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RESUMO

OBTENCAO DE AQQCARES FERMENTESCIVEIS, PLATAFORMAS QUIMICAS,
BIO-OLEO E CARVAO A PARTIR DO PROCESSAMENTO HIDROTERMICO DA
SERRAGEM

AUTOR: Bruna Arnold Puhl
ORIENTADOR: Prof. Dr. Ederson Rossi Abaide

Nesta pesquisa, a serragem de madeira de pinho foi submetida ao processamento hidrotérmico
de hidrolise subcritica e liquefacdo subcririca, sinergicamente, em modo de operacdo semi-
continuo, a fim de avaliar a producdo de agucares fermentesciveis (arabionose, cellubiose,
xylose e glucose) plataformas quimicas (acidos acético, férmico e levulinico, além de furfural
e hidroximetilfurfural) bio-6leo e hidrocarvao. A influéncia da temperatura (260, 300 e 340 °C)
e da razéo solvente/alimentag&o (25 e 50 g H20 /g biomassa) foram os parametros considerados
para avaliar o rendimento dos produtos, perfis cinéticos e propriedades destes. A pressdo
empregada foi de 20 MPa e o tempo de reacao foi de 30 min. Para agucares fermentesciveis e
plataformas quimicas foi exposto uma anélise detalhada, considerando os perfis cinéticos de
obtencdo de celobiose, glicose, xilose e arabinose. Para as condic¢des avaliadas, foi identificado
um comportamento diferente em relacdo aos parametros do processo e os melhores resultados
foram 7,11 e 9,28 g/100 g de biomassa de agUcares fermentesciveis e plataformas quimicas
obtidos sinergicamente, respectivamente, ap6s 30 min, 20 MPa, 260 °C e 50 g H>O/g biomassa.
Ainda, 17,59 g bio-6leo/ 100 g de biomassa foi obtido a 340 °C na mesma razdo
solvente/alimentacdo. As analises dos grupos funcionais na superficie do bio-6leo
correspondem a presenca de aldeidos, acidos carboxilicos, cetonas, hidrocarbonetos, éteres,
bem como compostos aromaticos, alcoois e nitrogenados. Rendimentos semelhantes de
hidrocarvao foram alcancados entre as condicdes, sendo obtido 24,68 g/100 g de biomassa a
340 °C e razdo de 50 g de H20/g biomassa, com um poder calorifico superior de 29,14 MJ/kg
(1,5 vezes maior que a biomassa in natura). Portanto, os resultados apresentados fornecem
informac@es inovadoras a respeito do processamento hidrotérmico da biomassa lignocelul6sica
residual, em especial da serragem.

Palavras-chave: Biomassa. Hidrélise subcritica. Liquefacao hidrotérmica.



ABSTRACT

OBTAINING FERMENTABLE SUGARS, PLATFORM CHEMICALS, BIO-OIL AND
HYDROCHAR FROM HYDROTHERMAL PROCESSING OF SAWDUST

AUTHOR: Bruna Arnold Puhl
ADVISOR: Prof. Dr. Ederson Rossi Abaide

In this research, pine wood sawdust was subjected to hydrothermal processing of subcritical
hydrolysis and subcritical liquefaction, synergistically, in semi-continuous operation mode, in
order to evaluate the production of fermentable sugars (arabionosis, cellubiose, xylose and
glucose) platforms. chemicals (acetic, formic and levulinic acids, as well as furfural and
hydroxymethylfurfural) bio-oil and hydrochar. The influence of temperature (260, 300 and 340
°C) and the solvent/feed ratio (25 and 50 g H20 /g biomass) were the parameters considered to
evaluate the product yield, kinetic profiles and their properties. The pressure used was 20 MPa
and the reaction time was 30 min. For fermentable sugars and chemical platforms, a detailed
analysis was presented, considering the kinetic profiles for obtaining cellobiose, glucose, xylose
and arabinose. For the conditions evaluated, a different behavior was identified in relation to
the process parameters and the best results were 7.11 and 9.28 g/100 g of biomass of
fermentable sugars and chemical platforms obtained synergistically, respectively, after 30 min,
20 MPa, 260 °C and 50 g H20/g biomass. Furthermore, 17.59 g bio-0il/100 g of biomass was
obtained at 340 °C at the same solvent/feed ratio. Analysis of the functional groups on the
surface of the bio-oil corresponds to the presence of aldehydes, carboxylic acids, ketones,
hydrocarbons, ethers, as well as aromatic, alcoholic and nitrogenous compounds. Similar
hydrochar yields were achieved between the conditions, with 24.68 g/100 g of biomass being
obtained at 340 °C and a ratio of 50 g of H20O/g biomass, with a higher calorific value of 29.14
MJ/kg (1 .5 times greater than natural biomass). Therefore, the results presented provide
innovative information regarding the hydrothermal processing of residual lignocellulosic
biomass, especially sawdust.

Keywords: Biomass. Subcritical hydrolysis. Hydrothermal liquefaction.



LHT
HAS
IBQP
ABIMCI
MT
EPA
HTC
HTG

R
5-HMF
PCS

BO

LISTA DE ABREVIATURAS E SIGLAS

Liquefacdo Hidrotérmica

Hidrolise com Agua Subcritica

Instituto Brasileiro da Qualidade e Produtividade
Associagdo Brasileira da Industria de Madeira Processada Mecanicamente
Milhdes de Toneladas

Agéncia de Protecdo Ambiental

Carbonizacdo Hidrotérmica

Gaseificacdo Hidrotérmica

Razédo Solvente/Alimentagéo
5-Hidroximetilfurfural

Poder Calorifico Superior

Bio-6leo



LISTA DE FIGURAS

Figura 1- COMPOSICAO 0A SEITAGEIM ......eeiveerieireeteesieseesteestesteesteeseesseessesseesseeseaseesreesseaneessaeneens 17
Figura 2: EStrutura da HGNING ..........ooiiiiiieieeie e 18
Figura 3: Principais compostos da estrutura da hemicelulose............coovvviiiiiiiienininies 20
Figura 4: Conversdo termoquimica da biomassa lignoceluldsica ............ccccecvveieiveieiieinenne 22
Figura 5: Propriedades da agua subcritica e supercritica em torno do ponto critico................ 24

Figura 6: Produtos de liquefacao hidrotérmica de diferentes matérias-primas ..................... 29



LISTA DE TABELAS

Tabela 1: Resumo de trabalhos recentes sobre hidrolise com &gua subcritica para processamento
de biomassas lIGNOCEIUIOSICAS. .........ccueiieiiieieieece et 27
Tabela 2: Resumo de trabalhos recentes sobre liquefacéo hidrotérmica de diferentes biomassas

[IGNOCEIUIOSICAS ..o et 32



SUMARIO

1. INTRODUGAOQ ..ottt 13
LLOBUIETIVOS ..ottt bbbttt b bbbttt s e s et sb et st enbenne s 15
1.1.1 ODJELIVO QEIAL.......eciiiee ettt sre e re e nra e 15
1.1.2 ODJEtiVOS ESPECITICOS .. .cueeuiiiieeiiitirieieie ettt bbb 15
2. REVISAO BIBLIOGRAFICA ..., 16
2.1 SERRAGEM ..ottt bbbttt bbb 16
2.2 BIOMASSAS LIGNOCELULOSICAS .......cooveteeeeeteeeseeters e ses s sesaessseses s, 17
p 0 R I T | o = U PO TP P PP PRPRPRO 18
A O -] 11 ] oL SRR 19
2.2.3 HEMICEIUIOSE ...ttt 20
2.3 PROCESSOS DE CONVERSAO DE BIOMASSA .......coeviveeieererereesesessessenessn s, 21
A T [0 | 0] 11 TSR 23
2.3.1.1 HidroOlise SUD/SUPEICIILICA ....c.ccveeerieieiieieiceie et 24
2.3.2 Liquefaca@o NIArOtEIMICA.........ccceeiieie e 28
2.4 ESTADO DA ARTE ...ttt bbbttt sttt enneanes 33
3. ARTIGO ...ttt s e st e e s e e e sate e e nnaeeenneeean 34
4. CONCLUSAO ...t 66

REFERENCIAS ..o oo e et e et e e e e e et e e e et e s e e e e e s e e e e et e es e e ae e e e arans 67



13

1. INTRODUCAO

As fontes alternativas de energia que possuem potencial de substituir boa parte dos
combustiveis de origens fosseis e sua producao tem aumentado devido as preocupagfes com as
mudancas climaticas e pelo esgotamento de reservas de petréleo (FIELD et al., 2020). Desta
forma, buscam-se alternativas para producdo de biocombustiveis, considerados fontes
energéticas de baixas emissdes de didxido de carbono (CO2) (RAME; PURWANTO;
SUDARNO, 2023).

A biomassa é uma opgao promissora para a obtencao de energia limpa. Esses materiais
vém sendo estudados para avaliar suas possiveis aplicacdes, levando em consideracdo suas
caracteristicas especificas. Entre as possibilidades, destacam-se a geracao de energia por meio
dos processos de combustdo, pirélise e gaseificacdo, além da producdo de produtos derivados,
como etanol, metano, bio-6leo e hidrocarvao (COSTA, 2019).

Ainda, a producao e o uso de biomassa tém como consequéncia a geracao de residuos,
os quais frequentemente sdo descartados inadequadamente no meio ambiente, resultando em
impactos negativos no meio ambiente, perda de matéria-prima e energia. Desse modo, uma
maneira de diminuir o desperdicio e os impactos ambientais negativos é através da valorizacdo
de residuos agricolas, florestais e industriais (YU et al., 2024).

O uso de residuos da industria madeireira, como a serragem, € uma alternativa em
potencial para minimizar este desperdicio (KLOCH; MAMINSKA, 2020). Segundo o Instituto
Brasileiro da Qualidade e Produtividade (IBQP) (2002), a divisdo da cadeia de producéo da
madeira pode ser dividida em alguns segmentos, levando em consideracao seus diferentes usos
finais: o processamento mecanico, a producéo de papel e celulose, e a geracdo de energia por
meio de lenha e hidrocarvéo vegetal. Dentre esses segmentos, 0 de processamento mecanico
(aplicado a industria moveleira, por exemplo) € o que fornece grande quantidade de residuos
de madeira em forma de serragem (HILLING; SCHNEIDER; PAVONI, 2019). De acordo com
a Associagdo Brasileira da Industria de Madeira Processada Mecanicamente (ABIMCI) (2003)
0 segmento de maior participacao brasileira sdo os residuos de serragem.

A serragem € um residuo lignocelulésico de facil acesso e baixo custo, apresentando
potencial no uso como combustivel em processos térmicos (BAUTISTA-PENUELAS et
al.,2023). Os componentes predominantes da serragem sao celulose, hemicelulose e lignina.
Em média, a serragem apresenta majoritariamente celulose (35-60%), hemicelulose (15-35%)

e lignina (15-30%). Ademais, a estrutura da parede celular da celulose e da hemicelulose podem
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ser quebradas em substancias menores (agucares fermentesciveis e plataformas quimica) que
sdo matéria-prima para producdo de diversos produtos. (ADEGOKE et al., 2022).

Além de a biomassa lignocelul6sica ser uma das principais opgdes para energia
renovavel e sustentavel, a escolha de uma tecnologia de conversao confiavel e eficiente também
é um grande desafio. Vérias rotas estdo disponiveis para o processamento de biomassa
lignocelulosica, podendo destacar duas rotas: as que utilizam conversdo bioquimica e aquelas
que utilizam conversdo termoquimica (DENG et al., 2023). Comparadas as conversdes
bioquimicas, as conversfes termoguimicas sdo realizadas em temperaturas muito superiores
para produzir liquidos, gases e solidos a partir de diversas fontes. Além disso, as conversdes
termoquimicas sdo, geralmente, mais rapidas que as conversdes bioquimicas (GOLLAKOTA,;
KISHORE; GU, 2018).

Os processos hidrotérmicos sdo tecnologias de conversdo termoquimica que possuem
diferentes mecanismos de reacdo, podendo converter biomassas lignocelulésicas em produtos
a partir de temperaturas da ordem de 260 a 400 °C. As biomassas lignocelulésicas submetidas
a processo hidrotérmicos podem produzir uma fracdo liquida composta por bio-6leo, acucares
e plataformas quimicas, e uma fracdo sélida denominada hidrocarvdo (SWETHA et al., 2021).
Dentre diversas tecnologias hidrotérmicas de conversdo de biomassa lignocelulésica, a
hidrélise com &gua subcritica e a liquefacdo hidrotérmica, sdo uma opgao versatil que se adapta
a diferentes tipos de matérias-primas, além de apresentar uma taxa de conversdo elevada
(YONG et al., 2023).

