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RESUMO

Obijetivo: Este estudo propde uma andlise bibliométrica e de redes de cola-
boragdo com o objetivo de mapear a paisagem cientifica da pesquisa sobre
genes de resisténcia (GR) em biodigestores. A crescente preocupagédo com a
disseminacédo de GR em sistemas ambientais, incluindo o efluente de biodi-
gestores, torna urgente a compreenséo da dinamica e das tendéncias dessa
area de pesquisa. Utilizando as bases de dados académicas Scopus, Web of
Science e SciELO, este projeto ird quantificar a producéo cientifica, identificar os
principais atores, instituicoes e paises, e analisar os conexos tematicos através
da coocorréncia de palavras-chave. As analises de rede serdo conduzidas uti-
lizando o software VOSViewer para visualizar as redes de coautoria, cocitagéo
e acoplamento bibliografico. O estudo busca responder a perguntas-chave,
como: a evolugdo temporal da pesquisa; a formagéo de clusters tematicos;
as redes de colaboragdo entre autores e instituigdes; os artigos e periédicos
mais influentes. A identificacdo de lacunas na literatura e de temas emergentes
sera utilizada para propor recomendacdes de pesquisa, contribuindo para uma
melhor gestdo dos riscos associados a disseminagéo de GR e para o avango do
conhecimento em saneamento ambiental e biotecnologia.

Palavras-chave: Genes de resisténcia a antibiéticos; digestao anaerdbia; analise
bibliométrica; rede de colaboragao; microbioma.
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INTRODUCAO

A resisténcia a antimicrobianos (RAM) foi classificada pela Organizagao
Mundial da Saude (OMS) como uma das maiores ameagas globais a saude
publica e ao desenvolvimento, sendo responsavel direta por aproximadamente
1,27 milhdo de mortes em 2019 e contribuindo para 4,95 milhdes de ébitos no
mesmo periodo. (Murray et al., 2022), que estima que milhdes de mortes anuais
estejam associadas a infecc¢des resistentes e alerta para o risco crescente
de que tratamentos eficazes tornem-se escassos ou ineficazes nos préximos
anos (Ahmed et al, 2024; Prestinaci; Pezzotti; Pantosti, 2015). O problema é
intensificado pelo uso indiscriminado de antibiéticos em humanos, animais
e atividades agricolas, o que favorece a selegdo e disseminagéo de genes de
resisténcia em multiplos ambientes (Ahmed et al., 2024; Xu et al., 2022) — desde
sistemas de salde e produgéo animal até dguas superficiais, solos agricolas e
efluentes industriais (Graham et al.,, 2016). Relatos cientificos confirmam que
genes de resisténcia, como bla-TEM, ampC e tetA, tém sido detectados em
dguas residuais, lodos de tratamento e solos que recebem residuos contamina-
dos (Graham et al., 2016; Wasko et al., 2022), tornando-se fontes potenciais de
transferéncia desses genes para microrganismos patogénicos e para a cadeia
alimentar (Verraes et al,, 2013).

Nesse cendrio, os biodigestores anaerdbicos ganham destaque como
tecnologias essenciais para tratamento sustentdvel de residuos e geracao
de biogas, alinhados a economia circular e redugdo de impactos ambientais.
(Piadeh et al., 2024; Singh et al., 2022) Apesar dos beneficios, residuos oriundos
de sistemas que empregam antimicrobianos podem carregar microrganismos
resistentes (Wang et al,, 2025), viabilizando a preservacgao e dispersao de GRAs
mesmo apds o processo de digestdo anaerdbia. (Wang et al., 2025) Estudos
apontam para a deteccdo de GRAs tanto no efluente quanto no digestato pro-
duzido, indicando que os biodigestores podem funcionar como reservatérios e
vetores desses genes em sistemas agricolas (Lima; Domingues; Da Silva, 2020).

A integragdo do conceito de Saude Unica (“One Health”) ressalta a
urgéncia de se compreender como os GRAs circulam entre ambiente, animais
e humanos, promovendo estratégias globais de monitoramento, biosseguranca
e uso criterioso de antimicrobianos. Assim, o presente estudo objetiva mapear e
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analisar a producéo cientifica acerca da prevaléncia e dos mecanismos de trans-
feréncia de GRAs em biodigestores anaerdbicos, contribuindo para a formulagéo
de politicas e praticas que minimizem riscos ambientais e de salide publica.

METODOS

A presente revisdo bibliométrica foi conduzida com o objetivo de mapear a
produgao cientifica, as tendéncias e as redes de colaboracéo relacionadas a genes
de resisténcia (GRs) em biodigestores, com um recorte temporal de 2015 a 2025.

Fontes de Dados e Estratégia de Busca

A coleta de dados foi realizada em setembro de 2025 utilizando as bases de
dados bibliogréficas Scopus (Elsevier), Web of Science Core Collection (Clarivate
Analytics) e SciELO (Scientific Electronic Library Online), visando uma cobertura
abrangente da literatura global e regional. As “strings” de busca foram aplica-
das nos campos de titulo, resumo e palavras-chave, com os seguintes termos:

Para Scopus e Web of Science: “(TITLE-ABS-KEY (“anaerobic diges-
tion” OR biodigester* OR biogas OR “anaerobic reactor” OR “anaerobic
digester” OR bioreactor*)) AND (TITLE-ABS-KEY (“antibiotic resistance
gene*”’ OR ARG* OR “resistance gene*” OR “antimicrobial resistance"))"
(Nota: Para a Web of Science, utilizou-se o campo equivalente “TS=").

Para SciELO: "(“anaerobic digestion” OR biodigester* OR biogas OR
“anaerobic reactor” OR “anaerobic digester” OR bioreactor*) AND (“an-
tibiotic resistance gene*’ OR ARG* OR “resistance gene*” OR “antimi-
crobial resistance”)".

