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RESUMO GERAL

O Brasil é um dos paises que mais investem na producdo de biocombustiveis no mundo,
destacando-se na producédo de etanol a partir do processamento de cana-de-acucar. Além de
bioetanol, essa atividade também gera subprodutos indesejaveis como a vinhaca, que é
comumente utilizada para a fertirrigacdo. Entretanto, sua aplicacdo inadequada no solo agricola
pode acarretar impactos ambientais negativos, sendo recomendado seu tratamento antes da
disposicao final. A digestdo anaerdbia, por exemplo, é uma alternativa para o tratamento dessa
agua residudria, uma vez que reduz o seu potencial poluidor e recupera sua energia quimica via
producdo de metano. Contudo, devido as suas propriedades fisicas e quimicas desfavoraveis, a
vinhaga in natura pode inibir os microrganismos anaerobios e cessar o processo de tratamento.
Portanto, estratégias que visem viabilizar sua biodegradacdo tornam-se necessarias. Nesse
sentido, o presente estudo avaliou o desempenho da codigestdo anaerébia de vinhacga de cana-
de-acucar e efluente secundario da industria de laticinios (mistura 1:1 v/v) em um reator do tipo
upflow anaerobic sludge blanket (UASB) em escala laboratorial (16 L). O reator operou durante
91 dias sob temperatura ambiente (26 °C em média), com controle de alcalinidade (0,3
gNaHCO3; gDQO™), vazdo afluente de 3,6 L d*2, tempo de detencéo hidraulica de 4,44 d e carga
organica volumétrica média de 1,6 kgDQO m= d*. Como indculo do sistema, uma biomassa
anaerobia proveniente de estacdo de tratamento de esgoto municipal foi selecionada a partir de
testes comparativos de atividade metanogénica especifica (AME). As respectivas remogdes
médias e maximas de poluentes registradas foram: demanda quimica de oxigénio total (69% e
81%), acidez (29% e 53%), solidos suspensos volateis (51% e 75%) e totais (48% e 69%),
nitrogénio amoniacal (6% e 100%) e total Kjeldahl (42% e 73%), fésforo total (19% e 69%),
potassio total (0% e 4%), fendis (51% e 77%) e sulfatos (25% e 67%). Ademais, as
produtividades media e maxima de metano foram de, respectivamente, 221 e 308 mLCHa
gDQOrem®. O biogas produzido teve concentracdes volumétricas médias de 66,47% de CHa,
11,43% de CO2 e 53 ppm de H.S. Complementarmente, o presente estudo demonstrou a
evolucdo periddica da comunidade microbiana presente no lodo do sistema avaliado, da
inoculacéo do sistema ao fim da operacéo, tanto em termos de identificacdo de microrganismos
por meio de sequenciamento por sintese quanto por execucdo de ensaios de AME. Ao final da
operacdo, houve aumento na abundancia relativa do filo Euryarchaeota (+8,6% em relacdo ao
indculo), com predominancia de arqueias metanogénicas hidrogenotroficas (géneros
Methanobacterium e Methanobrevibacter). Em paralelo, observou-se elevagcdo da AME no
decorrer da operacdo. Esses resultados demonstram uma gradual adaptacdo da microbiota
anaerdbia ao substrato. Em suma, conclui-se que a codigestdo proposta conduziu a um
tratamento anaerobio estavel e eficiente, permitindo, desse modo, niveis satisfatorios de
remocdo de poluentes e de producdo de metano. Recomenda-se, em futuros estudos, a
realizacdo de experimentos adicionais sobre a tratabilidade anaerdbia da vinhaga mediante a
adocdo de distintas estratégias operacionais nos biorreatores, objetivando tanto uma maior
recuperacdo energética quanto uma reducdo mais significativa do potencial poluidor do
efluente.

Palavras-chave: Agua residuéria agroindustrial. Reator anaerébio de alta taxa. Biogas.
Atividade metanogénica especifica. Microrganismos anaerobios. Sequenciamento de nova
geracdo. Tratamento biologico.
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ABSTRACT

Brazil is one of the countries that has most invested in producing biofuels worldwide,
standing out in ethanol production from sugarcane processing. In addition to bioethanol, this
activity also generates unintended by-products such as vinasse, which is commonly used for
fertigation. However, its inadequate application on agricultural soil may cause negative
environmental impacts, and its treatment before final disposal is recommended. For instance,
anaerobic digestion is an alternative for the treatment of this wastewater in order to reduce its
polluting potential and recover its chemical energy through CHjs yield. Nevertheless, due to its
unfavorable physical and chemical properties, the in natura vinasse can inhibit the anaerobic
microorganisms and stop the treatment process. Therefore, strategies to enable vinasse
biodegradation are required. In this regard, the present study evaluated the performance of the
anaerobic co-digestion of sugarcane vinasse and secondary effluent from the dairy industry
(mixture 1:1 v/v) in a lab-scale upflow anaerobic sludge blanket (UASB) reactor (16 L). The
reactor operated for 91 days at room temperature (26 °C on average), with alkalinity control
(0.3 gNaHCO3 gCOD™), an influent flow rate of 3.6 L d?, a hydraulic retention time of 4.44 d,
and an average organic loading rate of 1.6 kgCOD m™ d?. As an inoculum for the system,
anaerobic biomass from a municipal sewage treatment plant was selected based on comparative
tests of specific methanogenic activity (SMA). The respective recorded average and maximum
pollutant removals were: total chemical oxygen demand (69% and 81%), acidity (29% and
53%), volatile (51% and 75%) and total (48% and 69%) suspended solids, ammoniacal (6%
and 100%) and total Kjeldahl (42% and 73%) nitrogen, total phosphorus (19% and 69%), total
potassium (0% and 4%), phenols (51% and 77%), and sulfates (25% and 67%). Moreover, the
average and maximum methane yields were 221 and 308 mLCH4 gCODrem™, respectively. The
biogas produced had average volumetric contents of 66.47% CH4, 11.43% CO2, and 53 ppm
H>S. Furthermore, the present study demonstrated the periodic evolution of the microbial
community contained in the sludge of the evaluated system, from the inoculation to the end of
the operation, both in terms of microorganism identification through sequencing by synthesis
and by performing SMA assays. At the end of the operation, there was an increase in the relative
abundance of the phylum Euryarchaeota (+8.6% compared to the inoculum), with a
predominance of hydrogenotrophic methanogenic archaea (Methanobacterium and
Methanobrevibacter genera). In parallel, an increase in SMA was observed over the operation.
These results demonstrate a gradual adaptation of the anaerobic microbiota to the substrate. In
summary, it is concluded that the proposed co-digestion resulted in a stable and efficient
anaerobic treatment, thus allowing satisfactory levels of pollutant removal and methane
production. It is recommended in future studies to conduct experiments on the vinasse anaerobic
treatability by adopting different operational strategies in bioreactors, aiming at both a greater
energy recovery and a more significant reduction of the polluting potential of the effluent.

Keywords: Agroindustrial wastewater. High-rate anaerobic reactor. Biogas. Specific
methanogenic activity. Anaerobic microorganisms. Next-generation sequencing. Biological
treatment.
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PRIMEIRA PARTE
1 INTRODUCAO

O Brasil é um dos grandes produtores globais de biocombustiveis, destacando-se na
producdo de etanol a partir do processamento de cana-de-agucar em biorrefinarias. A industria
sucroalcooleira movimentou no pais cerca de US$10 bilhdes no ano de 2020, estabelecendo-se
como o0 quarto setor agroindustrial de maior impacto na balanga comercial brasileira
(NASCIMENTO, 2021). Durante a fabricacédo de etanol, a etapa de destilacdo do caldo de cana-
de-acucar fermentado resulta na geracdo de vinhaca, agua residuaria de alto teor nutricional
produzida na proporcdo de 10-15 L por litro de etanol e comumente destinada a fertirrigagdo
de canaviais (UNICA, 2019; FUESS et al., 2021). Além da elevada concentra¢do de nutrientes
como nitrogénio, fésforo e potassio, a vinhaga possui em sua composicao altos teores de matéria
organica, acidez, sais e compostos como fenadis e sulfatos, conferindo-lhe, desse modo, grande
potencial nocivo ao meio ambiente quando aplicada de maneira inadequada no solo
(PARSAEE; KIANI; KARIMI, 2019; FERRAZ JUNIOR et al., 2022). A longo prazo, pode
resultar em acidificacdo e salinizacdo do solo, lixiviacdo e contaminacdo do lencol freatico,
eutrofizagdo de cursos d’agua, além de emisséo de gases de efeito estufa (OLIVEIRA et al.,
2015; MORAES et al., 2017; BATTISTI et al., 2019).

Uma das estratégias para a reducao do potencial poluidor da vinhaca € o seu tratamento
via digestdo anaerdbia, técnica que consiste na degradacdo biolégica da matéria organica
complexa na auséncia de oxigénio e sua conversdo a metano (CHa), gas carbénico (CO>), gas
sulfidrico (H2S) e &gua, principais componentes do biogas (APARICIO et al., 2020; SIQUEIRA
et al., 2022). Dessa forma, o tratamento anaerébio permite, além da diminuicdo do poder
contaminante da vinhaca, sua recuperacao energética pela producdo de CHa (SILVA et al.,
2021). Entretanto, devido as suas propriedades fisicas e quimicas adversas ao cultivo e ao
estabelecimento da microbiota anaerdbia — tais como a presenca de substancias toxicas, baixo
pH e inadequada relacdo entre carbono e nutrientes —, a vinhaga in natura pode inibir o
metabolismo dos microrganismos e cessar 0 processo de biodigestdo (RAMOS et al., 2021;
CHAVES et al., 2021). Por essa razdo, € necessaria a incorporagdo de estratégias operacionais
com o objetivo de tornar a vinhaga um substrato adequado aos microrganismos anaerobios, o
que pode reduzir a aplicabilidade e viabilidade da planta de tratamento (BARROS; DUDA,
OLIVEIRA, 2016; FUESS et al., 2017a).



Nesse sentido, a codigestdo anaerdbia se apresenta como uma solucéo interessante e
tecnicamente simples para a adequabilidade da vinhagca ao processamento anaerdbio
(ALBANEZ et al., 2018; SOUSA et al., 2019). Essa estratégia consiste na mistura de dois ou
mais residuos organicos com caracteristicas complementares visando aumentar a
biodegradabilidade anaerdbia do substrato final e estabelecer um ambiente favoravel ao
desenvolvimento de uma microbiota devidamente adaptada (VOLPI; FUESS; MORAES,
2021). A escolha do substrato complementar, portanto, deve ser balizada no sentido de
contribuir para o ajuste do balanco entre carbono e nutrientes e de condi¢cbes como pH e
alcalinidade da vinhaca (SIQUEIRA et al., 2022). Desse modo, a implantacdo da codigestéo
pode otimizar o processo de digestdo anaerdbia da vinhaga e torna-lo menos dependente de
etapas de pré-tratamento e adicdo de substancias externas, como alcalinizante e solucéo
nutricional, resultando em um tratamento menos oneroso e complexo (ALBANEZ et al., 2018;
SILLERO; SOLERA; PEREZ, 2022).

Estudos sugerem a aplicacdo de subprodutos provenientes de diversos setores
agroindustriais como cossubstratos adequados para viabilizar o tratamento anaerdbio da
vinhaca, como, por exemplo, residuos da bovinocultura (MORAES et al., 2015), suinocultura
(MENG et al., 2020), avicultura (MARIN-BATISTA et al., 2016), producdo de café (PINTO
et al., 2018), soja (SYAICHURROZI et al., 2016), arroz (MENG et al., 2020), laticinios
(LOVATOetal., 2019; SOUSAetal., 2019; ALBUQUERQUE; RATUSZNEI; RODRIGUES,
2019) e biodiesel (BORGES et al., 2021). Além da reducédo de impactos ambientais negativos,
0 processamento anaerdbio de dois ou mais subprodutos da agropecuaria pode contribuir para
a producao de efluente e biossélidos com elevado potencial de fertilizagdo do solo, fomentando,
portanto, a bioeconomia circular no setor agroindustrial (LOVATO et al., 2019; PAN et al.,
2021).

Apesar da recente expansdo de estudos relatando experiéncias de codigestdo anaerobia de
vinhaca, ainda ha a necessidade do desenvolvimento de experimentos que busquem selecionar
substratos complementares alternativos e mensurar os efeitos de sua aplicagdo, aumentando
assim as possibilidades de mitigacdo de impactos ambientais negativos e recuperacdo de
recursos pela industria sucroalcooleira. Diante desse contexto, o presente estudo tem por
objetivo avaliar o desempenho da codigestdo anaerdbia de vinhaga de cana-de-acuUcar e efluente
proveniente de uma planta de tratamento anaerobio anexada a uma industria de laticinios
(mistura 1:1 v/v) em um reator do tipo upflow anaerobic sludge blanket (UASB) em escala

piloto, operando durante 91 dias sob condi¢cdes mesofilicas, mediante anélise de remocéao de



poluentes e produtividade de CHa. A aplicagdo de efluente secundario anaerdbio oriundo do
setor de laticinios como substrato complementar junto a vinhaca se justifica pelo fato de esse
residuo biodigerido apresentar em sua composicdo, além de compostos que beneficiam a
degradacdo anaerobia — e.g., proteinas e sais mineirais (SHRIVASTAVA et al., 2022) —,
concentragfes reduzidas de matéria organica e pH e alcalinidade corrigidos devido ao
tratamento previamente aplicado, diminuindo assim a carga organica da mistura final e os
custos adicionais com alcalinizantes. Ademais, poucos trabalhos publicados monitoraram a
dindmica da comunidade microbiana de sistemas anaerébios promovendo a codigestdo de
vinhaca (BARROS et al., 2017; VOLPI et al., 2021). Em vista disso, o presente estudo visa
demonstrar, complementarmente, a evolucéo periédica da microbiota presente no lodo do reator
UASB avaliado, da inoculacdo do sistema ao fim da operacéo, tanto em termos de identificacéo
de microrganismos através de sequenciamento de nova geracdo (NGS) quanto por execucéo de
ensaios de atividade metanogénica especifica (AME). Paralelamente, foi realizada a
caracterizacdo do perfil de solidos no interior do sistema a partir de amostragens de lodo
extraido em distintas alturas do reator UASB, avaliando o seu potencial de aplicacdo como
fertilizante agricola com base nos teores de sélidos, matéria organica oxidavel e nutrientes.

A presente dissertacdo de mestrado encontra-se dividida em duas partes. A primeira
refere-se a apresentacdo desta introducdo geral, dos objetivos gerais e especificos, além do
referencial tedrico, que foi estruturado em: (i) origem e problematica ambiental da vinhaca de
cana-de-acgUcar e suas principais propriedades fisicas, quimicas e bioldgicas; (ii) definicdo da
técnica de digestdo anaerobia e a microbiota envolvida em cada etapa do processo, incluindo
subtdpicos como: condices ideais para que a biodegradacdo ocorra de maneira estavel,
principais configuracdes de sistemas anaerobios e possiveis estratégias operacionais para
otimizar a digestdo, e conceitos relacionados a ensaios de AME de lodos anaerdbios.
Finalmente, discute-se a (iii) aplicacdo da técnica de digestdo anaerdbia ao tratamento da
vinhacga, assim como a codigestdo com outros residuos, baseando-se em estudos recentes e/ou
relevantes publicados sobre o tema. Por sua vez, a segunda e Gltima parte desta dissertacdo
consiste em dois manuscritos originados a partir dos experimentos realizados na presente
pesquisa, apresentando os respectivos contetdos: (i) artigo sobre o teste de AME que visou
selecionar, dentre quatro amostras de lodos extraidos de distintos sistemas anaerobios, o indculo
do reator UASB em escala piloto avaliado na presente pesquisa, com base em seu potencial
metanogénico; (ii) artigo relatando o experimento central desta dissertacdo, o qual relata o

desempenho da codigestdo anaerdbia de vinhaca de cana-de-agucar e efluente secundario da



indUstria de laticinios (mistura 1:1 v/v), com foco na analise de remocao de poluentes dos

cossubstratos, produtividade de CH4 e evolugao dos biossolidos com base na caracterizagdo da

microbiota, potencial metanogénico e propriedades fisicas e quimicas.

2 OBJETIVOS

2.1 Objetivo Geral

Avaliar a codigestdo anaerdbia de vinhacga de cana-de-agucar e efluente secundario da

indUstria de laticinios em um reator do tipo UASB em escala piloto.

2.2 Objetivos Especificos

Selecionar o in6culo para o reator UASB em escala piloto com base em seu potencial

metanogénico;

Mensurar a tratabilidade anaerdbia do substrato a partir da analise de remocdo de

poluentes;

Quantificar o volume de CHs produzido e, desse modo, calcular a produtividade do

sistema;

Mensurar a qualidade do biogas produzido quanto ao teor de compostos presentes em sua
COmposicao;
Avaliar a evolucdo da comunidade microbiana anaerdbia, desde a inoculagéo até o final

da operagéo, em termos de identificacdo de microrganismos por NGS;

Determinar, através de ensaios de AME, o potencial metanogénico da biomassa anaerébia

presente no lodo do sistema, da inoculacéo ao final da operacgéo;

Avaliar o perfil de sélidos no interior do sistema a partir de amostragens de lodo extraido
em distintas alturas do reator UASB, da inoculacéo ao final da operacéo.



3 REFERENCIAL TEORICO

3.1 Industria sucroalcooleira no Brasil e geracao de vinhaca

O Brasil ¢ considerado o maior produtor mundial de etanol a partir do processamento de
cana-de-acgucar, com a geracdo de um volume de aproximadamente 30 bilhdes de litros na safra
de 2020/2021 (CONAB, 2021). De acordo com Nogueira e Capaz (2015), no pais, a maior parte
do etanol é produzida em usinas sucroalcooleiras, que utilizam um processo integrado de
fabricacdo de agUcar e etanol em uma mesma planta industrial.

Segundo Poveda (2019), em uma industria sucroalcooleira convencional, a cana-de-
acucar, ao chegar na usina, é lavada e preparada para a moagem, onde ocorre a extracdo do
caldo. Esse caldo pode ser destinado tanto para a fabricacdo de aglcar (em que € gerado o
melaco, apos tratamento e cristalizacdo do caldo) quanto etanol. Na producdo de etanol, apos
filtracdo, o caldo é fermentado por leveduras do género Saccharomyces, gerando o vinho. Além
do caldo, pode ser usado como substrato das leveduras 0 melago produzido na fabricagédo de
acucar, ou ainda um misto de caldo e melaco, sendo estas solu¢des agucaradas conhecidas como
mostos. O vinho, apos separacdo das leveduras, geralmente por centrifugacao, é encaminhado
as colunas de destilacdo, onde é produzido etanol hidratado, que pode passar por um processo
de desidratacdo gerando o etanol anidro. A &gua residuaria produzida na etapa de destilacdo é
conhecida como vinhaca, sendo produzida na proporgéo de 1015 litros para cada litro de etanol
fabricado (UNICA, 2019). Na Figura 1 é apresentado um esquema simplificado das etapas de

producdo convencional de etanol de cana-de-agucar.



Figura 1 — Esquema simplificado da producdo de agUcar e etanol a partir da cana-de-agucar.
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A vinhaca possui propriedades fisicas e quimicas variadas, dependendo de fatores como
a natureza da matéria-prima, o tipo de sistema utilizado na fermentacdo e na destilacdo, a
composicdo do mosto e a qualidade do vinho (DE GODOI et al., 2019). De maneira geral,
apresenta elevados teores de matéria organica e, consequentemente, altos indices de demanda
quimica de oxigénio (DQO), baixo potencial hidrogenidnico (pH), elevada corrosividade e
acidez, altas temperaturas ao sair dos destiladores, altas concentracfes de potassio e nitrato,
além da presenca de nitrogénio, fosforo, calcio, magnésio, sodio e sulfatos (ESPANA-
GAMBOA et al., 2011; PARSAEE; KIANI; KARIMI, 2019). Na Tabela 1 sdo apresentadas

faixas de valores tipicos de caracteristicas fisicas e quimicas da vinhaca de cana-de-acucar.



Tabela 1 — Varidveis fisicas, quimicas e bioquimicas tipicas da vinhaca de cana-de-agucar.

Variavel

Valor

Referéncia

DQO bruta (mgDQO L%)
DQO soldvel (mgDQO L)
DBO (mgDBO L)
Solidos totais (mgST L)

Solidos volateis totais (mgSTV L?)

Solidos suspensos totais (mgSST L)
Solidos suspensos volateis (mgSSV L)
Fenois (mg L)

Sulfatos (mgS0O4> L)

Fosforo total (mgP L)

Ortofosfatos (mgPO4* L?)

Relacdo C/N

Nitrogénio Total Kjeldahl (mgN L%)

Nitrogénio amoniacal (mgNH4*-N.L™?)

Nitrato (mgNO3-N L)

pH

Acidos organicos volateis (mgHAc L)
Alcalinidade total (mgCaCO3L™)
Célcio (mgCa L)

Ferro (mgFe L)

Magnésio (mgMg L)

Sédio (mgNa L)

Potassio (mgK L™?)

Carboidratos (mg L)

Proteinas (mg L)

Lipfdios (mg L)

Densidade (kg L)

Viscosidade (Pa.s)
Condutividade elétrica (uS cm™)
Ponto de ebuli¢do (°C)

Calor especifico (cal (g °C) )
Calor latente (cal g%)

27.500 — 299.250
14.517 — 55.167
5.046 — 47.636

14.570 - 81.500
9.340 - 22.000

1.880 — 46.390

1.620 — 15.860
450 — 469
14 - 6.400

1-190

102,00 — 161,92

~20
40— 4.004

24,18 — 45,00

441,00 — 648,36
3,25-4,97
433 -5.882

0-295
8-5.180
12,8 -2.792

16 —1.529
50 -3.820
40 -7.830
3.933-4.733
2.750 - 6.894
250 - 6.894
1,031
0,00138
8.294 — 15.110
100,25
0,934
3,39

Parsaee, Kiani e Karimi (2019)
Santos et al. (2019)

Parsaee, Kiani e Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Parsaee, Kiani e Karimi (2019)
Parsaee, Kiani e Karimi (2019)
Parsaee, Kiani e Karimi (2019)

Parsaee, Kiani e Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Johnson, Ali e Kumar (2019)

Parsaee, Kiani e Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Parsaee, Kiani e Karimi (2019)

Del Nery et al. (2018) — Siqueira, Damiano

e Silva (2013)
Del Nery et al. (2018) — Parsaee, Kiani e
Karimi (2019)

Parsaee, Kiani e Karimi (2019)

Espafia-Gamboa et al. (2011) — Parsaee,
Kiani e Karimi (2019)

Parsaee, Kiani e Karimi (2019)
Parsaee, Kiani e Karimi (2019)
Parsaee, Kiani e Karimi (2019)
Santos et al. (2019)
Parsaee, Kiani e Karimi (2019)
Parsaee, Kiani e Karimi (2019)
Prasad e Shih (2016)
Prasad e Shih (2016)
Parsaee, Kiani e Karimi (2019)
Prasad e Shih (2016)
Prasad e Shih (2016)
Prasad e Shih (2016)

Fonte: Do autor (2022).



Tais caracteristicas tornam a vinhagca uma alta residuaria com alto poder poluente, sendo
que o descarte de sua forma in natura, pode causar diversos danos ao meio ambiente. Em corpos
hidricos receptores, pode resultar no enriquecimento de nutrientes e, consequentemente,
desencadear ou potencializar a eutrofizacdo e a deplecdo dos niveis de oxigénio dissolvido
devido as altas concentrac@es de nutrientes e carga organica (BATTISTI et al., 2019). No solo,
pode levar a salinizacdo e a lixiviacdo de potéassio e nitrato, além de provocar problemas
estruturais e contaminacdo das aguas subterraneas (SILVA; GRIEBELER; BORGES, 2007;
OLIVEIRA et al., 2015). Além dos impactos negativos na agua e no solo, seu armazenamento,
transporte e aplicacdo no solo podem resultar na emissdo de metano (CH4) e 6xido nitroso
(N20), gases de efeito estufa e de alto impacto ambiental (OLIVEIRA et al., 2015; MORAES
etal., 2017).

Segundo Bonini (2012), apds a proibicdo do despejo de vinhaca diretamente em cursos
d’agua pelo Decreto-Lei n°® 303/1967 (BRASIL, 1967), esta agua residudria passou a ser
descartada em locais proximos as destilarias, conhecidos como “areas de sacrificio”, 0S quais
tornavam-se praticamente inutilizaveis para o plantio devido aos efeitos da saliniza¢éo do solo.
Em 1975, com o surgimento do Programa Nacional do Alcool (Proalcool), que estimulava a
producdo de etanol no territdrio brasileiro, houve uma expansdo da industria sucroalcooleira no
Brasil, com maior incentivo a implementacdo de técnicas mais adequadas de manejo da agua
residuaria, resultando na aplicacdo da vinhaca nos préprios cultivos da cana-de-agucar.

Ainda hoje, a principal aplicacdo da vinhaca ¢é na fertirrigacdo de canaviais, sendo sua
dosagem maxima determinada em funcdo do seu teor de 6xido de potassio (K20), em conjunto
com propriedades do solo como capacidade de troca catibnica (CTC) e concentracdo de
potassio, de acordo com a Norma Técnica P4.231 do Estado de S&o Paulo (SAO PAULO, 2015)
e a Deliberacdo Normativa COPAM n° 164 do Estado de Minas Gerais (MINAS GERAIS,
2011). Em contrapartida, essa pratica reduz os custos com utilizacao de fertilizantes quimicos
na cultura, além de minimizar os impactos ambientais negativos decorrentes do descarte da
vinhaca in natura. Porém ndo havendo controle da aplicacdo na lavoura, a longo prazo, pode
ocorrer a salinizacdo do solo e, consequentemente, queda na produtividade da cultura, além de
contaminacgéo das &guas subterraneas (CHRISTOFOLETTI et al., 2013).

Atualmente, ndo ha no Brasil regulamentacao quanto ao tratamento prévio a ser aplicado
a vinhaca. A legislacdo abrange apenas no que diz respeito a sua disposi¢do no solo agricola,
conforme Norma Técnica e Deliberacdo Normativa supracitadas (SAO PAULO, 2015; MINAS

GERAIS, 2011), vélidas apenas para os estados de Sdo Paulo e Minas Gerais; além disso,



estabelece, pela resolugdo CONAMA n° 503 de 2021, critérios e procedimentos para o redso
em sistemas de fertirrigacdo de &guas residuérias industriais (BRASIL, 2021). Dessa forma,
justifica-se o incentivo a pesquisas que possam validar, desenvolver ou aprimorar técnicas ou
mecanismos para tratar a vinhaca, visando reduzir os prejuizos causados ao meio ambiente e,
ao mesmo tempo, enriquecer embasamentos tedricos e praticos para incentivar a aplicacdo de
futuras politicas publicas ambientais. Nessa perspectiva, uma das alternativas para o tratamento

da vinhaca € a digestao anaerobia, a qual é descrita a seguir.

3.2 Digest&o anaerdbia

3.2.1 Descricdo e vantagens do processo e geracao de biogéas

A digestdo anaerdbia é definida como um conjunto de reacbes em que ocorre a
degradacdo de matéria organica biodegradavel por microrganismos na auséncia de oxigénio
(PARSAEE; KIANI; KARIMI, 2019). Durante esse processo ocorre a conversao de matéria
orgénica complexa em CHs, CO2, H2S e &gua, principais componentes do biogas (APARICIO
etal., 2020). Na Figura 2 é apresentado um esquema das rotas do processo de digestdo anaerébia

da matéria orgéanica e da produgdo de CHa.

Figura 2 — Rotas da digestdo anaerdbia da matéria organica biodegradavel.
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Fonte: Adaptado de Chernicharo (2016), p. 40.

Conforme esquematizado na Figura 2, a digestdo anaerdbia é composta pelas seguintes
etapas (CHERNICHARO, 2016):



1 — Hidrdlise: primeira fase da digestdo anaerdbia, em que polimeros complexos, como
carboidratos, proteinas e lipideos, sdo hidrolisados por coenzimas excretadas pelas bactérias
fermentativas hidroliticas, transformando-os em moléculas mais simples, que sdo produtos
sollveis conhecidos como mondmeros, os quais podem atravessar a parede celular das bactérias

fermentativas acidogénicas, que realizam a etapa seguinte do processo;

2 — Acidogénese: mondmeros obtidos na etapa anterior, como aglcares, aminoacidos e
peptideos, sdo fermentados por bactérias fermentativas acidogénicas a acidos organicos volateis
(AOVs) (tais como acetato, propionato e butirato), lcoois, cetonas, CO> e gas hidrogénio (Hz),

além de material celular;

3 — Acetogénese: fase em que bactérias acetogénicas realizam a oxidacdo de compostos
organicos intermediarios provenientes da acidogénese, como propionato e butirato, em
substratos apropriados para 0s microrganismos metanogénicos, tais como acetato, hidrogénio e
COg;

4 — Metanogénese: etapa final da digestdo anaerdbia, que é efetuada por microrganismos
metanogénicos pertencentes ao dominio Archaea. Esses microrganismos se subdividem em
dois grupos fisioldgicos: o grupo denominado metanogénicas acetoclasticas produz CHs a partir
do acetato como fonte de carbono e energia; e 0 segundo grupo, conhecido como metanogénicas
hidrogenotréficas, formam CHa utilizando CO2 como fonte de carbono e H2 como fonte de

energia.

A digestdo anaerdbia ¢ uma técnica amplamente aplicada ao tratamento de aguas
residudrias urbanas e industriais. Os sistemas de tratamento compostos por biorreatores
anaerobios apresentam reduzidos custos de implementacdo e operagdo, baixo consumo
energético e menor geracdo de solidos (lodo). As maiores desvantagens, contudo, sao
relacionadas a baixa remocdo de nutrientes e patdgenos; as menores eficiéncias de remocéo de
DQO se comparado a um sistema de tratamento aerobio; e a maior instabilidade do sistema
devido a choques de carga (CHERNICHARO, 2016; KHANAL et al., 2017).

Ao final do processo de tratamento anaerobio € gerado, além do efluente tratado, o biogas,
que é um gas misto cuja composic¢do volumeétrica é dada principalmente por CH4 (55 a 70%
v/v), CO2 (30 a 45% v/v) e pequenas quantidades de H>S (0,11 a 0,39% v/v), agua, Oz, gas
nitrogénio (N2), Hz, e tragos de hidrocarbonetos, podendo sua composicdo variar dependendo
do tipo de substrato utilizado (HARUN et al., 2010; SOUZA, 2010).
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Como uma fonte energética renovavel, o CHs pode ser usado na geracdo de calor e
eletricidade por meio da conversdo de sua energia quimica em energia térmica e elétrica (ICLEI,
2010; ZABED et al., 2020). Entretanto, antes de seu aproveitamento, o biogas in natura deve
passar por um processo de purificacdo. Segundo Ryckebosch, Drouillon e Vervaeren (2011),
H>S deve ser removido do biogés, em um processo conhecido por dessulfurizacdo, devido ao
seu alto potencial de corroséo dos tanques de armazenamento e motores de combustéo interna.
Essa operacdo pode ser realizada por diferentes métodos, como adsor¢éo, precipitacdo quimica
ou técnicas bioldgicas (MUNOZ et al., 2015). Outra etapa de tratamento do biogés é a
desumidificagdo, em que o teor de agua presente no biogas é reduzido. Esse processo é baseado
geralmente em dois métodos: métodos fisicos, sendo a separacdo fisica de agua condensada a
técnica mais simples; e métodos quimicos, como secagem quimica, considerados mais
complexos e onerosos por envolver a adi¢cdo de compostos como Oxidos de magnésio ou
aluminio ou dioxido de silicio (HAGEN et al., 2001; GALANTE et al., 2012).

Em relacdo a remocgdo de CO> do biogés, processo conhecido como biogas upgrading,
diversos métodos podem ser utilizados, como adsorcdo por variacdo de pressao — do inglés
Pressure Swing Adsorption (PSA) —, separacdo por membranas, esfoliacdo em solventes, como
citado por Mufioz et al. (2015), ou ainda captagdo fotossintética de CO, em fotobiorreatores
para cultivo de microalgas (MEIER et al., 2015). Segundo Klein, Bonomi e Maciel Filho
(2018), esses processos visam aumentar a concentracdo de CH4 no biogas (aproximadamente
95% v/V) e potencializar seu poder de combustdo (WEILAND, 2010).

