 20.3. Examples of alternative feedstocks (waste oils and non-conventional oils) adopted
for biodiesel production.

Non-conventional oils/ References Non-conventional References
waste oils oils/ waste oils
Karanja oil Kumar et al. Rapeseed oil Zeng et al. (2017)
(Millettia pinnata) (2018) deodorized distillate
(Cra(r:nrt?ema%e s?slilnica Tavares et Soybean oil Zheng et al. (2020)
Hoch.zc) al. (2018) deodorized distillate Souza et al. (2009)
Molaero Da Tacias-Pascacio et al. (2017)
Babassu oil g . . Chesterfield et al. (2012)
X Ros et al. Waste cooking oil
(Orbignya sp.) (2014) Waghmare and Rathod
(2016)
Macauba oil Aguieiras et Palm fatty acid AKl?i%?:azteilél(Z&lO?B)
(Acrocomia aculeata) al. (2014) distillate 9 '

Chongkhong et al. (2009)
Garcinia Gummy-gutta Subramani

oil et al. (2018) Algal oil Prabakaran et al. (2019)
Neem oil Aransiola .
(Azadirachta indica) (2012) Yeast oil Duarte et al. (2015)
Physic nut oil De Sousa et Animal fat Toldra-Reig et al. (2020)

(Jathropha curcas L.) al. (2010)

Feedstocks with high FFA content and lower cost have also been used for
enzymatic biodiesel production, with conversions above 90% - crude vegetable oils
(Aransiola, 2012; Kumar et al., 2018; Prabakaran et al., 2019), waste cooking oils and
wastes from vegetable oil refining (Chesterfield et al., 2012; Collaco et al., 2020;
Waghmare and Rathod, 2016; Zeng et al., 2017; Zheng et al., 2020, Guo et al., 2020), and
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non-edible oils obtained from many plant species potentially available in a local area
(Aguieiras et al., 2014; Arumugam et al., 2018; Subramani et al., 2018).

Microalgae are another alternative lipid source potentially appliable for biodiesel
production. The microalgae lipid content varies from 1 to 70% but can be as high as 90%,
depending on species and cultivation conditions. Common algae, including the genus
Chlorella, presents lipid contents between 20 and 50% (Chisti, 2007; Mata et al., 2010).
One factor that drove attention to microalgae as a feedstock for biodiesel production is
their high oil yield per cultivated area. Palm, the most productive oleaginous land plant,
has a yield of 5,950 liters of oil per hectare, while a microalga with 30% lipid content
presents a yield of 58,700 liters per hectare (Chisti, 2007). The use of oleaginous
organisms as a platform for efficient oleochemical production has been recently
highlighted (Khoo et al., 2020; Marcon et al., 2019; Prabakaran et al., 2019).

Some issues have emerged regarding the oil extraction that requires cell disruption
and treatment of the proteins, carbohydrates, and other by-products generated during the
biosynthesis (Meng et al., 2009). Nevertheless, microbial oils also differ from most
vegetable oils in the ratio of polyunsaturated fatty acids, resulting in biodiesel that could
be more susceptible to oxidation (Meng et al., 2009; Salimon et al., 2012). However,
promising results were obtained wusing immobilized lipases in enzymatic
transesterification of oils extracted from Chlorellas, with yields of 98% (L.i et al., 2007,
Tran et al., 2012). Also, crude oil and microbial oil contain other minor components as
phospholipids, that has shown an inhibitory effect on immobilized lipases (Li et al., 2013;
Meng et al., 2009; Nordblad et al., 2016). Li et al. (2013) studied the effect of
phospholipids in free lipases from Aspergillus niger during biodiesel production. The
authors found out that free lipase exhibited better reuse stability, showing that free lipases
could be promising for biodiesel production from crude oils.

Besides the challenges, the use of such alternative feedstocks for enzymatic
biodiesel production opens several benefit pathways. The diversification of the oil crops
used for biodiesel production contributes to the best use of regional resources and
maintenance of biodiversity. Furthermore, after pressing the seeds to extract the oil, the
by-product (cake) can be used as fertilizer for soil enrichment or as a substrate to produce
enzymes and other valuable products by solid-state fermentation. The use of waste oils
can diminish the discharge of oil-rich contaminated effluents, reducing the environmental
impact caused by improper disposal of such oils. In both cases, the diversification of the

sources enables the development of high-value products from low-value raw materials.
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20.3.4 Enzymatic routes for biodiesel production

The biocatalytic route (using lipases or whole-cells as catalysts) can overcome
some of the alkaline or acid catalysis difficulties in biodiesel synthesis. Lipases can
catalyze biodiesel production by different routes — esterification (from FFA),
di-,

hydroesterification (hydrolysis followed by esterification using complex oily matrixes).

interesterification/transesterification (from try-, and monoacylglycerols), or
Each of these enzymatic routes has specific features, as shown in Table 20.4. Besides,
biocatalytic processes present gains related to the use of heterogeneous catalysis (enzyme
immobilized on solid support acting in liquid reaction media) and milder conditions,

which reduce costs and downstream steps.

Table 20.4. General Considerations About the Different routes for Biodiesel Production.

Type of Catalyst

Chemical Homogeneous Catalysis

Mild (alkaline) or high (acid)
temperatures
High conversions (>90%)
Low-cost catalysts
Acid/Alkaline wastewater
Complex downstream and purification
processes
Catalysts usually can not be reused
Applied only for acid catalysts
FFASs of raw material are esterified to
biodiesel
Requirement of raw material with low
water content
Corrosion of the equipment by the acid
catalyst

Routes

Esterification

Applied for alkaline catalysts
Raw material with low FFA content (<
0.5%) and water content
(<0.1-0.3%)

Short reaction time (90 min);
The high quality raw material can
represent 70-95% of the final cost of
biodiesel
Crude glycerin contaminated with
salts of catalyst neutralization post-
reaction

Transesterification

Use of two different catalysts
Standardization of the raw material —
converting all acylglycerols into FFA

Hydroesterification

Biocatalysis
(immobilized lipases)
Mild/low temperatures

No-formation of hazardous wastes
High conversions (>90%)
High-cost biocatalysts
Simple downstream
Biocatalysts can be reused
Passible inhibition of lipases by
short-chain alcohols

Raw material with high FFA content
Enzymes have less sensibility to the
water in the feedstock

Long reaction time (8-72h)
Accumulation of glycerol on
immobilization support
Food-grade glycerol

No limitations related to raw
material quality
Lipase used in hydrolysis,
esterification (hybrid processes), or
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Corrosion of the equipment by the acid both steps (enzyme/enzyme
catalyst hydroesterification)
Food-grade glycerol

Esterification is a single-step process in which fatty acids and alcohols react,
producing fatty acid methyl esters (FAME) or fatty acid ethyl esters (FAEE), and water.
Alkaline catalysis is not adequate for esterification due to the reaction of alkalis with fatty
acids (formation of soaps). The use of acid catalysis makes the process feasible but at
rates lower than those observed with alkaline catalysis. Esterification reactions mediated
by biocatalysts can be successfully carried out in solvent-free systems, attaining high
conversions at intervals lower than 12 h (Talukder et al., 2010; Trentin et al., 2014;
Mulalee et al., 2015; Aguieiras et al., 2017; Collago et al., 2020).

Lipases are susceptible to enzymatic inhibition by short-chain alcohols, whose
effect may become quite significant for the process depending on the enzyme loading
adopted. The use of a hydrophobic solvent in the reaction media can overcome this
limitation. However, reactions with solvents have less volumetric productivity and are
less advantageous, considering the complexity of the downstream operations required. In
this sense, esterification in solvent-free systems can be performed through controlled
feeding of alcohols in the reaction medium, a strategy that has been successfully adopted
on a lab scale. Another possible strategy is interesterification, in which fatty acids react
with an alternative acyl donor (such as methyl and ethyl formate or acetate, among others)
rather than methanol or ethanol. Interesterification has the advantage of producing a co-
product with a higher-added value than glycerine (Kashyap et al., 2019; Subhedar and
Gogate, 2016). However, the costs related to these acyl donors should be considered.

Transesterification by alkaline catalysis is the most widely adopted process for
biodiesel production. This process requires raw materials (triacylglycerols obtained from
oilseed plants) with low free fatty acid levels to avoid saponification, a limitation not
observed with biocatalysis. In this case, biocatalysis allows greater versatility of raw
materials, including residual sources with high content of FFA. Transesterification
generates glycerin as a by-product. The increase of the biodiesel volumes obtained via
transesterification has caused an economic devaluation of glycerin due to its over-
production. Thus, the use of dimethyl carbonate instead of methanol or ethanol has been
investigated by some groups generating glyceryl carbonate as a by-product (Su et al.,
2007; Zhang et al., 2010, Gharat and Rathod, 2013; Gu et al., 2015). Considering the
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specificity and selectivity of lipases and their easy separation from the medium (when
used in the immobilized form), the glycerin produced has a higher degree of purity (food-
grade glycerol) than that obtained by conventional catalysis, with a high sale value.