Triagem, Unificacdo e Tratamento dos Dados

A busca foi restrita a documentos do tipo Artigo (Article) e Revisdo
(Review). Os registos resultantes foram exportados em formato “.RIS ", incluindo
os campos Authors, Title, Year, Source, Title, Affiliations, Abstract, Author, Key-
words, Indexed Keywords e References.
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Os ficheiros exportados foram processados num ambiente Google Colab,
utilizando um script em linguagem Python importando uma biblioteca rispy. Este
procedimento automatizado realizou a unificagdo de todos os registros numa
Unica base de dados consolidada. Em seguida, foi aplicado um algoritmo de
remogao de duplicatas com critério hierarquico: os artigos foram identificados
como duplicados se partilhassem o mesmo DOI (Digital Object Identifier) e, para
os registos sem DOI, a identificacao foi feita com base no titulo do artigo. Este
processo garantiu que cada publicagdo estivesse representada apenas uma vez
na base de dados final, resultando em 2035 artigos para anélise.

Analise Bibliométrica e Visualizacao

A anélise quantitativa e a visualizagdo das redes foram realizadas com
o software VOSviewer (versao 1.6.20) (van Eck; Waltman, 2010). Para aumen-
tar a precisao da andlise de coocorréncia de palavras-chave, foi realizado um
refinamento terminoldgico através da exclusdo de termos genéricos, como
palavras-chave excessivamente metodoldgicas ou geogréficas (ex: “article”,
“human”, "nonhuman”, "comparative analysis", "“priority jornal", “china"). Este
passo foi fundamental para evitar a formacao de clusters pouco informativos
e permitir que a estrutura tematica real da area de investigacdo emergisse

com maior clareza.

Foram empregadas as seguintes abordagens de analise

Coautoria (Co-authorship): Utilizada para mapear as redes de colabo-
ragao entre autores, instituicdes e paises, com um limiar minimo de 10
documentos por autor.

Coocorréncia (Co-occurrence): Aplicada as palavras-chave dos auto-
res para identificar os clusters tematicos, com um limiar minimo de 20
ocorréncias para a inclusao de uma keyword.

Os mapas bibliométricos gerados foram exportados em formato Portable
Network Graphic (.PNG). A interpretagdo dos resultados fundamentou-se numa
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abordagem mista, que integrou a analise de indicadores quantitativos a avaliagdo
qualitativa da estrutura tematica e das redes de colaboragéo.

RESULTADOS

Fluxo de Selecao dos Estudos e Producéo Cientifica Anual

A busca inicial nas trés bases de dados resultou em 5.205 registos. Apds
a aplicagao dos critérios de inclusao (artigos e revisdes), 3.016 trabalhos foram
considerados elegiveis para exportacdo. A etapa de remogao de duplicatas
consolidou a base de dados em 2.035 publicagdes Unicas, que foram utiliza-
das para a andlise.

A distribuicdo temporal destes artigos, entre 2015 e 2025, revela que os
anos de 2021 (n = 252), 2022 (n = 270) e 2023 (n = 253) concentraram o maior
volume de publicagdes, indicando um pico de atividade cientifica recente na
area (Figura 1).

Figura 1 - Gréfico de producao cientifica anual.
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Andlise Tematica da Producéo Cientifica

A andlise de coocorréncia, com um limiar minimo de 20 ocorréncias,

resultou numa rede de 259 palavras-chave, organizada em 6 clusters teméticos
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principais. Os termos nitrogen, antibiotic resistance, wastewater, anaerobic
digestion e bioreactors funcionaram como os nds centrais dos clusters (Figura 2).

* O cluster vermelho evidenciou a énfase nos substratos de origem
agropecudria (manure, swine manure) e no processo da Digestdo
Anaerobica.

* O cluster lilds agrupou termos relacionados ao tratamento de efluen-
tes urbanos (sewage sludge, wastewater treatment).

* O cluster azul representou o nucleo tematico de antibiotic e antibiotic
resistance.

* O cluster amarelo focou-se nos produtos e na remogao de nutrientes,

como nitrogen e nitrogen removal.

* O cluster verde agrupou os termos relacionados aos bioreactores em
geral.

* O cluster ciano destacou o tetracycline como um dos antibiéticos mais
estudados.

Os termos antibiotic resistance genes e microbial community funcionaram

como conectores transversais entre os diferentes clusters.

14



Figura 2 - Mapa de coocorréncia de palavras-chave.
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Redes de Colaboracgéo e Principais Atores

A anélise de coautoria revelou uma estrutura de campo com um nucleo
de colaboracgédo centralizado e vérios grupos de pesquisa independentes. Com
um critério minimo de 5 publicagdes por autor, a rede é formada por 208 autores
em 14 clusters distintos (Figura 3A). Ao aplicar um filtro mais restritivo (minimo
de 10 publicagdes), a rede condensa-se para destacar os 46 investigadores mais
proeminentes, organizados em 7 clusters com forte entrelagamento (Figura 3B).
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Figura 3 - Mapa de coautoria com (A) >5 publicagdes e (B) >10 publicagdes.
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Evolucdo Temporal da Pesquisa

A andlise de sobreposi¢do temporal (overlay) demonstra uma clara
transigdo no foco da pesquisa. O mapa de coocorréncia (Figura 4A) indica que
os termos mais frequentes surgiram predominantemente entre 2020 e 2022,
com um pico de atividade entre 2021.0 e 2021.5. A rede de autores (Figura 4B)
reflete esta tendéncia, revelando a presenca de investigadores pioneiros (nds
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em tons de azul) e uma notavel quantidade de autores com produgéo recente

(nés em tons de amarelo), concentrados em clusters de colaboragéo especificos.

Figura 4 - Mapa de sobreposi¢cdo temporal com (A) coocorréncia e (B) coautoria.
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DISCUSSAO

A presente andlise bibliométrica revela um panorama detalhado da pes-
quisa sobre genes de resisténcia (GRs) em biodigestores, destacando um campo
cientifico em rdpida maturagéo e com uma estrutura bem definida. Os resulta-
dos demonstram nédo apenas um crescimento quantitativo, mas uma evolugao
qualitativa impulsionada por avangos tecnoldgicos e pela crescente urgéncia
global em torno da resisténcia antimicrobiana (RAM).