Portanto, uma op¢do para desintegrar a biomassa lignocelulésica visando a obtencao de
produtos de maior valor agregado, é o0 uso de processos hidrotérmicos, como a hidrélise com
agua subcritica (HAS) e a liquefacdo hidrotérmica (LHT), cujas principais vantagens sao:
capacidade de usar biomassas Umidas sem secagem prévia, utilizacdo de solvente
ambientalmente amigavel e adaptabilidade do uso de diferentes matérias-primas, resultando em
um baixo custo de pré-tratamento (LACHOS-PEREZ, 2022).

Estudos que utilizam a hidrdlise subcritica para obter a dissociagdo da celulose e
hemicelulose presente em varias biomassas lignocelulésicas tém aumentado. Abaide (et al.,
2019) realizaram hidrdélise com agua subcritica em modo de semi-continuo usando casca de
arroz, objetivando produzir aglcares fermentesciveis e plataformas quimicas. Mathanker (et
al.,2020) utilizaram residuos de biomassa lignocelulésica (lagar de azeite), utilizando um reator
descontinuo para avaliar diferentes condi¢fes experimentais de operacdo para produzir

biocombustiveis, a partir da liquefacao hidrotérmica, a fim de avaliar o rendimento em produtos
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como bio-6leo e hidrocarvdo. Os experimentos foram conduzidos em diferentes temperaturas:
260, 280 e 300°C, relagdes matéria seca/dgua: 0,05, 0,10 e 0,15 e pressdes de 10 Mpa.

A partir do presente contexto, da demanda de conhecer e dar énfase as diferentes rotas
tecnoldgicas para o processamento de biomassas lignocelulésicas, este trabalho tem como foco
a valorizacdo da serragem realizando o processamento hidrotérmico usando hidrélise com agua
subcritica seguido da liquefacao hidrotérmica, em modo semi-continuo, visando obter agucares
fermentesciveis, plataformas quimicas, bio-6leo e hidrocarvdo. Além disso, varias pesquisas
tém sido realizadas relacionadas a liquefacdo hidrotérmica e a hidrolise subcritica, porém,
nenhum destes estudos emprega 0 uso da serragem como biomassa e tampouco avalia as

condigdes de processamento dos dois processos em conjunto de modo integrado.

1.1 OBJETIVOS

1.1.1 Objetivo geral

Avaliar o efeito das condi¢des do processamento hidrotérmico da serragem em modo de
operacdo semi-continuo, visando obter agucares fermentesciveis, plataformas quimicas, bio-

6leo e hidrocarvéo.
1.1.2 Objetivos especificos

1. Caracterizar a composic¢do centesimal e lignocelulésica da serragem;

2. Realizar a hidrélise com agua subcritica e liquefacdo hidrotérmica da serragem
analisando a influéncia da temperatura e razdo solvente/alimentagdo no rendimento de
acucares, plataformas quimicas, bio-6leo e hidrocarvao;

3. Analisar a composic¢do do caldo hidrolisado com relacdo aos agucares fermentesciveis
e plataformas quimicas;

4. Caracterizar o hidrocarvéo obtido com relagdo ao poder de queima superior;

5. Caracterizar o bio-6leo com relagdo aos grupos funcionais em sua superficie.
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2. REVISAO BIBLIOGRAFICA

2.1 SERRAGEM

A madeira tem sido amplamente utilizada ao longo dos anos devido a suas propriedades
estruturais e funcionais, sendo empregada em construcdes, cercas, utensilios, preparacdo de
ferramentas, obras de arte, instrumentos musicais, equipamentos esportivos, maveis,
construcdo naval, estacionédrio e como combustivel (CHUTTURI et. al., 2023). Porém, o
manuseio e processamento da madeira gera inumeros residuos, incluindo folhas, galhos, cascas,
serragem, aparas de madeira, dentre outros (WANG; TESTER, 2023).

De acordo com Rech (2022), a madeira € responsavel por gerar mais de 20% da energia
primaria fabricada no Brasil. No Brasil, a cada ano, sdo geradas milhdes de toneladas de
residuos de madeira provenientes de varias fontes, com destaque para a industria madeireira,
construcdo civil e areas urbanas, como podas de arvores e embalagens, entre outros (RAMOS,
2023).

Os residuos provenientes do processamento e exploracdo de madeira como a serragem,
sdo um problema global, pois grande quantidade desses materiais sao produzidos, em virtude
do uso da madeira em sua abrangéncia em varias areas de construcdo, arquitetura, inddstria e
fabricacdo de mdveis. A cada ano costumam ser descartados ou armazenados em condi¢des ndo
controladas, o que contribui significativamente para a poluicdo ambiental (ADEGOKE et al.,
2022). A gestdo desses residuos (como a serragem) e a pesquisa para a sua conversdo em
diferentes compostos de valor agregado tém despertado grande interesse (WANG; TESTER,
2023).

Residuos agricolas, materiais lenhosos, gramineas e residuos florestais sdo compostos
por hemicelulose, lignina e celulose e séo os principais recursos para producdo de diversos
produtos, tais como hidrocarvdo vegetal, bio-6leo e plataformas quimicas (BAUTISTA-
PENUELAS et al., 2023). A serragem ou residuos de madeira sdo compostos principalmente
por celulose (45-50%), lignina (23-30%), hemiceluloses (20-30%) e diversos extrativos (tais
como 4cidos, agucares sollveis, resinas, ceras, Oleos, dentre outros) (MALLAKPOUR,;
FARIBA; CHAUDHERY,2021) (Figura 1).
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Figura 1- Composicdo da serragem

Fonte: Adaptado de MALLAKPOUR; FARIBA; CHAUDHERY (2021).

A serragem € um exemplo de fonte de biomassa de custo zero, grande disponibilidade e
seu acesso pela populacdo é favorecido, além de possuir inimeras propriedades tais como
estabilidade mecénica, superficie aspera, alta porosidade, elevada area superficial, baixa
densidade, excelente capacidade de retencdo de liquidos, alto teor de carbono, facilidade de
biodegradacdo e possibilidade de modificacdo. Essas caracteristicas fazem da serragem um
material valioso e versatil (MALLAKPOUR; FARIBA; CHAUDHERY, 2021).

A serragem pode ser aplicada de diversas maneiras, como fonte de combustivel em
processos térmicos, como material isolante e de construcdo, como biomassa lenhosa na
producdo de compostagem e como adsorvente na remogao de contaminantes, principalmente
nos efluentes liquidos, como removedor de corantes, metais pesados, produtos farmacéuticos e
poluentes emergentes (PENUELAS et al., 2023).

2.2 BIOMASSAS LIGNOCELULOSICAS

A madeira e seus residuos produzem a maior parte da energia de biomassa, enquanto os
residuos agricolas, outro componente essencial da energia de biomassa, contribuem
significativamente (GARG; SABOUNI; AHMADIPOUR, 2023). A conversdo da madeira
nobre com base em pré-tratamento hidrotérmico, bem como, outros processos para residuos
agricolas, pode reduzir os gases de efeito estufa em relacdo aos combustiveis equivalentes a
base de petroleo (SANTOS et al., 2019).


https://www-sciencedirect.ez47.periodicos.capes.gov.br/topics/agricultural-and-biological-sciences/agricultural-wastes
https://www-sciencedirect.ez47.periodicos.capes.gov.br/topics/agricultural-and-biological-sciences/agricultural-wastes
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A biomassa lignocelulésica € o tipo de biomassa mais disseminado no planeta, pois sua
producdo anual é de aproximadamente 181,5 bilhdes de toneladas. Ela é encontrada
principalmente nas paredes celulares das plantas e € produzida por estas através da fotossintese
para construir blocos poliméricos de actucar (MARRIOTT et al., 2015). Embora algumas das
suas caracteristicas variem, a celulose, a hemicelulose e a lignina sdo os principais constituintes

da maioria de todas as biomassas lignocelulésicas (RISEH et al., 2022).
2.2.1 Lignina

A lignina é um polimero robusto e amorfo que possui uma grande quantidade de carbono
(>60%) e grupos funcionais abundantes (como fendlicos, cetonas e ligacBes duplas
conjugadas), sendo o mais abundante apds a celulose. A lignina de diferentes matérias-primas
lignocelulosicas possui distintas caracteristicas estruturais em razdo a multiplicidade de
conexdes unitarias de p-hidroxifenil (H), guaiacil (G) e siringil (S) conforme ilustrado na Figura
2, alem de ser um dos elementos fundamentais da biomassa lignocelulésica (ZHANG et al.,
2023).

Figura 2 - Estrutura da Lignina

CH,OH CH,OH CH,OH
L s =
OCH;  H4CO OCHj,
OH OH OH
Alcool p-cumarilico Alcool coniferilico Alcool sinapilico

Fonte: HUANG et.al., (2019).

Existem diferentes tipos de ligninas, porém OH de grupos fendlicos sdo 0s grupos
funcionais mais caracteristicos da lignina que definem a sua reatividade (ABDOLLAHI;
HABASHI; MOHSENPOUR, 2019). Ela é produzida através da polimerizagéo desidrogenativa
de mondémeros de alcool hidroxilacinamilico denominados monoligndis (p-sinapil, guaiacil e
alcool coniferilico) JEDRZEJCZAK et al., 2021).

A lignina é um componente da madeira, em conjunto com a celulose e a hemicelulose.

As biomassas lignocelulésicas possuem até 30% de lignina, o que significa uma fonte renovavel
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de compostos arométicos como opcdo aos recursos decorrentes do petréleo (PATEL et al.,
2023). As propriedades funcionais e estruturais da lignina apresentam potencial para producgéo
de uma grande quantidade de novos produtos. As fabricas de celulose e papel produzem cerca
de 50 a 70 milhdes de toneladas (MT) de lignina anualmente, e essa quantidade deve crescer
para 225 milhdes de toneladas até 2030, segundo a Agéncia de Protecdo Ambiental (EPA).

Os potenciais da lignina proporcionam diversas aplica¢cdes na industria para produzir
produtos quimicos e produtos de base bioldgica (baterias e supercapacitores), material de
concreto e veiculos de entrega de drogas (particulas esféricas de lignina, hidrogéis). Além disso,
a despolimerizacdo da lignina possibilita inimeras oportunidades que potencializam a producao
de diversos produtos quimicos aromaticos renovaveis para finalidades farmacéuticas (acido

ferulico), aromatizantes (acetovanilona) e outras aplicacdes industriais (AMBIKA et al., 2023).
2.2.2 Celulose

A celulose é formada por unidades de p-D-glucopironas e por ligac6es glicosidicas B-
1,4 (HAN; ZHU; CHENG, 2022). A estrutura da celulose é altamente cristalina, devido a
presenca de extensas ligacdes de hidrogénio e interacbes de Van der Waals (XIAO et al.; 2014).
Ela € um polimero semicristalino compreendendo regides cristalinas (ordenadas) e amorfas
(desordenadas) dentro da microfibrila (NECHYPORCHUK; BELGACEM; BRAS, 2016).
Ademais, a celulose é um polimero natural caracterizado por alta rigidez mecénica, tenacidade
e excelente biocompatibilidade (BUYANOV; GOFMAN; SAPRYKINA, 2019).

A celulose vem atraindo grande interesse em virtude do seu potencial para se tornar uma
matéria-prima neutra em carbono para biocombustiveis renovaveis e produtos quimicos. Ela é
um dos componentes principais da biomassa vegetal e 0 composto organico mais vasto na
biosfera terrestre. Nas biorrefinarias tradicionais, as fontes de celulose foram fracionadas e
hidrolisadas enzimaticamente para gerar acucares fermentaveis para a fabricacdo de
biocombustiveis e produtos quimicos de valor agregado (HE et al., 2023).

Muitos estudos tém sido desenvolvidos para compreender sua estrutura, suas
propriedades e para entender a natureza microscopica da parede celular vegetal e os aspectos
moleculares ligados a sua resisténcia estrutural (GOMES; MUNIR, 2012). A celulose da
biomassa lignocelulésica é o biopolimero natural renovavel mais abundante, ganhando grande
interesse para ser usada em diversas aplicagdes para a preparacdo de inumeros materiais
multifuncionais e de alto desempenho. Dentre essas aplicagdes inclui-se filmes, fibras
recicladas, hidrogéis, aerogéis e nanopapel, devido seus compositos funcionais possuirem boa
durabilidade (HE et al., 2023).
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Além de ser utilizada como matéria-prima para papéis e téxteis, também tem aplicacoes
em microdispositivos, revestimentos, materiais compdsitos e combustiveis renovaveis
(BARNETTE et al., 2012). A producao anual da celulose € cerca de 75 bilhGes de toneladas
(HABIBI et al., 2010). Ela esta distribuida nas plantas superiores, na madeira, a fonte mais
importante de matéria-prima para celulose, em culturais anuais, em varios animais marinhos e
em menor escala em algas, fungos, bactérias, invertebrados e até amebas (BRINCHI et al.,
2013).

