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RESUMO

DA MATA, Rafles Anselmo,D.Sc., Universidade Federal de Vigosa, agosto de 2020.
Tratamento termofilico de efluentes de fabrica de polpa celul@a kraft branqueada

com lodo aerdbio granular.Orientador: Claudio Mudadu Silva. Coorientador: Ismarley
Lage Horta Morais.

O tratamento termofilico de efluentes com o lodo aerébio granulartseaesm grandes
vantagens aos processos convencionais por via bioldégica no tratamentinetée®
organicos industriais por favorecer uma elevada taxa de degradacéo ssersiaEntes as
cargas organicas ou substancias téxicas e por operar a altas terapeexitando a
necessidade de resfriamento prévio. As vantagens supracitadas impukssgoesquisas no
tocante a compreenséao e na aplicacao do lodo aerdbio granular termoffliieseAte tese
apresenta um amplo estudo sobre o lodo granular aerébio em condi¢fes tasfco
tratamento de efluente de fabrica de polpa celuldsica kraft. Eeapads no Capitulo 1 uma
revisao bibliografica que ressalta o uso incipiente da tecnologiazamaslevado potencial
de aplicacdo em escala industrial, especialmente para industrigerque efluentes com
temperaturas elevadas. O Capitulo 2 apresenta um estudo sobre a utilizagacadodbio
granular termofilico para tratar efluentes de uma industria brasilepeodacgéo de polpa
celulésica branqueada. Comparou-se a eficiéncia de remocdo da demanida gei
oxigénio (DQO) de um sistema de lodo granular a outro com lodo floculento openados
temperaturas de 35 °C (mesofilico) a 55 °C (termofilico) e estudou-gabdiidede e
manutenc¢ao das caracteristicas fisicas dos granulos operando a 55 °C. També-serific
a influéncia da aplicagdo de célcio (100 e 200 m{.ria estabilidade do lodo granular. O
lodo aerdbio granular apresentou eficiéncia de remocdo de DQO supé@8b anas
temperaturas de 35 °C e 55 °C, similar aos resultados para o lodo flmcGergranulos
aerdbios mantidos nos reatores apresentaram diametro médio variando deewBna
velocidade de sedimentacdo de 40ndu seja, 8 vezes maior que a sedimentacéo do lodo
floculento. A aplicacdo de 100 mgilde calcio contribuiu positivamente para tornar os
granulos mais coesos e aumentar sua resisténcia mecaniapitdldC3 apresenta uma
caracterizacdo do microbioma do lodo aerdbio granular termofilico, orans&tou que
as substancias poliméricas extracelulares (SPE) foram produzidas em proporgde

satisfatorias para a agregacao do lodo microbiano, principalmente nagbesrdi maior



temperatura (55 °C) quando ha um maior estresse. Os tratament@sapbEsentaram uma
menor diversidade microbiana, reflexo da dominancia de alguns grupos obsenaisiaC.
O perfil de filos e géneros foram agrupados pelas diferentes temperandasgse os filos
Planctomycetes, Proteobacteria, Armatimonadetes, Firmicutes, Giemomadetes,
Caldiserica, Chlamydiae e Acidobacteria foram os mais abundantegéBays®s Thermus

e Meiothermus se destacaram a 55 °C.

Palavras-chave: Residuos Industriais. Tratamento Termofilico. Lodo Aerdébio Granular

Termofilico. Microbiota do Lodo Granular. Meiothermus. Thermus.



ABSTRACT

DA MATA, Rafles Anselmo, D.Sc., Universidade Federal de Vigcosaguay 2020.
Effluent treatment of a bleached kraft pulp mill with thermophilic gr anular aerobic
sludge.Adviser: Claudio Mudadu Silva. Co-adviser: Ismarley Lage Horta Morais.

The aerobic granular sludge thermophilic effluent treatment stands bugredt advantages
over conventional biological procesgesthe treatment of industrial organic effluents, such
asthe higter rate of degradation and resistamo organic or toxic substances added to the
avoidance of a prior cooling system. $h@dvantages are the main driving forces for a
better understanding of the thermophilic granular aerobic sludge for tuendéret of
industrial effluents. This thesis presents a thorough study on thermophiiicagranular
sludge for the treatment of kraft pulp mill effluent. Chapter 1 presenig-trdate literature
review on this topic. Chapter 2 shows the results of a lab-scaleaessaried out on the
use of thermophilic granular aerobic sludge to treat effluents from a Bralzleached kraft
pulp mill. The efficiency of chemical oxygen demand (COD) removal of mupiasludge
system was compared &flocculent sludge system operated at temperatures from 35 °C
(mesophilic) to 55 °C (thermophilic). The stability and maintenance galysioperties of

the granules operating at 55 °C and the influence of the application of calcium (100 and 200
mg. L) on the stability of the granular sludge were studied. The aerobic gratudge
showed COD removal efficiency greater than 60% at temperatures of 35 °C a@d 55 °
similar to the results for the flocculent sludge. The aerobic granufgsirkéhe reactors
showed an average diameter ranging from 4 to 8 mm and a settlingywefot® m.h, i.e.,

8 times greater than the settling velocity of the flocculemtgs#. The application of 100 mg.

L of calcium contributed positively to make the granules more cohesive and increase their
mechanical resistance. Chapter 3 presents a characterizatiom thiermophilic granular
aerobic sludge microbiom. Extracellular polymeric substances (SPE) predeced in
satisfactory proportions for the aggregation of the microbial sludge, maitilg conditions

of higher temperature (55 °C) when there is a greater biomass stressientsait 55 °C
showed a smaller microbial diversity, reflecting the dominance of gpoups observed at

55 °C. The phylum and genera profile were grouped by the temperature diffetbaces,

phylum Planctomycetes, Proteobacteria, Armatimonadetes, Firmicutes



Gemmatimonadetes, Caldiserica, Chlamydiae and Acidobacteria wem#teibundant,

and the Thermus and Meiothermus genera stood out at 55 °C.

Keywords: Industrial Wastes. Thermophilic Treatment. Thermophilic Granular 8ludg
Granular Sludge Microbiota. Meiothermus. Thermus.
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|. INTRODUCAO GERAL

A disponibilidade de agua em qualidade suficiente para atendecaisitos de seus
variados usos tem sido afetada constantemente pelas atividadpgast sobretudo pelas
elevadas demandas industriais. Diferentes processos industriais podenampatteoacoes
das propriedades e caracteristicas das aguas, tornando-as inadpgradams funcdes
primordiais como a manutencao da biodiversidade aquatica (EUROPEAN COMMISSION,
2015; COLLA et al., 2017).

Os efluentes de diferentes processos industriais podem conferir, dentre outros
aspectos, uma elevada carga organica que requer consideravébatisgdo ao seu
potencial poluidor. Assimiemse buscado cada vez mais a otimizacdo dos processos de
tratamento como também a reducdo da geracdo de efluentegrfdoila manutencao da
qualidade ambiental e o cumprimento das normas ambientais vigentes.

O setor de producdo de polpa celuldosica se destaca pela busca caestante
otimizacdo da reducdo do consumo de agua e respectiva geracdo aeeflaen um
periodo de aproximadamente 40 anos o setor apresentou uma reducdo do consumo de 200
m3 para 25 m3 de agua por tonelada de polpa celuldsica produzida nas fabdeasas
(SAADIA e ASHFAQ, 2010; RAMEZANI et al., 2031

A iniciativa contribui para a minimizacdo do impacto amigiketgnto pela reducéo
de consumo de agua quanto pela reducdo da geracao de efluentes tipioagaentes
gerados a partir do processamento da madeira. Os efluentegrpomsiie 0s seus
constituintes, solidos suspensos, incluindo particulas de casca, figraenfis e sujeira;
compostos organicos coloidais dissolvidos como hemiceluloses, acucang®stos de
lignina, alcoois, terebintina e cor elevada advinda, sobretudo de compostos de ligmna, a
de componentes inorganicos dissolvidos (SAADIA e ASHFAQ, 20E0MATA et al,

2019.

As concentracoes tipicas de DQO e DBO dos efluentes gerados eradalerpolpa
celuldsica kraft giram em torno de 1400 e 500 mgrespectivamente, apresentando um
fator de biodegradabilidade favoravel ao uso de mecanismos de degradacaaabioldgi
(CALVO et al., 2007; LAGE et al., 2018; Da MATA, etal., 2D19

O tratamento de &guas residuarias organicas é comumente realizad@ por v
bioldgica. Os processos de tratamento biolégico podem ser anaerGignobios ou
facultativos. O principal requisito para a ado¢do de processos biolégid@seia no grau

de biodegradabilidade dos compostos presentes nos efluentes.
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Embora a utilizacdo de processos de tratamento biologico de efldantetstria
de polpa celuldsica seja intensa, o setor enfrenta dificuldadeto de alta variacdo das
caracteristicas e condi¢cdes dos efluentes gerados. O eflueatsob@d variacbes em razao
da prépria configuragdo do processo industrial, da qualidade da madeira processada e/ou de
eventuais problemas operacionais. O tratamento biologico de eflueostsse sensivel
as variacdes abruptas de cargas organicas causando efeitos piigjudic@munidade
microbiolégica e resultando em um déficit de eficiéncia do tratam¢atdA,
HERMANSSON, 1994 SALVADO et al., 2001; AB HALIM et al., 2016; HAO et al.,
2016.

Uma caracteristica intrinseca do processo de producdo de polpa calddai
geracao de efluentes com elevada temperatura. Destaca-sepqueessos bioldgicos mais
utilizados na atualidade por fabricas de polpa celul6sica sdo na maioria por lodlsativa
operam em faixa de temperatura em torno de 35°C (mesofilica) (THOMPSON et al., 2005)
Isso implica na necessidade de implementacéo de processos denexdfridos efluentes,
gue incrementam os custos de implantacéo e operacao das estagiaemeato, devido ao
alto consumo energético demandado na etapa de resfriamento.

Os sistemas convencionais de tratamento de efluentes por loddestparam com
0 uso do lodo aerdbio em forma de flocos (floculento) e apresentam amenattcao as
cargas organicas (ZHANG; XU; ZHU, 201KARLIKANOVAITE-BALIKCI; YAGCI,

2019), porem demandam grandes estruturas de decantacédo, em fungfia deldimdade
de sedimentacdo do lodo. O lodo floculento também apresenta uma lisedsibas
variacbes de cargas organicas que chegam no reator, principaimentempostos que
apresentam toxicidade (RINTALA; LEPIST, 1992; SINGH; SRIVASTAVUAGADISH,
2017).

Na busca de melhorias do processo de tratamento de efluentes organicos industriais
o lodo granular aerdbio tem se apresentado como uma boa alternativa agsogroce
convencionais de lodo floculento utilizados. O lodo aerdbio granular € um recurso
biotecnolégico ambiental que tem se mostrado promissor ao tratamentagukaes
residuarias, mas, ainda, com baixa aplicacdo em escal@BRAHIMI; GABUS, 201Q
CORSINO et al., 2016; PRONK et al., 2017; MORAIS et al., 2018

Esforcos tém sido empenhados para a compreenséo e otimizacaexhestgia O
lodo aerdbio granular tem gerado uma gama de novas possibilidadestfzasnento de
aguas residuarias, justificado por sua alta taxa de retencéo desssoooombinada com uma

maior resisténcia as variacfes de cargas dos efluentes, geguenaior robustez aos
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sistemas de tratamento (ADAV et al.,, 2008; CHEN, Y. et al., 200&NG.;
LOOSDRECHT; SAIKALY, 2017; MORAIS et al., 2018

Avancos tém ocorrido para a manutencao e estabilidade dos granulostoora,
foi evidenciada como um fator limitante para o uso do lodo aerébio gramllarga escala
(ZHANG et al., 2013; HAO et al., 2016; MORAIS et al., 2018). Uma maioafestrutural
dos granulos aerdbios possibilitaria 0 seu emprego em sistemas de ti@tmeetevadas
temperaturas, uma vez que, problemas de estabilidade foram relatados naautlizkgio
aerobio granular em condig6es termofilicas (HAKIM et al., 2015

H&, ainda, uma lacuna no conhecimento do uso do lodo aerébio granular para
tratamento de aguas residuaaasmperaturas elevadas. A compreensao do processme
otimizacdo podem contribuir para uma ampla utilizacdo da tecnologimddatria,
especialmente nos setores geradores de efluentes com altasterapeomosobservadas
na producgdo de polpa celuldsica kraft.

Os sistemas de tratamento termofilicos foram estudamiggimeira instancia em
reatores anaerobios (LAPARA; ALLEMAN, 199SREEKANTH et al., 2009ABBA et
al., 20179. Assim como as primeiras evidéreide lodo granular foram observadas nos
sistemas de tratamento anaerobio de aguas residuarias.

O tratamento de efluentes em condic¢des termofilicas se destaca pela teleaatta
degradacdo dos compostos organicos, e pela menor geracdo de lodo (ADAét BEE
2008; HAKIM et al., 2016; IBRAHIM et al., 2017), que somado as vantagensddo
aerébio granular podem resultar em uma promissora combinacao a ser aphichzrsas
industrias que geram efluentes com elevada temperatura (G\20BA&, QUESNEL, 2005;
ZITOMER et al., 2007).

Pouco ainda se conhece a respeito dessa associacao do lodo aerdbio egranular
condicdes termofilicas, apesar de alguns estudos terem buscadi@aretieterminados
fatores e parametros de operacdo do sistema com o lodo aerObi@amflahGE et al,
2018). Ainda existem muitas incertezas para que a tecnologia seséguma e confiavel,
principalmente quando utilizada em reatores com temperaturaa deiB6°C (YU; TAY;
FANG, 2001; BEUN; LOOSDRECHT; HEIJNEN, 2002; ZITOMER et al., 2007

As hipoéteses testadas ao longo deste trabalho, apoia-se que o uso granodkr
termofilico pode conferir vantagens ao sistema de tratamenttudate$ nas industrias de
polpa celuldsica e de outras cadeias produtivas que geram efluentesosrgam elevadas
temperaturas. As possibilidades de se utilizar uma estruturacoraacta tanto para o

reator aerébio quanto para a unidade de clarificacdma maior robustez as cargas de
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choque tornam essa op¢ao especialmente atrativa para a industsia.sMistido, infere-se
que o lodo granular aerébio, aclimatado em elevada temperatura, podensdo,neao
tratamento com lodo granular aerdbio termofilico € capaz de manter tan@xa de
remocdo de matéria organica. Assim, acredita-se que na adagta¢@o as condi¢des
termofilicas, diferentes grupos de microrganismos respondem similarmdnte@ss de
degradacdo de compostos organicos como na condicdo mesofilica.

A presente pesquisa busca avaliar o uso do lodo aerobio granular termofilico no
tratamento de efluentes de fabrica de polpa celuldsica branqueadsstigar a eficiéncia
de remocao de DQO, a estabilidade mecéanica do lodo granular, a cagaedaanutencao
dos granulos em elevada temperatura, bem como investigar o micrapiera@ampdem o
lodo granular termofilico. Para tanto, a presente tese foi subdividida em trésapitu

O Capitulo 1 trata de uma revisdo bibliografica atualizada com abbedagem
tedrica sobre os avancos dos sistemas de tratamento termofilicosisordo lodo granular
aerdbio e os desafios ainda existentes.

O Capitulo 2 apresenta uma avaliacdo das caracteristicas fisicewdo aerobio
granular termofilico. O estudo foi realizado utilizarsreatores em bateladas sequenciais
em escala laboratorial coefluentes de uma indastria brasileira de producdo de polpa
celuldsica Kratft.