A trajetéria da produgao cientifica, com um pico acentuado entre 2021
e 2023, reflete uma mudancga fundamental no foco da investigagédo. A analise
temporal (Figura 4) ilustra uma transi¢ao clara dos termos fundacionais da
area, como anaerobic digestion e wastewater, para tépicos emergentes como
metagenomics e mobile genetic elements. Isso indica que o campo amadure-
ceu: a comunidade cientifica moveu-se de uma abordagem de engenharia de
processos, focada em otimizar o funcionamento dos biodigestores, para uma
investigacdo molecular profunda. A questédo deixou de ser se os biodigestores
sao relevantes no contexto dos GRs, para ser como e porqué estes sistemas
funcionam como “hotspots” para a disseminagao da resisténcia a nivel genético.
Essa transicao foi catalisada pela popularizacdo de ferramentas de Sequencia-
mento de Nova Geragdo (NGS), que permitiram aos pesquisadores analisar o
“resistoma” — o conjunto completo de genes de resisténcia — diretamente de
amostras ambientais complexas.

A estrutura temdtica, visualizada no mapa de coocorréncia (Figura 2),
mostra que a pesquisa se organiza em torno de grandes areas de aplicagéo,
principalmente o tratamento de dejetos agropecudrios (cluster vermelho) e de
efluentes urbanos (cluster lilds). Embora representem contextos distintos, a
forte conexao entre eles por meio de termos centrais como antibiotic resistance
genes e microbial community demonstra que os desafios e as ferramentas de
andlise sdo comuns a ambos os setores. Essa estrutura espelha o conceito
de “Saude Unica” (One Health), que reconhece a interconexdo entre a satde
humana, animal e ambiental no combate a RAM. A centralidade do cluster azul,
focado nos mecanismos de resisténcia, refor¢ca que a dimensédo microbioldgica

é o elo que une todas as frentes de investigacdo, com um interesse profundo
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em compreender ndo apenas 0s genes presentes, mas também o seu poten-
cial de mobilidade.

A dindmica de colaboracao (Figura 3) sugere uma estrutura social de
“nucleo-periferia”, caracteristica de um campo em expansao. A existéncia de
um grande componente de autores altamente conectados, especialmente no
filtro de 10 publicagdes, indica a presenca de grupos de investigacdo consoli-
dados que lideram a produgéo de alto impacto. Ao mesmo tempo, a presenga
de multiplos clusters menores e independentes revela que o campo é dindmico
e atrai constantemente novos pesquisadores de dreas complementares, como
bioinformatica e biologia molecular. Essa interdisciplinaridade é essencial
para analisar os complexos conjuntos de dados gerados pelas tecnologias de
NGS e para traduzir os achados ambientais em conhecimento relevante para
a saude publica.

Apesar do rapido crescimento, a analise aponta lacunas importan-
tes. A proeminéncia do tetracycline (cluster ciano) sugere um viés tematico,
possivelmente em detrimento de outros antibidticos clinicamente mais urgentes,
como os carbapenemos. Além disso, o dominio de metagenomics indica um
foco na identificagdo de genes, mas nédo necessariamente na sua atividade ou
taxa de transferéncia real, que sdo cruciais para uma avaliagao de risco precisa.
Futuras pesquisas devem, portanto, alinhar a vigilancia ambiental com as prio-
ridades clinicas e avancgar de estudos de potencial (0 que esta presente) para
estudos de funcionalidade (o que est3 ativo), otimizando os biodigestores nao
apenas como reatores de bioenergia, mas como barreiras de controle eficazes

na luta contra a disseminacao da resisténcia antimicrobiana.

Limitagoes do Estudo

E importante reconhecer as limitagdes inerentes a esta analise bibliométrica
para garantir uma interpretacao critica e equilibrada dos resultados. O estudo
limitou-se as bases de dados Scopus, Web of Science e SciELO, o que pode
nao ter capturado a totalidade da literatura relevante, especialmente artigos
publicados em outras bases de dados, periddicos regionais ndo indexados
ou em idiomas que nao o inglés, introduzindo um potencial viés geografico
e linguistico. Adicionalmente, a analise de coocorréncia de palavras-chave
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depende da qualidade e consisténcia dos termos fornecidos pelos autores dos
artigos originais. A variabilidade na escolha de palavras-chave pode influenciar
a formacéo e a interpretacéo dos clusters tematicos. Embora esta metodologia
seja excelente para identificar padrdes e tendéncias gerais, como demonstrado,
ela oferece uma visdo de alto nivel e ndo substitui uma revisao sistematica do
contelido completo dos artigos.

CONCLUSAO

A andlise bibliométrica evidencia que a pesquisa sobre genes de resis-
téncia em biodigestores, além de consolidada na monitorizagao de diferentes
substratos, como dejetos agropecudrios e efluentes urbanos, encontra-se em
franca expansdo rumo a compreensdo dos mecanismos moleculares da disse-
minacao da resisténcia, impulsionada por ferramentas como a metagendmica.
Estes resultados reforgam o papel estratégico dos biodigestores na abordagem
“One Health”, consolidando-os ndo apenas como uma tecnologia de bioenergia
dentro da economia circular, mas também como um ponto de controle critico

no combate a resisténcia antimicrobiana.
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RESUMO

Diante da crescente necessidade de substituir os combustiveis fésseis, o uso
de biomassa como matéria-prima destaca-se como uma alternativa relevante
e promissora. Entretanto, devido a recalcitrancia estrutural, a exploragdo da
biomassa ainda depende do desenvolvimento de pré-tratamentos capazes de
aumentar a viabilidade desse material para uma ampla gama de aplicagdes.
Com esse propdsito, essa revisao delineou um panorama abrangente de alguns
dos pré-tratamentos existentes, analisando suas caracteristicas e aplicagdes
em biomassa lignocelulésica. Assim, como principal objetivo foi realizada a
comparacao dos métodos de pré-tratamento auto-hidrdlise e alcalino, permi-
tindo uma andlise detalhada de seus aspectos fundamentais, como principios
de funcionamento, eficiéncia, vantagens e limitagdes. Adicionalmente, foram
discutidas possiveis perspectivas para a otimizagdo desses métodos, visando
aprimorar sua aplicagdao e desempenho.

