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RESUMO

A Amazodnia Legal detém vasta riqueza de biomassas lignocelul6ésicas, muitas com propriedades
tecnologicas ainda pouco exploradas. Neste contexto, este estudo investigou a valorizacao de trés
biomassas residuais abundantes, derivadas de frutos amplamente consumidos pelas comunidades
locais: a casca de baru (BH), casca de cupuagu (CH) e carogo de pequi (OS). O objetivo foi explorar
trés cenarios de aproveitamento, buscando o uso eficiente dos diferentes componentes da biomassa
para a obten¢ao de bioprodutos de alto valor agregado.

Inicialmente, as biomassas foram submetidas a pirdlise lenta a 650 °C, resultando em biocarvao e
bio-6leo. O biocarvao da casca de cupuacgu (CH) destacou-se por seu alto teor de carbono fixo
(80,65%) e area superficial de 298,05 m?/g, enquanto o bio-6leo da casca de baru (BH) e do carogo
de pequi (OS), com mais de 60% de compostos fendlicos, mostrou-se particularmente promissor.
Em um segundo momento, os biocarvdes foram modificados para a remocgao de arsénio (V) de
efluentes aquosos, alcangando uma eficiéncia superior a 90% em todas as condigdes testadas e
demonstrando a viabilidade do método para uso em contextos de recursos limitados.

Por fim, a pesquisa explorou a produg@o de hidrogénio renovavel (bio-Hz) por meio da Reforma
em Fase Aquosa (APR). A estratégia combinada de pré-tratamento hidrotérmico e APR revelou-se
altamente eficaz, otimizando a produ¢do de hidrogénio e atingindo rendimentos substanciais, com
destaque para a casca de pequi (OS) que alcangou 53,1 mmol H>/g biomassa.

Em sintese, os resultados obtidos atestam o potencial significativo desses residuos amazonicos para
a produ¢do de bioprodutos e energia limpa, delineando um caminho promissor para o

desenvolvimento sustentavel e a transi¢do energética justa da regido.

Palavras-chave: Bioprodutos; Bioenergia; Tratamento de agua; Arsénio (V).



ABSTRACT

The Legal Amazon holds a vast wealth of lignocellulosic biomasses, many with still underexplored
technological properties. In this context, this study investigated the valorization of three abundant
residual biomasses derived from fruits widely consumed by local communities: baru husk (BH),
cupuagu husk (CH), and pequi seed (PS). The objective was to explore three utilization scenarios,
aiming for the efficient use of different biomass components to obtain high-value added
bioproducts.

This study addresses the valorization of residual biomasses from the Legal Amazon, sourced from
fruits such as baru, cupuacu, and pequi, with the aim of converting them into high-value
bioproducts and fostering a circular economy.

Initially, the biomasses were subjected to slow pyrolysis at 650 °C, yielding biochar and bio-oil.
The biochar from cupuagu husks (CH) stood out for its high fixed carbon content (80.65%) and
surface area of 298.05 m?/g, while the bio-oil from baru husks (BH) and pequi kernels (PS), rich
in phenolic compounds, proved particularly promising with over 60% phenolics. Subsequently, the
biochars were modified for the removal of arsenic (V) from aqueous effluents, achieving an
efficiency exceeding 90% under all tested conditions and demonstrating the viability of the method
for use in resource-limited contexts.

Finally, the research explored the production of renewable hydrogen (bio-H») through Aqueous-
Phase Reforming (APR). The combined strategy of hydrothermal pre-treatment and APR proved
highly effective, optimizing hydrogen production and reaching substantial yields, with pequi
kernels (PS) notably achieving 53.1 mmol H»/g biomass.

In summary, the results obtained attest to the significant potential of these Amazonian residues for
the production of bioproducts and clean energy, outlining a promising path for the region's

sustainable development and just energy transition.

Keywords: Bioproducts; Bioenergy; Water treatment; Arsenic(V).



RESUMEN

La Amazonia Legal posee una vasta riqueza de biomasas lignocelulosicas, muchas con propiedades
tecnologicas atin poco exploradas. En este contexto, este estudio investigo la valorizacion de tres
abundantes biomasas residuales derivadas de frutos ampliamente consumidos por las comunidades
locales: la cascara de baru (BH), la cascara de cupuagu (CH) y el hueso de pequi (PS). El objetivo
fue explorar tres escenarios de aprovechamiento, buscando el uso eficiente de los diferentes
componentes de la biomasa para la obtencion de bioproductos de alto valor afadido.

Inicialmente, las biomasas fueron sometidas a pir6lisis lenta a 65 °C, resultando en biocarbon y
bioaceite. El biocarbon de la cascara de cupuagu (CH) destacd por su alto contenido de carbono
fijo (80,65%) y una area superficial de 298,05 m*/g, mientras que el bioaceite de la cascara de baru
(BH) y la semilla de pequi (PS), con mas de un 60% de compuestos fendlicos, se mostrd
particularmente prometedor. A continuacion, los biocarbones fueron modificados para la
eliminacion de arsénico (V) de efluentes acuosos, logrando una eficiencia superior al 90% en todas
las condiciones probadas, lo que demuestra la viabilidad del método para su uso en contextos con
recursos limitados.

Finalmente, la investigacion explor6 la produccion de hidrégeno renovable (bio-Hz) mediante la
Reforma en Fase Acuosa (APR). La estrategia combinada de pretratamiento hidrotérmico y APR
resultd ser muy eficaz, optimizando la produccion de hidrégeno y alcanzando rendimientos
sustanciales, con la semilla de pequi (PS) destacandose al lograr 53,1 mmol H»/g de biomasa.

En sintesis, los resultados obtenidos confirman el significativo potencial de estos residuos
amazonicos para la produccion de bioproductos y energia limpia, trazando un camino prometedor

para el desarrollo sostenible y la transicion energética justa de la region.

Palabras clave: Bioproductos; Bioenergia; Tratamiento de agua; Arsénico(V).



APRESENTACAO

A Amazoénia Legal, berco de uma das maiores biodiversidades do planeta, enfrenta
desafios ambientais interconectados que demandam solugdes inovadoras e sustentaveis. A
contaminag¢do das dguas por arsénio ¢ um problema critico na regido, com impactos devastadores
na saude humana e nos ecossistemas aquaticos. Uma das principais fontes dessa contaminac¢do ¢
o garimpo ilegal, que libera arsénio e outros metais pesados no ambiente. Além dos danos
ambientais, o garimpo ilegal esta associado a conflitos sociais, desmatamento e degradacdo do
solo, agravando ainda mais os desafios da regido. A falta de saneamento e de tecnologias acessiveis
e sustentaveis para remocao de arsénio torna esse cenario ainda mais preocupante.

Além da contaminagdo das aguas, a regido enfrenta um sério problema de gestdo de
residuos com o agravante da subutilizagdo de recursos naturais. A bioeconomia, que propde a
transformacao de residuos em produtos de alto valor agregado, ¢ uma abordagem fundamental para
enfrentar esse desafio. Paralelamente aos desafios hidricos e de residuos, a Amazonia Legal possui
um potencial subexplorado para a producdo de energia limpa. A regido, rica em biomassas, pode
contribuir significativamente para a transi¢do energética global. A reforma da fase aquosa, utilizada
nesta pesquisa, oferece uma rota sustentavel para a producdo de bio-H, uma fonte de energia
renovavel e de baixo impacto ambiental, contrariando o uso e a exploragdo de fosseis na regido.

Dessa forma, a pesquisa aborda além de problemas locais, como também contribui para a
reducdo da dependéncia de combustiveis fosseis, que muitas vezes estdo na raiz de atividades
predatorias como o garimpo ilegal e a agricultura. Ao propor o uso de biomassas locais em

processos termoquimicos para enfrentar esses desafios, favorecendo a descontaminagdo da 4gua, a
valorizacdo de recursos naturais e a producdo de energia limpa, contribui-se diretamente para o
alcance dos Objetivos do Desenvolvimento Sustentdvel - ODS 6 (agua potavel e saneamento), 7
(energia limpa e acessivel) e 12 (consumo e produgdo responsaveis). Além disso, seus resultados
podem ser expandidos para contribuir com outros objetivos, como o ODS 1 (erradica¢dao da
pobreza) por meio da distribui¢do de energia elétrica em areas remotas, ODS 3 (promogao da saude
e bem-estar) permitindo o uso de eletrodomésticos, iluminacdo e refrigeragdo, ODS 13 (Acao
Contra a Mudanca Global do Clima), ao contribuir para a descarbonizagdo do pais, e o ODS 15

(Vida Terrestre), ao promover o uso sustentavel dos ecossistemas terrestres.
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1. INTRODUCAO GERAL

1.1 Amazonia Legal

A Amazonia Legal foi criada em 1953, por meio da Lei n° 1.806 (Brasil, 1953), com o
proposito de planejar e promover o desenvolvimento da regido. Sua delimitagdo geografica foi
estabelecida para definir a area de atuagdo da Superintendéncia do Plano de Valorizacao
Econdmica da Amazdnia (SPVEA), que mais tarde se tornou a Superintendéncia do
Desenvolvimento da Amazoénia (SUDAM) (Brasil, 1966). Ao longo do tempo, os limites da
Amazodnia Legal foram ajustados, acompanhando as mudancgas politico-administrativas do pais
(Brasil, 1977). Atualmente, a regido possui uma extensdo territorial de aproximadamente
5.015.067,86 km?, correspondente a 58,93% do territério nacional e abrange nove estados
brasileiros e 772 municipios, incluindo todos os estados da Regido Norte (Acre, Amazonas,
Amapa, Para, Rondonia, Roraima e Tocantins), além de Mato Grosso ¢ parte do Maranhao (IBGE,

2022) (Fig. 1).

Figura 1. Territorio da Amazonia Legal e estados compreendidos
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A Amazonia Legal representa uma constru¢do juridica de extrema importancia,
transcendendo os limites do bioma Amazdnia, que ¢ definido por critérios ecologicos e restrito as
areas de floresta tropical (Saltnes ef al., 2023). Além disso, a regido engloba partes de outros dois
biomas, o Cerrado e o Pantanal (IBGE, 2022). Conforme dados do MapBiomas (2023), 73,18% da
area ¢ coberta por florestas, enquanto 19,07% sdo destinados a agropecudria. Outras formagdes
incluem vegetagao arbustiva e herbacea (5,09%), corpos d’agua (2,34%) e areas ndo vegetadas
(0,32%). Esses numeros revelam que 80,61% da regido ainda mantém caracteristicas naturais, ao
passo que 19,39% ja sofreram alteragdes antropicas (MapBiomas, 2023).

Além de sua relevancia florestal, a Amazdnia Legal desempenha um papel fundamental
na conservagao dos recursos hidricos. Nela estdo localizadas as duas maiores bacias hidrograficas
do Brasil — a Bacia Amazodnica e a Bacia Tocantins-Araguaia —, além de concentrar 45% de toda
a agua subterranea do pais, armazenada em aquiferos porosos (IBGE, 2021).

Outro aspecto notavel ¢ a presenga de comunidades tradicionais, elementos essenciais para
a construgdo de um futuro mais justo e sustentavel (Alho et al., 2019; Colli et al., 2020; Saltnes et
al., 2023; Guayasamin ef al., 2024). No que diz respeito a populacdo, a Amazdnia Legal abriga
27,8 milhdes de habitantes, o que corresponde a 13,7% da populagao brasileira, desse total, 51,25%
sao indigenas (867,9 mil pessoas), concentrados principalmente nos biomas Amazonia e Cerrado,
onde vivem cerca de 114 comunidades indigenas isoladas (FUNAI, 2021). Adicionalmente, a
regido ¢ lar de mais de 30% dos brasileiros que se autodeclaram quilombolas (IBGE, 2022), além
de outras populagdes tradicionais, como as comunidades ribeirinhas (Hanusch, 2023).

Nas ultimas décadas, as florestas tropicais assumiram um papel central no combate as
mudangas climéaticas e a degradacao ambiental. Esses dois desafios globais sdo intensificados pelo
desmatamento e pelo uso crescente de novas praticas, como o uso de produtos quimicos e
pesticidas, condutas que refletem o conceito do Antropoceno (Saltnes et al., 2023). No contexto
brasileiro, o pais é responsavel por cerca de um terco do desmatamento tropical global, com a
Amazonia Legal representando seu principal ponto critico, onde a maioria das atividades ¢ ilegal
(Hanusch, 2023). Conforme destacado por Pendrill et al. (2019), esse desmatamento ¢
impulsionado principalmente pela expansao de terras agricolas, que, de forma indireta, deslocam
pecuaristas para areas de floresta, agravando ainda mais a degradacdo ambiental.

Esse cenario ¢ agravado pela atuacao de organizagdes criminosas, que operam de forma

coordenada e complexa. De acordo com o CNJ (2024), a maioria dos crimes ambientais na
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Amazodnia Legal estd diretamente ligada a exploracdo de recursos naturais, como madeira e
minérios. Essas organizacdes ndo apenas promovem a destruicdo da floresta, mas também
engendram um padrao de alta sofisticacao na lavagem dos bens e capitais envolvidos, dificultando
0 combate a essas praticas ilegais.

Diante desse contexto, torna-se urgente reconhecer o valor das florestas naturais de toda
a Amazonia Legal, ndo apenas por sua biodiversidade e importancia ecolégica, mas também como
forma de enfrentar as dindmicas econdmicas e criminosas que perpetuam sua destruicao (Hanusch,

2023; CNJ, 2024).

1.1.1 Recursos hidricos

Apesar de uma oferta hidrica abundante, os conflitos relacionados aos recursos hidricos
no Brasil ndo decorrem de limitagdes naturais, mas sim de a¢des humanas. A mé gestdo e a
distribuicdo desigual transformam a dgua em um fator limitante para o desenvolvimento
econdmico, politico, de satde publica e bem-estar no pais (OCDE, 2015; Borelli, 2018). Esse
cenario ¢ particularmente evidente na Amazonia Legal, regido que, apesar de abrigar uma das
maiores reservas de dgua doce do mundo, tem enfrentado secas historicas nos ultimos anos,
agravadas por um aumento recorde nas temperaturas, especialmente a partir de junho de 2023
(Espinoza et al., 2024).

Em julho de 2024, o Centro Gestor e Operacional do Sistema de Prote¢cdo da Amazdnia
(CENSIPAM) emitiu um alerta sobre uma crise hidrica que afetou todas as bacias hidrograficas da
regido. O boletim destacou uma estiagem severa no centro-sul da Amazonia Legal, caracterizada
por escassez de chuvas, baixa umidade relativa do ar e temperaturas elevadas (CENSIPAM, 2024).
Embora esse evento extremo tenha se iniciado durante o fendmeno La Nifia de 2022-23 e sido
posteriormente influenciado pelo El Niflo, as condigdes climaticas podem ter sido intensificadas
por fatores regionais, como as altas taxas de desmatamento, que impactam diretamente o ciclo
hidrolégico (Espinoza et al., 2024). A reducdo da cobertura vegetal diminui a evapotranspiragdo e
aumenta o calor sensivel, contribuindo para o aquecimento da atmosfera e a redu¢do da umidade,
0 que, por sua vez, intensifica a ocorréncia de incéndios florestais, especialmente nas zonas de
transicao entre o Cerrado e a Amazdnia (CENSIPAM, 2024; Espinoza et al., 2024).

Esses incéndios e a seca extrema tém gerado impactos significativos tanto para as

populacdes locais quanto para os ecossistemas da regido. O Centro Nacional de Monitoramento e
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Alertas de Desastres Naturais (CEMADEN), com base no Indice Integrado de Seca (IIS3), apontou
a intensificagdo da seca em 32 terras indigenas, classificadas em condi¢do de seca extrema, e em
outras 207, com seca severa. A maior parte dessas areas esta localizada na Amazodnia Legal,
evidenciando o paradoxo de uma regido conhecida por sua abundancia hidrica enfrentar um cenario
de escassez critica (MCTI, 2024).

Além disso, a Amazonia Legal enfrenta outro grave problema ambiental: a contaminacao
de seus corpos d’agua (Nascimento et al., 2022; Acioly et al., 2024, Siqueira et al., 2024).
Compostos toxicos, como metais pesados e residuos de agrotoxicos, sao frequentemente detectados
em areas proximas a atividades mineradoras, agricolas ¢ em regides de descarte de efluentes
domésticos e/ou industriais (Carvalho et al., 2018; De Queiroz et al., 2022; Costa et al., 2024). O
arsénio (As), em particular, ¢ um poluente de grande preocupacdo devido a sua toxicidade e
persisténcia no ambiente, sendo classificado como “possivelmente cancerigeno” pela Agéncia
Internacional de Pesquisa em Cancer (IARC, 2012). A Organizagdo Mundial da Saude (OMS)
recomenda uma concentragdo méxima de 10 pg L™ de arsénio na 4gua potavel (OMS, 2011). A
exposicdo oral prolongada a baixos niveis de arsénio inorganico pode causar efeitos dérmicos,
como hiperpigmentagdo, hiperqueratose, calos e verrugas, além de neuropatia periférica,
caracterizada por dorméncia nas maos e pés (ATSDR, 2007; Mosaferi et al., 2008). Também ha
evidéncias de um risco aumentado de cancer de pele, bexiga e pulmao (ATSDR, 2007; Guo, 2011;
Lin et al., 2013).

Dados registrados no Sistema de Informagdo de Vigilancia da Qualidade da Agua para
Consumo Humano (SISAGUA), do Ministério da Satde (Brasil, 2024), no periodo de 2014 a 2024,
revelam teores de arsénio acima do Valor Maximo Permitido (VMP) estabelecido pelo CONAMA
(2011) em Sistemas de Abastecimento de Agua (SAA) na maioria da regido da Amazonia Legal.
O Mato Grosso lidera o ranking, com 1.281 amostras acima do VMP, seguido pelo Tocantins
(1.017), Para (264), Maranhao (177), Amazonas (101), Roraima (8), Rondonia (5) e Acre (1). Além
dos sistemas de distribui¢do de agua operados por prestadores de servico, pesquisadores tém
registrado concentracdes acima do permitido em corpos hidricos superficiais (Hechavarria-
Hernéndez et al., 2023) e subterraneos (Meyer et al., 2023), bem como em sedimentos (Silva Jinior
et al., 2019; Souza Neto et al., 2020; Gomes et al., 2023) e espécies aquaticas (Barros et al., 2023).

Essa situacao ¢ agravada pela falta de saneamento basico, que afeta 72,1% dos domicilios

da regido (Brasil, 2022). Diante disso, as comunidades recorrem a praticas caseiras de tratamento
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de agua, como desinfec¢do com hipoclorito de sédio, coagem com tecido e decantagdo. No entanto,
a eficacia desses métodos ndo ¢ garantida, o que compromete a qualidade da 4gua consumida e
aumenta os riscos a saude dessas populagdes (Gomes et al., 2023).

Essa situacdo ¢ resultado de um processo histérico de ocupagdo e urbanizacao
desordenada, impulsionado por politicas de desenvolvimento desde a segunda metade do século
XX (Do Nascimento et al., 2022). A construgdo de rodovias, como a Transamazonica, € incentivos
a agropecuaria e mineracao foram implementados sem considerar a complexidade socioambiental
da regido (Moret e Nogueira, 2020). Como consequéncia, observa-se um padrao de
desenvolvimento marcado por desmatamento em larga escala, perda de biodiversidade, expansao
agropecuaria acelerada e aumento de conflitos agrarios (Moret ¢ Nogueira, 2020). Esses fatores
ampliam a vulnerabilidade social e ambiental das populagdes locais, que dependem diretamente
dos recursos naturais para sua sobrevivéncia ¢ manutengao de seus modos de vida (Do Nascimento
et al., 2022).

O acesso a agua potavel e ao saneamento basico ¢ um direito humano essencial, universal
e indispensavel para uma vida digna. Esse direito foi reconhecido pela ONU como “condi¢ao para
0 gozo pleno da vida e dos demais direitos humanos” (ONU, 2015). Além disso, estd diretamente
relacionado ao 6° Objetivo de Desenvolvimento Sustentavel (ODS), que visa garantir “adgua limpa
e saneamento” para todos. Como parte da Agenda 2030, a ONU estabeleceu o compromisso de
assegurar, até 2030, o acesso universal e equitativo a agua potavel segura (ONU, 2015).

No Brasil, ainda que a Constituicao Federal (Brasil, 1988) ndo mencione explicitamente
0 saneamento basico, o principio da dignidade da pessoa humana, previsto no artigo 1°, IIl, s6 se
torna viavel com o acesso a um saneamento basico eficiente (Ritzel, 2023). Outros direitos
constitucionais mencionados por Ritzel (2023), que estdo interligados a essa questdo incluem, o
direito a satude (artigos 6° e 196) e ao meio ambiente equilibrado (artigo 225).

No ambito legal, o Brasil conta com instrumentos importantes para garantir o acesso a
agua e ao saneamento. A Politica Nacional de Recursos Hidricos (Lei n. 9.433/1997) tem como
objetivos assegurar a disponibilidade de agua em qualidade adequada para as geragdes atuais e
futuras (artigo 2, I) e prevenir eventos hidrologicos criticos, sejam naturais ou decorrentes do uso
inadequado dos recursos naturais (artigo 2, III). J& a Politica Nacional de Saneamento Basico (Lei
n. 11.445/2007) define como essenciais o abastecimento de agua potavel e o esgotamento sanitario

adequado (artigo 3°, a e b), além de abordar o manejo correto dos residuos sélidos (artigo 3, 1, c).
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Diante da incapacidade do Estado e das prestadoras de servicos de tratamento de agua e
esgoto em assegurar o fornecimento de agua de qualidade adequada de forma equitativa para a
populacdo, o desenvolvimento de pesquisas e metodologias eficazes para a remocdo de
micropoluentes permanece um desafio crucial para os cientistas da area. Esses esforcos sdo
essenciais para minimizar as injusti¢cas e os efeitos adversos desses contaminantes ao meio

ambiente e a saude humana.

1.1.2 Residuos organicos

Apesar de uma economia fortemente baseada no extrativismo vegetal e mineral, os
residuos agrossilvipastoris na Amazonia Legal sdo amplamente negligenciados: 81% dos
municipios da regido ndo realizam sua coleta, e, quando realizada, ha grande desinformagao sobre
as quantidades coletadas (SINIR, 2019). Essa falta de estrutura reflete um problema mais amplo:
os extrativistas ndo tém acesso a tecnologias para o beneficiamento primario de seus produtos,
como cascas, raizes, folhas, sementes e 6leos. Embora seja reconhecido que o acesso a tecnologias
poderia aumentar a validade, a qualidade e o valor agregado dos produtos, além de diversificar
subprodutos e melhorar a renda, essa realidade pouco mudou nas ultimas décadas (CGEE, 2011).

A realidade atual do extrativismo na regido ¢ marcada pela coleta de recursos naturais em
safras, onde os produtos sdo comercializados como matéria-prima ndo beneficiada a pregos
minimos, geralmente quando o mercado ja estd saturado (Denny ef al., 2021). Essa dinamica ¢
sustentada pelo sistema de aviamento, um modelo econdomico desigual no qual os extrativistas sao
explorados por intermediarios e empresas, sem acesso justo aos mercados ou aos beneficios de suas
atividades (CGEE, 2011). Com mao de obra e produtos subvalorizados, além da falta de orientacao
e tecnologia, muitas comunidades extrativistas ndo tém condi¢cdes de investir em manejo
sustentavel ou em melhorias para suas cadeias produtivas (Denny et al., 2021).

Um exemplo dessa desigualdade ¢ o contraste entre o preco de uma tonelada de minério
de ferro (cerca de US$100) e o de produtos derivados da biodiversidade da regido, como o furfural,
que chega a US$112 o quilo (Sigma-Aldrich, 2025). Essa diferenga evidencia o potencial da regiao
quando a ciéncia e a tecnologia sdo aplicadas (Denny et al., 2021). No entanto, sem oportunidades
de melhoria, muitos extrativistas migram para as periferias das cidades em busca de melhores

condi¢des de vida, mas acabam em empregos informais e desvalorizados (CGEE, 2011). Essas
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atividades ndo s6 ignoram seus conhecimentos tradicionais sobre os recursos naturais, mas também
reforcam um ciclo de exclusdo e marginalizag¢ao (Denny ef al., 2021).

A subvalorizagao histérica da Amazonia Legal (Denny ef al., 2021) demanda estratégias
que integrem cultura, conhecimentos locais e inovagao tecnologica. Estudos comprovam que essa
sinergia ¢ capaz de agregar valor aos produtos extrativistas, gerando melhores condig¢des
socioeconOmicas para as comunidades locais (Franco et al., 2019; Borges et al., 2020; Falcao et
al.,2022; Colpani et al., 2022; Marasca et al., 2022; Pires et al., 2023; Mendonga ef al., 2024; Leal
etal.,2025).

Para viabilizar essa transformacgdo, o investimento em educacdo cientifica, pesquisa e
desenvolvimento mostra-se fundamental (Aguiar et al., 2021). Esses pilares permitem a criagao de
tecnologias sociais adaptadas as realidades locais, além de fomentar modelos de gestao sustentavel
dos recursos naturais, elementos criticos para enfrentar os desafios climaticos (CGEE, 2011).
Estratégias como a transformagao de residuos organicos em bioenergia e bioprodutos evidenciam
a viabilidade economica da floresta em pé, reforcando a tripla dimensdo ecoldgica, econdmica e

social da sustentabilidade (Campos ef al., 2024; Freitas et al., 2024).

1.1.3 Recursos energéticos

Garantir o acesso universal a servigos de energia acessiveis, confidveis, sustentaveis e
modernos ¢ um dos desafios centrais do século XXI, formalizado no Objetivo de Desenvolvimento
Sustentavel 7 (ODS 7) da Agenda 2030 da ONU. A energia ¢ reconhecida como um pilar essencial
para o desenvolvimento humano, estando diretamente vinculada a melhoria da qualidade de vida,
areducdo da pobreza e ao atendimento de necessidades basicas, como saiude, educacdo e seguranga
alimentar (Bezerra ef al., 2022). Alinhado a esse compromisso global, o Brasil estabeleceu metas
ambiciosas: reduzir em 37% as emissoes de gases de efeito estufa (GEE) até 2025 e em 43% até
2030, em comparagdo com os niveis de 2005 (Brasil, 2016). Além disso, o pais prevé que 45% de
sua matriz energética sera composta por fontes renovaveis até 2030, reforgando o papel do ODS 7
ndo apenas na universaliza¢ao do acesso a energia, mas também na promogao de fontes limpas e
eficientes, contribuindo para a mitigacao das mudancas climaticas.

No entanto, a superac¢do das desigualdades no acesso a energia permanece um desafio
critico, especialmente em regides onde a pobreza energética persiste. A Amazonia Legal

exemplifica essa contradi¢ao: em 2021, a regido foi responsavel por 27% da geragdao de energia
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elétrica nacional, mas consumiu apenas 11% do total (Data Zoom Amazonia, 2023). Entre 2012 ¢
2021, a geragdo de energia na regido mais que dobrou, enquanto no restante do pais o aumento foi
de apenas 2% (Data Zoom Amazdnia, 2023). Essa disparidade resulta em 2,6 milhdes de pessoas
na regido sendo abastecidas por sistemas isolados (SISOL) (EPE, 2024a).

Segundo a Empresa de Pesquisa Energética (2024a), a Amazonia Legal concentra 99,43%
das unidades de sistemas isolados do pais (174 unidades). Embora tenha havido uma redugao de
9% em comparagdo ao ciclo de 2023, devido a interligagdo de alguns municipios ao Sistema
Interligado Nacional (SIN) e aos Programas de Universalizacdo de Energia Elétrica, 64% das
unidades ainda dependem do diesel como fonte de geragdo, responsavel pela emissdao de 2,360
MtCOzeq/ano em 2024 (EPE, 2024a). Em comparacao ao SIN, os sistemas isolados emitem 92%
a mais de CO. Além disso, esses sistemas apresentam elevados indices de perdas elétricas e
aumentam o Custo do Consumo de Combustiveis (CCC) em R$ 10,35 bilhdes previstos para 2025,
valor repassado a todos os consumidores de energia elétrica por meio de encargos na conta de luz
(EPE, 2024a).