Hydroesterification has been highlighted in recent years considering the use of
residual raw materials or increase in value of the formed glycerin. Hydroesterification is
a two-step process that involves the hydrolysis of acylglycerols (converting them to free
fatty acids) and subsequent esterification. Glycerin is released during hydrolysis by
lipases with a low degree of contamination (Meher et al., 2006; Pourzolfaghar et al.,
2016), and the resulting fatty acids are esterified with the assistance of lipases to
FAME/FAAE. Hydroesterification gains importance to valorize oily residues, such as
waste cooking oil (WCO), which contains a non-standardized mixture of tri-, di- and
monoacylglycerols, and free fatty acids. The hydrolysis process standardizes the raw
material to fatty acids that can be further reacted with methanol or ethanol.
Hydroesterification processes using residual or crude oils with high yields have been
described in the literature (Watanabe et al., 2007; Talukder et al., 2010; Aguieiras et al.,
2014; Bressani et al., 2015; Tacias-Pascacio et al., 2017; Zheng et al., 2020). The use of
biocatalysis can also complement the chemical catalysts in a hybrid process — enzymatic
hydrolysis of the raw material and posterior chemical esterification (De Sousa et al., 2010)
or non-enzymatic hydrolysis followed by lipase esterification (Soares et al., 2013). In
addition, another possible strategy consists of applying the enzymatic esterification as a
pre-treatment to reduce the acidity of the feedstock, with posterior alkaline
transesterification (Nordblad et al., 2016).

The use of biocatalysts in biodiesel production processes also presents some
constraints, mainly related to enzymatic activity (which impacts reaction rates),
operational stability, and reusability (crucial parameters to the economic feasibility of the
process). The literature describes great efforts in the last decades to address these issues,
including the use of ionic liquids (Sunitha et al., 2007; Arai et al., 2010; de Diego et al.,
2011; Liu et al., 2011; Abrahamsson et al., 2015, Merza et al., 2018), deep eutectic
solvents (Abbot et al., 2007; Huang and Yang, 2014; Zhao et al., 2013; Hayyan et al.,
2014, Kleiner et al., 2016), supercritical solvents (Madras et al., 2004, Rathore and
Madras, 2007; Varma and Madras, 2007; Lee et al., 2011, Taher et al., 2020), reactions
assisted by ultrasound or microwaves (Ji et al., 2006; Santos et al., 2009; Kumar et al.,
2011; Veljkovic et al., 2012, Da Rés et al., 2014; Feiten et al., 2014; Gupta et al., 2020;

Séez-Bastante et al., 2015; Souza et al., 2016), and alternative reactors configuration,
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mainly fixed-bed reactors (Andrade et al., 2019; Hama et al., 2007; Hama et al., 2011,
Nie et al., 2006) with different degrees of feasibility in a large-scale context.

As lipases can catalyze different chemical reactions, such as hydrolysis,
esterification/transesterification, amidation, and epoxidation, it is theoretically possible
to integrate biodiesel production in a biorefinery context. Refining processes of vegetable
oils (soybean or palm, for example) generate FFA-rich residual streams. These fatty acids
can be converted into esters using lipases, producing biodiesel (in reactions with short-
chain alcohols) and/or biolubricants (in reactions with medium/long-chain alcohols or
polyalcohols). Residual biomasses, such as straws and fibers, can have their polymeric
sugars deconstructed by specific enzymatic processes; the released sugars can also be
reacted with fatty acids in reactions catalyzed by lipases to produce surfactants such as
SFAE (sugar-fatty acid ester), widely adopted in the food industry. These residual
biomasses can also be subjected to anaerobic fermentation processes, producing
biohydrogen and biogas (H2 and CH4). The variety of compounds present in biomass can
also lead to the exploration of compounds potentially applied as antioxidants and
additives, enhancing biodiesel (or biolubricants) properties. These theoretical
possibilities can be explored, considering all the advantages of enzymatic processes

compared to conventional catalysts, and adding value to agro-industrial residues.

20.3.5 Enzymatic biodiesel: state of the art

Although biodiesel has been produced on a large scale in Brazil for at least two
decades, there are no industrial plants that adopt enzymatic technologies or produce
biodiesel from residual raw materials. Even in global terms, few examples of companies
are currently using the biocatalytic route to obtain biodiesel, despite the notable scientific
progress in this field and the abundant related literature available. In 2014, the American
Blue Sun Energy Company inaugurated a commercial-scale plant with a production
capacity of 135,500 m® per year of biodiesel using enzymatic biodiesel technology
developed by Novozymes (Novozymes, 2014). Moreover, Novozymes developed
specific enzymes for biodiesel production — Eversa Transform — which has been tested
and applied by different companies worldwide, as Spain-based Oleofat Trader S.L. and
Aemetis Inc. (U.S.) that is currently producing enzymatic biodiesel in an industrial plant

in India, using palm-oil derivates as raw material. SRS Biodiesel (U.S.) describes in their
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portfolio of technologies, enzymatic transesterification using solvents to produce
biodiesel in different industrial plants in the United States. Enzymocore, an Israel-based
company, has been developing enzymes for biodiesel production and producing
enzymatic biodiesel on a commercial or pilot-scale since 2013 in South Korea, China,
Peru, Germany, and Israel (https://enzymocore.com/our-operations).

Despite some potential technical challenges to be overcome — inhibition by
methanol/ethanol, accumulation of glycerol on the surface of the immobilization support,
lack of high operational stability and reuse capacity — the main obstacle to the widespread
use of the biocatalysis for biodiesel production (as well as for other chemical
commodities) is the cost of lipases. The cost of lipases exceeds the cost of other raw
materials (including acid or alkaline catalysts) by several magnitude orders. In an
economic assessment of enzymatic biodiesel production carried out by Sotoft et al.
(2010), refined rapeseed oil cost was estimated at 0.61 euro/kg while the enzyme cost was
estimated at 762.7 euro/kg. Serrano-Arnaldos et al. (2019) studied the economic aspects
of long-chain fatty acids enzymatic esterification in which commercial lipase costs were
estimated at 1300 euros/kg for Novozym 435 and 70 euros/kg for Lipozyme TL IM, while
industrial-grade fatty acids costs were estimated below 10 euros/kg.

Fjerbaek et al. (2009) calculated the productivities from different studies of the
literature. They compared the results with the productivities attained using alkaline
catalyst (NaOH concentration of 1 wt.% based on the weight of oil), which presents a
yield of 100 kg biodiesel per kg of catalyst. Productivity 74 times higher can be achieved
using Novozym 435, considering lipase reuse (100 times) and using a by-product acid
from refining vegetable oils as raw material. The study obtained an estimated cost of 0.14
dollars/kg ester in the enzymatic process against 0.006 dollars/kg ester for NaOH. If the
cost of lipase was reduced to 44 dollars/kg, or if the enzyme could be reused for at least
six years, the use of the biocatalyst could become economically viable. According to
Nielsen et al. (2008), the maximum cost of the biocatalyst should be the same as a
chemical catalyst (25 dollars/ton biodiesel). Thus, an enzyme cost of 12-185 dollars/kg
could be feasible, depending on the productivity. Sotoft et al. (2010) found that enzymatic
biodiesel plants using tert-butanol as solvent was economically unfeasible due to the costs
of separation and solvent recovery units. Al-Zuhair et al. (2011) simulated an enzymatic
biodiesel plant with a production capacity of 1 ton/h, using waste oil (0.02 dollars/Kg) as
raw material, Novozym 435 as catalyst, and tert-butanol as solvent. The economic study

indicated a payback period of four years, with a selling price of biodiesel of 0.86
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dollars/kg. The economic feasibility of an enzymatic biodiesel produced from cooking oil
(0.25 euro/Kg), using supercritical carbon dioxide as solvent and lipase Lipozyme TL
I.M. (estimated cost of 800 euro/kg in this case), resulted in a biodiesel cost of 1.64
euro/L, which is not economically viable (Lisboa et al., 2014). Estimating enzyme reuse
for 100 days, the biodiesel cost could be reduced to 0.75 euro/L.

One of the most common approaches for optimization studies in enzymatic
syntheses of biodiesel is to determine the lowest enzyme loading. However, such reduced
enzyme loadings increase the reaction time, causing potential negative impacts on lipase
operational stability in stirred tank reactors. Another approach deals with the
immobilization processes and the materials used, commonly polymers, to obtain more
stable and active biocatalysts and, at the same time, reduce the costs with the materials
used for immobilization. In this case, promising technologies currently study the use of
residual materials of plant origin as immobilization support (Girelli et al., 2020). Solid
enzymatic preparations, obtained from solid-state fermentation (SSF), in which lipases
are spontaneously adsorbed onto the matrix used for SSF without the need for extraction
and immaobilization, are also studied (Aguieiras et al., 2017; Collaco et al., 2020). Another
possibility is the study of highly active and stable lipases using engineered
microorganisms. These developments deal almost exclusively with the technical aspects
involved. Economic considerations are frequently overlooked or underestimated in this

field despite the notable technological advances.

20.3.6 Perspectives for enzymatic biodiesel production

In summary, biodiesel has gradually become more relevant in the Brazilian energy
matrix, following the same trend observed worldwide. Although biodiesel is already
obtained from renewable sources, it is possible to obtain it in a more sustainable way than
the current methods using biocatalysis. The advantages of biocatalysis include milder
reaction conditions (energy savings in the process and lower emissions of greenhouse
gases) and minimal production of harmful by-products (savings in wastewater treatment
and reduced environmental risks). From a technological point of view, it is possible to
produce biodiesel with high yields in different ways. However, the high biocatalysts costs
still represent the most significant obstacle for biocatalysis to be considered in this

context.
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The versatility of lipases allows agro-industrial waste for biodiesel production,
turning waste into valuable products. In association with other enzymatic technologies,
lipases can be inserted in a biorefinery concept from oilseed crops, with biodiesel as one
of their main targets, adding value to different residual biomasses generated in their
processing. These products may be attractive for different productive chains, such as
automotive, food, cosmetics, cleaning products. Strategies for obtaining more active and
stable biocatalysts at lower costs have been studied. It is of utmost importance that the
efforts of the research groups around the world be evaluated from an economic

perspective, aiming to implement such technologies in a large-scale context.