Palavras-chave: pré-Tratamento; Alcalino; Auto-Hidrélise; Biomassa
Lignocelulésica.
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INTRODUCAO

Nas ultimas décadas, a crise energética, impulsionada pela crescente
demanda e pela finitude dos combustiveis fésseis, tem se consolidado como uma
das principais preocupagdes mundiais, de modo que se tornou imprescindivel a
busca por novas alternativas para geragdo de energia. A substituicdo de com-
bustiveis fésseis amplamente utilizados emerge como uma necessidade urgente,
abrindo espaco para a discussdo acerca de matérias-primas sustentdveis, como
a biomassa lignocelulésica. Em vista disso, diversas pesquisas tém sido realiza-
das para a aplicagdo da biomassa como matéria-prima para biocombustiveis e
produtos quimicos. No entanto, para viabilizar sua converséo, pré-tratamentos
tém sido empregados (Adnan et al,, 2025; Zhong et al., 2021) e avaliados quanto
sua eficacia na despolimerizagdo da biomassa (Latif et al., 2022).

A biomassa lignocelulésica, constituida por material organico renovavel
como residuos agricolas, agroindustriais e florestais, destaca-se como uma
alternativa promissora, devido a sua abundéancia e ao seu potencial na redugao
de emissdes de carbono (Hayes, 2013). No entanto, para que a biomassa seja
eficientemente convertida em bioprodutos, é crucial despolimerizar sua complexa
matriz lignoceluldsica, composta predominantemente por celulose, hemiceluloses
e lignina. Nesse contexto, os processos de pré-tratamento sdo fundamentais,
pois facilitam o fracionamento do material em suas fragdes lignoceluldsicas,
possibilitando por exemplo a liberagé@o de acucares fermentaveis, obtengao de
polpa celuldsica, remogéo de lignina para obtencdo de quimicos, entre outras
aplicagdes (Nitsos et al.,, 2013; Vieira et al., 2024).

Em vista do interesse em explorar os componentes lignoceluldsicos
como matéria-prima alternativa, a aplicagdo de pré-tratamento em biomas-
sas lignoceluldsicas € amplamente investigada e diversificada. Ruzene et al.
(2007), por exemplo, exploraram o pré-tratamento alcalino para a extragao de
hemiceluloses a partir da palha de trigo e obtiveram rendimento de 17,3% de
hemicelulose (em % da matéria-prima seca), correspondendo a dissolugdo de
49,3% da hemicelulose original. O processo foi realizado com solugéo alcalina
de NaOH, nas condig¢des de 0,50 mol/L de hidréxido de sédio a 55°C por 2 h.
Zhong et al, (2021) investigaram o fracionamento lignocelulésico, em especial da
lignina e da celulose, a partir de residuo de sabugo de milho usando um sistema
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metanol/agua com catalisador alcalino. Os autores indicaram como condicéo
ideal 100°C por 1 h, com metanol/dgua (65/35 v/v) e NaOH entre 0,25% e 2%
(m/m). Arecuperacéo de celulose variou de 78,9% a 62,5%, enquanto a remocao
de lignina aumentou de 36,6% a 64,3% conforme a concentragao de NaOH.

Muthuvelu et al. (2019) observaram que o pré-tratamento alcalino assistido
por ultrassom favoreceu a hidrélise enzimatica da biomassa lignocelulésica,
aumentando o teor de celulose em mais de 50% em todas as biomassas testa-
das. O maior aumento foi no algodao-bravo (Ipomoea carnea), com 71,27+0,19%
de celulose e remocgao de lignina de 19,61+0,89%. As demais biomassas também
apresentaram aumento de celulose: cana-de-agucar (58,73+0,25%), cana-do-reino
(66,15+0,03%) e taboa (60,24+0,07%), com remocéao de lignina de 20,58+0,27%,
17,04+0,57% e 13,75+0,14%, respectivamente.

Megala, Rekha e Saravanathamizhan (2020) avaliaram pré-tratamentos
acido, ultrass6nico e com solvente eutético em residuos de algodao téxtil,
observando a degradacgéo da lignina e 0o aumento de celulose nas polpas obtidas
apos cada pré-tratamento. No pré-tratamento acido, ao elevar a concentragao
de H2S04 de 1% para 5% ocorreu a redugao da lignina de 0,242 g para 0,069 g
e o aumento da celulose de 0,456 g para 0,793 g. Com ultrassom, estender
o tempo de 3 h para 9 h reduziu a lignina de 0,229 g para 0,074 g e elevou a
celulose de 0,491 g para 0,776 g. No tratamento com solvente eutético, alterar
a razao biomassa:solvente de 1:1 para 1:2 reduziu a quantidade de lignina de
0,231 g para 0,190 g e aumentou a celulose de 0,514 g para 0,651 g.

Ao utilizar biomassa da palha de trigo, llanidis et al. (2021) analisaram a
acdo do pré-tratamento de auto-hidrélise com ou sem catalisador a base de
acido sulfdrico sob condigdes variaveis de 160, 175, 190 e 205°C. Foram obtidos
rendimentos de lignina de 31,6+0,4% para o pré-tratamento auto-catalisado
(sem catalisador) a 190°C e de 32,7+0,4% para o pré-tratamento catalisado
por acido sulfirico. Adicionalmente, observou-se que um pequeno incremento
na temperatura teve maior influéncia no pré-tratamento do que a adig¢ao de
acido sulfurico.

Diante desse contexto e com a finalidade de ampliar o conhecimento
sobre o reaproveitamento da biomassa lignoceluldsica pré-tratada, para a
conversao em bioprodutos de maior valor agregado, o presente estudo teve
como principal objetivo realizar uma analise comparativa entre os métodos de
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pré-tratamento alcalino e auto-hidrdlise. Para isso, foram avaliados os principios
de funcionamento, a eficiéncia na despolimerizagao das fragdes lignoceluldsi-
cas, bem como suas vantagens e limitagdes, destacando o potencial de cada
método para otimizar o aproveitamento da biomassa.

BIOMASSA LIGNOCELULOSICA

O termo “biomassa” refere-se, de maneira abrangente, a matéria de origem
vegetal e animal, incluindo residuos biodegradaveis, empregada na geragéo
de energia e na obtengao de bioprodutos (Hayes, 2013). Entre os bioprodutos
derivados da biomassa, destacam-se biocombustiveis, como etanol e biodiesel
(Demirbas, 2008), biogds, bioplasticos, biofertilizantes, e produtos quimicos de
base bioldgica, como acidos orgéanicos e solventes (Corato et al,, 2018), que tém
aplicagé@o em diversas industrias, contribuindo para a redugéo da dependéncia
de recursos fésseis e a mitigagao dos impactos ambientais.