Esses dados evidenciam que, embora 89% da matriz energética do Brasil seja considerada
renovavel (EPE, 2024b), ¢ fundamental promover uma transi¢ao energética que nao apenas amplie
0 acesso a tecnologias de energia modernas e sustentaveis (Losekann e Hallack, 2018), mas
também reduza as disparidades sociais e infraestruturais no pais. Para isso, € crucial evitar que o
desenvolvimento econdmico em determinadas regides acentue as desigualdades locais (Lazaro &
Soares, 2024). Um exemplo € a expansdo da geracdo hidrelétrica, que, apesar de ser considerada
renovavel, impacta negativamente comunidades locais e servicos ecossistémicos essenciais para
sua sobrevivéncia (Mayer et al., 2021). Além das interligacdes previstas ao Sistema Interligado
Nacional (SIN), ¢ possivel incentivar outras fontes de energia nos sistemas isolados, como a
biomassa, que atualmente representa apenas 0,7% da geracdo nesses sistemas na Amazonia Legal
(EPE, 2024a).

Nesse contexto, a conversao de residuos organicos em bioenergia, como o bio-H>, uma
fonte renovavel e limpa, pode contribuir simultaneamente para a reducdo de emissdes e para a
diminui¢do da dependéncia de combustiveis fosseis (Chandrasekhar et al., 2020). No entanto, a
plena realizacdo desse potencial enfrenta desafios significativos, comecando pelas limitagdes
tecnologicas que exigem avangos em pesquisa € desenvolvimento para tornar os processos de

bioenergia competitivos frente as alternativas convencionais (Ranjbari et al., 2022). A superagao



30

desses obstaculos depende ainda de politicas publicas especificas que apoiem tanto a pesquisa
basica quanto o desenvolvimento de cadeias produtivas escaldveis, baseadas na valorizagdo de
residuos organicos (Cheng et al., 2020).

Quando esses desafios forem adequadamente enfrentados, a transicdo energética na
Amazonia poderd gerar beneficios que transcendem a mera descarbonizagao, incluindo ndo apenas
tarifas energéticas mais acessiveis para a populagdo, mas também um ciclo virtuoso de
desenvolvimento regional sustentavel. Portanto, a compreensao detalhada do cenario local torna-
se fundamental para identificar sinergias, superar barreiras e implementar solugdes energéticas
integradas (Lazaro & Soares, 2024). Nesse processo, o ODS 7 (Energia Acessivel e Limpa) mostra-
se intimamente conectado a outras metas globais, como a erradicagdo da pobreza (ODS 1), a
promogao da satde e bem-estar (ODS 3) e a acdo climatica (ODS 13), configurando uma estratégia
holistica para construir um futuro mais justo, inclusivo e sustentavel tanto para a regido quanto

para o pais (Bezerra et al., 2022).

1.2 Transicao energética justa e coesio territorial

A transicao para sistemas energéticos renovaveis representa muito mais que uma mudanga
tecnoldgica, ¢ uma transformagdo socioeconémica que demanda uma abordagem centrada na
justica (Jenkins, 2018; Grant, et al., 2021). Embora governos e corporagdes intensifiquem
investimentos em energias limpas, persiste o risco de reprodu¢do, sob um discurso verde, das
mesmas assimetrias de poder caracteristicas da era fossil (Tomaselli et al., 2017). Essa tensao se
manifesta em trés dimensdes interligadas - reconhecimento das comunidades tradicionais, justica
distributiva e participagdo democratica - todas atravessadas por desafios de coesdo territorial
(Walker & Day, 2012; McCauley & Heffron, 2018; Gupta & Lebel, 2020; Cousins, 2021; Grant,
et al., 2021; Leduchowicz-Municio ef al., 2024).

As comunidades tradicionais, frequentemente guardids de territdrios essenciais para
projetos renovaveis, continuam marginalizadas nos processos decisorios (Bastos Lima & Persson,
2020). Essa exclusao apresenta uma dimensdo espacial evidente: empreendimentos sao
implementados sem considerar modos de vida locais, sistemas produtivos regionais ou
vulnerabilidades territoriais especificas (Demeterova, Fischer e Schmude, 2020; Chanrusca, 2023).
Casos internacionais revelam que modelos universais fracassam ao desconsiderar assimetrias

locais. Na Europa, regides como Jaén (Espanha) e Tamega e Sousa (Portugal) demonstram como
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solugdes energéticas sdo mais eficazes quando calibradas as vocagdes territoriais, seja o solar
associado a olivicultura ou hidrelétricas integradas a gestdo hidrica regional (Chanrusca, 2023).

A justica distributiva revela contradigdes ainda mais agudas. Enquanto megaprojetos
renovaveis acessam subsidios publicos, 1 milhdo de brasileiros na Amazonia Legal permanecem
em pobreza energética, sem acesso a eletricidade ou pagando tarifas exorbitantes (IEMA, 2023;
Sant’Anna, Bortoletto e Donda, 2024). Essa desigualdade se intensifica quando projetos de
biocombustiveis competem com terras agricolas (Gupta & Lebel, 2020) ou quando hidrelétricas
deslocam comunidades sem compensacdo adequada precarizando suas condi¢des de vida
(Leduchowicz-Municio et al., 2024). Como demonstrado por Sovacool et al. (2021), a justica exige
que os beneficios da transicdo como empregos qualificados, energia acessivel e melhoria ambiental
alcancem prioritariamente grupos historicamente marginalizados.

A participagdo democratica constitui o terceiro pilar indispensavel. Processos decisorios
sobre energia permanecem concentrados em elites técnicas € econdmicas, ignorando sistemas
sociais locais, formas de conhecimento e valores (McCauley & Heffron, 2018; Sovacool et al.,
2021). Ou seja, a justica processual demanda poder real de deliberagao para as comunidades sobre
os modelos energéticos em seus territorios (Steg, Shwom e Dietz, 2018; Mayer, 2020). Alternativas
promissoras emergem em arranjos institucionais hibridos, como conselhos territoriais que
articulam conhecimentos tradicionais com politicas nacionais (Demeterova et al., 2020), ou na
adogdo de indicadores que transcendem métricas convencionais para incorporar dimensdes sociais,
como reducdo da pobreza energética e geracao de emprego local (Sovacool et al., 2020).

A experiéncia brasileira com o Programa Nacional de Biodiesel (PNPB), entre 2008 e
2010, demonstrou o potencial de mecanismos de discriminagdo positiva, como o Selo Combustivel
Social, que incluiu 100 mil familias e articulou uma bioeconomia com desenvolvimento territorial
(Gomes et al., 2010). Contudo, o gradual abandono dessas politicas resultou em retrocesso para
modelos predatdrios, marcados por desmatamento e exclusdo social (loris, 2020; Franca et al.,
2021). Em 2016, o governo criou o RenovaBio, como um novo marco regulatério integrado para
biocombustiveis a fim de impulsionar a transi¢do da matriz energética no pais (MME, 2016).
Embora represente avangos na governanca climdtica ao estabelecer metas e créditos de
descarbonizacdo, o programa herdou desafios do PNPB, concentrando cerca de 86% de sua

capacidade produtiva no Centro-Sul do pais, vinculada aos complexos da soja e pecuaria, enquanto
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as regides Norte e Nordeste, onde o PNPB originalmente pretendia promover desenvolvimento,
ficaram novamente a margem (Moreno-Pérez et al., 2017).

A sintese dessas experiéncias nacionais aponta para a necessidade de um modelo de
transi¢do energética que articule escalas global e local de forma coerente, ou seja, com politicas
energéticas desenhadas a partir de vocagdes territoriais especificas, como a integracdo de fontes
renovaveis a agricultura familiar ou o desenvolvimento de bioprodutos vinculados a cadeias
produtivas inclusivas (Valer et al., 2017, Chamusca, 2023). Requer, igualmente, mecanismos de
governanga multinivel capazes de evitar que o processo de descarbonizagdo eleve o grau de

desigualdade no territdrio brasileiro (Demeterova et al. 2020; Marques et al., 2022).

1.3 Biomassa residual como recurso

A biomassa residual, derivada de materiais organicos como residuos agricolas, florestais,
industriais e urbanos, emerge como uma alternativa viavel para a produ¢do de energia ¢ outros
produtos de valor agregado (Patel; Panwar, 2023; Velvizhi et al., 2023; Jamil et al., 2024a).
Quando adequadamente gerenciada, pode ser convertida em recursos como biocombustiveis,
biofertilizantes, bioetanol, biogds e biocarvao, utilizados para geracdo de -eletricidade,
aquecimento, transporte e aplicacdes industriais (Ning et al., 2021; Devi et al., 2022). Essa
conversao contribui para a mitiga¢do de desafios globais, como a gestao de residuos, a dependéncia
de combustiveis fosseis e a insuficiéncia energética, além de promover a reducdo da poluicao
ambiental e o desenvolvimento de uma economia sustentavel (Awogbemi; Kallon, 2023; Segers et
al., 2024).

Diferentes matérias-primas possuem composigdes fisico-quimicas variadas, mas todas
contém proporgoes distintas de carbono, dgua e compostos organicos volateis, essenciais para a
geracdo de energia (Kaniapan et al., 2021). A biomassa ¢ considerada neutra em carbono, uma vez
que o CO: liberado durante sua combustdo ¢ reabsorvido pelas plantas durante o crescimento,
ajudando a reduzir as emissdes de gases de efeito estufa (Kaniapan et al., 2020; Ning et al., 2021,
Van Nguyen et al., 2022). No entanto, sua utilizagdo enfrenta desafios, como limitacdes
geograficas e ambientais, a necessidade de tecnologias avancadas para conversao eficiente, custos
iniciais elevados e demanda por areas para a instalagdo de infraestruturas (Halkos; Gkampoura,

2020; Ning et al., 2021).
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Apesar desses desafios, a biomassa possui um potencial relevante para impulsionar o
fornecimento de energia em paises populosos com demanda crescente, como Brasil, India e China
(IRENA, 2023). Segundo a Agéncia Internacional de Energias Renovaveis (IRENA, 2023), em
2022, a bioenergia contribuiu com aproximadamente 600 GWh de geracdo de energia,
consolidando-se como uma alternativa estratégica para atender & demanda energética global e
reduzir a dependéncia de combustiveis fosseis.

Nesse contexto, as biorrefinarias surgem como uma solugdo inovadora e sustentavel para
o aproveitamento eficiente da biomassa residual. Esses sistemas integram praticas agricolas e
processos de conversdo avangados, como bioprocessos e métodos termoquimicos — incluindo
combustio, gaseificagdo, pirolise e torrefacdo —, transformando residuos em produtos de alto valor
agregado, como bioenergia e biomateriais (Devi et al., 2022; Velvizhi et al., 2023). Além de
ampliar a producdo em escala industrial, as biorrefinarias contribuem para a mitiga¢do das
mudangas climaticas, reduzem a dependéncia de fontes ndo renovaveis € promovem o
desenvolvimento econdmico ¢ a criagdo de empregos em areas rurais (El Kourdi ef al., 2024; Sulis
et al.,2025).

A semelhanca do desenvolvimento histérico das refinarias de petrdleo, as biorrefinarias
demandardo um processo gradual para alcancar maturidade, otimizagdo, diversificagao e
configuragdes adaptadas a seus contextos especificos (Dahmen et al., 2018). Esse avanco continuo
permitira ndo apenas a consolidagdo tecnoldgica, mas também a adaptacdo a diferentes biomassas
e mercados, reforcando seu papel na economia circular, na mitigagdo de impactos ambientais e na

descarbonizagao industrial.

1.3.1 Tipos de biomassas

Segundo uma revisdo detalhada realizada por Vassilev et al. (2012), a biomassa ¢ uma
mistura complexa composta principalmente de matéria organica (média de 93%), de carater nao
cristalino ou com cristalinidade limitada, e, em menor propor¢do, de matéria inorganica (média de
7%), que inclui minerais secundarios, mineraloides pouco cristalizados e fases amorfas. Seus
principais componentes estruturais sao celulose, hemicelulose e lignina, cujas propor¢des variam
conforme o tipo de biomassa (Wang; Tester, 2023; Joshi et al., 2024). Além disso, a biomassa

contém extrativos brutos (média de 10%) e uma fragdo fluida (média de 14%), composta por uma
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solugdo aquosa mineralizada com pH levemente acido a neutro, rica em cloretos, sulfatos e nitratos
(Vassilev et al., 2012).

Existem varios métodos de categorizagdo para residuos de biomassa, sendo o método
baseado na fonte o mais utilizado (Wang; Tester, 2023). Em geral, os residuos sdo classificados
em cinco categorias principais, com a possibilidade de mistura entre elas (Fig. 2), e sdo gerados
diretamente a partir do manuseio, processamento e/ou fabricacdo dos materiais de origem
correspondentes (Wang; Tester, 2023). Além disso, a biomassa pode ser dividida em trés categorias
amplas: priméaria, secundaria e terciaria (Fig. 2). A biomassa primaria ¢ gerada diretamente pela
fotossintese, a secundaria deriva do processamento da biomassa primadria, ¢ a tercidria engloba

subprodutos pds-consumo (Joshi et al., 2024).

Figura 2. Classificagdo geral das variedades de biomassa
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Fonte: Adaptado de Vassilev et al. (2012) e Joshi et al. (2024).

A biomassa lignoceluldsica destaca-se como um recurso altamente vantajoso devido a sua

abundancia, biodegradabilidade e custo acessivel, garantindo um fornecimento constante. Além
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disso, sua utilizacdo ndo compete diretamente com a producdo de alimentos, alinhando-se a uma
agenda verde e sustentavel (Yin; Wang, 2022; Jahangeer et al., 2024).

Esse tipo de matéria-prima desempenha um papel significativo na histéria e continuam
sendo fundamentais na sociedade contemporanea (Sulis et al., 2024). Com uma produgdo global
estimada em 180 bilhdes de toneladas por ano, a biomassa lignoceluldsica representa
aproximadamente 57% do carbono biogé€nico do planeta, sendo a forma mais abundante de
biomassa na Terra (Dahmen et al., 2018; Mujtaba et al., 2023; Sulis et al., 2025). No entanto,
apenas 8,2 bilhdes de toneladas sdo atualmente utilizadas, das quais 7 bilhdes provém de florestas,
agricultura e herbaceas (Ojo, 2023; Singh ef al., 2022; Ashokkumar et al., 2022).

Estruturalmente, a biomassa lignocelulésica é composta principalmente pelas paredes
celulares secundarias de plantas vasculares, formadas por celulose, hemicelulose e lignina (Sulis
et al., 2024). A celulose, um polissacarideo linear composto por unidades de glicose ligadas por
ligacdes PB-1,4-glicosidicas, forma fibras resistentes e cristalinas que conferem rigidez as plantas
(Mujtaba et al., 2023). Em contraste, a hemicelulose, embora menos resistente e mais amorfa, ¢
altamente suscetivel a ataques quimicos, o que facilita sua conversao em agucares monomeéricos
(Ufitikirezi ef al., 2024). J4 a lignina, com seu alto teor de carbono (60%) e estrutura polimérica
ramificada, formada por ligagdes éter fortes e ligagdes carbono-carbono, € um componente crucial
da biomassa lignoceluldsica, atuando como uma barreira fisica ao acesso a celulose e a
hemicelulose (Mujtaba et al., 2023; Segers et al., 2024; Sulis et al., 2024).

Comparada a outros recursos renovaveis, a biomassa lignoceluldsica ¢ considerada a
principal matéria-prima para a producdo de biocombustiveis destinados ao transporte aéreo,
terrestre e aquatico (Mujtaba et al., 2023). Além disso, mais de 200 bioquimicos de interesse
comercial podem ser derivados dessa biomassa, 0 que a torna uma alternativa promissora para
substituir, total ou parcialmente, plasticos e outros materiais derivados do petroleo (Singh ef al.,
2022). Sua versatilidade (Fig. 3) permite aplicagdes em biocompositos para diversas finalidades,
como tintas para manufatura aditiva, substratos multifuncionais em remediacdo ambiental,
aplicagcdes médicas e processos de producao mais limpos (Dahmen et al., 2018; Usmani et al.,

2021; Mujtaba et al., 2023).
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Figura 3. Produtos de valor agregado derivados de biomassa lignoceluldsica
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Fonte: Adaptado de Sidana e Yadav (2022).

A biomassa lignoceluloésica, complexa e recalcitrante, exige pré-tratamentos especificos
para maximizar a recuperacdo de celulose, hemicelulose e lignina (Sulis et al., 2024). Uma
abordagem integrada de biorrefinaria € essencial para viabilizar a cadeia de valor dessa biomassa,
focando em pré-tratamentos econdmicos, conversao eficiente de polissacarideos e integracao de

processos (Dahmen et al., 2018).

1.4 Métodos de Valorizacio de Biomassas Lignocelulosicas

A conversdo de biomassa lignocelulosica em bioenergia e produtos de valor agregado
envolve multiplas rotas, incluindo conversao térmica, termoquimica e biologica (Haq et al., 2021).
No entanto, a eficiéncia desses processos depende criticamente do pré-tratamento, que visa
desestruturar a matriz lignoceluldsica, aumentando a acessibilidade da celulose e hemicelulose a

hidrolise para obten¢do de acucares fermentaveis (Romani ef al., 2020; Blasi et al., 2023).
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A selegdo do método de pré-tratamento deve considerar a composi¢do quimica da
biomassa, custos operacionais, formacgdo de subprodutos inibitdrios e preservacdo de aglicares
redutores (Chaudhary et al., 2023). Os métodos convencionais incluem técnicas fisicas
(cominui¢ao mecanica), quimicas (acidos, alcalis, solventes organicos), fisico-quimicas (explosao
por vapor, liquidos i6nicos) e biologicas (enzimas) (Singhvi e Gokhale, 2019; Haldar e Purkait,
2021). A conversao termoquimica ¢ mais tolerante a biomassas heterogéneas, enquanto as rotas
bioquimicas exigem maior homogeneidade (Singhvi e Gokhale, 2019).

Embora eficazes, muitos desses métodos enfrentam desafios, como alto consumo
energético, condigdes severas de processamento e geragao de residuos toxicos (Haldar e Purkait,
2021; Sidana e Yadav, 2022). Métodos inovadores, como "lignin-first" (extragdo seletiva de lignina
para compostos aromaticos) e tecnologias ndo convencionais (ultrassom, micro-ondas, plasma
frio), vém sendo explorados para reduzir impactos ambientais e melhorar a eficiéncia (Ning et al.,
2021; Sidana e Yadav, 2022). Pré-tratamentos sequenciais tém se mostrado superiores aos de etapa
unica, permitindo isolamento eficiente de componentes e redu¢ao de inibidores (Poveda-Giraldo e
Alzate, 2024).

Apesar dos avangos, barreiras técnicas € econdmicas persistem para a escala industrial,
exigindo pesquisas continuas em pré-tratamentos sustentaveis e de baixo custo (Blasi et al., 2023).
A superacao desses desafios € crucial para consolidar a bioeconomia, transformando residuos
lignoceluldsicos em recursos energéticos e quimicos, com beneficios ambientais e

socioeconomicos (Vu et al., 2020).

1.4.1 Conversdo bioquimica

Os métodos de conversao bioquimica promovem a decomposi¢do de materiais organicos
nao lenhosos em condigdes moderadas e na auséncia de O, (Wall, Rabemanolontsoa & Venus,
2023; Begum et al., 2024). Nesses bioprocessos, microrganismos como bactérias, leveduras e
fungos, além de suas enzimas, atuam como agentes bioldgicos para a conversdo da biomassa,
gerando produtos gases estaveis como Hz, CHs e CO> (Kawa-Rygielska, Pietrzak & Lennartsson,
2022; Periyasamy et al., 2023; Begum et al., 2024).

Os principais processos de conversdao bioquimica para produgdo desses compostos

incluem a digestdo anaerdbia, a biofotolise (direta e indireta), e a fermentacdo biologica
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(fotofermentacao, fermentacdo escura e sistemas combinados) (Parakh et al., 2023; Zhang et al.,
2024).

Para otimizar esses processos, técnicas analiticas de bioprocesso monitoram em tempo
real parametros criticos da fermentagdo (Begum et al., 2024). No entanto, esses processos
apresentam limitagdes, uma vez que utilizam principalmente celulose e hemicelulose da biomassa,
sendo frequentemente processos que tendem a ser demorados (Wall, Rabemanolontsoa e Venus,
2023). Entre os principais desafios estdo o alto custo e a dificuldade de romper as estruturas
complexas das paredes celulares da biomassa lignocelulésica, além da necessidade de converter
acucares em biocombustiveis e purifica-los com maior eficiéncia (Banerjee, 2022; Begum et al.,

2024).

1.4.1.1  Digestao Anaerobia

Digestao anaerdbia (DA) ¢ um processo complexo no qual microrganismos degradam
biomassa organica em condigdes anaerdbias, convertendo-a em biogas, composto principalmente
por CH4, CO», tragos de H> e NH3, além de digestato, um subproduto com potencial para uso como
fertilizante ou matéria-prima de valor agregado (Workie et al., 2023; Parakh et al., 2023; Cesaro,
2021).

O processo ocorre em quatro etapas sequenciais mediadas por comunidades microbianas
distintas (Parakh ef al., 2023; Begum et al., 2024). Na hidrélise, bactérias dos filos Firmicutes e
Bacteroidetes secretam enzimas (celulases, proteases, lipases) que quebram macromoléculas
complexas (proteinas, lipidios, carboidratos) em compostos soliveis mais simples, como
aminodcidos, acidos graxos e monossacarideos (Lim ef al., 2020). Em seguida, na acidogénese,
bactérias facultativas (Firmicutes, Proteobacteria) convertem esses substratos em acidos graxos
volateis (acetato, propionato, butirato), alcoois e subprodutos gasosos (COz, H2, NHs) (Zhang et
al., 2022). A acetogénese, realizada por bactérias obrigatérias (Synergistota, Firmicutes),
transforma os 4acidos graxos complexos em acetato, H> e CO: (Detman et al., 2021). Por fim,
na metanogénese, arqueias metanogénicas (Euryarchaeota) utilizam esses produtos para gerar CHa
e CO», completando o processo (Meegoda ef al., 2018; Singh, Szamosi e Siménfalvi, 2020).

Em comparacdo com sistemas aerobicos, a DA oferece vantagens significativas, como a
capacidade de processar residuos de dificil decomposi¢do, menor consumo energético, reducao na

geragao de lodo, remocao eficiente de patdogenos e menor emissao de odores (Gunes ef al., 2021).
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O biogas produzido pode ser utilizado diretamente na queima em caldeiras para geracao de calor
ou eletricidade, ou purificado, permitindo sua inje¢do em redes de distribui¢do de gas natural

(Abanades et al., 2022).

1412 Fermentacdo

A fermentagdo de gas de sintese ¢ um método emergente que utiliza microrganismos para
converter misturas gasosas (conhecidas como syngas) contendo Hz, CO e CO2 em combustiveis e
compostos de valor agregado em condigdes anaerdbias (Begum et al., 2024).

A producdo de syngas ocorre predominantemente por meio de dois processos distintos:
fotofermentagdo (FF) e fermentacdo escura (FE) (Banerjee, 2022). No processo de
fotofermentagdo, bactérias roxas nao sulfurosas (como Rhodopseudomonas e Rhodobacter)
empregam energia luminosa e a enzima nitrogenase para transformar acidos orgénicos (acetato,
butirato) em bio-Hz e CO2 (Sung et al., 2022; Zhang et al., 2022; Arimbrathodi ef al., 2023). Este
mecanismo requer condigdes limitantes de nitrogénio e depende da disponibilidade de substratos
organicos pré-hidrolisados, geralmente fornecidos pela fermenta¢do escura (Phanduang et al.,
2019; Parakh et al., 2023).

A fermentacdo escura consiste em um processo biologico de producdo de H> que ocorre
em condicdes anaerdbias e na auséncia de luz, seguindo etapas semelhantes as fases iniciais da
digestdo anaerdbia - hidrdlise, acidogénese e acetogénese (Jain et al., 2022). A diferencga crucial
reside na supressao intencional da etapa de metanogénese, estratégia que favorece o acumulo de
bio-H> (Giang ef al., 2019). Nesse processo, microrganismos convertem matéria organica em bio-
H; através da reducdo de prétons, mecanismo que permite dissipar o excesso de elétrons gerados
durante a oxidagdo do substrato (Albuquerque et al., 2024). Além do H,, a FE gera como
subprodutos importantes quantidades de alcoois, CO: e acidos organicos (Nirmala et al., 2023).
Comparada a FF, essa técnica apresenta vantagens significativas, incluindo condi¢des operacionais
mais brandas, maior velocidade de producado e a geragdo de efluentes liquidos mais adequados para
processamento posterior (Jain et al., 2022).

Um dos principais desafios tecnologicos reside na baixa biodegradabilidade da biomassa,
atribuida a recalcitrancia da parede celular de microalgas, o que demanda processos de pré-
tratamento especificos (Nagarajan, Chang e Lee, 2020). Embora apresente baixa eficiéncia quando

operada isoladamente, a fermentacao escura pode ter seu rendimento significativamente aumentado
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quando acoplada a fotofermentagao, uma vez que seus efluentes servem como substrato ideal para
o segundo processo (Phanduang et al., 2019). Contudo, a necessidade de fotobiorreatores
especializados para a fotofermentagdo constitui um importante entrave econdmico para a

escalabilidade deste sistema combinado (Mishra ef al., 2019; Parakh et al., 2023).

1.4.1.3  Biofotolise

A biofotolise, processo pelo qual microalgas produzem H; a partir da 4gua usando energia
luminosa, pode ser classificada em biofotdlise direta e biofotolise indireta (Touloupakis et al.,
2021; Parakh et al., 2023)

Na biofotolise direta, as microalgas utilizam energia luminosa para realizar a fotélise de
H>0, dividindo-a em Hz e Oz por meio do fotossistema II (PSII) (Graffron e Rubin, 1942). Os
elétrons sdo transferidos sequencialmente para o fotossistema I (PSI) e depois para a enzima
hidrogenase via ferredoxina, produzindo H> em condi¢des anaerdbias (Jiménez-Llanos et al.,
2020). Esse processo depende da enzima hidrogenase, que ¢ altamente sensivel ao O2 que mesmo
pequenas quantidades de O, suprimem sua atividade, limitando a producao de H- a apenas alguns
minutos (Parakh ef al., 2023). Para contornar esse problema, pesquisadores testaram estratégias
como a purga com gases inertes (como argdénio) e o uso de agentes removedores de Oz (como
ditionito de sodio) (Maswanna, Lindblad e Maneeruttanarunggroj, 2020; Paramesh e
Chandrasekhar, 2020). Embora essas abordagens tenham prolongado a producdo, elas se
mostraram economicamente inviaveis em larga escala devido aos custos elevados e possiveis
efeitos negativos sobre as células (Sung, et al., 2022; Parakh et al., 2023).

Para superar essas limitagdes, foi desenvolvida a biofotolise indireta, operando em duas
etapas, separando a produg¢do de O> (fotossintese aerobia) da geracdo de H» (catabolismo
anaerdbio) (Parakh et al., 2023). Na primeira etapa, as microalgas crescem em condi¢des normais
(com luz, CO: e nutrientes), acumulando biomassa e liberando O, j& na segunda etapa, a privagao
de nutrientes essenciais — como enxofre, nitrogénio ou foésforo — induz um estado anaerobio,
reduzindo a atividade do PSII e, consequentemente, a liberagdo de O: (Vargas et al., 2018). Isso
permite que a hidrogenase permaneca ativa, convertendo protons e elétrons em H: a partir da
degradacdo de reservas internas de carbono (Parakh et al., 2023). A privagdo de enxofre tem sido
a estratégia mais estudada, mas outras variagdes, como a privagao dupla (ex.: enxofre + fosforo)

ou o uso de fontes alternativas de carbono (ex.: glicerol ou efluentes industriais), também tém sido
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exploradas para aumentar a eficiéncia (Maswanna, Lindblad e Maneeruttanarunggroj, 2020;
Danial, Abdel-Basset ¢ Abdel-Kader, 2023).