O Capitulo 3 apresentama investigacdo sobre o microbioma do lodo aerdbio
granular termofilico e a comparacgéo da predominéancia de microrganismos no lodo granular

aerébio mesofilico e termofilico.
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CAPITULO 1

Tratamento Termofilico Com Lodo Aerdbio Granular: Revisado
Bibliogréafica

RESUMO

O uso de lodo biolégico aerébio granular termofilico para o tratamento de aguas residuarias
€ uma tecnologia ambiental recém desenvolvida e a sua utilizagii@radativamente
evoluindo. Por se tratar de uma técnica recente, existem varios proldesarem
enfrentados, destacando-se a qualidade estrutural do lodo granular, quecainda esa

série de incognitas e que limita o seu uso. Diversos estudos ténddousndhecer e
desvendar as novas possibilidades que abrangem a tecnologia do lodo aarabar.g
Somado a isso, 0 conhecimento do comportamento e desempenho do lodo aerdbio granular
em condi¢cdes termofilicas abrem novas oportunidades para o tratamento de agua
residuarias, principalmente das industrias que geram efluentes caadasdeemperaturas,

como € o caso das fabricas de polpa celuldsica. O presente trabalbontenobjetivo
realizar um levantamento bibliografico buscando identificar os Ultamascos do uso da
tecnologia de lodo granular termofilico e ressaltar sua aplicacdataménto de efluentes

de fabricas de polpa celuldsica e papel. A revisdo bibliogréafica fperiiservar que o
tratamento biolégico termofilico, apresenta divergéncias conclusivasiaregoes advém

de estudos onde se investigou variadas caracteristicas de sulestratibsrentes tipos de
reatores. No entanto, destaca-se a necessidade de trazer a luz novas contrilenigdds ac
tratamento biologico termofilico, justificado pelas vantagens apontagetos avancos
ocorridos ao longo do tempo, que em determinadas situacfes responde asalgum
deficiéncias destacadas no passado. Os avancos alcancados parautencdo das
caracteristicas fisicas do lodo granular, como a nesabilidade da estrutura fisica dos
granulos aerébios, em condi¢bes mesofilicas, abre a possibilidade de serem incorporados a
condicBes termofilicas. A associacdo do lodo aerdbio granular fisicapsatel com a
elevada temperatura pode resultar em um contexto vantajoso para uatamerito de
efluentes de industrias que geram efluentes de elevada temperatoracoom nas fabricas

de polpa celulésica.

Palavras-chave:lodo granular, tratamento termofilico, lodo aerébio granular termofilico
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1 INTRODUGCAO

O tratamento bioldgico termofilico tem sido uma tecnologia de isem@®scente
em comparacao com sua contraparte mesofilica devido a capa@deatarguas residuais
em elevadas temperaturas, eliminando a necessidade de resfriammrttasevantagens
como taxas rapidas de biodegradacdo, menor rendimento de lodo e boaladtalid
processo (SUVILAMPI; RINTALA, 2004).

Por este motivo, o tratamento termofilico passou a ser estudadobrshdo a
economia de energia em sistema de resfriamento (SUVILAMPITRIN, 2004
IBRAHIM et al., 2017). Por outro lado, o emprego de sistema de aquecimentdoqua
necessaria, se torna uma desvantagem devido ao elevado consunrgide dersa forma
apresenta-se como uma alternativa atraente para as indgsgiggeram aguas residuais
qguentes, particularmente na indastria de celulose e papel, qubutsrado formas de
aprimoramento dos sistemas de tratamento visando a minimizacéosilono de agua, por
meio da funcdo de reuso (SUVILAMPI; RINTALA, 2004).

A crescente busca de otimizacao dos sistemas de tratamento bema @ducaoa
geracdo de residuos, tem visto o processo de granulagcdo aerdbia cobhua @ternativa
em relacdo aos sistemas convencionais de lodos ativados, uma apesiar fjeracao de
subprodutos, e ainda manter uma satisfatoria eficiéncia global da cedeogdrga organica.

O sistema de tratamento termofilico apresenta suas principaisedataas
bastantes distintas dos sistemas de lodos ativados convencigmaistaague a elevacéo de
temperatura favorece a taxa de degradagédo dos compostos orgassmf&2zéom que haja
uma microbiota adaptada as condi¢cfes do sistema termofilico RAPALLEMAN,
1999). Estas caracteristicas se diferem ainda mais do sistemanciomal, quando
empregado a tecnologia dos granulos aerdbios aos tratamentos termofilicos.

A formacéo do lodo granular geralmente é condicionada a partir do lodo floculento,
dentre outros fatores destasma operacionalizacdo, que consiste em alterar os parametros
operacionais convencionais a ocasionar situacao de estresse aatacioipulsionando
assim o aumento da producdo de substancias poliméricas extracelulags, sue vez
favorece a granulagéo. Outros fatores podem ser citados, como alteriémelkacao
Alimento/Microrganismos (A/M), ou ainda, a aplicacdo de uma maior daxaeracao
provocando maior forca de cisalhamento, e também com a reducéo grddatwapo de

sedimentacao, que favorece, sobretudo, a selecao dos granulos ja formados.sO geoces
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granulacdo geralmente ocorre a partir do inéculo em condi¢cdes mesofilicas, e na sequéncia
submetido as variacfes que se deseja avaliar.

A proposta do presente capitulo situa-se na reviséo bibliografica sohtamento
termofilico, e o uso do lodo granular aerébio em elevadas temperaturasfiézsugd@o para

o tratamento de efluentes de fabricas polpa celulésica.

2 Tratamento bioldgico termofilico

Efluentes recalcitrantes com elevada carga organica, gerados eswadasl
temperaturas apresentam potencial para tratamento termoflidcARMBY E FOSTER,
1995). Neste contexto se enquadra a industria de producéo de polpa celulésica kraft.

Diversos pesquisadores tém investigado o tratamento biologico emcdamsdi
termofilicas (Del BORGHI et al. 199€IM, et al., 2012 DUTTA et al., 2014; YU, etal.,
2014), para diferentes tipos de efluentes. No entanto, ha uma grandeovansodsultados
e nas conclusfes acerca desse tratamento, geralmente assxcizmfadicOes testadas, ao
tipo de efluente ou ainda a configuracdo dos reatores utilizados. Contudo, -destiaca
divergencia nas recomendacdes de uso do sistema termofilico enragiopao sistema
mefilico.

Os tratamentos bioldgicos termofilicos podem ser aplicados sobveddastes,
anaerobios e aerobios. O tratamento biolégico termofilico anaerdbi@zessconsiderados
por alguns pesquisadores como sistemas instaveis, e imprecisos (BRaretLal.,1999;
GUERRERO, et al 1999). E o tratamento biol6gico aerdbio termofilico tnéla anais
preocupacdes, devido a baixa capacidade de saturacao de oxigénio em elevadautampe

O tratamento anaerdbio termofilico € uma tecnologia em quefsigncia é
dependente de fatores relacionados a microbiologia e dos processos bugjgimiestes
realizam no reator, que implicam na manutencéo da estabilidaderdgadus biologicqs
e inicialmente no uso de inéculo capaz de suportar e se desenvolvelevadas
temperaturas.

Em condicdes termofilicas as cadeias poliméricas das biomadégque compdem os

residuos organicos sédo quebradas mais facilmente, dando origem a monogradz/des,
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fato que leva a uma maior eficiéncia na producgéo de biogas, e consequénteamemocao
global de carga organica (Del BORGHI et al. 1999).

Nesse sentido, entende-se que a digestdo anaerObia em condi¢Oedicesmofi
apresenta como vantagens a reducdo do tempo de retencédo total necessdmestédo,

e a possibilidade de uma operacao com elevadas cargas orgéme@is o, a temperatura
elevada leva ao aumento da producado de acidos organicos, e a acomidagBiana nos
reatores anaerobios, podendo gerar instabilidade no funcionamento do reatotandoessi
portanto de maior atencédo no controle operacional (WEVER et al., 2003)mo&vos
levam alguns pesquisadores a considerar a operacédo dos sistemasndataaaerobio
em condicdes mesofilicas mais estavel do que em condicdes termsdiliM, et al., 2012

Sabe-se que as caracteristicas fisicas, quimicas e biol@psasistemas de
tratamento termofilicos séo bastantes diferentes dos sistemas convsrciohacidos. Os
principais microrganimos que possnaplicacdo nos sistemas de tratamentos termofilicos
anaerobios sao pertencentes aos dominios das Archaea e Bacfg@eiaapresentam
desenvolvimento 6timo em faixa de temperatura de 45 °C e 80 °Qylonaxggem em ampla
faixa de temperatura (LAPARA; ALLEMAN, 1999; MADIGAN et al. 2004).

Valendo-se dos efeitos provocados pela temperatura nos sistemas anaerotnes
edudos tém buscado compreender melhor essa relacdo, e beneficiavaatdgens, ou
ainda salientar as limitacdes. A elevacdo da temperatura, padic@es termofilicas
aumenta a velocidade de crescimento da populacdo microbiana, patiaksdas
metanogénicas, e acelera as reac¢des bioquimicas envolvidas no peobssa,o sistema
termofilico apresentar menor diversidade, apresenta maior eficiéaaiegradacdo da
matéria organica (DUTTA et al., 2014; YU, et al., 2014), requerend@ ttassa, menor
tempo de inicializacdo, podendo conduzir a uma melhor qualidade do efluerita &xaa
de conversao refletida no rendimento de biogas (ZHANSBal., 2012PAP et al., 2015;
VRIEZE, DE et al., 2016; GONZALEZ-MARTINEZ et al., 2017).

Outra caracteristica citada positivamente é que o processo tarosgbrmite o uso
de reatores de menores e mais baixos tempos de retencédo hidraukcasmmrediciéncia
satisfatoria, possibilitando tratar maior volume de efluentes em memoo @/ RIEZE, DE
et al., 2006 GONZALEZ-MARTINEZ et al., 2017).

Os estudos demostram de forma geral que o0s reatores anaerdbios apresentam
satisfatoria eficiéncia de conversdo dos compostos organicos em biogagamio @
utilizacdo do sistema apresenta limitacdes, que inclui denseoadéeito da temperatura,

que acima do ponto 6timo causa efeitos adversos a microbiota do sistemsag reducéo
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da atividade microbiana (HWU; LETTINGA, 1997; NIELSEN; ANGELIDAK2008
KHEMKHAO et al., 2012; JEONG et al., 2014).

Dentro do campo das limitacdes e ou dificuldades de uso do sistesralama
termofilico, tem-se que as dificuldades de se controlar e otimirtems, ainda 0 processo
implica em casos especificos, no uso de caras tecnologias par@mgaowda temperatura
de digestdo, um maior grau de monitoramento e mais cuidados na operagépsalfenta-
se que é importante ndo haver variacdo de temperatura no sisterafillico ao longo da
digestéo, a fim de evitar prejuizos no metabolismo dos microrganimédN@lét al., 2012
VRIEZE, DE et al., 2018DUNCAN et al., 2017; GONZALEZ-MARTINEZ et al., 2017).

Além do controle de temperatura, a variacdo de pH também é mostradaum
interferente que pode prejudicar o processo biolégico termofilico, sendenguendicdes
termofilicas o pH tende a ser mais elevado devido a solubilidaddaneisde CQ embora
a elevacédo do pH contribua para o desenvolvimento das populacbes netasogén
sistemas de digestdo anaerdbia, um valor 6timo situa-se entr8 6yAdl LIER; SANZ
MARTIN, 1996; DUTTA et al., 2014; YU, D. et al., 2014).

Sobre o tratamento biologico anaerdbio termofilico é possivel observar cieenexis
vantagens como a maior producdo de biogds e a elevada taxa de deguuaca
impulsionam a busca pela tecnologia, porem h& também desvantagens, com
operacionalizacdo mais tecnificada para controle de temperaturdimiaen o uso da
tecnologia em escala industrial, e que os diferentes trabalhos conduzet@msatn a
respostas que as vezes se complementam ou ainda que divergesntetalmentanto, iSso
acontece devido as diferentes caracteristicas que sdo avaliadas enudada est

Do ponto de vista do tratamento aerébio termofilico, outros aspectos s&ades
contudo, as vantagens descritas se acercam ainda da elevadie td@gradacao dos
compostos organicos (LAPARA; ALLEMAN, 1999). Outra vantagem ainda eptasa, €
a menor quantidade de lodo em excesso em processos termofilicos quantadosnga
mesofilicos, devido aos altos requerimentos energéticos para a manuterds e
coeficientes de decaimento microbiano para termofilos (LAPARA; ALAN, 1999
JAHREN et al., 2002).

De acordo com LAPARA e ALLEMAN (1999), o tratamento termofilico se torna
interessante, para industrias onde o efluente é gerado em elenpdeateira e também para
efluentes com altas cargas, 0s quais contém energia necessaria paadapkiracdo sem
a necessidade de aquecimento. Estudos realizados sobre tratamentdiceraesfibio

realizados para tratar efluente de fabricas de polpa celulégiapet tiverem resultados
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variaveis, sendo portanto, a limitacdo comum a perda de lodo no efttegatio. Porém,
Vogellar et al. (2002) ndo considera critica a turbidez ocasionada mpasteade lodo
frequentemente descrito. No entanto o uso do tratamento aerobio teoypaikceste tipo
de efluente (industria de celulose e papel) ainda € pouco estudado, b séfela pouca
informacao disponivel sobre a aplicabilidade desse sistema (TRIPATHI eNALLI99).

Outra situacéo descrita por Barr et al. (1996), é que a temperatura dgopmega
sistemas de tratamento aerdbio como o de lodos ativados pode afatdade microbiana,
a taxa de transferéncia de oxigénio e as caracteristicas deestdiao do lodo, podendo
influenciar na eficiencia global do processo.

Dessa forma é notavel que, embora o sistema de tratamento ternaoifdlerdbio e
aerobio demostrem importantes caracteristicas positivas, é macetisdizacoes para que
as tecnologias a serem utilizadas em grandes escalampsssgurar maior confiabilidade,
como por exemplo, buscar formas de aumentar a estabilidade e sedint=atallb lodo
aerobio termofilico, para facilitar a clarificacdo do efluente tratadsséNgentido, destaca-

se a opcao de tratamento aerdbio termofilico com uso do lodo granular.

2.1 Sistemas termofilicos aplicados ao tratamento de efluentes fddbrica de polpa
celulosica

Fabricas de polpa celulésica kraft branqueada, sdo unidade geraddhasniesede
elevada temperatura, contudo, ndo é comum o0 emprego de sistematmento em
termofilico em escala real. O sistema predominante para uso deetnédados efluentes
gerados nessas industrias, sdo em sua maioria sistema mesofilico aerébio.

Diferentes possibilidades de tratamento dos efluentes gerados na tibpolpa
celulésica em elevada temperatura tém sido investigadas, alguesguisas trazem a
subdivisdao dos efluentes setoriais € outras atuam com a perspectivas do tratamento de “fim
de tubo”, ou seja, tratamento do efluente geral resultante de todos 0s processos
desempenhados dentro da unidade fabril (LAPARA; ALLEMAN, 19RBDDY et al.,
2005).

Uma das primeiras investigacdes sobre o tratamento termofilicdusmtes de
fabrica de polpa celulésica e papel ocorreu ainda a cerca de 1953, orddifada uma

comparacao com o sistema mesofilico, e verificou-se que as resgusstestamentos foram
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similares, mas a mé agregacao da massa microbiana foi umrfatante para o sistema
termofilico (LAPARA; ALLEMAN, 1999).