A produgdo tedrica de CH4 produzido durante a biodigestdo anaerdbia de uma agua
residuaria em um sistema de tratamento anaerobio (ou reator anaerdbio) pode ser estimada pela
Equacdo 1 (modificada de Chernicharo (2016)), cujo valor depende do fator de correcédo

calculado pela Equacao 2:

Qcus=S0.Q .(Epgo-Y)/F 1)
F=P.K/(R.(T+273)) (2)
onde,

Qcha = producdo volumétrica de CH4 (M3CH4 dY);
So = concentragdo de DQO na agua residuaria (kgDQO m3);
Q = vazdo volumétrica da agua residuaria (m? d?);

Ebqo = eficiéncia na remocao de DQO do substrato;
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Y = coeficiente de producédo de solidos no sistema, em termos de DQO (0,11-0,23 gDQO do
lodo do reator por gDQO da &gua residuéria afluente ao sistema);

F = fator de correcdo para a temperatura operacional do reator anaerdbio;

P = pressao atmosférica (1 atm);

K = DQO correspondente a 1 mol de CH4 (64 gDQO mol™?);

R = constante universal dos gases (0,08206 atm L mol™* K);

T = temperatura operacional do reator (°C).

Outra possivel estimativa tedrica da producdo de CH4 é dada pela relagdo 0,35 m3CHj4
kgDQOcw4?, considerando as condigdes normais de temperatura e pressdo (0 °C e 1 atm)
(TCHOBANOGLOUS; BURTON; STENSEL, 2003). Durante o processo de digestdo
anaerdbia, o potencial redutor contido na matéria organica biodegradavel afluente é transferido
para 0 CHa, desse modo parte da DQO do substrato é convertida a CHs (DQOchs) (VAN
HAANDEL; MARAIS, 1999). Entretanto, a producdo tedrica de CH4 ndo representa a produgédo
obtida na prética, pois perdas de CH4 podem ocorrer devido a dissolu¢do do gas no liquido
efluente ao reator anaerdbio, ou pelo desprendimento desse gas para a atmosfera (SOUZA,
CHERNICHARO; AQUINO, 2011; LOBATO; CHERNICHARO; SOUZA, 2012;
CHERNICHARQO et al., 2015).

A estimativa do potencial energético do biogas gerado a partir do tratamento anaerdbio
de uma ou mais aguas residudrias pode ser calculada a partir da Equacdo 3 (MORAES et al.,
2014):

P = (PClv/f,) . (Epqo . Q . So) . Qcua 3)

onde,

P = potencial energético do biogas (kJ d%);

PCly, = poder calorifico inferior do biogas (21,5 x 103 kJ Nm (CTBE, 2012));
fv = fracdo volumétrica de CHa no biogas;

Ebqo = eficiéncia na remocao de DQO do substrato;

Q = vazao volumétrica da agua residuaria (m? d™b);

So = concentragdo de DQO na agua residuaria (kgDQO m3);

Qcha = producéo de CH4 por DQO removida (0,29 Nm3CH4 kgDQOrem™).

Diante desse contexto, a digestdo anaerdbia se mostra uma tecnologia de valorizacdo das

aguas residuarias, pois possibilita a recuperacdo energética pela geracdo de biogas e a
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minimizagao de impactos ambientais negativos pela remogéo de poluentes. Portanto, deve ter
seu uso incentivado e explorado para o tratamento de aguas residuérias, contribuindo dessa
maneira para a economia biocircular (FAGERSTROM et al., 2018).

3.2.2 Microbiologia do processo

Nos sistemas de tratamento anaerobio, a maior parte da matéria organica biodegradavel
presente no substrato é convertida em biogas (50-70%), uma pequena parcela em biomassa
microbiana (5-15%) — que passa a constituir o lodo excedente do biorreator —, e 0 material ndo
convertido sai do sistema como matéria organica ndo degradada (10-30%) (CHERNICHARO,
2016). Com relacdo a microbiota presente na biomassa cultivada no interior dos biorreatores
anaeradbios, os principais géneros de microrganismos que atuam em cada uma das quatro etapas
principais da digestdo anaerdbia sdo (SIKORA et al., 2017; ZHANG et al., 2019):

1 — Hidrdlise: Clostridium, Micrococcus, Bacteroides, Butyrivibrio, Fusobacterium, Proteus,

Bacillus, Staphylococcus e Eubacterium;

2 — Acidogénese: Clostridium, Bacteroides, Ruminococcus, Propionibacterium, Eubacterium,

Lactobacillus, Streptococcus, Pseudomonas, Desulfobacter, Micrococcus e Escherichia;
3 — Acetogénese: Syntrophobacter e Syntrophomonas;

4 — Metanogénese: arqueias metanogénicas acetoclasticas: Methanosarcina e Methanosaeta;
arqueias  metanogénicas  hidrogenotroficas:  Methanobacterium,  Methanospirillum,

Methanobrevibacter, Methanoculleus e Methanocorpusculum.

Durante as etapas do processo de digestdo anaerobia, o produto final da degradacdo de
um grupo de microrganismos pode ser substrato para outro grupo, havendo interligacdo e
dependéncia entre as etapas, conforme discutido no item 3.2.1. Portanto, € necessario prevalecer
condi¢des ambientais apropriadas dentro do digestor anaerobio para que ocorra a degradacao
de matéria organica complexa e obtencdo do biogas como produto final (JAIBIBA; VIGNESH,;
HARIHARAN, 2020). As caracteristicas ambientais adequadas para 0s microrganismos de
cada etapa da digestdo anaerobia serdo discutidas a seguir.

A taxa de hidrolise depende de fatores do meio como temperatura, pH, concentragéo de
fon ambnio (NH4*), concentracdo de AOVs, além de propriedades do substrato, tais como
granulometria, porosidade, composicdo, tempo de residéncia celular e biodegradabilidade
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(MENZEL; NEUBAUER; JUNNE, 2020). O desempenho dessa etapa tem efeitos diretos nas
subsequentes etapas do processo anaerobio.

A producdo e acumulacdo de AOVs, resultados da etapa de acidogénese por acdo das
bactérias fermentativas, podem causar uma queda no pH do meio, afetando o rendimento de
CHs (KUGLARZ; MROWIEC; BOHDZIEWICZ, 2011). No entanto, a degradacdo de
aminoacidos a NH4" durante essa etapa fornece alcalinidade para a estabilidade do reator
anaerdbio (DEL NERY et al., 2007). As bactérias acidogénicas sdo estritamente anaerobias,
sendo inibidas em ambientes com presenca de oxigénio e nitrato (RAMOS-SUAREZ;
ARROYO; GONZALEZ-FERNANDEZ, 2015). Além disso, tém como caracteristica um
rapido crescimento em funcdo de um baixo tempo de duplicagdo (aproximadamente 30
minutos) (RAMOS-SUAREZ; ARROYO; GONZALEZ-FERNANDEZ, 2015). As bactérias
fermentativas, tanto hidroliticas quanto acidogénicas, sdo as primeiras a atuar na etapa
sequencial de degradacdo do substrato, e sdo as que mais se beneficiam energeticamente
(CHERNICHARO, 2016).

Segundo Chernicharo (2016), a formacdo de acetato resulta na producdo de grande
quantidade de H> pelas bactérias acetogénicas, sendo 0 excesso desse gas dissolvido é
responsavel pelo decaimento do pH do meio aquoso, que pode causar a inibicdo da etapa de
acetogénese. Por isso, 0 Unico requisito para essa etapa € uma baixa pressao parcial de Hx (<
10* atm), que pode ser alcancada com o auxilio de microrganismos metanogénicos
hidrogenotroficos e bactérias redutoras de sulfato, organismos que utilizam H, em seus
metabolismos, diminuindo assim a concentracdo desse composto no meio (APPELS et al.,
2008; SIKORA et al., 2017; AZIZ et al., 2019). De acordo com Morita et al. (2011), o balanco
de producdo e consumo de H> por dois consdrcios de microrganismos é conhecido por
transferéncia de hidrogénio entre espécies. As bactérias responsaveis por essa etapa sdo
denominadas sintroficas, pois a existéncia delas depende da atividade de microrganismos
consumidores de hidrogénio (SIKORA et al., 2017). O tempo de duplicacdo das bactérias
acetogénicas varia entre 1,5 e 4,0 dias (RAMOS-SUAREZ; ARROYO; GONZALEZ-
FERNANDEZ, 2015).

Durante a metanogénese, Ultima etapa da digestdo anaerdbia, as arqueias metanogénicas
acetoclasticas sdo responsaveis pela maior parte da producdo de CHa (72%)
(TCHOBANOGLOUS; BURTON; STENSEL, 2003). Porém, de acordo com Aziz et al.
(2019), esses microrganismos geralmente tém uma taxa de crescimento menor se comparada as

arqueias metanogénicas hidrogenotréficas. Por isso, é recomendado que se utilize um lodo
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anaerobio com alto tempo de residéncia celular (também conhecido como idade do lodo) em
reatores anaerobios. Além disso, a maior taxa de crescimento das arqueias hidrogenotréficas
permite a producéo de presséo parcial de H» suficiente para as bactérias acetogénicas da etapa
anterior, mantendo assim a estabilidade do reator (MUN, 2012). As arqueias metanogénicas,
em geral, possuem alta sensibilidade a variacdes de pH, temperatura, presenca de oxigénio e
altas concentracbes de amonia livre (NHs), H.S e AOVs (GERARDI, 2003). A taxa de
crescimento varia entre 0s dois grupos: as metanogénicas hidrogenotroficas possuem um tempo
de duplicacdo de 4 a 12 horas, enquanto que as metanogénicas acetoclasticas possuem um
crescimento mais lento, da ordem de 2 a 3 dias para duplicagdo (VAN LIER; MAHMOUD,;
ZEEMAN, 2008; RAMOS-SUAREZ; ARROYO; GONZALEZ-FERNANDEZ, 2015).

De acordo com Thauer et al. (2008), os organismos metanogénicos dependem dos
produtos das fases anteriores da digestdo anaerdbia para obtencdo de substrato, podendo ser
afetados significativamente pela atividade das bactérias fermentativas e acetogénicas. Caso a
concentracdo de H: se eleve no meio devido ao excesso de substrato fermentavel, por exemplo,
ou devido a inibi¢do de arqueias metanogénicas hidrogenotroficas causada pela queda do pH
ou presenca de compostos tdxicos, a reacdo de acetogénese ndo ocorre, levando a acumulacao
de AQOVs e, consequentemente, a geracao de maus odores. Isso pode causar reducdo do pH no
reator e inibir ainda mais o desempenho das arqueias metanogénicas, resultando no
“azedamento” do sistema anaerdbio, cessando por completo a metanogénese e retardando a
fermentacdo na acidogénese (THAUER et al., 2008).

Diante do exposto, torna-se evidente que a abundancia e diversidade microbiana tem
papel fundamental na manutencdo do processo de digestdo anaerdbia. Em complemento, o
desempenho da atividade de microrganismos anaerdbios sob diferentes condi¢cdes ambientais
ou em resposta a diferentes tipos de disturbios pode ser utilizado como indicador da qualidade
desse processo (LAMBAIS et al., 2005, BATISTA, 2015).

3.2.2.1 Técnicas moleculares para analise microbiolégica de amostras ambientais

O desempenho do processo de digestdo anaerdbia esta intimamente associado ao lodo
anaeradbio, que, em boa parte, é constituido de biomassa microbiana (2-20%), sendo, portanto,
considerado o foco de diversas pesquisas e fundamental para o0 monitoramento da eficiéncia do
processamento anaerobio em sistemas de tratamento de aguas residuarias (AISSE et al., 1999;
BATISTA, 2015).
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Segundo Siniscalchi (2015), o campo do estudo da ecologia microbiana evoluiu com o
desenvolvimento de métodos que conseguem recuperar e analisar os acidos nucleicos a partir
de amostras ambientais, tais como a biomassa de lodos anaerobios. Um grande ndmero de
ferramentas moleculares tem sido desenvolvido e utilizado para o estudo dos microrganismos
anaerobios, incluindo técnicas de sequenciamento de nova geragdo como Pirossequenciamento
e MiSeg/Illumina, que recuperam um grande nimero de sequéncias das amostras, podendo ser
utilizado nesses estudos moleculares o gene RNAr 16S (SINISCACLHI, 2015). A seguir serdo

descritas essas duas técnicas de analise molecular:

a) Pirossequenciamento (Plataforma Roche 454 FLX): método que realiza o sequenciamento
baseado na deteccdo do pirofosfato durante a sintese de DNA (RONAGHI, 2001;
MARGULIES et al., 2005). A leitura das sequéncias é realizada a partir de uma combinacao de
reacOes enzimaticas que se iniciam com a liberacdo de pirofosfato, proveniente da adicdo de
um desoxinucleotideo a cadeia. Em seguida, esse pirofosfato € convertido a trifosfato de
adenosina (ATP), pela enzima ATP sulfurilase, sendo este utilizado pela luciferase para oxidar
a luciferina, produzindo um sinal de luz que €é capturado por uma camera acoplada ao sistema
(RONAGHI, 2001). Para o estudo de comunidades microbianas, é necessaria a realizacdo de
uma Polymerase Chain Reaction (PCR) com iniciadores de interesse, no qual um dos
iniciadores € marcado com um barcode, que corresponde a uma sequéncia de aproximadamente
10 nucleotideos, especifica para cada amostra, que permitira a identificacdo da origem das
sequéncias amplificadas (SINISCALCHI, 2015);

b) Plataforma de sequenciamento MiSeg/lllumina: o0 método de sequenciamento quimico da
plataforma MiSeq (empresa Illumina) é denominado sequenciamento por sintese. No lugar de
se colocar o DNA em um gel, o sequenciamento por sintese requer que o0 DNA seja colocado
em uma superficie dentro de uma célula de fluxo (SINISCALCHI, 2015). O instrumento MiSeq
adiciona as bases e adquire a imagem de cada ciclo, sendo que cada ciclo consiste na adi¢éo e
na leitura de cada base. Os pontos coloridos para cada ciclo formam os grupos que séo
compostos de sequéncias curtas, ou seja, pequenas regides do fragmento de DNA amplificado
(LOMAN et al., 2012; LUO et al., 2012). Os instrumentos da Illumina sdo os mais utilizados
no mercado devido ao seu custo-beneficio e a alta precisdo de sequenciamento (JUNEMANN
etal., 2017).

Na Tabela 2 s&o apresentados dados da literatura acerca dos principais grupos de
microrganismos encontrados em lodos de reatores anaerdbios tratando diferentes aguas

residuarias.
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Tabela 2 — Reviséo da literatura sobre os principais grupos de microrganismos, em termos de filo, ordem e género, encontrados em biomassas

provenientes de reatores anaerobios tratando diferentes dguas residuérias.

Sistema /IAgua Técnica de analise Grupo Filo * Ordem * Género * Referéncia
residuaria molecular microbiano
. - Proteobacteria Bam[la_les
UASB (piloto) — Bacterias Firmicutes Clostridiales - Espafia-
vinhaca de cana-de- PCR/DGGE Syntrophobacterales Gamboa et al.
acucar Arqueias Euryarchaeota l?\/l/lethanobactgriales a (2012)
ethanosarcinales
Verrucomicrobia (36,1%)
Firmicutes (12,4%) Clostridiales
Bactérias Thermotogae (11,9%) Lactobacillales -
UASB (piloto) — Synergistetes (6,7%) Martinez,
vinhaca de cana-de-  Pirossequenciamento Chloroflexi (1,2%) Romero e
aclcar Methanosarcinales (5,67%) Perotti (2014)
Arqueias Euryarchaeota (17,3%) Thermoplasmatales (5,38%) Methanosaeta
Chrenarcheota (1,5%) Methanobacteriales (4,58%) Methanosarcina
Methanomicrobiales (0,3%)
. o Megasphaera (28%**)
AFBR (piloto) - Bactérias Badteroldetes () Bacteroidales (629%**) Prevotella (~7%**) .
vinhaca de cana-de- Hiseg/lllumina irmicutes (38%) Clostridium dos Reis et
aclcar . . Methanobacterium (98%**) al. (2015)
Arqueias Euryarchaeota (~99%**) Methanobacteriales (~99%**) Methanosphaera (1%**)
Firmicutes (~44%)

Reator hibrido Spirochaetes (~13%)

(UASB + filtro ‘- Synergistetes (~9%) .
anaerohio) (piloto) Miseg/Illumina Bactérias Proteobacteria (~6%) a B D'Zsoiga"
— vinhacga de cana- Chloroflexi (~3%) ( )

de-agucar Bacteroidetes (~2%)
Arqueias Euryarchaeota (~8%) - -
(continua)
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Synergistetes (53%)
Firmicutes (~6%)
Proteobacteria (~2%)

Synergistales (53%)
Clostridiales (~6%)
Planctomycetales (~1%)

Aminomonas (23%)
Aminobacterium (18%)

Bactérias 70 Bacteroidales (~1%) : 0
. Planctom_ycetes (~1%) Sphaerobacterales (~1%) Syne.rglsyes (6%) - .
UASB - esgoto Pirossequen- Bacteroidetes (~1%) Rhizobiales (~1%) Cloacibacillus (1%) Siniscalchi et
sanitario ciamento Chloroflexi (~1%) Burkholderiales (~1%) al. (2016)
Methanobacterium (~8%)
. Methanobacteriales (8%) Methanosaeta (~0,2%)
~80,
Arqueias Euryarchaeota (~8%) Methanosarcinales (<0,2%) Methanobrevibacter (<0,2%)
Methanospirillum (<0,2%)
Syntrophobacter (5,1%)
0,
Syntrophobacterales (9,0%) Sggégg::f ((33 30/{:’ ))
Desulfuromonadales (5,0%) Clostridium (2‘ 296)
Chloroflexales (3,5%) L\
. - Desulfovibrio (2,1%)
Proteobacteria (22,3%) Synergistales (2,7%) Pelobacter (1,8%)
Chloroflexi (4,5%) Clostridiales (2,2%) Chloroflexus (’1 88/0)
Bactérias Firmicutes (3,3%) Desulfovibrionales (2,1%) Roseiflexus (1 ’7% )
UASB (piloto) Actinobacteria (1,5%) Burkholderiales (1,4%) Thermanaerovibrib (1,5%)
P B . - Bacteroidetes (1,3%) Rhizobiales (1,2%) j Delforno et
efluente de Hiseqg/Illumina - 0 0 Pseudomonas (1,2%)
lavanderia Chlorobi (0,8%) Desulfobacterales (1,2%) Dethiosulfovibrio (1,2%) al. (2017)
Pseudomonadales (1,2%) L '
Baci Desulfatibacillum (1,2%)
acillales (1,1%) Bacillus (1 1%
Bacteroidales (1,0%) acillus (1,1%)
' Bacteroides (1,0%)
Herpetosiphon (1,0%)
Methanomicrobiales (2,8%) Methanoregula (2,8%)
. Methanosarcinales (2,4%) Methanosaeta (2,4%)
0,
Arqueias Euryarchaeota (8,5%) Methanobacteriales (2,0%) Methanosarcina (1,7%)
Methanosarcinaceae (1,7%) Methanotermobacter (1,6%)
(continua)
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UASB (piloto) sob
condicdes
termofilicas —
vinhaca de cana-de-
acucar + torta de
filtro (40 g L " vinhaca)
(codigestéo)

lon Torrent

Bactérias

Thermotogae (58,0%**)
Firmicutes (14,7%**)
Bacteroidetes (3,5%**)
Nitrospirae (3,5%**)
Synergistetes (3,1%**)
Atribacteria (2,4%**)
Planctomycetes (0,3%**)
Protobacteria (0,1%**)
Tenericutes (0,1%**)

Thermotogales
Bacteroidales

Fervidobacterium (12,0%**)
Petrimonas

Arqueias

Euryarchaeota (96,0%**)
Chrenarcheota (4,0%**)

Methanobacteriales
Methanosarcinales
Methanomicrobiales

Methanothermobacter
(~80,5%**)
Methanoculleus
Methanosarcina

Barros et al.
(2017)

UASB (piloto) —
efluente do
processamento de
amido de batata

Miseqg/Illumina

Bactérias

Firmicutes (34,01%)
Chloroflexi (17,35%)
Proteobacteria (15,36%)
Synergistetes (~12%)
Bacteroidetes (~10%)
Cloacimonetes (~3%)

Clostridiales (17,71%)
Anaerolineales (16,64%)
Synergistales (9,01%)
Bacteroidales (6,25%)
Pseudomonadales (~5%)

Levilinea (12,03%)
Candidatus Cloacamonas
(10,50%)
Sporonaerobacter (~5%)
Pseudomonas (~2%)

Arqueias

Euryarchaeota (~10%)

Methanosarcinales (9,41%)
Methanobacteriales (<1%)

Methanosaeta (9,99%)

Antwi et al.
(2017)

UASB — esgoto
sanitario de campus
universitario

Miseqg/Illumina

Bactérias

Chloroflexi (35,26%)
Proteobacteria (31,25%)
Firmicutes (12,58%)
Caldiserica (8,18%)
Actinobacteria (2,66%)
Synergistetes (1,39%)
Acidobacteria (1,33%)
Bacteroidetes (1,33%)

Anaerolineales (35,18%)
Pseudomonadales (25,54%)
Clostridiales (11,61%)
Caldisericales (8,18%)
Nitrosococcales (2,07%)
Bacteroidales (1,28%)
Aminicenantales (1,12%)
Syntrophobacterales (1,07%)
Rhizobiales (0,34%)
Corynebacteriales (0,18%)
Caulobacterales (0,08%)
Flavobacteriales (0,03%)
Sphingobacteriales (0,02%)

Pseudomonas (25,54%)
Caldisericum (8,17%)
Clostridium sensu stricto 1
(4,29%)
Clostridium sensu stricto 13
(2,75%)
Rombotsia (2,46%)
Leptolinea (3,06%)
Longilinea (0,34%)
Brevundimonas (0,07%)

Arqueias

Euryarchaeota (4,77%)

Methanobacteriales (3,98%)
Methanosarcinales (0,14%)

Methanobacterium (3,90%)
Methanosaeta (0,12%)

Paez (2019)

(continua)
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Chloroflexi (~35%)
Firmicutes (~12%)
Synergistetes (~8%)
Proteobacteria (~7%)
Acidobacteria (~5%)
Aegiribacteria (~5%)

UASB - vinhaca de lon Torrent Bactérias Verrucomicrobia (~5%) - - Callejas et al.
cana-de-agucar Patescibacteria (~2%) (2021)
Thermotogae (~1%)
Planctomycetes (~1%)
Kiritimatiellaeota (~1%)
Latescibacteria (<1%)
Armatimonadetes (<1%)
Arqueias Euryarchaeota (~6%) - —
Candidatus cloacimonas
. - (11,20%)
Bgt_:terpldetes (27%) Clostridiales Clostridium (9,77%)
irmicutes (19%) Pseudomonadales Acinetobacter (5.23%
Bactérias Proteobacteria (10%) Bacteroidales cinetobacter (5,23%)
Fermentador : . Bacteroides (3,14%)
(bancada) — vinhaca lon Torrent Chloroflexi Clostridia Syntrophomonas (1,66%) lltchenco et
de cana-de-acticar Thermotogae Desulfuromonadales Kosmotoga (1139’% ) al. (2021)
Geobacter (0,15%)
Methanosarcinales (~18%) Methanosaeta (17,94%)
Arqueias Euryarchaeota (24%) Methanobacteriales (~3%) Methanobacterium (2,67%)
Methanomassiliicoccales (<1%) Methanomassiliicoccus (0,69%)
s-CSTR (piloto) sob . Defluviitoga (~35%**)
condicdes Firmicutes (~53%**) Petrotogales Hydrogenispora (~9%**)
termofilicas — Bactérias Tenericutes (~1%**) Clostridiales Ruminiclostridium (~3%**)
vinhaca de cana-de- ) ) Thermotogae (~26%**) Thermoanaerobacterales Syntrophaceticus (~0,75%**) Volpi et al.
acucar, torta de Miseg/Illumina Tepidanaerobacter (~0,5%**) (2021)
filtro e licor Methanomicrobiales (~90%**) - .
detoxificado Arqueias Euryarchaeota (~100%**) Methanobacteriales Mem;ﬁﬂgfﬁwugﬁt(erg(o—?/loofyg**)
(codigestdo) (~10%**)
(concluséo)

* = Abundancia relativa (%) a todos os microrganismos detectados (inclui arqueias e bactérias); ** = Abundancia relativa (%) a cada grupo de microrganismo (arqueias ou bactérias); AFBR = anaerobic fluidized-bed

reactor; DGGE = denaturing gradient gel electrophoresis; PCR = polymerase chain reaction; s-CSTR = semi-continuous stirred tank reactor; UASB = upflow anaerobic sludge blanket.

Fonte: Do autor (2022).
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3.2.3 Caracteristicas do substrato que influenciam no processo

Segundo Cioabla et al. (2012), o sucesso da digestdo anaerdbia depende de trés grupos
de fatores que, em sua maioria, sdo passiveis de controle: (1) os relativos as caracteristicas do
substrato (que serdo tratados nesse item); (2) os relacionados as configuracdes do reator; e (3)
os relativos a forma de digestdo, sendo que esses dois ultimos fatores serdo discutidos no item
3.2.4.

Em complemento, a producéo de biogéas é influenciada pela composi¢do bioguimica e
biodegradabilidade do substrato; além disso, fatores como pH, alcalinidade, temperatura,
nutrientes, sélidos e tamanho das particulas, compostos toxicos, entre outros, causam alteracdes
significativas na estabilidade do processo de digestdo anaerdbia (ZABED et al., 2020),

conforme descrito a seguir.

3.2.3.1 pH, alcalinidade e acidez

As variacdes no pH do meio impactam de maneira significativa 0s microrganismos
responsaveis pela digestdo anaerdbia, podendo afetar suas estruturas e, consequentemente,
modificar seu funcionamento original, além de causar aumento na toxicidade do substrato e
desequilibrio no processo (MEYSTRE, 2007; SALOMON, 2007).

Segundo Zhang (2005, 2009), os microrganismos hidroliticos possuem uma alta
capacidade de resisténcia as flutuacfes ambientais e toxinas presentes no substrato, podendo
atuar numa ampla faixa de pH (entre 4,0 e 11,0); entretanto, a faixa 6tima se encontra no
intervalo de 6,0-8,0. As condi¢bes de pH do meio, diferentemente da etapa de hidrolise,
impactam significativamente a acidogénese, sendo que a formacdo de AOVs é inibida em
valores de pH menores que 4,0, e o intervalo de 5,5 a 6,5 é considerado a faixa 6tima
(STRONACH; RUDD; LESTER, 2012; MAO et al., 2015). O acimulo de acidos produzidos
nessa etapa pode ocasionar queda do pH, desequilibrando todo o processo (PEREIRA;
CAMPOS; MOTERANI, 2009). Nesse sentido, a acidez de um sistema anaerobio se deve
principalmente a presenca, além de AOVs, de CO>, alcoois e H.S na fase liquida (PEREIRA,;
CAMPOS; MOTTERAN, 2013).

Por outro lado, a alcalinidade é uma medida relacionada a capacidade de neutralizar
acidos em funcéo da presenca de &cidos e bases no meio. Assim, expressa a capacidade de
tamponamento e a resisténcia a acidificacdo. De acordo com Jenkins, Morgan e Sawyer (1983)
e Ripley, Boyle e Converse (1986), a alcalinidade total de um sistema anaer6bio é composta

por dois tipos de bases: alcalinidade parcial (AP) e intermediaria (Al), sendo que a primeira se
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deve a presenca de anions de acidos fracos, praticamente equivalendo-se (~80%) a alcalinidade
bicarbonato; enquanto a segunda é devida a presenca de anions de AOVSs, correspondendo a
alcalinidade de acidos volateis. Entretanto, a capacidade de tamponamento da Al ocorre em pH
entre 3,75 e 5,75, tendo, portanto, baixa relevancia na digestdo anaerobia (CHERNICHARO,
2016). Por essa razdo, a concentracao de AP deve ser superior a de Al em um sistema anaerébio,
recomendando-se razGes AI/AP inferiores & 0,3 para manter a estabilidade do processo
(RIPLEY; BOYLE; CONVERSE, 1986; CHERNICHARO, 2016). Outra relacdo que pode
indicar disturbios operacionais em reatores anaerobios € a razdo entre teores de AOVs e
alcalinidade total (AOV/AT), devendo ser preferencialmente mantida abaixo de 0,4 (LI et al.,
2014; ISSAH; KABERA, 2021). Todavia, devido as variagdes de cada tipo de agua residuéria,
sistemas anaerébios com razdes acima das indicadas podem apresentar estabilidade no
tratamento (PEREIRA; CAMPOS; MOTERANI, 2009).

Em relagdo as bactérias acetogénicas, essas tém melhor acdo em meio &cido, com pH
entre 6,0 e 6,2. Em contrapartida, o metabolismo das arqueias metanogénicas é inibido em pH
menor que 6,2; enquanto que em pH acima de 7,8 a inibi¢do pode ocorrer pela liberacdo de NH3
(GERARDI, 2003; RAMOS-SUAREZ; ARROYO; GONZALEZ-FERNANDEZ, 2015). A
faixa 6tima de pH se encontra entre 6,8 e 7,2 (MUN, 2012), ou seja, em ambientes com valores
de pH proximos a neutralidade. Ademais, de acordo com Chernicharo (2016), o fato de as
bactérias acidogénicas possuirem maior tolerancia a diminuicdo do pH do que as arqueias
metanogénicas pode impactar diretamente na estabilidade do processo de digestdo anaerdbia.
Em um meio com baixo valor de pH, a producédo de acidos pelas bactérias acidogénicas pode
continuar livremente apesar da inibicdo da producdo de CH4, 0 que consequentemente causa o
azedamento do reator anaerdbio, conforme detalhado no item 3.2.2 (THAUER et al., 2008;
CHERNICHARO, 2016).

Como observado, para cada grupo de microrganismos existe uma faixa otima de pH
visando a maxima eficiéncia na biodegradacdo do substrato e a producdo final do biogés.
Entretanto, considerando um Unico reator anaerébio responsavel por todas as etapas do
processo, conhecido por reator de estagio Unico (ao qual sera descrito posteriormente no item
3.2.4), o pH ideal se encontra entre 6,5 e 7,5 (CAMPOS et al., 2006; HADDAD; FAWAZ,
2013; RINCON-MEJIA; HERAS, 2017). A alcalinidade bicarbonato recomendada, por sua vez,
é de 2.500 a 5.000 mgCaCOs L, representando concentragdes suficientes para se obter um
tamponamento adequado de sistemas anaerébios (TAUSEEF; ABBASI; ABBASI, 2013). Em
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contrapartida, concentracdes de AOVs acima de 2.000 mgHAc L™ podem causar inibicdo da
microbiota metanogénica (GRADY JUNIOR et al., 2011).

3.2.3.2 Temperatura

Os microrganismos, segundo Pinheiro e Polizeli (2021), ndo possuem meios de controlar
sua temperatura interna e, dessa forma, a temperatura no interior da célula é determinada pelo
ambiente externo, ou seja, pela temperatura do meio em que estao inseridos. De acordo com
Van et al. (2020), alem de ser um importante fator de sele¢do dos grupos microbianos presentes
no interior de um reator anaerdbio e impactar na taxa de digestdo, a temperatura também
influencia no estado do substrato, como a solubilidade, a taxa metabdlica e o equilibrio iénico.

Os organismos responsaveis pela digestdo anaerdbia podem ser classificados de acordo
com as condicdes dessa variavel, sendo: (1) psicrofilos, que vivem sob temperaturas entre 4 e
15 °C; (2) mesofilos, vivendo entre 20 e 40 °C; e (3) termofilos, sob o intervalo de temperaturas
entre 45 e 70 °C (EL-MASHAD et al., 2004). Em cada uma dessas faixas existem as
temperaturas minima e maxima, que definem os limites nos quais o crescimento microbiano é
possivel; e uma temperatura étima, na qual o crescimento é maximo (CHERNICHARO, 2016).
De acordo com Hubert et al. (2019), os niveis 6timos de temperatura associados a digestdo
anaerdbia ocorrem entre: 30 a 35 °C, para a faixa mesofilica; e entre 50 a 55 °C, para a faixa
termofilica.

Geralmente, 0 aumento da temperatura do meio causa um aumento nas taxas de reacdo
de maneira significativa. Condicdes termofilicas incrementam a geracdo de biogas devido ao
aumento na eficiéncia da etapa de hidrélise enzimatica e na taxa de crescimento de
microrganismos metanogénicos, assim, o tempo de detencdo hidraulica pode ser reduzido
(GONZALEZ-FERNANDEZ et al., 2015). Kiani, Parsaee e Mahdavifar (2021), em estudo
sobre o processamento anaerébio de vinhaca de cana-de-acucar, evidenciaram uma producéo
de CHs até 44,4% superior sob condicdes termofilicas em relacdo as faixas mesofilicas de
operagéo.