2.2.3 Hemicelulose

Diferente da celulose, a hemicelulose pertence a um grupo de polissacarideos
estruturalmente diversos, com estrutura amorfa, menor grau de polimerizacdo e ndo
homogéneos (WERNER; POMMER; BROSTROM, 2014). Elas esto relacionadas a celulose
através de pontes de hidrogénio e a lignina via ligacdes covalentes (QASEEM; SHAHEEN;
WU, 2021).

A hemicelulose é um polimero heterogéneo formado por pentoses (xilose e arabinose),
hexoses (manose, glicose, galactose) e acidos de agucar, sendo as xilanas o tipo de hemicelulose
mais abundante, proveniente de diversas fontes como gramineas, cereais, madeira macia e

madeira dura (SAHA, 2003). A Figura 3, ilustra os principais compostos das hemiceluloses.

Figura 3 - Principais compostos da estrutura da hemicelulose
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Representando aproximadamente 20 a 35% da biomassa lignocelulésica, a
hemicelulose ¢ o segundo componente renovavel mais consideravel da biomassa
lignocelulosica, apds a celulose. Sua producdo global é cerca de 60 bilhGes de toneladas por
ano (RAO et al., 2023).

Por ser um recurso muito abundante, a hemicelulose exibe excelentes propriedades,
como biodegradabilidade, ndo toxicidade e boa biocompatibilidade, podendo ser utilizada em
varias industrias, incluindo medicina, farmacéutica, combustivel, embalagens, téxtil e muitas
outras (JIANG et al., 2020). Os compostos derivados de hemicelulose podem ser empregados
em hidrogéis, aerogéis, carreadores de drogas, sensores, biopolpa de madeira, processamento
de café, maceracgdo de frutas e vegetais e preparacao de produtos de panificacdo com alto teor
de fibra (AZELEE et al., 2023).

2.3 PROCESSOS DE CONVERSAO DE BIOMASSA

A escassez de recursos energéticos e as preocupagdes ambientais intensificam o
progresso das tecnologias sustentaveis para producdo de energia, sendo o0s principais motivos
para 0 progresso da industria de biocombustiveis (SARAVANAN et al., 2023). Os
biocombustiveis oriundos de matérias-primas lignocelul6sicas superam o problema de
disponibilidade de matéria-prima possibilitando a utilizacdo de uma diversidade de fontes de
biomassa (DAMARTZIS; ZABANIOTOU, 2011).

A biomassa lignocelulésica é a matéria-prima de melhor acesso entre 0s recursos
renovaveis, além de reduzir a alta dependéncia de combustiveis fésseis (VELVIZHI et al,
2022). Além disso, a biomassa lignocelulésica é uma matéria-prima potencial para ser
convertida em combustiveis e produtos quimicos valiosos, incluindo bio-6leo (KABIR;
HAMEED, 2017), biocarvdo (YAASHIKAA, 2019), gés de sintese e biogas por meio de
conversdo bioquimica ou termoquimica.

A biomassa lignocelulosica é transformada em biocombustiveis e produtos através de
diferentes processos: mecanicos, quimicos, bioquimicos ou termoquimicos. A conversdo
termoquimica da biomassa lignoceluldsica pode ser realizada por meio de processos como
pirdlise, liquefacdo hidrotérmica, gaseificacdo, combustdo e hidrdlise com &gua subcritica
(Figura 4) (AWASTHI et al.,2023).

A conversdo bioguimica da biomassa lignoceluldsica envolve microrganismos que

metabolizam a biomassa e produzem alcoois, &cidos graxos e gases. Compostagem, digestéo
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anaerobica e fermentacdo sdo as tecnologias usadas para a alteracdo bioquimica de biomassa
em biocombustiveis e produtos de valor agregado (AWASTHI, et al.,2023).

Com a presenca de O, a gaseificacdo engloba a conversdo de qualquer combustivel
carbonaceo em um produto gasoso com elevado poder calorifico (HIGMAN; BURGT, 2008).
Os gases produzidos sdo utilizados em vérias aplicacdes como geracdo de energia, cozimento
doméstico com distribuicdo de tubos, aquecimento e fornecimento de vapor por combustao de

caldeira, producdo de Ha, producéo de combustiveis liquidos e produtos quimicos (MA, 2012).

Figura 4 - Conversdo termoquimica e bioquimica da biomassa lignocelulésica
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Fermentacéo

O processo da pirolise é a decomposi¢do termoquimica da biomassa na auséncia de
oxigénio. As temperaturas de operacdo estdo na faixa de 300 a 800 °C. Nesse processo, a
biomassa é transformada em bio-dleo, biocarvao e gas de sintese (AWASTHI et al.,2023).

O processamento hidrotérmico desempenha um papel significativo na conversdo da
biomassa em produtos de grande valor ou biocombustiveis. Esse método é conduzido em meio

aquoso, em temperaturas entre 250 a 374 °C e pressdes que oscilam entre 4 e 22 MPa
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(MARZBALI et al., 2021). Os processos hidrotérmicos podem ser classificados em categorias,
de acordo com a faixa de temperatura e com os produtos desejados: Carbonizac¢éo Hidrotérmica
(HTC), Liquefacdo Hidrotérmica (HTL) e Gaseificacdo Hidrotérmica (HTG) e Hidrdlise com
Agua Subcritica (HAS) (RUIZ et al., 2021).

Na HTL, ocorre a conversdo da biomassa lignocelulésica em bio-6leo e produtos
quimicos na presenca de agua (ANSARI et al., 2023). A HAS também é um método promissor,
pois possui um grande potencial para quebrar biopolimeros como hemiceluloses e celulose em
acucares simples como xilose, glicose e arabinose, e em moléculas menores para fermentacédo
(PRADO et al., 2016).

2.3.1 Hidrodlise

A hidrolise pode ocorrer por via quimica, aplicando catalisadores acidos ou alcalinos,
ou por via bioldgica, usando catalisadores enzimaticos. Apesar da hidrolise acida e alcalina
serem alternativas reacionais rapidas que produzem grandes concentra¢fes de agucares, 0 meio
reacional precisa ser neutralizado ap6s o processo, gerando residuos so6lidos (PRADO et al.,
2016).

O processo de hidrdlise &cida ocorre na presenca de &cidos inorganicos, como acido
cloridrico, &cido sulfurico e acido nitrico, sendo geralmente utilizado para hidrélise da
hemicelulose (AHMED et al.,2001). No entanto, sua aplicacdo pode causar corroséo em
equipamentos e promover a producdo de inibidores no hidrolisado (PRAMASARI et al.,2023).

A hidrélise enziméatica surgiu como uma alternativa a hidrélise acida ou alcalina,
empregando enzimas provenientes de espécies bacterianas e fungicas para converter 0s
polissacarideos em agucares (HUANG et al., 2022). No entanto, o alto custo das enzimas e 0
grande periodo reacional sdo algumas desvantagens da sua aplicacdo (HABINSHUTI et al.,
2023).

Neste sentido, varios estudos tém sido desenvolvidos para obtencdo de métodos
sustentaveis para o processamento de biomassa (MOHAN; BANERJEE; GOUD, 2015). A
hidrolise com &gua subcritica de residuos lignocelulésicos é uma tecnologia verde para a
producdo de produtos quimicos soluveis que podem servir como precursores na producdo de
biocombustiveis, produtos quimicos e materiais renovaveis (RAME; PURWANTO,;
SUDARNO, 2023).
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2.3.1.1 Hidrolise sub/supercritica

No estado subcritico, a 4gua é um solvente promissor para a despolimerizacdo da
biomassa, convertendo-a em produtos soltveis (CHEN et al.,2023). Como consequéncia das
propriedades da agua no estado subcritico tem se a conversdo dos componentes individuais do
complexo lignocelulésico em produtos soluveis em varias faixas de temperatura, buscando a
dissociacdo da celulose e hemicelulose de modo eficiente. A hemicelulose, em particular, é
solubilizada a uma temperatura mais baixa (150-230 °C) do que a celulose (RUIZ et al., 2013).

A agua pode ser considerada subcritica quando estd na faixa de 100-374 °C, com
pressOes suficientes para manté-la na fase liquida comprimida (10-25 MPa) (Figura 5). Nesse
estado, a &gua modifica suas propriedades fisico-quimicas, alta densidade e baixa viscosidade,
permitindo eficiente penetracdo na estrutura celulésica (MARTINEZ et al., 2018). Ela possui
potencial para romper a estrutura rigida do complexo lignoceluldsico e separd-lo em
componentes menores por hidroélise e outras reacfes, por isso, € um meio de reacdo favoravel

para a transformac&o de biomassa lignocelulésica (BRUNNER, 2009).

Figura 5 - Propriedades da &gua subcritica e supercritica em torno do ponto critico
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Fonte: COCERO et al.(2018).

A hidrdlise com agua subcritica da biomassa possui inimeras vantagens comparado as
tecnologias tradicionais (hidrdlise acida, alcalina e enzimatica). A principal vantagem da HAS
é ando utilizacdo de solventes organicos, fator de grande relevancia em qualquer processo, pois
0s solventes organicos precisam ser recuperados ou sujeitos a uma operacao unitaria apropriada

que resulte em um residuo néo agressivo ao meio ambiente (YU; LOU; WU, 2007). A HAS
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ndo necessita de tratamento prévio da biomassa, pois além de rapida, apresenta menos corrosao,
menos geracdo de residuos e menos degradacdo de agucares se comparados aos métodos
convencionais (PRADO et al., 2014).

Estudos anteriores mostram a producéo, em escala de bancada, de agUcares através de
biomassa lignocelulésica por meio de HAS em reator semi-continuo (LACHOS-PEREZ et al.,
2020). Alguns exemplos de biomassas utilizadas para produzir hidrolisados com alto teor de
acucares sdo: casca de laranja (LACHOS-PEREZ et al., 2020), cana-de-acucar, bagaco de cana-
de-acucar, azeitona (TORRES-MAYANGA et al., 2017) e casca de arroz (ABAIDE et al.,
2019). Os acucares produzidos a partir de HAS da biomassa podem ser utilizados como
substrato para processos de fermentacdo para produzir etanol de segunda geracdo (OLIVEIRA
et al.,2020) ou outros produtos como plataformas quimicas (ABAIDE et al., 2019; ZABED, et
al.,2023).

Vedovatto et al. (2021) realizaram um estudo para analisar a HAS da palha e da casca
de soja para obter agucares fermentesciveis em uma unidade reacional operando em modo semi-
continuo. Avaliou-se condices de temperatura (180, 220 e 260°C) e razdo
solvente/alimentacdo (R) (9 g e 18 g agua/g palha e 7,5 g e 15 g agua/g casca). A hidrdlise foi
realizada por 15 min a 25 MPa. As eficiéncias foram de 23,65 + 1,32 g/100 g de carboidratos e
23,04 £ 1,14 g/100 g de carboidratos para palha e casca de soja, respectivamente.

O trabalho de Yang et al. (2022) utilizou a serragem como matéria-prima e agua do mar
como solvente com o objetivo de avaliar o efeito negativo da agua do mar na matéria-prima
lignocelulésica. Além disso, os componentes do modelo de serragem, incluindo celulose
cristalina, xilana e lignina, foram utilizados para obter evidéncias claras do efeito da 4gua do
mar observado. Também foi verificado, por meio de experimentos de laboratério e simulacdo
computacional, como a liquefacdo hidrotérmica da agua sob a serragem responde a adicdo de
Na,COze NaCl. Desta forma, observou-se que uma temperatura mais alta aumentou o efeito
negativo da dgua do mar, a temperatura de 270 °C. O uso de &gua do mar resultou em um
declinio no rendimento do bio-6leo em comparacdo com o uso de agua doce. Uma temperatura
elevada de 320 °C promoveu o efeito negativo. Misturas binarias dos componentes do modelo
de serragem, hemicelulose, celulose e lignina foram liquefeitas em agua do mar e agua doce,
respectivamente, o que verificou que o efeito negativo da agua do mar foi principalmente
devido a interacdo celulose-lignina. A interacdo celulose-lignina foi sensivel a presenca de
NaCl, levou a uma repolimerizagdo mais severa e, eventualmente, resultou no declinio do
rendimento de bio-6leo (YANG et al., 2022).
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Zhu et al. (2021) investigaram a fabricacdo de agUcares a partir da borra de feijao por
hidrélise em &gua subcritica, cujo objetivo foi avaliar os efeitos das condi¢Ges de hidrolise como
temperatura, tempo e adicdo de CO2 no rendimento dos acucares. O maior rendimento de
acucares foi de 65,7 g/100g de biomassa a 300 °C e 360 s. A Tabela 1, apresenta alguns
exemplos de aplicacdes que utilizaram a hidrdlise com &gua subcritica para processar diferentes

biomassas lignocelulosicas.
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Tabela 1 - Resumo de trabalhos recentes sobre hidrélise com agua subcritica para processamento de biomassas lignoceluldsicas.