Em particular, o conceito de biomassa vegetal abrange uma vasta gama
de materiais, como residuos agricolas, agroindustriais e florestais, sendo um
recurso fundamental na busca por fontes renovaveis e sustentaveis (Hayes,
2013). A biomassa apresenta um grande potencial como fonte renovavel de
energia, 0 que garante que esteja cada vez mais em pauta em pesquisas e
estudos que buscam explorar sua composigao e aplicabilidade.

A biomassa é constituida essencialmente por trés componentes lignoce-
lulésicos: celulose, hemiceluloses e lignina, além disso, apresenta porcentagens
usualmente menores de outros componentes, como cinzas e extrativos (Zheng
et al,, 2017). As hemiceluloses e a celulose sdo predominantemente compostas
por carboidratos, que desempenham um papel fundamental na formagéao da
estrutura da biomassa. A celulose, envolvida pelas hemiceluloses e lignina, é o
composto organico mais abundante na natureza e possui uma estrutura pre-
dominantemente cristalina formada por unidades de D-glicose. A lignina é um
composto amorfo e rigido, sendo responsavel por conferir resisténcia e prote-
¢do a estrutura da biomassa. As hemiceluloses, por sua vez, apresentam uma
estrutura menos ordenada quando comparada a celulose e sdo caracterizadas
por uma maior diversidade de monossacarideos em sua composi¢do (Hayes,
2013; Yousuf; Pirozzi; Sannino, 2020).
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Esses componentes estdo presentes em todos os materiais lignocelu-
|6sicos, porém, sua distribuicdo varia entre os diferentes tipos de biomassa
lignocelulésica. Mesmo considerando a mesma espécie vegetal, sdo observa-
das variagdes na composicéo desses componentes. Essas diferengas podem
influenciar o processo de degradacéo da biomassa e do produto a ser obtido
(Bensalah et al., 2021).

Apesar de compartilharem uma estrutura comum, as biomassas apre-
sentam caracteristicas distintas que permitem classifica-las em diferentes
categorias, geralmente baseadas em sua origem: lenhosas, ndo-lenhosas e
gramineas. Como exemplo das lenhosas, destacam-se residuos, tais como
serragem, cascas, lascas e galhos de madeira; por sua vez, as nao lenhosas
abrangem residuos de campos e de processos agricolas, como palha, bagago
de cana-de-aglcar e casca de arroz. As gramineas destacam espécies como
Panicum virgatum (switchgrass), Miscanthus giganteus (miscanthus), Phalaris
arundinacea (capim-amarelo) e Saccharum officinarum (cana-de-agucar) (Ruzene
et al., 2007; Sadhukhan et al., 2019; Shinners; Digman; Ronge, 2011).

PRE-TRATAMENTOS

De acordo com a composigao quimica da biomassa, sua empregabili-
dade pode ser direcionada para diferentes aplica¢des, assim como podem ser
utilizados pré-tratamentos mais adequados que favoregcam a quebra de sua
estrutura, liberando componentes, como aglcares e outros compostos, os quais
podem ser empregados diretamente ou transformados em produtos quimicos
(Hayes, 2013). De forma demonstrativa, é possivel observar que a biomassa com
maior porcentagem de celulose e hemiceluloses em sua composicado tende a
apresentar maior rendimento de etanol, sendo, portanto, mais vantajosa a sua
utilizagdo para esse fim. Por outro lado, nota-se que, na presenga de uma maior
proporgao de lignina, € mais viavel que a biomassa seja empregada na geragao
de energia (Sadhukhan et al., 2019). Essas tendéncias implicam na diversidade
de aplicagdes dos pré-tratamentos e na necessidade de estudos integrados a
composigao da biomassa, visando maior adequagao aos contextos especificos.

Os métodos de pré-tratamento podem ser classificados como biolégi-
cos, fisicos, quimicos ou uma combinagdo destes, com a escolha adequada
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dependendo do nivel de separagéo requerido e dos objetivos especificos deter-
minados (Capek-Ménard et al., 1992). O pré-tratamento biolégico tem como
principio de funcionamento a utilizagdo de microorganismos, como fungos ou
bactérias, com a fungdo de secretar substancias capazes de quebrar as fragcoes
da biomassa (Ying et al., 2024). O estudo realizado por Ying et al. (2024) apon-
tou o potencial deste tipo de pré-tratamento, mostrando uma taxa de 34,3%
de degradacao utilizando a espécie do fungo Cerrena unicolor e comprovando
modificagdes nas superficies e na estrutura da biomassa.

No pré-tratamento fisico, assim como no bioldgico, néo sdo utilizados
compostos quimicos para atingir os resultados desejados. Esse processo resulta
na redugédo do tamanho da biomassa por meio de operagdes fisicas, como
moagem e extrusdo, o que aumenta a area superficial e facilita interagdes mais
eficientes em etapas posteriores de processamento (Lu et al., 2022; Sant'Ana
Junior et al,, 2025). Enquanto o pré-tratamento quimico consiste na quebra
das ligagdes dos componentes da matriz lignocelulésica, mediante o uso de
solventes acidos, alcalinos ou liquidos i6nicos, entre outros (Nitsos et al,, 2013).

Os tipos de pré-tratamentos quimicos mais usuais sdo o 4cido, alcalino e
organosolv. No pré-tratamento organosolv, compostos organicos como etileno-
glicol, metanol, etanol e acetona sdo comumente usados para despolimerizar a
biomassa em uma fragao sélida concentrada em celulose e outra fragéo liquida
rica em lignina e hemiceluloses (Moniz et al, 2015; Saravanan et al, 2023).
Além disso, esse pré-tratamento pode ser combinado com outros métodos
para otimizar o processo e aumentar o aproveitamento dos produtos, como
mostrado por Moniz et al. (2015). Os autores combinaram os pré-tratamentos
auto-hidrdlise e organosolv em condi¢des brandas para recuperar hemicelu-
loses e lignina solubilizada de palha de arroz, avaliando diferentes tempos de
reacdo e concentracgoes de etanol presentes no método organosolv. No estudo
foi obtido um rendimento de 41,69% de deslignificagédo e 41% de hemiceluloses
nas condicoes de 52,50% de etanol e tempo de reagdo de 24 h. No entanto,
os autores destacam que a concentragdo de etanol teve maior influéncia na
remocao de lignina, enquanto o tempo de reagao praticamente néo influenciou
o rendimento de deslignificagdo dentro do intervalo estudado (0-24 h).