Além disso, estratégias alternativas t€m sido exploradas para melhorar a producao de bio-
H». A suplementagdo com fontes organicas de carbono (glicose, acetato) ou residuos industriais
(glicerol bruto, efluentes de laticinios) aumenta o rendimento, embora o custo desses substratos
ainda seja um desafio (Sirawattanamongkol, Maswanna e Maneeruttanarungroj, 2020; Dudek et
al.,2022). Outras abordagens incluem o uso de pulsos de luz intermitentes (Kosourov et al., 2018),
a adi¢do de acetato para regular o PSII (Hwang et al., 2021) e o cocultivo com bactérias que
consomem Oz, como Pseudomonas sp., resultando em aumentos de até 12 vezes na producao
(Fakhimi et al., 2020). No entanto, a selecdo adequada de cepas bacterianas ¢ crucial para evitar
competicao por nutrientes e prejudicar o crescimento das microalgas (Parakh et al., 2023).

Apesar dos avancos, desafios como a sensibilidade da hidrogenase ao Oz, o custo de
substratos organicos e a escalabilidade dos sistemas ainda precisam ser superados para tornar a
produgdo de bio-H> por microalgas viaveis comercialmente (Khosravitabar, 2020). No entanto, a
biofotdlise, especialmente a indireta, continua sendo uma das rotas mais sustentaveis para a geracao
de Hz verde, combinando energia solar, fixagdo de CO: e o potencial de integragdo com residuos

industriais (Parakh et al., 2023).

1.4.2 Fotocatalise

Uma reagdo fotocatalitica € um processo quimico induzido pela luz, no qual um material
semicondutor absorve energia luminosa e a converte em reagdes de oxidagdo e redugdo capazes de
degradar poluentes ou produzir combustiveis, como o H> (Honda e Fujishima, 1972).

Segundo Osman et al. (2023), o mecanismo de fotocatalise comeca quando a luz (UV ou
visivel) atinge o fotocatalisador, excitando elétrons da banda de valéncia para a banda de condugao,
gerando pares elétron (e7) e lacunas (h*). Essas cargas migram para a superficie, onde e~ reduzem
moléculas (como O, formando superdxido) e h* oxidam compostos (como H-0, gerando radicais
hidroxila). A principal limitacdo da fotocatalise na quebra da molécula de H>O ¢ a rapida
recombinacdo dos pares elétron-lacuna, os quais podem ser perdidos por processos radiativos ou
ndo radiativos; apenas os pares que escapam dessa recombinagao sdo transportados para os sitios

ativos, seja por difusdo ou por acdo dos campos elétricos do fotocatalisador (Kumar et al., 2024).
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O processo de fotocatilise pode ser dividido em duas categorias: homogénea e
heterogénea, dependendo da fase do catalisador. A fotocatalise homogénea caracteriza-se pela
utilizacao de catalisadores moleculares em solugdo, tipicamente complexos metalicos de ferro,
cobre ou outros metais de transi¢do, que atuam em fase liquida homogénea com os substratos
reacionais (Huang et al., 2020). Neste processo, a excitacdo fotoinduzida promove a redugdo do
centro metalico, que subsequentemente participa em ciclos redox mediados por O, molecular,
gerando espécies reativas de O responsaveis pela degradagao oxidativa de compostos organicos
(Nosaka e Nosaka, 2017). Contudo, esta abordagem apresenta limitagdes operacionais
significativas, particularmente no que concerne a recuperagao e reutilizacdo do catalisador, além
de potenciais questdes de toxicidade ambiental (Huang et al., 2020).

Em contraste, a fotocatalise heterogénea emprega materiais semicondutores solidos que
atuam em interface com a fase reacional liquida ou gasosa. O mecanismo envolve a promocao
eletronica da banda de valéncia para a banda de condugdo sob irradiagdo, criando pares elétron-
lacuna que migram para a superficie do catalisador (Huang ef al., 2020). Estes portadores de carga
participam entdo em reacdes redox com espécies adsorvidas, gerando radicais hidroxila e
superoxido que mineralizam contaminantes organicos até CO: e H.O (Nascimento ef al., 2024).
Essa modalidade apresenta vantagens operacionais notaveis, incluindo a facilidade de separacao
solido-liquido, estabilidade quimica e possibilidade de reutilizagdo continua do fotocatalisador
(Huang et al., 2020).

Substratos oxigenados derivados de biomassa podem sofrer reforma fotocatalitica
seletiva, por meio de dois processos distintos. O primeiro envolve a conversdo termoquimica da
biomassa em H: e subprodutos gasosos (CO, CO2, CHa4) sob condi¢des elevadas de temperatura e
pressao (Kumar ef al., 2024). O segundo, mais sustentavel, emprega acucares residuais derivados
da biomassa, os quais sdo transformados em H: por meio de rotas como hidrélise, hidrogenacao e
fermentag¢do onde, mondmeros e oligdmeros oxigenados sdo inicialmente gerados, processados e
subsequentemente convertidos em uma mistura gasosa rica em Hz e CO; (Kumar et al., 2024). Em
comparagao com a divisao fotocatalitica de H>O, esse método apresenta vantagens significativas,
como taxas superiores de produgdo de H> e maior estabilidade operacional em longo prazo (Huang
et al.,2020).

Numerosas investigagdes cientificas tém comprovado a eficacia desta abordagem

empregando distintos substratos. Compostos oxigenados de elevada pureza, incluindo alcoois
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(metanol, etanol, glicerol), aldeidos (formaldeido, acetaldeido), acidos carboxilicos (férmico,
acético, latico) e sacarideos (mono-, di- e polissacarideos), demonstraram taxas de producao
notaveis (Puga, 2016). O emprego de acido ascorbico em conjunto com o fotocatalisador P3HT/g-
CsNa, produziu uma taxa excelente de 287.000 mmol-gcat™'-h™' de H> (Zhang et al., 2015). Com
relacdo as biomassas brutas, destaca-se a utilizacdo de galhos de madeira tratados com CdS/CdOx
sob irradiagdo de luz solar simulada, os quais produziram 5.590 mmol-gcat™'-h™ (Wakerley et al.,
2017).

A versatilidade metodologica ¢ evidenciada pelos resultados satisfatorios obtidos com
materiais heterogéneos: desde papel de filtro, azeite de oliva e biomassa algal (chlorella, nori) até
espécimes vegetais (arroz, gramineas), substratos de origem animal (quitina de barata) ¢ mesmo
excre¢des humanas e animais (urina, fezes humanas, esterco bovino), todos testados mediante
emprego do catalisador Pt/TiO. (Kawai e Sakata, 1980, 1981; Speltini et al., 2014). Outras
biomassas como serragem, papeldo e bagagco de cana-de-aglicar, também apresentaram
desempenho satisfatorio quando submetidas a processamento catalitico com NCNCNx e NiP
(Kasap et al., 2018).

No geral, a fotocatalise destaca-se como tecnologia promissora para producao sustentavel
de Hz, porém enfrenta desafios como baixa eficiéncia catalitica, custos elevados e limitagdo na
absor¢do de luz visivel (Huang et al., 2020). Superar essas barreiras exige o desenvolvimento de
materiais avancados com maior seletividade e estabilidade, além da otimizacdo de parametros
como concentragdo de catalisador e condicdes reacionais (Kumar et al., 2024). Embora os
principios estejam bem estabelecidos em escala laboratorial, a transi¢do para aplicagdes industriais
requer avancos em projetos piloto, infraestrutura de armazenamento e protocolos padronizados
(Isaacs et al, 2022). Investimentos em pesquisa serdo decisivos para transformar esse potencial

tedrico em solugdo pratica, consolidando a fotocatalise como poténcia na produgao de bio-Ho.

1.4.3 Conversdo termoquimica

A conversdo termoquimica ¢ uma tecnologia eficiente para transformar biomassa em
biocombustiveis, produtos quimicos e energia em escalas de tempo reduzidas, viabilizando a
cogeracdo de multiplos fluxos energéticos, incluindo calor e eletricidade, além de produtos

quimicos de valor agregado (Joshi et al., 2024; Che et al., 2025).
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A conversdo termoquimica ¢ classificada em quatro categorias principais (Fig. 4), de
acordo com o produto gerado: a conversdo em calor, que ocorre por meio da combustdo; a
conversao em produtos solidos, que compreende processos como torrefagdo e carbonizacao
hidrotérmica; a conversao em produtos liquidos, que inclui a liquefacao hidrotérmica e diversas
modalidades de pir6lise, como pirdlise rapida, flash e lenta; e a conversao em produtos gasosos,
que abrange tanto a gaseificacdo hidrotérmica quanto a convencional (Solarte-Toro et al., 2021;

Begum et al., 2024).

Figura 4. Visao geral de processos térmicos para valoriza¢do de biomassa lignoceluldsica
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Diferentemente da combustdo tradicional, que queima diretamente a biomassa, técnicas
como a gaseificagdo e a pirdlise decompdem o material em componentes fundamentais como CO,
H: e hidrocarbonetos, permitindo a sintese de produtos quimicos e biocombustiveis (Zhu et al.,
2025). Essa capacidade de transformacdo, aliada a gestdo sustentdvel de residuos, posiciona a

conversao termoquimica como uma das rotas mais promissoras para a bioeconomia (Zhu et al.,
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2025; Han et al., 2024). Esses processos destacam-se pela alta eficiéncia, reducdo volumétrica e
flexibilidade na produgdo (Hamed et al., 2024; Che et al., 2025).

Além dos ganhos energéticos, esses processos oferecem beneficios ambientais, como a
redugdo de emissoes de gases de efeito estufa (Hamed ef al., 2024). No entanto, para garantir um
balango positivo de carbono, ¢ essencial considerar as perdas decorrentes de mudangas no uso do
solo, assegurando que o carbono economizado supere o sequestro perdido (Wang e Wu, 2023).

A escolha do método mais adequado depende de fatores como tipo de biomassa,
viabilidade econdmica e produtos desejados, exigindo otimiza¢ao de parametros e, em alguns
casos, uso de aditivos para melhorar a seletividade (Joshi et al., 2024; Wang ¢ Wu, 2023). Com
sua versatilidade, a conversdo termoquimica permite o aproveitamento integral da biomassa,

alinhando produg¢do energética e sustentabilidade (Hamed ef al., 2024).

1.4.3.1 Combustdo

A combustdo direta de biomassa configura-se como o principal processo termoquimico
para conversao energética de recursos lignoceluldsicos, re spondendo por mais de 97% da geragao
global de energia a partir de biomassa (Ashfaq et al., 2024). Este processo ocorre em condi¢des de
atmosfera rica em O:) e temperaturas elevadas (900-1500°C), caracterizando-se pela oxidacao
completa do material para producdo imediata de calor, utilizado principalmente em usinas
termelétricas para geragao de vapor e eletricidade (Hamed et al., 2024; Wang & Wu, 2023).

Apesar de sua predominancia, a combustdo direta enfrenta desafios intrinsecos as
propriedades da biomassa. Como destacado por Wang e Wu (2023), os elevados teores de umidade
e Oz inerentes a biomassa resultam em um poder calorifico inferior ao de combustiveis fosseis
como o carvao. Essa deficiéncia energética exige uma quantidade maior de biomassa para
equivaléncia térmica, acarretando custos logisticos elevados associados ao armazenamento e
transporte. Ademais, a heterogeneidade composicional da biomassa (variacdo em umidade, teor de
cinzas e composicdo elementar) impde dificuldades na padronizagdo de pardmetros operacionais
em unidades de combustao, reduzindo a eficiéncia do processo (Wang & Wu, 2023).

Do ponto de vista ambiental, a combustdo direta apresenta desvantagens significativas
quando comparada a outras tecnologias. O processo emite quantidades consideraveis de poluentes
atmosféricos, incluindo material particulado e CO, em niveis que superam os observados em outros

processos termoquimicos (Lee ef al., 2023). Essa diferenca torna-se particularmente relevante no
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contexto atual de transi¢ao energética, onde a redugdo de emissdes e a eficiéncia energética tornam-

se critérios cada vez mais determinantes para a escolha de tecnologias de conversdo de biomassa.

1.4.3.2 Gaseificagdo

A gaseificagdo ¢ um processo termoquimico que converte materiais ricos em carbono em
gas, comumente chamado de syngas (CO, Hz, CO2, CHa e hidrocarbonetos leves), destacando-se
como alternativa mais eficiente € menos poluente que a combustio direta, com menores emissoes
de SOx e NOx e menor consumo de O> (Ashfaq et al., 2024; Hamed et al., 2024). Ocorrendo em
temperaturas elevadas (600-1300°C) e atmosfera com baixo teor de O2, o processo utiliza agentes
gaseificantes como ar, vapor ou Oz, sendo a temperatura um fator critico para a producao de Ha
(Lee et al., 2023; Wang & Wu, 2023).

O syngas derivado de biomassa lignoceluldsica apresenta uma razdo H./CO mais
favoravel que a obtida de combustiveis fosseis, embora com menor poder calorifico por massa
(Zhu et al., 2025). Residuos agricolas como bagago de cana e palhas de cereais destacam-se como
matérias-primas promissoras devido a sua alta conversibilidade em H> e CO (Santos e Alencar,
2020; Shahabuddin et al., 2020). No entanto, a natureza heterogénea destes materiais introduz
desafios técnicos significativos, incluindo a presenca de contaminantes como material particulado,
alcatrOes, compostos de enxofre e nitrogénio, além de metais alcalinos e pesados, que exigem
processos de purificagcdo robustos antes da utilizagdo em sinteses cataliticas (Zhu ef al., 2025).

Entre as solugdes tecnoldgicas, o processo SEBSG (Sorption-Enhanced Biomass Steam
Gasification) se destaca por permitir a captura in situ de CO:, aumentando simultaneamente a
producdo de H: e viabilizando emissdes negativas de carbono (Wang & Wu, 2023). A formacao de
alcatrdo, um dos principais desafios do processo, pode ser mitigada através da otimizacdo dos
gaseificadores (seja de leito fixo, fluidizado ou fluxo arrastado), do controle preciso das condigdes
operacionais (temperatura e tempo de residéncia) e da aplicag¢do de catalisadores especificos como
dolomita com niquel ou 6xidos alcalinos (Ashfaq et al., 2024; Joshi et al., 2024).

Apesar destes avangos, a escalabilidade industrial ainda enfrenta obstaculos importantes,
como a sinterizagao de sorventes, a desativagdo prematura de catalisadores por deposi¢cdo de coque
e os elevados custos operacionais (Wang & Wu, 2023). Projetos piloto, como uma planta de 1,5
MWth no Reino Unido, demonstraram viabilidade técnica, alcancando 96% de pureza de H: e

redugdo de 20% nos custos (Cranfield.ac.uk, 2021). Contudo, a purificagdo do syngas, ou seja,
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remoc¢do de contaminantes como alcatrdes, metais e particulados, ainda exige solu¢des mais
econdmicas (Zhu et al., 2025; Wang & Wu, 2023).

No contexto nacional, Rezende et al. (2025) avaliaram a produ¢do de H» por gaseificacao
de residuos de biomassa em Minas Gerais, simulando trés métodos distintos (ar, Oz e ar/vapor). Os
resultados destacaram os residuos de cana-de-aglicar como a principal matéria-prima, responsavel
por 82,8% do potencial produtivo, com custo nivelado de H> (LCOH) abaixo de US$ 3,53/kg em
regides como Uberaba e Frutal—dados promissores para a expansao da tecnologia. Estudos
complementares, como os de Montiel-Bohorquez e Pérez (2022) sobre misturas de biomassas,
Tsekos et al. (2021) com reformadores de leito fluidizado, ¢ Haydary ef al. (2021) na sintese de
metanol, reforcam a versatilidade do syngas e a importancia do refinamento das condigdes
operacionais.

O pleno desenvolvimento desta tecnologia sustentavel depende de investimentos
continuos em pesquisa e desenvolvimento, particularmente no aprimoramento de catalisadores e
sistemas de purificagdo, além de politicas publicas que incentivem sua integragdo com
biorrefinarias e sistemas de cogeragdo (Lee et al., 2023; Zhu et al., 2025). A implantacdo bem-
sucedida desta solugdo energética demandara sinergia entre avancos tecnoldgicos, planejamento
estratégico e modelos de negdcios inovadores para atrair investimentos, posicionando-se como

alternativa sustentavel na transi¢ao energética global (Ashfaq ef al., 2024; Ayub, Ren e Shi, 2024).

1.4.3.3 Pirolise

A pirdlise configura-se como uma tecnologia termoquimica sustentavel que promove a
decomposicao da biomassa em um ambiente inerte, gerando produtos liquidos (bio-6leo, composto
por H>O, componentes organicos, alcoois, aldeidos, fendis e furanos), sdlidos (biocarvao) e gasosos
(CO, CO», H: e hidrocarbonetos leves), em temperaturas que variam entre 250 °C e 1000 °C, na
auséncia de Oz (Ghosh et al., 2020; Kim et al., 2022; Lee et al., 2023; Adeniyi et al., 2024). Esse
processo destaca-se por sua eficdcia no tratamento de materiais carboniceos heterogéneos e
complexos, como a biomassa lignoceluldsica (Lee et al., 2021). No entanto, para biomassas com
elevado teor de umidade, como lodo e residuos de processamento de carne, a secagem prévia € uma
etapa crucial antes da pirolise (Wang et al., 2020).

A decomposicao térmica da biomassa envolve multiplos mecanismos de reagdo, nos quais

a hemicelulose se decompde entre 220 °C e 315 °C, produzindo acidos organicos e agucares; a
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celulose degrada-se entre 315 °C e 400 °C, gerando levoglucosana; e a lignina, por ser o
componente mais resistente, degrada-se em uma faixa de temperatura mais ampla, entre 200 °C e
900 °C (Mustapha et al., 2025). Em comparagcdo com outras tecnologias termoquimicas, como
liquefagdo e combustao, a pirdlise apresenta vantagens significativas, incluindo a produgao de bio-
6leo com alto teor de carbono e rendimento de até 75%, reducdo de custos operacionais devido aos
baixos tempos de residéncia, flexibilidade na obtenc¢do de diferentes produtos por meio do ajuste
de parametros operacionais e a possibilidade de processar a biomassa sem etapas prévias de
tratamento (Zhang et al., 2019).

A pirdlise convencional pode ser classificada em trés categorias principais. A pirdlise
lenta ocorre em reatores de leito fixo, com temperatura variando entre 300 °C e 700 °C, taxa de
aquecimento de 0,1-1 °C/s e tempo de residéncia entre 10 e 100 minutos, resultando em baixo
rendimento de biocarvao (Zhang et al., 2019; Joshi et al., 2024). J4 a pirolise rapida, realizada em
reatores de leito fluidizado, a vacuo ou leitos transportados, opera em temperaturas entre 400 °C e
800 °C, com taxa de aquecimento moderada (10-200 °C/s) e tempo de residéncia reduzido (0,5—
5s), sendo o método mais eficiente para a producdo de bio-6leo, combustiveis liquidos e gases
(Joshi et al., 2024). Sua eficiéncia e a qualidade dos produtos dependem de condi¢des operacionais
como temperatura, catalisadores, pressdo, aditivos e tipo de reator (Inayat et al., 2022). Por fim, a
pirdlise flash, também conduzida em reatores de leito fluidizado, a vacuo ou leitos transportados,
opera em temperaturas elevadas (800—-1000 °C), com taxa de aquecimento superior a 1000 °C/s e
tempo de residéncia inferior a 0,5s, destacando-se como uma técnica avangada capaz de converter
biomassa de baixo grau energético em produtos de alto valor, favorecendo principalmente a
formacgao de bio-0leo (70-80% em peso) (Joshi ef al., 2024).

Os rendimentos dos produtos obtidos dependem diretamente da composi¢ao do residuo,
da temperatura de pirdlise e da taxa de aquecimento. Temperaturas mais baixas tendem a favorecer
a producdo de fragdes liquidas, enquanto temperaturas mais elevadas aumentam a geracdo de
produtos gasosos (Wang e Wu, 2023; Mustapha et al., 2025). Entretanto, o bio-6leo bruto apresenta
desafios, como elevado teor de Oz e H2O, o que resulta em um valor calorifico significativamente
inferior ao dos combustiveis derivados do petroleo. Além disso, a presenca de acidos carboxilicos
pode induzir processos corrosivos e promover a agregagdo de outros componentes no bio-6leo
(Wang e Wu, 2023). Essas limitagdes reforcam a necessidade de aprimoramento das propriedades

fisico-quimicas do bio-0leo para que ele se torne uma alternativa viavel aos combustiveis fosseis.
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O biocarvao, por sua vez, ¢ um material estdvel, rico em carbono e de baixo custo, com
elevado potencial adsorvente devido a sua estrutura porosa e a presenga de grupos funcionais
aromatizados (COOH, OH e NH:), que conferem afinidade por metais (Xiang et al., 2020; Chen et
al., 2021; Cai et al., 2023). Tratamentos adicionais podem ser aplicados para otimizar sua area
superficial e porosidade, ampliando suas aplicagdes em areas como remediacdo de aguas
contaminadas por metais, melhoria da fertilidade do solo e produgdo de energia limpa (Leng et al.,
2021).

Estudos recentes tém explorado diferentes abordagens para otimizar a pirolise. Gao et al.
(2020) caracterizaram os perfis termodindmicos em reatores de leito fluidizado, estabelecendo
correlagdes entre gradientes térmicos e distribuicdo de produtos. Complementarmente, Park et al.
(2019) demonstraram que o uso de catalisadores metalicos suportados pode elevar os rendimentos
de fracdes liquidas para acima de 60%. Rao ef al. (2022) investigaram a pirdlise da espécie Ficus
religiosa, selecionada por seu alto teor volatil, identificando como condi¢des 6timas tamanho de
particula de 1,0 mm, fluxo de gas de arraste de 2,0 m3/h e temperatura de 450 °C, com analises
cromatograficas revelando a presenca de alcoois, fenois, alcenos, dcidos graxos saturados e ésteres
no bio-6leo produzido.

Avangos na compreensdo dos mecanismos de transferéncia de massa e calor t€m sido
alcancados por meio de anélises comparativas entre diferentes configuragdes reacionais. Karmee
et al. (2020) observaram que a introducao de sitios cataliticos altera significativamente o equilibrio
termodinamico, aumentando o rendimento de bio-6leo em 15,8% e reduzindo a formacgao de
biocarvao. Esses resultados foram posteriormente quantificados por Soni e Karmee (2020)
utilizando técnicas analiticas avancadas, como termogravimetria acoplada a espectrometria de
massas.

No que se refere a seletividade para compostos especificos, Wang et al. (2020) estudaram
os mecanismos moleculares associados a producdo preferencial de furfural, identificando a faixa
de 200 °C como critica para minimizar reacdes secundarias de polimerizagdo. Paralelamente,
Zhang et al. (2020) desenvolveram sistemas cataliticos baseados em oOxidos alcalino-terrosos,
alcancando rendimentos quantitativos na conversao de fragdes ligninicas em fendis substituidos.

Inovagdes em sistemas de aquecimento também tém impulsionado o desenvolvimento da
pirdlise. Zhou et al. (2020) implementaram um reator continuo de micro-ondas com eficiéncia

energética superior na producdo de gases de sintese, atribuida ao mecanismo de aquecimento
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volumétrico, que apresentou vantagens cinéticas em relacdo aos sistemas convencionais. No campo
das aplicagdes tecnologicas, Li et al. (2020a) desenvolveram materiais carbonaceos com
propriedades fisico-quimicas ajustaveis, abrindo novas perspectivas para aplicagdes em

armazenamento de energia e processos de separacdo molecular.

1.4.3.4  Torrefagdo

A torrefagdo de biomassa constitui um processo termoquimico conduzido em condigdes
moderadas de temperatura (200-300 °C) sob atmosfera com reduzido teor de O; ou inertes, cujo
objetivo primordial ¢ a melhoria das propriedades fisico-quimicas da biomassa para aplicagdes
energéticas ou agrondmicas (Wang & Wu, 2023; Joshi et al., 2024).

Durante este processo, ocorrem reagdes termoquimicas, como carbonilagdo e
desidratacdo, que promovem a remoc¢ao de grupos oxigenados e 4gua da matriz lignoceluldsica,
resultando em alteragdes estruturais significativas, incluindo a degradacdo da tenacidade e da
estrutura fibrosa (Niu, Tan e Hui 2016; Yek et al., 2021). O produto resultante, designado biocarvao
quando destinado a utilizagdo energética ou biochar quando aplicado como condicionador de solos,
apresenta caracteristicas aprimoradas, tais como, maior densidade energética, elevado poder
calorifico e hidrofobicidade acentuada, aproximando-se das propriedades do carvdao mineral
(Barskov et al., 2019; Ong et al., 2021).

Dentre os parametros operacionais que influenciam o processo, a temperatura de
torrefagdo emerge como o fator mais critico, superando em relevancia o tempo de residéncia, o teor
de umidade e a granulometria da biomassa (Wang & Wu, 2023). Investiga¢des conduzidas por
Pimchuai et al. (2010) e Phuang et al. (2021) evidenciam que a temperatura exerce influéncia
preponderante sobre o rendimento da massa e do poder calorifico, bem como nas propriedades
combustiveis do produto final. Por exemplo, a torrefagdo de bagaco de cana-de-agtcar na faixa de
250-300 °C resultou em aprimoramentos significativos nas propriedades do biocarvado, enquanto
a torrefacdo umida de biomassa lignoceluldsica demonstrou maior eficiéncia na otimizagao do
poder calorifico e na redu¢ao do teor de cinzas quando submetida a condi¢des térmicas adequadas
(Pimchuai et al., 2010; Phuang ef al., 2021).

A torrefagdo enfrenta desafios significativos, tanto de ordem técnica quanto economica.
Um dos principais obstaculos técnicos reside no fenomeno de autoaquecimento do biocarvao

durante o armazenamento, o qual, em condi¢des de dissipagdo térmica insuficiente, pode culminar
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em processos de autoignicao e até mesmo explosdes (Evangelista et al., 2018; Miyawaki et al.,
2021). Adicionalmente, o incremento no teor de cinzas apos a torrefacdo pode induzir problemas
operacionais em sistemas de combustdo, tais como escoriacdo, corrosdo e aglomeracao de
particulas (Niu, Tan e Hui, 2016). Do ponto de vista econdmico, os custos associados ao pré-
tratamento, torrefacdo e pds-tratamento da biomassa, incluindo etapas de fragmentacdo, secagem
e peletizacdo, superam os custos do carvao convencional, destacando a necessidade de
estabelecimento de padrdes de qualidade que assegurem a viabilidade comercial do biocarvao
(Wang & Wu, 2023).

Como estratégia para mitigar algumas dessas limitagdes, a densificacdo do biocarvao tem
sido amplamente investigada, visando a melhoria de suas propriedades mecanicas e a facilitacdo
do transporte ¢ armazenamento (Riva et al., 2021). Estudos como os de Alizadeh et al. (2022)
demonstraram que a torrefacdo de serragem de madeira em temperaturas entre 230-260 °C
proporcionou um incremento de 50% na resisténcia a tragao de pellets. De modo analogo, Wang et
al. (2020b) constataram que pellets torrefeitos exigem menor energia para moagem e exibem maior
estabilidade hidrofobica, mantendo sua integridade estrutural mesmo apds exposi¢do a dgua.

Em sintese, a torrefacdo representa uma tecnologia promissora para a valorizagdo de
biomassa, conferindo-lhe caracteristicas superiores as da matéria-prima in natura. Contudo, sua
implementag¢do em escala industrial demanda a superacao de desafios técnicos, como o controle de
reacdes exotérmicas indesejadas e a reducdo de custos operacionais, além da padronizacao de
protocolos que garantam a qualidade e seguranca do produto final (Wang & Wu, 2023; Joshi et al.,
2024).