Substratos Condic¢bes Experimentais Resultados Experimentais Modo de operacéo Referéncia

3 _ - Rendimento méximo de aglcares de
. Vazdo: 10 e 20 mL/min; Temperatura: 140, 160,
Gréos de refugo 3 3 3,35%; . i
] 180 e 210 °C; Pressdo: 10 MPa; Razéo . L Semi-continuo Torres-Mayanga et al. (2019)
de cerveja . 3 - Condigdes operacionais ideais: 210 °C, 20
solvente/alimentacéo: 64, 80 e 112. )
mL/ min e S/F de 64.

) - Rendimentos 6timos de agucares redutores
Vazdo: 10 mL/min; Temperatura: 190 a 260 °C;

Palha da cana- B B . B em 200 °C e 10Mpa, (32%). - Temperaturas . i
i Pressdo: 10 MPa; Razéo solvente/alimentacéo: ) Semi-continuo Lachos-Perez et al. (2017)
de-agucar 60 superiores a 200°C resultaram no aumento
' da formag&o de hidrocarvédo
Tempo: 30 min; Temperatura: 190-210°C; - Rendimento de agucares redutores de 52%
Palha de Trigo Pressdo: 0,17- 5,4 MPa; Razéo em peso; - Condic¢des operacionais ideais: Batelada Abdelmoez et al. (2014)
solvente/alimentacéo: 6/1. 190 °C; - Formacéo de 5-HMF e furfural.

) - Rendimento de acglcares redutores de 13%
) Tempo: 5-40 min; Temperatura: 140-220°C; L S
Citronela de B . ) em peso; - CondigOes operacionais ideais: )
Pressdo: 0,1 — 2,3 MPa; Relacéo agua/biomassa: ) B ) Batelada Timung e Goud (2018)
Java 333 160°C e 30min; - A formacdo de 5-HMF foi
de 0,6% em peso.
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2.3.2 Liquefacéo hidrotérmica

Dentre as tecnologias de conversdo termoquimica, a HTL vem ganhando atenc¢éo nos
ultimos anos em virtude de suas caracteristicas capaz de converter eficientemente biomassa
umida sem processo de secagem em bio-6leo de elevado poder calorifico superior (PCS) e
subprodutos como hidrocarvéo e fase aquosa com moléculas precursoras de biocombustiveis
(OCAMPO et al.,2023). Além disso, é capaz de atingir alta eficiéncia de conversdo da biomassa
(YANG; HE; YANG, 2019).

As conversdes termoguimicas em comparacdo com as conversdes bioquimicas séo
realizadas a altas temperaturas e em algumas aplicacfes, na presenca de catalisadores para
obtencéo de diferentes produtos. Em geral, as conversfes termoquimicas sdo muito mais rapidas
do que as conversdes bioguimicas (GOLLAKOTA; KISHORE; GU, 2018). A liquefacdo
hidrotérmica é um processo de conversdo termoquimica da biomassa em combustiveis liquidos
através de determinados estados termodindmicos da agua. As condigdes tipicas de
processamento hidrotérmico sdo 249,85 a 373,85 °C e pressdes operacionais de 4 a 22 MPa
(GOLLAKOTA; KISHORE; GU, 2018). A principal caracteristica da liquefacdo hidrotérmica
da biomassa é a remocéo de oxigénio, cerca de 85% do oxigénio na biomassa pode ser removido
como CO; e 4gua (GOUDRIAAN et al., 2001).

A agua € o componente fundamental do processo de HTL, principalmente em virtude
das extremas mudangas em suas propriedades com temperatura e pressdo (KIESELER et al.,
2013). No entanto, as mudancas mais relevantes nas propriedades da agua sdo alcancadas
guando ela atinge seu ponto critico, influenciando consideravelmente as reacoes de liquefacédo
hidrotérmica (YILDIRIR, 2015).

As propriedades da agua sub e supercritica a tornam um excelente meio para converter
biomassa organica Umida em bio-6leo de alto valor, aliado a capacidade de dissolver compostos
organicos apolares e favorecer reacdes ibnicas ou radicais (LAPPALAINEN, 2020). A reacdo
de liquefagdo hidrotérmica ocorre de acordo com muitos parametros. A variagdo desses
parametros pode afetar os produtos e o processo de reacdo. Esses parametros podem ser:
temperatura, tempo de residéncia, solventes, catalisadores usados e quantidade de biomassa
(BAST et al., 2023). A temperatura € um dos parametros mais criticos que influenciam
diretamente no processamento hidrotérmico da biomassa. Conforme a temperatura de reacéo
aumenta, os rendimentos dos produtos também aumentam até um determinado limite (FENG
etal., 2014).
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Em modo de operacdo batelada, os produtos também dependem da temperatura
empregada: abaixo de 200 °C é produzido principalmente hidrocarvao e o processo é chamado
de carbonizacédo hidrotérmica (HTC); entre 200 °C e 400 °C ocorre a liquefacao hidrotérmica
(HTL) para produzir como produto alvo um precursor de combustivel chamado bio-6leo (BO)
e acima de 400 °C ocorre a gaseificacdo hidrotérmica (HTG), que produz predominantemente
gés de sintese (GALLON et al., 2023). A presséo é o segundo parametro que afeta a conversao
de biomassa no processo HTL. A pressao mantém o meio monofésico para liquefacGes
subcriticas (fase liquida) e supercriticas (fase gasosa) (AKHTAR; AMIN, 2011).

A HTL tem sido empregada na conversdo de diversos tipos de biomassas e em estudos
sobre as condi¢des de operagdo, como temperatura, tempo de retencdo e pressao de reagéo (NI
et al.,2022). Portanto, a otimizacdo desses parametros do processo auxilia na busca por
melhores rendimentos e a qualidade dos produtos obtidos, conforme ilustrado na Figura 6. Além
disso, varias matérias-primas, como esgoto, residuos agricolas, residuos florestais, plastico,
residuos de tintas, algas, lodo microbiano foram processadas em estudos recentes para obtengédo
de bio-6leo (MISHRA et al.,2022).

Figura 6 - Produtos de liquefagdo hidrotérmica de diferentes matérias-primas

Hidrodesoxigenagio Combustivel Liguido
Cragueamento
Catalitico
—_— Bio-0leo — .
Destilacdo fracionada I—
Produtos quimicos de
. base biologica
Residuo Salid Modificagao
> esiduo Solido .
*| Materiais de carbono

Fase de dgua circulante

Digestdo anaerdbica
e Fase Aguosa — Processo
eletroquimico
Gaseificacdo
catalitica
Remocdo de gés

LIQUEFACAD
HIDROTERMICA

> Biogas

LIGNOCELULOSE

Fertilizanie de gases
de efeito estuia

» Fase gasosa — Mudanca agua-gas

Crescimento de algas

C 11

Gasolina

Fonte: XU; LI (2021).

A literatura enfatiza estudos que viabilizam o aumento do rendimento de bio-6leo na
liquefacdo hidrotérmica (HTL) através de diferentes matérias-primas e condicGes de operacdo
(GOLLAKOTA; KISHORE; GU, 2018). Zhu et al. (2014) realizaram um estudo com biomassa
lignocelulosica a fim de investigar a viabilidade técnica e econémica para producdo de


https://www-sciencedirect.ez47.periodicos.capes.gov.br/topics/agricultural-and-biological-sciences/liquefaction
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combustivel liquido a partir da conversdo de biomassa lenhosa por meio da liquefacéo
hidrotérmica (HTL), tanto para escala de bancada quanto em grande escala. Os resultados
forneceram que os principais fatores que afetam o custo de producdo sdo: rendimento do
produto, custo dos equipamentos e o preco da matéria-prima. Por isso, a utilizacdo de biomassa
lignocelulodsica é muito promissora para a producdo de combustivel liquido devido sua ampla
disponibilidade e eficiéncia. ZHOU et al. (2022) investigaram as influéncias do catalisador e
do solvente na producédo de bionergia. Os resultados apontaram que os rendimentos maximos
de hidrocarvao e bio-6leo foram de 32% e 65%, respectivamente.

Ainda assim, grande parte dos estudos de liquefacdo hidrotérmica empregam biomassas
lignoceluldsicas como madeira, residuos agricolas e florestais como matéria-prima, pois sdo
recursos abundantes (CAO et al.,, 2017). Malins et al. (2017) empregaram a liquefacédo
hidrotérmica usando serragem de bétula para producdo de bio-0leo utilizando diferentes
catalisadores e os resultados mostraram que a maior recuperacdo de energia (68,4 — 68,8%) e
rendimento de bio-6leo (48,6-53,9%) foram alcancados com os catalisadores alcalinos Na;CO3
e NaOH.

Caprariis et al. (2019) investigaram a adi¢do de Fe em varias condicdes de oxidagdo no
processo de HTL da madeira de carvalho. Nos experimentos realizados, usando Fe, oS
rendimentos de bio-6leo aumentaram cerca de 30% em relagdo ao bio-6leo obtido sem a adi¢do
de Fe, melhorando a qualidade do mesmo, aumentando o contetdo de hidrogénio e reduzindo
o teor de oxigénio. No estudo de Sun et al. (2011), o uso de catalisadores como Fe na HTL de
biomassa lignocelulésica, também aumentou o rendimento de bio-6leo e atuou como inibidor
da formacao de hidrocarvao.

A temperatura de reacdo também é um pardmetro importante na HTL. Muitos
experimentos de HTL foram conduzidos em diferentes temperaturas a fim de avaliar o seu efeito
de reacdo no bio-6leo (XU; LI, 2021). CHEN et al. (2019) investigaram a HTL de palha de
milho em diferentes temperaturas de operacdo, tempo de reagdo e quantidade de catalisador,
para obter como principal produto o bio-6leo. Os resultados mostraram que a alta temperatura
melhorou significativamente a taxa de conversdo da palha de milho e o maior rendimento de
compostos aromaticos foi alcangado a 230 °C, com uma hora de reacao.

Wu et al. (2019) realizaram ensaios de liquefagdo usando eucalipto em agua subcritica
e etanol subcritico a 260 a 320°C por 30 min e constataram que o rendimento do bio-6leo
aumentou gradativamente de 260 °C para 300 °C, sendo o maior rendimento atingido a 300 °C.
Quando a temperatura ultrapassou o0s 300 °C, o rendimento do bio-6leo diminuiu. Zhang et al.

(2020) realizaram um experimento similar, liquefazendo a palha de milho hidrotermicamente a
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uma presséo inicial de 4 MPa, por 15 min. Desta forma, quando a temperatura da liquefacéo
hidrotérmica (HTL) aumentou de 260 °C para 300 °C o rendimento do bio-6leo aumentou em
32,52% e quando a temperatura foi elevada para 320 °C, o rendimento do bio-6leo diminuiu,
aumentando consequentemente, o rendimento dos sub-produtos como hidrocarvéao e produtos
gasosos.

Para alcancar a producdo eficiente de bio-6leo, os parametros de processo, quantidade
de matéria-prima, temperatura de reacdo, tempo de residéncia, pressdo e quantidade de

catalisador, devem ser amplamente estudados, conforme demonstrado na Tabela 2.