20.4 Perspectives on Biomass Processing for Composites and Chemicals
Production

As mentioned before, Brazil has favorable conditions to contribute to the local and
world decarbonization of the economy, besides its enormous potential for the
establishment of a bioeconomy. In addition, the fuel sector is changing, and the chemical
industry is still in deficit (ABIQUIM, 2021). The use of biomass for chemicals and
composites could be a great opportunity

Studies on the use of biomass to produce commodity chemicals, which were
predominantly derived from fossil feedstocks such as crude oil and natural gas, received
a lot of attention due to the global policy to reduce the dependence on fossil carbon
sources and green-house gas emissions. Several chemicals can be produced via
biochemical routes, which comprise enzymatic or microbial conversions. Interestingly,
biochemical routes can be explored for both bio-based or fossil-based products. A very
important example of enzyme-catalyzed commodity production is the hydration of
acrylonitrile into acrylamide (Ashina and Suto, 1993; Straathof, 2013). In this case, the
substrate is not a renewable material, which demonstrates the versatility of enzymes.
However, the focus here is not only on biochemical routes but also on bio-based products,
in other words, the use of renewable substrates, specifically lignocellulosic biomass or
oleaginous materials, for biorefinery integration considering the biofuels chain in Brazil.
Therefore, the main available substrates include the carbohydrates: sucrose, cellulose,

hemicellulose, and their C6 and C5 monosaccharides; the lipid fractions: triglyceride and
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derived glycerol; as well as all by-products and residues generated during the biofuel
product processes.

In a biomass-based chemical industry, each available biomass substrate can be
explored directly or as a source of platform molecules, and a great number of derived
products are possible, simultaneously offering a great opportunity and an enormous
challenge. Thomas et al. (2020) summarized the direct applications of nanocellulose
(nano fibrillated and nanocrystals), which gained considerable attention as a nano-
reinforcement for polymer matrices in various industries (medical and healthcare,
packaging, paper and board, composites, printed and flexible electronics, textiles,
filtration, rheology modifiers, 3D printing, aerogels and coating films) (Thomas et al.,
2020, NanoCrystalline Cellulose, 2021). Few market players were positioned to produce
cellulose nanocellulose at commercial or pre-commercial scale: CelluForce (Canada),
Kruger Inc. (Canada), Fiberlean technologies (UK), American Process (USA), Forest
Products Laboratory (FPL) (USA), Paper logic, Borregaard (Norway), Innventia
(Sweden), Nippon Paper Industries (Japan), Oji Paper Industries (both Japan), Holmen
Paper (Sweden), CTP/FCBA (France), and others (Blanco et al., 2018, Ho and Leo,
2021). As an example, CelluForce has a commercial plant capable to produce 300 tons
annually of CelluForce NCC®, a multi-functional material described to improve the
performance of several materials, such as oil and gas, adhesives, paper, cement, plastics,
composites, paints, coatings, personal care, health care, food and beverages and
electronics (NanoCrystalline Cellulose, 2021).

Cellulose and hemicelluloses can also be modified with different functional
groups to enhance their reactivity and functionality, and to be used for medicine, food,
packing, and many other industries. Recently, Qaseem et al. (2021) reviewed the products
manufactured in the industry by direct modification of hemicellulose by
copolymerization, amidation, esterification, oxidation, among other reactions, and their
application in the food, packing, healthcare, pharmaceutical, and textile industries. As a
common example, modified xylans mixed with other compounds can be used as
emulsifiers, wet-end additives, hydrogels, and dispersants packaging films (Alekhina et
al., 2014, Xu et al., 2011, Qaseem et al., 2021).

Cellulose and hemicelluloses can initially be hydrolyzed to C6 and C5-sugars,
which are versatile building blocks in the carbohydrate-based chemical industry. These
sugars can be converted by chemical or enzymatic reactions. However, the most direct

and economic way of converting carbohydrates into commodity chemicals is the
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fermentation process (Paula et al.,, 2019, Straathof and Bampouli, 2017). Recent
publications reviewed the pathways of producing several chemicals from cellulose
(Sheldon, 2018, Artz and Palkovits, 2018) and hemicellulose (Qaseem et al., 2021)
derived sugars. For example, hydrolysis of hemicellulose could produce many
intermediate products, such as C6 and C5-sugars, which can be modified into many high-
value polymers such as 5-hydroxymethylfurfural (HMF), xylitol, furfuryl, succinic acid,
ethanol, butanediol, butanol, polyhydroxyalkanoates (PHA), and polylactates (PLA),
among others (Qaseem et al., 2021). Interestingly, Straathof and Bampouli (2017) have
made a ranking of 58 commaodity chemicals based on the economic potential of bio-based
production compared to petrochemical production. These authors used a simple model,
with ethanol as a base case and consider only a few variables: feedstock prices, number
of conversion steps, maximum yields per conversion step, and typical feedstock
contribution to product price. The petrochemical industry is based on C2 to C4 chemicals
(ethylene, propylene, butenes, syngas/methanol) and C6 to C8 aromatic compounds
(benzene, toluene, xylene) as building blocks to a variety of products. These authors
concluded that the production from carbohydrates is not competitive for platform
chemicals such as ethylene, propylene, and benzene-toluene-xylene (BTX), as these
chemicals can be produced more cheaply from petrochemical resources. Carbohydrates
contain a lot of oxygen which is useless for the production of these base chemicals. On
the other hand, the production from carbohydrates can be competitive when production
from petrochemicals requires more steps and more oxidation. Among the best-ranked
candidates for carbohydrate-based production are adipic acid, acrylic acid, 1,4-
butanediol, and methyl methacrylate. These chemicals are relatively oxidized and require
several petrochemical conversion steps starting from the base chemicals, thus can be
produced competitively from carbohydrates if theoretical yields are approached and if
processing is efficient.

In a recent review, Rosales-Calderon and Arantes (2019) emphasized the
importance of developing a biorefinery, which produces, for example, ethanol and high-
value chemicals from lignocellulose as a promising strategy to promote both
carbohydrate-based biofuels and carbohydrate-based chemicals industries. These authors
reviewed chemicals and materials with a Technology Readiness Level (TRL) of at least
8, which have reached a commercial scale and could be shortly or immediately integrated
into a cellulosic ethanol process. According to Straathof (2013), there are at least 22 types

of industrial or pilot-scale processes of biobased chemicals production by enzyme or cell
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catalysis, including the synthesis of different classes of compounds: hydrocarbons,
alcohols, carbohydrates, carboxylic acids, esters, amines, and amino acids. Tables 20.5
and 20.6 show some examples of platform molecules, products, applications, and stages
of development.

New concepts around bio-based chemicals are emerging. Shanks and Keeling
(2017) bring out a new concept of evolution of platform chemicals to bioprivileged
molecules, which are biobased chemical intermediates that can be efficiently converted
to a diversity of chemicals including drop-in replacements for petrochemical, as stated
above, as well as novel molecules. Novel chemicals molecules from petrochemical
building blocks have received little attention due to a constrained set of alkene and
aromatic molecules leading to a limited number of possible transformations. So, it would
be strategic to study novel chemical compounds derived from biological molecules, due
to the diversity of biomolecule structures and to expand the universe of possible
molecules beyond the scope of petrochemicals. The authors mention muconic acid, 5-

hydroxymethylfurfural, and triacetic acid lactone as examples of bioprivileged molecules.

Table 20.5. Examples of products from C6-sugars, their main applications and stage of
development (Ansorge-Schumacher and Thum, 2013; Bozell and Petersen, 2010; Straathof,
2014; Straathof, 2017; Taylor et al., 2015; Rosales-Calderon and Arantes, 2019;
MARKETSANDMARKETS™, 2020).

N Development

Product Application Stage
1,2-Propanediol Heat-transfer fluid, Cosmetics Industrial
1,3-Propanediol Polymers and cosmetic Industries Industrial

1,4-Butanediol Synthetic rubber, polymers, solventes and Pilot

chemicals
Precursor for polyester polyol or plasticizer; Used

. to produce adhesive resins or as solvent, coolant, .

1,2-Butanediol refr;igerant, hydraulic fluid, or fine chemical raw Industrial
material

1,4-Diaminobutane Production of Nylon 4,6 Research

1,5-Diaminopentane Production of Polyamides Pilot
1-Butanol Drop-in fuel Industrial
1-Butyrolactone Solvent Research
1-Hexanol Fragrances, Plasticizers Research
1-propanol Synthesis of n-propyl acetate Research
2-Aminoethanol Anticorrosive, detergent, gas sweetening Research
2-Butanol Precursor of amines and esters Research

Used to manufacture printing inks, perfumes,
2,3-Butanediol fumigants, moistening ?md softening agents, Industrial
explosives, plasticizers, foods, and
pharmaceuticals

3-Hydroxybutyric Acid Monomer of Polyhydroxybutyrate Research

3-Hydr Precursor of Acrylic Acid Pilot
6-Aminohexanoic Acid Silicones Research
Acetaldehyde Chemical intermediate for various compounds Industrial
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Acetic Acid

Acetic anhydride

Acetone

Adipic acid
Ascorbic Acid

Butanol

Butanone
Butyric Acid
Citric Acid
D-Gluconic Acid
D-Mannitol
Epoxyethane
Erythritol
Ethanol

Ethyl acetate

Ethylene glycol

Farnesene
Formaldehyde
Formic Acid
Glycolic Acid

Glutamic acid

Hexanoic Acid
Isobutanol
Isobutyraldehyde
Isoprene
Isopropanol
Itaconic Acid
Lactic Acid
L-Aspartic Acid/L-
Arginine