1.4.3.5  Liquefagdo hidrotérmica

A liquefacdo de biomassa tem se consolidado como uma tecnologia termoquimica
promissora para a conversao de matérias-primas organicas em biocombustiveis liquidos, com
destaque para o bio-0leo, além de subprodutos como biochar e gases (Wang & Wu, 2023). Este
processo ocorre tipicamente em condigdes moderadas de temperatura (200-600°C) e alta pressao
(5-25 MPa), empregando diversos solventes como agua, etanol, acetona ou fendis, além de
catalisadores para otimizar a eficiéncia da conversdo (Xu & Li, 2021; Bodur et al., 2023).

A liquefacdo hidrotérmica (HTL) merece especial aten¢do por sua capacidade de

processar biomassa imida sem a necessidade de etapas prévias de secagem, o que representa uma



52

vantagem econdmica e energética significativa (Kumar et al.,2021). O mecanismo da HTL envolve
uma sequéncia complexa de reagdes quimicas, incluindo hidrélise, pirdlise, despolimerizacio e
reforma molecular, resultando na produgdao de um bio-0leo com caracteristicas energéticas
superiores as obtidas por outros processos termoquimicos (Shah et al., 2022).

Diversos estudos tém demonstrado a importancia critica dos pardmetros operacionais no
rendimento e qualidade dos produtos. A temperatura apresenta-se como um fator particularmente
relevante, com pesquisas indicando rendimentos 6timos na faixa de 260-300°C para diferentes
biomassas (Bodur ef al., 2023; Hamed et al., 2024; Mazhkoo et al. 2025). A pressao, por sua vez,
mostra efeitos positivos até cerca de 221 bar, tornando-se menos significativa em condi¢cdes mais
extremas (Ravichandran et al., 2022; Mazhkoo et al. 2025). A sele¢do adequada de solventes e
catalisadores também se mostra crucial, com compostos como etanol e tetralina atuando como
eficientes doadores de H», enquanto catalisadores alcalinos (K2CO3, NaOH) e metalicos (Ni, Co)
podem aumentar significativamente os rendimentos (Isa et al., 2014; Nallasivam et al., 2022; Wu
et al., 2022; Pattnaik et al., 2022; Bodur et al., 2023).

A natureza da matéria-prima apresenta profunda influéncia nos resultados do processo.
Biomassas ricas em celulose e hemicelulose, como residuos agricolas, tém se mostrado
particularmente adequadas devido a sua estrutura molecular mais simples (Xue et al., 2016).
Pesquisas recentes tém explorado diversas fontes alternativas, como residuos tabaqueiros
(Saengsuriwong et al., 2023), casca de amoreira (Chen et al., 2018) e troncos de palma (Cutz et
al., 2023).

Apesar do considerdvel progresso, importantes desafios permanecem. O bio-6leo
produzido pela HTL apresenta caracteristicas como elevado teor de Oz (9-25%) e nitrogénio (até
10%), o que afeta negativamente sua estabilidade e propriedades energéticas (Leng ef al., 2020).
A remogdo desses elementos indesejados requer processos adicionais de hidrodesoxigenacao e
hidrodesnitrogenagdo, que consomem quantidades significativas de H» (Haider et al., 2020; Mishra
et al.,2022). Além disso, questdes de engenharia relacionadas a corrosdo, incrustacao e resisténcia
de materiais em condi¢des extremas representam obstaculos importantes para a escalabilidade do
processo (Ghadge et al., 2022).

Comparada a outras tecnologias termoquimicas, a HTL apresenta vantagens significativas
em termos de eficiéncia energética, produzindo bio-6leos com menor teor de umidade e maior

poder calorifico (Yu ef al., 2021). A integracdo com processos complementares, como a reforma
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catalitica, tem demonstrado potencial para aumentar ainda mais a produg¢do de H, e melhorar a
eficiéncia global do sistema (Mustapha et al., 2025). A otimizag¢do continua dos pardmetros
operacionais, o desenvolvimento de catalisadores mais eficientes e a superagao dos desafios

técnicos serao fundamentais para viabilizar sua aplicagdo em escala industrial.

1.43.6 Carbonizacdo hidrotérmica

A carbonizagdo hidrotérmica (HTC, do inglés Hydrothermal Carbonization) ¢ um
processo termoquimico que converte biomassa em produtos solidos, liquidos e gasosos sob
condi¢des moderadas de temperatura (180-280°C) e pressdo (2—6 MPa), utilizando 4gua como
meio reativo (Lee et al., 2023; Rojas et al., 2025). Essa técnica ¢ particularmente vantajosa para
matérias-primas com alto teor de umidade (70-90%), como lodo de esgoto, residuos organicos ¢
algas, eliminando a necessidade de etapas de secagem prévia (Rasaq et al., 2024; Shan et al., 2024).

O processo de HTC promove transformacdes fundamentais na biomassa, mediadas por
reacdes sequenciais de hidrélise, desidratagdo, descarboxilagdo e polimerizagdo (Joshi et al., 2024).
Esses mecanismos conduzem principalmente a formagao de hidrocarvao, um material carbonéaceo
solido que apresenta densidade energética elevada e propriedades combustiveis superiores as da
biomassa original (Guo et al., 2025). Paralelamente, embora em propor¢des menores, ocorre a
geragdo de produtos gasosos secundarios, complementando o espectro de conversao da biomassa.

O hidrocarvao produzido apresenta aplicacdes diversificadas, incluindo uso como
combustivel solido, condicionador de solo, adsorvente para tratamento de efluentes e catalisador
(Shan et al., 2024; Mahalaxmi et al., 2025). Sua estrutura porosa e grupos funcionais oxigenados
conferem alta capacidade de adsorcdo, tornando-o eficaz na remog¢ao de contaminantes como
corantes € metais pesados (Islam et al., 2022; Petrovi¢ et al., 2024). Do ponto de vista energético,
o hidrocarvao possui poder calorifico comparavel ao do linhito, com menores teores de enxofre e
nitrogénio, alinhando-se as demandas por fontes de energia mais limpas (Guo et al., 2025; Titirici
et al., 2007). Adicionalmente, o processo de HTC ¢ considerado neutro em emissdes de CO2, uma
vez que o carbono ¢ sequestrado no hidrocarvao, contribuindo para a mitigagdo das mudangas
climaticas (Yu et al., 2024).

Entre os gases gerados, destacam-se o CO2, CH4 e, em menor proporcao, o Hz, este tiltimo
considerado um vetor energético de alto valor devido ao seu potencial para geracdo limpa de

energia (Cortright et al., 2002; Oliveira et al., 2022). A fase liquida resultante da HTC, que
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corresponde a 90% do produto final, ¢ rica em teor de carbono organico dissolvido, uma matéria-
prima valiosa para processos de recuperagdo energética, como reforma a vapor e fermentagdo
microbiana (Blach e Engelhart, 2025; Hu et al., 2022).

Estudos demonstram que a digestdo anaerdbia dessa fase liquida pode produzir biogés
(CH4/CO2), enquanto a reforma catalitica em condigdes moderadas favorece a geracdo de H-
(Oliveira et al., 2022; Guo et al., 2025). Entretanto, a presenca de compostos inibidores (fenois,
furanos) e os requisitos de purificacao gasosa impdem desafios técnicos € econdOmicos ao processo
(Langone et al., 2021; Xu et al., 2022), agravados pela complexidade dos mecanismos reacionais
e pela necessidade de etapas adicionais de separagdo e secagem (Rojas et al., 2025; Guo et al.,
2025).

A superacdo desses obsticulos demanda avancos significativos na otimizagdo de
parametros operacionais € no desenvolvimento de catalisadores especificos (Kruse ¢ Dahmen,
2015; Guo et al., 2025). Sem embargo, a carbonizagio hidrotérmica consolida-se como tecnologia
estratégica para conversdo sustentdvel de residuos, combinando eficientemente beneficios

energéticos, ambientais e econdmicos (Padhye ef al., 2022; Jamal-Uddin ef al., 2022).

1.4.3.7  Reforma da fase aquosa

Como detalhado no topico anterior, a fase aquosa gerada durante HTC contém elevada
concentracdo de compostos organicos, como acidos carboxilicos, fendis, furanos e agticares, cujo
descarte e tratamento representam um desafio ambiental (Blach e Engelhart, 2025; Dahdouh et al.,
2024). Dentre as estratégias de valorizagao desse produto final, a Reforma em Fase Aquosa (APR)
destaca-se como uma rota eficiente para a conversao desses efluentes em bio- H, integrando-se a
processos como recuperagao de nutrientes e producdo de biocombustiveis (Oliveira ef al., 2022).

A APR, trata-se de uma tecnologia termoquimica catalitica que opera em condi¢des
moderadas (100-250°C, 15-50 bar), convertendo compostos oxigenados derivados de biomassa
em Hz, CO2, CH4 e outros gases, sem exigir vaporizagao prévia, o que reduz significativamente o
consumo energético em comparagdo com métodos convencionais, como reforma a vapor e
gaseificagdo (Li et al., 2025; Jamil et al., 2024b). O processo ocorre em fase liquida aquosa,
envolvendo reagdes sequenciais de clivagem de ligagcdes C-C e deslocamento gas-dgua (WGS),

minimizando a formacao de subprodutos toxicos (Cortright et al., 2002; Tian et al., 2024).
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A integracdo desse processo no refino de materiais lignocelulosicos apresenta diversas
vantagens: os derivados de biomassa sao soluveis, ndo toxicos e ndo inflamaveis, facilitando seu
manuseio, transporte € armazenamento; 0 processo requer temperaturas e pressoes moderadas;
utiliza solugdes ricas em agua como meio reacional, o que reduz o consumo de energia em
comparag¢do com a reforma a vapor; favorece a conversao de CO em CO», minimizando a formacao
de produtos indesejados e por fim, todo o processo ocorre em um unico reator, simplificando as
operagoes (Xiao et al., 2023; Leng, Barghi e Xu, 2024; Tian ef al., 2024).

No entanto, o uso de biomassa lignocelulosica apresenta uma complexidade estrutural que
demanda pré-tratamentos, como hidrdlise ou HTC, para liberar agucares e poliois soluveis, mais
adequados a conversdo via APR (Arlt ef al., 2025). A hidrolise acida da celulose, por exemplo,
produz glicose, que pode ser hidrogenada a sorbitol, um composto modelo com alta eficiéncia nesse
processo (Jamil et al., 2024Db).

Estudos pioneiros, como os de Valenzuela et al. (2006), demonstraram que hidrolisados
de celulose e hemicelulose podem alcangar rendimentos de 4-6 mol H: por mol de agticar quando
processados com catalisadores de Pt/Al.Os. No entanto, a presenca de lignina, componente
estrutural recalcitrante, introduz desafios adicionais, como formagdo de coque e desativacao
catalitica (Meryemoglu et al., 2016). Estratégias como ajuste de pH e desenvolvimento de novos
catalisadores tém sido adotadas para mitigar esses efeitos e prolongar a atividade catalitica.

Embora metais nobres (Pt, Pd, Ru) apresentem alta seletividade para H, seu custo elevado
e baixa estabilidade em correntes complexas limitam sua aplicagdo em escala industrial (Li ef al.,
2025). Catalisadores a base de niquel (Ni) sdo economicamente vidveis, mas sofrem desativacao
por deposicdo de carbono (Tian et al., 2024). Solugdes inovadoras incluem catalisadores
bimetalicos (Pt-Co, Ni-Sn), que exploram efeitos sinérgicos para melhorar atividade e estabilidade.
Rosmini et al. (2024) observaram que a adicdo de Sn a catalisadores Ni/Ce-Zr inibe reagdes de
metanagdo, aumentando a seletividade para H> em 40%, enquanto Li et al. (2024) alcancaram uma
taxa de producao de 139,9 mmol H:z gcat™ h™! com Pt/FesC.@C, mantendo CO abaixo de 0,01%.

A APR também tem sido aplicada com sucesso no tratamento de efluentes industriais.
Oliveira et al. (2021) reportaram a produc¢do de 12,2 mmol Hz/g de DQO a partir de dguas residuais
de cervejarias, superando métodos convencionais de digestdo anaerdbia. Avangos no
escalonamento do processo foram alcangados por Arlt et al. (2025), que implementaram reatores

continuos para tratamento de efluentes de liquefagdo hidrotérmica, utilizando catalisadores de Pt/C
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com estabilidade operacional superior a 100 horas. Resultados semelhantes foram obtidos por
Meryemoglu et al. (2016) no processamento de residuos de kenaf, com catalisadores de Pt
suportados em carvao ativado, produzindo gases contendo 55-60% de Ho.

Além disso, a APR tem sido explorada na valorizagdo de bio-6leos derivados de pirdlise.
Justicia et al. (2023) demonstraram a eficacia de catalisadores Pt/C na conversdao de fragdes
aquosas de bio-6leo, alcancando teores de CO inferiores a 0,2 ppm, padrido necessario para
aplicacdo em células a combustivel. Heras et al. (2024) reforgaram a viabilidade economica da
APR em relagdo a reforma a vapor, destacando a eliminagao de etapas de vaporizagao como fator
determinante.

Apesar dos avancgos, a heterogeneidade das biomassas lignoceluldsicas ainda representa
um desafio para a reprodutibilidade do processo (Valenzuela et al., 2006). A desativacdo catalitica
por compostos ligninicos e a necessidade de otimizacao das condigdes operacionais para diferentes
matérias-primas permanecem como obstaculos significativos (Justicia et al., 2023; Tian et al.,
2024). Pesquisas futuras devem priorizar o desenvolvimento de catalisadores mais robustos, a
exploragdo de novas matérias-primas e a integracdo com outros processos termoquimicos, além de
avaliagdes técnico-econOmicas em escala piloto e industrial. Esses avangos sdo essenciais para
consolidar a APR como tecnologia sustentdvel de produg¢do de H» renovével e valorizacao de
residuos, contribuindo para a transi¢ao energética e a consolidacdo de métodos mais eficazes de

gerenciamento de residuos.

1.5 Biomassas lignocelulosicas locais disponiveis

Existem fontes abundantes de biomassa que podem ser valorizadas por meio de diversos
processos e produtos, em diferentes regides do mundo, sendo sua qualidade e caracteristicas
influenciadas por fatores multidimensionais, como disponibilidade hidrica, condi¢des do solo,
clima e praticas agricolas sustentaveis (Kaniapan et al., 2021).

A reducao dos impactos ambientais associados ao transporte ¢ um dos principais objetivos
do fornecimento regional de biomassa. Estudos, como o de Wagner et al. (2019), utilizando o
miscanto como exemplo, demonstram que distancias de transporte de at¢ 50 km tém impacto
significativo no desempenho ambiental de produtos derivados de biomassa. Além disso, a producao
de biomassa pode gerar renda para comunidades rurais, ao passo que sistemas de certificacdo, como

os propostos por Lewandowski e Faaij (2006), ajudam a mitigar riscos, como a perda de direitos
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de uso da terra por pequenos agricultores. Ademais, a instalagdo de biorrefinarias em regides com
alta produtividade de biomassa e a exportagdo de materiais processados de base bioldgica podem
impulsionar a economia local e reduzir os impactos ambientais do transporte, desde que haja
estabilidade na demanda do mercado (Dahmen et al., 2018).

A Amazonia Legal abriga uma extrema abundancia de espécies de diferentes familias que
produzem frutos comestiveis, amplamente consumidos tanto pelas populagdes locais quanto pela
fauna silvestre (Klink e Machado, 2005). Historicamente, a exploracdo desses recursos na regiao
esta associada a atividades extrativistas (Silva et al., 2016), como no caso do barueiro, do
cupuaguzeiro e do pequizeiro (Fig. 5). Contudo, ainda persistem lacunas criticas no conhecimento
sobre sua biologia e manejo, aspectos fundamentais para garantir o uso sustentavel desses recursos.
Diante desse cenario, torna-se urgente fomentar estudos e desenvolver alternativas que permitam
compreender o papel ecoldgico dessa diversidade na manuten¢do do equilibrio dos ecossistemas,

bem como avaliar os impactos decorrentes de mudangas em seu funcionamento.

Figura 5. Biomassas da Amazonia Legal com potencial para uso em biorrefinafias

Fonte: Autora.

1.5.1 Baru (Dipteryx alata Vog.)

O barueiro, arvore nativa do Cerrado brasileiro e pertencente a familia Leguminosae, ¢
uma espécie de grande importancia ecologica e econdmica. Conhecido por diversos nomes
populares, como barujo, baruzeiro, coco-feijdo e cumaru, esse vegetal se destaca por sua alta
produtividade e taxa de sobrevivéncia de 96%. Seu ciclo reprodutivo ¢ bem definido, com floragao

ocorrendo entre novembro e maio e frutificagdo de julho a outubro. Os frutos, que medem em
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média 5x4 cm, amadurecem justamente no periodo de seca, servindo como fonte critiva de alimento
para a fauna local, o que confere ao barueiro o status de espécie-chave do bioma (Almeida, Silva e
Ribeiro, 1987; Sano et al., 2004; Vera e Souza, 2009).

Os frutos do baru sdo ricos em compostos nutritivos e bioativos. A polpa, consumida
tradicionalmente na forma de farinha e doces, e as améndoas (sementes torradas), utilizadas em
preparagdes como pagoca, pé de moleque, biscoitos e licores, sdo as partes mais valorizadas
(Almeida, Silva e Ribeiro, 1987; Vera e Souza, 2009). As améndoas se destacam pelo alto teor de
proteina bruta (26,3%) e lipidios (33,3%), com o 6leo extraido sendo composto principalmente por
acidos graxos insaturados (75,6%) (Vera e Souza, 2009). Ja a casca e¢ a polpa apresentam
composi¢ao rica em amido, fibras insoluveis, agucares, vitaminas € minerais essenciais como
potéssio, ferro, célcio e fosforo (Rocha e Santiago, 2009).

A combinagdo entre alta disponibilidade no Cerrado e valor nutricional posiciona o baru
como matéria-prima promissora para a industria alimenticia (Alves-Santos et al., 2023; Paulo et
al.,2023; Viana et al., 2023). Além disso, sua composi¢ao quimica diversificada tem despertado o
interesse da comunidade cientifica para o desenvolvimento de novos produtos e aplicagdes
tecnologicas (Moraes et al., 2018; Rambo et al., 2020; Santana et al., 2020), reforgando o potencial

dessa espécie para aliar uso tradicional e inovacao.

1.5.2 Cupuagu (Theobroma grandiflorum)

O cupuagu, fruta tipica da Amazonia, chama a atencao pela sua casca dura e lenhosa, além
da polpa amarelada, suculenta e de sabor marcadamente &cido. Sua composi¢do ¢ dividida em
aproximadamente 45% de casca, 35% de polpa, 18% de sementes e 2% de placenta (Nazarg,
Barbosa e Viégas, 1990; Gondim ef al., 2001).

O cupuaguzeiro, arvore que pode alcancar até 15 metros de altura, com copa de 6 a 8
metros de didmetro, tem dois periodos distintos de floracdo: um mais curto, entre julho e agosto,
durante o verdo amazodnico, e outro principal, no final da estagdo seca e inicio das chuvas, em
outubro e novembro. Seus frutos, que pesam em média 1,5 kg, apresentam casca lisa e verde,
recoberta por pelos marrons (Gondim et al., 2001; Ribeiro, 2000; Lopez, 2015).

A versatilidade do cupuagu ¢ uma de suas maiores riquezas, ja que suas partes podem ser
facilmente processadas pelas comunidades locais com tecnologias simples. A polpa, consumida in

natura, ¢ amplamente utilizada na produgao de sucos, sorvetes, licores, vinhos, compotas, cremes
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e doces (Nazaré, 2003; Duarte et al., 2010). Ja& as sementes, quando processadas, resultam em
achocolatados com caracteristicas semelhantes as do cacau (Nazaré, Barbosa e Viégas, 1990;
Lannes e Medeiros, 2003).

Além disso, a casca do cupuacu tem ganhado destaque como matéria-prima para diversos
setores. Estudos recentes demonstram seu potencial na produgdo de bioprodutos em biorrefinarias
(Ceroén, Higuita e Cardona, 2014; Mendonga et al., 2019; Lisboda et al., 2021; Borges et al., 2020;
Marasca et al., 2022), além de aplicagdes na industria alimenticia (Bezerra et al., 2024) e no
desenvolvimento de cosméticos e farmacos (Pugliese et al., 2013; Acosta-Vega et al., 2023; Da

Silva et al., 2024; Orduz-Diaz et al., 2024).

1.5.3 Pequi (Caryocar brasiliense Camb.)

O pequi, fruto emblematico do Cerrado cujo nome deriva do tupi py-qui (py-qui; py =
pele/casca e qui = espinho - "pele espinhenta", em referéncia aos espinhos do endocarpo), ¢
produzido por uma arvore que pode atingir de oito a dez metros de altura, com floracdo entre
setembro e mar¢o (Lorenzi, 1992; Santana e Naves, 2003). Para os povos indigenas, como 0s
Mehinako do Xingu, o pequi possui significado cultural profundo. Prance (1990) relata que
realizam um festival de um més em homenagem aos "espiritos do pequi", visando assegurar boas
colheitas.

Morfologicamente, o fruto apresenta um exocarpo verde-marrom, um mesocarpo externo
de polpa branca e um mesocarpo interno (parte comestivel), cuja coloragao varia do amarelo-claro
ao alaranjado-escuro. O endocarpo espinhoso protege a améndoa, envolta por uma fina pelicula
marrom (Aratjo, 1995). Nutricionalmente, destaca-se pelo alto teor de lipidios (27,17%), proteinas
(4,04%) e B-caroteno (11,4%) (Oliveira et al., 2008). A casca corresponde a 84% do peso total do
fruto maduro, enquanto a polpa representa 10% e a semente, 6%. A casca, rica em carboidratos
totais (50,94%), supera em teor nutricional polpas de outros frutos regionais como araticum, buriti
e mangaba (Oliveira et al., 2008).

Apesar da escassez de estratégias de manejo documentadas (Araujo, 1995), estudos
recentes tém ampliado o potencial de aproveitamento do pequi. Além do consumo in natura, a
polpa ¢ transformada em 6leo (Aquino et al., 2009; Gedcze et al., 2013), pasta (Arévalo-Pinedo et
al., 2010) e concentrado proteico (Lima, Souza e Pinto, 2020), enquanto a améndoa ¢ utilizada em

produtos alimenticios (Rabelo et al., 2008). A casca, por sua vez, € aproveitada como farelo para
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alimentagdo animal (Geraseev et al., 2011; Silva et al., 2016), farinha (Campos et al., 2016) ¢
carvao (Lopes et al., 2015). Na area de biorrefinaria, destaca-se na produg¢do de bio-6leo (Cardoso,
Zavarize e Vieira, 2019), biocarvao (Borba et al., 2019; Melo et al., 2023) e outros produtos

quimicos (Scapin et al., 2020; Borges et al., 2020), consolidando seu papel na bioeconomia.
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2. OBJETIVOS

2.1 Objetivo Geral

Investigar metodologias de valorizacdo de biomassas residuais da Amazonia Legal para o

desenvolvimento de bioprodutos (biocarvao, bio-6leo e bio-H»), avaliando sua aplicabilidade em

mitigacdes de impactos ambientais e seu potencial de contribuig¢do para a transi¢ao energética justa

no Brasil.

2.2 Objetivos Especificos

L
II.

I1I.

IV.

VL
VIL
VIIL

IX.

Caracterizar as matérias-primas com relagdo as suas caracteristicas fisico-quimicas;
Sintetizar bio-6leo e biocarvao via pirolise lenta em reator de leito fixo, sob condi¢des
especificas de temperatura e taxa de aquecimento;

Caracterizar os bioprodutos obtidos das pirélises por meio de técnicas avangadas de analise;
Modificar as superficies dos biocarvdes;

Avaliar a eficiéncia dos biocarvdes em ensaios de adsorcdo de As(V) em agua sob
condi¢des definidas em Delineamento Composto Central (DCC);

Analisar a influéncia das variaveis utilizadas no ensaio de adsor¢ao de As(V);

Investigar a valoriza¢do das biomassas na produgdo sustentavel de bio-Ho;

Avaliar a eficiéncia da produgdo de bio-H> via reforma da fase aquosa (APR) direto,
carbonizacao hidrotérmica (HTC) e em processos integrados (hidrolise + APR);

Otimizar os parametros de temperatura e relagdo biomassa/dgua (m/v) nos processos
realizados em laboratoério;

Avaliar a escalabilidade do processo por meio de experimentos em escala piloto.
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CAPITULO 1

Caracterizagao de Biomassas e de Bioprodutos Gerados por Pirélise Lenta

Exploring the Potential of Waste Biomass from the Brazilian Legal Amazon in Bioproducts
Production: a comprehensive analysis and promising perspectives
BORGES, M. S. et al. Journal of the Brazilian Chemical Society, 24 out. 2024.
doi: https://dx.doi.org/10.21577/0103-5053.20240202
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Introduction

Contemporary global challenges, such as climate change and the depletion of fossil
resources, highlight the urgent need to develop alternative economic models to the traditional linear
post-Industrial Revolution approach. The 21st-century bioeconomy emerges as a promising
approach, promoting the effective reuse of resources for a sustainable economy. '

Adopting multiple approaches adapted to the specificities of different ecosystems and
socioeconomic contexts is more effective than a single model.* Biological diversity offers
significant potential, providing resources that can be transformed into high-value economic
products.>*¢

The valorization of these biological resources occurs through various pathways, including
the use of plant residues in thermochemical conversion processes.”!? These innovations focus on
converting the carbon present in raw materials into biofuels and valuable chemicals, representing
a significant advancement in the utilization of these resources.'*!?

In the last two decades, research on pyrolysis has advanced considerably.” This sustainable
thermochemical process converts biomass into pyrolytic gas, bio-oil, and biochar at temperatures
ranging from 280 °C to 1000 °C in the absence of oxygen.®!4-16

Bio-oil, a dark brown liquid with high oxygen content, has low calorific value, making its
use as a fuel challenging.””!” To improve its calorific value and extract valuable chemicals,
techniques for fractionating bio-oil are employed, including physical, chemical, and catalytic
methods.!”!8 Biochar, a byproduct of pyrolysis, is a stable, carbon-rich, and low-cost material with
great adsorptive potential due to its highly porous structure and aromatic functional groups (COOH,
OH, and NH?), as well as its affinity for metals.!*-?!

The characteristics of biomass influence the production of biochar with specific structures.
Therefore, research is focused on the mediation of biomass feedstock and pyrolysis parameters,
such as temperature, heating rate, and residence time.?>?* Additionally, treatments are applied to
obtain biochar with preferred surface area and porosity, expanding its applications in various fields,
such as metal adsorption in water, soil fertility enhancement, and clean energy production.?*

In the investigation of new sources for energy use, lignocellulosic waste from native fruit
species of the Legal Amazon region demonstrates significant potential for energy utilization. This

region is a legal and administrative boundary established by Law N° 5.173/66, encompassing

100% of the Brazilian Amazon biome, as well as parts of the Cerrado and the Pantanal of Mato
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Grosso.? Fruits such as Baru (Dipteryx alata Vog.), Cupuagu (Theobroma grandiflorum (Will. Ex
Spreng.) K. Schum), and Pequi (Caryocar brasiliense Camb.) are commonly found in the diet of
local populations; however, a considerable percentage is not properly utilized. In this regard,
researchers have been investigating the physicochemical properties of the waste from these fruits,
integrating processes and optimizing reaction conditions for the production of biorefinery
bioproducts, such as furan compounds, levulinic acid, biochar, and bio-oil.26-3?

Considerable amounts of this waste lack proper disposal, making the search for alternatives
increasingly attractive, not only to encourage technological and economic advancement but also to
highlight the important role of these species in maintaining ecosystem balance. The main objective
of this work was to characterize the bio-oils and biochars obtained through pyrolysis, analyzing the

nature of the biomass, the physicochemical compositions, and the morphological characteristics of

each product, as a promising possibility for the energy use of waste produced in the Legal Amazon.