32

Tabela 2 - Resumo de trabalhos recentes sobre liquefacdo hidrotérmica de diferentes biomassas lignocelulésicas

Substratos Condicbes Experimentais Resultados Experimentais Modo de operacéo Referéncias

Torta Temperatura: 250 °C; Pressdo: 4,5 - O rendimento do bio-6leo diminuiu ligeiramente com o longo Prestiai
restigiacomo,
Desengordurada MPa; Tempo de reacdo: 10, 20, 30 tempo de reagdo ao usar ChCI-Gly DES (26,63 % em peso) g

. 3 i 3 Batelada Scialdone, Galia
de Jatropha e 40 min; Razdo solvente como catalisador; - Durante a reacdo prolongada da torta (2022)
curcas alimentacéo: 10 desengordurada, a gaseificagdo Umida comeca a se manifestar
Temperatura: 300 °C; Pressdo: 5,8;
Serragem de 7,3 e 11MPa; Tempo de reagdo: - Rendimento maximo de 30,8% em peso, em 120 min; ) i
) ) y Semi-continuo Wanga et al. (2013)
pinho 120 min; Razéo solvente
alimentacéo: 1:1
- Rendimento de bio-éleo: 40,6% em peso (290 °C); - O
Temperatura: 270, 290 e 310 °C; . 3 )
Casca de 3 aumento da temperatura (310 °C) reduziu a producéo de bio-
. Pressdo: 10-18 MPa; Tempo de i Batelada Cao et al. (2021)
Amendoim N . 6leo 38,7% em peso.
reacao: 30 min;
- O rendimento maximo de bio-6leo da liquefacao de cipreste
Temperatura: 260°C a 300°C; ndo pré-tratado foi de 17,3% em peso a 220 °C;
Cipreste Pressdo: 6 — 8 Mpa; Tempo de - Os rendimentos maximos de bio-éleo pré-tratado, foram de Batelada Liu, Wang, Liu (2014)

reacdo: 120 min; 19,9%, 20,1% e 20,7% a temperatura de 280 °C;
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2.4 ESTADO DA ARTE

A partir do exposto, é relevante salientar que por meio de pesquisas em plataformas
cientificas (Science direct e Scopus, por exemplo), até entdo, ndo foi possivel encontrar
trabalhos que avaliaram de modo integrado a utilizagédo da liquefacédo hidrotérmica (HTL) e da
hidrélise com &gua subcritica (HAS) visando a dissociacao da serragem. Alguns autores como
Abaide et al. (2019) realizaram estudos da hidrdlise com agua subcritica em modo semi-
continuo da casca de arroz, objetivando produzir agucares fermentesciveis e plataformas
quimicas.

Vedovatto et al. (2021) utilizaram a casca de soja como biomassa para obtencéo de
acucares fermentesciveis. A liquefacdo hidrotérmica foi analisada por Yedro et al. (2014) em
modo de operacao semi-continuo, utilizando a semente de uva como biomassa, a fim de obter
bio-0leo. Outros autores como Caprariis et al. (2017), também obtiveram rendimentos
satisfatorios de bio-6leo. Entretanto, até o momento, nenhum trabalho foi encontrado
relacionado ao processamento hidrotérmico em modo de operagdo semi-continuo da serragem
para obtencdo simultanea de acucares fermentesciveis, plataformas quimicas, hidrocarvéo e
bio-0leo. Portanto, a presente pesquisa fornece resultados que visam suprir uma lacuna de

conhecimento cientifico sobre o tema abordado.



34

3. ARTIGO

Semi-continuous hydrothermal processing of pine sawdust for integrated production of

fuels precursors and platform chemicals

Bruna A. Puhl?, Crisleine P. Draszewski®, Francisco D. Vezaro?, Leonardo R. Ten Caten?,

Jodo H. C. Wancura®!, Fernanda de Castilhos®, Flavio D. Mayer?, Ederson R. Abaide?

2 Laboratory of Biomass and Biofuels (L2B), Federal University of Santa Maria, Santa Maria, RS, Brazil

®|_aboratory of Biofuels (LabBioc), Federal University of Santa Maria, Santa Maria, RS, Brazil

E-mail adresses:

Bruna A. Puhl: bp002896@fahor.com.br

Crisleine P. Draszewski: cris.draszewski@gmail.com (ORCID: 0000-0003-0073-6926)
Francisco D. Vezaro: francisco.vezaro@acad.ufsm.br (ORCID: 0000-0001-6681-788X)
Leonardo R. Ten Caten: caten.leonardo@acad.ufsm.br (ORCID: 0009-0007-1438-995X)
Jodo H. C. Wancura: jhwancura@gmail.com (ORCID: 0000-0003-4583-0596)

Fernanda de Castilhos: fernanda.castilhos@ufsm.br (ORCID: 0000-0003-3339-6489)
Flavio D. Mayer: flavio.mayer@ufsm.br (ORCID: 0000-0002-8434-4323)

Ederson R. Abaide: ederson.abaide@ufsm.br (ORCID: 0000-0003-1213-1668

1Corresponding author: jhwancura@gmail.com (Jodo H. C. Wancura, ORCID: 0000-0003-4583-0596)
Roraima Avenue, Building 9B, 97105-900, Santa Maria, RS
Tel./Fax: +55 55 3220-8428.



mailto:bp002896@fahor.com.br
mailto:cris.draszewski@gmail.com
mailto:francisco.vezaro@acad.ufsm.br
mailto:caten.leonardo@acad.ufsm.br
mailto:jhwancura@gmail.com
mailto:fernanda.castilhos@ufsm.br
mailto:flávio.mayer@ufsm.br
mailto:ederson.abaide@ufsm.br
mailto:jhwancura@gmail.com

35

Abstract

This research reports data for the integrated obtaining of fermentable sugars (FSs), bio-
oil (BO), and hydro-char (HC) — all fuel precursors — as well as platform chemicals (PCs —
acetic, formic, and levulinic acid, besides furfural, and hydroxymethylfurfural) through semi-
continuous hydrothermal processing of sawdust from pine wood. The influence of temperature
(260, 300, and 340 °C) and the water-to-biomass ratio (25 and 50 g H20 (g biomass)™) were
the parameters considered to evaluate the mass yields, kinetic profiles, and BO properties. For
FSs (and PCs), a detailed analysis considering the kinetic profiles of obtaining cellobiose,
glucose, xylose, and arabinose is presented. For the conditions evaluated, a distinct behavior
concerning the process parameters was observed, where 7.11 and 9.28 g (100 g biomass)™* of
FSs and PCs were synergistically obtained, respectively, after 30 min, 20 MPa, 260 °C, and 50
g H20 (g biomass)™. Contextually, 17.59 g (100 g biomass)™ of BO was obtained at 340 °C
and the same water/biomass ratio. FTIR analysis of the BO samples suggested the presence of
aldehydes, carboxylic acids, ketones, hydrocarbons, ethers as well as aromatic, alcohols, and
nitrogenous compounds. Similar HC yields were achieved among the conditions analyzed,
where 24.68 g (100 g biomass)™* were obtained at 340 °C and 50 g H20 (g biomass)™ for a
higher heating value of 29.14 MJ kg™ (1.5 times higher than the in natura biomass).
Keywords: Biomass. Subcritical hydrolysis. Hydrothermal liquefaction. Bio-char. Bio-crude.
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Nomenclatures

BO Bio-oil

FS Fermentable sugar

FTIR  Fourier transform infrared spectroscopy
HC Hydro-char

HHV  Higher heating value

HMF  Hydroxymethylfurfural

HTP  Hydrothermal processing

LB Lignocellulosic biomass
NREL National Renewable Energy Laboratory
PC Platform chemical

XRY Identification code to the assays, where X is the temperature and Y is the water-to-biomass ratio
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1. Introduction

The timber industry represents an important economic field for several nations,
providing raw materials for diverse sectors such as civil construction, pulp and paper,
shipbuilding, and furniture. The global market for this important industrial sphere is estimated
to be superior to US$ 625 billion (base-year 2022), with projected annual growth of up to 6 %,
expecting to reach values superior to US$ 840 billion in 2027 (Wood, 2022). Contextually, pine
wood (Pinus spp.) has a prominent position in this sector, since these species have
characteristics of machinability superior to other wood species, being preferable for the
production of paper, firewood, and furniture (Wieruszewski et al., 2023). However, the
mechanical processing of any species of wood inevitably generates large amounts of by-
products such as chips, bark, and sawdust. Notably, Cavali et al. (2023a) describe that usually
20 to 30 m? of sawdust are generated for every 100 m3 of processed wood, whereas according
to report released by the European Organization of the Sawmill Industry, 14.2 million m3 of
sawdust were generated worldwide in 2022 (European Organization of the Sawmill Industry,
2022). This massive amount of biomass, if poorly managed, can cause problems for the soil
(increase of acidity), air (polluting gases generated by improper burning) as well as water bodies
(Rominiyi et al., 2017).

Accordingly, processes that pursue a correct destination of residual biomasses and
simultaneously value their lignocellulosic composition (cellulose, hemicellulose, and lignin
fractions) have been scientifically considered recently (Cavali et al., 2023b). The use of
thermochemical methods for lignocellulosic biomasses (LBs) decomposition, such as
hydrothermal processing (HTP), holds an interesting alternative to obtaining bio-products of
industrial interest. At subcritical water conditions (around 230 to 350 °C and 15 to 22 MPa),
this technology facilitates the biomass components dissociation by a series of reactions
including hydrolysis, dehydration, decarboxylation, polymerization, and aromatization (EIl Bast
et al., 2023). The HTP is known for its versatility, can be applied to a wide range of
lignocellulosic feedstocks, including agricultural residues, forestry waste, energy crops, algae,
and organic waste materials (Xu and Li, 2021). Furthermore, the HTP is less demanding
regarding to feedstock pre-processing compared to other biomass conversion methods, can
accommodate feedstocks with varying moisture content, not requiring high-energy demand
drying stages (Dong et al., 2023).

The main flowrates produced in the HTP of LBs involve a hydrolysate phase comprising

bio-oil (BO), fermentable sugars (FSs), and platform chemicals (PCs); and a solid carbonaceous
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material (hydro-char (HC)). The FSs and BO are potential fuel precursors, since through
fermentation and distillation processes, it is possible to obtain bio-ethanol and a mixture of
hydrocarbons, respectively (Abaide et al., 2019b). The PCs, including acetic, formic, and
levulinic acid, besides furfural, and hydroxymethylfurfural (HMF), are compounds of wide
applicability in the food and textile industry as well as pesticides, chemical intermediates, and
battery electrolytes (Lee et al., 2022). Moreover, HC is particularly a valuable material, as it
has a higher carbon content in comparison to the initial biomass, improving its suitability as a
fuel source (Zhu et al., 2023).

The reaction temperature and the water-to-biomass mass ratio are fundamental
parameters to be evaluated in an HTP. Usually, as the temperature rises, the yield of bio-
products increases up to an optimal limit. However, surpassing this optimal temperature
threshold results in reduced product concentrations, attributed to the occurrence of different
side chemical reactions within the reactor (El Bast et al., 2023). Regarding the water-to-biomass
ratio, studies indicate that an insufficient water load leads to reduced lignocellulose conversion
and hydrolysate yield. This fact is primarily associated with the unfavorable high solid-to-liquid
ratio, which hinders the dissolution of lignocellulose in water and restrains hydrolysis in the
feedstock (Ercan et al., 2023). Conversely, higher water loads enhance lignocellulose
dissolution, acting as a source of hydrogen to stabilize liquefaction intermediates, suppressing
gas production, and augmenting hydrolysate yields (Gollakota et al., 2018).

The use of a semi-continuous operation for LBs processing has been reported in
different works recently published. This process configuration is an interesting way of
evaluating, among other parameters, the kinetics profiles of the bio-products obtained in
addition to bringing the thermochemical route closer to an increase in scale, which necessarily
requires a technology that does not limit itself to processes with low productivity carried out in
batches runs. In an interesting research, Martins-Vieira et al. (2023) investigated the HTP in
semi-continuous mode of corn cob with temperatures ranging between 230 and 350 °C for a
water flow rate of 5 and 10 mL min? at 15 MPa. Data reported by the authors indicate
concentrations of FSs and PCs higher than 6.5 g L™t and 15 g L™, respectively, at 260 °C and 5
mL min! of water, in addition to BO and HC yields of 10.4 wt.% and 6.8 wt.%, respectively,
at 300 °C and equal water flow. Moreira et al. (2022), in a similar operation, obtained 6.5 g
(100 g)* of FSs and 9.5 g (100 g)* of PCs from defatted rice bran at 260 °C and 10 MPa, no
presenting data to the BO production. Comparable results are also reported by rice husk
(Draszewski et al., 2021), brewery waste (Sganzerla et al., 2023), and canola stalk (de Oliveira

et al., 2022); however, to date, no data has been testified regarding the semi-continuous
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processing of sawdust to simultaneously obtain FSs, PCs, BO, and HC. Therefore, the current
research provides results aimed at addressing a scientific knowledge gap regarding the issue
addressed.

Contextually, the objective of this research was to evaluate the production of fermentable
sugars, platform chemicals, bio-oil, and hydro-char from pine sawdust through semi-continuous
hydrothermal processing. Here, it was considered different process conditions (260 to 340 °C
and water-to-biomass ratio of 25 and 50 g H2O (g biomass)™) as an environmental alternative

route to biomass valorization.