O pré-tratamento acido emprega compostos como acido sulftrico e dcido
acético, entre outros, para a separacao eficiente dos componentes da biomassa
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(Mussatto, 2016). No estudo realizado por Selvakumar et al. (2022), esse método
permitiu a extragao seletiva dos trés componentes principais do sabugo de milho,
obtendo rendimentos elevados de suas fragdes lignoceluldsicas.

Pré-tratamento Alcalino versus Auto-hidrélise

Entre os métodos j& mencionados, destacam-se os pré-tratamentos de
auto-hidrélise e o pré-tratamento alcalino, uma vez que estes sdo extensiva-
mente discutidos na literatura e aplicados em diversos estudos mesmo diante
da variedade de processos disponiveis para o pré-tratamento da biomassa
lignocelulésica, cuja escolha depende diretamente do objetivo pretendido,
conforme ja descrito. Nesse sentido, torna-se necessdrio avaliar qual método
apresenta melhor adequagéo e vantagens em relagdo as aplicagdes planejadas.

O pré-tratamento auto-hidrélise, também chamado de hidrotérmico ou de
Liquid Hot Water (LHW), consiste essencialmente na combinagéo da biomassa
com agua em condicoes determinadas de tempo, sob altas temperaturas para
a despolimerizagédo das hemiceluloses (Carvalheiro et al,, 2008). Esse método
atua predominantemente nos polissacarideos presentes nas hemiceluloses,
promovendo sua solubilizagdo em uma fracéo liquida. Esse processo facilita a
quebra dessas cadeias em agucares simples durante a etapa de hidrdlise enzi-
matica, aumentando a eficiéncia geral do processo para obtengéo de aglcares
para produgao de etanol, por exemplo. Como resultado, observa-se melhora no
rendimento de etanol produzido a partir da biomassa (Moniz et al., 2015; Wang
et al,, 2016; Zhang et al., 2020).

O pré-tratamento alcalino, por sua vez, é realizado mediante a adicdo
de uma solugéo alcalina a biomassa, geralmente utilizando hidréxido de sédio
(NaOH). Essa concentracao de solugéao alcalina varia conforme os pardmetros
otimizados para atender as especificidades do processo, por exemplo, com
objetivos de somente extrair fragdes de hemiceluloses ou também de lignina
(Michalska; Ledakowicz, 2013; Muthuvelu et al,, 2019; Ruzene et al., 2008).

Michalska e Ledakowicz (2013) relataram a obtenc¢ao de elevadas taxas
de remocédo de lignina, superiores a 99%, e uma degradacao significativa de
hemiceluloses, atingindo 87,52% de degradagdo de hemiceluloses, ao utilizar
o pré-tratamento alcalino, sob as condi¢gbes de 5% de massa de NaOH, 121°C
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por 30 min, utilizando biomassa de sorgo. Apds o pré-tratamento, o material
resultante apresentou-se enriquecido em celulose, com presenga residual de
hemiceluloses. Para mitigar esse problema, podem ser aplicados ajustes nas
condigdes do pré-tratamento ou em etapas complementares. No entanto,
mesmo com esse residuo, a polpa obtida ainda apresentou elevado potencial
para processos que priorizam a conversao em celulose.

Embora os dois pré-tratamentos possuam fundamentos distintos, os resul-
tados alcangados apresentaram potencial de aplicagéo, assim como vantagens
e desvantagens que precisam ser levados em consideragao. Estudos realizados
por Carvalheiro et al. (2008) comprovaram que a estrutura da lignina resultante
do pré-tratamento auto-hidrdlise foi satisfatéria, apresentando uniformidade
e similaridade a sua composigao original. Uma notdria vantagem consiste no
fato de que esse método obteve éxito mesmo em condigbes experimentais mais
amenas (Diaz et al., 2021; Wang et al., 2016), o que quando combinado com a
menor necessidade de reagentes onerosos e as condi¢des de processamento e
tempo de reagéo, aponta um elevado custo-beneficio, resultando na diminuigéo
das despesas operacionais (Rezania et al., 2020; Schmidt; Wiege; Hollmann,
2021). Outro aspecto que reforca a viabilidade econdmica do pré-tratamento
auto-hidrdlise é a possibilidade de aproveitamento integral direto das fragdes
sélidas e liquidas geradas durante o processo. A fragao sélida é composta por
lignina e celulose, enquanto a fragéo liquida permite a recuperagdo de pro-
dutos de valor agregado, como xilooligossacarideos (Carvalheiro et al,, 2008;
Wang et al., 2016).

Em relacdo ao pré-tratamento alcalino, outros aspectos o caracterizam,
distinguindo-o da auto-hidrélise. Raina et al. (2024) compararam o desempenho
dos pré-tratamentos auto-hidrdlise, alcalino, peréxido alcalino e organosolv
no bagago de cana-de-aglcar. Nesse estudo, além da redugéo da quantidade
de residuos gerados, foi constatado um menor consumo de energia ao utilizar
pré-tratamento com peréxido alcalino 5% (m/m), resultando em 0,619 kWh/
kg, enquanto o pré-tratamento auto-hidrdlise, utilizando autoclave por 30 min,
consumiu 46,593 kWh/kg.

O maior interesse pelos subprodutos do pré-tratamento alcalino refere-se
a sua fragao celuldsica, em especial para a industria de papel, o que destaca
a necessidade de direcionamento adequado para as demais fragdes obtidas
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(Woiciechowski et al., 2020). Apesar disso, o pré-tratamento alcalino é eficiente e
garante deslignificacdo acompanhada de baixo nivel de degradagéo de celulose,
baixa interagao com hemiceluloses e se destaca ao garantir acessibilidade a celu-
lose (Kim; Lee; Kim, 2015; Michalska; Ledakowicz, 2013). Em contraste, Michalska
e Ledakowicz (2013) observaram que reagentes alcalinos demonstraram um
desempenho mais eficiente em biomassas herbaceas quando comparadas as
biomassas lenhosas, sendo este método também caracterizado por tempos de
reacdo mais longos (Kim; Lee; Kim, 2015; Raina et al.,, 2024).