Entretanto, os organismos mesofilos sdo mais resistentes s mudangas ambientais; nesse
contexto, a operagdo de um reator anaerébio submetido as condigdes termofilicas requer
técnicas operacionais mais complexas para o funcionamento adequado (CHERNICHARO,
2016). Um exemplo desse requisito de maior complexidade estd na oscilagdo maxima de
temperatura suportada pelos microrganismos do processo, sendo inferior a 1 C° por dia para
termofilos; e para mesofilos, 2 a 3 C° d* (GERARDI, 2003).
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3.2.3.3 Nutrientes

A gquantidade de nutrientes necessarios a comunidade microbiana da digestdo anaerdbia
¢ estabelecida a partir da concentracdo desses mesmos nutrientes nas células desses
microrganismos, sendo sua falta ou excesso fatores limitantes ao crescimento microbiano,
impactando diretamente na eficiéncia do tratamento anaerébio (GABARDO, 2016).

As principais formas disponiveis de nitrogénio para 0s microrganismos sdo o nitrogénio
amoniacal e o nitrogénio organico, sendo que as formas oxidadas (nitrito e nitrato), em
condicGes anaerdbias, ndo se encontram disponiveis devido a reducdo desses compostos a N2 e
a subsequente liberacdo na atmosfera. Em relacdo as fontes disponiveis de fosforo, a maioria
dos microrganismos € capaz de utilizar o elemento na forma de ortofosfatos inorganicos
(ZOPPAS et al., 2016; ZHENG et al., 2019).

A literatura sugere diferentes relacGes 6timas entre o conteido de nitrogénio total (N),
fésforo total (P) e matéria organica presente no substrato. Para Souza (1984), o substrato deve
conter concentracdes de fosforo disponivel (Pgisp) € nitrogénio amoniacal (N-NH4") que
satisfagam as seguintes razdes quanto ao seu contetido de carbono organico (C): C/Pgisp < 150
e C/N-NH4" < 30. Por outro lado, outro método de analise é pela relacdo DQO/N/P, cujo valor
ideal, de acordo com Annachhatre (1996), € de 300/5/1 durante a fase de partida do reator
anaerobio. Para a fase operacional, 500/5/1 é um valor suficiente para atender aos requisitos
macronutricionais dos microrganismos responsaveis pela digestdo anaerébia (SPEECE, 1996).
Lettinga, Hulshof Pol e Zeeman (1996) por outro lado, recomendam rela¢Ges que variam em
funcdo do coeficiente de producéo celular, sendo: DQO/N/P e C/N/P de 1000/5/1 e 330/5/1,
respectivamente, para biomassas com coeficiente de producéo celular de aproximadamente
0,05 gSSV gDQO; e DQO/N/P de 350/5/1 e C/N/P de 130/5/1 para biomassas com elevado
coeficiente de producio (0,15 gSSV gDQO™).

Para propiciar uma adequada relacdo entre nutrientes e material orgéanico, pode-se
também realizar a codigestao, que consiste na mistura de duas ou mais aguas residuarias com
caracteristicas complementares. Esta € uma técnica que pode contribuir na suplementacao
nutricional e na adicdo de material organico com maior potencial de biodegradabilidade,
propiciando uma adequacao no balanceamento da relacdo C/N/P presente no liquido resultante
da mistura que, por consequéncia, sera mais eficientemente degradado em um reator anaerobio
devido a otimizagédo do processo de digestdo (LOPES; LEITE; PRASAD, 2004; NARTKER et

al., 2014). Borges et al. (2021), por exemplo, estudaram a codigestdo entre vinhaca de cana-de-
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acucar e glicerina bidestilada em ensaios de biodegradabilidade anaerdbia, reportando aumento
de até 39% na producao de CH4 se comparado a monodigestdo de vinhaga.

Além do nitrogénio e do fésforo como representantes dos macronutrientes necessarios ao
processo, o enxofre, potassio, sodio, calcio e magnésio também sdo considerados essenciais.
As faixas de concentracdo consideradas ideais a digestdo anaerobia sdo: potéssio (200-400 mg
L1); sddio e célcio (100-200 mg L™); e magnésio (75-150 mg L) (ZUPANCIC; GRILC, 2012).
A concentracdo ideal de enxofre, por outro lado, deve ser igual ou levemente inferior a de
fosforo (MALINA; POHLAND, 1992). As principais fontes de enxofre para 0s microrganismos
sdo os sulfetos, como H>S e ion sulfidrico (HS"), que sdo necessarios para a sintese de proteinas,
embora alguns organismos possam utilizar cisteina como fonte desse nutriente
(CHERNICHARO, 2016).

Em relacdo aos micronutrientes, esses sdo considerados estimulantes ao processo de
biodigestdo anaerdbia, atuando em importantes atividades enzimaticas (SALOMON, 2007):
zinco (Zn), ferro (Fe), cobre (Cu), cobalto (Co), niquel (Ni) e selénio (Se) sdo exemplos de
micronutrientes essenciais ao processo (DEUBLEIN; STEINHAUSER, 2010). Janke et al.
(2016), por exemplo, investigaram a adicao de ureia e elementos-traco em vinhaca de cana-de-
acucar submetida a tratamento anaerébio em reator UASB de escala laboratorial, elevando a
taxa de producdo de CHas em 79% ap0s a adicao da solugdo nutricional.

A maior parte das aguas residudrias possui quantidades suficientes de nutrientes
requeridas para o crescimento dos microrganismos responsaveis pela digestdo anaerdbia, sendo
considerado frequentemente apenas a concentracdo de nitrogénio e de fésforo como base para
a avaliacdo nutricional da &gua residuaria. Entretanto, dependendo das caracteristicas do
substrato, a suplementacdo mineral se faz necessaria, pois a presenca de concentraces
adequadas de macro e micronutrientes é essencial para que o0 processo ocorra de maneira estavel
e equilibrada (SPEECE; PARKIN, 1987).

Os esgotos sanitarios, por exemplo, geralmente apresentam concentracbes de N, P e
outros nutrientes em valores suficientes para o crescimento de microrganismos, ndo havendo
limitagdes nutricionais para a realiza¢do da digestdo anaerobia (CHERNICHARO, 2016). Por
outro lado, as aguas residuarias industriais, dada a variedade e especificidade de sua
composicao, podem requerer suplementacdo nutricional para que o processo de degradacao seja
otimizado em um reator anaerébio (CHERNICHARO, 2016). Aguas residuérias agroindustriais
como a vinhaca de cana-de-agucar, por exemplo, geralmente possuem concentragdes de matéria

organica e nutrientes inadequadas para 0 processamento anaerobio, evidenciando a necessidade
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de suplementacdo nutricional ou outras estratégias que adequem o balanceamento entre carbono
e nutrientes (BARROS et al., 2017; SIQUEIRA et al., 2022). Nesse aspecto, Barros, Duda e
Oliveira (2016) avaliaram a relacdo DQO/N/P de vinhaca de cana-de-acUcar e obtiveram um
valor de 725,8/7,58/1, ndo correspondendo a relacdo recomendada de 300-500/5/1
(ANNACHHATRE, 1996; SPEECE, 1996). Paralelamente, Janke et al. (2016) mensuraram
relacbes C/N/P de 307,7/20,7/1 e 83,6/7,5/1 para duas amostras de vinhaca de cana-de-agucar,
cujos valores estdo em desacordo com a recomendacdo de 130-330/5/1 (LETTINGA;
HULSHOF POL; ZEEMAN, 1996).

3.2.3.4 Concentracéo e granulometria de sélidos

A presenca de grandes quantidades de materiais solidos no substrato pode dificultar a
hidrolise desses compostos, proporcionando elevacdo no tempo de detencdo hidraulica do
sistema anaerdbio devido a maior resisténcia a solubilizacdo completa da matéria organica
(ELLACURIAGA et al., 2021). Gonzalez-Fernandéz et al. (2012), ao trabalharem com
substrato particulado, citam que a fase de hidrolise determina o sucesso da producdo de CHgs e,
dessa forma, em substratos facilmente hidrolisaveis, a metanogénese é considerada a fase
limitante.

De acordo com Halalsheh et al. (2011), quanto maior a area superficial das particulas
solidas biodegradaveis em suspensdo no substrato, mais eficiente € o contato entre o
microrganismo e a matéria organica, conduzindo a um aumento consideravel na eficiéncia da
digestdo anaerdbia. Nesse sentido, existem diversos métodos fisicos de pré-tratamento visando
0 aumento da biodegradabilidade anaerdbia de substratos a partir da reducdo da granulometria
e do aumento de éarea superficial de particulas sélidas da agua residuaria (CESARO,;
BELGIORNO, 2014). Esses métodos sdo divididos em: métodos mecanicos, com a utilizacao,
por exemplo, de moinho de bolas (PENGYU et al., 2017; AMIN et al., 2017); métodos térmicos
(KUO; CHENG, 2007); irradiacdo por micro-ondas (MARIN; KENNEDY; ESKICIOGLU,
2010); e ultrassom (YU et al.,, 2009). Em reatores anaerdbios, as particulas solidas séo
removidas do efluente apds passarem por processos como adsorcdo, sedimentacdo ou adeséo
ao leito do lodo (ELMITWALLI et al., 2001).

Em contrapartida, ainda que a biodegradabilidade do material sélido seja um importante
aspecto a ser considerado na remocao de matéria organica e na produtividade de CHa, pesquisas
mostram que a adicdo de solidos inertes em biorreatores anaerdbios pode propiciar maior
disponibilidade de &rea superficial aos microrganismos e auxiliar na formacé&o de biofilme sobre
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essas superficies e, por consequéncia, aumentar o tempo de retencdo dos solidos do sistema, 0
que pode elevar a eficiéncia do tratamento anaerobio e reduzir o periodo de adaptacdo (ou start-
up) (ARIF; LIAQUAT; ADIL, 2018; BAEK; KIM; LOGAN, 2021).

3.2.3.5 Compostos toxicos

Dependendo da concentracdo em que se encontra, uma substancia pode ser benéfica ou
toxica aos organismos. Segundo Chen et al. (2014), qualquer composto presente em
concentracdes acima das suportadas pelos microrganismos em um reator anaerobio pode ser
considerado tdxico. Entretanto, essa toxicidade pode ser evitada por mecanismos como a
formacdo de complexos insollveis, precipitacdo, utilizacdo de complexos antagbnicos e
adaptacdo pelos microrganismos (CHEN; CHENG; CREAMER, 2008). Alguns compostos que

podem ser frequentemente citados como causadores de toxicidade em reatores anaerobios sao:

a) Sulfetos: a degradacdo, em reatores anaerdbios, de proteinas presentes no substrato e a
reducdo de sulfatos e outros compostos organicos contendo enxofre resultam em sulfetos,
principalmente H>S (forma nédo dissociada e mais toxica) e HS™ (forma dissociada e menos
toxica) (YAN et al., 2018). O H2S pode estar presente na forma gasosa, que é removida da agua
residuaria ap0s o tratamento, ou dissolvida na fase liquida, sendo que quanto maior a produgédo
de CHjs pelo reator em fungédo do aumento de DQO no liquido afluente, maior a quantidade de
H>S produzido na forma gasosa e, consequentemente, maior a sua incorporacdo ao biogas
(CHERNICHARO, 2016). Segundo 0 mesmo autor, uma relagdo DQO/SO4* (DQO por ion
sulfato) maior que 10 é considerada ideal para que nao ocorra toxicidade por H,S dissolvido,
sendo que concentragdes acima de 200 mgH,S L™ passam a ser inibidoras do processo de
digestdo anaerodbia. A vinhaca de cana-de-acUcar €, geralmente, uma agua residuaria rica em
sulfatos devido a adicao de &cido sulfarico (H2SO4) em algumas etapas da fabricacéo de etanol
— com o objetivo de prevenir a contaminacdo por microrganismos e a floculacédo de leveduras
—, alem da aplicacdo de melaco ao caldo de cana-de-agucar para producéo do mosto em algumas
biorrefinarias (KIYUNA; FUESS; ZAIAT, 2017). A relagdo DQO/SO4? da vinhaga pode variar
de 9,0 a 93,9, dependendo da concentracdo de melago no mosto e da utilizagédo de H2SO4

durante o processo de fabricagdo do etanol de cana-de-agucar (SILVA et al., 2020);

b) Compostos fendlicos: em relagé@o aos substratos que contenham em sua composi¢do quimica
compostos fendlicos, a inibicdo dos microrganismos anaerobios ocorre em concentraces acima
de 700 mg L (NEUFELD; MACK; STRAKEY, 1980). Além disso, de acordo com 0s mesmos
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autores, a digestdo anaerobia de fenois é efetiva em lodos com tempo de residéncia celular
superior a 40 dias. Uma estratégia para evitar a inibicdo causada pela presenca dos fendis é a
aclimatacao do indculo ao substrato (GONCALVES et al., 2012). A concentracao de fendis na
vinhaca de cana-de-acUcar pode variar dependendo de fatores como o tipo de mosto utilizado
durante a fabricacéo de etanol, a eficiéncia das etapas de fermentacdo do caldo e destilagéo do
vinho e o tempo de maturacdo da cana-de-acucar (PAZ-PINO; BARBA-HO; MARRIAGA-
CABRALES, 2014). A faixa média de concentracdo de compostos fendlicos fica em torno de
450-469 mg L nessa 4gua residuaria (PARSAEE; KIANI; KARIMI, 2019), o que esta abaixo
da concentragio inibidora para a digestdo anaerdbia (700 mg L™, segundo Neufeld, Mack e
Strakey (1980)); entretanto, estratégias operacionais (por exemplo, recirculagdo do efluente e
codigestdo) podem ser aplicadas ao biorreator no sentido de diminuir a concentracdo de fendis

e, assim, otimizar o processamento anaerobio da vinhaca;

c) Sais: outra possivel fonte de toxicidade estd associada a concentragdo de sais no substrato,
sendo associada a valéncia do ion positivo (céation) da substdncia (SOARES; FEIDEN;
TAVARES, 2017). Zupanci¢ e Grilc (2012) relatam as seguintes concentragdes de sais que
causam, respectivamente, inibicdo moderada e severa da microbiota anaerébia: sodio (Na*)
(3.500-5.500 e 16.000 mg L), potassio (K*) (3.500-4.500 e 12.000 mg L), célcio (Ca*")
(2.500-4.500 e 8.000 mg L) e magnésio (Mg?") (1.000-1.500 e 3.000 mg Lt). Em comparagéo,
as concentracGes de sais na vinhaca de cana-de-agtcar podem chegar a 3.820, 7.830, 5.180 e
1.529 mg L™ de, respectivamente, Na*, K*, Ca?* e Mg?* (PARSAEE; KIANI; KARIMI, 2019).
Logo, a vinhaca pode provocar inibicdo moderada dos microrganismos dependendo da
concentracdo de sais e, desse modo, impactar negativamente o desempenho da digestéo
anaerobia. Novamente, a aplicacdo de estratégias operacionais como as citadas no item 3.2.3.5.b

podem beneficiar a efetividade do tratamento;

d) Nitrogénio amoniacal: NH3z e NH4", resultantes da hidrélise de aguas residuarias ricas em
proteinas e ureia, geralmente sdo benéficas a um reator anaerébio por servirem como fonte
nutricional para 0s microrganismos e como tampédo para as variacdes de pH no sistema
(CHERNICHARO, 2016). Entretanto, concentragdes acima de 150 e 3.000 mg L de,
respectivamente, NHz e NH4", sdo téxicas a comunidade metanogénica (CHERNICHARO,
2016). A vinhaca de cana-de-aclcar geralmente apresenta concentragdes de nitrogénio

amoniacal inferiores — até 45 mg L™, de acordo com Parsaee, Kiani e Karimi (2019);
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e) Oxigénio: Oz é considerado um composto toxico, mesmo em baixas concentracfes, as
bactérias fermentativas acidogénicas e as arqueias metanogénicas, por serem estritamente
anaerdbias (GERARDI, 2003; RAMOS-SUAREZ; ARROYO; GONZALEZ-FERNANDEZ,
2015);

) Outras substancias: os elementos Zn, Cu, Cd e Fe possuem limites de concentracdo de 163,
170, 180 e 2.600 mg L, respectivamente, para que ocorra inibicdo do processo de digestdo
anaerdbia (LAWRENCE; McCARTY, 1965). Outras toxinas inorganicas altamente toxicas a
microbiota anaerdbia sdo: cromo (Cr) e cromatos, mercurio (Hg), arsénio (As) e cianeto (XU,
ZHENG, 2021). Todos os compostos citados se apresentam geralmente em concentragdes
consideravelmente inferiores na vinhaca de cana-de-agicar (MORAN-SALAZAR et al., 2016).
No que diz respeito ao controle da toxicidade por metais pesados em aguas residuarias, um dos
métodos mais eficazes € a adi¢do de quantidade suficientes de sulfetos ou carbonatos para que
ocorra a precipitacdo dos compostos metalicos formados, sendo essa uma alternativa adequada
a ser adotada no tratamento anaerdbio de &guas residuarias industriais ricas em metais pesados
(POHL, 2020).

3.2.4 Configurac0es de sistemas anaerobios

No tratamento anaerdbio busca-se, por meio de biorreatores, acelerar as reacdes de
digestdo anaerdbia do substrato, a partir do estabelecimento de condi¢des favoraveis para o
crescimento e manutencio de biomassa ativa no reator (CAMPOS; SALEH; CARMO, 2005;
SARKER et al., 2019). Segundo Pereira, Campos e Moterani (2009), é necessario garantir,
através do projeto do reator e suas condi¢bes operacionais, uma grande quantidade de
microrganismos ativos atuando no interior do reator, visando um contato intenso entre a
biomassa e o substrato a ser degradado. Portanto, os reatores anaerébios sdo ambientes onde o0s
fatores de crescimento, como os citados no item 3.2.3, e as condi¢Ges de operagdo sdo
controlados de modo a permitir que uma ou mais etapas da digestdo anaerébia ocorram
(GERARDI, 2003; CHERNICHARO, 2016).

Os reatores anaerobios, em geral, apresentam vantagens como um baixo custo de
implantacéo e de operagdo, ndo demandando a instalacdo de equipamentos sofisticados; e um
consumo energético reduzido, sendo que os gastos com energia elétrica se devem apenas ao
bombeamento hidraulico da &gua residuéria, além dos principais beneficios do tratamento

anaerobio, que sdo a reducdo do potencial poluidor das &guas residuéarias e a producdo de
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biogas. As desvantagens, em contrapartida, incluem a possibilidade de emanacdo de maus
odores, a baixa capacidade do sistema em tolerar cargas toxicas, um elevado intervalo de tempo
para a partida do sistema, que varia de 4 a 6 meses sem a utilizacao de indculo, podendo ser
reduzido para 2 a 3 semanas ao utilizar pequenas quantidades de biomassa ativa provindas de
outros sistemas de tratamento anaerdébio. Além disso, pode haver uma necessidade de pos-
tratamento apds a passagem por esses sistemas, dependendo da destinacdo dada ao efluente
tratado (GHANGREKAR; BEHERA, 2014; CHERNICHARO, 2016).

De acordo com Chernicharo (2016) e Van Dinh et al. (2020), o projeto de um reator
anaerobio e suas condicBGes operacionais sdo caracterizadas por dois parametros: o tempo de
detencdo hidraulica (TDH) e a carga organica volumétrica (COV). O TDH é definido como o
tempo médio em que o substrato € mantido no reator, sendo quantificado pela Equacéo 4. A
COV e definida como a quantidade (ou massa) de matéria organica aplicada diariamente ao
reator, por unidade de volume do mesmo, expressa pela Equacdo 5. Outro parametro utilizado
no projeto de reatores anaerdébios é a carga hidraulica volumétrica (CHV), que é obtida pelo

inverso do valor do TDH, conforme Equacéo 6.

TDH=V/Q (4)
COV =Sy / TDH ()
CHV=1/TDH=Q/V (6)
onde,

TDH = tempo de detencéo hidraulica (d);

V = volume total do reator (m?3);

Q = vazdo volumétrica (m3 d2);

COV = carga organica volumétrica (kgDQO m3 d?);

So = concentracéo de DQO do substrato afluente (kgDQO m3);

CHV = carga hidraulica volumétrica (m3 m= d?).

Os sistemas anaerébios podem ser classificados quanto a capacidade de retengdo de
biomassa ativa em dois grupos: sistemas de alta taxa e sistemas convencionais. Os sistemas de
alta taxa se caracterizam pela capacidade de reter grandes quantidades de biomassa com elevada
atividade, mesmo com a aplicagdo de um TDH reduzido e, consequentemente, uma CHV
elevada, permitindo assim manter um maior tempo de retencdo celular. Como resultado, é

viabilizada a utilizagdo de um volume menor de reator (sistema compacto) e,
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consequentemente, uma menor area de instalacdo se comparado aos sistemas anaerdbios
convencionais. Esses fatores possibilitam o tratamento de &guas residuérias com maiores
concentracdes de matéria organica e a aplicacdo de elevadas COVs. Ademais, 0s sistemas de
alta taxa permitem a manutencdo de um elevado grau de estabilizacdo do lodo excedente e uma
boa desidratabilidade dessa biomassa. Paralelamente, sistemas convencionais devem ser
operados com uma baixa COV, uma vez que ndo dispdem de mecanismos que permitem a
retencdo de grandes quantidades de biomassa com elevada atividade, necessitando, por
consequéncia, de grandes volumes de capacidade para que a biodegradacdo anaerobia seja
viabilizada (GHANGREKAR; BEHERA, 2014; CHERNICHARO, 2016).

Além da classificagdo quanto a capacidade de retencdo de biomassa, existem dois tipos
de configuracdo relativos ao crescimento e sustentacdo da biomassa ativa em sistemas
anaerdbios. Séo eles: crescimento aderido e crescimento disperso. No crescimento aderido, a
biomassa cresce em torno de um meio suporte, formando um biofilme. Esse meio suporte pode
ser um meio soélido natural (pedras, solo, areia) ou artificial (plastico, borracha), ou ainda ser
constituido pela prépria biomassa aglomerada, formando granulos. Por sua vez, no crescimento
disperso ocorre 0 desenvolvimento da biomassa de forma livre e dispersa no liquido, sem a
presenca de uma estrutura de sustentacdo e formacgéo de biofilme (VON SPERLING, 2014,
GHANGREKAR; BEHERA, 2014).

A seguir, sera descrita uma configuracdo de biorreator amplamente utilizada para o
tratamento anaerdbio de aguas residuarias (item 3.2.4.1) e, posteriormente, sera abordado um
topico sobre as possiveis modificacdes estratégicas visando otimizar a digestdo anaerdbia em

biorreatores (item 3.2.4.2).

3.2.4.1 Reator UASB

O reator do tipo Upflow Anaerobic Sludge Blanket (UASB), também conhecido no Brasil
como Reator Anaer6bio de Fluxo Ascendente (RAFA) ou Reator Anaerébio de Fluxo
Ascendente e Manta de Lodo (RAFAMAL), foi desenvolvido no final dos anos 1970 nos Paises
Baixos, a partir de uma modificacdo de um digestor anaerdbio de alta taxa (LETTINGA et al.,
1980). O funcionamento desse reator, segundo von Sperling (2014), se da pelo crescimento
disperso de biomassa com elevada atividade no meio. A concentragdo dessa biomassa é bastante
alta, por isso a denominacdo manta de lodo. Além disso, a alta concentracdo de lodo faz com
que o volume requerido pelo reator UASB seja bastante reduzido em comparagdo aos outros

tipos de tratamento. O perfil de sélidos no interior do reator varia de muito denso e granular,
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sendo que essas particulas formam o leito de lodo no fundo do reator por sedimentacéo, até uma
biomassa menos densa e dispersa, mais préxima ao topo do reator, que compde a manta de lodo
(CHERNICHARO, 2016).

De acordo com von Sperling (2014), o liquido a ser tratado entra pela parte inferior do
reator, mantendo um fluxo ascendente, ocorrendo assim o contato do liquido com a manta de
lodo e a consequente adsor¢do de grande parte da matéria organica pela biomassa. Pela
atividade anaerdbia, ocorre a degradacdo da matéria organica do substrato e, consequentemente,
a formacéo de bolhas de biogas, que também apresentam um fluxo ascendente. A mistura do
lodo no interior do reator é realizada geralmente pela velocidade ascendente da agua residuaria
e do biogas. O liquido digerido deixa o sistema através de um decantador interno localizado na
parte superior do reator (AZIZ et al., 2019).

Com o objetivo de reter a biomassa no sistema, impedindo sua saida do sistema junto ao
efluente, é instalado acima da manta de lodo um separador trifasico, que permite o acimulo e
coleta de biogés e a separacdo e retorno dos sélidos (biomassa) a camara de digestdo. Esse
dispositivo possibilita, além das funcdes supracitadas, que o tempo de retencdo celular se
mantenha elevado, reduzindo consideravelmente o TDH, que varia entre 6 e 10 horas no caso
de tratamento de esgoto sanitario (VON SPERLING, 2014). Na Figura 3, 0s componentes
principais de um biorreator anaerébio do tipo UASB séo esquematizados.
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Figura 3 — Esquema representativo de um reator UASB e seus componentes principais.
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Fonte: von Sperling (2014), p. 312.

A utilizacdo desse biorreator no tratamento de aguas residuarias domésticas ou industriais
apresenta vantagens como: € um sistema compacto, apresentando baixa demanda de éarea;
possui uma satisfatoria eficiéncia na remocgdo de DQO e demanda bioquimica de oxigénio
(DBO) (entre 65 e 75%); permite a coleta e armazenamento de biogas; pode ser reiniciado
rapidamente, mesmo apds longos periodos de paralisacéo; e é adequado para o tratamento tanto
de aguas residuarias industriais, ao qual foi incialmente concebido, quanto de aguas residuarias
de baixa concentracdo, como esgotos domeésticos. Apesar dos beneficios, o reator UASB
apresenta inabilidade de operar no tratamento de aguas residuarias com elevadas concentracoes
de particulas suspensas e coloidais especificas, como celulose, proteinas e gorduras
(CHERNICHARO, 2016; AZIZ et al., 2019).

Para o tratamento de esgoto sanitario, a CHV de um reator UASB néo deve ultrapassar o
valor de 5,0 m3 m? d, o equivalente a um TDH de 4,8 horas. Valores maiores de CHV (ou
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menores de TDH) podem trazer prejuizos ao funcionamento do sistema. A perda de biomassa
do sistema por arraste do lodo com o efluente, a reducéo da idade do lodo e, consequentemente,
reducdo do grau de estabilizacdo de solidos, além da possibilidade de falha no sistema, fatores
que ocorrem devido ao tempo de crescimento da biomassa poder ser menor que a idade do lodo,
sdo alguns exemplos de prejuizos causados por valores excessivos de CHV (CHERNICHARO,
2016).

Ademais, a COV recomendada para reatores anaerobios de alta taxa é de 1,6-4,8 kgDQO
m3 d? (RITTMANN; McCARTY, 2012), podendo variar dependendo do tipo de substrato e
configuracdes do reator (ZABED et al., 2020). Entretanto, segundo Chernicharo (2016), no
caso de aguas residudrias industriais com elevadas concentracBes de matéria organica, ha
relatos na literatura de reatores UASB funcionando com éxito com a aplicacdo de COVs na
ordem de 45 kgDQO m d. Del Nery et al. (2018), tratando vinhaca de cana-de-aglcar sob
condicdes mesofilicas (22 °C) e variando a COV entre 0,5 e 32,4 kgDQO m= d?, relataram
uma producdo maxima de CHs em COV de 32,27 kgDQO m™ d1, por meio de tratamento em
reator UASB em escala piloto e aplicando recirculacdo ao efluente tratado, atingindo eficiéncias
de remocdo de DQO de até 87,5%.

E importante ressaltar que o uso de reator UASB para o tratamento de esgotos domésticos
requer adaptacdes em relacdo as suas configuracdes. O dimensionamento, nesse caso, € feito
pelo critério de CHV, e ndo pela COV. Isso porque velocidades ascendentes excessivas nos
compartimentos de digestdo e decantacdo resultam na perda de biomassa do sistema, reduzindo
a estabilidade do processo. Por consequéncia, a altura do reator deve ser reduzida e sua area
transversal aumentada, garantindo assim velocidades ascendentes dentro da faixa média
adequada (0,5 a 0,7 m h't) (CHERNICHARO, 2016).

3.2.4.2 Modificacbes operacionais de sistemas anaerobios

Existem diversas estratégias operacionais visando melhorias de desempenho em um
reator anaerobio. Alguns exemplos sdo: condigdes termofilicas de operagdo (SCHULTZ;
PINHEIRO; SILVA, 2018), digestdo multiestagio (FU et al., 2017) e recirculacéo do efluente
(LUKITAWESA et al., 2018), os quais serdo descritos a seguir:

a) Condicdes termofilicas:
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Conforme explicado no item 3.2.3.2, a elevacdo da temperatura no interior dos reatores
anaerobios para a faixa termofilica (entre 45 e 70 °C) promove um aumento nas taxas de reacdo
de hidrdlise e metanogénese, melhorando a performance do tratamento e, consequentemente, a
producdo de CHs (GONZALEZ-FERNANDEZ et al., 2015).

Entretanto, de acordo com Chernicharo (2016), os microrganismos termofilicos sdo mais
sensiveis as variagdes de temperatura, 0 que pode acarretar falha no processo em casos de
alteracdes ambientais. Outro ponto a ser destacado é que, sob condic¢des de altas temperaturas,
a baixa viscosidade do lodo pode resultar em agregados menos estaveis, dificultando a
separacdo entre a interface solido-liquido durante o tratamento, (VAN LIER; REBAC,
LETTINGA, 1997). Além disso, ha um maior consumo de energia elétrica pelo sistema de
tratamento devido a utilizacdo de resistor para o aquecimento e a manutencdo da temperatura
do meio liquido em faixas termofilicas.

Demais detalhes sobre a aplicagdo de condi¢Bes termofilicas como estratégia de
otimizacao do processo de digestdo anaerdbia estdo descritos no item 3.2.3.2;

b) Digestdo multiestagio:

Em um tratamento anaerébio comum, apenas um reator é responsavel por todas as etapas
do processo de digestdo anaerdbia. Entretanto, como cada etapa possui diferentes condicBes
ambientais 6timas de funcionamento, conforme detalhado no item 3.2.3, a separacao fisica das
etapas em mais de um reator, técnica conhecida como digestdo multiestagio, pode otimizar o
processo e elevar a performance de tratamento (VAN DINH et al., 2020).

Os sistemas multiestagios podem ser de dois ou trés estagios. Um sistema de dois estagios
é composto por dois reatores individuais, em que o primeiro é responsavel pelas etapas de
hidrolise e acidogénese, e o segundo pela acetogénese e metanogénese. De modo mais
complexo, um sistema de trés estagios, segundo 0s mesmos autores, € composto por trés
reatores, onde o primeiro realiza hidrélise completa e inicia a acidogénese, o segundo finaliza
a acidogénese e inicia a acetogénese, e o Ultimo completa a acetogénese e realiza a
metanogénese. Apesar da complexidade, um sistema de mais de dois estagios, embora otimize
0 processo de digestdo do substrato, ndo se mostra mais eficiente no tratamento e na producao
de CHg4, podendo ser mais indicado para obtencéo de outros subprodutos de interesse oriundos
da digestdo, como AQOVs para producéo de bioplasticos, por exemplo (ATAZOY et al., 2018;
VAN DINH et al., 2020).
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Ferraz Junior et al. (2016) compararam a digestdo anaerobia de vinhaca de cana-de-agtcar
em reator UASB (Upflow Anaerobic Sludge Blanket) de estagio Unico paralelamente a um
sistema anaerdbio de dois estagios composto por reator UASB seguido de AFBR (Anaerobic
Fluidized-Bed Reactor), com ambos o0s sistemas submetidos as mesmas condigdes
operacionais, sendo evidenciadas elevagdes de 25,9% da producdo de CH4 e 30,0% do teor
desse composto no biogéas para o sistema de dois estagios, apesar de a remogdo de DQO néo ter
variado significativamente entre os dois sistemas analisados. Além disso, considerando uma
mesma eficiéncia de remocdo de DQO, reatores de dois estagios podem reduzir o TDH do
sistema em até 50% se comparado a um reator de estagio Unico operando nas mesmas condicdes
(DIAMANTIS; AIVASIDIS, 2007);

¢) Recirculacao do efluente:

Essa técnica consiste em realimentar o sistema de tratamento com a prépria agua
residuaria efluente a esse sistema, ocorrendo uma mistura do liquido afluente (agua residuéria
bruta) com o liquido efluente (agua residudria tratada). No caso de sistemas anaerobios, o
liquido que realimenta o sistema ja se encontra parcialmente digerido, pois foi submetido ao
processo de digestdo anaerébia ao menos uma vez. A taxa de recirculacdo indica a quantidade
de vezes que o efluente é recirculado. Por exemplo, uma taxa de recirculacdo de 2:1 indica que
o efluente retornou ao sistema duas vezes, para entao ter sua destinacéo final ap6s o tratamento.