2. Materials and Methods

2.1 The Biomass

Sawdust from pine (Pinus spp.) was obtained from a local furniture industry (Santa
Maria, RS, Brazil) and stored in plastic bags under refrigeration to avoid degradation. The
biomass was crushed in a knife mill (Solab, model SL-31) to size homogenization as well as to
facilitate the material accommodation in the reactor. The biomass was also characterized
following the protocols described by the National Renewable Energy Laboratory (NREL)
concerning to contents of cellulose, hemicellulose and lignin (NREL/TP-510-42618, Sluiter et
al. (2008b)); extractives (NREL/TP-510-42619, Sluiter et al. (2005b)); moisture (NREL/TP-
510-42621, Sluiter et al. (2008a)); and ashes (NREL/TP-510-42622, Sluiter et al. (2005a)). All
analyses were performed in triplicate. The biomass was processed without any kind of pre-

treatment.

2.2 Hydrothermal Processing Assays

Fig. 1 presents a representative diagram of the HTP unit used to perform the
experimental tests. Objectively, the tests comprised initially pressurizing the entire unit (20
MPa), pumping water from a reservoir (1) through a high-pressure pump ((2), Shimadzu, model
LC-20AT). Then, the pressure of the system was maintained by turning off the high-pressure
pump and keeping the flow control valve (12) closed. The heating of the water flow was done
by a pre-heater (5) installed before the reactor (6) containing the biomass (7), with these items
accommodated inside a muffle (4) that kept the reaction section under the desired temperature
(260, 300 or 340 °C), previously defined by preliminary tests. The water flow into the system
was adjusted via pump control, set at 5 and 10 g H-O min™ to provide a ratio between solvent

and biomass of 25 and 50 g H.O (g biomass)?, according to the reactor capacity to
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accommodate the mass of sawdust without causing packaging problems (6 g of sawdust, also
previously defined in preliminary tests). A flow-check valve (3) installed in the pump discharge
prevented the reverse flow of the solvent. The hydrolysate extracted from the biomass (an
emulsion containing the FSs, PCs, and BO), was cooled in a thermostatic bath (9) before being
collected in sampler bottles (13). During the system operation, a back-pressure regulator valve
(11) and a flow control valve (12) allowed to maintain the system pressure at 20 MPa, double-

checked on a manometer (10) installed after the cooling system.

Fig. 1. Schematic diagram of the HTP unit.

It is convenient to describe that the evaluated reaction configuration is characterized as
a semi-continuous process since one component was inserted to the system in a batch way
(biomass) while another component was fed continuously throughout the operation (water
pumped by the high-pressure pump). All tests were finished after 30 min of operation, with the
results presented according to the “XRY” code (for example, 260R25 indicates results for runs
performed at 260 °C and a ratio between water and biomass of 25 g g™). The samples of
hydrolysate were collected at intervals of 2.5 min for the first 10 min and at intervals of 5.0 min
for the remainder of the process, stored under refrigeration for later analysis, as well as the solid
material remaining in the reactor (HC). It should be described that the collected hydrolysate
forms an emulsion between the liquid products, and a liquid-liquid extraction with
dichloromethane (Merck Ltd., analytical grade) was required to separate the FSs and PCs from

the BO for further analysis, as described in Section 2.3.

2.3 Products Characterization
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2.3.1 Fermentable Sugars and Platform Chemicals

Analysis of FSs and PCs was performed by high-performance liquid chromatography
(HPLC), conducted in a Prominence UFLC XR equipment (Shimadzu, Japan). The
quantification of FSs (cellobiose, glucose, xylose, and arabinose) and PCs (acetic acid, formic
acid, levulinic acid, furfural, and HMF) was carried out according to the methodology proposed
by Draszewski et al. (2021). For FSs, a Hi-Plex H chromatographic column (300 mm x 7.7
mm) (Agilent, USA) with refractive index detector was applied, while for PCs a Shim-Pak ODS
115 C18 chromatographic column (Shimadzu, Japan) with photodiode array detector was used.
Finally, the mass yields for FSs and PCs were determined using the Eq. (1) and Eq. (2),

respectively:

Yes(g - 100 g biomass™) = (mFS/ms) - 100 )

Ypc(g - 100 g biomass™) = (mpc/ms) +100 (2)

where mrs is the total mass detected of fermentable sugars in the HPLC analysis (g), mec is the

total mass quantified of platform chemicals (g), and ms is the mass of sawdust used in the runs

(9).

2.3.2 Bio-oil

The BO contained in the hydrolysate (heavy phase) was separated from the FSs and PCs
by liquid-liquid extraction with dichloromethane, following the methodology described by
Martins-Vieira et al. (2023). The functional groups of the extracted BO were analyzed by
Fourier transform infrared (FTIR) spectroscopy (model IR Prestige-21, Shimadzu, Japan) by
direct transmittance method, placing a thin layer of BO sample between two KBr plates. Spectra
were evaluated over the range of 400 to 4,500 cm™, with a total of 45 scans and resolution set
at 2.0 cm™. The mass yield of BO was determined by Eq. (3):

Y30(g - 100 g biomass™) = ("5%/p) - 100 3)
where mgo is the mass of bio-oil (g) extracted from the hydrolysate phase.

2.3.3 Hydro-char

The HC remaining in the reactor was collected to calculate the mass yield, as described
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in Eq. (4), where the material was previously dried in an oven at 105 °C and 48 h:

Yyc(g - 100 g biomass™1) = (mHC/mS) 100 (4)

where muc is the mass of hydro-char (g) obtained after the HTP. The HC’s higher heating value
(HHV) was also analyzed utilizing a calorimeter bomb (6400 Automatic Isoperibol, USA),

where the HC was completely oxidized in a high-concentration O system (25 to 30 bar of O>).

2.4 Statistical Considerations

To ascertain the significant differences in the yields of FSs, PCs, BO, and HC after the
HTP of the pine sawdust, a Tukey test was carried out using the software Statistica®, version
8.0 (Statsoft Inc., USA) considering a confidence level of 95 % (p < 0.05).

3. Results and Discussion

3.1 Sawdust Characteristics

The evaluation of the biomass lignocellulosic composition that will be destined to HTP
is a fundamental step aimed at verifying the levels of cellulose, hemicellulose, and lignin that
compose the substrate since it is through the dissociation of these components that the products
of interest (fermentable sugars, platform chemicals, bio-oil, and hydro-char) would be obtained.
Table 1 presents the characterization of the pine sawdust used in the experimental tests. As
expected, cellulose (36.45 wt.%) and lignin (21.91 wt.%) were the main components of the
biomass, followed by hemicellulose (14.18 wt.%). It is possible also to note the significant
content of extractives detected in the samples (15 wt.%), which include water-soluble
(inorganic compounds, non-structural sugars, nitrogenous material, among others) and ethanol-
soluble materials (which may include chlorophyll, waxes, or other minor components). For
comparison, Table 1 also presents data to the characterization of pine sawdust destined for
different applications, where variations in the values are expected since factors during the plant
cultivation as well as climatic conditions and soil characteristics can influence the biomass

composition (Wancura et al., 2023).



Table 1. Characterization of sawdust used in the HTP tests.
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Analysis (Wt.%) Thiswork  Cavalietal. (2020) Cavalietal. (2023a) Kruyeniski et al. (2019)
Cellulose 36.45+1.16 41.00 41.70 39.90
Hemicellulose ~ 14.18 + 0.60 18.89 19.10 20.50
Lignin 21.91+5.80 25.54 25.30 31.40
Moisture 9.59+0.09 - 5.00 -
Extractives 15.00 + 0.07 521 4.30 3.50
Ashes 0.27 £ 0.06 1.16 1.04 -

3.2 The Mass Yields

Table 2 presents the results for mass yields of the bio-products obtained from the HTP

of pine sawdust under the different conditions considered in the study. The table also presents

the statistical analysis of the data to the Tukey test (p <0.05), which did not present statistical

differences for the HC mass yields for the experimental conditions investigated. Regarding the

results for BO yields, it is noticeable that there were no statistical differences between the tests
carried out at 300 and 340 °C, which in turn differed for those carried out at 260 °C. The results

of FSs and PCs already presented a more apparent significant variation, where it was possible

to observe statistical differences for experiments performed under the different temperatures

analyzed.

Table 2. Mass yields to FSs, PCs, BO, and HC obtained by the HTP of the sawdust samples at

different conditions.

Yield (g (100 g biomass)™?)

Assay
FS PC BO HC

260R25 4.42 +£0.13° 6.41 £ 0.10°¢ 8.67 £ 0.440¢ 21.30+1.122
260R50 7.11 £0.26° 9.28 £ 0.047 8.35 +0.49° 21.40 + 2.882
300R25 1.46 + 0.06°4 4,98 +0.28%¢ 15.77 £ 0.392¢ 21.99 +2.112
300R50 3.81+£0.11° 7.41 +0.25° 15.95 +2.792 17.16 +2.382
340R25 1.21 +0.06¢ 4,40 + 0.22¢ 17.40 £ 1.17° 22.76 £ 2,512
340R50 2.17 £0.10° 6.13 +0.32¢4d 17.59 + 0.342 24.68 + 4,992

* Different letters in the same column indicate that the means differ significantly by the Tukey test (p <0.05).
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The best yields of FSs and PCs were obtained for the condition 260R50 (7.11 and 9.28
g (100 g biomass)?, respectively). As the process temperature increased, a gradual decrease in
the mass yields of FSs and PCs were observed, more pronounced for the lowest mass ratio of
water and biomass evaluated. That is, an association of temperatures higher than 260 °C with
water-to-biomass mass ratios lower than 50 g H-O (g biomass)™ tend to reduce the mass yields
of these bio-products. This situation is more evident for FSs, where yields of 1.46 and 1.21 g
(100 g biomass)™® were obtained for the conditions 300R25 and 340R25, respectively.
Regarding the PCs, the drop observed in the mass yields was clear, however less pronounced,
returning 4.98 and 4.40 g (100 g biomass)™* for the conditions 300R25 and 340R25 as well as
6.13 g (100 g biomass)? for the run 340R50, a value similar to that obtained for the assay
260R25 (6.41 g (100 g biomass)™).

On the other hand, the results for BO showed an opposite behavior to that observed for
FSsand PCs. As the HTP temperature increased from 260 to 340 °C, the BO yields substantially
increased from 8.35 to 17.59 g (100 g biomass)™, respectively, for a water-to-biomass mass
ratio of 50 g H.O (g biomass)?, an increase of more than 2 times. Notwithstanding, no
significant differences were observed when the temperature increased from 300 to 340 °C,
yielding 15.95 g (100 g biomass)™ for the condition 300R50. Furthermore, it is possible to
observe from the data presented in Table 2 that an increase in the ratio between water and
biomass from 25 to 50 g H.0 (g biomass)™ had a discrete effect on the BO yields for tests
performed at the same temperature.

Regarding the HC mass yields, it was observed that both temperature and the water-to-
biomass mass ratio had slight effects on the results. The data presented little variation, yielding
between 21.30 g (100 g biomass)™ for the run 260R25 and 24.68 g (100 g biomass)™* for the
condition 340R50, which returned the highest production regarding this bio-material. The
exception was the run 300R50, which yielded 17.16 g (100 g biomass)™.

Some points could be considered to improve the mass yields reported. As pine sawdust
presented high lignin contents (21.91 £+ 5.80 wt.%, Table 1), a pre-treatment of the biomass
aiming to reduce its recalcitrance, allowing the water to access the cellulose and hemicellulose
structures, should improve the production of FSs, as well as PCs, BO, and HC. This approach
is usually considered to this LB, according to reported by Li et al. (2023) — microwave heating;
Yang et al. (2023) and Lempidinen et al. (2022) — acid-catalyzed mechanic pretreatment; Fang
et al. (2022) — liquid-hot water; Chadni et al., (2019) — steam explosion; among many others.
The use of catalysts in HTP of LBS has also been the subject of recent studies as an alternative

to improve the reaction rates of the hydrolysis reaction of cellulose and hemicellulose, although
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the impact is limited by costs of the materials, especially when considering the harsh conditions
that prevail during the thermochemical process (LeClerc et al., 2022; Wei et al., 2023).