L-Glutamic Acid

L-Lysine
L-Threonine
L-Valine
Malic Acid
Methanol
Methyl Cloride
Phenol

Precursor for Vinyl Acetate, cellulose-based
polymers, Acetic anhydride, Acetate salts. Used
for foam rubber, cable insulation, wood gluing,

emulsifiers, cement coatings, and desalination
membranes
Esterification agent used in the preparation of
modified food starch and acetylation of
monoglycerides
Production of acrylic plastics, signs, lighting
fixtures and displays, and Bisphenol A (BPA), and
as a solvent in multiple products, such as paints,
cleaning fluids, and adhesives
Production of Nylon 6,6
Production of Vitamin C
Used in the manufacture of adhesives, sealant
chemicals, paint additives, coating additives,
plasticizer, and cleaning products
Used in paint and glues
Cellulose acetate butyrate plastics
Food/beverage industry
Solvent for multivalent cations
Sweetener
Production of Ethylene Glycol
Sweetener
Fuel, Solvent, Beverages
Used in the production of inks, adhesives, car care
chemicals, plastics, and as synthetic fruit essence,
flavor, and perfume in the food industry
Manufacture of antifreeze, hydraulic brake fluids,
industrial humectants, printer’s inks, and in the
synthesis of safety explosives, plasticizers,
synthetic fibers
Solvents, Surfactants, Resins, Adhesives
Resins
Silaging
Cosmetics
Use as thickener, humectant, cryoprotectant, drug
carrier, biodegradable fibers, highly water
absorbable hydrogels, biopolymer flocculants, and
animal feed additives
Fine Chemical
Mobile phase in thin-layer chromatography
Chemical intermediate for various compounds
Synthetic rubber and Thermoplastic elastomer
Solvent and cleaning fluid
Synthesis of resins and chemicals
Cosmetics, Leather industry

Chemical commodity

Nylon 6; Use as thickener, humectant,
cryoprotectant, drug carrier, biodegradable fibers,
highly water absorbable hydrogels, biopolymer
flocculants, and animal feed additives
Food industry
Chemical commodity
Chemical commodity
Acidulant
Antifreeze agent, Solvent
Synthesis of polymers
Polycarbonates and resins

Industrial

Industrial

Industrial

Research
Industrial

Industrial

Research
Pilot
Research
Industrial
Research
Research
Industrial
Industrial

Industrial

Industrial

Industrial
Research
Research
Research

Industrial

Research
Industrial
Research
Pilot
Research
Industrial
Industrial

Research

Industrial

Industrial
Industrial
Research
Research
Pilot
Research
Industrial

39



Propanal Chemical intermediate for various compounds Research

Propionic Acid Food preservation Pilot
Pyruvic Acid Fine Chemical Research
Used as sweetener, thickener, humectant,
Sorbitol excipient, dispersant in food, cosmetic, and Industrial
toothpaste, and vitamin C synthesis
Styrene Synthesis of polymers Research

Building block for polymers; personal care
products and
food additives to large-volume applications such
Succinic Acid as Industrial
biopolymers, plasticizers, polyurethanes, resins,
and
coatings

Table 20.6. Examples of products from C5-sugars, fatty acids and fatty alcohols and glycerol,
their main applications and stage of development (Ansorge-Schumacher and Thum, 2013;
Bozell and Petersen, 2010; Straathof, 2014; IEA, 2020; METEX, 2020).

E/:ifzgzrl]; Products Application Devg[(c;zrenent
Ethene Polyethylene, Ethylene Oxide, Vinyl Chloride Research
Isobutene Synthetic Resins, Adhesive Resins, Vitamins Research
Ethylene Glycol Antifreeze agent, Production of Polyester Research
Xylitol Sweetener Industrial
Acetic Acid Vinyl Acetate, Acetic anhydride, Acetate salts Research
C5 Used in the recovery of lubricants from
Furfural cracked crude, in the production of specialist Industrial
adhesives, and as a flavor compound
Glycolic Acid Cosmetics Research
2-aminoethanol Anticorrosive, detergent, gas sweetening Research
1,2 propanediol Heat-transfer fluid, Cosmetics Research
Terminal Alkenes Surface-active agents Research
Fatty FAME Biodiesel Industrial
Acids 1-Hexanol Fragrances Research
Glycerol Biodiesel Industrial
Fatty Butadiene Synthetic rubbers and plastics Research
Alcohols
1-propanol Synthesis of n-propyl acetate Research
1,3-propanediol Precursor for Polymers Industrial
3—hydro;<():/ipc)jrop|on|c Precursor of Acrylic Acid Pilot
Glycerol Butyric acid Animal feed Industrial
Epichlorohydrin Intermediate %f epoxy resins and other Industrial
erivatives
Propylene glycol Heat-transfer fluid, Cosmetics Industrial

Differently from the biomass’ carbohydrate fraction, lipid fractions can be
converted to a variety of relevant compounds with reduced steps of processing, mainly if

the biocatalytic route is adopted. The most common uses of lipid fraction are food and
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biofuels (biodiesel). Besides the direct application of triglycerides of edible oils in the
food industry, triglycerides properties can be enhanced, via interesterification or partial
hydrolysis, and designed for high-value applications, such as human milk fat and cocoa
butter equivalents (Guerrand, 2017; Coelho et al., 2020). Non-edible oils, on the other
hand, can be extensively explored for chemicals production. The hydrolysis of
triglycerides generates free fatty acids, that can be esterified with different alcohols,
sugars, amines, amides, and amino acids, to obtain an assort of important surfactants and
emollients for cosmetics, pharmaceutics, cleaning products, lubricants, plasticizers, and
food additives (Basri et al., 2013; Abdelmoez and Mustafa, 2014, Sarmah et al., 2017).
Moreover, to avoid competition between the destination of edible oils for food and
chemicals, residual streams of edible oil refining may be used as a source of free fatty
acids, that can be converted directly to biofuels, biolubricants, surfactants, and emollients.
These approaches have been successfully explored by many different researchers in
recent years, including the use of biocatalytic processes (Chaiyaso et al., 2006; Chong et
al., 2007; Top, 2010; Zhang et al., 2016; Kapor et al., 2017; Fernandes et al., 2018; Musa
et al., 2019, Marin-Suarez et al., 2019; Collaco et al., 2021).

Biocatalyzed processes for oleochemicals production have received increasing
attention as cleaner alternatives to produce esters for different applications (Ansorge-
Schumacher and Thum, 2013; Bozell and Peterson, 2010; Straathof, 2013; Khan and
Rathod et al., 2015; Sarmah et al., 2017). Due to the specificity showed by lipases, a
special class of hydrolytic enzymes, reactions between triglycerides or fatty acids with
alcohols (or other acyl acceptors) can be carried out without forming undesirable by-
products. This feature results in improved quality of products avoiding laborious
purification processes, besides mild reaction conditions compared to conventional
catalysis (Ansorge-Schumacher and Thum, 2013; Khan and Rathod et al., 2015; Sarmah
et al., 2017). Important advances have been observed using lipases for obtaining flavors
and aromas esters, emollients, biosurfactants, biofuels, and biolubricants derived from
different biomass’ lipid fractions, although the high cost of enzymes is still a drawback
for the wide adoption of biocatalysis in this field.

Biomass lipid fraction is extensively adopted for biodiesel production. The most
common biodiesel production process is transesterification — a reaction between
triglycerides and methanol/ethanol — whose by-product is glycerol. Thus, glycerol is a
raw material available in large quantities. Glycerol can be considered as a mini-sugar and

consequently used in different fermentative processes. Currently, research is concentrated
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on 1,3-propanediol (1,3-PDO) production (Bozell and Petersen, 2010; Straathof, 2013;
Chen et al., 2018), however, other several products can be produced from glycerol
processing, as by catalysis. Bio-based epichlorohydrin (EPI) is a competitive drop-in for
oil-based EPI, obtained from glycerol in a process called epicerol (IEA, 2020); propylene
glycol can be produced from glycerol hydrogenolysis, offering a reduction in greenhouse
gas emissions compared to the oil-based process (Kaur et al., 2020).

Concerning the 1,3-PDO Industry, there is a trend to replace the chemical
processes, traditionally performed by Shell and DuPont, for biotechnological ones.
Initially, the bio-based 1,3-PDO producers used to apply GMO capable of convert glucose
into glycerol, and then metabolize glycerol to 1,3-PDO through the fermentation process
(Silva et al., 2014). Recently, METEX - NOOVISTA announced a new plant located in
France to produce 1,3-PDO and butyric acid using glycerin from rapeseed oil as raw
material, in a GMO-free process (Metex, 2020).

20.5 Biogas/Biomethane Production

Anaerobic digestion (AD) has been considered a viable technology for the
treatment of organic waste materials and methane production. This process generates
agricultural and environmental benefits, such as renewable energy vector production,
organic waste treatment, greenhouse gas emission reduction, pathogen reduction through
sanitation, and improved fertilization efficiency (Kougias and Angelidaki, 2018; Mucha
et al., 2019; Atelge et al., 2020). For these reasons, the anaerobic digestion of organic
waste has received great attention worldwide in recent years. The AD process promotes
the degradation of organic material into biogas by microorganisms, in the absence of
oxygen, implying significant advantages, such as low power demand, inexpensive
nutrient requirement, moderate and stable sludge production, and high efficiency of both
organic matter removal and biogas generation (Rajagopal et al., 2013; Sawatdeenarunat
et al., 2019; Zamri et al., 2021). Several organic materials have been used as feedstock
for AD, for instance, lignocellulosic biomass (Ferraro et al., 2020; Weide et al., 2020;
Ghimire et al., 2021), municipal solid waste (Chynoweth and Pullammanappallil, 2020;
Basinas et al., 2021), animal manure (Weide et al., 2020; Khan and Ahring, 2021), and
food processing waste (Andriamanohiarisoamanana et al., 2020; Alrefai et al., 2020),

among others. These feedstocks are usually available at small-scale biogas plants, which
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avoid additional transportation costs and thereby render biogas production economically
feasible (Naik et al., 2014; Yang et al., 2014).