Em outros casos foram reportados com sucesso o tratamento do eflu@bigcda
de polpa celulésica kraft que durante trés meses oscilou a temperatura entre 50°C a 53°C, e
neste periodo nenhum efeito adverso da temperatura foi encontrado (ANBANNNEEF,

1997; BARR; TAYLOR; DUFF, 1996

Um estudo similar mostrou que o tratamento de efluentes de fabrica @& polp
celulésica e papel foi investigado em diferentes temperaturas (de528C), no qual a
eficiéncia de remocéo de carga organica (DBO) foi reduzindo quanto teaiperatura era
acrescida, assim obteve-se remocao maxima de DBO de 80,5% (37 ° C)iaionmo de
37% (52 ° C) (CARPENTER et al. 1968; apud NANCHARAIAH; REDDY, 2018).

Outro estudo que investigou a aplicacdo do tratamento termofilicosaparsa o
condensado contaminado, que é gerado na condensac¢do de vapores ricos enemetanol
enxofre, resultante da combustéo do licor negro, encontrou resultados de remocéa de carg
organica compativel com o sistema mesofilico, neste estudalimada um biorreator de
leito mével a 65°C (REDDY et al., 2005).

O uso do sistema de tratamento termofilico para o efluente deafal@ipolpa
celuldsica, no geral reporta eficiéncias similares aos sisterasgfilicos, principalmente
para sistemas aerébios (RINTALA; LEPIST, 19B2RR et al., 1996).

Outros sistemas de tratamento em condigbes termofilicas tamdéforam
estudados, como o uso dos biorreatores a membrana (Tabela 1) para trataseftuendos

das fabricas de polpa celulésica e papel.
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Tabela 1- Tratamento termofilico aplicado a efluentes de fabrica de pelpkbsica e papel,

via biorreator a membrana

Remocéo
Efluentes T(%rg)p ' Tg'; m OIID__l de Referéncia
9 DQO (%)
Newsprint White-water 55 0,33 - 58 Ragona and Hall (1998)
Kraft Evaporator
Condensate 60 0,5 - - Berube and Hall (1999)
Kraft Evaporator
Condensate 60 0,5 - 95 Berube and Hall (2000a)
Kraft Evaporator
Condensate 60 18 - 93 Berube and Hall (20001a)
Lopetegui and Sancho
Pulp and paper UASB 55 1,67 - 70 (2003)
Kraft Pulp Condensate 55 0.79 >2 87 Dias et al.(2005)
Paper mill White-water 55 0,42 2,8 94 de Sousa et al. (2011)
Paper mill deinking 50 1,04 3 84 Simstich et al. (2012)
TMP Pressate 51 1,1 - 88 Qu et al. (2012)

Fonte: Adaptado de DUNCAN et al. (2017).

Os efluentes setoriais tratados em elevadas temperaturas aema0°C,
apresentaram eficiéncia de remoc¢ao acima de 70%, com excecéao @b (feabela 1), que
apresentou remocao de DQO de apenas 58%. Os demais estudos evigenrmiasoras
aplicacoes dos sistemas termofilicos, com resultados satisfataiaos ganocao de DQO,

e com tempo de detencdo hidraulica relativamente curtos.

Na Tabela 1, sdo mostradas diversas caracteristicas positivegativas para o
sistema de tratamento termofilico, em geral o principal fator qpedena aplicacdo da
tecnologia em grande escala apoia-se fortemente na instabilidadegrégados. Uma
alternativa que vem sendo estudada para contornar a instabitidadagregados € o
processo de granulacdo do lodo nos sistemas aerobios, e nesse sentideoeparteso
diferentes técnicas que auxiliam a conseguir a manutencdo da @stiebitios granulos
formados (LIU; TAY, 2006; LIU, et al., 201HAO et al., 2016; HAMZA et al., 2018
MORAIS etal., 2018). No entanto, o uso do lodo granular em condi¢des termofilicas ainda
€ pouco reportado, recentemente o lodo granular termofilico foi utilizadalpordt al
(2019), para o tratamento de efluentes da fabrica de polpa celuldsicaatisfiaiésa
eficiéncia de remocao de carga organica, similar ao sistema mesofilico.

O uso do lodo granular aerdbio termofilico, representa uma 6tima oportunidade de
reducdo de custos se utilizados no tratamento de efluentes desféjoecgeram efluentes
de elevada temperatura, como as fabricas de polpa celuldsica krafitetogeo baixo

volume de informagdes descreve a necessidade de novas investiglzigss parametros
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operacionais e técnicas a serem empregadas nos sistemasatamresc com maior

seguranca e confiabilidade.

3 Tratamento com lodo Granular Aerdébio

O lodo granular aerdbio é composto por um denso aglomerado de organismos
simbidticos, com bom desempenho de atividade biologica e excelent@naéficde
transferéncia de massa (HAKIM et al., 2015).

Os estudos sobre a tecnologia de lodo aerdbio granular tém demostrado promissoras
oportunidades acerca do tratamento de aguas residuérias, apontando sigaiétiaténcia
de remocao da carga organica, incluindo cargas organicas recalciramnteéa uma maior
robustez a componentes toxicos presentes nos efluentes (ADAV et al. CHEIS et al,

2016 ZHANG; HU; LEE, 2016).

Nos ultimos anos, pesquisadores tem buscado com mais interessesta despei
desenvolvimento de lodo ativado granular, de rapida velocidade de sedimentacaantendo e
vista que a eficiéncia de um processo de lodo ativado depende muitoidadgudb lodo
formado no reator, que precisa além de apresentar satisfatoria remoca@dagéaiga e
apresentar boa sedimentabilidade, o que contribui para a clarificacdo do efhante fi

Quando comparado com o convencional lodo ativado floculento, o lodo granulado
apresenta uma estrutura compacta, forte e coeso, e também pessdladidade de
sedimentacao e boa capacidade de retencdo de biomassa (ZHHNG&0E5; CHEN et al.,
2016.

Atecnologia de lodo aerébio granular, ainda é incipiente e ha muitcse goahecer
deste processo. Os primeiros estudos sobre essa tecnologia demost@sngegieulos
aerébios formados pareciam ter uma estabilidade relativamenteebaigamparacdo com
granulos anaerolsfMORGENROTH et al., 1997).

Com a finalidade de aumentar a estabilidade do lodo aerébio granular ggéuides
buscaram identificar os aspectos quasinfluenciam o desenvolvimento de lodo granular
aerdbio, dos quais citam a taxa de carga orgéafcaca de cisalhamento e a caracteristica
do substrato (ADAV, et al., 2009; MORAIS et al., 2D18

A aparente fraca estabilidade dos granulos aerobios limita suacdplino campo

do tratamento de aguas residuais, e torna a operacao do reator ndo couliidsiel o
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sentido de otimizar e ampliar as possibilidades de uso destéogia, foram desenvolvidos
esforcos para criar estratégias para melhorar a estabilidade dosgraerdbios (LIU;
YANG; TAY, 2004, ZHENG, et al., 2006).

O lodo granular tem sido amplamente estudado, devido sua boa eficiéncia na
remocgdo de carga organica e nutrientes, também pelo fato de proporciondaXmidea
producdo de excesso de lodo. Grande parte dos estudos sobre lodo granular imvestigara
principalmente o uso do lodo granular aerdbio em condicbes mesofilicagrdaeumg
ambiental, utilizando principalmente escala de bancadas ¢on pest batelada sequencial
(RBS) (WHANG; PARK, 2001MOSQUERA-CORRAL et al., 2005; ADAV, et al., 2008).

Nesse sentido, os esfor¢cos neste campo de atuacdo incluengarvestonhecer
mais sobre os principios de formacé&o do lodo granular, bem como os fatores intervenientes,
gue auxiliam ou dificultam a formacao e a estabilidade dos granulos formados.

O processo de granulagao pode ser iniciado pela adsorcdo e adesamaaateria
materiais inertes e precipitados inorganicos, ou ainda, pela adesdicrdeganismos a
outras células através de interacfes fisico-quimicas, as bafitarnentosas participam
deste processo promovendo a estrutura que suportam a adesao de novas tklates.(Y
2001).

Entende-se que o processo de formacgéo de granulos aerobios € um passorucial pa
sua aplicabilidade em plantas de tratamento de aguas residuaigzique, o lodo ativado
convencional pode levar varias semanas para formar os granulos biolégstescdhtexto,
Zheng et al. (2006), descreve que os granulos aerébios podem crescer a gifetientes
fontes de carbono e sédo formados sob diferentes cargas organicas, mas deeftdgacao
dos granulos aerobios, € crucial para a eficiéncia global do sistema de tratamento.

A formacdo de granulos aerébios foi descrita por diversos pesquisadores, que
apresentaram granulos com didmetro médio que variaram de 0,6mm a 12empddde
formacédo apresentado pelos estudos é bastante variavel, sendo encdotradgdn com
tempos relativamente curtos dentro de uma a trés semanas, ou aindenpus tnais
prolongados (MORGENROTH et al., 199BEUN; LOOSDRECHT; HEIINEN, 2002
LEE, et al., 201)

Segundo WILEN et al. (2018), a granulagdo aerobia se deve a uma série de
interacdes, bibticas e abidticas, entre os microrganismos e iasllpartie lodo, resultando
na auto imobilizacdo destes microrganismos em uma matriz de sidbg@dinoérica. Um
modelo de formacdo dos granulos aerdbios foi proposto por Beun et al. (1999), que é

mostrado na Figura 1.
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Figura 1- Formacao dos granulos aerébios
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Fonte: Adaptado de Beun et al. (1999)

A Figura 1 indica que ap6s a inoculagédo com lodo ativado convencional (Figl-a), os
fungos se tornam os microrganismos dominantes, e formam agregados filameotosos
boa capacidade de sedimentacédo (pellet) (Fig.1-b), e permanecem no redt@ctékias,
gue ndo possuem essa capacidade, saem do reator juntamente com @ tedtzsid.
Concomitantemente, devido a forca de cisalhamento provocada pela 4dErggab), os
agregados véao se tornando mais compactos, atingindo o diametro de 5 B€esrpellets,
parecem funcionar como uma matriz de imobilizacdo de bactériagpogieen crescer
aderidas a ela (Fig.1-c). Devido a falta de oxigénio no interior dosaalgregeles se
rompem, gerando matrizes de novas col6nias de bactérias (Figf)lddbge, as novas
colonias se tornam agregados densos e com boa capacidade de sedfimentac
transformando-se em granulos maduros e permanecendo no reator (Beun et al., 1999).

Mais recentemente um novo modelo (Figura 2) foi proposto por Sarma, Tay e Chu,
(2017).
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Figura 2- Modelo de formacgéo do lodo granular aerébio, proposto por Sarma, Tay e Chu
(2017)
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Fonte: Adptado de Sarma, Tay e Chu (2017).

Segundo os autores, o modelo o apresenta maior complexidade, e descricdo dos
mecanismos evolvidos em cada etapa, que a partir do indculo inecedssao célula-célula
(Passol); a formacéo de micro agregados (Passo 2), do qual ocorre a sirfESéRisS
3); e a sequente maturacao (Passo 4). Entre os passos 1 e 2, € desddmaancia dos
mecanismos que envolvem a translocacao de prétons, e a newmatiaagarga superficial
da particula, e ligacdes por forcas de Wan der Waal. Entre os passdsga3peedominancia
dos mecanismos que contemplam o efeito das forcas hidrodinamicas Ifoesatha
também ocorre a sintese de SPE, a formacgéo de pontes ibnicas; h4 taotoérérecia de
pressdo de selecdo, e o crescimento de biomassa imobileazdadd o granulo aerdébio ao
estagio de maturacéao.

A proposta do modelo ilustrado na Figrua 1, partiu das premissas antes investigadas
por Liu e Tay (2012), que buscou explicar a formagao dos granulos com a proposta da auto
imobilizacé@o das células, o processo foi descrito em 4 passos, sdo eles:

1° Passo: contato entre 0s microrganismos e 0s microrganismos e demaismolidos e
suspensao, que ocorre devido a acao de forcas hidrodinamicas, de difusédo, grdyitaciona

termodinamicas e a acao da mobilidade celular;
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2° Passo: forcas de atracdo, que mantém estavel o contato enteogamsmos e
0s microrganismos e demais soélidos em suspenséao. As forcas de atragiis @indem ser
fisicas, quimicas ou bioquimicas, podendo-se citar: Forcas de Van deratvacdo por
cargas opostas, forcas termodinamicas, hidrofobicidade, pontes de hidrogésenegde
bactérias filamentosas, que podem unir células individuais;

3° Passo: estabilizacdo do agregado de microrganismos, a partir da praelucdo
polimeros extracelulares (SPE), crescimento do agregado celutaerag@ts genéticas e
metabdlicas, induzidas pelo ambiente, que facilitam e fortalegsieracéo entre as células,
aumentando a densidade do granulo;

4° Passo: formacao de uma estrutura tridimensional, modelada pela acao da forca de
cisalhamento hidrodinamico. A forma e o tamanho do agregado dependem daodreetse
as ceélulas e da forca de cisalhamento aplicada.

Alguns estudos demostraram que certas condi¢cdes de operacéo dofgisiszcam
o processo de granulacdo. Dentre os estudos, foi abordado como fatores favorérglauma
relativamente alta de cisalhamento, assim também a baixacel@mento microrganismos,
que funciona como um gatilho efetivo para a granulagéo microbiana deileto (BEUN;
LOOSDRECHT; HEIJNEN, 20QZTAY; LIU; LIU, 2001).

E desejavel que a operacdo de um reator de lodo aerdbio granular mastenha
estavel e confiavel. Portanto, a estabilidade dos granulos aerésssengial para a operacao
de reatores de lodo aerdbio granular. Nesse sentido, conhecer e poder cornfaitdaeos
intervenientes no processo de formacdo e estruturacdo dos granulos formados podem
alavancar o uso da tecnologia.

A taxa de carga organica € um dos parametros mais importantes que igufiusnc
caracteristica dos granulos aerébios (MOY et al., 2ZBI@SWAIN et al., 2005), de modo
que a variacdo a carga organica estimula a secrecdo de substancias poliméricas
extracelulares (SPE) e melhora a granulacdo aerégbiadt al., 2001LIU; TAY, 2006).

Para otimizar a granulag&o outros procedimentos podem ser realizados, pooexempl
uma melhor granulacdo pode ser conseguida manipuknae-condicdes de operagao
como maior taxa de aeracédo, reducao do tempo de sedimentacdo, ersréADANA, et
al., 2008), de modo a ocasionar situagao estressante a microbiota, lavemdoento da
producdo de SPE, e contribuindo consequentemente maior granulagao.

Em contrapartida Shi et al. (2013), descreve que um processo de rapida granulacéo

com curto periodo de estabilizacéo e alta carga organica pode resub@ixa estabilidade,
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no entanto, essa condicdo pode ser variavel de acordo com a caccteoigubstrato
utilizado.

Outra maneira de conseguir otimizar a granulacdo e conferir masténesa
mecanica e estabilidade ao granulo, € o uso de sais inorganicos como um fator favoravel ao
processo de granulacéo (LIU; TAY, 2015; MORAIS, et al, 2016). Isso ocorre porque
a carga positiva de cations divalentes neutraliza a cargaveedatsuperficie da biomassa
microbiana e moléculas d8PE aumentando assim a granulacdo. Esses cations podem
estimular a granulacdo neutralizando as cargas negativas presastesuperficies
bacterianas, implicando fortes forcas atrativas de van der Waals a@nfumo como pontes
catibnicas entre bactérias, dado que a maioria dos microrganismearreégada
negativamente ao pH tipico dos biorreatores (LIU; YANG; TAY, 2004).