O objetivo dessa técnica € realizar a dilui¢cdo de uma agua residuaria bruta (afluente) com
a mesma apés tratamento (efluente), reduzindo assim a concentracdo de poluentes do liquido
afluente que podem inibir o processo anaerébio. Além disso, a técnica promove um aumento
na velocidade ascendente da agua residuaria e uma maior mistura no interior do reator,
favorecendo o transporte de massa entre os solidos presentes na dgua residuéria e o lodo e, com
isso, 0 contato entre 0 microrganismo e o substrato, o que melhora a eficiéncia do sistema e
contribui para a liberagcdo de CHa. Outra vantagem da recirculacao do efluente é a possibilidade
de formacdo de lodo granular, que € mais denso, apresentando elevada capacidade de
sedimentacdo e maior eficiéncia no tratamento anaerobio (ALVES, 2015; DEL NERY et al.,
2018).

Del Nery et al. (2018) aplicaram uma taxa de recirculagdo de 3:1 em vinhaga submetida
a tratamento anaerobio em reator UASB, objetivando uma diminuicdo da quantidade de
composto alcalino a ser adicionado a vinhaga bruta, composto esse necessario para manter o

pH da vinhaca adequado a digestéo anaerdbia. Com 0 mesmo objetivo, Lukitawesa et al. (2018)
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compararam dois sistemas tratando &gua residudria citrica: um reator UASB de dois estagios
com recirculacdo do efluente e outro com a mesma configuracdo, porém sem recirculagdo. A
recirculacdo visava a elevacdo do pH do afluente antes de sua injecdo no sistema. Ao final do
experimento, constataram uma reducdo nos STVs e alteracGes na concentracdo de AOVSs no
sistema com recirculacdo, o que contribuiu para um aumento na eficiéncia do sistema e na

producdo de CHa.

De modo a verificar o impacto desses e de outros procedimentos operacionais na atividade
da biomassa microbiana cultivada no interior dos biorreatores, métodos ex-situ podem ser

realizados em laboratorio, tal qual o teste descrito a seguir.

3.2.5 Atividade metanogénica especifica

Segundo Chernicharo (2016), o sucesso de qualquer processo anaerdbio, principalmente
em reatores de alta taxa, depende fundamentalmente da manutengédo de uma biomassa adaptada
e com elevada atividade microbiana, além de ser resistente a choques de cargas. Tendo isso em
vista, faz-se necessario o monitoramento da atividade microbiana dentro de um reator
anaerobio, principalmente das arqueias metanogénicas, cujo resultado esté ligado diretamente
a eficiéncia do tratamento provido pelo sistema (SINGH et al., 2019).

A Atividade Metanogénica Especifica (AME) determina a capacidade méaxima de
producdo de CH4 de uma determinada biomassa anaerobia, e € mensurada por meio de teste
realizado em laboratdrio sob condicdes controladas, no sentido de viabilizar a maxima atividade
bioguimica para conversdo da matéria organica biodegradavel a biogas mediante a utilizacdo
de substratos especificos e onde a disponibilidade destes ndo seja um fator limitante (AQUINO
etal., 2007; HUSSAIN; DUBEY, 2013). Desse modo, o teste de AME tem sido frequentemente
empregado no monitoramento do desempenho de reatores anaerdbios e na avaliagdo do
potencial da microbiota contida em seu interior de recuperar a energia quimica presente em
substratos organicos na forma de CHa, permitindo o seu posterior reaproveitamento (BARROS
etal., 2010).

De acordo com Aquino et al. (2007) e Veluchamy e Kalamdhad (2017), além de ser
utilizado como analise de rotina de lodos anaerobios, o teste de AME possui outras aplicaces,
tais como: avaliacdo do comportamento da biomassa sob o efeito de compostos inibidores;
determinacdo da toxicidade relativa de compostos presentes em aguas residuarias;

estabelecimento do grau de biodegradabilidade de substratos; monitoramento das mudancas de
37



atividade do lodo pela acumulacdo de materiais inertes; determinacdo da COV méaxima a ser
aplicada no sistema, ou ainda a massa minima de lodo a ser mantida no reator para desempenho
satisfatorio do tratamento; e avaliacdo dos parametros cinéticos do reator.

Na préatica, o teste de AME relaciona uma determinada quantidade de biomassa e de
substrato, sob condi¢des controladas, a uma producao de CH4 ao longo de um periodo de tempo
especifico, sendo seu valor calculado a partir da raz&o entre a taxa de produtividade maxima de
CH. — extraida do grafico temporal de producdo acumulada de CHa, ilustrado na Figura4 —e a
quantidade de biomassa. Obtém-se, assim, um valor em mL de CH4 por grama de sélidos totais
volateis (STV) ou solidos suspensos volateis (SSV) por dia, que deve ser convertido em g de
DQO removida na forma de CHs por grama de STV ou SSV por dia (CAMPOS, 1999;
BARROS et al., 2010; CHERNICHARO, 2016). Portanto, o ensaio mede a velocidade da fase
metanogénica e, associado a quantificacdo da biomassa, fornece o potencial metanogénico

maximo de um reator operando supostamente sob condicdes ideais (ABREU; ARAUJO, 2011).

Figura 4 — Determinac&o gréafica da taxa maxima de producéo de CHa.
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Fonte: Chernicharo (2016), p. 115.

As funcdes sigmoidais sdo modelos ndo lineares comumente utilizados para descrever a
producdo cumulativa de CH4 na avaliagdo da AME de lodos anaerdbios. Essas fun¢bes néo
apresentam extremos (maximos e minimos relativos), porem possuem ponto de inflex&o, que é
0 ponto onde ocorre a taxa maxima de variacéo da funcdo. Os principais modelos de regressdo
ndo-linear de funcbes sigmoidais estdo descritos na Tabela 3. Os modelos Logistico e de
Gompertz sdo modelos de curvas sigmoidais com trés parametros, enquanto que Richards,
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Morgan-Mercer-Flodin (MMF), Weibull e Boltzmann s&o modelos com quatro pardmetros
(UEDA, 2003; FLORENTINO; BISCARO; PASSOS, 2010). Florentino, Biscaro e Passos

(2010) avaliaram a aplicacdo de cada modelo sigmoidal citado acima para ajuste de dados em

ensaio de AME, observando que os modelos com quatro parametros produziram menor soma

residual dos quadrados que os modelos com trés parametros, sendo que 0 modelo de Boltzmann

apresentou melhor adaptacéo aos dados do experimento. Entretanto, é necessario pontuar que

os resultados de adaptacdo de modelos de regressdo nao-linear podem variar a depender dos

dados observados, ndo havendo um modelo ideal para todos os ensaios de AME.

Tabela 3 — Principais modelos de fungfes sigmoidais de crescimento e suas propriedades.
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Fonte: Adaptado de Florentino, Biscaro e Passos (2010).
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Para avaliar a AME do lodo anaerébio, deve-se alimentar a biomassa com substratos que
favorecam condicdes satisfatdrias a etapa de metanogénese, utilizando-se para isso uma mistura
de AOVs, normalmente acetato, propionato e butirato. Assim, o teste verifica, além da atividade
dos microrganismos metanogénicos, a capacidade sintrofica entre estes e 0s microrganismos
acetogénicos, visto que as arqueias metanogénicas necessitam da boa atividade dos organismos
produtores de acetato para geracdo de CHs. O ensaio de AME com acetato como substrato
verifica apenas a atividade das arqueias metanogénicas acetoclasticas, enquanto a utilizacéo de
propionato ou formiato permite a quantificacdo também da via hidrogenotréfica, possibilitando
a avaliacdo da etapa de metanogénese como um todo. A maior AME para a via hidrogenotréfica
é atribuida ao fato de que o propionato ou formiato sdo transformados em Hz e CO-, que pode
ser convertido em CHjy pelas arqueias metanogénicas hidrogenotroficas, ou em acetato através
de bactérias homoacetogénicas e, posteriormente, em CHs pelas arqueias metanogénicas
acetoclasticas (AQUINO et al, 2007; LOZANO et al., 2009; MONCADA; SILVA, 2016;
PAEZ, 2019; TSAPEKOS; ALVARADO-MORALES; ANGELIDAKI, 2022).

Além do substrato, € importante a utilizacdo de uma solucdo nutricional contendo macro
e micronutrientes — visando adequar a relacdo entre nutrientes e matéria organica —, bem como
alcalinidade e agente redutor (AQUINO et al., 2007). De acordo com Aquino et al. (2007), a
solugdo nutricional ideal a ser utilizada no teste de AME n&o é um consenso na literatura, uma
vez que a quantidade de nutrientes presente na amostra de lodo varia dependendo do sistema
de tratamento da qual é proveniente. Nesse sentido, alguns autores sugerem, para alguns tipos
de lodo — por exemplo, de estacbes de tratamento de esgoto sanitario —, a ndo necessidade de
utilizacdo de solucéo nutricional devido a duragédo reduzida do teste e a presenca de nutrientes
na propria amostra de lodo avaliada (DOLFING; BLOEMEN, 1985; PENNA, 1994). Pesquisas
que avaliaram a AME de lodos tratando vinhaca de cana-de-acUcar ndo especificaram a solugédo
nutricional utilizada para o teste — citando somente as solucdes de carbono e AOVs
(VADLANI; RAMACHANDRAN, 2008; BROWN et al., 2019).

Ademais, é preciso garantir durante o teste um contato suficiente entre a biomassa e o
substrato, e que ndo haja limitacdo de transferéncia de massa entre o substrato e 0s nutrientes.
Para atingir esse objetivo, comumente os frascos de reagdo sdo incubados sob agitacdo
constante, havendo, porém, contradigdes na literatura sobre a influéncia da agitagdo no
resultado do teste e o tipo de agitador a ser utilizado. Em relacdo a temperatura do teste, a maior
parte dos estudos conduzem o experimento entre 30-35 °C (AQUINO et al., 2007).
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Existem diferentes métodos para a medicéo do biogés gerado no teste de AME, os quais
podem ser classificados em métodos manométricos e volumétricos, detalhados a seguir
(CHERNICHARO, 2016):

a) Métodos manometricos: sdo baseados na medic¢do da pressdo exercida sobre um sensor, como
mandmetros e membranas transdutoras de pressdo, acoplado ao frasco de reacdo. A presséo
sobre 0 sensor pode ser exercida tanto pelo biogds quanto por somente CHas. Através de
calibracdo, é possivel correlacionar a pressdo exercida com a quantidade de biogas ou CHa
presente no interior do frasco. A vantagem desses metodos estd na possibilidade de acoplar
esses sistemas a microcomputadores, possibilitando o monitoramento instantaneo e a

automacdo do processo, apesar dos altos custos de aquisi¢do e manutencédo dos equipamentos;

b) Métodos volumétricos: sdo baseados na medi¢do do volume de biogas ou CH4 produzido no
frasco de reacdo. Segundo Aquino et al. (2007), existem trés metodologias que empregam 0s
métodos volumétricos: medicdo da composicdo volumétrica do biogés, cujo gas amostrado €
submetido a anélise de sua composi¢do por cromatografia gasosa; medicdo direta do volume de
CHas, que pode ser feito diariamente com o auxilio de uma seringa esmerilhada (que ndo oferece
resisténcia ao deslocamento), devendo o biogas ser lavado com solucdo de soda (por exemplo,
hidréxido de sodio (NaOH) 15%) com o objetivo de absorver CO2, monitorando apenas o0
volume de CHa; e medicdo do volume e composicao do biogés, que inclui as duas metodologias
supracitadas, com excecao do uso de solucdo de soda para lavagem do biogas, sendo o volume
de CHj4 calculado a partir da porcentagem desse composto no biogéas, obtida pela analise de

cromatografia gasosa.

De acordo com Chernicharo (2016), os valores usuais para AME de lodo tratando esgoto
sanitario estdo na faixa de 0,10 a 0,40 gDQOch4 gSTV ! dX. Na Tabela 4 s&o sumarizados dados

da literatura quanto a ensaios de AME de diferentes lodos anaerobios provindos de biorreatores.
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Tabela 4 — Dados disponiveis na literatura relativos a ensaios de AME de lodos provenientes

de biorreatores anaerobios tratando diferentes aguas residuérias.

acucar

Biorreator / In6culo  Substrato Tempgrat~ura Metoc'JONde AME Referéncia
/ Agitacao medic&o
UASB — esgoto 30 °C sem Vm?T“W”* 0,21 gDQOcHs  Rocha et al.
sanitario Acttatogitagao  Medicao direta SSV- gt (2001)
gita (NaOH 15%) g
UASB - vinhaga de Glicose e 35°C com . 0,20 gDQOcHa Vadlani e
, . Manomeétrico 1 Ramachandran
cana-de-acUcar AOVs agitacdo gSsvid
(2008)
UASB (start-up) — 30 °C com Volgrrletrl_co h 0,017 Barros et al.
esgoto sanitario Acetato agitacao medicdo direta 9DQOcHs (2010)
g grtag (NaOH 15%) gSSV-1 dt
0,21-0,40
. Acetato I gDQOcHa
wccan UL SO s
fenol agitacao (Na(gH 15%) 0,28 - 0,47 Dubey (2013)
Benzoato gDQOcHa
gssvid?
UASB ~agua 33°C com Volumetrico - 0,17 gDQOcHs  Schneiders et
residuaria de AOQOVs Aqitacio medicéo direta sy gt al. (2013)
indUstria alimenticia gitag (NaOH 15%) g '
UASB (piloto) — 10-35 °C com - 0.24-0,27 Zhang et al.
s Acetato - Manometrico gDQOcHa
esgoto sanitario agitacdo gSSV-L g (2018)
. Volumétrico — ,26 — 0, .
UASB (piloto) — 35°C sem omﬂmq 0.26 0,30 Cordeiro et al
esgoto sanitario Acetato agitacdo cromatografia 9DQOcHs (2018)
g grtag gasosa gsSTV1id?
UASB - agua 0,33-0,36
residuaria de gDQOcha
cervejaria gSTVtd?!
UASB - agua 0,27 gDQOCHs
residudria de - 1 A1
S Volumétrico — gSTV*d .
inddstria de couro . 35 °C com o Longaretti et
UASB _ 4aua Glicose Aqitacio medicdo direta al. (2019)
b — 4 giiag (NaOH 15%) 0,27 gDQOcke ‘
residuaria de STV g
indUstria de gréos g
UASB - agua 0,10 gDQOCHe
residuaria de 1 41
S L gSTVid
industria de laticinios
ly§B—%wm 30-32 °C sem VNWFMW’ 0,055
sanitario de campus Acetato AQItacAo medicdo direta gDQOcHs Paez (2019)
universitario grtag (NaOH 15%) gSTV1d?
vl:ﬁSaBa(Z:r::(;iz; Acetato e - - 0,34 gDQOcHs  Brown et al.
¢ formiato gSsSvtd? (2019)

Fonte: Do autor (2022).
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3.2.6 Digestéo anaerdbia da vinhaca

De acordo com Santos et al. (2019), o processamento anaerébio da vinhacga de cana-de-
acucar tem sido destacado como uma abordagem eficaz na mitigacdo dos impactos ambientais
negativos decorrentes de seu manejo inadequado e na recuperagdo de energia renovavel pela
producdo de biogas.

Como exemplificado no item 3.2.4, existem diversos tipos de reatores utilizados no
tratamento anaerobio de aguas residuarias. Porém, a maioria dos estudos apontam que reatores
UASB séo adequados ao tratamento da vinhaca devido ao notavel custo-beneficio promovido
pela simplicidade do processo e pela elevada eficiéncia na reducéo da carga organica, além de
permitir o aproveitamento energético do biogas, que é gerado com alta produtividade (SOUZA;
FUZARO; POLEGATO, 1992; VLYSSIDES et al., 2010; JANKE et al., 2016; FERRAZ
JUNIOR et al., 2016; DEL NERY et al., 2018; POVEDA, 2019; MADALENO et al., 2020).
Na Tabela 5 é apresentado um compilado da literatura acerca da eficiéncia na remoc¢éo de DQO
e producdo de CHs em reatores anaerobios de diferentes configuracGes tratando vinhaca,
enquanto na Tabela 6 compila-se estudos sobre eficiéncias na reducdo de alguns compostos

quimicos durante o tratamento da vinhaca nesses sistemas.
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Tabela 5 — Revisdo da literatura acerca da eficiéncia na remocao de DQO e produgdo de CH4 em reatores anaerdbios de diferentes configuraces

tratando vinhaga de cana-de-agUcar.

Condicdes operacionais Desempenho Referéncia
Biorreator Pré-tratamento Estratégia operacional T (°C) COoV Epoo  Ycna  Yocha
Diluicdo com &gua desmineralizada Séanchez, Cérdoba e Sifieriz
UASB (lab.) e adicio de NasHPOL - 40 24,0 750 217 580 (1985)
UASB (75 m3) Adicgao de NaOH, ureia e H3PO4 Condicdes termofilicas e recirculagdo do efluente 55 -57 25,0-30,0 71,7 222 60,0 Souza, Fu(zli)rgz? Polegato
Adicdo de NaHCOs 18,8 44,0 300 53,0
UASB (lab.) Adicdo de NaHCO:s e solugéo de - 35 Espinosa et al. (1995)
micronutrientes (Fe, Ni, Co e Mo) 215 580 290 56,0
UASB (lab.) - Condicoes termofilicas e recirculacdo do efluente 45 3.4 87,5 291 73,0 Vlyssides et al. (2010)
UASB (lab) 1680 de NaHCOs & solucdo de - 30 17,0 690 263 840  Espaia-Gamboaetal. (2012)
Adicdo de NaHCOs ureia e - x 19,8 70,0 295 - Siqueira, Damiano e Silva
AFBR (lab.) NaH.POs Recirculagdo do efluente 30 262 51.0 341 — (2013)
UASB (lab.) Adicdo de NaOH, ureia e KH2PO4 Recirculacdo do efluente 20-30 50-75 77,0 185 53,0  Barros, Duda e Oliveira (2016)
UASB (lab.) Condigdes termofilicas 72,6 251 58,4
AFB(TE": )A SB Adigdo de NaHCOs Condicoes termofilicas e recirculagdo do efluente 5 250 74,6 316 75,9 Ferraz Junior et al. (2016)
UASB (lab)  /Adigd0 de NaHCOs ureia, KH,POs - 40 14-96 - 239 - Janke et al. (2016)
e solucéo de nutrientes
ASTBR (lab.) Adicdo de NaOH Sistema de dois estagios e condi¢des termofilicas 55 25,0 73,9 301 70,0 Fuess et al. (2017b)
UASB (lab.) Adicdo de NaHCO3 Recirculacio do efluente 22 32,3 87,5 299 68,8 Del Nery et al. (2018)
- . . - 6,5 84,6 263 73,0
AnSBBR (lab.) Adicdo de NaHCO:s e ureia Condicdes termofilicas 55 250 76.0 207 770 Albuquerque et al. (2019)
Condicoes termofilicas e recirculacdo do efluente - 50 - Santana Junior. Duda e
UASB (lab.) - Sistema de dois estagios, condi¢Oes termofilicas e 55 76-125 N !
. ~ - 93 - Oliveira (2019)
recirculacdo do efluente
UASB (lab.) Adicao de ureia e KH2PO4 Sistema de dois estégios e recirculagdo do efluente rﬁg:gf'ﬁicgﬁs 58-12,8 40,0 420 - Madaleno et al. (2020)
UHRAR (60 Adicao d? solugdo _de limae Sistema de dois _estag|o~s, condigdes termofilicas e 52 601-1040 710 530 514 Harihastuti et al. (2021)
m?3) solucdo de nutrientes recirculacdo do efluente
. Sistema de dois estagios 30 85,0 270 86,0
AFBR (lab.) Adigdo de NaOH e NaHCOs Sistema de dois estagios e condicdes termofilicas 55 8,0 84,0 320 84,0 Ramos etal. (2021)
. - 35 348 2722 - Kiani, Parsaee e Mahdavifar
SGBR (lab.) Adigdo de NaOH Condigoes termofilicas 55 4,54 39,0 2.768 - (2021)

T = temperatura do reator; COV = carga organica volumétrica aplicada ao reator (kgDQO m d); Epqo = eficiéncia na remogdo de DQO da vinhaga (%); ycua = produtividade de CH,4 por quantidade de DQO removida
(MLCH4 gDQO0ren™); %cha = contetido de CH,4 no biogas produzido (%); lab. = escala laboratorial ou de bancada.

Fonte: Do autor (2022).
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Tabela 6 — Revisdo da literatura acerca da eficiéncia na remoc¢édo de solidos suspensos totais (SST) e volateis (SSV), AOV (&cidos organicos

volateis), nitrogénio total Kjeldahl (NTK) e amoniacal (N-NH4*), fosforo total (P), potassio total (K), fenois e sulfatos (SO4%) em reatores

anaeradbios de diferentes configuracdes tratando vinhaca de cana-de-acucar.

Condic¢des operacionais

Eficiéncia maxima de remocao (%)

Biorreator Pré-tratamento Estratégia operacional T (°C) SST SSV AOV NTK NNH-4+ P K Fendis SO Referéncia
Adicéo de NaOH, Condigdes termofilicas e Souza, Fuzaro e Polegato
3 — — — — — — — _
UASB (75 m?) ureia e HsPO4 recirculacdo do efluente 55 -57 6.7 979 (1992)
Adicdo de NaHCOs
UASB (lab.) e solugéo de - 35 - 76,0 - - - - -5,6 - 87,8 Espinosa et al. (1995)
micronutrientes
Condigdes termofilicas e .
UASB (lab.) - recirculacio do efluente 45 - - - 56,8 -6,0 - - - 98,9 Vlyssides et al. (2010)
UASB (lab.) Adl(;ao~ de Na_H_COs B 30 B B 542 158 B 204 B 3 100 Espafia-Gamboa et al.
e solugdo nutricional (2012)
Adicdo de NaHCOs, . x Siqueira, Damiano e Silva
AFBR (lab.) ureia e NaHoPOx Recirculagéo do efluente 30 — — — 16,5 — 609 0,9 — — (2013)
Adicéo de NaOH, . ~ Barros, Duda e Oliveira
UASB (lab.) ureia e KHoPO: Recirculacdo do efluente 20-30 449 570 604 234 - 253 12,0 - - (2016)
UASB (lab.) Adicdo de NaHCO3  Recirculagdo do efluente 22 55,2 622 857 365 44 529 170 - 92,9 Del Nery et al. (2018)
UASB (lab.) Néo especificado - Condigies  _ _ - - - ~ 192 495 - Reis et al. (2019)
mesofilicas
ANnSBBR (lab.) Ad'ga(;ﬁe’\il:Hcm Condiges termofilicas 55 479 48,7 905 - - - - - - Albuquerque et al. (2019)
Sistema de dois estagios, Santana Junior. Duda e
UASB (lab.) - condigdes termofilicas e 55 - - - 37,0 - 56,0 - - - A !
. x Oliveira (2019)
recirculacdo do efluente
Zs-ﬁ\anbl\/l)BR Adicdo de NaHCOs  Sistema de dois estagios 22 - - - - - - 2,7 - 445 Silva et al. (2020)
Diluicdo com agua _— - 55 - — — — — 10,3 - 11,0 24,4  Contreras-Contreras et al.
UASB (lab.) potével Condiges termofilicas 65 — — — — — 78 — 55 187 (2020)
Adicdo de NaOH e  Sistema de dois estagios e
AFBR (lab.) NaHCO3 condicdes termofilicas 5 B - - - - - - - 100 Ramos et al. (2021)
SGBR (lab.) Adicao de NaOH Condiges termofilicas 55 - 41,4 - - - - - - Kiani, Parsaee e

Mahdavifar (2021)

Fonte: Do autor (2022).
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Segundo Fu et al. (2017), a acidez da vinhaca € um dos principais parametros que pode
causar instabilidade em reatores anaerobios. Por isso, se faz necessario a correcdo do pH e da
alcalinidade da &gua residudria in natura antes da alimentagéo do sistema, através da adi¢édo de
composto alcalino e/ou pela recirculagédo do efluente (DEL NERY et al., 2018; NAKASHIMA,;
OLIVEIRA JUNIOR, 2020). Ademais, a alta concentracdo de substancias facilmente
hidrolisaveis nessa dgua residuaria pode levar a uma acidificagdo do sistema devido a excessiva
producdo de AOVs durante a etapa de acidogénese, o que pode causar instabilidades ou até
falha no processo de digestdo anaerdbia, sendo recomendado o uso de reatores de dois estagios,
prevenindo assim a inibicdo da microbiota metanogénica (YU et al., 2015; FU et al., 2017,
RAMOS et al., 2021).

Outros compostos presentes em altas concentracfes na vinhaca podem inibir o processo
de digestdo anaerdbia, como sais (Na*, NH4*, K*, Ca®" e Mg?"), fenois e sulfatos, sendo que a
recirculacdo do efluente, novamente, pode se mostrar necessaria pela diluicdo do liquido
afluente e a consequente reducdo da concentragao dessas substancias (DEL NERY et al., 2018;
SANTANA JUNIOR; DUDA; OLIVEIRA, 2019; MADALENO et al., 2020). Outra estratégia
que pode otimizar o processo de digestdo anaerdbia da vinhaca é a aplicacdo de condicGes
termofilicas, a qual pode aumentar o desempenho da hidrélise enzimatica e, por consequéncia,
favorecer o crescimento de arqueias metanogénicas (KIANI; PARSAEE; MAHDAVIFAR,
2021).

Ao contrario da elevada reducdo da carga organica, a digestdo anaerébia promove, como
observado na Tabela 6, uma baixa remocéo de nutrientes como potassio, nitrogénio e fosforo —
devido a baixa assimilacdo desses compostos pelos microrganismos responsaveis pelo processo
—, 0 que favorece a aplicacdo da vinhaca digerida na fertirrigacdo de culturas ou no cultivo de
microalgas (BONINI, 2012; MORAES et al., 2014; LOPES et al., 2015). A aplicacdo da técnica
ao tratamento dessa dgua residuaria pode levar ainda a diminuicdo da emissdo de gases de efeito
estufa, como CHs e N2O, que séo emitidos durante o armazenamento e transporte da vinhaga in
natura, e também nos campos fertirrigados com a 4gua residuaria ndo tratada (MORAES et al.,
2017). Além disso, 0s processos anaerdbios contribuem para uma elevada remocdo de sulfatos
da vinhaca (Tabela 6), que sdo convertidos a sulfetos pelas bactérias redutoras de sulfato e, em
menor quantidade, utilizados como fonte de nutrientes pelas arqueias metanogénicas
(RYCKEBOSCH; DROUILLON; VERVAEREN, 2011; PARSAEE; KIANI; KARIMI, 2019).
O N-NH4" é um composto com baixissima remogdo em sistemas anaerdbios, e como observado

na Tabela 6, pode apresentar até eficiéncias negativas de remocdo, explicado, segundo
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Chernicharo (2016), pela hidrolise de proteinas presentes na vinhaca, que resulta na formacéao
desses compostos, aumentando a concentragdo na agua residudria biodigerida.

Como evidenciado na Tabela 5, a produgdo de CH4 a partir da digestdo anaerdbia da
vinhaca tende a variar na literatura, e 0s principais motivos para isso sao: condi¢fes do meio,
como pH e temperatura, as quais influenciam diretamente nas etapas do processo anaerdbio;
variacfes na composicdo da vinhaca, que dependem da matéria-prima e dos processos
utilizados durante a producdo de etanol pelas industrias sucroalcooleiras; configuracdes do
reator e estratégias operacionais; e a qualidade do lodo utilizado no tratamento anaerdbio, que
contém a comunidade microbiana responsavel pelo processo (MORAES; ZAIAT; BONOMI,
2015; SOUSA, 2019).

Ha escassez de informacdes na literatura a respeito do tratamento da vinhaca de cana-de-
acucar em reatores anaerébios em escalas plenas (FUESS et al., 2017a; HARIHASTUTI et al.,
2021), destacando-se os estudos de Souza, Fuzaro e Polegato (1992) e Harihastuti et al. (2021)
pelos resultados satisfatorios em relacdo a producao de CH4 e eficiéncias na remocao de matéria
organica oxidavel — valores apresentados na Tabela 5 — utilizando sistemas anaerdébios de
grandes dimensdes (75 e 60 m3, respectivamente). Em contrapartida, os biorreatores em escala
laboratorial ou de bancada vém apresentando, em sua maioria, desempenho superior na
biodigestdo anaerdbia da vinhaca, inclusive com maiores producGes de CHs (MORAES;
ZAIAT; BONOMI, 2015; SOUSA, 2019).

Diante de todo o contexto abordado nesse topico, evidencia-se que ha a necessidade de
avaliacdo do desempenho do tratamento anaerdbio da vinhaca de cana-de-acUcar utilizando
diferentes configuraces e estratégias operacionais, buscando, desse modo, otimizar o processo
e tornd-lo menos dependente de etapas de pré-tratamento e adi¢do de substancias externas,

como alcalinizante e solucdo nutricional.

3.2.7 Codigestdo anaerdbia da vinhaca

Apesar dos beneficios do tratamento anaerdbio da vinhaca de cana-de-agucar, 0 processo
de digestdo pode ser afetado negativamente devido a presenca de compostos inibidores e
elevada concentragdo de matéria organica nessa agua residuaria (BARROS; DUDA;
OLIVEIRA, 2016; LOVATO et al., 2019) — conforme relatado no item 3.2.6. Por essa razdo,

pode haver a necessidade de incorporagédo de estratégias operacionais com o objetivo de tornar
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a vinhaca um substrato adequado aos microrganismos anaerdbios, o que pode reduzir a
aplicabilidade e viabilidade do sistema de tratamento.

Nesse sentido, a codigestdo anaerdbia se apresenta como uma solugdo interessante e
economicamente vidvel para a adequabilidade da vinhaca ao processamento anaerdbio
(ALBANEZ et al., 2018). Conforme descrita no item 3.2.3.3, essa estratégia consiste na mistura
de duas ou mais &guas residuarias com caracteristicas complementares visando favorecer a
digestdo anaerobia. Portanto, a escolha do substrato complementar deve ser balizada no sentido
de contribuir para o ajuste do balanco entre carbono e nutrientes e de condi¢cbes como pH e
alcalinidade da vinhaca (SIQUEIRA et al., 2022). A seguir sera apresentado um compilado da
literatura cientifica com estudos que avaliaram o desempenho da codigestdo de vinhaca (de
cana-de-agUcar e outras matérias-primas) com diferentes residuos, com foco na remocao de
DQO e produtividade de CH4 (Tabela 7) e nas eficiéncias de remogéo de distintos poluentes
(Tabela 8).
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Tabela 7 — Revisdo da literatura acerca da eficiéncia de remog¢éo de DQO e producdo de CH4 durante a codigestdo anaerdbia de vinhaga (de cana-

de-agUcar e outras matérias-primas) e outros residuos.