Experimental

Samples

For this study, the fruits of Baru, Cupuagu, and Pequi were sourced from local farmers'
markets in the city of Palmas, Tocantins, Brazil. The pulps and almonds were manually removed
with the aid of a knife. The husks of Baru and Cupuacu, and the stones of Pequi were then cleaned
and air-dried for 48h, followed by additional drying in an oven (SolidSteel, model SSDc-110L, Sao
Paulo, Brazil) at 50 °C for 24h. After drying, the raw materials underwent a physical pre-treatment,
where they were ground using a Willey-type knife mill (22 mesh) (Start FT 50 - Fortinox). The
resulting particles were sieved until they reached a size range of 180 to 850 um and stored in airtight

glass jars, following the ASTM D3173-87 standard for future use.**

Approximate Chemical Analysis

The approximate chemical analysis, or immediate analysis, of the samples was conducted
following the standards of the American Society for Testing and Materials (ASTM). This included
the determination of four main components: moisture content (ASTM D3173-87); volatile matter
(ASTM D3175-07); ash content (ASTM D3174-04); and fixed carbon, calculated by subtracting
the sum of percentages of moisture, volatile matter, and ash content from 100%. Each analysis was

performed in triplicate to ensure the accuracy of the results.?*-3¢
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Extractives

The extractive analysis was conducted using a Soxhlet extractor (Biomixer, BX-500).
Approximately 3 g of each biomass sample were subjected to extraction with 190 mL of ethanol
95% (v/v) for a period of 12h, following the methodology of the National Renewable Energy
Laboratory (NREL).>” After extraction, the cartridges containing the samples were removed and

placed on Petri dishes for air drying for 48h.

Determination of Hemicellulose and Cellulose

The proportion of hemicellulose in the samples was determined by the difference between
Neutral Detergent Fiber (NDF) and Acid Detergent Fiber (ADF), according to the methodology of
the Association of Official Analytical Chemists (AOAC).*®

Acid Hydrolysis

To determine the contents of structural carbohydrates and lignin, the samples underwent a
two-stage acid hydrolysis process following the methodological procedure outlined by the National
Renewable Energy Laboratory (NREL).*® In this process, 300 mg of each sample were mixed with
3 mL of sulfuric acid 72% (v/v) and maintained in a water bath (Fisatom, model 550, Brazil) at 60
°C for 1h, with agitation every 10min. Subsequently, 84 mL of water were added, and the samples
were transferred to an autoclave (Prismatec, model CS-A, Sao Paulo, Brazil) where they were held
at 120 °C for 1h. After the reaction, the solutions were filtered through medium-porosity crucibles

(10 to 15 um) using a vacuum pump with a compressor (LT 65, Limatec).

Lignin Content

The lignin contents were determined following the procedure from the National Renewable
Energy Laboratory (NREL).>” Acid-soluble lignin (ASL) was quantified using a UV-Vis
spectrophotometer (HACH/Germany, DR5000) at a wavelength of 294 nm, using a H>SO4 4%
(v/v) solution as a blank. The solids retained in the crucibles were dried at 105 °C for acid-insoluble
residue (AIR) analysis, and subsequently calcined at 575 °C for 4h to determine acid-insoluble ash
(AIA). Klason lignin (KL), or insoluble lignin, was obtained by subtracting AIA from AIR. Total
lignin (TL) was calculated as the sum of KL and ASL.
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Slow pyrolysis

The thermal conversions of the samples were conducted with approximately 65 g of
biomass in a fixed-bed reactor made of stainless steel, measuring 100 cm in length and 10 cm in
outer diameter. The reactor was heated by a tilting two-chamber furnace (FLYEVER brand, model
FES0RPN, line 05/50, Sao Paulo, Brazil) and operated in batch mode. The stripping gas used in
the reaction was steam heated to 133 °C in an autoclave. The procedure was carried out at a
temperature of 650 °C, with an inert gas flow rate of 6 mL min™! and a heating rate of 30 °C min™.
The pyrolysis process lasted for 15min at 150 °C, followed by 30min at 650 °C. After cooling, the
solid material was recovered directly from the reactor, and the pyrolytic liquids were collected after

steam condensation using a phase separation funnel.

Analysis of biochars

Elemental analysis

The carbon, hydrogen, and nitrogen contents in the biochars were determined using a Perkin
Elmer 2400 Series II elemental analyzer. The biochar samples, with a particle size of 0.044 mm
(Tyler/Mesh 325), were combusted in a pure oxygen atmosphere. Each analysis was conducted

using 0.5 g of sample.

Surface Area Test - BET

The surface area and pore size distribution of the biochars were determined using a Surface
Area System and Porosimetry equipment (ASAP 2010 model, Micromeritics). Samples of 0.5 g
were analyzed to establish the surface area by the N2-BET method and pore size distribution. The
pore diameter range used varied from 0.35 to 300 nm, and the surface area was evaluated in the

range of 0.01 to 3.000 m? g, with thermal treatment between 30 and 350 °C.

Thermogravimetric Analysis (TGA) and Differential Thermogravimetric Analysis
(DTG)

Thermogravimetric analyses were conducted using a TGA Q5000 instrument (TA
Instruments Inc., USA), calibrated with dihydrate calcium oxalate (CaC»04:2H>0, 99.9%).
Thermal characterization of the samples was performed at a heating rate of 10 °C min™' up to 750
°C, using a sample mass ranging from 3 to 6 mg. The analysis atmosphere consisted of nitrogen

with a flow rate of 25 mL min™!. Samples were analyzed without prior drying or isotherm for



93

volatile interferents removal. Data were processed using TA Universal Analysis 2000 software,

version 4.5 (TA Instruments Inc., USA).

Fourier Transform Infrared Spectroscopy (FTIR)

The identification of functional groups on the surface of the biochars was performed using
a FTIR spectrometer (Agilent, Cary 630 FTIR spectrometer, Santa Clara, California). The analyses
covered the range from 4.000 to 650 cm™, with a resolution of 4 cm™ and 32 scans per spectrum.
Each spectrum represented the average of two observations, and adjustments of the average spectra

were used for data analysis.

Scanning Electron Microscopy (SEM) Analysis

A scanning electron microscope (model Sigma 300 VP, Carl Zeiss, Germany) equipped
with a Gemini column, featuring a Schottky field emission gun (FEG) (tungsten filament coated
with zirconium oxide) and an energy-dispersive X-ray spectrometry detector (Quantax EDS,
Bruker, Germany) was used for the solid characterization of biomasses and biochars. To obtain
images with a resolution of up to 1 nm, a secondary electron (SE) detector (operating in high
vacuum) with an excitation voltage of up to 1 kV and in high vacuum mode (gun vacuum better
than 10" mbar) was used. Energy-dispersive X-ray spectrometry was performed using a Quantax
200-Z10 system (Bruker) operating in variable pressure (VP) mode with an excitation voltage of

up to 20 kV.

Analysis of bio-oil

Analysis by Gas Chromatography-Mass Spectrometry (GC/MS)

With the aid of GC-MS QP2010 Plus equipment (PerkinElmer do Brazil Ltda, Sdo Paulo,
Brazil), equipped with a capillary column DB5MS 30 m by 0.25 wide by 0.25 uM film thickness
with ultra pure helium carrier gas. The sample injection into the equipment occurred directly by
introducing 1 pL of sample in 1:50 split sample mode with the dissolution of the oil sample in a
1/100 percentage by volume (v/v) in hexane. The system temperatures were as follows: injector,
155 °C; oven temperature programming starting at 45 °C for 3min with subsequent increase to 150
°C, remaining for Smin at a rate of 20 °C min™!, ending at 250 °C with a run time of 48min,

1onization source at 230 °C and the quadrupole analyzer at 150 °C.
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Results and discussion

Characterization of Biomass

The raw materials analyzed were collected during the rainy season from a region spanning
two biomes: the Cerrado-Amazon route. The results of the chemical composition obtained in this

study are presented in Table 1.

Table 1 - Chemical Composition of the Biomass

Components BH cH PS
Content (%) Content (%) Content (%)
Fixed carbon 12.45 £ 0.48 18.32 +0.25 11.57 £0.20
Cellulose 27.05+0.16 44.68 £ 0.21 4350+ 0.52
Ash content 2.74 £0.76 1.94+0.05 226+0.15
Extractives 11.84 +3.24 3.75+0.90 28.35+0.34
Hemicellulose 7.71+£0.24 9.44+0.14 431+0.27
Insoluble acid lignin 0.42+0.04 0.33+0.07 0.27+0.01
Total lignin 34.76 +0.21 37.14 £ 0.13 52.19+0.17
Volatile matter content 84.81 +£0.20 79.73 £0.46 86.18 £0.24
Moisture 0.35+0.16 7.29 +0.06 242 +£0.16
C 40.53 +0.43 43.69 + 0.41 53.07 £0.38
H 5.75+0.07 5.68 +0.08 8.11+0.04
O 52.61 £0.22 50.05+0.21 38.09+0.17
N 1.11 £ 0.03 0.58 £ 0.03 0.73+0.17

BH: baru husk; CH: cupuagu husk; PS: pequi seed; C: carbon; H: hydrogen; O: oxygen; N: nitrogen

The BH, CH, and PS biomasses showed ash contents of 2.74%, 1.94%, and 2.26%, and

1,* separately analyzed

moisture contents of 0.35%, 7.29%, and 2.24%, respectively. Rambo et a
the endocarp and mesocarp of baru, finding ash contents of 0.46% and 2.72%, and moisture
contents of 6.81% and 10.70%, respectively. For cupuacu husk, Borges et al.,*® found moisture
contents of 6.39% and ash contents of 3.35%, while Marasca et al.,* reported 3.22% ash content.
In the case of pequi seed with almond, Rambo et al.,*’ and Miranda et al.,*® obtained moisture
contents of 28.56% and 7.20%, and ash contents of 1.22% and 2.86%, respectively.

The estimated moisture content for these residues was considered ideal, as pyrolysis
typically requires dry biomass with a moisture content below 10% to ensure process quality and
facilitate heat transfer, as well as the processing and storage of resulting products.*! Moreover, a
low ash content is equally beneficial in pyrolysis processes because it reduces the likelihood of ash
accumulation and fouling, as well as minimizes corrosion on furnace surfaces and also contributes

to the production of biochar with better micropore surface areas.>**
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The analyzed biomasses showed high volatile matter contents (84.81% for BH, 79.73% for
CH, and 86.18% for PS), indicating ease of decomposition during the process. These results are
similar to those found by Rambo et al.,* for mesocarp (80.60%) and endocarp (87.51%) of baru;
Borges et al.,?® for cupuacu husk (80.64%); finally Rambo et al.,** and Miranda et al.,*® for pequi
seed (70.33% and 83.01%, respectively). Volatile matter content plays a crucial role in energy
generation through combustion, implying better bio-oil and gas yields.!%

The amount of carbohydrates, especially holocellulose (hemicellulose + cellulose), is
crucial for obtaining bioproducts, with at least 25% ideal in their composition.* In this study, the
three analyzed biomasses showed a significant amount of holocellulose, with percentages
exceeding 30%. Cupuagu husk stands out with 54.12%, a result similar to that found by Marasca
et al.,*? for the same biomass (59.6%). Subsequently, the pequi seed, with 47.81%, was higher than
that found by Miranda et al.,*® and by Rambo et al.,*° in their analyses with the pequi seed with
kernel (22.28% and 42%, respectively). Lastly, baru husk presented 34.76%. Rambo et al.,* found
25.43% and 54.28% for endocarp and exocarp of baru, respectively.

Biomasses rich in extractives tend to have a higher volatile matter content, which results in
a superior calorific value, facilitates lignin decomposition, allows for a greater release of these
volatile compounds during heating, and consequently reduces its fixed carbon content.*? In this
study, the highest extractive content was observed in the PS biomass (28.35%), a result similar to
the 28% found by Rambo et al.,*’, but significantly lower than the 40.73% found by Miranda et
al.,” This difference is possibly related to the regional characteristics of the biomass used by

1,28, as discussed in their work. For BH, an extractive content of 11.84% was obtained,

Miranda et a
similar to the 11.30% found by Rambo et al.,? for the baru mesocarp. Meanwhile, the CH biomass
exhibited a content of 3.75%, a result similar to previous studies (5.89% and 5.95%) for the same
biomass.?%-3

The fixed carbon contents found for BH (12.45%) and CH (18.32%) are similar to data
found in the literature.?%* However, the PS, with 11.57%, showed a lower value compared to the
data from Rambo et al,* and Miranda et al.,?®, who found values of 26.80% and 15.77%,
respectively. This difference in fixed carbon contents may be related to the higher volatile matter
content observed in this study, suggesting that the higher holocellulose content found may have

contributed to an increased volatilization process during the heating of the biomass. As a result,
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there is a reduction in the remaining fixed carbon content, which may impair biochar yield in
pyrolysis processes. '°

Elevated concentrations of lignin suggest excellent utility as a source of thermal energy and
in pyrolysis processes.*>** The lignin concentrations obtained in this study (37.76% for BH,
37.17% for CH, and 52.19% for PS) were significant and higher than those reported in the literature
for the same biomass types.?62%2%40 The presence of high lignin content may favor the production

of biochar with greater surface area and porosity.*!#>46

Analysis of Products Obtained by Pyrolysis

Biochars

The biochar yields for the evaluated biomass were 17.63% for baru husk (BBH), 13.68%
for cupuacu husk (BCH), and 13.11% for pequi seed (BPS). These yields are notably lower than
those reported in the literature, which, although involving similar biomass, typically employ
pyrolysis conditions with temperatures and residence times different from those used in this work
(650 °C with a heating rate of 30 °C min™').*’** For example, Rambo et al.,?° subjected baru husk
to pyrolysis at 500 °C for 30min after acid hydrolysis, obtaining yields of 48.5% and 47.9% from
the mesocarp and endocarp of baru, respectively. Lisboa et al.,* reported a yield of 32.36% for
cupuagu husk pyrolysis at 300 °C, which dropped to 17.73% at 500 °C. With pequi seed (including
the almond), Miranda et al.,?® achieved biochar yields of 35.73% at 430 °C with a 7h retention time
and 42.26% with a 3.5h retention time.

The literature indicates that the yields of carbonaceous materials are influenced by the
composition of the raw material, pyrolysis temperature, residence time, and heating rate.!>!6
Specifically, biochar yield tends to decrease at high temperatures due to the removal of water and
the decomposition of complex components such as cellulose and hemicellulose, favoring the
production of gases.!>*** However, higher temperatures can improve biochar quality by
increasing the carbon content due to greater release of volatile compounds and consequent carbon
deposition.®® In general, these biochars produced at high temperatures are suitable for use in
pollutant adsorption processes in water, as they possess greater surface area, enhanced hydrophobic
characteristics, and increased microporosity.>!

According to the literature, the yields of carbonaceous materials depend on the composition

of the raw material used, the pyrolysis temperature, the residence time, and the heating rate. !>!6
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Pyrolysis at lower temperatures tends to produce a higher quantity of liquid products. On the other
hand, higher temperatures, such as those used in this study (650°C with a heating rate of 30°C min~
1, favor the generation of gaseous products,!>16:4748

The chemical and elemental composition analyses of the biochars (Table 2) revealed a
significant increase in carbon content in BBH (47.6%), BCH (45.8%), and BPS (33%) compared
to their original biomass.

Table 2 - Chemical composition of biochars

Components BBH BCH BPS
Content (%) Content (%) Content (%)
Fixed carbon 66.49 £ 0.16 56.37+0.08 68.27+0.13
Ash Content 498 +0.11 6.32£0.13 8.80 £0.34
Volatile matter content 28.53+0.28 35.21+0.34 21.88+0.22
Moisture 0.88+0.12 2.51+0.03 2.05+0.32
C 77.34+0.22 80.65 + 0.33 79.20 £ 0.75
H 1.93+£0.0 2.33+0.23 2.19+0.08
o 19.58 £0.12 16.35+0.16 17.29 +0.40
N 1.15+£0.02 0.67 +£0.02 1.32 £0.04

BBH: biochar from baru husk; BCH: biochar from cupuacu husk; BPS: biochar from pequi seed.

This increase in carbon content is associated with the use of higher pyrolysis temperatures,
as observed by Babu et al.,*> Comparing the carbon content of this study's BBH with the data from
Rambo et al.,*? at a temperature of 500 °C (30.29% and 37.81%), this increase is evident. In
addition to increasing carbon content, higher pyrolysis temperatures also enhance the specific
surface area, microporosity, and promote the development of oxygen-oriented functional groups in
biochar, improving its effectiveness in carbon sequestration and water adsorption processes.!*!1>3

The biochars showed higher ash contents than their corresponding biomasses, differing
from results by Rambo et al.,*° for mesocarp (0.57%) and endocarp (0.27%) baru biochars. This
increase in ash content indicates the formation and accumulation of mineral elements on the biochar
surface during pyrolysis.!> However, even with this increase, the values obtained in this study are
relatively low (<8.8%), suggesting a positive correlation where lower ash contents are associated
with higher carbon contents in biochars.*

The biochars BCH and BPS showed a high moisture content (>2%). Besides these
biomasses already having a higher moisture content in the initial characterization, the high moisture
may have been influenced by the reactor used in this study, which features a mechanism that

hinders the exit of vapors formed during the reaction.* This may have contributed to the
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condensation of liquids along the reactor extension. When the vapors are prevented from exiting

quickly, they can condense again and return to the solid product, thus increasing the moisture

ZSS 154

content in the biochars obtained. Paz et al.,”> and Pedroza et al.,”” also found high moisture content
using the same equipment and similar experimental conditions.

Finally, as for the fixed carbon (FC), the content increased substantially compared to the
original biomass. This result can be associated with the presence of high molecular weight and

aromatic compounds, favoring the use of this material in adsorption processes.'”

Surface Area Analysis — BET

Characterization of the internal structure of biochar is essential and can be achieved through
the analysis of its pore distribution. The porosity of biochar is inherently linked to its surface area,
with micropores playing a particularly crucial role in contributing to this 4rea.?* The significance
of micropores lies in their ability to provide a larger surface area available for adsorptive
interactions, which is vital in many practical applications such as contaminant adsorption. Table 3
provides detailed results of the porosity of the studied biochars, including measurements of surface

area and distribution of different pore sizes.

Tabela 3 - Surface area of the biochars.

Components Biochars

BBH BCH BPS
BET Surface Area (m? g'!) 251.42 298.05 228.14
Micropores Area (m? g™) 210.98 248.06 182.01
Pore Volume (cm?® g™!) 0.1261 0.1476 0.1255
Micropores Volume (cm® g!)  0.0974 0.1142 0.0837
Average pore size (nm) 2.0063 1.9806 2.1999

BBH: biochar from baru husk; BCH: biochar from cupuagu husk; BPS: biochar from pequi seed.

According to the International Union of Pure and Applied Chemistry (IUPAC), pores in
solid materials are classified into three categories: micropores (<2 nm), mesopores (2-50 nm), and
macropores (>50 nm).> In this study, the biochars obtained showed satisfactory BET surface area
values, all exceeding 200 m? g”!, with a significant area of micropores, above 180 m? g''. Notably,
the biochar derived from cupuagu husks stood out in terms of surface area and micropore volume.

The surface area and porosity of the produced biochar can be influenced by the biomass

compositions.?* In this study, it was observed that the higher ash content in the BH and PS



99

biomasses may have contributed to the lower micropore surface area found in their respective
biochars (BBH and BPS). In contrast, the CH biomass, with its higher organic carbon content, may
have favored the production of a greater micropore surface area.*

It was observed that the PS biomass, despite having the highest lignin content compared to
BH and CH, resulted in a biochar with a lower surface area. According to the literature, although
a high lignin content is typically associated with increased surface area and porosity of biochar,
pyrolysis at high temperatures, such as that used in this study (650 °C), can reverse this trend. 44
The degradation of the complex lignin structure at elevated temperatures may lead to a reduction
of these properties compared to other biomasses.**

In similar studies using lignocellulosic biomass, Pires et al.,”’ reported a surface area value
of 357.27 m? g from babacu husk, obtained at 500 °C for 30min, while Leal et al.,® achieved a
higher value of 553.7 m? g using acai seeds at 500 °C and 550 °C, also for 30min. It is important
to highlight that both the products obtained in this study and the results from comparative studies
were generated exclusively through physical activation. Commercially used carbons have larger
surface areas; however, they undergo chemical activation processes, which produce activated
carbon with higher solid yield, higher carbon content, as well as a more developed specific surface
area and porosity.”” The potential for optimization may be achieved through chemical activation in

future investigations.

Thermogravimetric Analysis (TGA) and Differential Thermogravimetric Analysis
(DTG)

In Figure 1, overlaid Thermogravimetric Analysis (TGA) curves of biomass samples (Fig.
1-a, ¢) and biochar (Fig. 1-b, d) are presented. The X-axis indicates the temperature variation (°C),
while the Y-axis shows the mass variation (%).

From the thermogravimetric analysis, it was possible to verify that the thermal
decomposition of BH samples occurs in two decomposition stages (Fig. 1c), while in CH and PS
biomasses, it occurs in three stages. The initial accentuation up to 100 °C refers to the loss of water
and low molar mass volatile organic compounds, more evident in the CH biomass with higher
moisture content.!®* The next decomposition stage refers to the presence of organic extractives,

which occurs first in the range between 130 °C and 150 °C and a second time occurring in the range
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between 250 °C and 550 °C, temperatures similar to the decomposition of cellulose (>300 °C),

hemicellulose (190-320 °C), and lignin (>250 °C).?!-%
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Figure 1. Overlaid TGA curves of biomass (a) and biochar (b); and overlaid DTG curves of
biomass (c) and biochar (d). BH: baru husk; CH: cupuagu husk; PS: pequi; BBH: baru husk
biochar; BCH: cupuagu husk biochar; BPS: pequi seed biochar

In this second stage, it is essential to emphasize that the initial carbonization temperature
starts for the three biomasses, with a greater mass loss peak recorded for PS, a difference that may
be associated with the higher content of extractives found in this biomass. Still in the second stage,
in the TGA graph (Fig. 1a), it is possible to observe the decomposition of the holocellulose of the
three biomasses with the greatest mass loss recorded for PS. At temperatures above 400 °C, the
gradual mass decrease indicates the decomposition of lignin pyrolysis, showing a greater weight
loss for PS, corroborating its high lignin content.5!

The third stage is evidenced in the DTG graph (Fig. 1c) for BH and PS biomasses and may
be associated with the second decomposition event of the extractive compounds found more
prominently in these two biomasses.®” Therefore, when analyzing the mass losses of the biomasses,

PS loses more mass than BH and CH. This greater removal of components results in a material
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richer in fixed carbon as evidenced in Table 2, giving the generated biochar more chemical stability,
meaning a biochar that is less reactive and less susceptible to degradation.®

For the biochar samples, (Fig. 1-b, d) it was possible to verify that at temperatures between
40 and 47 °C, there was a 4 to 7% mass loss more pronounced for BH and CH, which may be
related to the higher composition of volatile compounds present in these samples, in addition to the
moisture content. No other additional significant decomposition peak occurred, only a mass loss
of 9 and 13% was verified up to 750 °C. A study proposed by Malucelli et al.,** observed that,
under a nitrogen flow, the mass loss of biochar is much less evident, presenting a high residual
mass when compared to the use of airflow for TGA analyses, a fact that corroborates the results

obtained for both samples, presenting high residual mass at the end of the analysis (>80%) when

using nitrogen flow.

Functional Groups by Fourier Transform Infrared Spectroscopy (FTIR)
Figure 2 presents the FTIR spectra of biomass samples (Figure 2a) and biochars (Figure

2b), covering the wavelength range from 4.000 cm™ to 650 cm™.
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Figure 2. Infrared spectra for (a) biomass and (b) biochars. BH: baru husk; CH: cupuagu husk;
PS: pequi seed; BBH: baru husk biochar; BCH: cupuagu husk biochar; BPS: pequi seed biochar.

Broad peaks in the region of 3.358 to 3.357 cm™! correspond to the O—H vibration of

cellulose, hemicelluloses, or lignin, as well as glycosidic bonds. The bands from 2.925 to 2.851
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cm! are attributed to CH, vibrations with axial deformation and CH3 bonds, possibly related to
lignin.®? In the range of 1.600 to 1.750 cm’!, stretching of carbonyl groups is observed, primarily
from ketones and esters, associated with components such as waxes, fatty acids, lipid esters, and
high molecular weight aldehydes.® Between 1.000 and 1.275 cm™, the peak signals are linked to
alcohols, ethers, carboxylic acids, and esters. The peaks between 1.500 and 1.600 cm' are
associated with C—C and C-O stretches in the aromatic ring, suggesting the presence of lignin.
Finally, the aliphatic C—-O—C and alcohol C—O stretches, located between 1.043 and 1.225 cm,
reflect the presence of oxygenated functional groups in.?

In general, the structure of the chemical groups in the studied raw materials is similar
because they are lignocellulosic biomasses. However, differences can be observed, such as intense
bands in the PS spectrum related to CH, and CHj3 vibrations (2.925 to 2.851 cm™), indicating a
significant presence of lignin in the biomass. Additionally, PS exhibited peak intensity in the
stretching of carbonyl groups (1.600 to 1.750 cm™). These prominent peaks stood out because this
biomass is rich in lipids, which comprise the extractives, as previously mentioned in the chemical
characterization. Furthermore, all three biomasses showed medium intensity in the spectral band
of oxygenated functional groups (1.043 to 1.225 cm™), highlighting the presence of cellulose found
in the biomasses, with a particular emphasis on the CH biomass.

Analyzing the biochar spectra (Figure 2b), it is observed that pyrolysis at high temperatures
results in the removal of oxygen- and hydrogen-rich functionalities compared to the raw materials.
This is due to the release of gases such as CO., CH4, and H> from the thermal decomposition of
cellulose, hemicellulose, and lignin at temperatures above 400 °C.%¢

As the pyrolysis temperature increases, there is a significant reduction in certain spectral
features such as —OH groups (3.300 to 3.625 cm-'), aromatic C—C ring stretches (1.600 cm™),
aliphatic C—H stretches (2.925 cm™), and symmetric C-O—C stretches (1.043 cm™). In contrast,
there is an increase in the intensity of peaks corresponding to aromatic C—C stretches (1.000 to 720
cm™). These changes are attributed to the thermal degradation of lignocellulosic components such
as cellulose and lignin, resulting in a more aromatic and stable structure in biochars.%

These findings are consistent with previous studies investigating the pyrolysis of
lignocellulosic biomass. Studies by Nanda et al.,%, Rambo et al,***°, and Lisboa et al.,* have
shown similar patterns of chemical transformation, confirming that pyrolysis promotes the removal

of oxygenated groups and the formation of aromatic structures.



103

Thus, the infrared spectra enabled the identification of the main functional groups present
in the studied biomasses, confirming their characteristic structural and non-structural components
of lignocellulosic biomass. The analysis demonstrated that these biomasses have complex
structures, which explains the various reactions that occur during pyrolysis and aids in
understanding the presence or absence of functional groups on the surface of the obtained charcoal,

as they may be inherent to the original material or formed during activation reactions.

Scanning Electron Microscopy (SEM) Analysis
The physical morphology of the biomasses and their corresponding biochars was

investigated using Scanning Electron Microscopy (SEM), as depicted in Figure 3a-f.
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Figura 3. SEM images of (a) baru husk (BH), (b) cupuacgu husk (CH), (c) pequi seed (PS), (d)
biochar from baru husk (BBH), (e) biochar from cupuagu husk (BCH), and (f) biochar from pequi
seed (BPS).
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Before the thermochemical conversion process (Fig. 3a-b-c), a rigid and closed structure
without pores can be observed on the surface of the biomass.®” After pyrolysis at 650 °C (Fig. 3d-
e-f), the lignocellulosic structure and lignin of the raw materials decompose, forming pores on the
surface.?’ The opening of these micropores occurs due to the rapid release of volatile compounds
during high-temperature pyrolysis.®® The presence of tubular structures derived from vascular
vessels in the raw biomass gives biochar produced from lignocellulosic biomass higher
microporosity compared to other biochar sources.?* This effect is evident in the biomasses analyzed
in this study, where biochars with higher surface area, BCH (Fig. 3¢) and BBH (Fig. 3f), exhibit
more tubular structures.