Uma série de fatores podem interferir na formacéo e qualidade dos granubds$orm
a partir de um inéculo de lodo floculento. No Quadro 1 € mostradocampilacdo dos

fatores que influenciam a formac¢éo do lodo aerébio granular.
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Quadro 1- Fatores que influenciam na formacao e manutencéo dos granulos aerébios

Fatores Descricao Autores
Composicdo |A formacao do granulo parece ndo depender do tipo de substrato utilizado Liu et al.(2005)
Wang et al. (2009); Li ¢
Alta carga leva a uma granulacdo mais rapida e formacao de granulos maiores |al. (2008)
Adav, Lee e Lai (2010
Chen et al. (2008); Mo
Alta carga gera granulos maiores, porém instaveis et al. (2002)
Substrato Concentragao® formagéo e estabilidade néo é dependente da carga de substrato, € sim de Um |peyjin et al. (2017);

de fatores, que devem ser investigados como a relagdo com a aeracao

Concentragdes variando de 0,2 kgDQO.m%di# 21,2 kgDQO.m3.diaforam
investigadasa formacéo do granulo aerébio, indicando que ndo ha uma relagéo s
e direta entre a concentracéo e a formacéao, e que esta é dependente de diversos
fatores que precisam ser investigados

He et al. (2016); Adav,
Lee e Lai (2010){Chen
et al. (2008); Liu, Moy
Tay (2007); Tay et al.

(2004)

Formacao de granulos a partir de taxa acima de 1,2'cm.s

Tay, Liu e Liu (2001)

Valores elevados de velocidade de ascensao do ar geram granulos aerébios mais
compactos, mais densos, mais fortes e menores. Portanto, maior forca de cisalhal
maior estabilidade dos granulos formados

Chen et al. (2007); Tay
et al.(2004)

Taxa de aeracao e forca (

Lodo granular aerébio formado com taxa de aeracéo inferior a 0,1 cm.s

He et al(2018) e Li et
al. (2019)

cisalhamento

Lodos granular aerébio formado com velocidades entre 0,1 e 1,6 cm.s

Gao, Liu e Liang
(2013); Pires (2018); H
et al. (2016); Awang e
Shaaban (2016)

N&o formacao ou instabilidade de granulos aerébios sdo relatados para taxas var
entre 0,3 cm:$

Tay, Liu e Liu (2001);

Tay et al.(2004)

(Continuacéao)
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Fatores

Descricao

Autores

Regime Feast-Famine

o regime famine estimula a hidrofobicidade das bactérias, que € uma forca indutor
granulacao aerébia

Tay, Liu e Liu (2001);

regime de feast inferior a 40% do tempo de aeracdo promove a formacédo de gran
boa capacidade de sedimentacéo e boa estabilidade

De Sousa Rollemberg
et al. (2018)

A relagdes entre o periodo de feast e de famine (1:7, 1:11 e 1:15) mostraram que
formacdo de granulos para as trés relacdes analisadas, e
gue granulos maiores e mais uniformas foram observados para a relagédo 1:11

Li et al. (2019)

Producao de SPE

As substancias poliméricas extracelulares (SPE)sao responsaveisgielaade dos
granulos aerébios, e sdo formados principalmente por polissacarideos (PS) e prot
(PN)

De Kreuk et al.(2010);
Ding et al.(2015);
Mcswain et al.(2005)

SPE é produzido principalmente na fase de feast do reator, apos a alimentacéo, e
a Demanda Bioquimica de Oxigénio soltvel é degradada

De Sousa Rollemberg
et al. (2018)

Na fase famine as bactérias utilizam parte do EPS produzido como fonte de carbo

energia na respiracao endogena

Corsino et al. (2016)
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De acordo as pesquisas relacionadas no Quadro 1, a divergéncia doda®sulta
apresentados para cada estudo, sob diferentes condicdes ndo permite inferir nenhuma
influéncia direta da concentragcdo ou composicdo do substrato na formacémas
granulares aerdbios, nem mesmo sobre a taxa de aera¢do, mostrando gagasiasao
podem ser estudadas de forma isoladas.

Outros fatores devem ser considerados para o processo de granulacéo aerébia, que
pode de ser influenciado pela comunidade bacteriana presente no lodo ativado. As
Substancias Poliméricas Extracelulares (SPE) hidrdéfilas produzidadpetérias tém uma
menor tendéncia a se anexar a flocos de lodo do que as suas partes hidrafébioa
quanto maior a quantidade de SPE hidrofébicas no lodo, ocorre de forma maisarapida
granulacéo aerébia (ADAV, et al., 2008).

Diversos estudos tém buscado conhecer acerca da comunidade microbemta pres
no lodo aerdbio granular (MORAIS, et al., 2016; QUARTAROLLI, et al., 2017; FIL&4O,
al., 2019), tais esfor¢os tém sido realizados para identificar, conhecendezrgobre os
microrganismos que apresentam fatores favoraveis ao processo de granulacdo e
estabilidade dos granulos formados.

A composi¢cdo microbiana dos granulos variou em fungdo da temperatura em um
biotratamento destinado a remocéao de fosforo. Bactérias filamentygaghkix spp. foram
mais abundantes a 20°C, do que a temperaturas mais elevadas (30 ° C e 35 ° C). A remocao
de fosforo foi insignificante e houve uma maior abundancia de Gammaprote@bacieri
e 35°C. A remocdo de fosforo a 20°C foi relacionada a presenca de Rhodocyclaceae. A
presenca de Sphingomonadaceae em todas as temperaturas indicou daenigata
desempenhou um papel importante na manutencdo e estabilidade de grérabos a
(EBRAHIMI; GABUS, 201Q.

Nesse contexto, He et al., (2016) descreve qse Bataproteobacteria,
GamaproteobactermDeltaproteobacteria sao indicadas como grupos que contribuem para
0 aumento da resisténcia mecénica e a formacdo de lodo aerodbio rgr&ngjae a
Chloroflexi exel contribui para a biodegradacao, nitrificacdo e desnitrificacdo e as
Actinobactérias sdo importantes para remocéao de DQO (HE,20%8), As Proteobacteria
e Bacteroidetes sdo comumente as bactérias predominantes e télimoa adaptacdo as
mudancas do ambiente (SONG, et al., 2@09A0, et al., 2015).

Uma caracteristica importante do lodo granular € que este devidiresato
geralmente esférico e com didmetros consideraveis, gera ocorréncicletes ataerdbio

com Rhodocyclaceae, coberto por uma concha esférica externa com eejiBasae
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anaerodbicas (LV, et al., 2014), tais caracteristicas contribuem para a conconmtagore
de nutrientes e carga organica (QUARTAROLI, et al., 2017).
Na Tabela 2 é mostrada as principais familias e géneros tiEidaduncionais

encontrados nos lodos granulares aerobios.

Tabela 2- Principais bactérias e grupos funcionais no lodo granular aerébio.

Funcéo Familia Género Referéncia
Rhodocyclaceae Thauera
Methylobacteriaceae Meganema Szabo et al. (2017)
Xanthomonadaceae Stenotrophomonas
Hyphomicrobiaceae Devosia Luo et al. (2014)
Producdo de EPS Rhodocyclaceae Zoogloea i
Fra-Vazquez et al. (2016)
Comamonadaceae Brachymonas
Rhodocyclaceae Rhodocyclus Adav, Lee e Lai, (2009)
Bdellovibrionaceae Bdellovibrio Liu et al. (2018)
Flavobacteriaceae Flavobacterium Amorim et al. (2018)
Nitrosomonadaceae Nitrosomonas Fra-Vazquez et al. (2016)
Nitrosomonadaceae Nitrosospira
Nitrificacdo Nitrospiraceae Nitrospira i

o ) Szabo et al. (2017)
Bradyrhizobiaceae Nitrobacter
Brocadiaceae
Xanthomonadaceae Pseudoxanthomonas Amorim et al. (2018)
Methylobacteriaceae Meganema
Xanthomonadaceae Stenotrophomonas  Szab6 et al. (2017)
Rhodocyclaceae Azoarcus
Rhodocyclaceae Thauera

. Zhang et al. (2011)
Accumulibacter

Weissbrodt, Shani e

o Rhodocyclaceae Zoogloea Holliger (2014)
Desnitrificacéo Thiobacillacaeae Thiobacillus Xu et al. (2015)
Rhodobacteraceae Paracoccus Wang et al. (2013)
Hyphomicrobiaceae Devosia
Luo et al. (2014)
Xanthomonadaceae Lysobacter
Comamonadaceae Acidovorax Weissbrodt et al. (2013)
Moraxellaceae Acinetobacter Wan et al., (2015)
Pseudomonadaceae Pseudomonas
Yan et al. (2016)
Comamonadaceae Comamonas

Fonte: Adaptada (Xia et al., 2018;de Sousa Rollemberg et al., 2018).

Em complemento, LV et al., (2014) descreve que a formacdo de granulos em um

reator aerdbio, indicou um aumento na abundancia das espécies amaecobbhia a
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Flavobacteriaceae, Xanthomo nadac&®dobacteraceaaMicrobacteriaceae, devido a
formacdo do ndcleo anaerdbio. Estirpes de Sphingomonas sp., Paracogcus sp
Sinorhizobium americanumFlavobacterium sp. presente no nucleo promoveu a producéo

de EPS e melhorou a formacao de granulos (WAN, et al., 2015).

4 Efeitos da temperaturano tratamento por lodo aerdbio granular

O lodo granular passou também a ser atraente nas investigacGiatparanto em
elevadas temperaturas devido seu bom desempenho e possiveis funcienélidaasIE,
et al., 2007SONG et al., 2009; EBRAHIMI; GABUS, 2010; HAKIM et.a2015).

Alguns aspectos interessantes corroboram para o uso do lodo aerdbio granular em
elevadas temperaturas, como formacao de lodo aerdbio de melhor estabMdatie
contexto, alguns estudos demonstram granulos formados a 55°C com diametros &ntre 1 e
mm ou com um diametro entre 1,2 e 1,9 mm possuiam a resisténcia agiesat
comparavel aos granulos mesdéfilos aerdbios (ZITOMER et al., 2007), mosttaed®
possivel manter as caracteristicas do lodo, mesmo em tempeedtveaias, gerando ass
novas perspectivas no uso do lodo aerébio granular termofilico.

Em adicéo, o efeito da temperatura no processo de granulacéo foi aeatiadgo
sistema de reator em batelada para alcancar a nitrificagéal pileste estudo verificou-se
que os granulos ndo apresentaram alteracBes significativas nas asaeteristicas
morfoldégicas com uma temperatura entre 28 e 37 ° C. O didmetro deden&0% dos
granulos foi superior a 6 mm quando a temperatura foi aumentada para 38a% @,
densidade diminuiu de 28 para 1944 0 indice de volume de lodo (SVI) aumentou de 33
para 80 mL.g. O sistema desestabilizou-se rapidamente e a nitrificacdoucgsando a
temperatura atingiu 41°C (LOPEZ-PALAU et al., 2013). Por outro lado, para a remocéo de
amoénia (97,5%) foi observada a 30°C, contra 94,6% e 94,4% a 40°C e 50°C,
respectivamente (HAKIM et al., 2015).

No entanto, outros estudos demonstraram que a remocdo de fosfato bioldgico foi
maior no sistema a 50°C do que a 30°C e 40°C, com eficiéncias de 72%, &B% e
respectivamente.

De modo geral, percebe-se que o incremento de temperatura pode tex efeit

negativos no sistema de tratamento por lodo aerébio granular, no eatamteterminadas
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situacdes e principalmente quando o lodo aerdbio granular € bem formadojvél poss
conduzir o tratamento de efluentes a temperaturas elevadas, sendo, portanto, amtenport
ponto de partida para novos estudos e aplicacdes da tecnologia para taasnchieo a
fabrica de polpa celulésica kraft.

6 CONSIDERACOES

As recentes pesquisas tém demostrado o crescente interessesveamdale e
aprimorar o uso de técnicas e tecnologias acerca do tratamento bidobietydo, com a
utilizacéo do lodo aerodbio granular.

O uso do lodo granular aerébio em sistema de tratamento ainda € iecipient
principalmente quando se trata do uso do sistema em fluxo continuo, comoaatuam
principais tecnologias convencionais de tratamento biolégico como o lodo ativado.

O avanco dos estudos sobre os processos de granulacdo e suas interférdncias
auxiliado a alcancar cenarios importantes. Diversos estudos mostramugaedo lodo
aerdbio granular pode favorecer uma série de beneficios, mas ainda ha pterres £m
escala industrial operando, sendo o destague ao sistema Nereda, que operadanm batela

O cenario modifica-se ainda mais quando o uso do lodo aerébio granular é
requisitado em condi¢des termofilicas, visando atender a regides ds djirantes e as
fabricas e empreendimentos que geram efluentes de elevada temperatura.

Poucos sdo os estudos que unem o uso do lodo aerdbio granular com elevadas

temperaturas. No entanto, destes os resultados mostram-se promissores.
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CAPITULO 2

Characterization of Thermophilic Aerobic Granular Sludge for the
Treatment of Bleached Kraft Pulp Mill Effluent

ABSTRACT

The objective of this work was to evaluate the physical charsiitsri

of the thermophilic granular aerobic sludge used in the treatment of
bleached kraft pulp mill effluents. Four sequential batch reactors
(SBRs) were operated with cycles of 12 hours. Reactor (R1-FSR)
with flocculent sludge was used as control. The other three reactors
(R2-GSR, R36SR: 100, and R46SR200) were operated with granular
aerobic sludge. Concentrations 100 and 200 rigpflcalcium were
applied in the RI5SR.100and R4-GSkoo, respectively. The pH was
maintained in the neutral range in all reactors. The experimental plan
was carried out for 490-day period, in 5 phases at different
temperatures of 35 °C to 55 °C. All SBRs showed COD removal
efficiency above 60% in all temperature ranges. The granule average
diameter in the R2-GSR, R3SR:100, and R4GSR.200 ranged from

5 to 8 mm. The reactor R3S:100 showed better stability due to the
addition of 100 mg. i of calcium. The granular sludge sedimentation
velocity was 40 m.h-t, which was eight times higher than the
flocculent sludge. Thermophilic treatment (55 °C) using aerobic
granular sludge proved to be a promising way for treating bleached
kraft pulp mill effluent without a prior cooling process.

Keywords: Thermophilic aerobic granules; High-temperature; Integrity coefficient;
Industrial wastewater

1. INTRODUCTION

Pulp mills demand significant amounts of water and generate high v®lome
effluent with high organic matter and high temperatures, requiring bioldgeedinent prior
to discharge (Calvo et al. 2007; Morais et al. 2018; Da Mata et al. 2019). Tlemefifam
pulp mills presents potential for biological treatability, for whitcls igenerally applied the
activated sludge process an aerobic system, which shows advantagaesparison with
anaerobic treatments (Thompson et al. 2005). However, the activated slaedge treat
the pulp mills effluent generally is operated at a mesophilic teatyre (about 35 °C), which
implies the need for effluent cooling, increasing the operating costaathest plants due
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to the high energy consumption required in the cooling stage. Such costs cautudeszl
by using the treatment system in thermophilic conditions.

Thermophilic biological wastewater treatment has been the sulfjstiidies since
the early 1950s (Lapara and Alleman 1999). In this way, researchers baw#ocementing
and encouraging the use of aerobic thermophilic treatment as an aleetoanesophilic
processes, especially in industries that generate high-temperffitiest€above 50C), thus
eliminating the need for cooling systems (Suvilampi and Rintala 2084y At al. 2008).
Recent research has shown that thermophilic treatment allows aatéghf removal of
organic loads (Halim et al. 2016; Ibrahim et al. 2017), and the use ohahaophilic
condition in biological treatment has been investigated with pesttbntributions to the
pulp and paper industry (Zheng and Liao 2014). However, some biological praeegses
greater care in the operation, as described by Zheng and Liao (2016), whengstudy
membrane aerated biofilm reactors for thermomechanical pulping gréEb&R) treatment,
such as a promising technology that request a necessary careful hafnmess control for
achieving better performance.

Some studies have shown that thermophilic conditions can cause neffett®on
the microbiology of sludge, interfering with microbial diversity and richnegsch can
result in a drop in efficiency in the treatment system (Silva et al. 2010).