Condicbes operacionais Desempenho
. Cossubstrato / . Estratégia o TDH o Referéncia
Biorreator proporcio* Pre-tratamento operacional T (°C) (d) cov Ebqo YCH4 YocHa
Reator em Suspensdo algal / . 500 mL Formagini et al.
batelada (lab.) 11 (VIv) Adigao de NaHCOs - 30 - - 47 ysgyi (2014)
Dilui¢do em 4gua e 20
Esterco bovino adicdo de celulose ! 550 mL Moares et al.
CSTR (lab.) (3%) e solucgio de B 37 33 kg?;{ B gSTV?! 69,5 (2015)**
nutrientes
Polpa de beterraba / 339 mL 60.0
1:1 (wiw) gSTV?! ’ L
Reator em Polpa de beterraba Zieminski e
batelada (lab.) (pré-tratada por Adigdo de Na;COs - 37 - - - a2s5ml o Kow(azlglig-)\i\ientel
hidrélise enzimatica) / gSTV?! '
1:1 (wiw)
Reator em Esterco de galinha / B 3 37 _ B B 650 mL _ Marin-Batista et
batelada (lab.) 3:1(STV) gSTV? al. (2016)
Reator em Agua residudria de 159 Syaichurrozi et al
batelada (lab.) processamento de tofu Adicdo de NaOH - 35 20 - - MLbiogas - y (2016) '
) /20:80 (vIv) gDQO?*
Sistema de dois
. estagios, condicbes 28 -30
UASB (lab.) Torta defiltro _ termofilicas e 54-56 033 kgDQO 60,0 é?gom L 790 Bazrz%sl%a"
g L vinhaca recirculagio do m3 d? gRR rem
efluente
2,5 .
Lama prensada / ! 368 mL Gonzalez, Reyes
CSTR (lab.) 75:25 (DQO) - - 3 29,4 krg_?‘g_l - osTv: %12 ¢ Romero (2017)
. . . Sistema de dois 226 mL Néathia-Neves et
s-CSTR (lab.) Residuo alimentar / — Adicdo de NaOH estagios 37 - - 48,4 gSTV 72,7 al, (2018)
(continua)
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Reator ndo Condigdes 0,16 210 mL
especificado Residuo de café / — - termofﬁ icas 55 45 kgSéT\{ m gSTV ~70,0 Pinto etal. (2018)
(lab.) d
- 0,34 .
Reator em Melaco / - Condicdes i . 385 mL Nualsri e Sreela-
batelada (lab.) 3:2(STV) Adigdo de NaOH - mesofilicas 30 kgSS'I;{ m- 91,6 gSTV a or (2019)
. . x 6,3
Soro de queijo / . Recirculacdo do X 289 mL Lovato et al.
AnSBBR (lab.) 1:1 (miv) Adicdo de NaHCO; efluente 30 21 kgI_I)Q_ 87,0 gDQO;er ™ 79,7 (2019)
m 3 d 1
. . x 15,3
Soro de queijo / - Recirculacdo do ’ 353 mL Sousa et al.
AnSBBR (lab.) 75:25 (M) Adicao de NaHCOs3 efluente 30 20 kgl_:\?)Q_l 89,0 gDQO et 72,0 (2019)
m=d
.. - - 25 Albuquerque,
Soro de queijo / Adigdo de Condicoes 343 mL .
ANnSBBR (lab.) i kN 55 - kgDQ 72,0 4 710 Ratusznei e
75:25 (DQO) NaHCO;, termofilicas me gt gDQOrem Rodrigues (2019)
x Esterco de galinha / 418 mL
e':e:f:‘l’]flg:é’o 80:20 (STV) ) ) 55 0 K g’Tz\f . _gstyr %8t Borowski e
p(lab ) Lodo de esgoto / g Ep 356 mL 69.8 Kucner (2019)**
' 40:60 (STV) gSTV! '
Palha de arroz . x 307 mL
Reator em (3% STV) '?:r:fagod:g:;:%? B 35 B B B gSTV?! 59.7 Meng et al.
batelada (lab.) Esterco suino aceE()at o de sédio 350 mL 63.1 (2020)***
(3% STV) gSTV! '
L Adigdo de
Reator em Glicerina bidestilada / 352 mL Borges et al.
) NaHCOs, NaOH e - 30 - - 97,0 1 -
batelada (lab.) 1:1 (DQO) solucio nutricional gDQOrem (2021)
Torta de filtro e licor - 4,2 .
s-CSTR (lab)) detoxificado / _ Sondiades 55 14 kgSTVm 831 2900 gog V(z'zp(;zelt)a"
70:20:10 (STV) 3t g
. . 1,7
Lodo ativado / Condicbes N, 307 mL . .
s-CSTR (lab.) 1:2 (STV) - termofilicas 55 12,5 kgSQ'Ic'j\_{ m - gSTV 56,8  Taie Tai (2021)

(concluséo)

* = proporcao ou taxa de mistura na seguinte ordem: vinhaga:cossubstrato; ** = vinhaga de beterrana; *** = vinhaca de fermentagao alcodlica de celulose; T = temperatura do reator; TDH = tempo de detencao hidraulica;
COV = carga organica volumétrica aplicada ao reator; Epqo = eficiéncia na remogao de DQO da mistura (%); ycnsa = produtividade de CH,; %cna = conteido de CH, no biogés produzido (%); lab. = escala laboratorial ou
de bancada.

Fonte: Do autor (2022).
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Tabela 8 — Revisdo da literatura acerca da eficiéncia de remocéo de solidos, nutrientes e demais compostos durante a codigestdo de vinhaca de

cana-de-acgucar e outros residuos.

Condicdes operacionais

Eficiéncia maxima de remocéo (%)

— p - - N Referéncia
. ossubstrato . stratégia o - 2.
Biorreator DrOpPOrcio™ Pré-tratamento operacional T(°C) AOV NTK NH." P K  SOq4
Reatorem  Agua residuéria de Svaichurrozi
batelada processamento de Adicdo de NaOH — 35 - 37,6 - — - e%/al (2016)
(lab.) tofu / 20:80 (v/v) '
Sistema de dois
. estagios, condicdes
L@f ? Torta defiltro /40 - termofilicase ~ 54-56 - 250 -505 530 -267 Bazrz%sl%a"
' g L vintaca recirculacéo do
efluente
s-CSTR Residuo alimentar / . Sistema de dois Néthia-Neves
(Iab.) _ Adicao de NaOH estagios & - 22 55 - - et al. (2018)
AnSBBR Soro de queijo / _— Recirculagdo do Lovato et al.
(Iab.) 11 (mhv) Adigao de NaHCOs efluente . BS - - - - (2019)
AnSBBR Soro de queijo / x Recirculagdo do Sousa et al.
(Iab.) 75:25 (mpy)  7\dicdo de NaHCOs efluente % w2 - - - - (2019)
Reator em Glicerina Adicdo de Boraes et al
batelada bidestilada / NaHCOs, NaOH e - 30 - - - - - 100 (2021) '
(lab.) 1:1 (DQO) solucéo nutricional

* = propor¢do ou taxa de mistura na seguinte ordem: vinhaga:cossubstrato; AOV = acidos organicos volateis; NTK = nitrogénio total Kjeldahl; N-NH4* = nitrogénio amoniacal; P = fosforo total;

K = potéssio total; SO4% = sulfatos; lab. = escala laboratorial ou de bancada.

Fonte: Do autor (2022).
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A partir das Tabelas 7 e 8, pode-se notar que alguns estudos avaliaram a codigestdo de
vinhagas provenientes de outras matérias-primas além da cana-de-agucar, como de beterraba
(MOARES et al., 2015; ZIEMINSKI; KOWALSKA-WENTEL, 2015; BOROWSKI;
KUCNER, 2019) e de fermentacdo alcodlica de celulose (MENG et al., 2020). Além disso,
diversas pesquisas utilizaram residuos do setor sucroalcooleiro como cossubstratos para
aumentar a biodegradabilidade anaerdbia da vinhaga, tais como melaco (NUALSRI; SREELA-
OR, 2019), torta de filtro (BARROS et al., 2017), lama prensada (GONZALEZ; REYES;
ROMERO, 2017), licor detoxificado (VOLPI et al., 2021) e polpa de beterraba (ZIEMINSKI;
KOWALSKA-WENTEL, 2015). Essa estratégia permite a exploracao e o reaproveitamento de
subprodutos gerados in loco — ou seja, sem a dependéncia de fontes externas —, 0 que aumenta
a sustentabilidade da industria sucroalcooleira e reduz os custos com o tratamento dos seus
residuos (SOUSA et al., 2019).

Por outro lado, estudos sugerem a aplicacdo de subprodutos provenientes de outros
setores agroindustriais como substratos complementares adequados para a codigestdo da
vinhaca, como, por exemplo, da bovinocultura (MORAES et al., 2015), suinocultura (MENG
et al., 2020), avicultura (MARIN-BATISTA et al., 2016), producdo de café (PINTO et al.,
2018), soja (SYAICHURROZI et al., 2016), arroz (MENG et al., 2020) e biodiesel (BORGES
et al., 2021). Além da reducdo de impactos ambientais negativos, o processamento anaerobio
de dois ou mais residuos agroindustriais pode contribuir para a producao de biossélidos com
elevado potencial de fertilizacdo do solo (LOVATO et al., 2019).

O setor de laticinios, por exemplo, pode cooperar de forma relevante com o setor
sucroalcooleiro por meio da provisdo de substratos complementares para a biodigestdo da
vinhaca. Nesse sentido, o soro de queijo, também conhecido como whey, é uma &gua residuéria
que, apesar do seu potencial de reGso, é em grande parte descartada pelas industrias de
laticinios. Esse residuo de elevada biodegradabilidade apresenta em sua composicdo altas
concentracOes de lactose, proteinas e sais minerais, caracteristicas que podem suplementar
deficiéncias existentes em substratos com menor potencial de degradagéo anaerébia (LOVATO
etal., 2019; SOUSA et al., 2019; ALBUQUERQUE; RATUSZNEI; RODRIGUES, 2019).

Além da recuperacao de CHa, a codigestao de vinhaca e outros residuos pode ser orientada
para a producdo de biohidrogénio por fermentacdo escura (ALBANEZ et al., 2016, 2018;
TENA; PEREZ; SOLERA, 2019; SILLERO; SOLERA; PEREZ, 2022). A fermentacéo escura
€ uma técnica que consiste na conversdo bioldgica de substrato organico a H, e AOVs por

bactérias fermentativas sem a necessidade de iluminagéo, onde o meio deve fornecer condi¢des
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ambientais favoraveis a acidogénese em detrimento da metanogénese — que € a etapa onde ha
consumo de H. pelas arqueias metanogénicas. Essa técnica permite a recuperacdo de biogas
rico em Hz e com menores concentracfes de CH4 (CIECIURA-WLOCH; BOROWSKI, 2019;
ALBINI et al., 2019; SOLOWSKI, 2022).

Pelos fatos apresentados, torna-se evidente a necessidade do desenvolvimento de
experimentos que busquem selecionar substratos organicos adequados e avaliar sua aplicagéo
e efeitos na codigestdo anaer6bia da vinhaca, visto que os estudos sobre o tema sdo
relativamente recentes e escassos, havendo diversas lacunas ainda presentes na literatura.

Nesse contexto, é fundamental o apoio a pesquisas que busquem otimizar o
processamento anaerobio da vinhaca, permitindo, desse modo, incrementar a sua tratabilidade
e a producao de biometano, A demonstracao da efetividade dos processos de tratamento e as
possibilidades de recuperacdo de recursos podem incentivar a adocdo de estratégias de gestao
de residuos pelo setor sucroalcooleiro, reduzindo os seus passivos ambientais e tornando o
processo produtivo mais sustentavel e menos oneroso, o que contribui para a bioeconomia

circular da agroindustria.
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ARTICLE INFO ABSTRACT

Keywords: Resource recovery from agro-industrial wastes in the sugar-ethanol industry is a strategy under wide develop-
biorefinery ment. Besides promoting sustainability of the biorefinery plant and mitigating its negative environmental im-
biogas

pacts, this strategy may also economically benefit the agro-industry by commercializing recovered added-value
resources. In this regard, the sector commonly exploits by-products such as biofuels and biomaterials. This study
proposes to build a critical review of a hypothetical integrated biogas plant combined with vinasse treatment and
microalgae cultivation annexed within a sugar-ethanol mill. It addresses an innovative approach by proposing a
sustainability-oriented plant (in terms of energy and resources) that combines different processes individually
discussed in the literature. This strategy contributes to maintaining a closed-loop in the sugar-ethanol industrial
plant. The primary data on algal cultivation in a mixotrophic medium (pretreated vinasse) and biogas generation
from the anaerobic co-digestion of vinasse and algal biomass are listed. It then focuses on implementing resource
recovery techniques aiming at achieving biorefinery sustainability, viz., valorizing nutrients from the biosolids as
biofertilizers and disposing of treated vinasse for fertigation of sugarcane crops. In addition, biogas purification
may generate biomethane (as a source of heat and electrical energy) and promote supplementary carbon for
microalgae cultivation. Lastly, the proposed plant’s viability is demonstrated by calculating the system’s energy
balance and net energy ratio (NER), whose results are +14.49 MJ Am‘3vimsse and 2.0, respectively.

algal biomass
sugar-ethanol mill
energy balance
cogeneration

Microalgae are photosynthetic microorganisms considered as
promising feedstocks for various economic and environmental purposes
[10]. Algae biomass may generate high value-added (e.g., pharmaceu-
ticals and chemicals for human nutrition) and low value-added products

1. Introduction

Brazil is the world’s largest sugarcane producer, responsible for

generating income and jobs, moving, in 2017, more than R$72 million
[1] - in Brazilian national currency or approximately US$14 million.
The sugar-ethanol industry is proving to be prosperous in its march to-
wards environmental sustainability since sugarcane ethanol is a biofuel
obtained from a renewable source, not presenting the adverse effects of
fossil fuels on the atmospheric carbon balance [2]. The transformation
process of sugarcane into ethanol results in the production of vinasse, a
nutrient-rich by-product with a high load of organic matter and acidity,
which implies its potential for environmental pollution [3]. Vinasse is
usually employed in the fertigation of sugarcane crops and treated
through soil destination [4,5]. However, studies evaluate its treatment
via anaerobic digestion (AD) [6,7] and microalgae cultivation [8,9] as
more suitable alternatives from technical and environmental
perspectives.

* Corresponding author.

(e.g., third-generation biofuels) [11,12]. While producing biomass,
microalgae fix carbon dioxide (COy) for the cell’s vital activities, making
them a target for environmental initiatives [13,14]. The literature re-
ports several culture media for microalgae production, especially
agro-industrial wastewater with high nutrient content [15,16]. The
cultivation in vinasse presents advantages such as the alternative
treatment of this wastewater which has high polluting potential for soil
and groundwater [17], and its use as a mixotrophic culture medium
[18]. Therefore, algal cultivation may perform as a tertiary treatment
level of vinasse by reason of the simultaneous removal of organic car-
bon, nitrogen, and phosphorus [19].

However, before becoming a suitable algal culture medium, the raw
vinasse needs to be treated beforehand in order to decrease the acidity,
organic load, and concentration of suspended solids and toxic substances
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SEGUNDA PARTE - ARTIGOS

ARTIGO 1 - SPECIFIC METHANOGENIC ACTIVITY OF ANAEROBIC SLUDGES
FROM DIFFERENT WASTEWATER TREATMENT SYSTEMS

ABSTRACT

Anaerobic technology in wastewater treatment is widespread in Brazil, benefiting from the
country's favorable climatic conditions and operational simplicity of the technique. For a stable
and effective operation, it is essential to maintain a high microbial activity within these systems.
In this regard, this study aimed to analyze the specific methanogenic activity (SMA) of sludge
samples from four anaerobic treatment systems in order to select the biomass with higher
methanogenic potential for subsequent inoculation in a lab-scale upflow anaerobic sludge
blanket (UASB) reactor. For this purpose, a bench-scale test was performed, also allowing to
monitor the operational performance of the sampled anaerobic systems, which were: i) a septic
tank from a kennel; ii) a prototype-scale UASB reactor for swine wastewater treatment; and
two full-scale UASB reactors from wastewater treatment plants (WWTP) treating iii) university
and iv) domestic sewage. Daily CHs yield was determined in the assay through a
straightforward and low-cost method (viz., direct volumetric measurement), by washing the
biogas with NaOH 15% over 30 days. At the end of the test, the SMA of the prototype UASB
sludge was the highest (0.045 gCODcha gTVS? d1) among those from the other samples;
however, it was verified higher cumulative CH4 yield by the university WWTP UASB sludge
(100.1 mLcha) than that of the prototype UASB sludge sample (57.7 mLcna). Furthermore, the
latter sample enabled higher CH4 production in a more extended log phase period, despite not
presenting the highest SMA among the analyzed samples. The reported results therefore
indicate that the WWTP UASB sample is the most suitable sludge to be used as inoculum for
the lab-scale UASB reactor, possibly allowing higher substrate degradation efficiency and

biogas yield.

KEYWORDS: Methane; Anaerobic digestion; Bioenergy; Biogas; UASB reactor; Biomass

HIGHLIGHTS
e Specific methanogenic activity (SMA) tests can monitor anaerobic systems' performance;
e The direct volumetric measurement is a low-cost and simple tool for SMA assay;

e University WWTP UASB sludge proved to be the most suitable sample for inoculation.
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1 INTRODUCTION

Anaerobic technology in wastewater treatment is widespread in Brazil, benefiting from
the country's favorable climatic conditions and operational simplicity of the technique (VON
SPERLING, 2016). In anaerobic reactors occurs the process known as anaerobic digestion,
which is the degradation of complex organic matter by microorganisms in the absence of
oxygen, producing the biofuel known as biogas, composed mainly of methane (CH4), carbon
dioxide (CO2), water, and hydrogen sulfide (H2S) (APARICIO et al., 2020). The CH4 content
in biogas could be used for energy purposes, e.g., by generating useful heat and electricity in
cogeneration engines (CAPOSCIUTTI et al., 2020). Therefore, anaerobic digestion is a
treatment technique that allows resource recovery from wastewater, thus favoring
environmental sustainability and circular bioeconomy (FAGERSTROM et al., 2018). Although
the simplicity, the success of an anaerobic system depends fundamentally on maintaining an
adapted biomass with high microbial activity inside it (CHERNICHARO, 2016; AHMED;
BUEZO; SAADY, 2019). Hence, monitoring the microbial activity within an anaerobic reactor
is necessary, especially of the methanogenic archaea, whose result is directly related to CHs
yield and, consequently, the overall system's treatment efficiency (SINGH et al., 2019).

Specific methanogenic activity (SMA) assay determines the maximum CHs yield
capacity of anaerobic biomasses through a laboratory test performed under controlled
conditions. The goal is to enable the maximum biochemical activity to convert biodegradable
organic matter to biogas using specific substrates whose availability is not limiting (AQUINO
etal., 2007; HUSSAIN; DUBEY, 2013). Besides its use as a routine analysis, the SMA test has
other applications, among which: evaluation of biomass behavior under inhibitory compounds;
establishing the substrate biodegradability's degree; monitoring changes in sludge activity by
inert material accumulation; determining the maximum organic loading rate (OLR) to be
applied to bioreactors and the minimum mass of sludge to be maintained within them; assessing
the systems' kinetic parameters (BARROS et al., 2010; VELUCHAMY; KALAMDHAD,
2017).

For SMA assays, the sampled biomass should be conditioned in reaction flasks and fed
with substrates that favor suitable conditions for the methanogenesis step by using a mixture of
volatile fatty acids (VFA), e.g., acetate, propionate, butyrate, and formate (XU et al., 2018;
KURTH; OP DEN CAMP; WELTE, 2020). Therefore, the test also verifies the syntrophic
capacity between methanogenic and acetogenic microorganisms since archaea depend on the

proper activity of acetate-producing organisms for CH4 generation (DYKSMA; JANSEN,;
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GALLERT, 2020). Besides the substrate, it is essential to apply a nutrient solution containing
macro- and micronutrients, alkalinity, and a reducing agent, in order to achieve an appropriate
nutrient-to-organic matter ratio. Furthermore, the contact between biomass and substrate must
be provided to enhance the mass transfer throughout the test (AQUINO et al., 2007). After
adding proper amounts of biomass and substrate and maintaining favorable conditions for the
experiment, the SMA test will promote CHa yield over a specific period. After the test data
collection, the SMA result will be equivalent to the ratio between the maximum CHs
productivity rate — taken from a time chart of cumulative CH, yield — and the biomass amount.
Thus, the assay measures the velocity of the methanogenic phase and, associated with biomass
quantification, provides the maximum methanogenic potential of a reactor operating under ideal
conditions (ABREU; ARAUJO, 2011). According to Chernicharo (2016), the typical SMA
values for anaerobic sludges treating sewage are within 0.10 to 0.40 gCODcna gTVSt d?.

The techniques for measuring the biogas generated in the SMA test are classified into
manometric and volumetric methods (CHERNICHARO, 2016). The manometric methods
measure the pressure exerted by the biogas or CHs4 through a calibrated sensor that converts this
value to gas volume. The advantage is in coupling these systems to computers, enabling
instantaneous monitoring and process automation, despite the high costs of acquiring and
maintaining the equipment. On the other hand, volumetric methods are low-cost techniques
based on storing the produced volume of biogas or CHs, then estimating it through the liquid
displacement method. According to Aquino et al. (2007), the biogas should be washed with
caustic soda solution (e.g., NaOH 15%) for direct volumetric measurement to absorb CO; and
measure only the CHs yielded. Due to the operational simplicity, small wastewater treatment
plants (WWTPs) and laboratories without extensive infrastructure might implement volumetric
methods for assessing the methanogenic potential of sludge samples. In that regard, we aimed
to analyze and compare the SMA of anaerobic sludge samples through the direct volumetric
method in order to select the biomass with higher methanogenic capacity for subsequent
inoculation in a lab-scale upflow anaerobic sludge blanket (UASB) reactor. Moreover, the SMA

test allowed us to monitor the operational performance of different anaerobic treatment systems.

2 MATERIAL AND METHODS

We evaluated the SMA of four biomasses from different anaerobic treatment systems: i)
sludge from a septic tank installed within the Parque Francisco de Assis kennel, Lavras, Minas

Gerais, Brazil; ii) sludge from a prototype-scale UASB reactor treating swine wastewater;
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sludges from two full-scale UASB reactors installed at different WWTPs: (iii) one treating
university sewage from the Federal University of Lavras (UFLA WWTP), Brazil; (iv) and the
other treating domestic sewage from the municipality of Lavras (Ribeirdo Vermelho WWTP —
Companhia de Saneamento de Minas Gerais (COPASA)). We perform the samplings by
collecting the sludge closest to the bottom of these treatment units. This region concentrates
larger granulometry solids, so higher SMA values are expected (JIJAI et al., 2014).

The direct volumetric measurement methodology described by Aquino et al. (2007) was
performed for SMA assays, using only acetate as a carbon and energy source and total volatile
solids (TVS) for quantification of biomass concentration, as proposed by Abreu and Araljo
(2011). About 1 L of sludge was collected on each anaerobic system and kept under
refrigeration at 4 °C. For the SMA test, 110 mL flasks were used in triplicate for each sample.
The usable volume for cultivation was 100 mL, resulting from mixing the sludge, substrate, and
nutrient solution. The remaining space (10 mL) was reserved to keep the internal atmosphere
free (i.e., headspace), thus enabling biogas to accumulate inside the flasks. 2 g L™ of acetate
and 4.34 gTVS L1 of sludge were added to each reactor flask, based on a food-to-
microorganism (F/M) ratio of 0.5 gCOD gTVS™ (ABREU; ARAUJO, 2011). The samples' TVS
and total solids (TS) concentrations were measured according to APHA, AWWA, and WEF
(2012). Then, the flasks' usable volume was completed with macro- and micronutrient stock
solution (Table 1), plus 0.2 g of yeast extract as an additional vitamin source (SOUTO et al.,
2010; CHERNICHARO, 2016).

Table 1 — Concentrations of the substances used in the preparation of the macro- and

micronutrient stock solution.

Macronutrients Micronutrients
Substance Concentration (g L) Substance Concentration (g L)
KH2PO4 6.50 FeCls;.6H20 2.00
K2HPO4 1.50 ZnCl, 0.05
NH4CI 5.00 CuCl 0.17
Na.S.9H20 0.50 CoCl2.6H20 2.00
CaCl..2H20 1.00 H3BOs 0.01
MgCl..6H.0 1.00 HCI (= 12 mol L?) 1.00 mL L'
Agarose 15.00 - -

Source: From the author (2022).

Once filled with substrate, sludge, and nutrient solution, the reactor flasks were sealed

with rubber bungs and aluminum seals, and the oxygen inside them was expelled by washing
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the atmosphere by applying 1 psi of inert gas (N2) for 2 minutes. Subsequently, the flasks were
sealed with silicone and incubated in a bacteriological oven at 30 + 2 °C.

The CH4 produced in each flask was monitored daily over 30 days (February 21% to March
21%, 2020) by washing the biogas with NaOH 15% and measuring the displaced liquid using a
volumetric beaker. The cumulative CH4 volume data for each sludge sample were processed
using the R 3.6.3 programming language (https://cran.r-project.org) (R CORE TEAM, 2020),
and the Logistic and Gompertz sigmoidal models were fitted to the observed data, allowing
comparison among the curves generated for each assessed biomass. Finally, the cumulative CH4
volumes (in mLcrs) obtained for the sludge samples were converted to gCODcns from a
stoichiometric conversion factor (F = 394 mLcns gCODcHa), considering a temperature of 30
°C and pressure of 1 atm. Figure 1 shows the experimental setup used for performing the CH4
measurements. At the end of the experiment, the analysis of the SMA results allowed us to
choose the biomass for inoculation in a lab-scale UASB. The TVS/TS ratio, cumulative CH4

yield, and SMA of the evaluated sludge samples were considered for the inoculum selection.

Figure 1 — Experimental apparatus used for measuring the CH4 volume produced inside the

reactor flasks.

Source: From the author (2022).
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3 RESULTS AND DISCUSSION

Table 2 presents the SMA, cumulative CHjs yield, and solid content results for each tested
anaerobic sludge sample. On the other hand, Figure 2 shows the scatter plots and curves fitted
to the Logistic or Gompertz models (only the model with the best fit appears on it) of the
accumulated CH4 volume produced over one month for each SMA assay. All model coefficients
were significant at 0.001 probability (p-value).

Table 2 — SMA of the analyzed anaerobic sludge samples and their respective values of TVS,
TVS/TS ratio, and cumulative CHs yield.

TVS Cumulative CH4 SMA
Sludge sample TVSI/TS )
(g LY) yield (mL) (gCODcHagTVS1d?)
Kennel septic tank 47.3 0.45 9.1 0.007
Prototype UASB 30.8 0.42 57.7 0.045
Municipal WWTP
316 0.70 81.1 0.025
UASB
University WWTP
49.7 0.36 100.1 0.034
UASB

Source: From the author (2022).
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Figure 2 — Cumulative daily CHs yield data over 30 days of SMA testing for the analyzed
biomass samples. The sigmoidal models applied to the observed data are Logistic (sludge from

the kennel septic tank) and Gompertz (sludges from the other three evaluated systems).
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Source: From the author (2022).

The SMA of the prototype-scale UASB sludge sample was the highest (0.045 gCODcha
gTVS? d?!) among the analyzed biomasses; however, its curve's inflection point occurred
earlier (approximately on the 4" day) compared to that from the university WWTP UASB
sludge — taking place 17 days after the beginning of the test, according to Figure 2. This
maximum rate anticipation indicates that the prototype UASB reactor sludge had a faster
adaptation (or lag phase) to the environment. Likewise, the prototype-scale system presented a
shorter exponential phase (or log phase) over one week (from day 3 to day 9). On the other
hand, the log phase corresponds to the highest methanogenesis activity period, enabling extracts
the maximum CHg4 production rate through the higher curve slope; therefore, it allows the SMA
calculation by implication.

Meanwhile, the lag and log phases were longer for the university WWTP UASB biomass,
occurring up to the 8 and 25" day, respectively — Figure 2. The university's full-scale reactor
sludge presented an SMA of 0.034 gCODcra gTVS? d! and an inflection point on the 17™" day.
Hence, the higher CH4 yield phase occurred over a wider time interval for this sample. These
facts explain the higher cumulative CH4 volume for the university WWTP UASB sludge (100.1
mLcha) than for the prototype UASB reactor sludge sample (57.7 mLcha), as shown in Table 2.
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Moreover, the sigmoidal curve was better adapted to the university WWTP system biomass
data, with a coefficient of determination (R?) of 0.9989, against 0.9777 for the prototype reactor.

The SMA values obtained for the samples mentioned above from UASB reactors of
different scales are similar to some literature results. Alves et al. (2005) recorded, for swine
wastewater biodigester sludge, an SMA of 0.0331 gCODcwa gTVS™ d?, employing the same
method used in this study; whereas Almeida et al. (2011) reported, for UASB reactor sludge
treating dairy wastewater, an SMA of 0.040 gCODcHs gTVS™? d1. Barros et al. (2010), who
extracted sludge during the start-up phase of a UASB reactor treating sewage, obtained an SMA
of 0.017 gCODcra gVSS™ d by submitting the biomass to the same test conditions as in this
study. Nevertheless, according to Chernicharo (2016), anaerobic sludge used for sewage
treatment often has SMA values between 0.1 and 0.4 gCODcnsa gTVS™ d*. The result obtained
in the present study is still below those generally presented in the literature. Using acetate as
substrate, here are the SMA of sludge from UASB reactors treating sewage and the respective
test conditions: 0.21 gCODchs gVSS? d? (Rocha et al. (2001) — direct volumetric
measurement, 30 °C without stirring); 0.24-0.27 gCODcr4 gVSS™ d* (Zhang et al. (2018) —
manometric method, 10-35 °C with stirring); 0.26-0.30 gCODcr4 gTVS™ d* (Cordeiro et al.
(2018) — volumetric method with gas chromatography, 35 °C without stirring).

In a previous study, Paez (2019) obtained an SMA of 0.055 gCODcns gTVS™ d! for the
university WWTP UASB sludge under the same experimental conditions as those applied in
the present study. The UFLA WWTP is responsible for treating university sewage, a highly
diversified wastewater in its composition. Depending on the origin of the wastewater that feeds
the station, this may contain organic solvents, toxic reagents, inorganic substances, acid and
alkaline solutions, and pathogenic organisms. These are compounds commonly found in the
various sectors and laboratories at the university, and they could compromise the station's
anaerobic treatment efficiency, resulting in sludge with low methanogenic activity
(BERTOLINO; CARVALHO; AQUINO, 2008). Furthermore, Alves, Cammarota, and Franca
(2005) evaluated the anaerobic activity inhibition by substances present in wastewater produced
by research laboratories and concluded that sodium, mercury, chromium, phenol, and sulfate
were responsible for the most significant effects on the SMA inhibition percentage. Also,
according to Tchobanoglous et al. (2003) and Kougias et al. (2016), the hydrolysis of lipid-rich
wastewater (i.e., containing substances commonly found in laboratories) may result in the
accumulation of VFA inside anaerobic reactors, most significantly negatively impacting

acetoclastic methanogenic archaea — which are responsible for over 70% of CHj yield. As the
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SMA test performed for the present study used only sodium acetate as a substrate source, the
probable inhibition of acetoclastic organisms occurring in the university WWTP UASB sludge
may have reduced the anaerobic digestion performance during the experiment.

Besides, the SMA assay with acetate as substrate verifies only the acetoclastic
methanogenic archaea activity. In contrast, propionate or formate quantifies the
hydrogenotrophic pathway and enables the evaluation of the methanogenesis step as a whole.
The higher SMA for the hydrogenotrophic pathway is attributed to the fact that the
biodegradation of propionate or formate originates hydrogen gas (H2) and CO2, which may be
converted into CH4 by hydrogenotrophic methanogenic archaea or acetate by homoacetogenic
bacteria. Subsequently, acetate could form CH4 throughout acetoclastic methanogenic archaea.
It is worth noting that the literature generally reports SMA values employing the volatile
suspended solids (VSS) to estimate the amount of biomass. Nonetheless, this study employed
the TVS concentration as a basis for calculations — according to the methodology described by
Abreu and Araujo (2011) —, which may underestimate the SMA final result (LOZANO et al.,
2009; MONCADA,; SILVA, 2016; PAEZ, 2019; TSAPEKOS; ALVARADO-MORALES;
ANGELIDAKI, 2022).

Concerning the other samples tested, the municipal WWTP UASB sludge showed an
SMA of 0.025 gCODchs gTVS™ d! and a cumulative CHg yield of 81.1 mLcwa, as reported in
Table 2. The difference in the SMA value of this sample to that from the university WWTP
UASB reactor (0.034 gCODcHs gTVS™ d1) can be explained by the nature of the wastewater
to which the latter anaerobic biomass is subjected. Since university sewage presents adverse
physical and chemical characteristics for anaerobic microorganisms — as mentioned earlier —,
the microbiota may present a higher resistance to inhibitory compounds, which could positively
impact its adaptability and, consequently, its methanogenic potential when exposed to favorable
growth conditions (which are guaranteed during the SMA assay) (CZATZKOWSKA et al.,
2020). On the other hand, the outstanding feature of the municipal WWTP sludge was the high
volatile and total solids ratio (TVS/TS) ratio (0.70 — the highest among all samples evaluated).
This ratio suggests high microbial biomass concentration and biodegradability potential
(KARNCHANAWONG; UPARAWANNA, 2007; CHERNICHARO, 2016).

Regarding the sludge obtained from the kennel septic tank, this sludge presented the
lowest values for both SMA and accumulated CH, yield (0.007 gCODcHs gTVS™® dt and 9.1
mLcHa, respectively) (Table 2). These results are also lower than those reported in the literature
for this anaerobic system. Moussavi et al. (2010) achieved an SMA of 0.072 gCODcn4 gVSS™*
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d* when analyzing sludge from a pilot-scale septic tank treating sewage and using acetate as
substrate. The higher result than the present study may have been caused by employing the VSS
instead of TVS concentration to calculate SMA. In addition, kennel wastewater has a different
composition compared to sewage. We noted animal hair in the reactor's bottom biomass when
sampling the kennel septic tank sludge. These solid materials may have negatively affected the
anaerobic microbiota activity of the system.

4 CONCLUSIONS

This study evaluated the SMA of four sludges from different treatment systems through
a straightforward and low-cost method (direct volumetric measurement), which may be applied
to laboratories and WWTPs without robust infrastructure for monitoring anaerobic bioreactors
in terms of sludge quality, treatment potential, and biogas productivity. Nevertheless, the
experiment presented SMA results below those generally reported in the literature, possibly
because the TVS rather than VSS concentration was employed to calculate the methanogenic
potential of the samples.