The conversion of organic materials into biogas is generally performed by a
consortium of microorganisms through a series of metabolic phases, namely hydrolysis,
acidogenesis, acetogenesis, and methanogenesis, in that order (Figure 20.5). The
hydrolysis phase is usually the rate-determining step of the whole AD process. During
this phase, undissolved complex organic materials, e.g., polysaccharides, proteins, and
fats are broken down into simpler organic materials such as sugars, amino acids, and fatty
acids. The hydrolytic bacteria involved are usually of the genera Bacteriodes,
Clostridium, Lactobacillus, Propioni-bacterium, etc. (Deublein and Steinhauser, 2008;

Goswami, 2016), which secret exoenzymes.

Raw material

Hydrolytic microorganisms l Hydrolysis
Hydrolysis products
l Acidogenic l Acidogenesis
bacteria
SO;2INO5 VFA and alcohols

Reducing nitrate Homoacetogenic lAcetogenic Acetogenesis

bacteria
ar;d stulfgte HS/NH bacteria
acteria 3 —_— Acetate
Hydrogenotrophic Acetoclastic ;
methanogens methanogens ~Methanogenesis

archaea CH,+CO, archaea

Figure 20.5. Anaerobic digestion steps: hydrolysis, acidogenesis, acetogenesis, and
methanogenesis. VFA: volatile fatty acid. (De S&; Cammarota; Ferreira-Leitdo, 2014).

Depending on the composition and structure of the organic matter, the hydrolysis
stage may last from few hours to several days. Hence, many studies have been developed
to perform the hydrolysis separately from the other phases of the AD, which allows
independent control of the hydrolysis, reduce the time of the process and increase the

availability of the substrates, thereby improving the overall AD process (Menzel et al.,
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2020). This separation is especially necessary when lignocellulosic biomasses are the
main carbon source. Different biomass pretreatment methods including physical (ball
milling, wet disc, extrusion, microwave irradiation, steam-explosion, and liquid hot
water), chemical (alkali and acidic), and biological (fungi, bacteria, and enzyme) pre-
treatments have been reported (Amin et al., 2017; Rajin, 2018; Yu et al., 2019; Ferdes et
al., 2020; Atelge et al., 2020), which may be applied to enhance the 1st phase of the AD
prior to the subsequent phases.

In the second phase of AD (acidogenesis), acidogenic bacteria (e.g. Clostridium,
Paenibacillus, and Ruminococcus) use the simple compounds (monomers of sugars,
amino acids, fatty acids) generated from the hydrolysis phase as substrates to produce
volatile fatty acids (VFA) (e.g., acetate, propionate, and butyrate), alcohols, Hz, and CO..
In the third phase (acetogenesis), homoacetogenic bacteria (Clostridium) convert H, and
CO; into acetate, while acetogenic bacteria (Moorella, Clostridium, Alkaliphillus,
Caldanaerobacter, Thermoanabacter) oxidize VFA and alcohols into acetate. Finally, in
the methanogenic phase, methanogenic archaea (acetoclastic and hydrogenotrophic
methanogens) convert Hz, CO,, and acetate into CHs and CO». The acetoclastic
methanogens (Methanosaeta, Methanosarcina) produce methane through acetate
decarboxylation, while the hydrogenotrophic methanogens (Methanothermobacter,
Methanoculleus, Methanosarcina, Methanoccocus, Methanocaldoccocus) produce
methane through H./CO: reduction. If nitrate and sulfate are present in the medium, some
species of nitrate and sulfate-reducing bacteria use H. as the electron donor for ammonia
and sulfide production, respectively (Chernicharo, 2007; Schnirer and Jarvis, 2018;
Soares et al., 2019).

Besides biogas production, the digestate resulting from AD can be applied as
biofertilizer in agriculture. However, the quality of the digestate is essential for its
acceptance as a replacement for mineral fertilizers in crop production. On a general note,
the digestate is rich in several nutrients, principally, nitrogen, phosphorous, and
potassium, but low in carbon (Mucha et al., 2019; Logan and Visvanathan, 2019; Guilayn
et al., 2020). The digestate quality varies with different factors, such as the characteristics
of the feedstock material, microbial community, AD operational conditions, and the
digestate processing techniques (Mucha et al., 2019; Logan and Visvanathan, 2019;
Guilayn et al., 2020). Parameters that allow high-quality digestate are appropriate pH,
nutrient and chemical content, and the absence of inorganic impurities and pathological

contamination (Mucha et al., 2019).

44



Different methods such as pre-digestion, in-vessel cleaning, and post-digestion
can be applied to improve the digestate quality without any negative effect on methane
yield (Mucha et al., 2019; Logan and Visvanathan, 2019). The pre-digestion involves
various chemical, mechanical, thermal, and enzymatic feedstock pretreatment techniques,
while in-vessel cleaning systems are used to remove contaminants from the digester. The
post-digestion involves a partial solid-liquid separation of digestate with volume
reduction, or a complete separation of digestate into solid fibers, fertilizer concentrate,
and pure water (Mucha et al., 2019; Logan and Visvanathan, 2019). AD digestate could
also find further applications in algae cultivation, biopesticides, biosurfactants, biofuels,
and biochar production (Mucha et al., 2019; Logan and Visvanathan, 2019; Bastabak and
Kocar, 2020; Guilayn et al., 2020).

Several factors can affect the productivity and stability of the anaerobic
fermentative system for biogas production, such as temperature, pH, carbon-to-nitrogen
mass ratio (C:N ratio), redox potential, organic loading rate (OLR), and retention time.
Temperature is one of the main factors affecting AD, as it directly influences the CH4
yield. The growth rate of microorganisms is significantly affected by pH. For example,
the growth rate of methanogenic archaea is greatly reduced at pH lower than 6.0 and
higher than 8.0 (Mao et al., 2015). The C:N ratio affects the performance of the AD, as
the anaerobic bacteria require a balanced nutritional medium for their growth and
maintenance of a stable environment. According to the literature, a C:N range of 20-35
was considered to be the optimum condition for AD (Zahan et al., 2018; Kainthola et al.,
2020; Ma et al., 2020; Nugraha et al., 2020; Dima et al., 2020).

The redox potential can be used as an indicator of the AD, as the growth of
methanogenic archaea requires a low redox potential. This redox potential has been

reported to range from —200 to —400 mV (Naik et al., 2014). The stability of the AD is
dependent on the OLR and hydraulic retention time (HRT). When the OLR s high, the

fermentative system may become unbalanced due to excessive production of volatile
acids, leading to inhibition of the process. The same behavior is observed at short HRT.
Thus, a low OLR and a long HRT provide the best strategy for achieving constant and
maximal methane yields (Naik et al., 2014; Mao et al., 2015).
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20.5.1 Enzymes applied to improve anaerobic digestion

As discussed earlier, hydrolysis, which is the first phase of AD limits the overall
rate of the AD process. Enzymatic pretreatment is a biological pretreatment method used
to improve methane production by speeding up the hydrolysis phase of AD by hydrolytic
enzymes such as protease, lipase, a-glucosidase, a-amylase, cellulase, hemicellulases,
xylanases, dextranases, and others (Sethupathy et al., 2020).

Hydrolytic enzymes are used to improve the reduction of the particle size of
substrates and/or to reduce the crystallinity degree of the biomass. They can be added
simultaneously to the substrate and inoculum in the biodigester (one-stage) or initially
used to hydrolyze the substrate and then fed into the reactor (two-stage) (Navarro et al.,
2020; Xu et al., 2021).

Thus, the choice of enzymes and the AD operating conditions are dependent on
the type and composition of the feedstock material. For lignocellulosic feedstocks,
hydrolysis has been performed using fungal hydrolytic enzyme mixtures (containing,
cellulase, hemicellulase, xylanase, pectinase, and so on) for a more efficient one-stage or
two-stage anaerobic digestion system. For example, Weide et al. (2020) studied the
effects of different enzyme mixtures (Cellulase, xylanase, beta-glucanase, endo-
pectinase) from Trichoderma citrinoviride Bisset on the biomethane yields in a single-
stage anaerobic digestion of agricultural wastes (silage, straw, and animal manure), and
observed an accelerated biomass degradation leading to an increase in methane yield.
Specifically, for chicken manure, hay, and triticale straw, the increase in methane yield
was between 8.1% and 21.2% (Weide et al., 2020). However, for the other feedstocks
tested, such as grass and maize silage, maize straw, horse and cattle manure, and a mixture
of cattle manure and maize silage, the increase in methane yield was only between 0.3%
and 6.4% (Weide et al., 2020).

Garcia et al. (2019) evaluated the enzymatic pretreatment of lignocellulosic
biomass 24 h before reactor feeding (two-stage condition). They observed an
improvement in the degradation performances of the feedstocks, such as sorghum straw
and corn cob flour, and an enhancement of over 30% of biogas production (Garcia et al.,
2019). Generally, feedstocks with greater degradability can be carried out in one-stage
AD without impairing the efficiency of the process, while for recalcitrant feedstocks, the

most efficient condition is two-stage (Garcia et al., 2019; Garritano et al., 2017).
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Enzymes such as lipases have also been applied in the anaerobic digestion of food
waste, sewage sludge, and different animal wastewaters (from dairy and meat
processing), which contain large amounts of fats (Meng et al., 2017; Pascale et al., 2019;
dos Santos Ferreira et al., 2020; Cheng et al., 2020). These enzymes break down fat to
free fatty acids for better AD performance.

A hydrolytic pool of enzymes can improve the overall AD process but commercial
enzymes represent a significant cost to industrial processes. Enzyme extraction from
natural sources such as activated sludge serves as an alternative and is cost-effective (Liu
and Smith, 2020). Furthermore, purification, concentration, and
stabilization/immobilization techniques can also greatly expand the industrial application
and increase the economic value of enzymes, developing a potential commercial-scale

recovery of hydrolytic enzyme products from waste biomass sources.