Besides the effects on microbiology, the thermophilic biological treattrhas
several difficulties for its implementation, due to the negative effect of high tetuzecs
the formation and sedimentability of biological sludge (Hakim et al. 2016).

A hypothesis that supports the thermophilic treatment suggests tlo¢ giseular
sludge, which provides more physical/mechanical resistance on tlgibabdlaggregates
formed, maintaining the stability of the treatment at high tempexatThe use of
thermophilic anaerobic granular sludge has been reported earlier thise thfehermophilic
aerobic granular sludge; however, a greater consumption rate of orgarac loyadierobic
way, can be more attractive for treatment of the biggest votdiei#uent due to the smaller
hydraulic retention time (Van Lier et al. 1996; Dutta et al. 2014; Sommestsal. 2015).
There are useful opportunities of the thermophilic treatment sysig@plying aerobic
granular sludge that proposed a substitution of the mesophilic conditiontivadiecculent
sludge was used (Zitomer et al. 2007; Hakim et al. 2016).

The first step for the technology application is to produce the biologaralbic
aggregates. Granulation is a gradual process of conversion of flocculert isitodgranular

sludge through the selection of aggregates by sedimentation. The goanpiacess can be
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initiated by bacterial adsorption and adhesion to inorganic, inert, and precipitasecinat
as well as by the adhesion of microorganisms to other cells throughcqthysinical
interactions. Some groups of bacteria, such as filamentous bacteria, cortiitane
enhance the granulation process, making the granules more resistana (061, Morais
et al. 2018).

Aerobic granulation has gained importance in the wastewater treatmedht f
(Ebrahimi et al. 2010; Lee et al. 2010; Ren et al. 2017; Morais 2058), although the use
of full-scale plants is still incipient. Aerobic granular sludge technologyrieotly applied
on a full-scale level by Royal Haskoning DHV (Nijmegen, Netnaik) in a system called
Nereda® (Pronk et al. 2015).

Few studies have reported the use of full-scale granular sludge, and nduthally
scale systems operate in batch mode, which still acts as a limiting fiacthe use in high-
flow effluent treatment systems (Giesen and Thompson 2013). The phystediility of
the granule structure over the bioreactor operating time is one of thesenest obstacles
to a practical application of aerobic granular sludge, especially innconis-feed flow
systems.

An important step for granular sludge technology to be used on a largasstale
develop techniques that give the sludge a greater cohesion and eutr@nmal resistance
to withstand the shear stress of the effluent in the aerated bioredat@erobic granules
can be classified according to their capacity to tolerate highr &breas by measuring the
integrity coefficient (Ghangrekar et al. 2005).

A more complex scenario is observed when aerobic granular sludge istedige
high temperatures. Little is known about the formation of granules areffduts of high
temperatures on the physical characteristics of the granulesllasswhe performance of
organic matter removal efficiency on the wastewater treatment pfeder thermophilic
conditions.

The objectives of the present research were to evaluate theglhofsaracteristics
of the aerobic granular sludge and the organic matter removal efficiemen treating

bleached kraft pulp mill effluents under the thermophilic conditions.
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2. EXPERIMENTAL

2.1 Materials

The effluent was obtained from a Brazilian eucalyptus bleached kraft pllilinaui
has a [t (EP) DP bleaching sequence. The effluent was collected upstrebenaattivated
sludge treatment system and the biosludge was collected iutlye skcirculation line for

further use in the lab sequential batch bioreactors.

2.2 Experimental design

The experimental design is shown in Fig. 1.

Fig. 1. Experimental design

[ Effluent of Bleached Kraft Pulp Mill ]
v
COD, BOD, pH, TSS, E.C, Ca, Na
Treatment system operating conditions: N
Hydraulic retention time (HRT): 12 h
pH: 7.0
Residual dissolved oxygen: > 2 mg. L
Temperature range: 35 °C; 40 °C; 45 °C; 50 °C; 55 °C
Operation time for each temperature range: 90 days
| | i | /
Reactor 2 Reactor 3 Reactor 4
Reactor 1 Granular Granular Sludge Gra; Ll S'”f_%’e
Flocculent b + 200 mg.
Sludge +100 mg. L Cazr
Sludge Ca?* GSS
) _ -GSRu100 - = +200 -
FSR- GSR GSR+100
I T I |
1-h 1-min
Sedimentation Sedimentatio

Diameter, sedimentation velocity, and
integrity coefficient

v

Treated Effluent

COD removal efficiency
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Table 1 describes the analytical processes and the frequency of thasankte
operation period in each temperature phase was 90 days, for a total ddy$5f@r the 5
phases at different temperature beginning at 35 °C and intercalatetCogvery 90 days
until 55 °C.

Table 1. Analytical Program

Nature Analyses Location Frequency
COD, BOD, pH, TSS, VSS, E.C Input For every sample

Characterization Calcium, and Sodium P y P

Routine COD, pH, TSS Output Three times a week

Routine Size Determination (Petri dish Granular Sludge Twice a week

sludge photographs)
Routine Granule strength and Flocculent and Monthl
sedimentation rate test Granular Sludge Y

COD- Chemical oxygen demand, BOD- Biochemical oxygen demarfl, T&al suspended solids, VSS-
Volatile suspended solids, EC- Electrical conductivity

2.2.1 Experimental apparatus

A sequential batch reactor (SBR) system composed of four reactors (Figth2, wi
volume of 2000 mL each, was assembled.

Fig. 2. Sequential batch reactors/ Experimental apparatus

Input Effluent

Decant

Qutput Treated

Efﬂue?

2000

‘; operati
clo

Each reactor was equipped with an air diffusion aeration system &eamnia

automatic treated effluent discharge system composed of a timer soldn@id valve.
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Effluent feeding was performeda a peristaltic pump. In each reactor, a thermostatically
controlled heater was installed. The temperatures were programmed fgheaehof the
test, beginning with a temperature of 35and increasing 3C in each phase up to a
temperature of 55C.

The system operated in batch cycles of 12 h each. The pH in eatdr reas kept
in the neutral range (pH = 7) through the addition of sulfuric acid when aegeBsssolved
oxygen (DO) concentration was always kept above 2 thiplall reactors.

The bleached pulp mill effluent received the addition of nutrientsn@dNR) in the
ratio of 250:5:1 for COD:N:P (Morais et al. 2018), because the effluentearen nutrients
for the microorganisms.

Reactor R1-FSR with flocculent sludge was operated in flocculent shadgitions
(1-h sedimentation time). Reactors R2-GSR with granular sludge, R3 -iégg§Ranular
sludge and 100 mglof additional calcium, and R4-GSi3 granular sludge with 200
mg.L? of additional calcium were operated under granular sludge formation conditions
min sedimentation time). The R3SR.100 and R4GSR.200 reactors received a fixed dosage
of 100 and 200 mg G4 L, respectively, in the form of calcium chloridell reactors
operated with a 12-hour cycle. Reactor R1-FSR operated with 11 hours cbnrdans,
which included 5 minutes for filling, 1 hour of sedimentation, and 2 minutes digcha
Reactors R2-GSR, R3-GSR+ 100 and R4-GSR+ 200 had the cycles of 11 hours and 57
minutes of reaction including 5 minutes for filling, 1 minute for sedimenmtaéind 2 minutes

for discharging.

2.3 Methods

2.3.1 Physicochemical characterization

The physical-chemical parameters analyzed were COD (method 5220D)aBDD
DO by respirometry test (method 5220B), solids concentration (methods 2504B, C, D and
E), based on methodology described in the Standard Methods for the Examination of Water
and Wastewater (2012), as well as the procedures of collection, preseraation
pretreatment of the samples (APHA 2012). The pH was measured using the HH24HD
multi-parameter.

Calcium, potassium, and sodium were determined by atomic absorption
spectroscopy according to TAPPI T266+02 (2006).
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2.3.2 Analysis of the physical characteristics of aerobic granular sludge

a) Size of the granules

The determination of the size and circularity of the granules wagdamt using
ImageJ software (NIH, 1.51K, Bethesda, MA, USA) (Rasband 2017). The diameters we
calculated as equivalent circular diameters (Lochmatter 2048). The images used in the
ImageJ software were obtained by diluting the sludge samples, placing themss RBejta
dish, and photographing them together with a graduated ruler, for the conversicscafdine
factor of the image pixels produced.

b) Sedimentation velocity and stress test

The average sedimentation rate was determined using the sediomentdtimn
assay (Ghangrekar et al. 2005).

The procedure consisted of filling a sedimentation column of a diameter ain7.5
and a height of 75 cm with water, to which 25 mL of diluted sludge (5:%) adaled.
Collection was performed at time intervals of 0.5, 1, 1.5, 3, 7.5, 15, and 60 min. From the
collected material, the TSS of each sample was determined tofgtiaafraction of settled
sludge at each time point.

The average sedimentation velocity was calculated by Eq. 1,

_vam

meansed. — M (1)

14

where hean sediS the mean sedimentation velocity (mb) hv is the sedimentation velocity
(m. ) of the fraction in the interval, m is the mass (g) of sedimentetidraover time,
and M is the total mass (g) of sludge sample.

The stress test was conducted on the fraction of the sludge that settled in 1 min. The
granules were transferred to a 250-mL Erlenmeyer flask, and the volumsomiateted
with tap water to a total volume of 150 mL. The sample was placadsbaker at 200 rpm
for a period of 5 min. After stirring, the sample was allowed to redt foin. Then, the total
suspended solids of the supernatant and the decanted liquid were measuredulihef
the TSS analyses were used to determine the integrity coefficieict) ¥8 defined as the
ratio of the mass of the supernatant solids divided by the mass dtahedlids of the
sample. Thus, the lower the integrity coefficient, the greatestifemgth of the granules
(Ghangrekar et al. 2005).



50

2.4 Statistical Test

The results were submitted to an analysis of variance and thg Tasgtgu=0.05),

using the R software (RFSC, v.R 3.3.3. Vienna, Austria) in the data processing.

3. RESULTS AND DISCUSSION

3.1 Characterization of Bleached Kraft Pulp Mill Effluent

The characteristics of the effluent used during the experiment are shown in Table 2.
Table 2. Characterization of the Bleached Kraft Pulp Mill Effluent

COD BOD E.C TSS VSS Ca Na K

sample 1) mgll)  (mS.em)  (mgll)  (mgld  (mgl?)  (mgll)  (mg.LY

Effluent 1309+75 530+93 3,2+0,3 185+13 11420 170+10 603x14 18+4.0

The effluent showed typical characteristics of kraft pulp mill wastessawith an
average COD of 1309 mg} and an approximate BOD/COD ratio of 0.4 (Morais et al.
2018; Da Mata et al. 2019). The effluent had a conductivity value (3.2wiBthat was
significantly correlated with the presence of calcium, sodium, arggiam salts (170, 603,
and 18 mg.L, respectively). It is noteworthy that high electrical conductivity can affect t
formation of biological aggregates (Da Mata et al. 2019). The valued, although high,
is within the typical values for this type of effluent.

The calcium concentration was increased in theGS&100 (100 mg Ca 1) and
R4-GSR200 (200 mg Ca I) reactors, so that the R3-GSR reactor had a total
concentration of 270 mg1of calcium, and the R4-GSRoincreased to 370 mgiL

3.2 Organic matter removal efficiency

The COD removal efficiency using granular sludge in the sequeatcld keactor

system is shown in Table 3.
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able 3.COD Removal Efficiency at Different Temperatures

Parameter COD Removal Efficiency (%)

Tgrfqireargrt‘gre 35 °C 40 °C 45 °C 50 °C 55 °C
R1-FSR 69 % 3.2 65+9.2 67+52  67+59  66+10.1
R2-GSR 67+5.2 65+7.4 67+84  68+73 64+7.8

R3-GSR.100 68+5.1 67+81 65+95  68+55 64+ 9.4

R4-GSR.200 68+ 4.2 66+47 67+84 64+105 65+7.5

R1-FSR = Flocculent sludge react®2-GSR = Granular sludge reactor; R3-GS& = Granular
sludge reactor 100 mgiCa*; R4-GSRu200 = Granular sludge reactor 200 mg.C&*, n = 46

The overall removal efficiency was above 60% under all tested condifitves
efficiencies achieved for COD removal are similar to those repanteidei literature for
bleached pulp mill effluents (Kamali and Khodaparast 2015; Morais 2083; Da Mata et
al. 2019).

The SBR performance did not present statistically significant w@ridetween the
average COD removal efficiency of the different reactors, within dmeestemperatar
range.

Performance was similar among the flocculent (R1-FSR) and granular (R2-GSR, R3
GSR- 100 and R4-GSR 200 sludge reactors. The addition of calcium was not found to have
any adverse effect on organic load removal efficiency (Morais et al. 2018).

Figure 3 presents the results of the overall reactor efficiency beeexperiment

period, in the different temperature phases.

Fig. 3. Performance of reactors in soluble COD removal
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The treatment maintained a COD removal efficiency of over 60%tanatieratures.
The COD removal efficiency above 60% at high temperatures was also abisettve use
of granular sludge (Song et al. 2009).

Temperature transition can negatively affect biological aessi It was observed
that after each temperature transition, there was an efficénogyof up to 30%, but the
removal efficiency returned gradually to maximum after a short periodagftation at the
new temperature. It is noteworthy that the recovery of COD removalesiffic in the
temperature transition from 50 to 86was longer, only returning to total recovery after
approximately 20 days, while in the other temperature ranges the mgajdvefficiency
occurred over a medium period of 10 days.

The drop in efficiency can be attributed to the fact that high temperatures nsay ca
adverse effects on the microbial sludge community and sludge formatikim(ketzal. 2015;
Ibrahim et al. 2017).

At no time did the addition of calcium influence the reactors' perforesamgarding
the COD removal.

The efficiency of COD removal shows that it was possible to treat the effluent in all
conditions tested. Thus, it was possible to observe that the efflugntareaf the cellulose
mill can be carried out in thermophilic conditions, suggesting a viabdenative for the
industry, with a significant reduction in the installation and operatosts of the effluent
treatment system. Above all, meeting the standards for launching environmerttatdsa

The thermophilic treatment with the granular sludge combines the advantalges of t
characteristics of the granular sludge (excellent sedimentatigrias$earea requirement,
greater robustness to shock loads) with the benefits of high temperatureoop@rnatner
degradation rate, less generation sludge), being an attraction for the u$enofdgy on an

industrial scale.

3.3 Physical characteristics of granular aerobic sludge at different temperates

The diameter and sedimentation velocity of the granules were determined4)lable
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Table 4. Diameter, Sedimentation Rate, and Granule Integrity Coefficient

Temperature  Treatments Diameter (mm) Sedlrr}t?nﬁtéllt;on Rate Integrlt))(/ f(;)oefﬁment
R1-FSR - 4.70 £1.40 -
35 °C R2-GSR 7.17 +£3.14 40.21 +1.80 4,70 +£1.93
R3-GSR:100 7.80 +£3.82 41.55 +0.85 00
R4-GSR:200 7.81+3.8 41.53 +2.95 9.64 £5.48
R1-FSR - 3.93+0.81 -
40 °C R2-GSR 6.29 + 4.00 39.36 +2.36 12.24 + 4.45
R3-GSR100 5.83+3.21 41.81 +1.99 00
R4-GSR:200 8.30 £ 9.51 41.21 +£3.92 13.62 £ 13.37
R1-FSR - 3.81+£0.83 -
45 °C R2-GSR 6.74 £ 4.77 38.58 £0.19 18.02 £12.23
R3-GSR:100 7.56 £5.19 40.55 + 3.69 2.49+1.04
R4-GSR:200 5.36 + 3.85 44.415 + 1.47 18.95+5.84
R1-FSR - 5.08 + 0.69 -
50 °C R2-GSR 6.60 + 4.61 4250+ 151 14.69 £7.51
R3-GSR.100 8.08 +5.25 42.06 +1.16 1.85+2.62
R4-GSR:200 7.65+5.21 41.29 +7.04 20.39 +6.51
R1-FSR - 5.47 +£0.75 -
55 oC R2-GSR 6.74 £ 4.77 41.69 +0.25 6.73+5.11
R3-GSR:100 7.57 £5.25 42.01 +1.09 1.39+£1.96
R4-GSR200 6.32 £ 4.66 41.29 +4.04 17.95+£0

R1-FSR= Flocculent sludge reactor; R2-GSR = Granular sludgere&®3-GSRi00 = Granular sludge
reactor + 100 mg.t Ca*; R4-GSR200 = Granular sludge reactor + 200 mg.Ca*

Reactors R2-GSR, RGSR100, and R46SR.200 presented predominantly average
diameters between 4 and 8 mm, similar to those reported in sthdigsoint out granular
sludge as a viable alternative for industrial and municipal efflueatrhent (Zitomer et al.
2007; Ebrahimi and Gabus 2010; Wilson et al. 2013; Pronk et al. 2017; Morhi2@1&).