The data presented in Table 2 show that there is a dynamic relationship between the
FSs, PCs, BO, and HC formation during the HTP. Usually, at lower HTP temperatures (160 °C
< T <260 °C, typical subcritical hydrolysis), the emphasis is on preserving the FSs, where the
hydrolysis of cellulose and hemicellulose primarily occurs yielding the sugars. The formation
of PCs and BO is then limited because the temperature is not sufficient to drive secondary
degradation reactions. HC formation is also limited at these temperatures, due to ineffective
deoxygenation of cellulose and hemicellulose chains (Cavali et al., 2023a). At intermediate
HTP temperatures (260 °C < T <300 °C), a balance is struck between sugar preservation and
the formation of PCs, where the hydrolysis of cellulose and hemicellulose continues, but
secondary reactions (dehydration, isomerization, and fragmentation reactions) of sugars is now
more pronounced, resulting in the formation of furan derivatives and organic acids (PCs).
Moreover, the lignin degradation and decomposition become more present, generating phenolic
compounds and other aromatics found in the BO as well as some sugars degradation to produce
BO constituents like ketones and hydrocarbons (Biswas et al., 2022). HC production also
becomes more pronounced due to cellulose and hemicellulose deoxygenation. However, at high
temperatures (300 °C < T < 340 °C), there is an increased focus on BO production, since the
cellulose and hemicellulose chains rapidly break down into a variety of compounds, including
hydrocarbons, aldehydes, alcohols, phenols, ketones, and esters. Also, lignin is extensively
depolymerized, leading to a higher yield of phenols, limiting the formation of FSs and PCs
since the secondary reactions of degradation are predominant and, consequently, increasing the
BO formation.

It was usually expected that HC production would be more pronounced at the highest
temperature considered in the research (Ercan et al., 2023). However, the data collected
demonstrated similar yields of the carbonaceous material for the conditions considered, a fact
that may be associated with the particularity of the semi-continuous configuration in obtaining
similar yields of HC even under milder process conditions.

Regarding the water fed to the process, in lower water-to-biomass ratios, it is expected
that in solvent-deficient environments the biomass may not be sufficiently hydrolyzed. As a
result, there is limited FSs production, and consequently, lower mass yields of PCs and BO
since there would be no input available for the production of these products. On the other hand,
high water-to-biomass ratios supply an excess of water in the system that favors the hydrolysis

of cellulose and hemicellulose, resulting in higher FSs yields, and consequently, PCs and BO
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(Abaide et al., 2019c). However, concerning BO production, the mass yields obtained show
that the water-to-biomass ratios considered led to similar results, indicating that both values
considered were sufficient to promote the pine sawdust hydrolysis.

Therefore, the influence of the temperature as well as the ratio between water and
biomass affected the yields of bio-products in different ways. Accordingly, in the next sections,
with the aid of kinetic profiles, an individual discussion is presented on how the parameters

considered influenced the mass yields of each product.

3.3 Fermentable Sugars

Fig. 2a presents the kinetic profile for obtaining FSs for the operational conditions
considered in this research. From these data, it is possible to observe a clear and higher
dissociation rate of the biomass carbohydrates into sugars for the test 260R50, with a rate of
0.44 g (100 g biomass min)™? in the first 15 min of run. With the reduction of the water-to-
biomass ratio to 25 g H.O (g biomass)™, a decrease in the carbohydrate conversion rate was
observed to 0.26 g (100 g biomass min)™ to the same interval, although it is an even higher
value to tests carried out at superior temperatures. This behavior was similar to the tests
performed at 300 and 340 °C, where at the same temperature, a decrease in the flow of water
fed to the hydrothermal process negatively impacted the extraction of FSs from biomass. These
results are associated with the solubility of the FSs, as the water plays a vital role in this
situation. Higher water-to-biomass ratios enhance sugar solubility, making the dissolved
compounds more accessible for extraction (Li et al., 2016). Moreover, it is well-known that in
hydrothermal processes, water serves as both a reactant and a medium, where an adequate
amount of water promotes the breakdown of complex carbohydrates. With lower water-to-
biomass ratios, the reaction medium becomes less favorable for reactions of hydrolysis,
resulting in reduced FSs yields (Biswas et al., 2022).

The higher temperatures investigated (300 and 340 °C) returned lower yields of FSs, a
result consistent with the fact that high temperatures cause the degradation of sugars in PCs and
subsequently in BO (Liu et al., 2021). This behavior is perceptible when observing the sugar
production curve of the test 300R50, where in the first 8 min of process it was noted that the
kinetic profile overlapped with that of the run 260R50, a consequence of the degradation effect
acting at the higher temperature, reducing the process rates. This issue could be softened by
using a higher water flow in the process, although the conversion rates for the assays 300R50
and 340R50 are still clearly lower than the 260R50 in the first 15 min of the process (0.24 and
0.14 g (100 g biomass min)™), interval where there was a higher production rate of FSs.
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The HTP of LB in a semi-continuous configuration is not usual, with most works using
batch reactors in the process. The use of sawdust in this configuration is even scarce.
Interestingly, Abaide et al. (2019c) evaluated the semi-continuous subcritical hydrolysis of rice
husk at temperatures ranging between 180 and 260 °C and water-to-biomass mass ratio of 7.5
and 15.0 g H20 (g biomass)™, reporting the best yields of FSs for a process-type “220R7.5”
(18.0 g (100 g biomass) ™). For processes-type “260R7.5” and “260R15.0”, the FSs yields were
close (around 5.5 g (100 g biomass)™). In a similar approach, but now using rice straw, Abaide
et al. (2019a) obtained 33.4 g (100 g biomass)™ of FSs for a process-type “220R7.5”, reporting
a decrease in the sugar yields when the temperature increased to 260 °C (yield of 7.8 g (100 g
biomass)* for a water-to-biomass ratio of 15.0 g H20 (g biomass)™). Such variations in the FSs
yields are expected since the lignocellulosic composition of the biomasses differs from each
other.

Evaluating the profiles of sugars for the runs performed at 260 °C, a possible explanation
for the high yields of glucose can be associated with the high solubility of this sugar in water
(at these process conditions) compared to the cellobiose, xylose, and arabinose (Martins et al.,
2021), which makes it more accessible for biomass hydrolysis. Such behavior can be

corroborated by the data reported by Gongalves et al. (2023).
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Fig. 2. Kinetic profile for FSs (total) under different HTP conditions (a) and kinetic profiles for
cellobiose, glucose, xylose, and arabinose at 260R25 (b), 260R50 (c), 300R25 (d), 300R50 (e),

340R25 (f), 340R50 (g).

3.4 Platform Chemicals

The formation of the PCs during the hydrothermal processing of LBs is a complex
process involving distinct chemical reactions and transformations. The primary component of
LBs is cellulose. In the presence of water at elevated temperatures and pressures, cellulose
undergoes hydrolysis, where the water molecules break the glycosidic bonds that link the
glucose units in cellulose, resulting in the formation of glucose and oligosaccharides (Martins-

Vieira et al., 2023b). At elevated temperatures, the glucose is further subject to degradation
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reactions, such as dehydration, isomerization, and fragmentation reactions, yielding the PCs.
Formic acid can be formed through the dehydration of glucose, where one glucose molecule
can lose a water molecule to form the organic acid (Chang et al., 2023). Acetic acid can be
produced through a series of reactions involving glucose: glucose can isomerize to fructose,
which can undergo dehydration to subsequently form acetic acid (Torres-Mayanga et al., 2019).
Levulinic acid is typically produced from hexoses (e.g., glucose or fructose) through sugar
dehydration to form HMF, which can further react with the water to produce the organic acid
(Martins-Vieira et al., 2023b). HMF is also produced from hexoses, which is formed through a
series of reactions involving dehydration and fragmentation of the hexose sugars. Furfural is
typically formed from pentoses (e.g., Xylose) present in the LB, which undergoes dehydration
to yield the furanic compound. In addition to the high temperatures and pressures determining
the extent of PCs formation, the protons from water molecules promote the system acidification,
also facilitating the intermediates’ conversion to these products (Chang et al., 2023).

Fig. 3a presents data for the kinetic profiles of PCs obtained for the different
experimental conditions evaluated. From these data, it is possible to observe the high production
rates of PCs for tests where 50 g H,O (g biomass)™* was used. The results were even more
pronounced at 260 °C, with a decrease in the final yields as the process temperature increased.
Similar behavior was observed concerning FSs, where the reduction in mass yields at 340 °C
generated, on the other hand, higher BO yields, associated with the thermal degradation of the
hydrolysate extracted from the biomass. Nevertheless, run 300R50 returned a PCs conversion
rate interestingly superior to the run 260R25, with 0.33 g (100 g biomass min)™* generated in
the first 20 min of process, a lower rate lower only than the assay 260R50 (0.43 g (100 g biomass
min)™L).

Contextually, the assay 340R50 returned a PCs obtainment rate of 0.27 g (100 g biomass
min)* for the same time interval versus a rate of 0.20 g (100 g biomass min)* for the run
340R25, corroborating the importance of the solvent flow rate for the production of these
compounds. A factor that can explain the satisfactory mass yields of PCs with the higher mass
ratio between water and biomass is the usual higher solubility of these organic compounds in
water compared to the other biomass components (Chang et al., 2023). As the water-to-biomass
ratio increased, the solubility of these compounds was further improved, allowing for their
efficient production and accumulation in the hydrolysate phase. Therefore, the results of the
kinetic profiles of PCs indicate that the water-to-biomass mass ratio is a relevant factor to be
considered to obtain these compounds, although clearly the effect of the process temperature

also impacts the mass yields.
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In research with a similar goal, Gallon et al. (2023) examined the semi-continuous
hydrothermal processing of Butia odorata seeds at temperatures ranging between 230 and 260
°C for water/biomass mass ratios of 50 and 100 g H2O (g biomass)™*. The authors reported mass
yields of PCs of 3.04 g (100 g biomass min)* for a process-type 260R100, not verifying
substantial differences at 230 °C (2.18 g (100 g biomass min)™) or when the water flow rate
was reduced to a ratio of 50 g H2O (g biomass)™ (2.90 g (100 g biomass min)1). Contextually,
Vedovatto et al. (2021) evaluated the semi-continuous subcritical hydrolysis of soybean straw
and hull for subsequent production of ethanol and biogas at 220 °C and water/biomass ratio of
18 g H20 (g biomass)™ for the straw and 15 g H,O (g biomass)? for the hull. The authors
reported concentrations of 4.76, 8.22, 0.28, and 0.48 g L™ of formic acid, acetic acid, furfural,
and HMF, respectively, for the soybean straw hydrolysate, in addition to 3.24, 3.14, 0.16, and

0.31 g L™ to the same compounds, respectively, for the hydrolysate of soybean hull.
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Fig. 3. Kinetic profile for PCs (total) under different HTP conditions (a) and kinetic profiles
for formic acid, acetic acid, levulinic acid, furfural, and HMF at 260R25 (b), 260R50 (c),
300R25 (d), 300R50 (e), 340R25 (f), 340R50 (Q).

Analyzing the kinetic profiles (Fig. 3b to Fig. 3g) of each PC obtained via the HTP from
pine sawdust, a high production rate of acetic acid was observed in the test 260R50, yielding
0.21 g (100 g biomass min)* in the first 20 min of running. This organic acid was also the main
PC obtained at 340 °C and 50 g H2O (g biomass)*, although at a lower final mass yield (but
with a comparable production rate of (0.24 g (100 g biomass min) in the first 10 min) due to
the thermal degradation of the biomass into bio-oil observed for these conditions. Other organic
acids were also obtained in interesting yields: 2.63 g (100 g biomass)™ of formic acid was
produced in the assay 260R50 for a conversion rate that reached 0.14 g (100 g biomass min)*
in the first 15 min while 2.48 g (100 g biomass)™ of levulinic acid was obtained in the run
300R50 for a production rate of 0.09 g (100 g biomass min)™? in 25 min. Furfural and HMF
were the compounds obtained discretely: the run 260R50 yielded 1.18 g (100 g biomass)™ of
furfural for a production rate of 0.07 g (100 g biomass min)™ in the first 15 min, while 1.38 g
(100 g biomass)* of HMF was obtained in the test 260R25 for a conversion rate that also

reached 0.07 g (100 g biomass min)™.
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The results for the production of furanic compounds diverge from the usual behavior
observed for the production of PCs from HTP of LBs, which indicates that generally higher
temperatures can favor the formation of furfural and HMF from sugars, while lower
temperatures may promote the production of organic acids (Maitra and Singh, 2022; Yu et al.,
2008; Zhang et al., 2021). However, this trend seems to be better verified for batch processes,
since Martins-Vieira et al. (2023), who evaluated the semi-continuous HTP of corncob at
temperatures of 230 and 260 °C and water-to-biomass mass ratios of 60 and 120 g H2O (g
biomass)?, also verified higher yields of furfural and HMF for the lowest temperature evaluated
(process-type 230R120), while the mass yields of organic acids were higher at 260 °C, for a
ratio of 60 g H2O (g biomass)™. Evidently, such results are closely linked to the composition of
each LB. Nevertheless, it is apparent that a process configuration in semi-continuous mode
tends to alter established paradigms for the conventional batch HTPs and, therefore, the results
presented report the possibility of obtaining interesting mass yields of furanic compounds even

under intermediate process temperatures.