Embora diversos avangos ja tenham sido alcangados, existem limitagoes
nos métodos de pré-tratamento, sendo evidente que ainda hd um vasto campo
de investigacdo para aprimorar esses processos. Singh et al. (2018) propuseram
uma estratégia inovadora para otimizar o pré-tratamento alcalino, utilizando um
processo em dois estagios. Ao empregar etanol gelado em proporgéo 1:1 com
a solugdo alcalina e realizar uma lavagem subsequente com agua, foi possivel
reduzir o uso de reagentes, resultando em uma diminuigdo consideravel dos
custos operacionais. De forma semelhante, Carvalho et al. (2024) conseguiram
reduzir o consumo de dgua em 11,25 L (representando 64% da quantidade
convencionalmente utilizada) em cada ciclo de batelada, ao reutilizar a fragao
liquida da batelada anterior no processo de pré-tratamento auto-hidrélise.
Adicionalmente, obtiveram um rendimento de 53% de glicose e uma remocgao
de 94% das hemiceluloses.

Esses exemplos demonstram que ao considerar a sele¢gdo de um método
de pré-tratamento, seja por auto-hidrélise ou alcalino, ou até mesmo outros
processos existentes, é essencial levar em consideragao esses fatores, incluindo
a composicao da biomassa, as caracteristicas de cada processo e os fatores
determinantes para eficiéncia do processo.

DESAFIOS E PERSPECTIVAS

No cenério de otimizag&do dos pré-tratamentos da biomassa lignocelulésica,
percebeu-se que, embora a constru¢cdo de uma rede de conhecimento sobre
esse tema esteja em andamento, ainda ha espago para melhoria. Uma questao
pontual, quando se pensa nas limitagdes do uso da biomassa para geracédo de
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energia, ocorre ao avaliar uma larga escala produtiva, visto que isso implica
maiores gastos energéticos e, como consequéncia, financeiros.

A viabilidade econémica e logistica é um ponto chave para a expansao
do uso da biomassa como matéria-prima, devido os combustiveis fésseis
dominam o mercado, sendo extremamente difundido em todo o mundo. Apesar
dos esforgos, hd muito a ser analisado, produzido e desenvolvido para que a
biomassa alcance seu concorrente na corrida de transigao energética, tornando
0s processos economicamente vidveis e sustentaveis, facilitando sua aplicacéo
em diversas dreas.

Adicionalmente, um fator essencial a ser pesquisado é, de fato, a ade-
quabilidade dos pré-tratamentos diante das diferentes demandas, levando em
consideracao a necessidade, a origem da biomassa e sua composi¢éo. Para-
lelamente, além de buscar inovagao, apropriar-se de estratégias utilizando os
conhecimentos e métodos ja existentes para melhorar os resultados também é
uma opcdo adequada, inclusive citada no presente trabalho. Por fim, espera-se
uma positiva perspectiva do futuro, em que a biomassa consiga assumir seu
papel como matéria-prima sustentével, evitando o esgotamento dos recursos

naturais terrestres.

CONSIDERAGOES FINAIS

A biomassa lignocelulésica apresenta um grande potencial para indus-
tria global na transi¢do dos combustiveis fésseis para fontes de matéria-prima
sustentdveis. Para viabilizar essa transi¢éo, os pré-tratamentos assumem um
papel importante como grandes facilitadores de processos de converséo da
biomassa, principalmente em energia e biocombustiveis. Existe uma ampla
variedade de pré-tratamentos, cada um com suas especificidades, o que se
torna imprescindivel a anélise e caracterizagé@o de cada técnica.

Com relagé@o aos pré-tratamentos discutidos nessa reviséo, o alcalino
apresenta como vantagens maior viabilidade energética, com possibilidade de
recuperagao dos reagentes utilizados. Por outro lado, suas desvantagens incluem
os longos tempos de reagao e menor eficiéncia em biomassa lenhosa. No entanto,
estratégias de otimizacdo podem ser investigadas, como por exemplo, com-
binar o pré-tratamento alcalino em um processo de dois estagios. Enquanto
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o pré-tratamento auto-hidrélise, também denominado como hidrotérmico e
LHW, apresentou como vantagens o menor custo com reagentes, tempo de
reacdo mais curtos e condi¢cdes operacionais mais amenas. Contudo, uma das
principais desvantagens do método inclui as altas temperaturas empregadas
no processo, que demandam maior consumo de energia.

Desse modo, foi possivel alcangar uma maior compreenséo acerca da
aplicacdo desses pré-tratamentos na biomassa lignocelulésica, uma vez que o
pré-tratamento alcalino é comumente utilizado para deslignificagdo e obtengdo
de hemiceluloses, o que implica na necessidade do uso de reagentes. Em con-
trapartida, o auto-hidrdlise € mais direcionado a extragcdo de hemiceluloses,
sendo um processo que pode ser realizado com o uso exclusivo de dgua.
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RESUMO

Objetivo: Diariamente quantidades significativamente relevantes de residuos
sdo produzidas em consequéncia das atividades humanas. Com o crescimento
da industria da Construgéo Civil, a geragao de residuos provenientes deste setor
passou a consistir em um importante problema a ser sanado. Portanto, faz-se
de extrema necessidade o gerenciamento adequado dos residuos, de modo
que estes residuos sejam tratados de maneira eficaz e eficiente para que se
tenha a redugéo dos impactos ambientais negativos. O objetivo deste trabalho
é apresentar os principais conceitos e mostrar um panorama sobre a gestao
dos residuos de construgdo em canteiro de obra e planos de gerenciamento
de residuos de construgdo em canteiros de obra. Métodos: A metodologia
utilizada para realizar é através de uma revisao da literatura sobre a tematica.
Resultados: Este trabalho apresentou uma visdo geral sobre os principais
tépicos referente a teméatica gestao dos residuos de construgdo em canteiro
de obra e planos de gerenciamento de residuos de construgdo em canteiros
de obra. Conclusao: Este trabalho pode ser importante para academia e para
os especialistas da area.