A statistical comparison between the average diameters recorded in eadlatiempange
and between the different granular aerobic sludge reactors showed naangniéiriation,
with a confidence level of 95%. This shows that the diameter of rdreulgs remained
similar in the R2-GSR, R3-GSRo and R46SR.2o0 reactors, regardless of temperature
variation.

The main physical characteristics of granular aerobic sludge wemtamed
throughout the entire treatment and under the different operating conditidmes SBRS:
l.e., there was no significant deterioration of the granules when imgethé SBRs in the

different temperature ranges from 5o 55°C.
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Similarly to what was observed on granules that had comparablgaksaneter
at all temperatures (Table 4), it was also observed that the addition of calcium hadtno effec
on the size of the granules, i.e., the reactor without adding calciuha heean diameter
similar to the R3-GSRoo reactor with the addition of 100 mglof calcium, as well as the
average diameter found for the B&SR:200 reactor with the addition of 200 mgticalcium.

The granule size has been reported as being an important parameter, but the average
diameter has a wide range, varying from 0.2 mm up to 16 mm (Zheng2@0&l Li et al.
2008; Liu et al. 2012; Morais et al. 2018). In contrast to what has beamsn previous
studies, that granules of 0.6 to 1.8 mm may be more efficient for biologesie nt (Liu
and Tay 2015), and that large granules are not desirable due to insaailggnaller surface
area and may reduce substrate removal and biomass growth rates (Liu and Tay 2006; Pronk
et al. 2015). It was observed in this work that the granules formed, bbesidgstable even
with temperature variations, did not present a reduction in the rate e¥akof the organic
load. The use of real industrial substrate with high readily assimitabnic content is
emphasized, which contributes to the formation of large granules. The mamic¢éeand
durability of the diameter and mass of the granulate can also be vardiezttly by the
sedimentation rate.

The sedimentation rate values were close to those typically fouthe iiterature
(Dahalan et al. 2015; Morais et al. 2018). Sedimentation rate isfadhe most important
characteristics of granular sludge, which allows the effluent toardied quickly afte
treatment, making it an attractive alternative for replacemémonventional activated
sludge techniques (Zitomer et al. 2007; Zhiwei et al. 2009; Ebrahimi et al. 2010).

The average sedimentation velocity measured for granular sludge undemtliffere
temperature conditions was approximately 40-fhhile the flocculent sludge presented
an average sedimentation velocity around 5 ‘m.fhe granular sludge reached
sedimentation velocities 8 times higher than the flocculent sludgecal granular sludge
sedimentation velocity values have been reported with valoekisto those measured in
this paper (Zitomeetal. 2007; Dahalan et al. 2015; Morais et al. 2018). This sedimentation
rate can be attributed to the size of the granules and their cohesive formation.

Recent studies consider the disaggregation of the granules to be theenodin
factors that could limit their use in large-scale plants. Recent articles have S$teouse of
agents that confer greater cohesion to the aggregate, helpingrthiegita withstand higher
shear stresses caused by the flow of water and turbulence causedaeyatiwn in the
reactors (Zitomer et al. 2007; Adav et al. 2009; Lee et al. 2010). The study b Iioadi
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(2018) demonstrates that it isgsible to optimize the strength of granules with the addition
of calcium, allowing for further exploration of the use of granular aerobic sludge.

The maintenance of granular cohesive physical strength plays an impof&in
ensuring their morphological functionality and settling velocity. In a@aldita low strength
of the granules results in loss of solids and a poor final effluent quEtigy/shear strength
was evaluated by the integrity coefficient, which showed a signifipositive effect of the
addition 100 mg.1 of calcium. The effect of calcium on the R3-G&Rand R4GSR:200
reactors are shown in Table 4.

Positive effects of the addition of calcium on the granule strengthobserved (Tay
et al. 2001; Vogelaar et al. 2002; Zhang et al. 2013; Hao et al..206)oteworthy that
the R3GSR.100 reactor, which received 100 mtlof calcium, presented the lowest integrity
coefficient, i.e., smaller solids losses under shear forces.

A low integrity coefficient implies greater cohesion, and indicates the aerobic
granule formed and maintained in the B3R.100 reactor showed greater mechanical
stability, that is, with an integrity coefficient tending to z€kee etal. 2010; Zhang et al.
2017; Morais et al. 2018). Lee et al. (2010) explain that the increag@amule strength
occurs due to the calcium precipitation inside the granules and the incregsad @ohride
content, forming a more resistant core.

The addition of calcium was favorable to the mechanical stabilithe granules
only in R3-GSR:106 Which received the addition of 100 mg.LFor the R4GSR:z00reactor,
which also received additional calcium (200 m$,Lit was observed that the integrity
coefficient was above 9, which indicates an important fraction of disagigreganules
(Ghangrekar et al. 2005).

Divalent metal ions like calcium have a positive effect on gedimu. The metal ions
are recognized as enhancing granulation, providing the rapid formation of grandles
giving them greater cohesion (Li et al. 2009; Song et al. 2009;)nWiléal. 2018). The
mechanisms of enhancement of granulation may involve several functions, wheaaimorg
ions can neutralize the negative charge on the surface of bacteriahamte aggregation.
The precipitates formed by the inorganic ions serve as nuclei teeeteethe microbial
aggregation, and inorganic ions form an ionic bond on the surface of the particles and act as
a cation bridge to enhance granulation (Yu et al. 2001; Wilén et al. 2018).

The sludge of the R&SR.100 reactor was more cohesive, showing the lowest
integrity coefficient. The application of 100 mg.lof calcium assisted the formation and

stability of the granules. The results observed for the calcium appticagre similar to
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those in the studies by Morais et al. (2018), Zhang et al. (2013), and &la(?6116), which
also explain that the high concentration of calcium can have negative effectstubtisrs

is related to reactor R&SR.200 Where the application of calcium was two times higher than
the calcium applied in reactor R3SR.100and did weaken the granules.

The evaluation of the physical characteristics of the granular sludge showed that the
sludge remained stable in thermophilic conditions, turning the use aéthisology in an
industrial scale more attractive. It was also possible to observe that taérgpeonditions
used in the experiments were adequate in maintaining the physaracristics of the
thermophilic aerobic granules. The application of calcium positivehtributed to the
maintenance of the physical properties of granular sludge.

The frequency of occurrence of granules according to their particle size class

(diameter) is shown in Fig. 4, in the temperatures ranging frofi 8655°C.



Fig. 4. Size distribution of granules at different temperatures
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At 35 °C, the R2-GSR, R&SR.100, and R4GSR.2q0 reactors presented a granule

diameter greater than 4 mm.

From the temperature increase abové®f was noted that there was a disturbance

in granule formation, and an upward trend of granules smaller than 4 mmefidus

occurred mainly in the R4-GSRo reactor, in the temperature range between 50 an€. 55

However, the frequency of granules classified between 4 and 8 mm wadfeuted,

continuing to show the highest proportions of distribution. In contrast, the freyuwé

granules larger than 8 mm was reduced, but without establishing a clear pattern.
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The consistency of granules over the complete range of temperatures shows that the
treatment of bleached kraft pulp mill effluent generated at elewategderatures can be
treated by a thermophilic aerobic system. This can be widely sed alternative for
economizing energy, eliminating the need for effluent cooling systemslg®pv and
Rintala 2004, lIbrahim et al. 2017).

CONCLUSIONS

1. The viability of maintaining granular sludge under thermophilic conditions wa
demonstrated. Granular aerobic sludge was subjected to different tengzeratthre
range of 35Cto 55°C. This granular aerobic sludge showed a COD removal efficiency
higher than 60% in all temperature ranges, includingC55

2. The granules were maintained throughout the experimental period presemtad ty

values of aerobic granular sludge, with an average diameter ranging from 4 to 8 mm.

3. The sedimentation velocity of the granular sludge was determinedi@roéh and was
8 times higher than the sedimentation velocity of the flocculent sludge.

4. The addition of 100 mg:t.of calcium contributed positively to make the granules more

cohesive and to increase their mechanical strength.
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CAPITULO 3

Microbiota of Thermophilic Granular Aerobic Sludge for Treatment of
Kraft Pulp Mills Effluent

ABSTRACT

The thermophilic granular aerobic sludge microbidta the
treatment of effluents from a eucalyptus bleached kraft pulp plant
was investigated. Four sequential batch reactors were assembled,
and Reactors 1 (R1-FS35) and 2 (R2-FS55) were maintained with
flocculent sludge and operated at a temperature of 35 and 55 °C,
respectively. Reactors 3 (R3-GS35) and 4 (R4-GS55), maintained
with granular sludge, were also operated at a temperature of 35 and
55 ©°C, respectively. The efficiency of COD removal, EPS
production, sludge morphology and the microbiota richness and
abundance indices of the bio-sludge were evaluated. All four
reactors the overall COD removal efficiency was 68%. The
Extracellular Polymeric Substances (EPS) concentrations, aaswvell
the PN/PS ratio, above 1, corroborate the performance of the
reactors, demonstrated by the morphological analysis, where the
flocculent sludge showed a good development, and the granular
sludge showed a good compaction with a diameter frequency
distribution between 4 and 8 mm. The microbiota showed high levels
of diversity (according to the Shannon index) for the four reactors
(R1-FS35 = 4.53; R2-FS55 = 3.35; R3-GS35 = 4.83; R4-GS55 =
3.45), with a prominence of the phyla Planctomycetes (40%),
Proteobacteria (28%), Armatimonadetes (9%), Firmicutes (8%),
Gemmatimonadetes (5%), Caldiserica (4%), Chlamydiae (2%) and
Acidobacteria (1%). The Thermus and Meiothermus genera stood
out at 55 °C.

Keywords: microbiada, Meiothermus, Thermus, thermophilic aerobic granular sludge.



64

1 INTRODUCTION

Aerobic granular sludge technology has been considered a promising altefoative
conventional wastewater treatment applications due to the ragithgseadf biomass,
allowing the implementation of more compact structures and providing an area requirement
80% lower than conventional systems (PRORKal, 2015). Aerobic granular sludge
technology consists of a new morphology of biological sludge, different from the
conventional activated sludge system, where microorganisms are no longer dispersed in the
form of flocs, but present larger and more cohesive aggregates in the formuégrgLIU
et al., 2004). Aerobic granules are characterized by having regular, strongpupect
structures that facilitate their settling ability and a higheistasce to high organic loads
and toxic effluents. Aerobic granular sludge has been studied for sevetadnalities, due
to its peculiar, forms, and dimensions and greater limitationseinliffusion of dissolved
oxygen into the granule. The granules have aerobic and anaerobic zonbs;antitbute
to the presence of microorganisms that can simultaneously effect diftedagical
processes favoring their uf® the treatment of effluents with high organic and ammonia
(BEUN etal.,2002; LIU et al., 2004; LIU et al., 2012b; QUARTAROLI et al., 2017).

A novel opportunity for the use of granular sludge is the treatment &¢f hig
temperature industrial effluents. The robustness and good settlingf rgtenular sludge
allows a higher resistance to high-temperature effluents thacuféot sludge and
eliminates the cost of effluent pre-cooling systems (SUVILAMPR&ENTALA, 2004;
PRONK et al., 2015. There are few studies on the ability to form and maintain aerobic
granules under thermophilic conditions. The search for microorganisms capable of
aggregating in the form of granules under high temperature conditions conatitute
important developmeat step for the treatment of industrial effluents (LIU et al., 2G12a
FILHO et al., 2013

Pulp and paper mills generate high volumes of effluents with high temperature. The
use of thermophilic granular sludge in this industrial sector créagmssibility of reducing
the area dedicated to the effluent treatment system, eliminating the cosli@gsnd thus
reducing costs.

The present study characterizes the microbiota of aerobic granular thdinophi
sludge used in the treatment of kraft pulp mill effluent. It also iflestand quantifies the
main chemical components of the extracellular polymeric substances pioniutiee

granulation process.
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2 MATERIAL AND METHODS

2.1 Experimental plan

Four sequential batch reactors (SBR) were used to simulate the treatmaatsrRe
1 (R1-FS35) and 2 (R2-FS55) operated with flocculent sludge, indicating theratunes
at which they were operated during the experiment, 35 and 55 °C, respectively.

Reactors 3 (R3-GS35) and 4 (R4-GS55) operated with granular sludge and the
addition of 100 mg. 1 of C&?* at temperatures of 35 and 55 °C. The Calcium was added to
increase the stability of the granules, as recommended by Mbedi2018).

The SBRs operated with a hydraulic retention time of 12 h. ReactorS83 d¢nd
R2-FS55 operated with a settling period of 1 hour. Reactors R3-GS35 and R4-GSHdopera
with a settling period of 1 minute. During the operation offalir reactors, the pH was
maintained in a neutral range of 6.5 to 7.5. The dissolved oxygen (CaD)reactors was
maintained above 2 mgi Nitrogen and phosphorus were adé¢the COD:N:P ratio of
250:5: 1.

The sludge sample used as an inoculum to initialize the micramainanities in
the system was collected in the recirculation line of the aetivsludge system used for the
treatment of effluent from a kraft pulp mill. The aerobic granules (R3-GS3R4@IS55)
were previously obtained under mesophilic conditions (35 °C) (MORAIS et al., 2016). For
Reactor R4-GS55 the temperature was gradually increased untingettehtemperature of
55 °C. The SBRs were fed with industrial effluent from a bleachealygtas kraft pulp
mill. After acclimatization, the reactors were operated for a period of 150 days.

The efficiency of removing the chemical oxygen demand (COD) wassasses
weekly for all conditionsAt the ended of the experimental period, the microbiological
characterization by DNA extraction and sequencing and the quantificatexiratellular
polymeric substances (EPSs), and morphological characterizatioal(digitoscopy) were

carried ait.

2.3 Physical, chemical and microbiological analysis

2.3.1 Physicochemical characterization
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The physical-chemical parameters analyzed were COD (method 5220D)aBDD
DO by the respirometry test (method 5220B), and solids concentration (methods 2504B, C,
D and E), all based on the methodology described in the Standard Method for t
Examination of Water and Wastewater (2012), as well as the proceduresllection,
preservation and pretreatment of the samples (APHA 2012). The pH wasregasing
the HACH HQA40D portable multi-meter.