3.5 Bio-oil

BO (or bio-crude) is another product obtained through the thermal conversion of LBs,
containing usually a complex mixture of organic compounds, including, acids, hydrocarbons,
aldehydes, alcohols, phenols, ketones, esters, and nitrogenous compounds (Shahbeik et al.,
2023). The raw bio-oil can serve as a precursor for a wide range of biofuels and biochemicals
after further processing and upgrading (Gollakota et al., 2023). The mechanism formation of
the BO is a multifaceted series of reactions involving the breakdown of cellulose,
hemicellulose, and lignin, leading to the formation of the organic compounds mixture.
According to previously described, the hydrolysis of cellulose and hemicellulose chains
promotes the formation of glucose and oligosaccharides as well as xylose and arabinose,
respectively. Also, the lignin undergoes to depolymerization and decomposition reactions,
facilitating its breakdown into phenolic and aromatic compounds. The breakdown of cellulose,
hemicellulose, and lignin produces a diverse mixture of chemical compounds in addition to the
phenolic compounds and furan derivatives mentioned, such as organic acids, ketones,
aldehydes, and alcohols (El Bast et al., 2023). However, the elevation of the thermodynamic
state of the hydrothermal processing leads to the degradation of these primary products through

the secondary reactions of condensation, polymerization, dehydration, and decarboxylation
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(Gollakota et al., 2018). These reactions lead to the formation of more complex and higher
molecular weight compounds that make up the BO.

Fig. 4 presents results for the kinetic profiles of BO production for the HTP conditions
considered in this study. From these results, it is possible to observe that an increase in the HTP
temperature to 300 and 340 °C substantially improved the BO mass yield in comparison to the
tests performed at 260 °C. However, a more discrete increase in BO production was observed
when the temperature increased from 300 to 340 °C. For the three temperatures considered,
there was no significant influence on the results when the water-to-biomass was increased from
25 to 50 g H2O (g biomass)™, demonstrating that it is possible to obtain BO results of the same
order of magnitude using lower water flows. From the data presented in Fig. 4, it is also possible
to observe a high rate of BO production at 300 and 340 °C in the first 15 min of process,
achieving yields between 11.8 (300R25) and 14.4 g (100 g biomass)™* (340R50), where from
this period onwards, the increments on mass yields were decreasing, although it was still
possible to observe an increase in the BO production until the end of each run. Contextually,
such operating conditions demonstrated to be favorable for BO production. On the other hand,
the process conducted at 260 °C showed inferior productivity, even in the first 10 min of the
process, where the BO production rates proved to be higher, where it is possible to observe a
tendency towards stabilization of its production from 15 min for both runs (260R25 and
260R50).
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Fig. 4. Kinetic profile for bio-oil (accumulated mass) under different HTP conditions.

Although data in the literature that evaluated the semi-continuous production of BO

from HTP of LBs are scarce, which makes it difficult to compare the kinetic profiles, Martins-



54

Vieiraet al. (2023) reported results with similar behavior to that observed in this research. These
authors observed an important increase in the production of BO from corncob (semi-continuous
HTP configuration) when the temperature increased from 230 (final yield of 3.6 g (100 g
biomass)™) to 350 °C (final yield of 10.4 g (100 g biomass)™). Similarly, even for different
water-to-biomass mass ratios, an increase in the solvent flow rate did not impact the mass
yields. Unfortunately, kinetic data for the BO production were not presented. In an interesting
study, Hu et al. (2020) evaluated the catalyzed hydrothermal liquefaction of pine sawdust (in
batch), obtaining 11.3 g (100 g biomass)™ of BO after 30 min at 300 °C, 10 wt.% of raw material
load, and 2 MPa, observing an increase to 29.9 and 26.7 g (100 g biomass)™* when the process
was catalyzed by 5 wt.% of Na,CO3z and NaOH, respectively, demonstrating positive effects on
biomass degradation when the process was aided by the alkaline compounds. Correspondingly,
Pan et al. (2018) reported data for the liquefaction of camphor tree sawdust, observing BO
yields between 32 and 35 g (100 g biomass)™ for temperatures ranging between 240 and 320
°C at 10 MPa and 10 g H.0 (g biomass)™. Although the process was conducted in batch, the
results were interesting, especially considering the similar composition between the biomass
used (42.1 wt.% of cellulose, 64.8 wt.% of holocellulose — a- cellulose plus hemicellulose —,
and 29.5 wt.% of lignin content) with the pine sawdust considered in this research.

Fig. 5 presents the spectra of the FTIR analysis of the BO samples collected for the tests
260R25 and 340R50, the two extreme conditions considered in this study. In general, it is
possible to observe more intense peaks for the 340R50 condition, where the BO yields were, in
fact, higher. The highest intensity peaks were observed at 1,750 and 1,650 cm, attributed to
vibrations of the -C=0 group, indicating the presence of groups of aldehydes, carboxylic acids,
and ketones in the analyzed samples (Stuart, 2004). Intense peaks were also observed at 1,550
cm, linked with -C=C bonds, which in turn are related to the presence of aromatic compounds
in the samples (Yang et al., 2022). In addition, the detection of peaks between 1,450 and 1,350
cmt suggests the presence of alkyl groups -C-H, attributed to hydrocarbons, while the peaks
detected between 1,300 and 1,000 cm, associated with -C-O type bonds, belong to ethers,
carboxylic acids, and alcohols compounds (Stuart, 2004). Between 850 and 650 cm™, peaks
belonging to the =C-H groups are associated with the presence of aromatic compounds, while
peaks between 3,600 and 3,150 cm™ indicate the presence of polyalcohols (-OH) and
nitrogenous groups (-N-H ) in the BO (Yang et al., 2022). Finally, peaks between 3,000 and
2,800 cm™* represent the stretching of -C-H bonds to aliphatic structures (Wang et al., 2023).
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Fig. 5. FTIR spectra of bio-oil obtained by HTP from pine sawdust at the two extremes process

conditions considered.

3.5 Hydro-char

According to presented in Table 2, the highest mass yield of HC was obtained at 340
°C and a water-to-biomass ratio of 50 g g*. In addition, the samples were analyzed in terms of
HHYV. As described in Table 3, the HCs obtained through HTP from pine sawdust under the
process conditions considered presented an HHV varying between 27.09 and 29.25 MJ kg2, an
increase of almost 50 % compared to the in natura biomass. These results are associated with
the reduction in the oxygen content present in the structures of the cellulose, hemicelluloses,
and lignin of the biomass that was carbonized during the HTP (Giileg et al., 2022).

In an interesting research conducted by Lin et al. (2022), different hydrothermal
carbonization conditions (180 to 260 °C) of poplar sawdust were tested to evaluate the
characteristics of the HC produced. Although the tests were performed in batch (a ratio between
water and biomass of 10 g g™ was used), results reported by the authors indicated an increase
in the HHVs according to the HTP temperature increased (20.8 MJ kg™ at 180 °C to 26.9 MJ
kgt at 260 °C), values of the same order of magnitude as those obtained in this research.
Seeking to improve the yields and fuel characteristics of the HC, these authors also tested
replacing part of the water with BO (in a mass ratio of 1:9), present in the process as an additive,
where its components would act as catalysts for the HTP. Although the authors reported an

increase in HC yield with the addition of BO in the HTP, the gains in terms of HHV were
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discrete, ranging from 22.0 to 27.4 MJ kg™ when the temperature was increased from 180 to
260 ° C, values still lower than those observed in the present research.

Table 3. HHV of the hydro-char samples and to the in natura pine sawdust.

Assay HHV (MJ kg?)
Pine sawdust (in natura) 19.98 +0.14°
260R25 27.37 £1.01°
260R50 28.72 £ 0.23?
300R25 29.25 + 0.25%
300R50 27.09 +0.78?
340R25 27.90 £ 0.11°
340R50 29.14 £ 0.122

* Different letters in the same column indicate that the means differ significantly by the Tukey test (p <0.05).

Contextually, Malins (2017) evaluated the batch-production of HC and BO from birch
sawdust, investigating the influence of the water-to-biomass mass ratio between (1:2 to 1:8),
temperature (200 to 340 °C), pressure (0 at 10 MPa), residence time (5 to 90 min), and catalyst
(0.25 to 7.00 wt.%) on products yield. Under the conditions that returned the best yields
(biomass:water mass ratio of 1:4, 300 °C, non-pressurized system, 5 min, and 5 wt.% NaOH,
yielding 7.1 wt.% of HC), the authors reported a material with HHV of 29.8 MJ kg, a value
similar to that obtained in the present research, although the birch sawdust had a higher
composition of cellulose (45.3 wt.%) and hemicellulose (24.2 wt.%) for a similar lignin content

(22.9 wt.%) in comparison to the pine sawdust.

4. Conclusions

Pine sawdust was successfully submitted to a semi-continuous HTP to obtain fuel
precursors (fermentable sugars, bio-oil, and hydro-char) in addition to platform chemicals
(organic acids and furanic compounds). This pioneering approach to the thermochemical
system made it possible to obtain data for the kinetic profiles of each product considered under
distinct parameters, information not reported in the various works available in the literature that
operate in batch mode due to the impossibility of collecting samples at intermediate reaction
times. Therefore, the results presented provide innovative information regarding the

hydrothermal processing of residual lignocellulosic biomass, in particular the sawdust.
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The parameters “temperature” and “water-to-biomass mass ratio” have been
demonstrated to influence the mass yield of bio-products in different ways, and depending on
the compound of interest, the management of such parameters is necessary to direct the process
towards a certain goal. Among the range of temperatures considered, 260 °C proved to be
appropriate for obtaining FSs and PCs, where higher values increased the rate of thermal
degradation of biomass, which benefited the mass yields of BO. Although at the same
temperature the water-to-biomass ratio did not affect the BO yields, the use of a higher solvent
flow rate in the process positively affected the production of FSs and, more clearly, PCs.
Finally, the mass yields of HC did not differ according to the variation of the HTP parameters,
obtaining a material with HHV 1.5 times higher than the in natura biomass.

The results for the experimental kinetic curves, obtained considering the adopted semi-
continuous configuration, glimpse the possibility of analyzing the reaction mechanisms
involved aiming to get their Kkinetic and thermodynamic parameters, indicating future
perspectives of studies regarding the topic.
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4. CONCLUSAO

A serragem foi submetida a um processamento hidrotérmico em modo de operagédo
semi-continuo para obtencao de precursores de combustiveis (agucares fermentaveis, bio-0leo
e hidro-carvao), além de plataformas quimicas (&cidos organicos e compostos furanicos). Essa
abordagem pioneira do sistema termoquimico possibilitou a obtencdo de dados para
construcdo dos perfis cinéticos de cada produto, considerados sob pardmetros distintos. 1sso
foi promissor uma vez que este tipo de informacdo nédo € relatado nos diversos trabalhos
disponiveis na literatura que operam em modo batelada devido a impossibilidade de coleta de
amostras em intervalos de reacdo intermediérios. Portanto, os resultados apresentados
fornecem informacBes inovadoras a respeito do processamento hidrotérmico da biomassa
lignocelulosica residual, em especial da serragem.

Os parametros temperatura e razéo solvente/alimentacdo influenciaram no rendimento
produtos de diferentes maneiras e, dependendo do composto de interesse, o gerenciamento de
tais pardmetros é necessario para direcionar o processo, em dire¢cdo a um determinado
objetivo. Dentre a faixa de temperaturas consideradas, 260 °C mostrou-se apropriada para
producdo de acucares fermentesciveis e plataformas quimicas, onde valores mais elevados
aumentaram a taxa de degradacao térmica da biomassa, o que beneficiou os rendimentos de
massa de bio-6leo. Embora na mesma temperatura, a razdo solvente/alimentagdo ndo ter
afetado os rendimentos de bio-6leo, 0 uso de uma maior vazao de solvente no processo afetou
positivamente a producdo de acgUcares fermentesciveis e, mais claramente, de plataformas
quimicas. Por fim, os rendimentos massicos de hidrocarvao néo diferiram de acordo com a
variacdo dos parametros dos ensaios de processamento hidrotérmico, obtendo-se um material
com poder de queima superior 1,5 vezes superior a biomassa in natura.

Os resultados das curvas cinéticas experimentais, obtidos considerando a configuragédo
em modo de operacdo semi-continuo adotada, vislumbram a possibilidade de analisar 0s
mecanismos de reagdo envolvidos visando obter seus pardmetros cinéticos e termodinadmicos,

indicando perspectivas futuras de estudos sobre o tema.

Colocar uma secdo com indicacgdes para trabalhos futuros (ex: caracterizar o carvao
em termos do teor de lignocelulose, outros usos/aplicacfes para o carvao como adsorvente,

catalisador, etc.....)
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