20.5.2 Generation and Use of Biogas/Biomethane in Brazil

Biogas produced from the AD process has been presented as an efficient
alternative in the production of bioenergy. Biogas production in the IEA Bioenergy Task
37 member countries is clearly dominated by Germany, with more than 10,000 biogas
plants (IEA, 2020). None of the other member countries (Austria, Brazil, Denmark,
Finland, France, Norway, Ireland, Korea, Sweden, Switzerland, Netherlands, and the
United Kingdom) have more than 1000 biogas plants apiece. The annual biogas
production is approximately 120 TWh in Germany, 25 TWh in the United Kingdom, 5
TWh in Brazil, 4 TWh in both the Netherlands and France, and less than 3 TWh in the
remaining countries (IEA, 2020). In countries such as the United Kingdom, Brazil, and
South Korea, biogas produced in landfills is the largest source, while landfill gas is only
a minor contributor in countries such as Germany, Switzerland, and Denmark. The biogas
produced is mainly used for the generation of heat and electricity in most countries, except
for Sweden, where approximately half of the produced biogas is used as vehicle fuel (IEA,
2020). Many countries, such as Denmark, Germany, and South Korea, among others,
have shown initiatives and interest in increasing the share of biogas to be used as vehicle
fuel in the near future (IEA, 2020).

In Brazil, the potential for biogas production from sugar-energy, animal protein,

agricultural production, and sanitation are 57.6 million, 35.3 million, 18.1 million, and
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6.1 million Nm?®/day respectively (ABiogas, 2021). The current biogas production is
about 3,500 Nm?®day from about 550 biogas plants distributed across the country
(ABiogas, 2021).

In addition, the energy use of biogas for electrical systems in Brazil remains
insufficient. In the first quarter of 2019, the total number of biomass-fueled thermoelectric
plants was 559, out of which only 37 were driven by biogas (approximately 145.6 MW
of installed capacity), which represents approximately 0.8% of the electricity production
by biomass (ANEEL, 2019). Interestingly, only in 2020, 58 new thermoelectric plants
driven by biogas (approximately 49 MW of installed capacity) started operation
(ABiogés, 2020), making a total of 95 thermoelectric plants driven by biogas, with
approximately 195 MW of installed capacity.

The purification of biogas, through the removal of CO2, H20, H.S, NH3 and other
impurities, makes it possible to obtain biomethane, which can be used as a substitute for
natural gas and as a transportation fuel (Awe et al., 2017; Iglesias et al., 2021). This
approach allows efficient integration of biogas into the energy sector, and it is also
observed that the industries are strongly interested in this product, not only in Brazil but
in Africa, Europe, and throughout the Americas (Bley Jr., 2015). Applications of gaseous
fuels developed from shale gas in the United States have been tendered competitively
around the world.

In Brazil, impacts are already observed on the use of engines relying on 100%
natural gas (perfectly replaceable by biomethane), including heavy loads, trucks, and
buses. Shale gas has accelerated the arrival of the “Age of gas” in the world energy matrix,
and in Brazil (Bley Jr., 2015). Currently, the use of biogas as a vehicle fuel is rare.
However, the viability of using biomethane as a vehicle fuel has been demonstrated in a
project developed by ITAIPU Binacional, the Itaipu Technology Park Foundation,
Scania, Haacke Farm, and the International Center on Renewable
EnergyBiogas/CIBiogas-ER (IEA, 2015). At the moment, there are three compressed
biomethane filling stations in Brazil servicing about 110 biomethane-utilizing vehicles
(IEA, 2020).

The expansion of the biogas sector in Brazil over the years has been supported by
various initiatives, policies, legislations, and research. For example, the 2015 legislation
(Resolution No. 8, Jan 30, 2015) developed by the government’s National Agency of
Petroleum, Natural Gas and Biofuels (ANP) paved way for the development of

biomethane market in Brazil. The legislation was applied to biomethane produced from
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biodegradable materials originating from agroforestry and organic waste, intended for
nationwide use as a fuel for vehicles, in commercial shipping, and for residential use. The
standard includes obligations regarding quality control to be met by the various economic
agents who trade biomethane throughout Brazil (IEA, 2015, 2020). Furthermore, through
another legislation (Resolution No. 685, June 29, 2017) by ANP, the rules for approving
the quality and specifications of biomethane from landfills, sewage treatment plants, for
mobility, residential, industrial, and commercial uses were established. In addition,
National Biofuel Policy (RenovaBio) recently established by Law No. 13,576/2017 seeks
to expand the production, use, and commercialization of biofuels including biomethane,
ensuring their competitive participation in the fuel market (IEA, 2020; ANP, 2020).

20.5.3 Hydrogen production

The role of hydrogen (H2) will be essential to the global decarbonization of energy
matrixes worldwide. It is a low carbon energy vector and its combustion only generates
water as a by-product. The remarkable challenge is the transition from fossil to renewable
sources in the hydrogen production chain. According to the 6" IPCC report (2021), by
2050 renewable energy must account for 70-85% of electricity to limit global warming
to 1.5°C. Therefore, investments in low carbon technologies need to be a priority,
otherwise, Earth will experience a critical scenario of extreme heat, rising sea levels,
species extinction, among others. Currently, Hz is produced mostly from fossil sources,
through thermochemical processes. Therefore, the development of sustainable processes
for Hz production, such as biological processes, is of great relevance.

Fermentative microorganisms have been widely explored to produce Hz along
with the feasibility of treating organic waste. Hydrogen is one of the most efficient and
cleanest fuels to be inserted in the energy matrix due to its high calorific value of 141.9
MJ/kg (higher than all the biofuels), and the generation of water as the only by-product
of its combustion (Reaction 20.5.1) (Hans and Kumar, 2018; Yang and Wang, 2018).

H> + 1/2 O2 — H.0 (Reaction 20.5.1)

Photo-fermentation and dark fermentation are the main processes to obtain

hydrogen through the biological route. Photo-fermentation is conducted by purple non-
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sulfur (PNS) bacteria through organic matter degradation (simple sugars, short organic
acids, aromatic compounds, and alcohols) in the presence of light energy (Akhlaghi and
Najafpour-Darzi, 2020). PNS bacteria such as Rhodobacter sphaeroides, R. capsulatus,
R. sulfidophilus, Rhodopseudomonas palustris, and Rhodospirillum rubrum have
versatile metabolism dependent on the light intensity, carbon source, and degree of
anaerobiosis (Argun and Kargi, 2011). It is important to highlight that simple sugars
(hexoses and pentoses) (Reaction 20.5.2 and 20.5.3) are less efficient substrates than
organic acids such as acetate, lactate, and butyrate (reactions 20.5.4, 20.5.5, and 20.5.6)
for H, production by PNS bacteria (Akhlaghi and Najafpour-Darzi, 2020).

Hexoses: CeH1206 + 6 H2O — 12 H2 + 6 CO2 (Reaction 20.5.2)
Pentoses: CsH1005 + 5 H,O — 10 H2 + 5 CO2 (Reaction 20.5.3)
Acetate: C2H402 + 2 H,O — 4 Hy + 2CO2 (Reaction 20.5.4)
Lactate: C3Hs03 + 3H20 — 6 Hy + 3CO2 (Reaction 20.5.5)
Butyrate: C4HgO2 + 6 H2O — 10H2 + 4CO> (Reaction 20.5.6)

Biological H> production through dark fermentation (DF) allows the use of a
variety of organic materials such as lignocellulosic wastes (De Sé et al., 2020; Rena et
al., 2020; Wang and Yin, 2018), agroindustrial effluents (Faber and Ferreira-Leitdo, 2016;
Garritano et al., 2017; Rego et al., 2020), food wastes (Hassan; Hemdan; El-Gohary,
2020), among others as feedstocks. The use of fermentative microorganisms in the
conversion of carbohydrates, lipids, and proteins from biomass into H provides the return
of these carbon sources to the productive cycle of biofuel production. In addition,
biohydrogen can be produced under room temperature and pressure, resulting in a low
energy demand process (Niz et al., 2019; Yang and Wang, 2018).

Dark fermentative microorganisms, such as Enterobacter sp., Bacillus sp., and
Clostridium sp., allow a continuous production, fermenting a wide range and more
complex substrates without inhibition in absence of light (Ding; Yang; He, 2016;
Elbeshbishy et al., 2017; Yang and Wang, 2018). Clostridium is a Gram-positive bacteria
and this genus is the most commonly used microorganism for H, production using pure
culture. It can metabolize both hexoses (reactions 20.5.7 and 20.5.8) and pentoses

(reactions 20.5.9 and 20.5.10), generating acetic and butyric acids, and Hz as products.
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Hexoses:

CeH1206 + H20 — 2 C2H402 + 2 CO2 + 4 H2 (Reaction 20.5.7)
CeH1206 + H20 — C4HgO2 + 2 CO2 + 2 H2 (Reaction 20.5.8)
Pentoses:

CsH100s + 1.67 H20 —1.67 CoH4O2+ 3.33 Hz + 1.67 CO2 (Reaction 20.5.9)

CsH1005 — 0.83 C4HgO2 + 1.67 H2 + 1.67 CO> (Reaction 20.5.10)

However, a microbial consortium is most often used as inoculum for dark
fermentation than a pure culture of Hz-producer (Moraes et al., 2019). Mixed culture can
be stemming from a natural source, such as sewage sludge, animals manure, which may
not require substrate or equipment sterilization, resulting in an effortless, simple, and
cheaper process. Additionally, their microbial diversity can make the system resistant to

operational changes (Hiligsmann et al., 2011; Wang et al., 2018).