Despite this, it was still possible to compare and select the most promising inoculum
among the sludge samples evaluated. The university WWTP UASB reactor sample presented a
higher cumulative CHs yield in a more extended log phase, despite not presenting the highest
SMA among the assessed samples. Furthermore, this sample may have a higher capacity for
adaptability to adverse conditions of some wastewater since the system from which it derives
treats university sewage — which contains inhibiting substances for anaerobic microbiota.
Therefore, we concluded that it is the most suitable biomass to be used as inoculum for the lab-
scale UASB reactor, possibly allowing faster adaptation during the system start-up and higher

substrate degradation efficiency and biogas yield.
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Anacrobic technology in wastewater treatment is widespread in Brazil, being benefited by climate conditions,
besides presenting advantages such as low cost, low solids production, and tolerance to high organic loads. In
anaerobic systems occurs the process known as anaerobic digestion, which is the degradation of complex organic
matter by microorganisms in the absence of oxygen, producing the biofuel known as biogas, composed mainly of
methane (CHs), carbon dioxide (CO»), water and hydrogen sulfide (H>S). However, the monitoring of an adapted
biomass with high microbial activity in anaerobic reactors is essential for ensuring the anaerobic process
efficiency. Several methods have been proposed to evaluate the anaerobic microbial activity, based on the
characterization of Specific Methanogenic Activity (SMA). SMA is defined as the maximum CHy production
capacity by an anaerobic microbial community (or anaerobic sludge), where the conversion of organic substrates
into CHy4 occurs in a controlled manner in laboratory, such as substrate addition and temperature control, in order
to favor the metabolism of methanogenic archaeca. We aimed to analyze SMA from different anaerobic samples to
select the biomass with higher methanogenic capacity for subsequent inoculation in a pilot-scale UASB reactor,
in addition to allowing the monitoring of the anaerobic treatment operational performance of different wastewater
systems.

This study assessed the SMA of three biomasses from different anaerobic systems: i) a septic tank sludge
from a kennel; ii) a prototype UASB reactor sludge for swine wastewater treatment; and iii) a real scale UASB
reactor sludge from a wastewater treatment plant (WWTP) treating university sewage. The experiment was
performed to evaluate the maximum capacity of the three sludges, under anaerobic conditions and in laboratory-
scale bioreactors, in converting organic substrates to CHa. After the sampling in each system, the concentration of
total volatile solids (TVS) was measured according to APHA (2012), to obtain the volume of sludge to be added
to 100 mL flasks, using a substrate/microorganism ratio of 0.5 gCOD/gTVS. The experiment was performed in
triplicate. The flasks were sealed with rubber bung and aluminum sealing, maintaining anaerobic atmosphere after
the expulsion of oxygen by N and incubated at 30+2 °C. Sodium acetate was used as a substrate in combination
with macro and micronutrient solutions. The volume of CHy daily produced was directly measured through CHa
volume measurement (Aquino et al, 2007) by washing biogas with NaOH 15%. After 30 consecutive days,
accumulated CHj volume data was processed in programming language R 3.6.3 for SMA determination. For each
anaerobic sludge, a sigmoidal model was adjusted to the observed data (Figure 1). Logistic and Gompertz models
were used for comparison and all model coefficients were significant at 0.001 probability. SMA values obtained
in mLcus were converted to gCODcnas using stoichiometric conversion factor (F = 394 mLcm.(gCODcm)“,
considering temperature of 30 °C and pressure of 1 atm).

Table 1 presents SMA values obtained for each anaerobic sludge sample, in addition to the TVS values and
TVS/TS ratio (Total Solids). The SMA of the prototype UASB sludge sample was the highest (0.045
2CODcua.(gTVS day) ') among the analyzed sludge samples; however, the inflection point of the curve (Figure
1b) occurred previously (4" day) if compared with that of WWTP UASB sludge. This demonstrates that prototype
UASB biomass had faster adaptation (or lag phase) to the environment. Likewise, it presented a shorter exponential
phase (or log phase), occurring in approximately 6 days (from the 3™ to the 9" day). This is the phase that occurs
the largest methanogenesis activity, allowing to obtain the maximum CHj production rate through the higher curve
slope. On the other hand, the lag and log phases were longer for WWTP UASB biomass (Figure 1c), which were
respectively up to the 8" and 25" days, with a SMA of 0.034 gCODcya.(gTVS day)”! and an inflection point
occurring on the 17" day. Thus, the phase of higher CHs yield occurred in a wider time interval for this sample.
These facts explain the higher CHs accumulated volume during the test period by the WWTP UASB sludge (100.1
mLcnus) compared to that of the prototype UASB sludge sample (57.7 mLcus). Furthermore, the curve was better
adapted to the data of the WWTP UASB sludge (R? = 0.9989) in relation to those of the prototype UASB sludge
(R? = 0.9777). SMA values obtained for these two sludge samples from different-scales UASB reactors were
according to some results found in the literature. Alves et al (2005) recorded, for swine wastewater biodigester
sludge, a SMA of 0.0331 gCODcya.(gTVS day)!, using the same method used in this study, whereas Almeida et
al (2011) reported, for UASB reactor sludge treating dairy wastewater, a SMA of 0.040 gCODcya.(gTVS day) ™.
In a previous study carried out by Paez (2019), the value of 0.055 gCODcus.(gTVS day)' was obtained for the
same WWTP UASB sludge used in this study. For domestic sewage, the usual values are in the range of 0.1 to 0.4
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ARTIGO 2 — CO-DIGESTING SUGARCANE VINASSE WITH DAIRY SECONDARY
EFFLUENT IN A UASB REACTOR: ANALYSIS OF ANAEROBIC TREATABILITY,
METHANOGENIC POTENTIAL, AND MICROBIAL DYNAMICS

ABSTRACT

Anaerobic digestion is an environmentally sustainable alternative for resource recovery from
agro-industrial organic by-products, e.g., sugarcane vinasse. Nevertheless, the high organic
load, acidity, and toxic compound levels in raw vinasse may inhibit the biodegradation process.
In this context, the present study evaluated co-digestion as a strategy to enable the vinasse
anaerobic processing, employing secondary effluent from the dairy industry as a co-substrate.
The experiment was conducted over 91 days in a lab-scale upflow anaerobic sludge blanket
(UASB) reactor (16 L) operating under mesophilic conditions (26 °C on average) and with an
average organic loading rate of 1.6 kgCOD m d*. The average pollutant removals were: total
chemical oxygen demand (69%), acidity (29%), volatile (51%) and total (48%) suspended
solids, ammoniacal (6%) and total Kjeldahl (42%) nitrogen, total phosphorus (19%), phenols
(51%), and sulfates (25%). Moreover, the average and maximum methane productivities were
221 and 308 mLCH4 gCODrem™?, respectively. Furthermore, next-generation sequencing (NGS)
analyses and specific methanogenic activity (SMA) assays of periodically sampled biosolids
revealed the growth and maintenance of methanogenic archaea throughout the system
operation, which indicates a gradual microbial adaptation to the substrate along with the
treatment stability. Therefore, the proposed experiment may reflect possible economic benefits

for the agro-industrial sector by implementing a similar but full-scale treatment plant.

KEYWORDS: Agro-industrial wastewater; High-rate anaerobic reactor; Biogas; Anaerobic

microorganisms; Next-generation sequencing; Biological treatment

HIGHLIGHTS

e The proposed co-digestion reached maximum CHa productivity of 308 mLCHs gCODrem™;
e There was a predominance of hydrogenotrophic methanogens by the end of the operation;
e SMA assays coupled with NGS can provide interrelated data regarding the microbiota;

e The fertilizing potential of the effluent and biosolids was evaluated.
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1 INTRODUCTION

Brazil is a prominent global biofuel producer, standing out in sugarcane-based ethanol
production in biorefineries. The sugar-ethanol industry turnover in the country was around
US$10 billion in 2022, establishing itself as the fourth most impactful agro-industrial sector in
the Brazilian trade balance (NASCIMENTO, 2021). During the ethanol manufacturing process,
the fermented sugarcane juice distillation generates vinasse, a wastewater with a high
nutritional content produced at an average rate of 10-15 L per liter of ethanol and commonly
used for the fertigation of sugarcane fields (UNICA, 2019; FUESS et al., 2021). Nevertheless,
besides the high concentration of nutrients, e.g., nitrogen, phosphorus, and potassium, vinasse
also contains high levels of organic matter, acidity, salts, and compounds such as phenols and
sulfates, which gives it great potential for environmental damage when inadequately disposed
on soil (PARSAEE; KIANI; KARIMI, 2019; FERRAZ JUNIOR et al., 2022).

Among the strategies for reducing the polluting potential of vinasse is its treatment via
anaerobic digestion, a technique that consists of the biological degradation of complex organic
matter in the absence of oxygen and its conversion to CHs, CO2, H2S, and water, the major
biogas components (APARICIO et al., 2020; SIQUEIRA et al., 2022). Thus, in addition to
reducing the contaminating potential of vinasse, the anaerobic treatment also allows its energy
recovery through CHas production (SILVA et al., 2021). However, because of its adverse
physical and chemical properties to the anaerobic microbiota cultivation and establishment —
i.e., the presence of toxic substances, low pH, and inadequate carbon-to-nutrient ratio — the in
natura vinasse may inhibit the metabolism of microorganisms and cease the biodigestion
process (RAMOS et al., 2021; CHAVES et al., 2021). Therefore, it is necessary to incorporate
operational strategies in order to turn vinasse into a substrate suitable for anaerobic
microorganisms, which can reduce the treatment plant's applicability and feasibility (BARROS;
DUDA; OLIVEIRA, 2016; FUESS et al., 2017a).

In this regard, anaerobic co-digestion is an attractive and technically feasible solution for
vinasse anaerobic processing suitability (ALBANEZ et al., 2018; SOUSA et al., 2019). This
strategy consists of mixing two or more organic wastes with complementary characteristics to
increase the final substrate's anaerobic biodegradability and establish a favorable environment
for developing an adequately adapted microbial biomass (VOLPI; FUESS; MORAES, 2021).
Hence, the implementation of co-digestion might optimize the vinasse anaerobic digestion

process and make it less dependent on pre-treatment steps and external substances' addition,
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such as alkalinizing and nutritional solutions, resulting in less costly and complex treatment
(ALBANEZ et al., 2018; SILLERO; SOLERA; PEREZ, 2022).

Some studies suggest the application of by-products from various agro-industrial sectors
as suitable co-substrates to enable the vinasse anaerobic treatment, e.g., residues from cattle
(MORAES et al., 2015), pig (MENG et al., 2020), and poultry farming (MARIN-BATISTA et
al., 2016); and coffee (PINTO et al., 2018), soybean (SYAICHURROZI et al., 2016), rice
(MENG et al., 2020), and biodiesel production (BORGES et al., 2021). In addition to reducing
negative environmental impacts, the anaerobic processing of two or more agricultural by-
products may also contribute to the production of effluent and biosolids with high soil fertilizing
potential, thereby fostering the circular bioeconomy in the agro-industrial sector (LOVATO et
al., 2019; PAN et al., 2021). The dairy industry, for instance, can cooperate in a relevant way
with the sugar-ethanol sector through the provision of co-substrates since its wastewater has
high concentrations of lactose, proteins, and mineral salts, characteristics that can supplement
existing deficiencies in substrates with lower anaerobic degradation potential, such as vinasse
(LOVATOetal., 2019; SOUSA et al., 2019; ALBUQUERQUE; RATUSZNEI; RODRIGUES,
2019; BELLA; RAO, 2021).

Although the recent expansion of studies reporting vinasse anaerobic co-digestion
experiments, there remains the need to develop research towards selecting alternative
complementary substrates and measuring their application's effects, thereby increasing the
possibilities of mitigating adverse environmental impacts and resource recovery by the sugar-
ethanol industry. In this perspective, the present study aims to evaluate the performance of
anaerobic co-digestion of sugarcane vinasse and effluent from an anaerobic treatment plant
attached to a dairy industry (mixture 1:1 v/v) in a lab-scale upflow anaerobic sludge blanket
(UASB) reactor, operating for 91 days under mesophilic conditions, by analyzing the removal
of pollutants and CH4 productivity. The application of secondary anaerobic effluent from the
dairy industry as a co-substrate combined with vinasse corresponds to a novel experimental
approach once publications only report the use of raw wastewater from this agro-industrial
sector (LOVATO et al., 2019; SOUSA et al., 2019; ALBUQUERQUE; RATUSZNEI,
RODRIGUES, 2019). This operational strategy is supported because the biodigested dairy
waste presents in its composition, besides compounds that benefit the anaerobic degradation,
reduced organic matter content and adjusted pH and alkalinity due to the previously applied
treatment, thus decreasing the final mixture's organic load and additional alkalinizing costs.

Moreover, few published studies have monitored the microbial community dynamics of
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anaerobic systems promoting vinasse co-digestion (BARROS et al., 2017; VOLPI et al., 2021).
Given this, the present study also aims to demonstrate the periodic evolution of the microbiota
present in the UASB reactor's biosolids, identifying microorganisms through next-generation
sequencing (NGS) and performing specific methanogenic activity (SMA) assays. In parallel,
the system solids' profile was characterized by sampling biosolids extracted at different heights

of the bioreactor, assessing its potential application as a bio-based agricultural fertilizer.

2 MATERIAL AND METHODS
2.1 Characteristics of the co-substrates and inoculum

The substrates submitted to anaerobic co-digestion are (i) the sugarcane vinasse and (ii)
the dairy industry's secondary anaerobic effluent. The vinasse was collected at the output of the
Cachaca Bocaina artisanal cachaca distillery (with a liquor production capacity of 35,000 L
yr1), Lavras, Minas Gerais, Brazil, during the sugarcane harvesting and processing period
(June 2021). The samples were stored in 20-30 L plastic containers and kept under refrigeration
at -16 °C. ldentical sampling and preservation procedures were applied to the effluent from the
dairy industry's anaerobic treatment plant, whose responsible company will not be identified
following a confidentiality request. The treatment plant of the selected dairy industry receives
approximately 300 m® d! of industrial wastewater. It is composed of a preliminary treatment
with oil removal, pH and alkalinity adjustment, followed by a primary stage with suspended
solids removal and a secondary stage comprising a settling pond, biodigester, and anaerobic
pond (viz., the effluent sampling point), sequentially. The main physical and chemical

properties of the substrates mentioned above are shown in Table 1.

98



Table 1 — Physical and chemical variable content of collected samples of sugarcane vinasse and
dairy industry's secondary effluent.

Physical and chemical variables Sugarcane vinasse Dairy effluent
pH 3.67 8.41
Partial alkalinity (mgCaCOs L) 0 1,245.00
Intermediate alkalinity (mgCaCO3 L) 0 175.00
Total alkalinity (mgCaCOs L™?) 0 1,420.00
Acidity (mgHAc L) 1,332.00 60.00
TSS (mg L) 1,220.50 178.75
VSS (mg L7 1,033.50 102.50
COD; (mg LY) 17,772.00 173.25
TKN (mg L™?) 35.03 67.14
N-NH4* (mg L™?) 4.38 46.70
Pt (mg L?) 1.55 41.66
Ki (mg L) 314.73 211.48
Phenols (mg L) 447 .48 1.97
Sulfates (mg L) 40.93 32.59

TSS and VSS = total and volatile suspended solids, respectively; COD; = total chemical oxygen demand; TKN =
total Kjeldahl nitrogen; N-NH4" = ammonia nitrogen; P; = total phosphorus; K = total potassium.

Source: From the author (2022).

For inoculation of the anaerobic system evaluated in this study, sludge was extracted from
a full-scale UASB reactor (1,350 m®) installed at the Ribeirdo Vermelho wastewater treatment
plant (WWTP), owned by the Companhia de Saneamento de Minas Gerais (COPASA) and
treating approximately 3,000 m® d! of sewage from the municipality of Lavras, Minas Gerais,
Brazil. From the total sample (5 L), a sufficient volume (0.2 L) was reserved at 4 °C for further
inoculum characterization until starting the laboratory tests. Meanwhile, the remaining sampled
volume was forwarded for introduction into the anaerobic system at room temperature — the
inoculation procedure is described in Section 2.2. After evaluation of the solids concentration
of the inoculum, a volatile and total solids (TVS/TS) ratio of 0.70 was found, suggesting high
microbial biomass content and methanogenic potential, recommended features for an anaerobic
system inoculation  process (KARNCHANAWONG; UPARAWANNA, 2007;
CHERNICHARO, 2016). The further analytical tests of the inoculum are detailed in Section
2.4.

2.2 Experimental set-up and system start-up and operation

The experimental apparatus consisted sequentially of (i) a primary sedimentation tank

with a usable capacity of 45 L intended to store the substrate and reduce the suspended solids
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influent content; (ii) a peristaltic metering pump (model Gamma/L GALA 1601 NPB,
ProMinent®); (iii) a lab-scale high-rate anaerobic reactor UASB-type, manufactured in acrylic
material, with a usable volume of 16 L (0.62 m of usable height and 0.20 m of internal diameter,
with a tapered base); (iv) a storage reservoir (30 L) for the liquid effluent. Figure 1 shows the

experimental lab-scale treatment plant components.

Figure 1 — Lab-scale experimental apparatus for the proposed treatment. P1, P2, P3, and P4

represent the anaerobic system biosolids' sampling points.

UASB reactor
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Source: From the author (2022).

The inoculation and start-up procedures were based on the methodology proposed by
Chernicharo (2016). Firstly, 4.8 L of inoculum sludge was manually introduced into the UASB
reactor, equivalent to 30% of the system's usable capacity, as reported in the study carried out
by Barros, Duda, and Oliveira (2016). Then, after 24 h of standby, the system was fed daily
with 2 L of a mixture of co-substrates (1:1 v/v) after adjusting alkalinity and pH by adding
sodium bicarbonate — 0.3 gNaHCO3; gCOD™* (DEL NERY et al., 2018). Both proportions of
co-substrates and alkalizing agent were kept fixed at either start-up and operation phases of the
system. The system remained on standby after filling the UASB reactor's usable volume with
the substrate and inoculum, and the generated biogas was monitored daily via the water
displacement method. Concurrently, the following variables of the liquid supernatant were
analyzed every three days: pH, temperature, dissolved oxygen (DO), and redox potential using
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a multisensor probe (model H198196, HANNA®): total chemical oxygen demand (CODy)
concentration by the colorimetric method (5220B), according to APHA, AWWA, and WEF
(2012); and alkalinity and acidity levels, according to Ripley, Boyle, and Converse (1986) and
DiLallo and Albertson (1961), respectively. When a stabilization of the supernatant COD
content and a biogas yield sharp drop were simultaneously verified, continuous pumping of the
substrate was started. The interval between the start of the inoculation process and the end of
the system'’s stationary state corresponded to the start-up period, which occurred in 19 days.
After start-up, the anaerobic treatment system operated for 91 running days under a
constant inflow of 3.6 L d*, hydraulic retention time (HRT) of 4.44 d, average organic loading
rate (OLR) of 1.6 kgCOD md*, and mesophilic conditions (26 °C on average). From sampling
in the tap P4 twice a week, the anaerobic digestion process stability was monitored by
measuring the physical and chemical conditions of the liquid medium contained within the
UASB reactor (pH, temperature, DO, and redox potential) through the multisensor probe

previously mentioned.

2.3 Evaluation of the substrate anaerobic treatability and biogas quantitative and
qualitative analyses

Table 2 mentions the analytical methodologies used for measuring distinct physical and
chemical variables of influent and effluent liquid samples collected weekly from the UASB
reactor. The effluent sample corresponds to the liquid stored in the final reservoir of the system
—see Figure 1. These laboratory analyses aimed to monitor the anaerobic treatment performance

regarding removing pollutants from the substrate.
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Table 2 — Analytical equipment/methodologies for measuring the physical and chemical
variables of influent and effluent liquid samples collected weekly from the anaerobic system.

Variable Analytical method/equipment Reference
H Multi-sensor probe (model
P H198196, HANNA®)
Partial, intermediate,

Ripley's method

Ripley, Boyle, and Converse

and total alkalinity (1986)
Acidity — VFA Direct titration DiLallo and Albertson (1961)
TSS : . 2540D
VSS Gravimetric method TOBA0E
CODx Colorimetric method (5220B)
N-NH* T|tr|metr|’i:|Hmeglod (4500- APHA, AWWA, and WEF
2C) (2012)
K Flame photometric method
! (3500-K.B)
Sulfates Turbidimetric method (4500-
SO4*.E)
TKN Micro-Kjeldahl method Nogueira and Souza (2005)
- . APHA, AWWA, and WEF
Pt Modified ?Z;%g)'; E‘;'d method (2012) adapted by Matos
' (2012)
Phenols Spectrophotometric method — AOAC (2019)

Folin-Denis reagent

VFA = volatile fatty acids; TSS and VSS = total and volatile suspended solids, respectively; COD: = total chemical

oxygen demand; TKN = total Kjeldahl nitrogen; N-NH4* = ammonia nitrogen; P, = total phosphorus; K; = total
potassium.

Source: From the author (2022).

The quantification of the CH4 volume produced daily by the co-digestion was done via
the direct volumetric method, described in Aquino et al. (2007), based on adaptations in the gas
chamber outlet of the UASB reactor's three-phase separator. The measurement apparatus
components connected sequentially by silicone tubes of 3.0 mm diameter were: (i) a sealed
vessel containing 15% NaOH solution for washing the biogas with the alkaline solution
replaced monthly; (ii) a vessel containing drinking water; (iii) a graduated cylinder for
measuring the displaced water volume that corresponded to the daily CH4 volumetric yield.
Based on the measured data, daily CH4 productivities were calculated considering the amount
of COD removed weekly (MLCHs gCODrem®). For comparison, theoretical CHa yields were
estimated (Equation 1), whose results depend on the correction factor calculated from Equation
2 (CHERNICHARO, 2016):

Qcus=So0-Q - (Ecopt—Y)/F 1)
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F=P-K/R- (T +273)) (2)

where: Qcra = CHa volume output (m3CHa4 dt); So = influent COD: concentration (kgCOD; m®
%): Q = substrate inflow (m? d!); Ecopt = COD: removal efficiency; Y = system biosolids' yield
coefficient (0,11-0,23 gCOD:xpiosoliss gCODrsubstrate ); F = correction factor; P = atmospheric
pressure (1 atm); K = CODx corresponding to 1 mol CHa4 (64 gCOD: mol™); R = universal gas
constant (0,08206 atm L mol™ K1); T = reactor operating temperature (°C).

Furthermore, three-way and gas blocking valves were installed sequentially at the three-
phase separator outlet according to the biogas flow sense in order to verify the generated biogas
composition in terms of CH4, CO., and H>S contents. Every two weeks, the gas blocking valve
was closed — which prevented the biogas output quantification in the apparatus earlier
mentioned — and then a 500 mL bag for gas sampling was connected to the three-way valve,
thus storing a portion of the generated biogas. Subsequently, the bag content was characterized
using a portable biogas analyzer (model Gasboard-3200Plus, Hubei Cubic-Ruiyi Instrument
Co., Ltd). It is important to note that the quantitative and qualitative biogas analyses started on
the 31% day of the system operation due to a malfunction in the quantification apparatus and a
delay in obtaining the portable biogas analyzer.

2.4 Evaluation of the biosolids in the system and microbiota characterization

To evaluate the periodic evolution of the anaerobic system microbial community, a
portion of the inoculum sludge was reserved, and three samples of enriched biomass were
extracted from the UASB reactor throughout its operation (viz., 'Month 1', 'Month 2', and
‘Month 3' samples, corresponding to the operating days 31, 61, and 91, respectively). The
enriched samples were collected equally by mixing the biosolids in a 1:1 v/v ratio from P1 and
P2 (Figure 1). Then, all the sampled biomasses were analyzed for microorganism identification
through sequencing by synthesis and quantification of methanogenic potential through SMA
assays.

Regarding the metagenomics, sufficient portions (25 mL) of the collected samples were
kept frozen at -16 °C until the end of the system operation and then transported in dry ice
heading to the biotechnology company Neoprospecta Microbiome Technologies, Floriandpolis,
Santa Catarina, Brazil, for DNA extraction and identification, along with the taxonomic
classification of bacteria and archaea through high-throughput sequencing (Next-Generation
Sequencing — NGS). The preparation of the libraries followed a proprietary protocol of the
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company. Amplification was performed employing primers for the V3-V4 region of the 16S
rRNA gene — 341F (CCTACGGGRSGCAGCAG) and 806R
(GGACTACHVGGGTWTCTAAT) (WANG; QIAN, 2009; CAPORASO et al., 2012). Then,
the libraries were sequenced by the MiSeq Sequencing System equipment (Illumina Inc., USA),
and the resulting sequences were analyzed using the Sentinel pipeline (COCK et al., 2009;
ANDREWS, 2010; MASELLA et al., 2012). Taxonomic identifications were then performed
with the algorithm BLASTn v.2.6.0+ (ALTSCHUL et al., 1990), using the genetic database
SILVA (www.arb-silva.de) as a reference, thus allowing to verify the relative abundance of the
analyzed samples in terms of phylum, order, and genus. Afterwards, diversity-a indices (viz.,
Shannon index and Pielou's evenness) of the samples were calculated using the R 3.6.3
programming language (https://cran.r-project.org) (R CORE TEAM, 2020).

On the other hand, SMA assays were conducted following the methodology proposed by
Abreu and Araujo (2011). The methanogenic potential of each biosolids sample was evaluated
through the individual application of acetate and formate as organic substrate sources, which
allowed the verification of both methanogenic pathways, i.e., acetoclastic and
hydrogenotrophic (LOZANO et al., 2009; MONCADA; SILVA, 2016). After characterization
for total volatile solids (TVS) content (2540G — APHA, AWWA, and WEF (2012)), the sludge
samples were added to 110 mL flasks containing 2 mL of sodium acetate solution (139.0 g L"
1 or 4 mL of sodium formate solution (230.5 g L) — in triplicate for each substrate, totaling
six reactor flasks per assay. The required volumes of biosolids per flask were calculated to
ensure a food-to-microorganism ratio of 0.5 gCOD gTVS™, which resulted in 0.434 gTVS
(sludge) and 0.217 gCOD (substrate) per flask. After that, a usable volume of 100 mL in each
flask was filled with a macro- and micronutrient stock solution (Table 3) combined with 0.2 g
of yeast extract, reserving 10 mL of headspace for biogas accumulation. After N2 insertion (5
min at 1 psi) to maintain an anaerobic environment, the flasks were sealed with rubber bungs
and silicone adhesive and subsequently incubated at 30+2 °C without mechanical agitation. For
30 consecutive days, the CHa yield of each flask was monitored daily by the direct measurement
method (AQUINO et al., 2007) using a 15% NaOH solution. At the end of each test, the
observed accumulated CHj4 yield data were processed in the R 3.6.3 programming language
(https://cran.r-project.org) (R CORE TEAM, 2020) by applying sigmoidal fitting models
(Logistic or Gompertz — both with a significance of 0.001). The SMA results expressed in
mLCH. were converted to gCODcha using the ratio of 394 mLCH4 gCODcra (30 °C and 1

atm).
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Table 3 — Concentrations of substances in the macro- and micronutrient stock solution.

Macronutrients Micronutrients
Substance Concentration (g L) Substance Concentration (g L)
KH2PO4 6.50 FeCl3.6H20 2.00
K2HPO4 1.50 ZnCl, 0.05
NH4CI 5.00 CuCl 0.17
Na.S.9H.0 0.50 CoCl..6H.0 2.00
CaCl,.2H0 1.00 H3BO3 0.01
MgCl,.6H.0 1.00 HCI (= 12 mol L) 1.00 mL L1
Agarose 15.00 - —

Source: From the author (2022).

Concomitant to the monthly samplings for microbiota-related analyses, biosolids' aliquots
were collected from different heights of the UASB reactor (viz., P1, P2, P3, and P4 — Figure 1),
determining their physical and chemical characterization based on the solids (TS and TVS
(2540G)) and oxidizable organic matter (COD; (5220B)) contents, according to APHA,
AWWA, and WEF (2012); and nutrients such as nitrogen (TKN) (NOGUEIRA; SOUZA, 2005)
and phosphorus (Pt (4500-P. E)) (APHA, AWWA, and WEF (2012) adapted by Matos (2012)).
The data of oxidizable organic matter and nutrient concentration in mg L™ were converted to
dry mass basis (mg kg?), considering the total solids (TS) concentration of the collected

biosolids.

3 RESULTS AND DISCUSSION

3.1 Anaerobic treatment efficiency

Table Al (see Appendices) reports the weekly characterization results of physical and
chemical influent and effluent samples from the anaerobic treatment system. In turn, Table 4
shows the arithmetic averages and standard deviations of the data presented in Table Al, as

well as the average and maximum pollutant removal efficiencies.
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Table 4 — Descriptive statistics of weekly physical and chemical data of inflow and outflow
samples from the lab-scale UASB reactor and its pollutant removal efficiency.

Removal efficiency (%)

Physical and chemical variables Inlet Outlet edium  Maxirmom

pH 7.85 (0.42) 8.31 (0.20) - -

Partial alkalinity (mgCaCOs L% 3,046.92 (785.42)  4,594.62 (767.47) - -
Intermediate alkalinity (mgCaCO3s L)  2,287.31 (460.08)  1,520.38 (241.58) - -
Total alkalinity (mgCaCO3 L) 5,334.23 (434.71)  6,115.00 (656.69) - -
Acidity — VFA (mgHAc LY 5,202.00 (1,141.88)  3,591.00 (666.46) 29 (17) 53
TSS (mg LY 651.15 (220.41)  350.68 (52.18) * 48 (16) * 69

VSS (mg LY 537.31 (192.44)  268.41(47.71)* 51 (17)* 75

COD; (mg L) 7,215.07 (1,834.00) 2,318.51 (1,014.45) 69 (8) 81

TKN (mg LY 30.65 (9.08) 18.84 (5.93)*  42(14)* 73

N-NH,* (mg L) 2.64 (1.78) 2.92 (2.26) * 6 (55) * 100

P (Mg LY 18.13 (5.88) 15.33(5.06) * 19 (20) * 69

Ki (mg LY 339.49 (32.03) 356.40 (18.66) * 0 (5) * 4

Phenols (mg L™?) 110.55 (35.44) 53.59 (19.99) 51 (16) 77
Sulfates (mg L?) 80.60 (33.85) 57.53 (21.26) 25 (23) 67

* = Results from the first two weeks were excluded from the analysis, as sludge was detected leaking from the
UASB reactor into the effluent. Results displayed as: arithmetic mean (standard deviation). VFA = volatile fatty
acids; TSS and VSS = total and volatile suspended solids, respectively; COD; = total chemical oxygen demand,;

TKN = total Kjeldahl nitrogen; N-NH4" = ammonia nitrogen; P; = total phosphorus; K; = total potassium.

Source: From the author (2022).

In the following subsections, the anaerobic treatment efficiency as a function of the CH4
productivity and physical and chemical properties of inlet and outlet liquid samples from the

system will be discussed.

3.1.1 pH and alkalinity and acidity removal

Figure 2 presents the pH, alkalinity, and acidity variations between inlet and outlet
samples from the anaerobic system throughout the co-digestion operation. Although the
average influent pH (7.85) exceeded the optimal range for the anaerobic digestion (6.5-7.5)
(RINCON-MEJIA; HERAS, 2017), the process occurred stably throughout the experiment, as
can be seen in Section 3.1.2. On the other hand, the effluent presented an increase in its average
pH (Figure 2a), reaching values of up to 8.70. This rise may be associated with the partial
alkalinity (PA) elevation (Figure 2b) and acidity reduction (Figure 2c), both induced by the

anaerobic treatment.
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The hydrolysis of mineral salt-rich (Mg?*, Ca?*, Na*) substrates and proteins, such as the
co-substrates used in the present study, generates volatile fatty acids (VFA) and ammonium
(NHs") that can be biochemically converted into sodium and ammonium bicarbonates (see
Equations 3 and 4), respectively, within anaerobic reactors, thereby increasing the medium's
PA content (PEREIRA; CAMPOS; MOTTERAN, 2013; CHERNICHARO, 2016). The
bicarbonate alkalinity recommended for an adequate buffering is 2,500 to 5,000 mgCaCO3 L*
(TAUSEEF; ABBASI; ABBASI, 2013); therefore, there is an indication of stability in the
evaluated anaerobic system since its average influent PA concentration was 3,046.92 mgCaCOs
L.