The pequi seed biomass (Fig. 3a) displays morphological characteristics similar to those
observed in pequi seeds as studied by Martins et al.,*! These authors suggest that structures with a
more "rock-like" appearance, without pores, hinder the release of volatiles during pyrolysis, which
can result in smaller surface areas. Similar structures under comparable reaction conditions to those
of this study were also observed by Niazi et al.,*” in Japanese oak, by Chormare et al,’” in

casuarina, and by Altikat et al,®® in atriplex biomass.

Bio-oils

Due to the complexity of the bio-oil composition, resulting from the decomposition of the
hemicellulose, cellulose, and lignin fractions present in the samples, the compounds identified by
the GC-MS technique were categorized into groups to facilitate the discussion (Figure 4), and the
components with an area percentage greater than 1% were presented in Table 4.

Phenols were the predominant compounds in the three bio-oils obtained, representing
44.51%, 47.01%, and 60.16% of the total area for BH, CH, and PS, respectively. The study
conducted by Marasca et al.,** with pyrolysis of cupuagu peel, at a temperature of 450 °C, also
revealed a higher presence of phenols (73.9%) in the bio-oil obtained. Phenols are substances
formed by the secondary metabolism of plants and contribute important chemical structures like
lignin, a polymer significantly present in the chemical composition of the biomasses used in this
study (> 30%).”! The PS bio-oil, for example, stands out in phenol content due to the high lignin

content in its composition compared to the other biomasses (52.19%).
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Figure 4. Products obtained from the pyrolysis process of each biomass. BH: baru husk; CH:
cupuagu husk; PS: pequi seed.

Phenols give the bio-oil characteristics such as corrosive potential and acidity, requiring
additional treatment to make it suitable for use as fuel; however, they have significant commercial
value when directed towards the chemical extraction route.”” They are known for their antioxidant,
antimicrobial, anti-inflammatory, and antiproliferative properties and can be used as raw materials
in the food, textile, and pharmaceutical industries.’>"?

Furanoids constituted 29.56% (BH), 17.36% (CH), and 10.09% (PS). Based on Table 4, we
can highlight within the furan group the significant presence of furfural in BH (17.34%) and CH
(9.94%), furfuryl alcohol (2-Furanmethanol) in BH (8.52%), and 2,3-dihydrobenzofuran in PS
(6.23%). Hydrocarbons constituted 6.49% of BH, 19.53% of CH, and 21.35% of PS. The two main
pathways for obtaining these compounds are cellulose and hemicellulose via depolymerization and
decomposition.”>” In the case of BH, with a cellulose content of 27.5%, it is likely that this
cellulose was depolymerized mainly to form furan compounds. On the other hand, for CH and PS,
with cellulose contents of 44.68% and 43.50% respectively, the depolymerization may have
favored the formation of a higher proportion of hydrocarbons.

Additionally, another significant group of components was identified by gas
chromatography, adding 13.06% (BH), 10.30% (CH), and 7.03% (PS) of ketones and esters to the
composition of the studied bio-oils. These compounds were possibly formed through the cellulose

ring-cleavage pathway and/or rearrangements (decarbonylation or dehydration) of
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hemicellulose.”>’* These results suggest that the initial lignocellulosic composition of the

biomasses can substantially influence the profile of the pyrolytic products generated.

Table 4 - Chemical compounds of bio-oils from baru husk (BH), cupuagu husk (CH), pequi seed
(PS) determined by chromatography (GC-MS)

Compounds BH € ps

R.T* Height% R.T* Height% R.T* Height%
3-Cyclopentene-1-acetaldehyde, 2-oxo- - - - - 4.080 4.33
Furfural 4.088 17.34 4.103 9.94 - -
2-Furanmethanol 4.583 8.52 4.575 2.50 4.575 1.10
2-Propane, 1-(acetyloxy)- 4.890 5.08 4.899 2.56 - -
Ethylbenzene - - - - 4.743 1.17
Benzene, 1,3-dimethyl- - - - - 4.934 1.67
1-Nonene - - - - 5.505 1.85
Nonane - - - - 5.766 1.43
2-Cyclopenten-1-one, 2-methyl- 5.906 2.33 5.907 3.82 5911 1.93
Ethanone, 1-(2-furanyl) - - 6.068 1.90 - -
Butyloractone 6.110 2.55 6.150 1.47 - -
Furo[3,4-b]furan-2,6(3H,4H)dione, 4 ethyl 7.783 3.70 7.788 3.18 7.783 2.76
2-Butanone, 1-(acetyloxy)- - - 7.915 1.43 - -
Phenol 8.543 7.67 8.570 3.24 8.490 7.72
2-Furanmethanol, tetrahydro- - - 9.434 1.74 - -
2-Undecene, (Z)- - - - - 8.862 1.59
3-Methylcyclopentane-1,2-dione 10.235 3.78 10.293 1.34 - -
2-Cyclopeten-1-one, 2,3-dimethyl- - - - - 10.628 1.42
Phenol, 2-methyl- 11.427 3.07 11.521 2.65 11.394 5.99
Phenol, 2-methyl- 12.374 4.00 12.463 2.35 12.293 6.14
Phenol, 2-methyl- - - 12.558 2.20 - -
Phenol, 2-methoxy- 12.832 10.84 12.965 9.50 12.768 6.62
2-Cyclopenten-1-one, 3-ethyl-2-hydroxy 14.062 1.65 14.141 1.60 - -
Phenol, 2,4-dimethyl- - - - - 15.426 2.31
Phenol, 2,5-dimethyl- - - - - - -
Phenol, 2,6-dimethyl- - - - - 15.500 1.79
Phenol, 4-ethyl- - - - - 16.267 11.39
Phenol, 2,3-dimethyl- - - 15.557 1.46 16.372 3.18
Phenol, 2,3-dimethyl- - - 16.470 1.79 - -
2-Methoxy-6-methylphenol - - 16.738 1.13 - -
Creosol 17.374 4.16 17.455 7.01 17.347 3.19
5,8-Decadien-2-one, 5,9-dimethyl, (E)- - - - - 17.445 1.28
Catechol 17.813 1.50 - - - -
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Benzofuran, 2,3-dihydro- - - - - 18.592 6.23
m-Guaiacol 19.020 1.25 - - - -
1,2-Benzenediol, 3-methoxy- 20.335 1.88 - - - -
1,2-Benzenediol, 3-methyl- 20.501 1.31 - - - -
Phenol, 4-ethyl-2-methoxy- 21.204 1.72 21.267 5.53 21.183 3.97
1,2-Benzenediol, 4-methyl- 21.819 1.19 - - - -
2-Methoxy-4-vinylphenol 22.708 1.76 22.789 523 22.689 2.19
Phenol, 2,6-dimethoxy- 24.384 6.07 24.491 5.64 24.320 5.95
Phenol, 2-methoxy-4-(2-propenyl)-, acetate - - 24.659 1.26 - -
3,5-Dimethoxy-4-hydroxytoluene 28.385 2.16 - - - -
1,2,4-Trimethoxybenzene - - - - 28.357 2.40
Phenol, 2-methoxy-4-propyl- - - 25.056 1.05 - -
Phenol, 2-methoxy-4-(1-propenyl) - - 26.755 1.07 28.445 1.22
1,2,3-Trimethoxybenzene - - 28.468 4.58 - -
Tetradecane - - - - 30.629 2.45
Benzene, 1,2,3-trimethoxy-5-methyl- - - 31.624 1.44 31.572 3.67
2-Propane, 1-(4-hydroxy-3-methoxyphenol - - 31.794 2.68 - -
3-tert-Butyl-4-hydroxyanisole - - 33.110 1.37 - -
Phenol, 2,6-dimethoxy-4-(2-propenyl) - - 38.182 1.54 38.139 1.69
3,5-Dimethoxy-4-hydroxyphenylacetic acid - - 40.675 1.10 - -
Pentadecanoic acid - - - - 47.036 1.39

'R.T = retention time (min);

Conclusions

This study reported the physicochemical and thermochemical characteristics of the shells
of Baru (BH), Cupuacu (CH), and Pequi seed (PS) and their thermal behavior during slow pyrolysis
at 650 °C. The aim was to demonstrate the promising potential of the residual biomass produced
in communities within the Legal Amazon for energy use.

The observed trends in biochar yield (17.63% for BH, 13.68% for CH, and 13.11% for PS),
mass loss, morphology, and chemical content indicate a complex relationship between the
compositions of the three biomass types and their behavior during pyrolysis. This knowledge is
important for designing efficient pyrolysis processes that incorporate biomass suitable for
sustainable energy generation.

The physicochemical characterization showed that, overall, all residues are potential
candidates for biochar production, as their parameters of low moisture, low ash content, high

carbon content, high lignin content, and thermochemical stability meet the necessary requirements
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for obtaining good carbonaceous materials. Among the results, it is suggested that the biochar from
cupuagu shell stands out as the most promising for adsorption processes and carbon sequestration
due to its high carbon content (80.65%), larger surface area (298.0491 m? g'!'), and more well-
defined tubular morphological structure.

The production of bio-oil from the biomass aligns with documented findings in the
literature under similar reaction conditions. In the context of this study, the efficiency of BH and
PS is emphasized due to their high volatile matter contents (84.81% and 86.18%, respectively).
Among the various chemical compounds identified in the bio-oil, most are classified as phenols
(44.51% (BH), 47.01% (CH), and 60.16% (PS), followed by furans (29.56% (BH), 17.36% (CH),
and 10.09% (PS), hydrocarbons (6.49% (BH), 19.53% (CH), and 21.35% (PS), and ketones and
esters (13.06% (BH), 10.30% (CH), and 7.03% (PS), making them attractive for applications in
chemical industries.

Future investigations are recommended to optimize the methodologies used and the
bioproducts obtained; however, the present work provides relevant data that can serve as a starting
point for a fair energy transition in the region, promoting sustainable development and the

conservation of native species.
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CAPITULO 2

Remediacio de Aguas Contaminadas com Arsénio: Alta Eficacia de Biochars

Modificados de Residuos da Amazonia Legal

Remediation of Arsenic-Contaminated Water: High Effectiveness of Modified Biochars from
Legal Amazon Residues
BORGES, M. S. et al. Waste Disposal & Sustainable Energy, 2025.
doi: https://doi.org/10.1007/s42768-025-00235-4
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1. Introduction

Water contamination by arsenic (As) is a global issue that poses a significant risk to both
public health and ecosystems due to its carcinogenic and phytotoxic properties [ 1-4]. Although the
World Health Organization established a permissible limit of 10 ug L™ of arsenic in drinking water
in 2017, it is estimated that approximately 220 million people worldwide are at risk due to the
presence of arsenic in water, particularly in developing countries [5-7].

Due to its bioavailability in the Earth's crust and the occurrence of human activities such as
forest fires, pesticide use, mining, and industrial operations, arsenic becomes a primary
contaminant in drinking water and wastewater [3, 8, 9]. In the environment, arsenic can react with
oxygen, chlorine, and sulfur to form inorganic compounds, or with organisms such as animals and
plants, combining with carbon and hydrogen to form organic arsenic compounds [1]. In natural
aquatic environments, the predominant chemical species are inorganic arsenite (As(IIl)) and
arsenate (As(V)). The efficiency of removing As(V) from aquatic systems using various treatment
technologies is higher than that of As(III), due to the mechanism of electrostatic attraction [11].

Biochar is widely recognized as an efficient and sustainable adsorbent for removing arsenic
(As) from contaminated water, emerging as a favorable alternative compared to conventional
methods such as nanofiltration, lime softening, coagulation/flocculation, electrochemical
techniques, chemical precipitation, ion exchange, membrane separation, and other adsorbents [ 12—
14]. Its advantages include lower operational costs, environmental sustainability, and minimal
waste generation [15]. Produced through the thermochemical decomposition of residual biomass,
such as sawdust, fruit peels, and sludge, under limited oxygen conditions, biochar features a porous
structure and surface functional groups like carboxyl (-COOH), hydroxyl (-OH), and amino (-NHz),
which enhance its adsorption capacity [14, 16—19]. However, its effectiveness in removing As(V)
is limited by electrostatic repulsion between its negatively charged surface and arsenic oxyanions,
prompting the development of modification strategies to improve its performance [14, 15, 20, 21].

Among modification approaches, chemical treatments with alkaline agents such as KOH
have proven particularly effective. Jin et al. [22] demonstrated that KOH modification increased
As(V) adsorption capacity from 24.4 mg/g to 30.9 mg/g due to enhanced surface area and pore
volume. Similar results were observed by Wongrod et al. [23], who attributed the higher efficiency
of KOH-treated biochar to its higher point of zero charge (PZC) and surface area compared to

H:0:-treated biochar. In contrast, acid modifications, such as those with HsPOa, showed inferior
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performance, highlighting the importance of selecting the right chemical agent to optimize arsenic
removal [24, 25].

Physical modifications, such as steam activation, have also been explored to increase
biochar’s surface area and porosity. However, their effectiveness is often limited by the
introduction of oxygenated functional groups, which can intensify electrostatic repulsion with
arsenic oxyanions [25]. Studies by Mondal et al. [26] and Li et al. [27] reported modest adsorption
capacities for steam-activated biochar, reinforcing the need to combine this approach with other
strategies to enhance performance.

Metal impregnation, particularly with iron (Fe), emerges as the most promising strategy due
to iron’s high affinity for arsenic and the formation of stable complexes, such as Fe-AsOa [20, 28—
33]. Samsuri et al. [33] observed a significant increase in As(II) and As(V) adsorption capacity
after Fe(III) modification, while Bakshi et al. [32] highlighted the effectiveness of zero-valent iron
(ZV]) in coprecipitating As(V). Beyond iron, other metals like aluminum (Al), manganese (Mn),
and bismuth (Bi) have also been successfully employed. Zhang and Gao [34] developed a
biochar/AIOOH composite with an As(V) adsorption capacity of 135 mg/g, and Zhu et al. [35]
achieved 125 mg/g for As(Ill) using bismuth-modified biochar, demonstrating the versatility of
these approaches.

Alternative methods, such as microwave-assisted pyrolysis and ultrasonic modification,
have gained attention due to their energy efficiency and ability to produce materials with superior
properties. Duan et al. [36] and Zubrik et al. [37] reported that microwave pyrolysis yields biochar
with a higher surface area and adsorption capacity compared to conventional methods. Luo et al.
[38] used ultrasound to deposit titanium onto biochar, achieving an As(V) adsorption capacity of
72.2 mg/g, highlighting the potential of these innovative techniques.

Simplified modification alternatives, such as those proposed by Jiménez-Cedillo et al. [39],
are particularly relevant for low-infrastructure contexts. These approaches eliminate energy-
intensive pyrolysis steps while maintaining satisfactory efficacy through surface complexation of
arsenic with ferrous sites. Their technical feasibility for remote communities is based on three main
pillars: (i) use of locally available raw materials, (ii) reproducible protocols requiring basic
equipment, and (iii) seamless integration with passive treatment systems.

Although non-pyrolyzed materials exhibit lower adsorption capacities compared to their

thermally processed counterparts, their application is particularly suitable for waters dominated by
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As(V) or when combined with preliminary oxidation steps [39]. This trade-off between
performance and operational practicality makes such approaches as technically adequate solutions
for scenarios with technological and budgetary constraints, where cost-effectiveness and
implementation simplicity are decisive factors.

Among the available organic resources, Baru (Dipteryx alata Vog.), Cupuacu (Theobroma
grandiflorum (Will. Ex Spreng.) K. Schum), and Pequi (Caryocar brasiliense Camb.) are fruits
widely distributed in the Brazilian Legal Amazon region. They form part of the local communities’
diet, with the pulps and seeds of these fruits being commonly consumed [40, 41]. The
underutilization of their peels and pits results in substantial amounts of biomass, and the biochars
derived from the pyrolysis of these residues, obtained in previous studies [42], represent promising
candidates for the adsorption of arsenic-contaminated water. This is due to their high carbon
content and surface areas exceeding 200 m?/g, characteristics that meet the requirements for the
production of high-quality carbonaceous materials [43].

Given this scenario, the present study aims to investigate the effectiveness of biochars
produced from the pyrolysis of residual native biomass from the Legal Amazon in removing As(V)
from water. To this end, the biochars were impregnated with FeCls, characterized, and evaluated
in an aquatic system under different pH conditions, initial As(V) concentration, and adsorbent
dosage, using a second-order experimental design (Central Composite Design — CCD).

Standardizing the impregnation method for the three types of biochar, despite expected
variations in iron loading due to material-specific interfacial interactions [44], was a strategic
choice aligned with the study’s objectives. Beyond biomass seasonality, the Legal Amazon faces
critical logistical and infrastructure challenges, especially in remote areas. Adopting a single,
simplified protocol aims to enable the application of these materials in biorefinery processes,
avoiding the need for complex optimizations or residue-specific conditions.

This approach is particularly relevant for future regional-scale implementations, whether
through public policies, incentive programs, or social technologies. Standardization not only
reduces reliance on specialized equipment but also makes the process more accessible to resource-
limited communities, promoting technological inclusion and sustainability.

Thus, the systematic evaluation of As(V) removal efficiency by impregnated biochars aims
to contribute to the understanding of these biomaterials' behavior, proposing sustainable,

economically viable, and technically effective solutions for mitigating arsenic contamination in
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water. The results may directly benefit public health, local communities, and ecosystems, aligning

with the demand for technologies adaptable to the region's realities.

2. Methodology
2.1. Obtaining the Biochars

The biochars used in this study were produced and characterized in a previous investigation
[42] before undergoing enhancement and application processes. The characterization of the
biomasses and the resulting bioproducts conducted by the research group included
physicochemical analyses, elemental analyses, and other relevant techniques. The slow pyrolysis
process was carried out in a fixed-bed reactor heated by a tiltable split furnace (FLYEVER, model
FES0RPN, line 05/50, Sao Paulo, Brazil), operating in batch mode.

2.2. Surface Modification of Biochars by Impregnation with FeCl3

To increase the adsorption efficiency of the biochars, their surfaces were modified by
impregnation with Iron (III) Chloride (FeCls), following adaptations of the methodologies
developed by He et al. [45] and Cai et al. [28]. For the production of the metalized biochars BFeB
(metalized biochar from baru peel), BFeC (metalized biochar from cupuacu peel), and BFeP
(biochar derived from pequi pit) 100 g of Iron (III) Chloride Hexahydrate (FeCls-6H20, 97%,
Dinamica®) were dissolved in 1000 mL of distilled water, forming a 10% (w/v) FeCls solution.
Subsequently, 20 g of biochar were immersed in 200 mL of the solution and agitated in a
refrigerated orbital shaker incubator (NewLab — Model NL-161-04, Sdo Paulo, Brazil) for 2 hours
at 25°C. Finally, the mixture was filtered, and the solid fraction was dried in an oven for 2 h at

80°C.

2.3. Elemental Analysis
To determine the carbon, hydrogen, and nitrogen contents in the charcoal fines, the samples
were combusted in a pure oxygen atmosphere using a 2400 Series II elemental analyzer
(PerkinElmer®, USA). The analyses were performed with 0.5 g samples of activated charcoal with
a particle size of 0.044 mm (Tyler/Mesh 325).

2.4. BET Surface Area Analysis
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Biochar samples (0.5 g) were analyzed using a Surface Area and Porosimetry System
(Micromeritics ASAP 2010 model) to determine the N.-BET surface area and pore size
distribution. The standard diameter range for pore analysis was set from 0.35 to 300 nm, while the
surface area range considered was from 0.01 to 3000 m?/g. The treatment temperature varied from
30 to 350 °C.

2.5. Fourier Transform Infrared Spectroscopy (FTIR)

To identify the functional groups present on the surface of the biochars, FTIR analysis was
conducted. The analyses were performed using an FTIR spectrometer (Agilent Cary 630 FTIR
Spectrometer, Santa Clara, California) over a spectral range of 4000 to 650 cm™, with an increment
of 4 cm™ and 32 scans per spectrum. Each resulting spectrum represents the average of two

observations, and the mean spectrum was used for data analysis.

2.6. Scanning Electron Microscopy (SEM) Analysis

A scanning electron microscope (model Sigma 300 VP, Carl Zeiss, Germany) equipped
with a Gemini column, a field emission gun (FEG) of the Schottky type (tungsten filament coated
with zirconium oxide), and an energy dispersive X-ray spectroscopy (EDS) detector (Quantax
EDS, Bruker, Germany) was employed for the solid characterization of the modified biochars. To
obtain images with resolutions of up to 1 nm, a secondary electron (SE) detector operating in high
vacuum was used with an excitation voltage of up to 1 kV, under high vacuum conditions (gun
vacuum better than 10~ mbar). Energy dispersive X-ray spectroscopy was conducted using a
Quantax 200-Z10 system (Bruker) operating in variable pressure (VP) mode with an excitation

voltage of up to 20 kv.

2.7. Adsorption Experiments
The adsorption experiments were conducted following an adaptation of the methodology
described by Cai et al. [28]. All experiments were carried out in 150 mL Erlenmeyer flasks
containing 20 mL of an As(V) solution with biochar dosages defined by the CCD, at 25 °C, using
a magnetic stirrer for 4 hours at 80 rpm. The As(V) solutions were prepared using a Standard
Solution for Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) at a
concentration of 1000 mg L™ (1000 ppm) (SpecSol®, Sao Paulo, Brazil). Subsequently, the
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solution was filtered using a membrane filter with a pore size of 0.45 pum, and the residual As(V)

in the aqueous solutions was determined by ICP-AES.

2.8. Experimental Design — Central Composite Design (CCD)

For each biochar, a factorial experimental design was carried out using the Protimiza
Experimental Design software [46]. The evaluated variables were the concentration of As(V) (150,
300, and 450 pg L), the dosage of the metalized biochar (3.0, 4.5, and 6.0 g L™"), and the pH of
the solution (4, 6, and 8). These factors were assessed using a Central Composite Design (CCD),
which corresponds to a 2° design composed of 7 experiments with 3 replicates at the central point

(Table 1).

Table 1 Variables of the CCD Experimental Design for the Adsorption Experiments

. Levels
Variables Code 1 0 1
Charcoal Dosage (g L") X1 30 45 6.0
As(V) Concentration (ug L") x» 150 300 450
pH X3 4 6 8

2.9. Evaluation of Adsorption Performance

The residual As(V) in the aqueous solutions was determined using I[CP-MS. The inductively
coupled plasma mass spectrometer (model ELAN® DRC II, PerkinElmer, USA) is equipped with
a dual-pass cyclonic nebulizer chamber (Glass Expansion, Australia), a concentric nebulizer
(Meinhard, USA), and a torch with a quartz injector tube featuring an internal diameter of 2 mm.
High-purity argon (99.998%, White Martins, Brazil) was used for plasma generation. The
calibration curve for the determination of As(V) was prepared by sequential dilution from a 10 mg
L' stock multielement solution (SCP33MS, PlasmaCAL, Canada) in 5% HNOs: (Merck,
Germany). Table 2 presents the operating conditions used for the determination of As(V) in this

study.

Table 2 Operating Conditions for the Determination of As(V) by ICP-MS

Parameter ICP-MS
RF Power (W) 1300
Primary Gas Flow (L min™") 15.0
Auxiliary Gas Flow (L min™") 1.2
Nebulizer Gas Flow (L min™') 1.15

Isotope (m/z) As
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3. Results and Discussion
3.1. Elemental Analysis of Modified Biochars
The physicochemical characterization of the pristine biochars was reported in a previous
study [42] and will serve as the basis in the present work for the comparison and discussion of the
data obtained after impregnation and adsorption.
The carbon (C), hydrogen (H), nitrogen (N), and oxygen (O) contents of the biochars after

Fe impregnation are presented in Table 3.

Table 3 Elemental analysis of the modified biochars (wt%)

Components BFeB BFeC BFeP
C 85.03+0.61 60.74+0.04 77.71+0.11
H 2254003 229+0.14 1.57+0.14
N 1.07+£0.10 0.9 £0.00 1.24+0.05
O 11.67+0.73 36.08+£0.68 22.30+0.11

The weight fraction of C increases for BFeB, while it decreases for both BFeC and BFeP.
Conversely, the weight fraction of O decreased for BFeB and increased for BFeC and BFeP [42].
These differences in the O/C ratios are likely attributable to the presence of Fe, which may have
led to the formation of carbon oxides during impregnation and an increase in oxygen-rich
functional groups [21]. These findings are consistent with those reported in the literature following

Fe impregnation [14, 21, 47].

3.2. Fourier Transform Infrared Spectroscopy (FTIR)
The surface functional groups of the modified biochars were identified using FTIR

spectroscopy, covering the wavelength range from 4000 cm™ to 650 cm™* (Fig. 1).
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Fig. 1 Infrared spectra for BFeB: biochar from baru husk; BFeC: biochar from cupuacu husk; BFeP: biochar from
pequi seed

Peaks around 2340 and 2730 cm™, associated with the stretching of CH2 and C—C bonds in
aliphatic chains and carbon structures [21, 51], were absent in the pristine biochars [42]. However,
these peaks emerged in the BFeB and BFeC biochars after impregnation with FeCls. In contrast,
according to Borges et al. [42], the BFeP biochar already exhibited a peak in this region, although
its intensity decreased following impregnation. Furthermore, the vibrational stretching bands of the
carboxyl groups (C—O and C=O0), initially detected at 1560 cm™ and near 1000 cm™ [50],
weakened after Fe impregnation, particularly in the case of BFeP [27]. This suggests significant
interactions between the carboxyl groups and the introduced Fe ions [47].

Peaks located in the region between 866 and 650 cm™ are associated with the vibrations of
aromatic functional groups [49]. Prior to impregnation with FeCls, all three biochars exhibited more
intense peaks in this range, with BFeP showing the most pronounced vibrations [42]. After
impregnation, the reduction in the intensity of these peaks indicates the transformation of the
aromatic functional groups into iron oxide species on the biochars, reflecting a modification of

their surfaces [47, 49, 52].

3.3. BET Surface Area Analysis
Table 4 presents detailed results on the porosity of the iron-impregnated biochars. In a
previous study [42], the BET surface area values of the pristine biochars were reported as 251.42

m?/g for the baru peel biochar, 298.05 m?/g for the cupuagu peel biochar, and 228.14 m*g for the
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pequi pit biochar. A decrease in the BET surface area was observed following Fe impregnation,

with this reduction being especially pronounced in the BFeC and BFeP biochars.

Table 4 Surface area of the biochars.

Components Biochars

BFeB BFeC BFeP
BET Surface Area (m? g'!) 246.49 0.197 92.87
Micropores Area (m? g™!) 196.28 8.690 74.15
Pore Volume (cm® g™!) 0.128 0.005 0.060
Micropores Volume (cm?® g™) 0.091 0.004 0.034
Average pore size (nm) 20.71 942.45 25.99

BFeB: biochar from baru husk; BFeC: biochar from cupuagu husk; BFeP: biochar from pequi seed.

The areas of micropores also decreased after impregnation, showing a reduction of 6.97%
for BFeB, 96.5% for BFeC, and 59.26% for BFeP. In contrast, an increase in the average pore size
was observed in all three biochars, with this increase being more pronounced in BFeC, which,
before treatment, exhibited an average size of 1.98 nm [42]. This reduction in surface area and
micropore area, combined with the increase in the average pore size, may be associated with the
increased density of the materials after the deposition of Fe particles and the blockage of existing

pores, resulting in a larger average pore diameter [53].