20.5.4 Sequential production of hydrogen and methane

As a result of dark fermentation of organic feedstock applying mixed culture of
microorganisms as an inoculum, Hz and CO> are the major compounds in the gas phase,
while the liquid phase contains acids (mainly acetic and butyric acids), alcohols, and other
molecules derived from the metabolism of the raw material. These organic compounds
generated in DF can be used as a substrate for CH4 production by methanogenic archaea.
The overall process for obtaining H2 and CH4 sequentially consists of separate anaerobic
digestion into two steps: the acidogenic step leads to H. production using a pretreated
inoculum, and the methanogenic step culminates in CH4 production applying the raw
mixed culture as an inoculum (Rajendran et al., 2020).

This two-step production is required to avoid the use of H; as a substrate by the

hydrogenotrophic methanogenic archaea in the CHs production step (Figure 20.5).
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Besides, sequential production has the advantage of promoting a stable anaerobic
digestion process due to the use of two different optimal pH values, allowing the
regulation of organic overloads in the methanogenic step and the increase of overall yield.
Two-stage AD has a faster degradation of substrates since arises in acetogenic step,
resulting in a higher productivity compared to one-stage AD. Another advantage is related
to energy recovery. Given the fact that only 10-20% of the total COD (chemical oxygen
demand) in the medium is used for H> production, the sequential step promotes the
digestion of the most complex compounds for methane production, representing 80-90%
of the COD (Fu et al., 2017; Parthiba et al., 2018; Rajendran et al., 2020).

The setup of two-stage reactor was initially designed for the high-solid substrates
such as agroindustrial residues, but it has been used in wastewater treatment systems
showing good performance. There is great potential in the treatment of residual biomass
by two-stage AD, and a crucial factor for the success of this process is influent feed solid
concentrations and evaluation of the characteristics of the substrate. As mentioned, the
degradation of the more complex compounds occurs in the fermentative stage
(hydrolysis-acidogenesis). Hence, AD in combined reactors provides a retention time of
10 to 18 days (one-stage anaerobic digestion is approximately 30 days) and it brings the
advantage of reducing the reactor volume by 25 - 45%. In addition to less digester volume,
the process enables odor control, greater degradation of VFAs, and provides buffering
capacity for the system, which may increase the availability of nutrients for
microorganisms (Rajendran et al., 2020). The technical-economics aspects of sequential
H> and CHs production still need to be analyzed in order to understand the market

accessibility, success, and profitability.

20.6 CONCLUDING REMARKS

A sustainable means of industrial production is an unavoidable choice. A biorefinery can
integrate, in the same industrial unit, processes for the production of biofuels, chemicals,
electricity, and heat and is thus considered the most promising approach to the creation
of new industries based on renewable raw materials. Although in the current biorefinery
context, industrial investments are largely directed towards the production of low-added-

value biofuels, such as biodiesel and ethanol, the production of high-added-value
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products, such as green chemicals and polymeric resins, from residues and by-products
derived from biomass processing may improve the material value two- or fourfold.
Consequently, six to eight times more jobs could be created as well, and the amount of
residues could be highly reduced. Economic and regional aspects influence the
establishment of a renewable industry for fuel and chemical production and also control
the speed of its implementation. However, it is important to maintain investments in this
strategic field to take advantage of the opportunities, which include, with a high degree
of protagonism, enzymatic and microbial processes to support a sustainable industry. The
aspects mentioned throughout the chapter are of great importance for a sustainable future.
It has become much more important now considering the latest IPCC report and the need
for economies to recover in the post-covid era, which highlights the importance of local

development and the utilization of regional resources.
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Bagacos, palhas e carocos podem gerar tanta riqueza quanto o
cultivo de cana-de-agucar, graos, mandioca, frutas e o
extrativismo florestal. A agroindustria € um dos principais
setores da economia do Brasil, mas o reaproveitamento de
seus residuos, a chamada biomassa vegetal, pode levar o pais
ao protagonismo na transicao inevitavel para uma economia
de baixo carbono, que gera menos prejuizos ao meio
ambiente. A biomassa é matéria-prima para combustiveis,
energia e diferentes tipos de produtos importantes para a
industria. A exploracao dessa riqueza, no entanto, requer
tecnologias diversificadas, avancadas e economicamente
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Pais de proporgoes continentais e rica biodiversidade, o Brasil tem a agroindustria como um de seus
principais setores da economia. As plantacoes de cana-de-agucar, graos, frutas e o extrativismo nas

florestas geram residuos - a chamada biomassa vegetal - que tém um impacto ambiental severo
quando nao descartados corretamente. Essa biomassa, entretanto, pode se transformar em matéria- @
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BIOCOMBUSTIVEIS
0 etanol 26, produzido

uso de biomassa para
combustiveis no Brasil.

A biomassa vegetal pode
ser fracionada e usada na
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prima renovavel para a geracao de energia e de produtos com maior valor agregado. E ndo ha ciclo
produtivo mais virtuoso do que aquele em gue os residuos de uma atividade econémica sao
reaproveitados para outras atividades, evitando o seu acumulo e gerando ainda mais riqueza.

As biomassas mais comuns no Brasil, pela dimensao de sua atividade agroindustrial e de extrativismo,
sao bagaco e palha da cana-de-acucar, palha de milho, palha de trigo, palha e cascas de arroz e
residuos do processamento de citricos, do coco, do acai, da mandioca, do 6éleo de palma, da macauba
e do café. Apesar de ja existirem tecnologias para o processamento industrial de algumas dessas
biomassas, a diversidade dos materiais ainda exige o desenvolvimento de processos que valorizem o
potencial de cada um deles.

Ainda que as biomassas apresentem composicao quimica e caracteristicas estruturais comuns, cada
tipo de residuo tem peculiaridades proprias a sua espécie vegetal, com potenciais distintos para a
geracao de novos produtos. Por exemplo, a palha do milho é diferente dos residuos de eucalipto que,
por sua vez, sao diferentes do bagaco da laranja e das sementes do acai. Diante dessa diversidade, as
atividades de pesquisa e desenvolvimento (P&D) sdo fundamentais para encontrar solucoes
inovadoras visando a exploracao integral da riqueza desses recursos renovaveis. Essas novas
tecnologias precisam incluir preservagao ambiental, ser economicamente viaveis e ter impacto
social.

As muitas aplicacoes

Muitos produtos podem ser gerados a partir das biomassas, por meios fisicos, quimicos e/ou
bioquimicos. Um exemplo de uso mais direto € a queima do bagacgo de cana nas usinas para
cogeracao de energia (vapor e eletricidade), um processo ja estabelecido. Por sua vez, tecnologias
termoquimicas mais avancadas, como a pirélise ou gaseificacao da biomassa, que geram bidleo,
biochar e gas de sintese, ainda nao tém dimensao industrial.

a partir do bagago de 05
cana, foi fruto de BIOENERGIA
tecnologia pioneira no 0 H2 pode ser produzido a

02 ,
PRODUTOS QUIMICOS

producao de diversos 04
produtos quimicos livres BIOELETRICIDADE
de petroleo, usando o 03 A queima de bagaco de
conceito de biorrefinaria. PRODUTOS FARMACEUTICOS cana gera energia eletrica
Anualmente, sdo acumuladas 1,3 milhao de que alimenta as usinas de
toneladas de semente de acai na regiao cana, e 0 seu excedente
amazonica, as quais futuramente poderao pode ser vendido.

ser utilizadas para a produgéao de alimentos
prebioticos e compostos antioxidantes.

Exemplos de aplicagoes das biomassas vegetais na producao de biocombustiveis, de produtos
quimicos, de produtos farmacéuticos, de bioeletricidade e de bioenergia
Crédito: Mariana de QOliveira Faber

Outros usos da biomassa pressupoem a desconstrucao da sua estrutura recalcitrante por
tratamentos que possibilitem 0 acesso aos seus componentes principais (celulose, hemicelulose e
lignina). A celulose, que é a matéria-prima da pasta de celulose e do papel, é também usada na

https://cienciahoje.org.br/artigo/biomassa-brasileira-riqueza-pouco-explorada/

partir da fermentacao de
biomassas e sua queima & livre
de emissoes de carbono. 0
CH4, que pode ser produzido
por digestao anaerdbia, é um
gas substituto do gas natural.
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obtencao de éteres de celulose com propriedades fisicas adequadas a diferentes produtos. A lignina,
além de ser um combustivel sélido, pode ser usada para a producao de 6leos, resinas, gas de sintese e
metanol.

As etapas do reaproveitamento

0 pré-tratamento dessas diferentes biomassas é essencial para seu posterior processamento por
meio de processos biotecnoldgicos, como a hidrélise enzimatica, em que ocorre a quebra de seus
polissacarideos (como a celulose e a hemicelulose) em moléculas menores, pela agao da agua e na
presenca de enzimas que catalisam (aceleram) a reacao. Essa etapa prévia pode ser mecanica, por
meio de moagem e extrusao (passagem do material por um equipamento chamado de extrusora), por
exemplo, ou fisico-quimica, pelo uso de dgua pressurizada (hidrotérmico), entre muitos outros
métodos. O pré-tratamento visa a producao de xaropes de biomassa contendo glicose, a partir da
celulose, e/ou agucares provenientes da hemicelulose (xilose, galactose, arabinose e/ou manose),
dependendo da biomassa. Esses xaropes, resultantes da acao de enzimas celulases e hemicelulases,
que atuam como catalisadores, podem servir de matéria-prima em diferentes processos
fermentativos para a produgao de etanol e produtos quimicos como acidos organicos (acido
succinico, gluconico, latico, butirico e citrico), acetona, glicerol e butanol. Podem também ser
processados por rotas quimicas de conversao de agucares. Em qualquer cenario, 0 processamento
deve ocorrer localmente, pois a biomassa é um material leve e de transporte oneroso.