CH3COONa + HzO — CH4 + COZ + NaOH — CH4 + NaHCO3 (3)

NH3 + Hzo + C02 — NH4HCO3 (4)

At the same time, there was a decrease in the substrate's intermediate alkalinity (IA) after
the anaerobic treatment (Figure 2b) due to the consumption of intermediate VFA, e.g.,
propionate and butyrate, by acetogenic bacteria; and acetate by methanogenic archaea, which
consequently reduced the medium's acidity (Figure 2c) and increased the pH of the effluent
samples (Figure 2a) (CHERNICHARO, 2016; FERREIRA et al., 2017). From this perspective,
the average and maximum acidity removals reported in the present study were 29% and 53%,
respectively. Lovato et al. (2019), for instance, obtained VFA removals of up to 75.5% by
evaluating the co-digestion performance of sugarcane vinasse and cheese whey (1:1 m/v
mixture) in a lab-scale anaerobic sequencing batch biofilm reactor (AnSBBR) equipped with
effluent recirculation and operating under mesophilic conditions, 21-day HRT and with
alkalinizing addition. The prolonged system's HRT coupled with effluent recirculation can
explain the high acidity removal efficiency since this technique can decrease the VFA influent
load and supplement the substrate with a buffered medium. In contrast, Espafia-Gamboa et al.
(2012) achieved a VFA content reduction of 54.2% after treating alkalinity-corrected sugarcane
vinasse in a UASB reactor, similar to the maximum removal reported in the present study.
Furthermore, it is suggested that VVFA concentrations above 2,000 mgHAc L™ may inhibit
the metanogenic microbiota (TEZEL; TANDUKAR; PAVLOSTATHIS, 2011; GRADY
JUNIOR et al., 2011). However, although the present system exhibited an average inflow
acidity load of 5,202.00 mgHAc L™, it demonstrated stability in the anaerobic digestion process,
a fact corroborated by the relations between acidity and alkalinity levels. The average I1A/PA
ratios of the collected influent and effluent samples were 0.83 (standard deviation (SD) of 0.33)
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and 0.34 (0.08), respectively. The lower effluent ratio justifies the simultaneous increase,
together with PA elevation, of total alkalinity (TA) at the system outlet (Figure 2b). On the
other hand, the respective average ratios between VFA and TA concentrations (VFA/TA) for
the UASB reactor's inlet and outlet were 0.99 (0.26) and 0.59 (0.13). Despite the ratios
calculated in the present study being above the values recommended in the literature — 0.3 for
IA/PA and 0.4 for VFA/TA (RIPLEY; BOYLE; CONVERSE, 1986; LI et al., 2014; ISSAH;
KABERA, 2021) —, the assessed anaerobic system presented sufficient buffering capacity for
the treatment process stabilization, which is evidenced by the reduction of the average ratios
between influent and effluent samples. In this regard, Pereira, Campos, and Moterani (2009)
pointed out that, given the wastewater diversity, even anaerobic reactors with ratios above those
indicated may ensure enough buffering potential for the maintenance of the biodegradation
process.

Besides indicating the operational stability of the anaerobic system, the reduced acidity
generated a more suitable effluent to be applied in the fertigation of crops (e.g., sugarcane) since
the disposal of wastewater with high VFA content may reduce the pH of the soil and increase
its acidity in the long term, thus impairing agricultural productivity. On the other hand, due to
its remaining acidity level, applying controlled effluent doses can inhibit the reproduction of
phytopathogenic organisms in crops, such as fungi (e.g., Athelia rolfsii, Verticillium dahliae,
Rhizoctonia solani) and nematodes (e.g., Meloidogyne javanica, M. incognita) (PEDROSA et
al., 2005; SAMANIEGO G.; PEDROZA-SANDOVAL, 2013; SWILLING etal., 2021; FUESS
etal., 2021).
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Figure 2 — Variation of (a) pH; (b) partial (PA), intermediate (Al), and total alkalinity (TA);
and (c) acidity (VFA-based content) between influent and effluent samples collected during the

operational phase of the anaerobic system.
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3.1.2 Organic matter removal and CH4 productivity

Figure 3 displays the reduction of COD: levels between inlet and outlet samples from the
anaerobic treatment plant, whereas Figure 4 reports the temporal variation of the system's CHa
yield and productivity along with their respective theoretical estimates calculated from
Equations 1 and 2. The excessive application of organic material in agricultural fields may
reduce the dissolved oxygen levels of the water content of soil, which may impair its structure
due to negative impacts on the microbiological community (FUESS; RODRIGUES; GARCIA,
2017). Based on this premise, the COD: content reduced 69% on average (SD = 8%) throughout
the anaerobic treatment assessed in this study, reaching a maximum efficiency of 81%,
therefore providing a greater environmental safety of the effluent for its further application as
a biofertilizer.

Moreover, the anaerobic co-digestion promoted a satisfactory conversion of COD; into
CHa because of the proper UASB reactor operation, which explains the efficient minimization
of the effluent’s organic load (Figure 3). The average daily CH4 output was 3.70 L, peaking at
4.88 L. Similarly, the system provided average and maximum productivities of 221 mLCH4
gCODrem™ (SD = 44 mLCH4 gCODrem™) and 308 mLCH4 gCODyrem™, respectively. It can be
noted in Figure 4 that, despite the observed CHj yield and productivity curves having presented
similar behavior overall, their respective maximum points occurred at different times (day 36
for yield and day 54 for productivity). A possible explanation for this event is the desynchrony
between COD; removal (weekly) and CH4 yield (daily) measurements, resulting in under- or
overestimated productivities. In addition, the presence of non-biodegradable organic material
in the substrate and its subsequent incorporation into the system's biosolids (data not shown),
which consequently reduces the CH4 output even though COD; removal occurs, are facts that
can also clarify inconsistencies between theoretical and observed results.

Furthermore, regarding the quality of biogas produced during the co-digestion operation,
the arithmetic average volume contents of CH4 and CO2 were 66.47% (SD = 1.76%) and
11.43% (1.47%), respectively. These results suggest adequate stability of the anaerobic system
and satisfactory levels of energy recovery from the substrate organic content. Concerning the
CO. concentration in biogas, there was no significant difference in its temporal variability
among the samples collected throughout the system operation. The gradual accumulation of
this compound in biogas may indicate operational disturbances in anaerobic reactors once the

amount of COz in gaseous form is proportional to its dissolved concentration in the liquid phase,
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whose accumulation can acidify the medium (CERON-CHAFLA et al., 2020; SINGH;
MULLER; SCHNURER, 2021).

Table 5 compiles recent studies that have analyzed the performance of anaerobic systems
treating sugarcane vinasse with or without the addition of co-substrates, focusing on data related
to the COD¢ removal as well as CH4 productivity and its content in biogas. Overall, the average
and maximum results presented in the present section are similar to those reported in the
scientific literature (Table 5). Higher performances may be justified by operational strategies
incorporated into anaerobic reactors, i.e., thermophilic conditions, effluent recirculation, and
two-stage system. Moreover, the compositional variability of the co-substrates (and the
sugarcane vinasse itself), besides applying different OLRs and pretreatment strategies such as
adding nutrient solution and alkalinizing compound, can lead to treatability and CHa
productivity that diverge from those achieved in the present study (DEL NERY et al., 2018;
NAKASHIMA; OLIVEIRA JUNIOR, 2020; RAMOS et al.,, 2021; KIANI; PARSAEE;
MAHDAVIFAR, 2021).
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Table 5 — Performance of anaerobic systems promoting mono- and co-digestion of sugarcane vinasse under different operational conditions.

Operational conditions Maximum performance
Reference
System Co-substrate / o
(scale) proportion* Strategy T OLR Ecoo e Yock
U'A‘Sislé;ab' - R 20-30 50-75 77.0 185 53.0 Barros, Duda, and Oliveira (2016)
UASiISIé;ab- - — 55 25.0 72.6 251 58.4 Ferraz Janior et al. (2016)
UASB (lab- _ - 40 1.4-96 — 239 - Janke et al. (2016)
scale)
ASTBR (lab- - 2 55 25.0 73.9 301 70.0 Fuess et al. (2017b)
scale)
UASB (lab.) - R 22 32.3 87.5 299 68.8 Del Nery et al. (2018)
AnSBBR
(lab-scale) - - 55 6.5 84.6 263 73.0 Albuquerque et al. (2019)
AF;BCEISab' - 2 30 8.0 85.0 270 86.0 Ramos et al. (2021)
UASB (lab-  Dairy secgndary effluent 3 2 16 810 308 68.4 This study
scale) [1:1 (vIv)
UASB (lab- Filter cake / 2+R 54-56  28.0-300  60.0 230 79.0 Barros et al. (2017)
scale) 40 g L inasse
AnSBBR Cheese whey /
(lab-scale) 11 (M) R 30 6.3 87.0 289 79.7 Lovato et al. (2019)
AnSBBR Cheese whey /
(Iab-scale) 75:25 (M) R 30 15.3 89.0 353 72.0 Sousa et al. (2019)
ANnSBBR Cheese whey / Albuquerque, Ratusznei, and
(lab-scale) 75:25 (COD) - 55 250 720 343 710 Rodrigues (2019)
Batch reactor Distilled glycerol /
(Ilab-scale) 1:1 (COD) - 30 - 97.0 352 — Borges et al. (2021)

* = proportion or mixing ratio in the following order: vinasse:co-substrate; R = effluent recirculation; 2 = two-stage system; T = reactor temperature (°C); OLR = organic loading
rate applied to the reactor (kgCOD m= d); Ecop = substrate COD; removal efficiency (%); ycra = CH4 productivity (mLCHs gCODrem™); %cra = CH4 content in the biogas (%);
ANSBBR = anaerobic sequencing batch biofilm reactor; ASTBR = anaerobic structured-bed reactor; UASB = upflow anaerobic sludge blanket.

Source: From the author (2022).
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Figure 3 — Variation of total chemical oxygen demand (CODy) contents between influent and

effluent samples collected during the operational phase of the anaerobic system.
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Figure 4 — Daily CHs yield and productivity of the anaerobic system and their respective

average results and theoretical estimates. CODyem = COD; removed weekly.
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3.1.3 Suspended solids removal

Suspended solids reduction by the anaerobic treatment (Figure 5) is mainly targeted when
installing and operating effluent conduction and distribution systems for fertigation, whereas it
can avoid clogging of irrigation equipment (SILVA et al., 2017; SHI et al., 2022). In addition,
the application of wastewater containing high solids content may reduce soil permeability in
the long term (ALAYU; LETA, 2021). In this context, the average removal efficiencies by the
anaerobic system evaluated in this study were 48% (SD = 16%) for TSS and 51% (17%) for
VSS, with respective maximum values of 69% and 75%. Moreover, the inflow and outflow
samples from the UASB reactor presented ratios between the average contents of VSS and TSS
(VSS/TSS) of approximately 80%, revealing a predominantly organic content in the substrate.

Removal efficiency results similar to those reported in the present section were obtained
in studies that evaluated sugarcane vinasse anaerobic digestion. For example, Barros, Duda,
and Oliveira (2016) and Del Nery et al. (2018) recorded reductions of 44.9% and 55.2% of TSS
and 57.0 and 62.2% of VSS, respectively, by using lab-scale UASB reactors equipped with a
recirculation system. However, no data was explicitly found on suspended solids removal

regarding published works analyzing vinasse co-digestion.

Figure 5 — Variation of volatile (VSS) and total suspended solids (TSS) contents between
influent and effluent samples collected during the operational phase of the anaerobic system,

excluding data from the first two weeks of operation due to sludge leakage from the system.
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3.1.4 Nutrient removal

Wastewater treatment for further effluent reuse in agriculture should be designed focusing
on low nutrient removal, an inherent characteristic of conventional anaerobic systems (MA et
al., 2018; DOYENI et al., 2021; VAISH et al., 2022). Toward this purpose, the analysis of
nitrogen (Figure 6a), phosphorus (Figure 6b), and potassium (Figure 6¢) contents, the main
plant macronutrients, was fundamental for determining the fertilizing potential of the substrate
evaluated in this study. As a result, the average nitrogen-phosphorus-potassium (NPK) ratio
reduced from 25:15:275 in the influent to 15:12:275 in the effluent, considering the TKN, P,
and K levels. Although this last ratio is insufficient facing the optimal NPK dose recommended
for application in sugarcane crops — 281:140:275 kg ha', according to Kandhro et al. (2021) —
, the experimental treatment plant provided the combined generation of stabilized biosolids
(which are evaluated regarding their physical and chemical properties in Section 3.2.3) and the
reduction of the demand for synthetic mineral fertilizers. In turn, taking into account the COD¢
content, the average COD-nitrogen-phosphorus ratio (COD:N:P) ranged from 398:1.7:1
(influent) to 151:1.2:1 (effluent), revealing the organic load mineralization and the nutrient
content maintenance by the anaerobic treatment, which therefore increased the agricultural
reuse capacity of the effluent (PIGOLI et al., 2021).

Regarding the individual analysis of nutrient contents of inlet and outlet samples from the
evaluated anaerobic system, the average TKN removal efficiency (Figure 6a) was 42% (SD =
14%), with a maximum of 73%. The average result is slightly higher than reductions reported
in sugarcane vinasse co-digestion studies, such as by Syaichurrozi et al. (2016) (37.6% of TKN
removal) and Barros et al. (2017) (30.0%), which used tofu processing wastewater and filter
cake as co-substrates, respectively. Despite the nitrogen deficiency of the influent substrate in
the present study (average COD:N:P = 398:1.7:1), the anaerobic digestion process occurred
stably during the operational phase, even though the optimal ratio suggested by Annachhatre
(1996) for anaerobic systems is 300-500:5:1.

In parallel to the TKN decrease, the UASB reactor's outlet sample showed an increase in
the average N-NH4* concentration (+0.28 mg L) (Figure 6a); and the system had significant
variability in removals of this compound throughout the operation, with an average efficiency
of 6% (SD = 55%). As well as the alkalinity increment of the effluent (see Section 3.1.1), the
elevation in N-NH.* contents within anaerobic systems can be explained by the ammonification
process due to the hydrolysis of proteins of the substrate, a phenomenon that has also been

observed in experiments of sugarcane vinasse mono- (VLYSSIDES et al., 2010) and co-
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digestion (BARROS et al., 2017; NATHIA-NEVES et al., 2018). Consequently, in this study,
the average N-NH4":TKN ratio increased from 8.61% in the influent to 15.49% in the effluent,
highlighting the decrease in the predominance of organic nitrogen (i.e., unavailable form) after
the anaerobic processing. Furthermore, if not directly absorbed by plants after soil disposal, the
N-NH4" content of the effluent is rapidly converted to nitrate, another compound that could be
assimilated (SOGN et al., 2018).

Simultaneously, the system promoted average and maximum P; reductions (Figure 6b) of
19% (SD = 20%) and 69%, respectively. Similar results were reported by Espafia-Gamboa et
al. (2012) and Barros, Duda, and Oliveira (2016), who respectively achieved phosphorus
removals of 20.4% and 25.3% during the anaerobic treatment of sugarcane vinasse in a lab-
scale UASB reactor. The addition of operational modifications to the UASB reactor, such as a
two-stage system, effluent recirculation, and maintenance of thermophilic conditions, together
with nutritional supplementation by the co-digestion technique, can lead to considerable
reductions in vinasse Pt concentrations (up to 73.0%), as reported by Barros et al. (2017).

On the other hand, the K; contents assessed in the present study (Figure 6¢) had low or no
reductions after the promoted treatment, as expected for conventional anaerobic systems
(SIQUEIRA; DAMIANO; SILVA, 2016; BARROS; DUDA; OLIVEIRA, 2016). The average
removal efficiency was -3% (SD = 5%), with a maximum value of 4%. The average influent
potassium concentration was 339.49 mg L (SD = 32.03 mg L1), which is defined within the
ideal nutritional range to develop microorganisms responsible for the anaerobic digestion
process (200-400 mgK; L) (ZUPANCIC; GRILC, 2012). The negative efficiencies, which
were also recorded by Espinosa et al. (1995) and Barros et al. (2017), may be due to
inconsistencies in the repetitions performed during the analytical measurement procedures,
given that the inflow and outflow samples to the system exhibited K levels relatively similar to
each other in this study.

In summary, for a concise evaluation of the real fertilizing potential of the effluent
generated by the proposed anaerobic treatment system, it is recommended for future research
to determine the available nutrient content for crops (e.g., nitrate, phosphate, exchangeable

potassium), which were not measured during the execution of this experiment.
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Figure 6 — Variation of (a) total Kjeldahl nitrogen (TKN) and ammoniacal nitrogen (N-NH4"),
(b) total phosphorus (Pt), and (c) total potassium (K:) contents between influent and effluent
samples collected during the operational phase of the anaerobic system, excluding data from
the first two weeks of operation due to sludge leakage from the system.

50

S
n

=
=)

(78]
(¥

(5]
(=]

M Influent
7 Effluent

8
I
I

Nitrogen concentration (mg L-"")
— o
W ]

—
(=}

|
I

(@ NTK N-NH4+

(78]
(=]

25

20

15

Phosphorus concentration (mg L)

10

5
(b) Influent Effluent

420

400

W
(=]
(=]

Potassium concentration (mg L)
() (3]
&= =
S S

320

300
(C) Influent Effluent

Source: From the author (2022).
117



3.1.5 Phenol and sulfate removal

Phenols and sulfates are recalcitrant organic compounds often present in high
concentrations in sugarcane vinasse and may be toxic to the anaerobic microbiota, depending
on the load applied to the treatment system. In terms of negative environmental impacts, the
inadequate disposal of phenol-rich wastewater in agricultural soil can inhibit seed germination
and reduce the soil microbial activity, impairing biogeochemical cycles working in terrestrial
and aquatic spheres. Moreover, high sulfate levels in soils under anaerobic conditions can be
reduced to sulfides, especially H»S, a toxic and corrosive gas responsible for emanating foul
odors. Given this context, biomasses adequately adapted to the presence of these compounds
are essential for maintaining the anaerobic treatment stability and higher quality effluent output
for use in fertigation, despite the adversities (ROBLES-GONZALEZ et al., 2012; FUESS;
RODRIGUES; GARCIA, 2017; DE GODOI et al., 2019a; DE GODOI et al., 2019b).

Phenolic compounds in vinasse, usually found between 450 and 469 mg L™, originate
from the lignocellulosic biomass processing in sugar-ethanol mills (PARSAEE; KIANI,
KARIMI, 2019; DE GODOI et al., 2019b). In this study, the mixture of co-substrates resulted
in an average influent phenol concentration of 110.55 mg L™ (SD = 35.44 mg L), thus posing
no toxicity risk to anaerobic microorganisms during the treatment, whose inhibition occurs
above 700 mg L, according to Neufeld, Mack, and Strakey (1980). Under these conditions,
the monitored anaerobic system promoted an average phenol removal (Figure 7a) of 51% (SD
= 16%), peaking at 77%. For instance, Reis et al. (2019) characterized samples of raw and
digested (in a lab-scale UASB reactor) vinasse provided by an industrial plant producing
sugarcane ethanol. Similar to the present experiment, the treated sample presented a phenol
concentration 49.5% lower than the in natura substrate. On the other hand, higher efficiencies
(74 to 79%) were reported by Villa-Montoya, Ferro, and Oliveira (2017), who subjected coffee
processing wastewater (an agro-industrial waste, as well as the co-substrates used in the present
study) to treatment in a two-stage anaerobic system composed of lab-scale UASB reactors.

From another perspective, the anaerobic biodegradation of phenolic compounds may be
related to the sulfate content in the substrate composition, as sulfate-reducing bacteria (SRB)
can use aromatic organic compounds (e.g., phenols) as electron donors (DE GODOI et al.,
2019a). In this regard, in the present study, the average influent sulfate concentration was 80.60
mg L (SD = 33.85 mg L), which results from a low content of these compounds in the
collected sugarcane vinasse samples (see Table 1) compared to that commonly reported in the
literature (669-3,298 mgSO4% L%, according to de Godoi et al. (2019b)). One hypothesis for
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the reduced sulfate content is the lower applied dose of dilute sulfuric acid — which ensures the
conversion of complex carbohydrates into fermentable monosaccharides during the sugarcane
juice pretreatment step (ROQUE et al., 2019) — by the cachaca industrial plant that provided
the vinasse for conducting this experiment. Consequently, the average COD:-to-sulfate ratio
(COD:S04+%*) was higher than 10, thus favoring methanogenesis over sulfidogenesis in the
assessed anaerobic system (JIMENEZ et al., 2018; DE GODOI et al., 2019b; OLIVEIRA et
al., 2021). As a result, the biogas produced during the operational phase showed an average
volumetric H2S level of 53 ppm (SD = 40.52 ppm), also allowing for cost reduction regarding
desulfurization procedures, as low concentrations of this compound were detected in biogas
(FUESS et al., 2018). Comparatively, the volumetric content of H»S in biogas yielded in vinasse
anaerobic digestion experiments often ranges around 1% (FUESS et al., 2018; PARSAEE;
KIANI; KARIMI, 2019; SILVA NETO et al., 2019).

As for analyzing the sulfate content decrease (Figure 7b), the proposed anaerobic
treatment provided average and maximum efficiencies of 25% (SD = 23%) and 67%,
respectively. Similar to the present investigation, Contreras-Contreras et al. (2020) achieved
sulfate removal of 24.4% by operating a lab-scale UASB reactor, albeit under thermophilic
conditions, to treat sugarcane vinasse. However, studies that contemplate vinasse mono- or co-
digestion generally report substantial removals of these compounds and can reach 100%
depending on the treatment system operational configuration (SOUZA; FUZARO;
POLEGATO, 1992; ESPINOSA et al., 1995; VLYSSIDES et al., 2010; ESPANA-GAMBOA
etal., 2012; DEL NERY etal., 2018; BROWN et al., 2019; RAMOS et al., 2021; BORGES et
al., 2021). The lower efficiencies reported in the present study can be explained by the low
sulfate influent load, which may have provided unfavorable conditions for growing SRB in the
UASB reactor's microbiota and a lower sulfate-to-H>S conversion rate, consequently (BROWN
etal., 2019).
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Figure 7 — Variation of (a) phenol and (b) sulfate contents between influent and effluent samples
collected during the operational phase of the anaerobic system.
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3.2 Evolution of the biosolids

In the following subsections, the periodic evolution of the microbial community acting
within the UASB reactor will be examined throughout its operational phase, both in terms of
microorganism identification through sequencing by synthesis (Section 3.2.1) and
methanogenic potential from SMA assays (Section 3.2.2). Additionally, the temporal variation
of physical and chemical properties of the system's solids profile (Section 3.2.3) will be

discussed in order to assess its fertilizing potential.

3.2.1 Microbiota

Table 6 displays the diversity-a indices, and Figure 8 reports the relative microbial
abundance of each biomass sampled monthly from the UASB reactor since its inoculation. Both
graphical demonstrations originated from recovered sequence data of archaea and bacteria
through NGS analysis, which is fully arranged in Table A2 (see Appendices). From the results
in Table 6, it is possible to infer that, compared to the inoculum, the first month's sample
presented an increase in the microbial diversity (Shannon index (H') = 2.9121) due to the
reduction in the ecological dominance (Pielou's equability (J) = 0.8005), despite decreasing the
species richness (38 operational taxonomic units (OTUS)). In the following month, both indices
decreased along with the richness increase, therefore indicating that rare species have grown in
the system. Nevertheless, the equitability raised concomitantly with dropping OTUs at the end
of the operation, which may reflect a greater species' selection and a balance in the anaerobic
microbiota dynamics as a result of its acclimation to the substrate. Compared to the inoculum,
the drop in the species richness and biodiversity of biomasses collected throughout the stable
operational phase of anaerobic systems was also observed by Fontana et al. (2020), Iltchenco
etal. (2021), and Volpi et al. (2021), when treating agro-industrial wastes (including sugarcane
vinasse). This phenomenon results from microbial adaptation and selectivity facing adverse

conditions (e.g., substrates containing inhibitor compounds and inadequate COD:N:P ratio).
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Figure 8 — Relative microbial abundance (> 1%) in terms of (a) phylum, (b) order, and (c) genus
of biomasses collected monthly from the evaluated anaerobic system.
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Table 6 — NGS data and diversity-a indices of biomasses collected monthly from the evaluated
anaerobic system.

Samples Sequences @ OTUs® H' J

Inoculum 4,648 55 2.8024 0.6993
Month 1 1,909 38 2.9121 0.8005
Month 2 3,165 45 2.8405 0.7462
Month 3 2,127 40 2.7761 0.7526

a = number of short-read sequences; b = number of operational taxonomic units (OTUs); H' = Shannon index; J =
Pielou's evenness.

Source: From the author (2022).

3.2.1.1 Bacteroidetes, Firmicutes, and Chloroflexi

Overall, the analyzed biomasses exhibited a predominance of Bacteroidetes, Firmicutes,
and Chloroflexi (Figure 8a), phyla that in association exert metabolic functions corresponding
to the initial anaerobic digestion steps, i.e., hydrolysis, acidogenesis, and acetogenesis
(CHOJNACKA et al., 2015; SIKORA et al., 2017). As a potential process stability indicator, a
lower Firmicutes to Bacteoidetes (F/B) population ratio in biomass from anaerobic bioreactors
should be aimed for (CHEN et al.,, 2016; ILTCHENCO et al., 2021). This is because
Bacteroidetes have a greater ability to convert complex organic molecules into monomers than
Firmicutes, especially in anaerobic systems with high OLR and VFA content (LIU et al., 2009;
CHEN et al., 2016). In this perspective, the F/B ratios in the present study were 0.77, 1.59,
0.85, and 0.64 for the inoculum and samples referring to the first, second, and third operational
months, respectively, which probably reflects a gradual equilibrium of microbial dynamics
acting in the evaluated anaerobic system. Despite the Bacteroidetes decrease in the first month
since the inoculation (-6.4%), its relative abundance increased steadily until the end of the
operation (+21.4%). In contrast, after the increase in the first month (+7.9% and +6.6%),
bacteria belonging to the respective phyla Firmicutes and Chloroflexi maintained a stable
relative abundance (SD = 0.71% and 0.55%, respectively) over the operational phase. Similarly,
at least one of these three phyla (Bacteroidetes, Firmicutes, and Chloroflexi) were predominant
in studies evaluating sugarcane vinasse mono- or co-digestion using bioreactors with different
operational configurations (ESPANA-GAMBOA et al., 2012; MARTINEZ; ROMERO;
PEROTTI, 2014; DOS REIS et al., 2015; DIAS et al., 2016; BARROS et al., 2017; CALLEJAS
etal., 2021; ILTCHENCO et al., 2021; VOLPI et al., 2021).
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Regarding the hydrolytic and acidogenic fermentative bacteria of the phylum
Bacteroidetes (Figure 8a), the genera identified in this study were, in decreasing order of
average relative abundance, Parabacteroides, Petrimonas, and Macellibacteroides (Figure 8c),
all belonging to the family Porphyromonadaceae (order Bacteroidales — Figure 8b). Members
of these genera exhibit optimal growth at pH within 7.0-7.5, 8.0-9.0, and 6.5-7.5, respectively,
encompassing the influent and effluent pH values observed in the present study (see Tables 4
and Al — Appendices) (JABARI et al., 2012; TAN et al., 2012; BARROS et al., 2017).
Therefore, the substrate possibly presented favorable conditions for growing these
microorganisms during the operational phase of the assessed anaerobic system (Figures 8a, 8b,
and 8c). As for their metabolism, the bacteria of the phylum Bacteroidetes act in the
carbohydrate and protein biodegradation, thus generating precursor byproducts of the
acetogenesis and methanogenesis stages, such as acetate, propionate, succinate, butyrate, Ho,
and CO2 (BARROS et al.,, 2017; ILTCHENCO et al., 2021; MERCADO; KOYAMA,
NAKASAKI, 2022).

In turn, the phylum Chloroflexi (Figure 8a) was composed only of bacteria from the
family Anaerolineaceae (order Anaerolineales — Figure 8b), once more specific taxa were not
identified through the NGS. Although their functionality is not yet well defined in anaerobic
communities, members of this phylum possess both hydrolytic and acidogenic fermentative
capacities to degrade diverse carbohydrates such as glucose, fructose, xylose, sucrose,
cellulose, and starch, as well as amino acids and peptides (SIKORA et al., 2017; ANTWI et al.,
2017; NAKASAKI et al., 2019; FINCKER et al., 2020; MA; CHEN; NDEGWA, 2021;
BOVIO-WINKLER; CABEZAS; ETCHEBEHERE, 2021). Moreover, they present
filamentous growth, thereby contributing to a granular anaerobic sludge formation and
sedimentation in bioreactors, which may increase the treatment performance as a whole
(BOVIO-WINKLER; CABEZAS; ETCHEBEHERE, 2021).

In parallel, bacteria belonging to the phylum Firmicutes (Figure 8a) perform diverse
metabolic functions, such as polysaccharide and protein hydrolysis, amino acid and
monosaccharide acidogenic fermentation, and homoacetogenesis, processes that combined
significantly impact methanogenic activity due to the potential to provide substrates in the
medium, e.g., acetate, Ha, CO3, and intermediate VFA (SOKOLOVA et al., 2002; SIKORA et
al., 2017; STREPIS et al., 2020; NTAGIA et al., 2020; ILTCHENCO et al., 2021; MA; CHEN;
NDEGWA, 2021; YANG et al., 2022a; YANG et al., 2022b). In addition, some

microorganisms of this phylum (viz., species belonging to the genus Streptococcus and the
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family Veillonellaceae) can assist in biofilm and granular sludge formation in anaerobic
systems (HUNG et al., 2007; SIKORA et al., 2017; YANG et al., 2022b). In this study, the
following genera classified as Firmicutes were detected (Figure 8c): Carboxydocella,
Acetobacterium, Clostridium, and Terrisporobacter (belonging to the order Clostridiales, class
Clostridia); Trichococcus and Streptococcus (order Lactobacillales, class Bacilli); and other
unidentified ones from the family Veillonellaceae (order Selenomonadales, class
Negativicutes).

Based on Figure 8c, it is possible to note that the genera Acetobacterium, Clostridium,
and Terrisporobacter did not present significant relative abundance (< 1%) in the last operating
month of the anaerobic system, despite the order Clostridiales was detected in the same period
(Figure 8b). The NGS technique limitations related to identifying more specific taxa, such as
certain genera (see the predominance of unidentified organisms — 'Others’ — in Figure 8c), may
explain these divergences between the obtained sequences (WINAND et al., 2020). On the
other hand, the sequencing was able to detect, at the end of the operation, a microbial growth
of the order Lactobacillales (+4.5%) (Figure 8b), corresponding to the population increase of
the genus Trichococcus (+4.5% — Figure 8c) in this same time interval. Furthermore, the family
Veillonellaceae (order Selenomonadales — Figure 8b) and the genus Streptococcus (Figure 8c)
were observed only in the inoculum sample. These and other microbial groups only in the
biomass used for the UASB reactor's inoculation justify its higher richness than the other

samples evaluated in this study, which presented fewer OTUs (Table 6).

3.2.1.2 Ignavibacteriae, Proteobacteria, and Caldiserica

Unlike the phyla mentioned above, Ignavibacteriae, Proteobacteria, and Caldiserica (in
decreasing order of average predominance, considering all the analyzed samples) exhibited a
constant decline throughout the operation (Figure 8a). Compared to the inoculum, the following
variations in relative abundance occurred at the end of the experimental period: Ignavibacteriae
(-20.8%), Proteobacteria (-11.9%), and Caldiserica (-4.7%). The first phylum encompasses the
class Ignavibacteria, which was detected in the evaluated samples (see Table A2 — Appendices)
and represents a group of iron-reducing bacteria (IRB); while the last phylum includes the class
Caldisericia, whose bacteria perform the reduction of sulfur compounds (including sulfates),
and can therefore act as SRB (AHMED et al., 2018; MARTINEZ et al., 2019). The constant
reduction in the relative abundance of these two bacterial groups may have been caused
hypothetically by insufficient oxidized iron (not analyzed in the present study) and sulfur
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contents (low influent sulfate concentration — see Table 4 and Section 3.1.5) in the co-substrates
used in the present experiment.

On the other hand, the NGS detected more specific taxa for the phylum Proteobacteria
(Figures 8b and 8c), which belong to the following classes: a- (order Rhizobiales); B- (genus
Acidovorax, order Burkholderiales); y- (family Ectothiorhodospiraceae, order Chromatiales);
and d&-proteobacteria (family Syntrophaceae and genus Desulfovibrio, respectively of the orders
Syntrophobacterales and Desulfovibrionales). The diverse metabolic functions of
microorganisms belonging to this phylum include hydrolytic and acidogenic fermentation,
nitrogen fixation, denitrification, acetogenesis, sulfidogenesis, and sulfide and thiosulfate
oxidation (LI et al., 2013; BERG et al., 2014; SIKORA et al., 2017; ST-PIERRE; WRIGHT,
2017; SPOSOB et al., 2021; PASALARI et al., 2021; JANNAT et al., 2021). Interestingly,
Proteobacteria, coexisting with three of the most abundant phyla identified in the present study
(Bacteroidetes, Firmicutes, and Chloroflexi — see Section 3.2.1.1), can form a symbiotic
community and act in the biodegradation of phenolic compounds (see Section 3.1.5) (CHEN et
al., 2017). In another perspective, as can be seen in Figure 8c, the development of Desulfovibrio
(order Desulfovibrionales — Figure 8b) at the end of the operational phase may be related to a
higher H2S proportion in biogas (+87 ppm), which occurred on the 76" operating day, compared
to the immediately preceding measurement (61 day), which confirms the action of these
bacteria in the system (KARNACHUK et al., 2021). Moreover, except for this SRB group, all
genera and orders of microorganisms classified as Proteobacteria (Figures 8b and 8c) were
identified only in the inoculum sample, which reinforces its higher richness (Table 6) than the
other analyzed biomasses. Similar to the phenomenon observed in the present study (Figure
8a), lltchenco et al. (2021) and Callejas et al. (2021) also reported a gradual population
reduction of this phylum during experiments conducting sugarcane vinasse anaerobic treatment

under mesophilic conditions.