3.4. Scanning Electron Microscopy (SEM) Analysis
Details regarding the structure and morphology of the Fe-impregnated biochars were
investigated using SEM, as illustrated in Figure 2 (a, b, and ¢). Compared to the pristine biochars,
which exhibit a smooth surface and allow for better visualization of the pores [42] the metalized
biochars display a rough surface, coated with numerous irregularly dispersed nanoparticles that
block the pores of the material, corresponding to the deposited Fe particles. These findings are

consistent with those reported in the literature [17, 21, 53].
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Fig. 2 SEM images of (a) BFeB: biochar from baru husk; (b) BFeC: biochar from cupuagu husk; (c) BFeP: biochar
from pequi seed

3.5. Experimental Design and Adsorption Analysis

The results obtained from the As(V) adsorption process using the Fe-impregnated biochars
were subjected to analysis of variance. Table 5 presents the percentages of As(V) removal for each
metalized biochar following the experimental optimization described by the Central Composite
Design (CCD). The analysis was employed to develop the mathematical model at a significance
level of o = 0.05, with second-order models established for all three biochars. The first noteworthy
observation from the results is the high efficiency of the adsorption process across the three
biochars under the tested conditions.

Table 5 Central Composite Design (CCD) employing three variables for the analysis of As(V) adsorption processes
and the experimental and predicted values obtained from the experiments

BFeB BFeC BFeP
Tests D.C Ci.As pH Exp.  Pred. Removal Exp.  Pred. Removal Exp.  Pred. Removal
-1 -1 0 - () o
(mgLh)  (ugL") oL (%) o (%) R (%)
1 3 150 4 3,70 -0.82 97.53 0 3.14 100.0 0.57 -2.86 99.62
2 6 150 4 0.85 3.22 99.43 0.14 -4.86 9991 0.51 3.62 99.66
3 3 450 4 3.59 595 99.20 0 -5.0 100.0 097 4.08 99.78
4 6 450 4 323 -1.29 99.28 0.12 3.26 99.97 2624 22.8 94.17
5 3 150 8 047 2.83 99.69 2.02 -2.98 98.65 024 3.35 99.84
6 6 150 8 0.62 -3.90 99.59 0.49 3.63 99.67 0.84 -2.60 99.44
7 3 450 8 2825 23.74 93.72 0.28 3.42 99.94 1.67 -1.77 99.63
8 6 450 8 337 5.74 99.25 313 263 93.05 141 451 99.69
9 4.5 300 6 253 443 96.39 234 336 100.0 1.18 3.89 99.74
10 4.5 300 6 0.52 443 99.82 0.15 3.36 99.92 532  3.89 99.65

11 4.5 300 6 1.65 4.43 93.81 0.18 3.36 95.36 3.87 3.89 98.41

D.C.: Charcoal Dosage; Ci.As.: Initial As(V) Concentration; pH: Hydrogen Potential; Exp: experimental values; Pred: predicted values; BFeB:
biochar from baru husk; BFeC: biochar from cupuagu husk; BFeP: biochar from pequi seed

For BFeB, the lowest removal value was 93.7% in experiment 7, which used the minimum
biochar dosage, the maximum As(V) concentration, and an alkaline reaction medium. Conversely,
the highest removal, 99.8%, was achieved in experiment 10, with an intermediate biochar dosage,
intermediate As(V) concentration, and an acidic reaction medium. In the case of BFeC, two
experiments (1 and 3) exhibited 100% removal, both using the minimum biochar dosage, an acidic
reaction medium, and As(V) concentrations of 150 and 450 pg L. The lowest removal value for
BFeC was 93.1% in experiment 8, where the maximum biochar dosage, maximum As(V)

concentration, and an alkaline pH were used. Finally, for BFeP, the lowest removal occurred in
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experiment 4 (94.17%), which utilized the maximum biochar dosage, maximum As(V)
concentration, and a pH of 4, whereas the highest removal was observed in experiment 5 (99.84%),
with the minimum biochar dosage, minimum As(V) concentration, and an alkaline reaction
medium.

Figure 3 shows the interval plot illustrating the range of percentage removal of As(V) for
each biochar. The points represent the mean values, while the vertical bars indicate the 95%
confidence intervals. It can be observed that all methods exhibited high removal rates, with BFeC
demonstrating the highest average efficiency (99.1%). These results indicate that all the biochars

are effective in removing As(V).
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Fig. 3 Interval plot shows the percentage removal range of As(V) by (a) BFeB: biochar from baru husk; (b) BFeC:
biochar from cupuagu husk; (¢) BFeP: biochar from pequi seed

The response surface generated from the executed experimental design illustrates the
interaction among the variables: biochar dosage, As(V) concentration, and pH. The adjusted R?
values explained 79.62%, 81.38%, and 83.37% of the variability in the models for BFeB, BFeC,
and BFeP, respectively, in relation to the observed As(V) removal values. These R* values are
acceptable within the context of the mathematical model, thereby justifying the proposed design.

Figure 4 (a—1) presents the response surfaces of the biochars in 3D graphs. For BFeB (Fig.
4 —a, b, ¢), it was observed that low biochar dosages, high As(V) concentrations, and elevated pH
resulted in lower As(V) removal via adsorption. In the case of BFeC (Fig. 4 —d, e, f), the graphs
indicate that high levels of all three analyzed variables compromise the adsorption of As(V) by this
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biochar. Regarding BFeP (Fig. 4 — g, h, 1), it was noted that high biochar dosages and high As(V)
concentrations also reduced As(V) removal; however, pH did not exhibit a significant impact on

the process.
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Fig. 4 Interval plot shows the percentage removal range of As(V) by (a, b, ¢c) BFeB: biochar from baru husk; (d, e, f)
BFeC: biochar from cupuacgu husk; (g, h, i) BFeP: biochar from pequi seed

Determining the optimal biochar dosage is a crucial factor in experimental studies.
According to Yusof et al. [54], when more adsorbent is added to a solution, the removal capacity
initially increases because more "active sites" become available. However, there is a limit beyond
which the removal efficiency does not improve, even with additional adsorbent. This is due to
arsenic particles accumulating in a single layer, which blocks the adsorbent's pores and prevents
further arsenic binding. Thus, after a certain amount of adsorbent is reached, the removal rate

stabilizes [54].
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Another factor that directly impacts the efficiency of As(V) adsorption is the pH of the
solution. According to Zhang et al. [55], the limited number of studies investigating the influence
of pH on adsorption processes have found that an acidic pH facilitates the adsorption of As(V) in
water. Under lower pH conditions, the biochar exhibits a positive charge, which promotes the
adsorption of arsenic oxyanions; in contrast, when the pH is elevated, the biochar tends to acquire
a negative charge, resulting in repulsion with the arsenic ions, which are also negatively charged
(AsO3") [56].

Table 6 summarizes selected studies on As(V) removal by iron-modified biochars,
highlighting the performance of materials derived from Legal Amazon residues used in this study
compared to other biomasses.

The results of this study demonstrate that iron-modified biochars achieved As(V) removal
efficiencies exceeding 99% across a broad pH range (4-8), outperforming most adsorbents reported
in the literature. This high efficiency, with operational adsorption capacity (Qt) values ranging
from 0.05-0.15 mg/g, contrasts with other materials such as rice straw biochar (28.49 mg/g) [11]
or sorghum biochar (23.0 mg/g) [63], which reported theoretical maximum capacities (Qmax). This
suggests that the removal mechanisms predominantly involve specific chemical processes, such as
iron oxide-mediated surface complexation and electrostatic interactions, rather than purely physical

adsorption processes [15, 20, 55].

Table 6 - Studies of As(V) adsorption by iron-biochar derived from lignocellulosic biomass.

. . Sorption Adsorption
Biomass Synthesis Magnetic Iron-biochar preparation capacity pH efficiency Ref.
method precursor o
(mg/g) (o)
Pinc Pyrolysed FeCly/ 5 g of biochar was sonicated for 1h
ood 600 °C/ 1h/ NaBlfl with purged argon (Ar) gas/ at 90 °C 0.13 4.1 90-100 [57]
W N, 4 for 4h/ dried at 50 °C for 24h
Com Pyrolysed The biomass was agitated for 2h/
stra 600 °C/ 1h/ FeCls dried at 80 °C for 1 night/ pyrolyzed 6.80 6 86.12 [45]
W muffle at 600 °C for 1h/ dried at 80 °C
Com Pyrolysed FeCly/ The biomass was mixed by ultrasound
stra 600 °C/ 2h/ n S(; with solution for 2h/ aged at 60 °C for 14.77 2-8 96.0 [58]
W N, R 121/ dried at 80 °C for 24h
Cassi Pyrolysed The biomass was mixed with FeCls
f”tssl’“ 200 °C/ 1/ FeCls solution for 24h/ neutral pH/ dried at 0.42 2 84.4 [59]
st muffle 60 °C for 24h
Rice Pyrolysed 10 g of biochar was mixed with FeCls
500 °C/ 1h/ FeCl; solution/ heated to 50 °C/ 1h/ pH 11/ 28.49 5 86.3 [11]

straw N, dried at 50 °C for 1 night
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Citrus

limetta Pyrolysed 30 g of biomass was mixed with FeCls
o & 500 °C/ 2h/ FeCl; solution for 4h/ vacuum dry/ 2.0 3 91.44 [60]
p P epe I muffle pyrolyzed at 500 °C for 2h
Pyrolysed FeCly/ 15 g of biochar was mixed for 30min
Bamboo 700 °C/ 1h/ FeSO3 at 25 °C/ pH 10 with NaOH/ mixed 5.0 5-9 100.0 [61]
N, 4 for 1h/ dried at 70 °C overnight
Cassia Pyrolysed . . .
fistula 300 °C/ 3h/ FeCly/ Sg ofblochoar was mixed/ all night/ 030 5 96.0 [62]
NaBH, 27 °C/ vacuum dry
pods muffle
Sorehum Pyrolysed 5 g of biochar was mixed with FeCl;
S t{rga 550 °C/ 1h/ FeCl; solution for 30min/ stirred for 24h/ 23.0 5 95.96 [63]
W N dried at 6 °C for 12h
Pomelo Pyrolysed 50 g of biochar was mixed with FeCl;
cel 350 °C/ 3N/ FeCl; solution/ 48h/ 30 °C/ dried at 70 °C 15.28 7 96.02 [64]
P N, for 48h
Pongamia Carbonized FeCly/ 3 g of biochar was mixed for 3min at
pinnata 400 °C/ 3/ FeC13 85 °C/ pH 7 with NaOH/ mixed for 10.29 7 99.53 [65]
husk muffle 2 Smin/ dried at 100 °C for 12h
Spirulina Pyrolysed FeCly/ The biomass was mixed with FeCls
pllva fensis 600 °C/ 1h/ FeSC; and FeSO4 solution for 30min/ pH 10 - 3 80.1 [66]
N, N with NaOH
Pyrolysed FeSO./ 20 g of biochar was mixed for 3h/
Rice husk 500 °C/ 2h/ N agitation after add H,O, for 24h/ dried 76.3 3 98.8 [67]
H,0, o
N, at 60 °C
Baru husk 0.12 6 99.97
Cupuagu  FYrolysed 20 g of biochar was mixed with 10%
o o .
husk 30532/ C/t " FeCls (m/v) FeCl; solution for 2h at 25 °C/ 0.15 4/6 100.0 Thés
wate dried at 80 °C for 2h study
) vapor
Pequi 0.05 8 99.84
sheel

The synthesis method employed in this study stood out for its simplicity, relying solely on
FeCls impregnation, in contrast to conventional processes involving high-temperature pyrolysis
(500-700°C) or reductant-assisted functionalization [57, 61]. This approach minimizes energy and
operational costs, proving particularly advantageous for resource-limited regions [39]. Another key
differentiator was the remarkable stability of these materials under varying pH conditions, whereas
other biochars (those derived from Cassia fistula) require strongly acidic conditions (pH 2) for peak
efficiency [59]. The exceptional performance in alkaline pH, a phenomenon rarely documented in
the literature, may be associated with the formation of stable inner-sphere complexes between
As(V) and iron oxides [68], potentially facilitated by co-existing minerals (Al or Mn) in the

material's structure [15].
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Although the results of Dias et al. [69] were obtained in Amazonian mining tailings, the
efficacy of phosphorus-enriched biochars, particularly palm kernel cake-derived biochar (0.013-
0.017 mg/g), which showed higher Fe content (3.19 g/kg) and up to 20% reduction in ecological
risk, suggests potential applications in water treatment systems. However, this matrix transposition
requires specific evaluations regarding: (i) competing ion effects (phosphate, PO4+*"), which in
mining tailings were mitigated by P-induced site saturation but could significantly reduce removal
efficiency in aquatic systems [7]; and (ii) dissolved organic matter, which may complex both As
and biochar metals, altering their availability [56]. Furthermore, technical viability depends not
only on initial efficiency but also on reusability and stability during repeated adsorption-desorption
cycles, critical aspects for future investigations [68, 70].

In perspective, these results highlight the potential of iron-modified biochars as a
technically feasible and economically accessible alternative for As(V) removal under
environmentally relevant conditions. The combination of high efficiency at low concentrations,
broad operational pH range, and simplified synthesis positions these materials as promising options
for resource-limited regions. Future studies should focus on optimizing adsorption capacity without
compromising selectivity, evaluating performance in complex matrices, and validating long-term
stability, thereby consolidating this technology's potential for real-world arsenic mitigation

scenarios.

4. Conclusion

The biochars prepared in this study prove to be promising adsorbents for magnetic
separation, as well as effective in the removal of As (V) from water samples. The synthesis of the
iron-loaded biochars exhibited favorable surface properties, characterized by a rougher appearance
with visibly dispersed particles and an increase in oxygen-containing functional groups. These
factors produced a synergistic effect that facilitated the removal of As(V).

The analysis of variance indicated that all independent variables contributed approximately
80% of the variation in removal efficiency. At the maximum As(V) concentration used (450 ug
L), the ion adsorption percentages were 99.28%, 100%, and 99.78% for BFeB, BFeC, and BFeP,
respectively. These results underscore the high efficiency of all three biochars, even though they
are derived from biomass with very different characteristics and in the absence of significant

interactions among the analyzed variables.
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Although the parameters of this study may lack statistical significance, their practical
relevance was clearly observed during adsorption experiments. This systematic evaluation of
biochar efficiency demonstrates the advantages of a simple, low-cost preparation method, offering
more sustainable and effective solutions to mitigate arsenic contamination. The findings
underscore the feasibility of implementing this approach in remote regions, tailored to local
realities. This strategy not only benefits public health and local communities but also emphasizes

the importance of native species from the Legal Amazon.
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Introduction

In recent decades, the scientific community has accumulated robust evidence linking
anthropogenic carbon emissions to the global climate crisis [1]. This phenomenon not only raises
the planet’s temperature but also intensifies the frequency of extreme weather events, causing a
series of adverse environmental effects. To contain the growing concentration of atmospheric CO-,
which reached a record level of 422 ppm in 2023 [2], it is important to adopt an integrated approach
that enables the mitigation of these emissions and the current dependence on fossil fuels.

In this sense, biorefineries are being developed as a feasible approach to promote carbon
neutrality by exploiting renewable resources. Biorefinery processes allow for the transformation of
a wide range of raw biomass into valuable products, contributing to address environmental
challenges and generating new opportunities for socioeconomic development at the same time [3].
One of the promising biorefinery feedstocks is the residual lignocellulosic biomass, widely
available in the agricultural and forestry sectors, of low cost and not competitive with food crops
[4-6].

The conversion of lignocellulosic biomass can be carried out through both thermochemical
and biochemical routes, with the former considered more efficient and flexible in terms of
applicability [6,7]. Thermochemical conversion processes are usually classified into three
categories, according to the main product generated: conversion into solid products, which include
processes such as torrefaction and hydrothermal carbonisation (HTC); conversion into liquid
products, including hydrothermal liquefaction and thermal pyrolysis; and conversion into gaseous
products by catalytic pyrolysis and hydrothermal and conventional gasification processes [7,8].
Some of these processes can produce solid, liquid and gas products in different proportions
depending on the operating conditions, as in the case of pyrolysis [9]. HTC is a thermochemical
process that involves the conversion of raw materials in hot liquid subcritical water medium,
forming a non-condensable gas composed mainly of CO», a liquid fraction (process water) with
high concentration of organic compounds, including oxygenated hydrocarbons such as sugars and
alcohols [10], and a solid product with high carbon content, usually known as hydrochar [11]. This
technology has been evaluated as an attractive alternative for biomass valorisation due to the
capability for processing a wide variety of biomasses including those with high moisture content
without the need for pre-drying. The process occurs at moderate temperatures under autogenous

pressure, which reduces energy consumption [11,12]. Furthermore, HTC offers additional
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advantages, such as the minimisation of greenhouse gas emissions [13]. During HTC, both high
carbonisation levels and low CO; generation are usually reached, whereby most of C in the starting
biomass is finally fixed in the hydrochar solid fraction. The most common use of this hydrochar is
as a biofuel, liberating an amount of C (as COy) equivalent to that fixed in the hydrochar during
HTC, resulting in a global carbon-neutral technology. It is also notable for not generating hazardous
chemical substances and achieving a significant reduction in the volume of the raw material [6,12].

The valorisation of the oxygenated hydrocarbons typically occurring in the process water
from HTC is still a challenge, hampered due to the diversity of compounds generated. In this sense,
Cortright and co-workers [14] were pioneers in the development of the aqueous phase reforming
(APR) process, which is a catalytic process that converts oxygenated organic compounds such as
sugars and alcohols into Hz and other chemicals using liquid water as a reaction medium. Unlike
traditional steam reforming, APR operates under moderate conditions (200-270 °C, 15-50 bar),
reducing energy costs [14,15]. In a simplified scheme, at APR conditions, C-C, C-H and/or O-H
bonds in oxygenated hydrocarbons are broken, first generating H, and CO. Secondly, the water-
gas shift (WGS) reaction converts CO into CO2, producing additional H> and resulting in a gas
with very low CO contents [16].

The development of catalysts for APR requires careful consideration of activity and
selectivity. Catalysts with good performance should exhibit the ability to break C—C bonds and to
promote the WGS reaction without cleavage of the C—O bond [17]. Additionally, stability, cost and
potential environmental impact must be considered [18]. Noble metal catalysts, such as Pt, Pd, and
Ru, exhibit high activity and resistance to coke formation but are expensive and scarce. In contrast,
transition metals like Ni, Cu, and Fe are more affordable but less active and more prone to leaching
and deactivation [10]. As an alternative, combinations of transition and noble metals have been
investigated to optimise cost and performance [19].

On the other hand, the selection of the catalytic support is another crucial parameter in the
design of these systems. Among conventional inorganic supports, metal oxides such as a-Al,O3,
CeO», TiO2, ZrO,, and MgO stand out for their thermal stability and tuneable redox properties
[10,18,20-23]. Meanwhile, zeolites provide a controlled acidity and porous structure, optimising
the dispersion of active metals [23,24]. Carbonaceous materials, including activated carbon [25-
27], carbon nanotubes [28,29], and graphene [30,31], have been reported as a competitive

alternative, offering distinct advantages, such as high surface area, tuneable chemistry and reduced
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costs. However, their use faces challenges, including a greater tendency toward coke formation and
lower thermal stability under oxidative conditions compared to other supports [32]. Finally, among
the most sophisticated approaches, Ru- and Ir-based pincer complexes stand out for their high
activity even at moderate temperatures, though they face challenges such as complex synthesis and
dependence on additives to achieve stability [18].

Many studies on APR of biomass-derived compounds and mixtures have been previously
reported. However, most of research conducted has focused on individual biomass derivatives, and
few studies utilise raw biomass due to their heterogeneous composition and impurities, which can
negatively affect H> production [33,34]. For instance, the complex polymeric structure of lignin,
dominated by C—C and B-O-4 linkages, requires severe reforming conditions and often leads to
catalyst deactivation due to the phenolic intermediates generated [35]. To address this limitation,
pretreatments that solubilise lignin can be employed to fragment it into smaller, more reformable
compounds (phenols, alcohols) while simultaneously reducing O/C ratios [36]. Valenzuela et al.
[37] studied the valorisation of pine sawdust residues, highlighting the effectiveness of combining
hydrolysis and APR. Meryemoglu et al. [26] studied the APR of wheat straw hydrolysates at 250
°C for 2h, comparing Raney-Ni and Pt, Pd, and Ru catalysts on different supports. The Raney-Ni
2400 catalyst exhibited the highest H» selectivity and the best performance in the degradation of
organic compounds from the lignin fraction during the APR. In another study, the authors
compared APR of glycerol and wheat straw hydrolysates at 250 °C using Pt/C, Pt/Al>Os, and
Raney-Ni catalysts. In glycerol APR, Pt/C catalyst performed best (804 mL gas, 36% H2, 99%
Xtoc), while Raney-Ni showed the highest net yield (451 mL gas, 69% H2, 52% Xtoc) for the
hydrolysate. The authors attributed the worse results obtained using the hydrolysate from wheat
straw, in terms of gas volume and organic matter conversion, to the higher molecular weight of
oxygenated hydrocarbons, which are less favourable for reforming [38]. Irmak and Oztiirk [36]
compared H» production via APR using pure glucose, solid kenaf biomass, and kenaf hydrolysates
obtained at 150 and 250 °C (90 min hydrolysis). APR experiments were conducted at 250 °C for
2h with a 5 % Pt/activated carbon catalyst. Results showed that APR of the hydrolysate achieved
the highest H> concentration (60 % in the produced gas), outperforming even pure glucose (57%),
due to contribution to its composition of partially degraded polysaccharides that minimised
byproducts formation. However, the APR of solid biomass produced much less gas with only 32%

H,. Zakzeski and Weckhuysen [35] investigated treatment of different technical lignins and
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lignocellulosic materials (kraft, soda, Alcell, and sugarcane bagasse) by hydrolysis at 225 °C
followed by APR at 225 °C for 1.5h using Pt/Al,O3 as catalyst and H2SO4 as co-catalyst. The
results revealed that the lignin source significantly influences products distribution. While Alcell
lignin showed the highest H> yield (9%), sugarcane bagasse produced 5%, demonstrating variations
in process efficiency depending on the feedstock. Irmak and Tiryaki [39] studied H> production via
APR at 250 °C using a 5% Pt/C catalyst from corn kernels hydrolysate (pretreated at 200 °C for
1h), which produced 130 mL H»/g (83% purity), with yield comparable to pure glucose. In contrast,
corn stover hydrolysate, characterised by a more complex structure, yielded only 57 mL H»/g (69%
purity). Oliveira et al. [40] subjected sewage sludge to a combined process of HTC and APR with
bimetallic catalysts (Pt-Rh/C), achieving a high H> production (99 mmol/gTOC) under acidic
conditions (pH 3) and low organic load (500 mgTOC/L). Torres et al. [41] evaluated mixed urban
pruning waste, using hydrothermal pretreatment (180 °C, 60 min) followed by APR with Pt/C (5
wt%), reaching 17 mmol H2/gTOC, under neutral conditions and an initial concentration of 1,000
mgTOC/L, highlighting that prolonged pretreatments could reduce efficiency due to refractory
compounds.

Given this context, the present study investigates the valorisation of three lignocellulosic
biomasses from widely consumed fruit species in the Amazon Legal communities in Brazil as raw
materials to produce bio-H> through APR-based alternatives: on one hand, direct APR of the
biomasses and, on the other hand, coupling of hydrothermal pretreatment (hydrolysis or HTC) and
APR under different conditions, were conducted. These sustainable waste valorisation strategies
play a crucial role in strengthening these communities, as they would allow the production of
renewable H> in local environments that would otherwise be unlikely to connect to a potential H>

distribution network as an energy vector of the future.

2. Experimental section
2.1 Experimental planning

The production of H> from biomasses through APR was studied by direct APR and coupling
of hydrothermal pretreatment and APR. One of the challenges in the coupled process is the use of
water, since hydrothermal pretreatment can be operated at high water-to-biomass ratio (W:B) but
better performance in APR is achieved when hydrolysates with an initial Total Organic Carbon

(TOC) concentration ca. 1,000 mg/L are processed [41]. This TOC initial concentration range in
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the APR feed can be achieved using excess of water in the pretreatment and/or by dilution of the
hydrolysate. However, the W:B used in the pretreatment could in turn influence APR performance
due to differences in solubilised compounds at different pretreatment conditions. Therefore, two
alternatives were considered for the integration of pretreatment and APR: 1) to use a high W:B in
the pretreatment (1,000:1, wt% d.b.) and a low hydrolysate dilution ratio for APR; and 2) to use a
low W:B in the pretreatment (10:1) and apply a high hydrolysate dilution ratio for APR. This

experimental program is schematised in Figure 1.
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Figure 1. Experimental program carried out in this work.

2.2 Materials

The raw materials used were residual lignocellulosic biomasses from native fruits of the
Brazilian Legal Amazon, collected at local producer fairs in the municipality of Palmas (Tocantins,
Brazil). The selected materials were the fruit of Baru (Dipteryx alata Vog.) without the almond,
the epicarp of Cupuacu (Theobroma grandiflorum Will.), and the spiny endocarp of Pequi
(Caryocar brasiliense Camb.). These biomasses were denoted as BH (Baru husk), CH (Cupuacu
husk) and PS (Pequi shell).

A water solution of hexachloroplatinic acid (8 wt%) purchased from Sigma Aldrich was
used as a precursor salt in the preparation of catalysts. ENSACO250 carbon black (CB), provided
by Imerys Graphite & Carbon, was used as catalyst support.
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2.3 Catalysts preparation

The Pt/CB catalyst used for APR runs was prepared with a nominal Pt loading of 5 wt%
using the incipient wet impregnation procedure. The support was initially impregnated with the
aqueous solution of hexachloroplatinic acid and dried overnight at 60 °C; then, the samples were

calcined at 200 °C for 2h and finally reduced under H> flow at 300 °C for 2h.

2.4 Experimental devices and procedures

Both the hydrothermal pretreatment of the biomasses and the APR experiments were
carried out in a 50 mL stainless steel pressure reactor (Berghof - BRHS), equipped with an internal
Teflon liner, controlled heating system and magnetic stirring. Before each test the reactor was
tightly sealed, the air inside the system was purged three times with Ar and the initial pressure was
set to 5 bar. Once the reaction time was completed, the system was cooled down to room
temperature.

On one hand, direct APR tests were carried out using CH biomass, operating at 220 °C and
autogenous pressure during 4h. Two different mass ratios between catalyst and organic carbon in
the loaded biomass were studied, corresponding to 2.3 and 4.5 mgcatalystymgCo, While 15 mL of
water was used as reaction medium in all cases.

On the other hand, the biomass pretreatment consisted of a hydrothermal step aimed at
hydrolysing and solubilising of organic matter into the hydrolysate. Initially, the CH biomass was
used as a reference to optimise the pretreatment temperature. Three different values were tested
within the auto-hydrolysis range (130, 160 and 190 °C), along with one in the HTC range (230 °C).
The pretreatment duration was 1h in all cases. Based on the results, the most efficient temperature
was then selected for subsequent experiments with the other biomasses (PS and BH). W:B values
of 1,000:1 and 10:1 (wt% d.b.) were used. The moisture content of the biomasses (7.3, 2.4 and 0.4
% for CH, PS, and BH, respectively) was previously determined in an earlier study [42], and
considered in the W:B calculation in order to achieve a total water load of 15 g in the reactor along
with the corresponding amount of biomass. The hydrolysates obtained in the different conditions
tested were subsequently subjected to APR. Hydrolysate aliquots were diluted in water to reach a
final concentration of 1,000 mgTOC/L and placed in the reactor along with 150 mg of the 5 wt%
Pt/CB catalyst. The APR reactions were carried out at 220 °C for 4 h. After cooling, the generated

gaseous, liquid, and solid products were collected and analysed, as explained below.
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2.5 Analytical methods and data treatment

The gas phase produced in both the hydrothermal pretreatment and APR experiments was
collected in multi-layer gas sampling bags (Supelco, USA), and analysed by Gas Chromatography
using a GC/FID/TCD device (7820 A, Agilent). The TOC concentration in the hydrolysates and
the APR effluents were determined using a TOC-VCSH (Shimadzu) equipment.
The yield of organic carbon solubilisation during the pretreatment was calculated based on the

TOC in the hydrolysate, as shown in Eq. (1):

m,
mg TOC ) _ Toc (Tg) Vprocess water (L)
Whiomass(mg)

nsol ( (1)

MPbiomass

where Whiomass 18 the weight of dry ash-free biomass used in the experiments.