Em qualquer cenario, o processamento deve ocorrer
localmente, pois a biomassa & um material leve e de
transporte oneroso

Os processos enzimaticos sao essencialmente sustentaveis e nao poluentes, mas, para serem
realizados, dependem de biocatalisadores que o Brasil nao produz. Essa é uma falha estratégica com
desdobramentos econdmicos adversos, apesar do Decreto n.2 6.041(8 de fevereiro de 2007) da Casa
Civil da Presidéncia da Republica, que instituiu a Politica de Desenvolvimento da Biotecnologia, ter
incluido como alvo estratégico a producao e uso de enzimas no Brasil. A auséncia dessa tecnologia
gera um grande prejuizo, uma vez que o mercado global de enzimas foi, em 2019, de USS 9,9 bilhdes,
com perspectiva de dobrar até 2027, se consideradas as previsoes de taxa de crescimento anual de
11%.

0 exemplo mais conhecido de processamento da biomassa por hidrdlise enzimatica é a producao de
etanol de segunda geracao (2G), a partir da biomassa da cana-de-acgucar. Essa tecnologia - ja
implantada no Brasil - permite 0 aumento da producao de etanol sem expandir a area de cultivo da
cana. A tecnologia 2G gera, como residuo sélido, a lignina, uma macromolécula que pode ser usada
nas usinas como combustivel para cogeracao de energia térmica e elétrica, substituindo o uso do
bagaco. E importante ressaltar que a queima da lignina gera 1,5 vezes mais energia por tonelada do
que a queima dos carboidratos do bagago de cana. Assim, o uso do bagago para produzir etanol 2G
nao impede e ainda aumenta a eficiéncia da cogeracao de energia. Mas, apesar dos avangos na
cogeracao de energia e na producao de etanol 2G, o Brasil ainda precisa investir para aumentar o uso
da biomassa em sua matriz energética.
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HIDROLISE DO BAGAGO DE
CANA-DE-AGUCAR PRE-TRATADO

LIGNINA XAROPE DE GLICOSE

Solido que pode ser utilizado Fermentacao alcodlica
como combustivel

Lignina e xarope de glicose podem ser obtidos da biomassa da cana-de-acucar hidrolisada por
enzimas
Credito: Ricardo S. S. Teixeira e Marina C. Tomasini

https://cienciahoje.org.br/artigo/biomassa-brasileira-riqueza-pouco-explorada/

4/8



28/09/2021 15:41 Ciéncia Hoje | Biomassa brasileira: riqueza pouco explorada

O potencial do milho, da mandioca e das frutas

A'implantacao de tecnologias para o aproveitamento de biomassa no Brasil é favorecida pela
abundancia desse recurso e por sua integracao a processos produtivos ja existentes. Um exemplo da
disponibilidade e variedade de biomassas no pais € o cultivo de milho, que gera atualmente cerca de
46 milhdes de toneladas de residuos (palha, caules e as folhas) por ano, que poderiam produzir mais
de 4,4 bilhoes de litros de etanol 26.

A mandioca é também extensivamente cultivada no pais para a producao de farinha. Residuos do
processamento dessa raiz, a polpa seca e 0 bagaco tém alto teor de amido, que pode ser
transformado em xaropes de glicose através da hidrolise enzimatica. Esses xaropes podem ser
usados na fabricagao de etanol, reduzindo os residuos poluentes gerados pela industria de amido e
diminuindo os custos da producao do combustivel. Os xaropes do amido de mandioca também podem
ser utilizados para produzir, por processo fermentativo, glutamato monossodico e outros
aminoacidos e adocantes com potencial absorcao pelo mercado interno.

0 bagaco dos citricos é outro residuo importante da
atividade agricola no Brasil. O pais € 0 maior produtor
mundial de frutas citricas, com 20 milhoes de
toneladas por ano

0 bagaco dos citricos € outro residuo importante da atividade agricola no Brasil. O pais é o maior
produtor mundial de frutas citricas, com 20 milhdes de toneladas por ano, que sao processadas para
obter suco. Os residuos citricos sao fonte da fibra pectina, largamente comercializada para uso na
industria de alimentos, e do terpeno limoneno, usado na industria quimica como solvente
biodegradavel e como componente aromatico e flavorizante nas industrias farmacéuticas e
alimenticias.

Os poderosos ‘restos’ do acai

0 processamento do acai gera aproximadamente 1,3
milhao de toneladas de residuos anualmente na

regiao amazonica, resultando em um sério problema
ambiental e sanitario @
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Os produtos da biomassa podem derivar também de atividades extrativistas como a do acai na
Amazonia. A polpa de acai experimenta um ‘boom’ econémico, com aumento consideravel do consumo
nos mercados do Brasil e internacional. Mas essa polpa que agrada a tantos representa apenas 15%
da massa do fruto maduro; os outros 85% da massa correspondem a semente. O processamento do
acai gera, dessa forma, aproximadamente 1,3 milhao de toneladas de residuos anualmente na regiao
amazonica, resultando em um sério problema ambiental e sanitario.

Essa semente apresenta uma composicao quimica diferenciada, pois €é rica no polissacarideo
manana, que, apos hidrolise, gera o acucar manose ou manano-oligossacarideos, produtos com
diversas aplicacoes nas industrias farmacéutica, de cosméticos e de alimentos. O residuo do acai é
também rico em polifendis (compostos aromaticos), que podem ter atividade antioxidante, também

de grande interesse para esses trés setores.

Fragoes obtidas da semente de acai: sélidos (semente do fruto inteiro, semente triturada e produto
liofilizado composto de manose) e liquidos (extratos de compostos polifenéis com acao antioxidante)
Crédito: Amanda Oliveira/INT

De prebiéticos a cosméticos

A biomassa também apresenta alternativas para gerar produtos de valor agregado, como prebidticos,
que sao cadeias de carboidratos nao-digeriveis capazes de estimular de maneira seletiva a
proliferacao de populagoes de bactérias desejaveis, promovendo o equilibrio da microbiota do
intestino. Sao compostos com propriedades prebidticas os xilo-oligossacarideos, obtidos de
biomassas lignoceluldsicas por vias quimicas (hidrélise acida) ou vias bioquimicas (hidrolise
enzimatica).

Outras biomassas, como sementes e cascas de frutos, possuem compostos ativos importantes, como
os polifendis, substancias aromaticas com capacidade antioxidante e benéficas a saude humana.
Polifenois sao também amplamente utilizados em cosméticos para manter a elasticidade e firmeza da
pele e na industria alimenticia como corantes e conservantes naturais.
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A urgente economia de baixo carbono

Apesar de as oportunidades de geracao de produtos essenciais e de valor agregado a partir da
biomassa serem ilimitadas, persiste o desafio do desenvolvimento tecnoldgico e do investimento
financeiro para tornar seu uso competitivo frente as matérias-primas convencionais. 0
desenvolvimento de processos e produtos com baixa pegada de carbono € uma necessidade
iminente, visto que mais de 40 paises no mundo estao adotando o imposto ‘verde’, usado para taxar
atividades poluentes e produtos de consumo com base na quantidade de CO, emitido em sua
realizacao ou producao.

As condicoes naturais e a vocacgao ja existem no pais.
Agora precisamos de politicas bem estruturadas e
iInvestimentos canalizados para uma nova realidade
iIndustrial calcada no uso da biomassa

0 Brasil precisa acompanhar essa transicao e adotar medidas sustentaveis de desenvolvimento; caso
contréario, perdera grandes parceiros comerciais. As condigoes naturais e a vocagao ja existem no
pais. Agora precisamos de politicas bem estruturadas e investimentos canalizados para uma nova
realidade industrial calcada no uso da biomassa.

+ Leia mais
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Um guia para usar sambas-enredo nas
aulas de histéria

Dissertacao premiada ensina como usar composicoes das escolas de

samba para estimular a producao de conhecimento e o pensamento critico
entre alunos do ensino basico
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Realizada no ensino e na pesquisa de novas moléculas para 0s mais
diferentes fins, professora do departamento de quimica da UFMG considera
que o conhecimento traz a sensagao de poder infinito
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patas?
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virtual

Ferramentas de digitalizacao e computacao grafica tém revolucionado a
paleontologia, revelando, a partir de fosseis, habitos, comportamentos e
outras caracteristicas de animais extintos da face da Terra ha milhoes de
anos
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. : Etapas de un bk segun el tipo de biocatalizador y el lipo de producto a obtener. cinéticos y de i al
proceso. &oneactores {geometrias y modos de operauan) Consideraciones y etapas desde el laboratorio a la planta industrial,
%0 ige y lacasas, F de oxi iones enzimaticas, i de oxidach origen de estas enzimas, mecanismos de reaccion, ejemplos y
aplicaciones.

* Sintesis enzimatica de aminas quirales: Introduccion, tipos de enzimas, estado del arte de aplicaciones enzimaticas a la sintesis de aminas, ejemplo de Investigacion de grupos cientificos
de Latincamérica, perspectiva a futuro y nuevas tendencias.

* Procesos sistemas en cascada. C de con otros tpos de catalisis: catalisis metalica, organocatdlisis, fotocatalisis
* Taller: “La biocatalisis del futuro”. La de hoy ya esta ida, pero (qué vamos a necesitar en un escenario futuro?
PRACTICO
«C de un bi i de células con ido puro y de los clones
- del biop il el bi i i
« Biocataiisis con enzimas aisladas: D de actividad Ob y i6n de un derivado el método . de lacasa
< o 360 de 4
« Uso de i para ba Yy de bi por i de y esludio de sitios aclivos para disefio racional de
estudios de icion de modelos.
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