2.3.2 Quantification of extracellular polymeric substanePss

The chemical characterization of the extracellular polymeric sutessa(EPSS)
produced was performed through the analysis of the carbohydrates, proteins, and humic
acids KUAN, etal., 2010 ALBALASMEH etal., 2013)

For the extraction of EPSs from sludge samples, 1 mL of each samplam&isrred
to microtubes (2.0 mL), centrifiegl (11200 xg, 4 °C, 15 min) and the supernatant was
collected and stored in another microtube for quantification of free EPSpellbis were
re-suspended in 20 mL of phosphate buffer, and the pH adjusted to 11, by addind MaOH
after heating in a water bath (80 °C, 30 min). Then, a new extracti@séesgperformed,
the samples were centrifuged (11200 xg, 4 °C, 10 min) and the supernatant sematy s
of the linked EPSs (MCSWAIN, et al., 2005

For carbohydrate quantification, 0.25 mL of phenol (5 %) and 1.25 mL of sulfuric
acid were added to 0.5 mL of each sample. After 10 minutes, the tubesheken and
placed in an ice bath for 20 minutes. The calibration curve using sucrogeQ(@nhg.mL?)
was used aa standard. The absorbance readings were performed in a spectrophotometer
(Hach DR2800) at 490 nm.

The modified Lowry Method (FR@ LUNBtal., 1996) was used to quantify proteins
and humic acids, for which the preparation of two reagents (A and B, reshgcwas
required. Reagent A was produced by adding 3 solutions in the ratio of 1:1€10Q0ig
CuSQ LY 20 g KNaGH406.4H,0.L ™ and 3 g NeCOs.L  of NaOH 0.35 N. Reagent B was
produced with a composition similar to that of Reagent A, except for the replatoeitiee
CuSOy solution by deionized water. The Folin Ciocalteau reagent (2 N)edill® times,
was also used in the reactions. The reagents were added in tveingllsequence: the
sample, Reagent A, and the Folin reagent, at a ratio 1:1:1. Theenmdsrshaken, and after

30 minutes the spectrophotometer readings were performed at 750 nm. The same procedure
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was performed with Reagent B. A calibration curve of 0-1.0 mg.oflalbumin was used
asa standard.

The determination of the concentrations of proteins present was carriedngut us

Equation 1.
Abs (Absorption) proteins = 1.25 x (AbsA - AbsB) Eg. 1
The determination of humic acids in the samples was estimated using Equation 2.
Abs humic acids = AbsB(0.2 x Abs proteins) Eq. 2

2.3.3 Morphological characterization

A digital microscope with magnification potential of up to 1600x (VASTAISB
Microscope- 2584102)8vas used. To produce images and observation of morphological
physical characteristics, a calibrator micrometer was used tecpithe scale, which was
performed using the ImageJ software (SCHNEIDERal, 2012). The images were
produced using sludge samples from reactors R1-FS35, R2-FS55, R3-GS35 and R4-GS55.
The samples were analyzed without any previous treatment.

The diameter of the granules was determined using the ImagedreofNIH, 1.51K,
Bethesda, MA, USA, RASBAND, 20])With the processing of photographic images of the
sludge on a Petri dish, positioned next to a graduated ruler (SCHNEIDER et al.J2@12).
determination of the diameter was only performed for reactors R3-GS35 and R4-GS55

which produced granules.

2.3.4 Microbiological characterization of thermophilic aerobic granules

To characterize the microbial communities, the total DNA of gamples was
extracted according to the protocol described in Silva et al., (201@).tA& extraction, the
samples were quantified and submitted to electrophoresis in 1% agarwsa Get Borate
EDTA 1X buffer to verify the purity and quality of the extracted matefihe samples were
lyophilized and sent for sequencing at MR. DNA (www.mrdnalab.com, Shallgwiate
USA). The genomic DNA of the samples was sequenced with the ymerars 27f/338r
for the Bacteria Domain for the variable region V1-V2 of the RNAr 16% g8equencing
was performed using the MiSeq platform (lllumina), following the manufatture
guidelines.

Sequence data were processed using the "MR. DNA analysis pipelihere

sequences smaller than 150 bp (base pairs) and duplicates were remove&il Ushe
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(operational taxonomic units) were then defined by grouping in 3% of evolutionary
divergence (97% similarity) and taxonomically classified using BLASJairest a database
derived from the NCBI and RDP Il (www.ncbi.nlm.nih.gov, http://rdp.cme.msu.edu).

The OTU table generated was used for cluster analysis wittBtag-Curtis
similarity index, whose values range from 0 to 1, and diversity indé&kesVenn diagram
was designed to compare the generated OTUs with the help of the adabkevon the
http://bioinfo.genotoul.fr/jivenn webpage (BARDOU et al., 2014). In order to eeathat

diversity index, the Past computer program (https://folk.uio.no/ohammer/past/) was used.

2.3.5 Statistical test

The results (physical, chemical, and microbiological) obtained were submitied to
analysis of variance and the Tukey test(q.05), using the R software (R Development Core

Team, 2017) in the data processing.

3. RESULTS AND DISCUSSION
3.1 Performance of the reactors

The effluent used in this study presshtypical characteristics of effluents from
bleached kraft pulp mills (RINTALA and LEPSTO, 1993). The avei@ageentration of
COD and BOD was 1309 and 530 md.Lrespectively, and a BOD/COD ratio of
approximately 0.40 (MORAIS, et al., 201Ba MATA, et al., 2019) was observed, wigh

high potential for biological treatment (Table 1).

Table 1 - Characterization of the effluent from a bleached kraft pulp mill.

Parametel COD (mg.LY) BODs(mg.LY) TSS (mg.[}) VSS (mg.Lh)

Value 1309 £ 75 530 £ 93 185+ 13 114 + 20

The mean concentration of total suspended solids was 185'mgh.62% organic

compounds (114 mgiof volatile suspended solids -VSS).
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Figure 1 shows the efficiency of COD removal in the reactors during theraepe.

Figure 1- COD removal efficiency in thr reactors (150 days).
a,b- statistical comparison, 95% confidence interval.
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COD removal efficiencies were higher in the treatments at 35 °C when @@htpa
the treatments at 55 °C. The increase in temperature in ic@logactors changes their
characteristics, reducing biological diversity, which may resule@tuced performance of
the treatment system (REDDY et al., 2005; SOUZA et al., 2011; COLE et al), 2048n
comparing the COD removal efficiencies of reactors operated with flodcslledge, it is
observed that at a temperature of 55 °C (R2-FS55) there was a greatatityain the
efficiencies (64 to 73%).

The effect of temperature on COD removal efficiency for the treatofesftluents
from pulp mills fasbeen pointed out by Tripathi and Allen (1990), who observed a 13%
reduction in the thermophilic (55 °C) treatment when compared with a tetugeof 35 °C
Souza et al (2011) observed a decrease of 6% in the removal of COD betacters at 35
°C and 55 °C. On the other hand, Suvilamp and Rintala (2004), did not observe significant
differences in COD removal for the treatment of pulp mill effluents betwie
temperatures of 35 °C and 55 °C. There are, therefore, divergences thaattabuied to
the type of treated effluents and the operating parameters adopted.

The results of the present study corroborate those of Dias et al. (2004) and Reddy et
al. (2005), who also pointed out a greater variability in treatment systperated at higir
temperatures and a decline in the COD removal efficiency at higher temperatures.



70

The granular sludge at 55 °C showed an average COD removal loweréan t
granular sludge at 35 °C (63 and 69%, respectively). The possible reasonréatuitieon
in efficiency can be explained by the variation in the richness and aienddorganisms
between the mesophilic and thermophilic systems, which vary due ttereerature
difference (SOUZA et al., 2011; COLE et al., 2013). Another factor that cact #ffe
efficiency of COD removal with the temperature increase is the ieduof biomass
concentration in the reactor (DIAS et al., 2004).

The variation in the efficiencies in both reactors with granular sluaig35 and 55
°C wassimilar, as well as the maximum removal efficiency value, whichegaal to 75%,
after 21 days.

Comparing the COD removal efficiencies between flocculent sludgeyramdlar
sludge reactors, for the same temperatures, no statistically cagnifdifferences were
observed. Although there are significant differences in sludge morphology, thereove
effects on the removal of organic matter. Similar results were aabéyw Suvilampi and
Rintala (2004), who showed similar removal efficiesdor flocculent and granular sludge
reactors.

The comparison between the thermophilic treatmentsetithat the granular sludge
(R4-GS55) was more stable than the flocculent sludge (R2-FS55), with an average removal
efficiency of 67 and 69%, respectively for R4-GS55 and R2-FS55.

The overall efficiency of COD removal was 68%, typical of the aerobic treatment of
pulp mill effluents by conventional mesophilic systems (SUVILAMARINTALA, 2004;
KAMALI e KHODAPARAST, 2015; MORAIS, et al., 2018; DA MATA, et al., 2019).

Figure 2 shows the profile of the TSS concentration in the reactorsheveeriod of

the experiment.
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Figure 2- Total suspended solids inside the reactors.
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The concentration of SST in the reactors showed an overall average of 84 =+ 5
mg.L?, with a minimum value of 775 mglin Reactor R4-GS55. Thvariation does not
represent a statistically significant difference.

A reduction in solids concentration was observed between the first ardthekk
of the experimerat period. Suvilampi and Rintala (2004) point out that the thermophilic
treatment tends to present a lower rate of sludge generation andt Big2@04) explain
that the possible reason for the reduction of biomass concentration in ther egaugh
temperaturas due to the fact that the cells of the microbial organisms stang aslarger
fraction of energy to maintain their vital functions and not jusiytahesize new cellular
material.

Although there was a small variation in the concentration of solitlseimeactors
over the period of the research, the results did not agree with timeafl&uvilampi and
Rintala (2004), since the variation occurred similarly for all reactorsvatiation of solids
occurred independently of the type of sludge (granular and flocculent) and thengpera
temperature (35 and 55 ° C).

3.2 Determination of extracellular polymeric substances (EPSs)

The production of extracellular polymeric substances (EPSs) was determined
(Figure 3).
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Figure 3- Quantification of extracellular polymeric substances ftbenbiological sludge aggregates of the
four reactors.
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The production of carbohydrates and proteins was higher at the thermophilic
temperature (55 °C) than at the mesophilic (3psfieciallyfor the granular sludge (R4-
GS55). The relationship of higher production of carbohydrates and proteins widr high
temperatures agrees with the descriptions of Aquino and Stuckey (2005)elatsal the
higher production of EPSs to stress conditions of the microbidii@e treatment reactor
Gao et al., (2011) and Wang et al., (2014) report other stress conditionss such asastsock |
or sudden changes in operating parameters, that can stimulate EPSs production.

Carbohydrates are hydrophilic components of the EPSs. Excess carbohydirates ¢
result in an increase in the zeta potential and impair the formaftgnanules (TU et al.
2010). Proteins are hydrophobic, and they are found in greater quantity, acting in t
opposite direction, neutralizing the action of carbohydratimss favoring the formation of
the structural stability of granules (LONgB al , 2015; MCSWAIN et al. , 2005; TU et al.

, 2010).

It was observed that the protein content exedé¢lde carbohydrate content in all
conditions studied (Fig. 3). According to Liu et al., (2004), this relationshipeea EPSs
production is positive and contributes to a better aggregation of bidlsgiidge. The rate
of EPS production favors the occurrence of the aggregation of sludgergatters, even
at high temperatures.

While there was an increase in the production of carbohydrates and protains at

higher temperature, the production of humic acids shamexpposite result. There was a
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tendency for humic acids to be reddainder thermophilic conditions, especiaity the
flocculent sludge (R2-FS55). The production of humic asidaportant for the aggregation
of microorganisms, both ifhocs andgranulegR1-FS35, R3-GS35 and R4-GS55) (GAO et
al., 2011; WANG et al., 2014). The increase in the temperature ledrésigc decresein
humic acid production in the flocculent sludge at 55 °C, which showed a mdot$2%.

In the granular sludge (R4-GS55), the same tendency was observedthbut the same
intensity.

Increasing the reactor temperature, tiRSklayer had a more stable structure when
the sludge was in the form of granules (Figure 3). Nevertheless, in additiom reactor's
operatirg conditions, the amount of EPSs depends on the composition of the microbial
community present in the biological sludge (ZHU et al., 2012).

Bacterial populations belonging to the genera Enterobacter, Staqtuils;
Agrobacterium and Rhodobacter have been reported to contribute atitredyproduction
of EPSs, helping both in the granulation process and in the maintenanceagftbgates
(LV et al., 2014; HUANG et al., 2012).

One way to quantify the stability of granule formation is through the odfproteins
(PN) to polysaccharides (PS). Values of the PN/PS ratio of less than tmdice
susceptibility to disaggregation (JIANG et al., 2002; LIU et al., 2064the present study,
values of the PN/PS ratios were always higher than 1, and eueer hiigthermophilic

conditions, indicatinggood formation and stability of the aggregates (Figure 4).

Figure 4- Protein/polysaccharide ratio of biological sludge aggredgati® reactors.
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The concentrations of extracellular polymeric substarares the PN/PS rat®
observed in the present study contributed positively both aggregation acidrrea
performance (GAO et al., 2011; HUANG et al., 2012; WANG et al., 2014).

3.3 Sludge morphology

The quality of the formed sludge in relation to the structure and coh&gjoanules
can be verified through morphological analysis (Figure 5).
Figure 5- Morphological aspects of granular aerobic sludge

A- Flocculent Sludge (R1-FS35); B- Flocculent Sludge (R2-FS55%@nular Sludge (R3-GS35); D, E and
F- Granular Sludge (R4-GS55).
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The flocculent sludge (Figures 5A and BJas well formed with a compact
appearance and without signs of swelling sludge (JENKINS et al., 2004}y suggests a
good balance of the microbial communiitythe sludge, corroborating the results obtained
for EPSs production (Figure 3, R1-FS35 and R2-FS55).

Wilén and Balmér (1999) pointed out that a high concentration of dissolygemx
(DO) leadsto the formation of larger and more compact flocs. In the present studyCthe
was kept at a residual DO level above 2 mg.L

According to Ty et al. (2004)a high rate of aeration increases the shear strength
and favors the formation of strong, compact, dense, and rounded granules. Still from the
perspective of operational parameters, Wang et al. (2005) states that shatrbopl cycles
(3h) lead to a faster granulation process, resulting in exceptionally dergjeunstable
granules.

Good sludge formation also depends on the adequate balance betweet-the fl
forming and filamentous bacteria (JENKINS et al., 2004). A well-formedréealts in a
good sludge settling capacity (WILEN and BALMER, 1999; RICHARD et al., 2003).

Based on the morphology, it was not possible to identify any visible effect redated t
the temperature on the flocculent sludge structure (Figure 5 A e B).

The differences between flocculent sludge (Figure 5 A and B) and grasiutige
(Figure 5 C, D, E and F) are clearly visible. In flocculent sludge, it is prdgtiogdossible
to observe discrete particles. The dimensions of the flocs areesthah 1 mm, while the
sludge has been observed to behasa sludge blanket (SNIDARO et al.,1997; JORAND
et al., 1995). The authors of the previous research cited here obserfedrthgon of
microflocs with structures of as little 125 um in diameter.

In the granular sludge, it was possible to observe granules with roundstegoed!
patterns and a dense, cohesive appearance, typical charactefigtiasular sludge (LIU
and TAY,2002; YANG et al., 2004). The morphology of the granules reinforces thesresul
of the EPS analysis and the PN/PS ratios, which demtedaagood sludge formation
the Reactorf3-GS35 and R4-GS55 (WEBER et al., 2007). Other factors relatedawith
good granular sludge formation refer to the aeration rate, the hydrauhitiagetéme, the
food/microorganism ratio (F/M) and the settling time (TAY and YAN, 199EUBI et al.,
2002; TAY et al., 2004; NI et al., 2009; MORAIS et al., 2018). Prolonged aematales
(more than 12 hours) result in small granules. The settling ticue iimportant operational
parameter that plays a fundamental role in the selection of thebwlogical community

(LIU and TAY, 2004), which was identified as the main mechanistiakars the formation
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of granules in the reactor (HUBNER, 2008). Thus, the settling isrtiee most important
parameter for maintaining the stability of granular aerobic sludge (L#lU,&2010).