Soluble organic carbon conversion (XTOC) and conversion into products (CCgas, CCliq,
and CCsol) during APR reactions were calculated as shown in Egs. (2), (3), (4), and (5),
respectively. The production of H> was evaluated both with respect to the initial TOC, Eq. (6), and
the dry and ash-free biomass fed to the APR, Eq. (7). The selectivity to H> was determined as a
percentage of the total gas production, according to Eq. (8).

TOCinitial(%) - TOCfinal(%)

Xroc(%) = TOCinitial(%) .100 (2)
CCgas (%) = TOCinitiZ‘f((%S)(‘-qV)liquid(L) 100 )
CCliq (%) = C‘i’f—(f’gg) x 100 (4)
CCsol (%) = 100 — CCliq (%) — CCgas (%) (5)
P Grotmns) = Tomea ) e ©
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PHZ (mmole) _ PHZ ( mmol H, )-nsm ( gToC ) (7)

Ibiomass gTOCnitial 9 biomass

H, produced (mmol)

Su, (%) = 100 (8)

¥ gas produced (mmol) "

The biomasses and the fresh and used catalysts were characterised by TPD/TPO
thermogravimetric analysis using a TA Instruments TGA Q500 equipment. To obtain the TPD
curve, the sample was heated from room temperature to 900 °C at a heating rate of 10 °C/min under
a N» flow of 50 mL/min; then, the sample was cooled to 100 °C. Subsequently, the TPO curve was
obtained by heating the sample again to 900 °C at a heating rate of 5 °C/min under 50 mL/min air

flow.

3. Results and discussion
3.1 Raw biomass characterisation

The analysis of raw biomass is an essential aspect since the production of H2 from biomass
in APR is directly influenced by the composition of the feedstock reformed [43,44]. The full
chemical composition of the three biomasses studied was previously reported, including proximal
and elemental analysis as well as cellulose, hemicellulose, extractives and lignin contents [42].

The TPD analysis (Figures 2a and 2b) revealed, after an initial moisture removal at 100-
150 °C, a mass loss vs. temperature profile quite similar for the three biomass samples, showing
maximum decomposition rate at ca. 350 °C. However, DTG curves showed a second
decomposition peak at ca. 400 °C for PS, and for BH an additional shoulder and shifted main peak,
suggesting more complex and different structures in each sample. The profiles of subsequent TPO
analysis (Figures 3a and 3b) showed noticeably different behaviour for the three specimens. While
for CH essentially a single mass loss peak at 350 °C can be seen, important contribution of peaks
at 375-400 °C was found for BH and particularly for PS, indicating more carbonised structures

probably derived from the more cross-linked structures in the starting biomass.
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Figure 2. TG-TPD (a) and DTG-TPD (b) curves of CH, PS, and BH raw biomasses.
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Figure 3. TG-TPO (a) and DTG-TPO (b) curves of CH, PS, and BH raw biomasses.

3.2 Direct APR of biomasses

Initially, the influence of catalyst concentration on the direct APR results was studied using
CH biomass. The substrate conversion to gas, liquid and solid fractions and the gas composition
are shown in Figure 4. As can be observed (Figure 4a), the conversion of C to the different fractions
is similar for the two catalyst-to-substrate ratios tested. More than 50 % of the C present in the raw
biomass remains as solid residue while ca. 20 % is present in the process liquid effluent as soluble
organic compounds and, finally, around 27 % is converted into gas products. On the opposite, more
significant differences can be found in the gas production and composition (Figures 4b and 4c).
Among the gaseous products, H» and CO; were predominant in both experiments, with smaller
quantities of CH4, C2Hs, and C3Hg. However, the production was higher when higher catalyst dose
was used, particularly for the case of Hz (11.5 and 17.7 mmol/gC, for 2.3 and 4.5 mgcatayst'mgCo,

respectively). Similarly, H» selectivity also increased as the catalyst dose increased, although it also
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led to an increase in CO; production. Likewise, the specific gas production decreased from 5.2 to
3.9 mmolH2/gCo mgcatatyst When the 4.5 mg/mgC, dose was used. Therefore, the 2.3 mgcatalysymgCo
dose was selected for further experiments using the other two biomasses, PS and BH, as substrates
in direct APR. The results of CCgas, and the gas production and composition are shown in Figure

5.
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Figure 4. Carbon conversion to fractions (a), and gas characterisation (b, c¢) in the direct APR of

CH biomass at different catalyst/biomass ratios (APR conditions: 220 °C; 4h; 5 wt% Pt/CB).
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Figure 5. CCgas (a), gas production (b), and gas concentration (c) in the direct APR process of
three raw biomasses (APR conditions: 220 °C; 4h; 5 wt% Pt/CB; 2.3 mgcatalyst'mgCo).

The gas production in the direct APR of the three biomasses was, in general terms, low.
During the process, the biomass must be solubilised for further reforming. Under APR operating
conditions, HTC competes with reforming, as the high values of CCsol and CO> production
suggest. If the APR process is conducted in one-step (direct APR), the raw biomass is firstly
degraded and solubilised and then reacts in the aqueous medium on the catalyst surface to generate
H>. However, under typical APR operating conditions (200-270 °C, 15-50 bar), HTC is also
favoured as a parallel route. The main product of this process is hydrochar, which is a solid fraction
[40] that can deposit on the catalyst surface decreasing activity in APR reactions. However, these
results are significant, with CCgas ranging from 11.6 to 26.7 % and a markedly variable H> yield,
peaking for CH biomass at ca. 11.5 mmolH2/gC, with a concentration of 37.6 mol% in the gas
product. To date, few studies have been reported on direct APR of solid biomasses. Pipitone et al.
[45] studied the process using a 2.5 wt% lactose feed and a commercial Pt/C catalyst. They obtained
up to 22 % CCgas and 19 vol% Ho in the generated gas. Wen et al. [46] obtained relevant results

in the direct APR of different cellulose materials (filter paper, degreased cotton, and
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microcrystalline cellulose), with CCgas in the 70.4-89.8 % range and H» gas concentrations of
39.5-48.0 mol%. The authors ascribed these significant results to the slow hydrolysis of cellulose,
catalysed by the H' reversibly formed during the process.

CH biomass stood out with the highest H, production, which can be attributed to its
relatively low lignin content and high proportion of carbohydrates (37.1 and 54.1 %, respectively)
[42]. Carbohydrates such as cellulose, and particularly hemicellulose, are more easily hydrolysed
and converted to H> during APR due to their less recalcitrant polymeric structure and higher
susceptibility to depolymerisation [16]. In contrast, PS biomass, which has a high lignin content
(52.2 %) [42], showed practically negligible H> conversion. Most probably because lignin complex
and highly cross-linked structure lead to intermediates that divert the reaction toward alkane and
coke production, covering the catalyst's active sites and reducing their activity as also suggested
by the occurrence of CO in the produced gas [10]. Finally, although BH biomass has a relatively
low lignin content (34.8 %) [42], a low H» production (1.7 mmol/gC,) and selectivity (16.8 mol%)
was obtained due to the high CO; production. Furthermore, BH modest carbohydrate content (34.8
%) [42] limits the availability of ideal substrates for H> production.

The results highlight how biomass composition significantly influences the results of direct
APR, with carbohydrate-rich feedstocks being more favourable for H> production, while lignin-

rich materials tend to promote undesirable side reactions that reduce process efficiency.

3.3 Combination of hydrothermal pretreatment and APR
3.3.1 High W:B

With the aim of producing a hydrolysate rich in organic matter suitable for APR, the CH
biomass was selected for preliminary hydrothermal pretreatment tests using high W:B (1,000:1).
As shown in Figure 6, the TOC concentration in the CH biomass hydrolysate increased
progressively with rising temperature, reaching a maximum of ca. 1,900 mgTOC/L at 190 °C,
beyond which a decline was observed. This TOC concentration in process water corresponds to a
solubilisation yield of ca. 16 and 33% respect of initial biomass and initial C in biomass,
respectively.

The reduction of C solubilisation when the hydrothermal pretreatment of biomass is
operated at temperatures above 180-230 °C has been previously reported for sewage sludge, urban

pruning waste or corn kernels [40,41,47]. Reaction pathways leading to a decrease of the
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concentration of C in the hydrolysate include the gasification process, which takes place faster than
hydrolysis and C solubilisation at temperatures above 200 °C [48]; HTC, whose contribution is
revealed by an increased generation of CO»; and condensation and repolymerisation of lignin

derivatives [41].
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Figure 6. TOC concentration in the hydrolysate and solubilisation yield during CH biomass
pretreatment at different temperatures (1 h; 1,000:1 W:B).

Hydrolysates from CH biomass obtained within the 130-230 °C range were further
investigated as APR substrates for process coupling (Figure 7) after TOC concentration adjustment
to 1,000 mg/L. Values of Xroc in APR ranged 55-74%, while CCgas ranged from 33 to 48%
(Figure 7a). No significant differences were observed for CCgas and Xtoc among the hydrolysates
obtained in the 130-190 °C range, while at 230 °C the lowest CCgas (33%) was observed. The high
CO; production (ca. 78% of total gases) also evidences relevant competing HTC in the APR
medium.

On the other hand, gas composition analysis identified H2, CO,, CH4, C2Hs, and C3Hs as
the primary components with composition revealing significant temperature-dependent variations,
particularly for H> showing production values between 0.4 and 36.4 mmol/gTOC, (Figure 7c). As
observed for Xtoc and CCgas, lowest Ha yield was obtained in the APR of the hydrolysate obtained
at the highest pretreatment temperature. The best APR performance was obtained with the
hydrolysate from pretreatment at 160 °C, reaching Xrtoc and CCgas of 74 and 48%, respectively,

with a production of 36.4 mmolH>/gTOC, and a H> concentration of 50 mol% in the gas stream.



152

1004 20,
a) XTOC b) !CCgas
scﬁ‘gas CClig
a0 4 —
—_ = ]
g = 60 CCsol
5 807 =
E E 40 1
= =
S G og
g ]
04
130 160 190 230 130 160 190 230
Pretreatment temperature (*C) Pretreatment temperature (*C)
3 50 ;
2 c) EENES = anl @ I H
[a] = 80
= a0 160 °C = I CO
= 190 °C E 50 cCC
g 10 230°C 5 1
E S
£ 20 g
= a
B =
= ]
2 104 o
(=8 m
w 0]
m
@ 0 E
Hz C02 CH4 C2HE C3HB8 130 160 190 230

Pretreatment temperature (*C)

Figure 7. APR of the hydrolysate obtained at different temperatures using CH biomass (APR
conditions: 220 °C; 4h; 1,000 mgTOC./L; 5 wt% Pt/CB).

The integrated data analysis indicates that although higher biomass solubilisation can be
achieved in the pretreatment at 190 °C (Figure 6), the highest production of H» at APR stage was
obtained from the hydrolysate produced at 160 °C. Based on this result, the hydrothermal
pretreatment temperature of 160 °C was selected for the subsequent experiments using the other
two biomasses. This selection was supported on previous results indicating that the optimal interval
is very close for biomasses of similar nature, as in the current case, where the three samples tested
are all seed shells. On the other hand, CH biomass showed intermediate composition between PS
and BH in cellulose, hemicellulose, extractives, lignin, etc. [42].

The pretreatment results presented in Figure 8 demonstrate significant differences in
hydrolysis performance among the three biomasses when subjected to pretreatment at 160 °C for
1h. Biomass BH stood out for the highest organic matter solubilisation, reaching 1,525 mgTOC/L,
followed by CH with 1,130 mg/L, while PS showed the lowest yield with 966 mg/L. As discussed
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above, the poor result for biomass PS may be related to its high lignin content (52.2%) and lower

depolymerisation during the pretreatment at low temperature [16,42].
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Figure 8. TOC concentration in the hydrolysate and solubilisation yield during CH, PS and BH
biomasses pretreatment (160 °C; 1 h; 1,000:1 W:B).

The APR of hydrolysates obtained by pretreatment of the three biomasses at 160 °C resulted
in similar Xtoc ca. 74% in all cases and CCgas values exceeding 45% (Figure 9a). A comparative
analysis of the different hydrolysates revealed distinct behaviour during the reforming process,
both in gas product distribution and formation of solid residues (CCsol), likely reflecting
differences in their molecular composition inherited from the original biomasses.

Hydrolysate from biomass CH exhibited the best performance in H> production, with
outstanding 36.4 mmol/gTOC, and 50 mol% in gas product (Figures 9c and 9d), a behaviour
consistent with the higher ability to reform of carbohydrate-rich hydrolysates and the highest
cellulose content of PS (44.7%) [42]. Therefore, the hydrolysis step prior to APR eases the reaction
pathway and overcomes the complexity associated with direct cellulose degradation, allowing for
higher H» production [16].

In contrast, APR of BH biomass hydrolysate exhibited the lowest gas conversion and the
highest CCsol, together with the lowest H> production and concentration in gas product (18.6
mmol/gTOC, and 36 mol%, respectively). PS biomass exhibited intermediate behaviour in several

aspects, even though it has the highest lignin content among the three studied biomasses [42]. In
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any case, the lower H» production from BH and PS hydrolysates can be ascribed to the presence of

lignin derivatives hampering catalyst performance.
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Figure 9. APR of the hydrolysate obtained at 160 °C using different biomasses (APR conditions:
220 °C; 4h; 1,000 mgTOCo/L; 5 wt% Pt/CB).

3.3.2 Low W:B

As shown in Figure 10, the influence of pretreatment temperature remained similar using
the low W:B, with the solubilisation yield peaking at 190 °C and a decrease at 230 °C. However,
a substantially lower solubilisation yield was achieved than for a high W:B (Supplementary
Material, Figure A1). The lower yield can be ascribed to a higher extension of HTC reactions and
recondensation of lignin derivatives and other compounds due to their higher concentration in the
hydrolysate. Likewise, worse circulation of hydrolysate in the reactor can be expected due to lower
W:B, which would result in hampered transfer of the solubilised compounds and higher
concentration within biomass particles. On the other hand, at low W:B the dilution of organic acids,
mainly acetic, that autocatalyzes hydrolysis reactions is lower, which can modify the final products

distribution and promote degradation but also repolymerisation reactions.
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Maximum Xtoc and CCgas were obtained in the APR experiments using the hydrolysate
obtained at 160 °C from CH for 10:1 W:B (Figure 11a), showing values higher (75.2 and 56.6%,
respectively) than to those found for higher W:B (73.8 and 47.7% respectively, Figure 7a).
Regarding the gas production and composition (Figures 11c and 11d), the results revealed the same
behaviour as for the APR of hydrolysates produced at 1,000:1 W:B (Figures 7c and 7d), but with
slightly higher values for H> production (40.9 vs. 36.4 mmol/groco for 10:1 and 1,000:1 W:B,
respectively). However, due to a parallel CO, and alkane production increase, the H> concentration
in gas product was similar for both W:B tested (48.2 and 49.9%, for 10:1 and 1,000:1, respectively).

These results are similar to those obtained for high W:B, showing that the highest net
production of H> in the subsequent APR was not reached using the hydrolysate obtained at the
highest solubilisation conditions (190 °C), but with the hydrolysate obtained at 160 °C. Therefore,
160 °C pretreatment temperature was selected to obtain the hydrolysates from all the biomasses
studied. The highest TOC content in the hydrolysate was obtained for BH (10,190 mg/L), with
similar result for CH (9,510 mg/L), while noticeably lower value was found for PS (6,620
mgTOC/L), with a similar trend for the solubilisation yield in all cases (Figure 12). These results
are in concordance with the different lignin content for the biomasses [42], with similar values of
total lignin for BH and CH (34.8 and 37.1%, respectively) and significantly higher value (52.2%)
for PS. Although the TOC concentration in the hydrolysate was noticeably lower for 1,000:1 W:B
than for 10:1, the solubilisation yield achieved was higher (Supplementary Material, Figure A2).
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Regarding the APR of the hydrolysates obtained at 10:1 W:B using the three biomasses
studied, Xtoc and CCgas ranged 62-72 and 50-59%, respectively (Figure 13a), while Hz production
reached 40-53 mmol/gTOC, with a composition in the gas of ca. 53 mol% in all cases (Figures 13c
and 13d). Although PS showed the lowest Xtoc, highest H> production was achieved for this
biomass (53.1 mmol/gTOC,). In spite of the higher lignin content in starting PS, the hydrolysate
may not be so rich in lignin derivatives since they tend to condensate and repolymerise.
Additionally, PS has a high content in carbohydrates (48%), which are more easily hydrolysed and
converted to H» during APR due to their less recalcitrant polymeric structure and higher
susceptibility to depolymerisation [16], thus compensating the effect of the high lignin content.
Interestingly, the PS biomass is also characterised by a high extractives content, although this
groups of compounds do not have favourable chemical structure composition for APR, at least in
the case of those of phenolic nature.

Higher CCgas, lower CCliq and similar alkane production can be observed in comparison
to the APR of the hydrolysates obtained at a W:B ratio of 1,000:1 (Figure 9). This observation
confirms the different nature of the compounds in the hydrolysates produced at several W:B values,
influenced by concentration of degradation products, acidity and mass transfer, with more
favourable conditions for APR of hydrolysates from pretreatment at low W:B. The results suggest
that the higher concentration of organic acids released at low W:B could be driven the biomass
autohydrolysis towards the formation of more degraded oligomers and end-chain hydrolysis
products that have a higher tendency to the formation of condensation products during APR,
although are also more favourable for H, production. This is also supported by the better results
obtained for PS and BH, for which an increase of CCgas, and H» production and concentration
were found when hydrolysates from pretreatment at low W:B were used.

These results are better than those previously obtained using hydrolysates from urban
pruning waste (65% Xrtoc, 60% CCgas and 17 mmolH»/gTOC, [41]) and aqueous fractions of bio-
oils obtained from oak wood pyrolysis (67% XTOC, 38% CCgas and 23 mmolH»/gTOC, [43]).
However, Irmak et al. [36] obtained slightly higher H> concentrations in the gas (up to 60 vs. 53
mol% in the current work) by APR of kenaf hydrolysates, and Tiryaki et al. [47,49] achieved higher
H> productions and concentrations (130 vs. 53 mL/g biomass and 83 vs. 53 vol%, respectively)

from various corn variety kernels.
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conditions: 220 °C; 4h; 1,000 mgTOC,/L; 5 wt% Pt/CB).

3.3.3 Fresh and used catalysts characterisation

To deepen into the results previously presented, the TGA analysis of the catalysts, both
fresh and used in reaction, was carried out and showed in Figures 14 and 15. The overall mass loss
was markedly higher for those catalysts used in the APR of hydrolysates obtained at low W:B ratio
for the three biomasses, with most of the loss occurring at ca. 400 and 575 °C, as can be seen from
the two main DTG-TPD peaks. However, for the catalysts used in the APR of the hydrolysates
obtained at high W:B, the DTG-TPD peak at ca. 575 °C is much sharper than the one at 400 °C.
The results indicate that during the APR of hydrolysates from pretreatment at low W:B, a higher
uptake of organic matter by the catalysts occur, and that a distinctive fraction of less evolved
deposits occur. This fraction, corresponding to the mass loss at ca. 400 °C, may be related to low
condensed biomass derivatives and reaction byproducts, whereas the fraction desorbed ca. 575 °C
may be better ascribed to solid deposits from HTC and more evolved condensation products (e.g.

hummin-like). Thus, the lower W:B during pretreatment seems to favour the formation of soluble
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compounds and oligomers than on one hand are more easily reformed, but also are precursors of
deposits.

No significant differences can be seen between the TPD/DTPD profiles of the catalysts used
in the APR of hydrolysates obtained from different biomasses at high W:B. However, at low W:B
higher mass loss was found for BH biomass, followed by CH, while for PS steady mass loss can
be seen without significant peaks. These results are in agreement with the higher Hz production for

PS and CH biomasses, suggesting some role in the activity of the depositions on the catalyst

surface.
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Figure 14. TG-TPD (a) and DTG-TPD (b) curves of fresh and used catalysts in APR with the

hydrolysates obtained from the different biomasses using 1,000:1 (HWB) and 10:1 (LWB) W:B.

As shown by the TPO analysis in Figure 15, similar behaviour was obtained for all the used
catalysts regardless the conditions used in the pretreatment. The mass loss can be related mainly to
the carbon black support burn-off, with negligible contribution of the pyrolytic carbon formed
during TPD due to decomposition of deposits, which also supports contribution of volatilisation to

mass loss during TPD assay.
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W:B.

Former works on the APR of a variety of substrates have shown that the deactivation of
Pt/C catalyst is due essentially to formation of deposits, with nanoparticle size and Pt’/Pt"* ratio
remaining unaltered after 3 to 5 reaction cycles [44,50]. Some morphological changes have been
reported in the APR of easily reformable compounds such as formic acid, methanol, or
levoglucosan, with some transition from polyhedral to globular morphology, mainly associated to
the high H: spill over generated by the reforming of the initial substrate [44]. This change was also

linked to a shift to higher H2 production in subsequent catalyst reutilisation cycles.

4. Conclusions

The current work has allowed a significant improvement of the knowledge on the
valorisation of solid biomasses to renewable H> by APR. Direct reforming yielded modest results
in CCgas (12-28% for the three biomasses evaluated), due to the negative effect of HTC side
reactions. Nevertheless, CH biomass APR resulted in a production of ca. 18 mmolH»>/gC,, with a
concentration in the gas product of 46 mol%, using a catalyst dose of 4.5 mg/mgC,. This represents
a significant H production for direct APR when compared to values reported in the literature,
highlighting the promising potential of this alternative if operating conditions are properly
optimised.

The influence of process variables that are often overlooked in the literature was

investigated for the hydrothermal pretreatment stage. Higher TOC conversion to gas products and
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enhanced H» production was observed in the APR of hydrolysates obtained at lower W:B (10:1).
In the case of the hydrolysates obtained at high W:B (1,000:1), the deposits on the APR catalyst
are more evolved and seem to affect more the active centres, which could also contribute to the
lower production of H».

When pretreatment was performed at 160 °C and a low W:B, the APR stage yielded Xtoc
of 62—-72%, with CCgas ranging from 50 to 59% for the three biomasses tested. Although PS
biomass showed the lowest Xtoc, the higher CCgas and notably lower CCsol (ca. 11 vs. 22 and
27% for CH and BH, respectively) indicated that PS should be considered as the most suitable
substrate among those studied. Additionally, PS biomass also led to the highest H> production (ca.
53 mmol/gTOC,), outperforming CH and BH (ca. 40 and 45 mmol/gTOC,, respectively), while
the H> concentration in the APR gas was quite similar for the three biomasses (52-54 mol%).

These findings demonstrate the potential of the hydrothermal pretreatment and APR
coupling for the production of renewable H> from widely available waste biomasses. This approach
is particularly promising for decentralised applications, with particular interest for local

communities unable to be connected to future general distribution networks of this energy vector.

5. Future directions

Based on the results obtained and limitations found for the valorisation of the three studied
biomasses by combined hydrolysis and APR, some future work is proposed.

Direct APR was carried out at 220 °C, identified as the optimal temperature in previous
studies, but always using liquid substrates. Direct use of starting biomass at this temperature
promotes HTC and conversion to hydrochar, which compete with APR. Therefore, optimising the
operating temperature could maximise H, production. Regarding the combined hydrothermal
pretreatment and APR process, two main challenges emerged. Firstly, determining the composition
of hydrolysates and APR effluents would clarify the links between feedstock, conditions, and APR
performance. Secondly, after optimising conditions, long-term APR runs should be performed to

assess catalyst stability and explore regeneration methods.

Appendix A. Supplementary material
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3. CONCLUSAO GERAL

A presente tese demonstra um caminho tecnoldgico e sustentavel para a valorizagdo de
biomassas residuais da Amazoénia Legal, abordando desafios criticos da regido, como a
contaminagdo por arsénio, a gestdo de residuos e a necessidade de transicdo energética de forma
justa. Através da investigacdo de metodologias de pir6lise lenta e reforma da fase aquosa (APR), a
pesquisa conseguiu gerar bioprodutos de alto valor agregado, como biocarvao, bio-6leo e bio-Ho,
com multiplas aplicagdes ambientais e energéticas.

O primeiro capitulo estabeleceu a viabilidade da utilizagdo de cascas de Baru (BH),
Cupuacgu (CH) e carogos de Pequi (PS) como matérias-primas para a producgdo de biocarvao e bio-
0leo via pirolise lenta. As andlises fisico-quimicas e termoquimicas confirmaram o potencial dessas
biomassas para a produ¢do de materiais carbonaceos, sendo promissoras para processos de
adsor¢ao e sequestro de carbono, com o biocarvao de Cupuacu se destacando devido ao seu alto
teor de carbono e area superficial. O bio-6leo, rico em fendis, furanos e hidrocarbonetos,
demonstrou ser uma matéria-prima valiosa para a induastria quimica.

O segundo capitulo aprofundou-se na aplicagdo dos biocarvdes modificados para a
remediacdo de 4guas contaminadas por arsénio (V). A pesquisa demonstrou a alta eficiéncia dos
biocarvoes impregnados com FeCls (BFeB, BFeC e BFeP) na remocao de As(V), alcangando
porcentagens de adsorcdo de até 100%. Esses resultados sdo particularmente relevantes para
regides remotas da Amazonia Legal, onde a contaminagdo por arsénio proveniente do garimpo
ilegal ¢ um problema grave de satide publica. A tecnologia simplificada e o baixo custo do método
de preparacgado dos biocarvdes impregnados com ferro e dos processos de adosor¢ao os tornam uma
solucdo pratica e sustentavel para as comunidades locais.

Por fim, o terceiro capitulo explorou a produgdo de bio-Hz a partir dessas biomassas
residuais por meio do processo de APR. A pesquisa investigou tanto a APR direta quanto a
combina¢do de pré-tratamento hidrotérmico com APR de hidrolisados, além de testes de
escalabilidade. Os resultados foram vantajosos, com todas as biomassas (Baru, Cupuagu e Pequi)
apresentando excelente desempenho na producao de hidrogénio, demonstrando a versatilidade e a
eficiéncia do processo. Estes resultados demonstram claramente o potencial dos processos
baseados em APR como tecnologia vidvel para producdo sustentavel de hidrogénio.
Particularmente no contexto brasileiro, esta abordagem pode desempenhar um papel

transformador, permitindo que comunidades locais e regides remotas, tradicionalmente
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desconectadas das infraestruturas energéticas convencionais, tenham acesso a um vetor energético
limpo e renovavel, independentemente de redes de distribuicdo centralizadas. A eficiéncia
comprovada do processo, combinada com sua adaptabilidade a diferentes tipos de biomassa,
posiciona a APR como uma solugdo promissora para a transi¢ao energética em comunidades que
de outra forma permaneceriam a margem da transi¢cdo para o sistema energético do futuro.

Em suma, esse trabalho identifica e caracteriza recursos naturais subutilizados da
Amazonia Legal, desenvolve e valida metodologias inovadoras com o propoésito de transforma-los
em solugdes para problemas ambientais e energéticos complexos. As contribuigdes diretas da
pesquisa para os Objetivos de Desenvolvimento Sustentavel (ODS) 6 (4gua potavel e saneamento),
7 (energia limpa e acessivel) e 12 (consumo e produgdo responsaveis), bem como o potencial de
impacto nos ODS 1 (erradicagdo da pobreza), 3 (promocao da satide e bem-estar), 13 (A¢do Contra
a Mudanca Global do Clima) e 15 (Vida Terrestre), ressaltam sua releviancia para o
desenvolvimento sustentavel da regido e do pais. Ao oferecer alternativas para a contaminagao da
agua, a gestao de residuos e a produgdo de energia, a tese pavimenta o caminho para uma transi¢ao
energética justa e uma bioeconomia robusta na regido, promovendo o bem-estar das comunidades

locais e a conservacao da biodiversidade.