3.2.1.3 Euryarchaeota

Regarding the Archaea domain dynamics in the evaluated treatment system, the phylum
Euryarchaeota had an average relative abundance of 9.81% (SD = 0.99%) in the first three
months of the operational phase; however, the inoculum did not contain a significant population
(< 1%) of this group (Figure 8a). The spontaneous cultivation of methanogenic microorganisms
reveals an adequate acclimation of the anaerobic microbial consortium facing the
environmental conditions provided by the substrate, thereby indicating an appropriate
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metabolic interaction balancing resulting from interdependence relationships among bacteria
and archaea in the medium (WOJCIESZAK et al., 2017). Whereas there was a predominance
of acetoclastic methanogenic archaea (genus Methanosaeta, order Methanosarcinales) in the
first operating month, a scenario reversal occurred gradually in the last month, when the group
with the highest relative abundance became hydrogenotrophic methanogens of the genera
Methanobacterium and Methanobrevibacter, both belonging to the order Methanobacteriales
(Figures 8b and 8c). These two archaea groups produce CHs through distinct metabolic
pathways: acetoclastic methanogenesis occurs by converting acetate, a substrate used as a
carbon and energy source, to CH4 and CO3; while the hydrogenotrophic pathway consists of
reducing CO2 to CH4 using Hz as an electron donor, being more energy-efficient than the
acetoclastic process (SIKORA et al., 2017; LACKNER et al., 2018; STAMS; TEUSINK;
SOUSA, 2019). Methanosaeta specialists, which operate in optimal temperature and pH ranges
of 35-60 °C and 7.0-7.5, respectively, exclusively utilize acetate as an organic and energy
source, unlike generalist acetoclasts that can also metabolize, for instance, methylamine (e.g.,
genus Methanosarcina). On the other hand, the hydrogenotrophs Methanobacterium and
Methanobrevibacter have greater metabolic flexibility by being able to utilize formate as
substrate in addition to H, with an optimal activity occurring at temperatures within 37-45 °C
and pH 6.6-7.8 (LIU; WHITMAN, 2008; DEMIREL; SCHERER, 2008).

Several factors may have favored the growth of hydrogenotrophs over acetoclasts in this
study. In this regard, microorganisms belonging to the order Methanobacteriales, unlike
acetoclastic archaea, are endowed with biological mechanisms that favor their resistance and
tolerance to extreme environmental conditions, e.g., high VFA concentrations, a circumstance
reported in this study (see Table 4) (KOUGIAS et al., 2016; VENKITESHWARAN et al.,
2017). Thus, replacing the predominance of acetoclastic archaea with hydrogenotrophic ones
throughout the operation (Figures 8b and 8c) may have occurred in response to increasing the
average influent VFA content in the last monitored month (+1,764.90 mg L™, assuming the
average observed in the first month as a reference — see Table Al (Appendices)). Variations in
physical and chemical properties of vinasse, commonly seen in sugarcane harvest periods, may
explain this increase in the inflow acidity content (DE GODOI et al., 2019b). Similar to the
present study, the predominance of methanogenic archaea acting by the hydrogenotrophic
pathway (e.g., Methanobacterium, Methanoculleus, Methanothermobacter genera) is reported

during the stable operational phase of sugarcane vinasse mono- or co-digestion experiments
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(MARTINEZ; ROMERO; PEROTTI, 2014; DOS REIS et al., 2015; BARROS et al., 2017;
VOLPI et al., 2021).

The existence of bacteria capable of establishing syntrophic relationships with
hydrogenotrophic methanogenic archaea is also a potential determining factor for higher CH4
productivity via hydrogenotrophy in an anaerobic treatment system (EMBREE et al., 2015).
Given the surplus H produced by fermentative bacteria belonging mainly to the orders
Bacteroidales, Clostridiales, and Anaerolineales (Figure 8b), the coexistence of
hydrogenotrophic organisms is essential to maintaining a low H partial pressure in the
anaerobic system, which prevents intoxication and inhibition of the microbial consortium
(YAMADA et al., 2006; YAMADA,; SEKIGUCHI, 2009; SIKORA et al., 2017). In addition
to hydrogenotrophic archaea, H2 consumption in mesophilic bioreactors also occurs by the role
of SRB and homoacetogenic bacteria, albeit in smaller proportions (CHERNICHARO, 2016;
TSAPEKOS; ALVARADO-MORALES; ANGELIDAKI, 2022). Although SRB compete for
H> consumption with hydrogenotrophic archaea, in anaerobic systems with a low predominance
of acetoclasts (as verified at the end of the experimental period of the present study), some
strains of the genus Desulfovibrio (Figure 8c) may assimilate acetate and CO; for their
anabolism, which therefore contributes to avoiding the acetate accumulation in the system and
its consequent acidification (BADZIONG; DITTER; THAUER, 1979; EMBREE et al., 2015;
RABELO et al., 2018). In contrast, homoacetogenic microorganisms propitiate the acetate
formation based on the Hz> and CO> metabolization, also increasing its concentration in the
medium (TSAPEKOS; ALVARADO-MORALES; ANGELIDAKI, 2022). Meanwhile, the
evaluated system did not show any instability signs due to VFA accumulation (see Section
3.1.1), thus indicating an efficient balance between acetate production and consumption (YUE
etal., 2021).

Besides the assimilation by SRB of the genus Desulfovibrio, the acetate balance may
partially result from the action of microorganisms capable of performing syntrophic acetate
oxidation (SAQ), a process in which certain bacterial species (e.g., Clostridium ultunense and
Syntrophaceticus schinkii) oxidize acetate and produce H», formate, and CO> (step i), where the
first two compounds are used as interspecies electron carriers (IECs) by Hz-consuming
microorganisms such as hydrogenotrophic methanogens and SRB (step ii) (TIMMERS et al.,
2018). Nonetheless, as yet, little is known about the physiology and ecology of microorganisms
that act in the SAO initial stage (DYKSMA; JANSEN; GALLERT, 2020). Furthermore, the
high COD:SO4? ratio exhibited in the present study (see details in Section 3.1.5) may have
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benefited the maintenance of archaea of the genus Methanobacterium in the evaluated biomass
(Figure 8c), given that these microorganisms can be inhibited as a result of competition with
SRB for Hz in sulfate-rich environments (RODRIGUEZ et al., 2012; DOS REIS et al., 2015).

3.2.1.4 Pathogens

In a parallel analysis, given the fertilizing potential of the generated biosolids (see Section
3.2.3), it is recommended to evaluate, in future studies, the pathogenicity of the microbiota
contained in its composition before its application in agricultural fields. Although industrially
post-processed crops (e.g., sugarcane) do not require such sanitary precautions as fresh crops,
special attention should be given to agro-industry workers (e.g., from the sugar-ethanol
industry) since the incorrect handling of contaminated sludge may damage collective health. In
this context, in the present study, the inhibition of pathogenic organism groups was reported in
the assessed enriched biomass samples (e.g., order Chromatiales — Figure 8b — belonging to the
class y-proteobacteria), which points to a greater health safety for further reuse of the biosolids
in agriculture (ESPANA-GAMBOA et al., 2012; LUO; ANGELIDAKI, 2014). However, in-
depth microbiological analyses (e.g., helminths and protozoa) should be performed in order to
determine the real pathogenic potential of anaerobic treatment sludge and estimate its probable
epidemiological risks.

3.2.2 Specific methanogenic activity

Table 7 presents the data from the SMA assays conducted throughout the present
experiment, whose results are derived from the cumulative CHa yield graphs shown in Figure
Al (see Appendices). Overall, the methanogenic potentials of the collected biomass samples
were below the data commonly reported in the literature. For instance, Vadlani and
Ramachandran (2008) and Brown et al. (2019) reported SMAs of 0.20 gCODcns gVSS™? d?
(using a mixture of glucose and VFA as a substrate) and 0.34 gCODcns gVSS™ d* (mixture of
formate and acetate), respectively, for biomasses from anaerobic systems treating sugarcane
vinasse. Longaretti et al. (2019) obtained an SMA of 0.10 gCODcwa gTVS™ d! after sampling
biosolids from a UASB reactor annexed within a dairy industry. In turn, anaerobic sludge from
sewage treatment plants (STP) generally has SMAs within 0.10 to 0.40 gCODcna gTVS? d?t
(CHERNICHARO, 2016). Several factors may have negatively impacted the SMA results
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observed in the present study. For example, unfavorable conditions of the UASB reactor's
influent substrate (e.g., high VFA levels — see Table 4 and Section 3.1.1) or aspects related to
the execution of in-lab analytical assays (e.g., inaccuracy inherent to the direct CHs

measurement method, biogas leakage, measurement errors).

Table 7 — Specific methanogenic activity (SMA) of biomasses collected monthly from the
evaluated anaerobic system.

Acetate Formate

sample Cumulgtive Cumulgtive

CH, yield SMA; SMA; CHa yield SMA; SMA;

(mL) (mL)

Inoculum 81.1 10.00 0.025 59.5 28.94 0.073
Month 1 35.1 5.00 0.013 20.7 15.66 0.040
Month 2 38.3 19.46 0.049 29.6 26.90 0.068
Month 3 83.2 20.12 0.051 35.1 22.90 0.058

TVS = total volatile solids; TVS/TS = volatile and total solids ratio; SMA; and SMA; = values of specific
methanogenic activity in mLCH,; gTVS™ d! and gCODcra gTVS™ d?, respectively.

Source: From the author (2022).

Despite the low results, the SMA assays evidenced the variation of anaerobic microbiota
methanogenic potentials throughout the system operation (Table 7). In this regard, compared to
the SMA results of the inoculum sample, there were significant reductions in the methanogenic
activity of the biomass collected in the first month, specifically -48% (using acetate as a
substrate source) and -45% (formate). These sharp drops verified during the initial experimental
phase may be related to microbial consortium responses to adverse conditions of the influent
applied to the UASB reactor. Afterwards, the SMASs increased throughout the operation for
both substrates (viz., acetate and formate) due to a gradual microbial acclimation to the medium
(viz., vinasse and dairy secondary effluent). Moreover, the observed cumulative CH4 yields
from the SMA tests tended to increase proportionally to the variation of methanogenic activity
results, as can be seen in Table 7.

It is essential to highlight that the use of formate as a substrate in the SMA tests is because
this compound, as well as Hz and CO., can be metabolized by part of the hydrogenotrophic
archaea and later converted to CHa, thus allowing to measure the hydrogenotrophic
methanogenic activity. At the same time, the application of acetate as a substrate source allows
quantifying the CH4 generated by acetoclastic methanogenic archaea. Nevertheless, it is
necessary to point out that both acetate and formate can be converted into each other through

reverse biochemical processes conducted by homoacetogenic bacteria (formate into acetate)
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and SAO (acetate into formate), which may be present in the biomass, thus alternating the
predominant methanogenic pathways. For this reason, additional analyses are sometimes
necessary, given the narrow interpretation stemming from SMA tests. On the other hand,
according to the analytical tools employed in this study, applying SMA assays combined with
molecular biology techniques may generate a rich set of interrelated information, which
provides a more accurate analysis of methanogenic processes acting in anaerobic communities
(LOZANO et al., 2009; CRABLE et al., 2011; LINS et al., 2012; MONCADA,; SILVA, 2016;
TIMMERS et al, 2018; KURTH; OP DEN CAMP; WELTE, 2020; TSAPEKOS;
ALVARADO-MORALES; ANGELIDAKI, 2022).

Based on the theoretical background and the SMA data listed in Table 7, the
methanogenic hydrogenotrophic pathway was expected to be predominant in the third month
once the sequencing analyses (Section 3.2.1) showed a predominance of hydrogenotrophic
archaea (order Methanobacteriales — Figure 8b). However, the growth of bacteria of the genus
Desulfovibrio (Figure 8c), which are sulfate-reducing organisms (i.e., SRB), indicates a
possible competition for the same common substrate (H2) for hydrogenotrophic archaea, which
could explain the reduction of the SMA via formate at the end of the experiment (Table 7).
Furthermore, if active in the analyzed biomass samples, homoacetogenic bacteria and SAO
(e.g., phylum Firmicutes' specific strains — Figure 8a) may also have affected the alternation of
methanogenesis metabolic pathways (CHERNICHARO, 2016; TIMMERS et al., 2018;
TSAPEKOS; ALVARADO-MORALES; ANGELIDAKI, 2022).

3.2.3 Physical and chemical properties of the biosolids profile

Surplus biosolids from UASB reactors are stable, nutrient-rich organic materials with a
wide range of applications related to soil improvement, such as fertilizing agricultural fields
and restoring degraded land (CHERNICHARO, 2016; KUMAR; CHOPRA; KUMAR, 2017,
SILVA-LEAL; PEREZ-VIDAL; TORRES-LOZADA, 2021). Therefore, their use in
agriculture has advantages from both technical and economic perspectives (FRANCO et al.,
2010). In light of this, the physical and chemical characteristics of the biosolids generated by
the anaerobic system monitored in the present study were evaluated (Figure 9).
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Figure 9 — Temporal variation of the physical and chemical profile of biosolids extracted

monthly from different sample points of the evaluated UASB reactor — P1, P2, P3, and P4, in

increasing order of height.
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Source: From the author (2022).

Given the extensive cell residence time typical of high-rate anaerobic systems, the
biosolids produced in this study presented a high stabilization degree, evidenced by the
maintenance of TVS/TS ratios lower than 65% (Figure 9) — which is the maximum value
recommended to avoid attracting vectors in sludge to be disposed on soil, according to the
Brazilian legislation (CHERNICHARO, 2016; CONAMA, 2020). Throughout the system
operation, there was a constant reduction in COD: levels of point P1 due to the progressive
organic content mineralization by microbial action, which minimized the biosolids' potential to
pollute soil (BARROS et al., 2017). After the inoculation, 1,035 gCOD: kg* was recorded in
P1; whereas a 41% lower level was observed at the end of the experiment. In parallel,
fluctuations of physical and chemical properties (i.e., CODt, TKN, and Py) occurred in the
UASB reactor's upper profile (viz., P2 to P4) over the experimental period. Occasionally and
contrary to expectations, P2 presented lower concentrations than P3 and P4 samples, which can

be explained by the mass transfer caused by the biogas bubbles formation in the digestion zone
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(viz., P2 region), culminating in the suspension of sedimented solid particles to the settling zone
(viz., P3 and P4) (AFRI; JING; YOUNAS, 2019). On the other hand, P1 aggregates more
sedimentable solids because it is closer to the reactor's bottom, which justifies its high physical
and chemical contents.

In turn, to analyze the biosolids' nutritional content regarding their further application to
agricultural soil, monthly concentrations of a hypothetical mixture of P1 and P2 (1:1 v/v) were
estimated since the disposal sludge collection usually occurs nearest to the bottom of anaerobic
bioreactors. For the respective three operating months, the results were 7,121, 11,654, and
13,732 mgTKN kg?; and 4,318, 6,973, and 7,191 mgP: kg?. Therefore, there was an
accumulation of nutrients throughout the system's operational phase. These estimated nitrogen
and phosphorus contents correspond to the ranges often reported for biosolids, which are, in
terms of dry mass basis, 1,000-210,000 mgTKN kg* e 1,000-36,000 mgP: kg* (TORRI;
CORREA; RENELLA, 2017; SILVA-LEAL; PEREZ-VIDAL; TORRES-LOZADA, 2021).

Furthermore, in order to evaluate the biosolids' fertilizing potential, it is necessary to
verify their NPK dosage. Since the K content of the sludge samples was not determined in this
study, a concentration of 1,000 mgK: kg? was adopted, given that anaerobic biosolids
accumulate low potassium amounts due to the low removal efficiency of this compound by
overall anaerobic treatment systems (CAVALCANTI et al., 2015; TORRI; CORREA;
RENELLA, 2017). Based on these data, the NPK doses estimated in the present study were
1,958:1,188:275, 3,205:1,918:275, and 3,776:1,978:275 for, respectively, the first, second, and
third month of operation. Compared to the ideal dose for sugarcane crops (281:140:275 kg ha’
1y, for instance, it can be seen that the nitrogen and phosphorus contents extrapolated from those
recommended (KANDHRO et al., 2021). Thus, it is fundamental to outline strategies to correct
the excess nutrient contents of the biosolids prior to their disposal in sugarcane fields, e.g.,
mixing them with the liquid effluent produced by the evaluated UASB reactor, whose average
estimated NPK dose presented deficiency in TKN and P (see Section 3.1.4). In summary, the
combined application of biosolids and effluent from anaerobic treatment plants can reduce the
consumption of synthetic mineral fertilizers, thus benefiting the circular bioeconomy in the

agro-industry (e.qg., the sugar-ethanol sector).

133



4 CONCLUSIONS

The proposed co-digestion proved to be an operationally straightforward and technically
efficient treatment strategy. In a novel approach, applying secondary effluent from the dairy
industry as a co-substrate for sugarcane vinasse ensured an effective pollutant removal
combined with CH4 productivities of up to 308 mLCHs gCODrem™. Furthermore, based on the
next-generation sequencing and specific methanogenic activity assays, a progressive
acclimation of the anaerobic microbial community to the substrate was verified, indicating that
the influent mixture to the lab-scale UASB reactor had lower levels of toxicity than those of the
raw vinasse as well as sufficient alkalinity and organic matter-nutrient balance.

Moreover, the microbiological analyses identified an alternation of the predominant
methanogenic pathway throughout the operation, initially indicating a greater relative
abundance of acetoclastic archaea and, at the end of the experiment, the establishment of
hydrogenotrophic archaea as the principal CHs-producing active group. Simultaneously, the
anaerobic system induced the generation of effluent and biosolids, which combined may present
a suitable fertilizing potential for crops, especially sugarcane. In summary, the experiment
efficiently promoted the energy recovery from the co-substrates as well as the generation of
biofertilizers, which can be translated into possible economic benefits for the agro-industrial
sector by implementing a similar but full-scale treatment plant. However, it is essential to
consider essential expenses, e.g., biogas upgrading, pumping, acquisition of alkalinizing
substances, and transportation of the co-substrates to the sugar-ethanol mill, when analyzing
the system's financial viability.

It is recommended, in future research, to conduct experiments that establish the vinasse
anaerobic processing by adopting alternative operational strategies in bioreactors in order to
evaluate their effects on the overall stability and effectiveness of the treatment process. In this
context, demonstrating the feasibility of introducing treatment routes and their consequent
resource recovery potential can encourage the implementation of waste management strategies
by the sugar-ethanol sector, thereby reducing its environmental liabilities and turning the
production process into a more sustainable and less costly one, which contributes to the circular

bioeconomy of the agro-industry.
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APPENDICES

Table Al — Physical and chemical data of liquid samples influent and effluent to the lab-scale UASB reactor over 91-day operation of anaerobic
co-digestion of sugarcane vinasse and dairy secondary effluent (1:1 v/v).

Concentration (mg L)

Opgratlon Sample pH Alkalinity . ).

ays - - VFA TSS VSS COD: TKN N-NH4 Pt Phenols Kt SO4
Partial Intermediate Total

1.7 Inlet 8.12 3900.00 1575.00 5475.00 3411.00 230.00 197.50 5757.61 17.51 1.46 8.80 80.07 286.76 116.00

Outlet 8.28 4310.00 1375.00 5685.00 3213.00 23250 187.50 133229 4524 2481 20.68 18.65 300.65 38.12

8-14 Inlet 8.38 4690.00 1610.00 6300.00 3951.00 39750 295.00 4917.36 17.51 0.00 13.49 107.12 312.48 53.06

Outlet 8.52 6400.00 1370.00 7770.00 3933.00 54250 42750 1287.48 21.89 4.38 16.66  58.66 313.14 23.95

15-21 Inlet 8.03 3890.00 2080.00 5970.00 4401.00 555.00 475.00 8916.95 20.43 2.92 17.78 187.70 350.72 32.64

Outlet 8.14 4430.00 1850.00 6280.00 3915.00 250.00 167.50 3012.79 11.68 1.46 12.40 82.33 342,76  26.84

9928 Inlet 7.30 2770.00 2590.00 5360.00 5643.00 1025.00 907.50 9387.49 37.95 0.00 2255 136.99 32891 73.63

Outlet 8.36 3800.00 1380.00 5180.00 3816.00 34750 225.00 3987.48 10.22 0.00 6.91 82.89 360.68 39.34

29-35 Inlet 7.30 2800.00 2220.00 5020.00 4986.00 71250 532,50 8681.68 35.03 3.65 25.43  93.03 34555 62.36

Outlet 8.06 4560.00 1710.00 6270.00 2628.00 330.00 24750 3617.77 17.51 4.38 16.85 72.18 378.38 58.55

36-42 Inlet 7.33 3160.00 1780.00 4940.00 4302.00 847.50 700.00 6295.37 30.65 4.38 23.19  69.37 318.63 54.58

Outlet 8.13 6000.00 1020.00 7020.00 2925.00 357.50 302.50 2194.95 20.43 2.92 20.42 5415 345.80 50.47

43-49 Inlet 8.13 3740.00 1850.00 5590.00 3987.00 660.00 510.00 4278.77 30.65 2.92 25.08 66.55 32258 82.17

Outlet 8.32 4860.00 1250.00 6110.00 3096.00 420.00 290.00 828.14 21.89 4.38 2239 3781 348.28 80.95

50-56 Inlet 7.92 2600.00 2740.00 5340.00 6363.00 63250 515.00 6172.13 48.16 6.57 26.73  86.27 333.83 161.12

Outlet 8.48 4530.00 1550.00 6080.00 2979.00 360.00 277.50 1433.12 30.65 7.30 21.96 3443 345,95 91.16

57.63 Inlet 7.77 2850.00 2410.00 5260.00 4878.00 687.50 57250 5611.97 33.57 3.65 17.83 98.11 321.82 110.52

Outlet 8.45 4200.00 1660.00 5860.00 3627.00 42250 305.00 1220.26 24.81 4.38 17.70  31.05 337.28 83.24

64-70 Inlet 7.34 1990.00 2730.00 4720.00 6057.00 565.00 465.00 6756.13 35.03 2.19 1466 94.72 334.60 57.63

Outlet 8.00 4070.00 1800.00 5870.00 5022.00 33250 262.50 3100.80 21.89 4.38 15.19  40.63 334.11 59.92

71-77 Inlet 7.73 2360.00 2610.00 4970.00 6327.00 72250 635.00 8941.73 32.11 2.92 15.08 144.88 360.22 67.69

Outlet 8.36 4350.00 1440.00 5790.00 4158.00 330.00 262.50 2791.67 17.51 1.46 13.85 62.60 357.47 59.15

78-84 Inlet 8.44 2280.00 2780.00 5060.00 6705.00 967.50 790.00 9370.17 37.95 2.19 13.39 14150 396.59 78.51

Outlet 8.70 4280.00 1600.00 5880.00 4203.00 300.00 260.00 2829.63 16.05 1.46 10.52 55.84 38156 71.65

8591 Inlet 8.20 2580.00 2760.00 5340.00 6615.00 462.50 390.00 8708.53 21.89 1.46 11.66 130.79 400.72 97.87

Qutlet 8.25 3940.00 1760.00 5700.00 3168.00 407.50 352.50 2504.23 14.59 0.00 1048  65.42 388.16 64.49

VFA = volatile fatty acids; TSS and VSS = total and volatile suspended solids, respectively; COD: = total chemical oxygen demand; TKN = total Kjeldahl nitrogen; N-NH4* = ammonia nitrogen;
Pt = total phosphorus; K: = total potassium; SO4% = sulfates.
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Table A2 — Taxonomic data from identification of bacteria and archaea using high-throughput sequencing within VV3/VV4 regions of the 16S rRNA

gene.

Kingdom  Phylum Class Order Family Genus Species Total sequences Number of sequences
per sp. Inoculum Month1 Month2 Month3

Bacteria Firmicutes Clostridia Clostridiales Clostridiales Family XIX. Incertae Sedis Acetoanaerobium Acetoanaerobium noterae 13 0 3 5 5
Bacteria Firmicutes Clostridia Clostridiales Eubacteriaceae Acetobacterium Acetobacterium carbinolicum 44 0 25 19 0
Bacteria Firmicutes Clostridia Clostridiales Eubacteriaceae Acetobacterium Acetobacterium wieringae 87 0 56 21 10
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax Acidovorax caeni 5 5 0 0 0
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax Acidovorax delafieldii 11 11 0 0 0
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax Acidovorax temperans 50 50 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Bradyrhizobiaceae Afipia Afipia genosp. 14 7 7 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Agrobacterium Agrobacterium tumefaciens 14 14 0 0 0
Bacteria Verrucomicrobia  Verrucomicrobiae Verrucomicrobiales  Verrucomicrobiaceae Akkermansia Akkermansia muciniphila 5 5 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Sphingomonadales Erythrobacteraceae Altererythrobacter Altererythrobacter marensis 8 6 0 0 2
Bacteria Synergistetes Synergistia Synergistales Synergistaceae Aminivibrio Aminivibrio pyruvatiphilus 29 0 3 16 10
Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Anaeroarcus Anaeroarcus burkinensis 7 7 0 0 0
Bacteria Chloroflexi Anaerolineae Anaerolineales Anaerolineaceae unidentified Anaerolineaceae bacterium 1416 378 264 477 297
Bacteria Proteobacteria Epsilonproteobacteria ~ Campylobacterales Campylobacteraceae Arcobacter Arcobacter defluvii 7 0 0 7 0
Bacteria Bacteroidetes Bacteroidia Bacteroidales unidentified unidentified Bacteroidales bacterium 589 442 57 67 23
Bacteria Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas Brevundimonas diminuta 7 7 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas Brevundimonas vesicularis 6 5 1 0 0
Bacteria Caldiserica unidentified unidentified unidentified unidentified Caldiserica bacterium 437 211 69 106 51
Bacteria Caldiserica Caldisericia unidentified unidentified unidentified Caldisericia bacterium 374 207 58 69 40
Bacteria Firmicutes Clostridia Clostridiales Clostridiales Family XVI. Incertae Sedis Carboxydocella Carboxydocella thermautotrophica 355 175 47 92 41
Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales Enterobacteriaceae Citrobacter Citrobacter freundii 6 0 0 3 3
Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales Enterobacteriaceae Citrobacter Citrobacter sp. 5 0 0 1 4
Bacteria Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Cloacibacterium Cloacibacterium normanense 6 6 0 0 0
Bacteria Bacteroidetes Flavobacteriia Flavobacteriales Flavobacteriaceae Cloacibacterium Cloacibacterium rupense 24 23 0 0 1
Bacteria Firmicutes Clostridia unidentified unidentified unidentified Clostridia bacterium 468 231 84 112 41
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae unidentified Clostridiaceae bacterium 538 0 44 316 178
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium butyricum 8 0 5 3 0
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium disporicum 75 34 22 9 10
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium perfringens 6 6 0 0 0
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Clostridium Clostridium ruminantium 98 55 29 7 7
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Comamonas Comamonas denitrificans 5 5 0 0 0
Bacteria Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Comamonas Comamonas testosteroni 12 12 0 0 0
Bacteria Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Desulfovibrio alcoholivorans 8 0 0 0 8
Bacteria Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Desulfovibrio desulfuricans 31 3 5 2 21
Bacteria Proteobacteria Deltaproteobacteria Desulfovibrionales Desulfovibrionaceae Desulfovibrio Desulfovibrio intestinalis 14 0 9 4 1
Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae Dialister Dialister invisus 5 5 0 0 0
Bacteria Proteobacteria Gammaproteobacteria ~ Chromatiales Ectothiorhodospiraceae unidentified Ectothiorhodospiraceae bacterium 719 348 152 166 53
Bacteria Firmicutes Clostridia Clostridiales Eubacteriaceae Eubacterium Eubacterium aggregans 6 0 3 3 0
Bacteria Firmicutes Clostridia Clostridiales Eubacteriaceae Eubacterium Eubacterium moniliforme 9 0 6 0 3
Bacteria Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium Faecalibacterium prausnitzii 27 27 0 0 0
Bacteria Fusobacteria Fusobacteriia Fusobacteriales Fusobacteriaceae Fusobacterium Fusobacterium ulcerans 6 0 0 1 5
Bacteria Ignavibacteriae Ignavibacteria unidentified unidentified unidentified Ignavibacteria bacterium 1966 1188 338 338 102
Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Intestinibacter Intestinibacter bartlettii 16 16 0 0 0
Bacteria Chloroflexi Anaerolineae Anaerolineales Anaerolineaceae Longilinea Longilinea arvoryzae 54 0 18 20 16
Bacteria Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Parabacteroides Macellibacteroides fermentans 206 3 20 93 90
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Bacteria Bacteroidetes Bacteroidia Bacteroidales Marinilabiliaceae unidentified Marinilabiliaceae bacterium 238 104 38 56 40
Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium Methanobacterium beijingense 27 0 8 9 10
Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium Methanobacterium formicicum 19 4 3 5 7
Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium Methanobacterium kanagiense 105 0 38 39 28
Archaea Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter Methanobrevibacter arboriphilus 105 0 0 36 69
Archaea Euryarchaeota Methanomicrobia Methanomicrobiales ~ Methanocorpusculaceae Methanocorpusculum Methanocorpusculum sinense 11 0 0 4 7
Archaea Euryarchaeota Methanomicrobia Methanosarcinales Methanosaetaceae Methanosaeta Methanosaeta concilii 466 32 160 196 78
Bacteria Proteobacteria Gammaproteobacteria ~ Pseudomonadales Moraxellaceae Moraxella Moraxella osloensis 27 27 0 0 0
Bacteria Bacteroidetes Bacteroidia Bacteroidales Paludibacteraceae unidentified Paludibacteraceae bacterium 510 437 22 30 21
Bacteria Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Parabacteroides Parabacteroides chartae 1050 18 119 423 490
Bacteria Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus Paracoccus aminophilus 32 32 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Paracoccus Paracoccus denitrificans 8 8 0 0 0
Bacteria Bacteroidetes Bacteroidia Bacteroidales Porphyromonadaceae Petrimonas Petrimonas sulfuriphila 392 1 46 219 126
Bacteria Firmicutes Negativicutes Selenomonadales Acidaminococcaceae Phascolarctobacterium  Phascolarctobacterium faecium 30 0 11 8 11
Bacteria Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Phenylobacterium Phenylobacterium koreense 15 13 0 2 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Pleomorphomonas Pleomorphomonas koreensis 20 20 0 0 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Methylocystaceae Pleomorphomonas Pleomorphomonas oryzae 12 10 1 1 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Brucellaceae Pseudochrobactrum Pseudochrobactrum saccharolyticum 8 8 0 0 0
Bacteria Proteobacteria Gammaproteobacteria ~ Xanthomonadales Xanthomonadaceae Pseudoxanthomonas Pseudoxanthomonas mexicana 5 5 0 0 0
Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales Enterobacteriaceae Raoultella Raoultella ornithinolytica 13 0 0 13 0
Bacteria Firmicutes Clostridia Clostridiales Clostridiaceae Sarcina Sarcina ventriculi 18 13 5 0 0
Bacteria Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Shinella Shinella zoogloeoides 33 30 0 2 1
Bacteria Proteobacteria Deltaproteobacteria Syntrophobacterales  Syntrophaceae Smithella Smithella propionica 20 0 0 6 14
Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus equinus 48 48 0 0 0
Bacteria Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus Streptococcus minor 17 17 0 0 0
Bacteria Proteobacteria Deltaproteobacteria Syntrophobacterales  Syntrophaceae unidentified Syntrophaceae bacterium 107 107 0 0 0
Bacteria Firmicutes Clostridia Clostridiales Peptostreptococcaceae Terrisporobacter Terrisporobacter glycolicus 58 5 30 12 11
Bacteria Firmicutes Bacilli Lactobacillales Carnobacteriaceae Trichococcus Trichococcus pasteurii 436 0 101 143 192
Bacteria Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Turicibacter Turicibacter sanguinis 30 19 8 3 0
Bacteria Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Uruburuella Uruburuella suis 46 44 1 1 0
Bacteria Firmicutes Negativicutes Selenomonadales Veillonellaceae unidentified Veillonellaceae bacterium 142 142 0 0 0
Bacteria Proteobacteria Gammaproteobacteria ~ Xanthomonadales Xanthomonadaceae Xanthomonas Xanthomonas axonopodis 7 7 0 0 0
Bacteria Proteobacteria Gammaproteobacteria  Enterobacteriales Enterobacteriaceae Yokenella Yokenella regenshurgei 5 5 0 0 0
Total sequences per sample 11849 4648 1909 3165 2127
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Figure A1 — Cumulative daily CH4 yield data over 30 days of SMA testing for the analyzed

biomass samples employing (a) acetate and (b) formate as substrates.
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