The combination of a short settling time and a short duration of theomecgtle
generates a strong hydraulic selection pressure on the microbesthagitite formation of
aerobic granules (LIU et al., 2010).

The distribution of the average diameter of the granulése granular reactors is
showen in Figure 6.

Figure 6- Reative distribution of the average diameters of thengles in the reactors.
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The average granule diameter both reactors R3-GS35 and R4-GS55 had a higher
frequency in the range of 4 to 8 mm. It is possible to notice an effeloe démperature on
the granule diameter. Reac®8GS35 had 55% of the granules in the range of 4 to 8 mm
in diameter, while ReactdR4-GS55 had only 45% of the granules in the same range of
diameter. However, it is interesting to notice that ReaR®bB6GS55 had a higher frequency
of granules with a diameter above 16 mm.

The average granule diameter found in the present research aiting@s wesults of
Morais et al. (2018) and Huang et al. (2012), although these authors studied thal physi
characterization of aerobic granular sludge under mesophilic conditions. $hks re
obtained for R4-GS55, under thermophilic conditions, are similar to the grasreksed
under mesophilic conditions, showing the ability of the granules to wiithstégher
temperatures while maintaining their formation and physical stability.
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3.4- Diversity of prokaryotes in biological sludge

The Shannon, Berger-Parker and Chaol indexes were applied to esterstedies
diversity, the dominance, and the species richness respectivelye ®NAr 16S gene
obtained from libraries. Table 1 shows, through the Shannon index, that microbial diversity
was primarily affected by the temperature variation, for which, themerds at the
temperature of 35 °C presented higher diversity, since the interpretatieSifannon index
permits the conclusion that a greater value leads to a higheliespdersity
(MAGURRAM, 2004; SILVA et al., 2010).

Table 1- Microbial diversity indices of prokaryotes in different treatments
Treatments Total OTU's Shannor Berger-Parker Chao-1 Coverage
R1-FS35 111.621 4,534 0,151 1.801 77,67
R2-FS55 132.021 3,357 0,349 1554 73,22
R3-GS35 167.599 4,820 0,094 1.985 83,34
R4-GS55 199.214 3,454 0,381 1.733 76,24

The aggregation structure of the sludge did not produce any relevant difference
among the diversity indexes, where, at 35 °C, the flocculent sludge (#8)-BSd the
granular sludge (R3-GS35) presented indexes of 4.534 and 4.820, respectivelgt athile
55 °C, the Shannon indexes were lower, 3.357 for flocculent sludge (R2-FS55) and 3.454
for granular sludge (R4-GS55). Despite the negative effect of the temperature, théydiversi
indexes found for all four reactors were considered high, as reported by Ma¢RoGdnh

All four reactors showed low dominance. The Berger-Parker indexsstibat the
treatments with the highest diversity indexes had less dominamdeviae versa
(MAGURRAM, 2004). However, under high temperatures conditions, a greater
dominance was observed when compared to the mesophilic condition, showimgthat i
thermophilic condition there was a selection of organisms adapted to this condition.

The measured microbial diversity was taxonomically detailed detted of phyla
and genera for thimur reactors. For All four reactors Bacteria Domain were classified i
27 phyla. The most abundant were Planctomycd®3%), Proteobacteria(28%)
Armatimonadeteq9%), Firmicutes (8%), Gemmatimonadetés%), Caldiserica(4%),
Chlamydiae (2%) and Acidobacte(ieo) as showen in Figure 7. The list of the phyla which
were observed to more abundant agrees with the results obtained by Zhang et al. (2015)
for activated sludge systems and by Cydzik-Kwiatkowska (2015) wheyirsiLitie aerobic

granular sludge microbiota.
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Figure 7- Relative percentage of the occurrence of bacteriabpdiyterved in the flocculent and granular
sludge microbiota at temperatures of 35 and 55 °C.
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Although the most abundant phyla were the same among the differemieinéstthe
profile was grouped by temperatures since there was a greater igimnbktween the
granular and flocculent sludge in the reactors operated at the sapsgaaumre. The relative
abundance of the phyla Planctomycetes, Armatimonadetes, Chlamydiaeidoda&teria
was reduced, while Proteobacteria and Gemmatimonadetes stood outeatiments at 55
°C. Organisms pertaining to the phyla Planctomycetes, Armatimosadetdamydiae,
Acidobacteria and Proteobacteria act as functional groups with potentiabfaddgon of
organic matter and nutrients (YANG et al., 2011; ZHU et al., 2014). The peeaaddhe
functional role of these organisms under each operating condition, indicaies the
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equivalence in the effective removal of COD, since it remained above 658 feactors,
even with the observed change between the relative abundance featheents at different
temperatures.

The results agreed with those reported by Ou et al. (2018), Yang et al. (202Q) a
et al. (2019) when studying the microbiota present in an aerobic adtslatige treatmen
system. Other studies have also shown that bacteria belonging se thteyla
(Planctomycetes, Armatimonadetes, Chlamydiae, Acidobacteria and Progeiaaaiso
play an important role in the aerobic treatment processes (OU et al., 2018; YU et al., 2019).
Bacteria belonging to the phylum Proteobacteria play an importantrrdlee sludge
granulation process, assisting the stability and the formation of granulae saltdhgpugh its
predominance is more pronunced at high temperatures (ZHU et al., 2014).

A total of 571 genera were observed in the sludge of the four evaluated reactors
large number of these genera have commonly li@emd among the microbiota of both
flocculent and granular sludge of thermophilic treatment systems (CYDZIK
KWIATKOWSKA, 2015; ZHANG et al., 2015). As observed in the phylum profie, t
temperature selected the richness of the genera observed amongrientseddowever, at
this level, it was possible to notice a different pattern in the alogedz the more dominant

genera, in response to the form of aggregation of the sludge (Figure 8).
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Figure 8- Relative percentage of each genus observed imithiebiota of flocculent and
granular sludge, at temperatures of 35 and 55°C.
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Amongst the most abundant, the genera Meiothermus, Thermus, Kallotenue,
Conamonas, Ferruginibacter and Rhodanobacter are part of the group witve relati
distribution above 1%. In this group of genera, one can clearly obsenvprtifde in each
treatment condition evaluated. However, bacteria of the genera Memthe@nd Thermus
dominated at 55 °C, despite the different abundances between fit@ndegranular sludge.
Bacteria belonging to the genus Meiothermus are aerobic gram-negetig®rganisms,
variable in length and often in the form of short filaments, whosd glewth conditions
vary with in a moderate temperature range (50-65 °C), compatible with the range of
operation temperatures of the reactors in which #t@yd out. Such organisms contribute

to the aggregation of bacteria and the maintenance of the staldity,for flocs and
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granules. According to Masurat et al. (2005) they are biofilm-forming bactéhaawigh
adherence capacity. In addition, they are oxygenated chemoheterotrophic orgahisins
use organic substrates such as starch, hexoses, pentoses, disacchandeagidsnand
organic acids as a source of carbon and energy (ALBUQUERQUE et al., 2010).

Bacteria of the genus Thermus are classified within the group of extrdmophi
thermophilic organisms, which act on the degradation of organic compounds (MG e
2014). The presence of the Meiothermus in R2-FS55 and Thermus in R4-GS55 contributed
to justify the maintenance of the aggregates formed and the high COD removal rate.

In particular, organisms of the genus Kallote(@&% for R2FS55 and 3% for R4-
GS55) had a greater prominenaethe temperature of 55 °C, regardless of the sludge
morphology, highlighting the influence of temperature on the relative abundanbe of t
microorganisms. The results of the study by Cole et al. (2013) emphasialioténue
organisms have a range of optimal development at temperatures fror6=5 @ with an
ideal temperature of 55 °C. Another important characteristic reportde@uthors is that
Kallotenue bacteria are heterotrophic a@&plwvhich developed on a substrate of glucose,
sucrose, xylose, arabinose, cellobiosis, M-cellulose, microcrystallindose, xylan and
starch (COLE et al,. 2013). In view of the nature of the current effluenttaseed the
reactors, the presence of the Kallotenue organisms at a tempafddtr°C is expected and
in addition, contributed to the maintenance of the COD removal rate, atvhigher
temperatures.

At a temperature of 35°C, three genera were predominant. Comamonas,
Ferruginibacter and Rhondanobacter, in the respective proportions of 20%, 7% and 6% in
the flocculent sludge and 10%, 7% and 10% in the granular sludge. Theftines
temperature, the aggregation of sludge does not have a strong impact on the composition of
the most abundant genera.

The Venn diagram (Figure 9), based on information concerning the presence and
abundance of bacterial genera in the reactors, shows the uniqueness ofctachmdahe
harmony between the different reactors regarding the diversity of batiteres observed
that, in ReactoR1-FS35, seven genera were unique to this operating condition of flocculent
sludge at a temperature of 35°C. In ReaB&FS55, only two generatood outfor the
flocculent sludge, at 55 °C. In the granular sludge reactors, twelve iggoyigmerastood
outin ReactoR3-GS35 and fiven ReactoR4-GS55 (Table 2).
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Figure 9- Venn Diagram
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Table 2- Exclusive genera in the sludge of each reactor.

R1-FS35 R2-FS55 R3-GS35 R4-GS55
Phytoplasma Anaerobranca  Ariskella L Janibacter
Cardiobacterium, Caldalkalibacillus Methylomonas Thermoactinomyces
Conchiformibius Solimonas Metachlamydia
Arsenophonus Cystobacter candidatus
Nitratifractor, Mycoplasma Tepidibacillus
Chelativorans Micavibrio, Gluconobacter
Buchnera, "Micavibrio".
Pennsylvania Thioclava

Empedobacter

Intestinimonas
Dethiosulfovibrio
Inquilinus
Algoriphagus

The genea of the exclusive group for React®4-GS55 belong to the phyla
Actinobacteria, Firmicuties and Proteobacteria, which were hightighde containing
bacteria that pertain to functional groups of great importemedfluent treatment, such as
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the Gluconobacter belonging to the phylum of Proteobacteria. 8dt@y the degradation
of organic compounds (SPITAELS et al., 2014) and in the productionP8s Hhey
occurred in a remarkable abundance favoring the process of formation and mamteina
biological aggregates (LV et al., 2014; HUANG et al., 2012).

It was also observed that granular sludge ReaB®®GS35 and R4-GS55 presented
15 genera in common, i.e., these genera may be involved in the forauadioasistance of

granules.

4- CONCLUSIONS

The treatment using thermophilic granular sludge achieved COD removal
efficiencies similar to those under mesophilic conditions.

The EPSs, in alfour reactor (granular and flocculent at both 35 and 55 °C) were
produced in adequate proportions for the aggregation of the microbial sludgey mainl
Reactor R4-GS55, with granular sludge temperature of 55 °C.

The PN/PS ratio of the EPSs produced favored the formation of aerobic granular
sludge, which morphologically presented a shaped pattern with rounded faces and cohesive
structure.

The sludge granules under both mesophilic and thermophilic conditions had an
average diameter between 4 and 8 mm, indicating that the granulati@sspm@uad the
maintenance of the granules occurred similarly and satisfactorilyoih temperature
conditions.

All four treatments had a high Shannon index, although those operated at 55 °C had
a smaller microbial diversity, reflecting the dominance of some ggeEved at 55 °Cnl
general, the profile of phyla and genera were grouped by different temperatures.
Additionally, it was possible to verify an inversion in the abundanceégafominant genera
in relation to the form of aggregation of aerobic granular sludge.

The phyla Planctomycetes (40%), Proteobacteria (28%), Armatimonadetes (9%),
Firmicutes (8%), Gemmatimonadetes (5%), Caldiserica (4%), Chlamydiae (2%) and

Acidobacteria (1%) were the rsibabundant in théour evaluated treatments. The genera
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Thermus and Meiothermus stood out at 55 °C, due to their greater &bait\apt to high

temperatures.
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ll. CONCLUSOES E RECOMENDACOES GERAIS

O tratamento termofilico com o lodo aerdbio granular possui vantagens e
comparagcao com o0s processos de tratamento mesofilicos convenciorsataracigristicas
favorecem uma elevada taxa de degradacédo da matéria organsfauelo®es e uma maior
facilidade na clarificacdo do efluente devidomaior velocidade de sedimentacdo nos
decantadores. Portanto, as vantagens supracitadas tém impulsionadeségagtes no
tocante a compreensao e na aplicacéo do lodo aerébio granular.

O Capitulo 1 apontou que o uso do lodo granular aerébio em sistema deritatam
de efluentes ainda é incipiente, principalmente quando se trata do ssstema em fluxo
continuo, como atuam as principais tecnologias convencionais degindbanologico como
o lodo ativado. Embora o tratamento em condicdes termofilicas possaragregs
vantagens ao uso do lodo aerdbio granular, esta associacdo ainda égpodada, mas
existe um campo promissor de aplicacdo nas industrias que geram eftiemievada
temperatura. Pode-se perceber também, por meio da revisdo, que o lodw grardidar
tende a ser mais robusto as cargas de choque, e ainda pode ted@pleeaemocédo de
nutrientes concomitantes com a remocédo de cargas organicas, otqua dewla mais o
seu potencial de uso.

No Capitulo 2 foi comprovada a viabilidade de se manter o lodo aerdbio gsotula
condicdes termofilicas. O lodo aerdbio granular apresentou eficién@andedo de DQO
superior a 60% em todas as faixas de temperatura, incluindo 55°C. Duopet@@io, 0S
granulos aerébios mantidos nos reatores apresentaram diametro médio varidral® de
mm. Tais caracteristicas contribuiram para a velocidadediimeantacdo do lodo granular
que foi determinada em 40 rt,ho que significa uma relacdo de 8 vezes maior que a
velocidade de sedimentacédo do lodo floculento. Adicionalmentecagid de 100 mg:t
de calcio contribuiu positivamente para tornar os granulos mais coesgsentar sua
resisténcia mecanica, que foi comprovado pelo teste de resisggaraiab qual o lodo que
teve aplicacdo de 100 mgtLapresentou o menor coeficiente de perda (aproximadamente
zero) Em contrapartida, o mesmo efeito nao foi observado para o lodo que recebeu a adigéo
de 200 mg.* de célcio.

Quanto a investigacdo do microbioma, realizada no Capitulo 3, asnSRiflas as

situacbes foram produzidas em propor¢cbes satisfatérias para a agregacdo do lodo
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microbiano, principalmente nas condicfes de maior stress, que teve mflai@mcia da
temperatura de 55 °C.

Os tratamentos apresentaram alto indice Shannon, apesar daqueles operados a 55 °C
terem apresentado menor diversidade microbiana, reflexo da dominanitgardegaupos
observada em 55 °C. Mas de modo geral, percebeu-se que o perfil de giesasdoram
agrupados pelas diferentes temperaturas. Portanto, foi possivel observar glos os fi
Planctomycetes (40 %), Proteobact¢d@ %) Armatimonadetes (9 %), Firmicutes (8 %),
Gemmatimonadetes (5 %), Caldiserica (4 %), Chlamydiae (2 %) e AcidodadteYo)
foram os mais abundantes nos 4 tratamentos avaliados. E os génemsé&hgiothermus
se destacaram a 55 °C, enquanto os géneros a 35 °C.

Para trabalhos futuros sugere-se investigar, a producéo de excesso dedsdala
piloto, e em escala real. Sugere-se ainda investigar o uso do ladtageserdbio termofilico
em sistemas de biorreatores a membrana, de modo a potencializada tesaologice

aprimorar as funcdes de reuso de agua.