Palavras-chave: Residuos de construgdo civil; planos de residuos;
sustentabilidade.
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INTRODUCAO

A humanidade, através dos séculos, vem conquistando espagos quase
sempre em detrimento de uma continua falta de preservagdo dos recursos
naturais (Sansao, 2009).

Segundo Morais (2006), a degradacdo do meio ambiente é devido a
acelerada urbanizagao, que resultou no rapido adensamento das cidades e, por
conseguinte, o crescimento das atividades do setor da industria da construgao,
sendo que a geragao de residuos do setor da construgéo civil alcancou indices
alarmantes, produto do desperdicio encontrado nas obras, nas construgoes,
nas reformas e nas demoli¢des.

A produgao de quantidades significativas de residuos de construcéo civil
é um dos principais problemas enfrentados em dreas urbanas, segundo SENAI
(2007). Estes residuos nao sao corretamente gerenciados, existindo a falta de
interesse em relagcdo a uma adequada destinacgado, conforme Hoshino (2010), e
a uma disposicao final ambientalmente adequada dos mesmos (SENAI, 2007).

De acordo com levantamentos feitos em diversas cidades brasileiras,
os residuos de construgéo representam cerca de 60% de todos os residuos
sélidos urbanos, ou seja, este valor é muito superior ao do residuo domici-
liar (Gaede, 2008).

Morais (2006) enfatiza que, a preocupagdo com os residuos no Brasil
relativamente é recente. No que se refere especificamente aos da construgéo
civil, entrou em vigor 05 de Fevereiro de 2002, a Resolugao ne. 307, do Conselho
Nacional do Meio Ambiente (CONAMA), um instrumento legal que fixou prazos
para as prefeituras municipais elaborarem e implantarem planos de gestao para
este tipo de residuo, além de estabelecer diretrizes, critérios e procedimentos
para a gestdo dos residuos da construgéo civil, definindo e deixando clara a
responsabilidade do gerador sobre os seus residuos.

No Brasil, ainda é incipiente a quantidade de empresas de construcdo
civil que fazem a gestéo de residuos em canteiro de obra e desenvolvem agdes
planejadas para redugdo da geracao de residuos. A segregagéo, acondiciona-
mento e disposicao final qualificada dos residuos ainda ndo séo realizados de
forma adequada e integrada as atividades produtivas do canteiro de obra.
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Diante do exposto o objetivo deste trabalho é apresentar uma revisdo
da literatura sobre a tematica: Gestdo dos RCC em Canteiros de Obras e Pla-
nos de Gerenciamento de RCC em Canteiros de Obras, tendo por finalidade
demonstrar um panorama da gestdo dos residuos de acordo com as normas
vigentes e algumas caracteristicas dos planos de gerenciamento de residuos
sélidos em canteiros de obras.

Justificativa

Aindustria da construgao civil € um grande gerador de residuos, por isso,
existe a necessidade de se discutir melhores maneiras de realizar um melhor
gerenciamento dos residuos, em especial, os residuos de construgao civil, para
que, no futuro, ndo ocorram mais problemas no ambiente, fazendo com que se
tenha uma otimizacédo dos processos dentro do canteiro de obras e também
uma melhor modulagéo dos projetos.

Como citado por Kunkel (2009), como a urbanizagéo vem crescendo, ha
uma migragao da industria de agregados, que fornece matéria prima em sua
maioria de materiais pétreos, para distante dos centros urbanos, ocasionando
um aumento de custos com transporte e armazenamento pelas construtoras.
Assim sendo, o reaproveitamento e a reciclagem dos residuos da construgéo
civil vém a reduzir esse custo, pois, o mesmo pode ser reutilizado onde é gerado,
fazendo com que diminua os impactos ambientais negativos, prolongando a
vida e garantindo a sustentabilidade dos recursos naturais.

O desenvolvimento sustentdvel deve representar mudangas na maneira
como séo explorados os recursos naturais, e a utilizagao de inovagdes tecno-
I6gicas para o melhor aproveitamento dos residuos gerados deve atender de
maneira satisfatéria as aspiragoes e demandas da populagdo no presente e no
futuro (Sansao, 2009).

Como citado por Tozzi (2006), a implantagdo de praticas de gerencia-
mento de residuos nos canteiros de obras é de fundamental importancia para
o setor da construgao civil.

Deste modo, este estudo se justifica para se entender como sdo geren-
ciando os residuos gerados no canteiro de obras e os panos de gerenciamento
dos residuos, pois ha a necessidade de se entender as alguns dos princiapis
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conceitos e deficiéncias sobre a drea, observando se estdo de acordo com as
normas vigentes, procurando, assim, a preservagao ambiental.

METODOS

A pesquisa se caracteriza como descritiva, bibliografica, e qualitativa, sob
uma abordagem metodoldgica sistémica, de carater exploratdrio, pois busca
analisar as causas e efeitos dos fendmenos que contribuem para andlise da
importéncia do tema.

A reviséo bibliogréfica sera desenvolvida com o intuito de analisar os
principais conceitos e abordagens da leitura, bem como eleger os alguns dos
autores que norteiam a pesquisa.

RESULTADOS E DISCUSSAO

Andlise bibliografica

Foram abordados os seguintes tépicos referentes aos residuos em cantei-
ros de obras nesta secéo deste trabalho: defini¢éo e classificagdo dos residuos;
a geragao dos residuos da construgéo civil; o gerenciamento de residuos da
construcao civil no canteiro de obras; a regulamentagdo ambiental pertinente
a estes residuos; o gerenciamento e os planos necessdrios para a gestdo dos
residuos sélidos; como também sobre as responsabilidades dos geradores.

Definicao e classificagdo dos residuos

Segundo a Lei n°12.305, de 02 de agosto de 2010, deve-se considerar como
rejeitos os residuos sélidos que, depois de esgotadas todas as possibilidades de
tratamento e recuperagdo por processos tecnoldgicos disponiveis e economi-
camente viaveis, ndo apresentem outra possibilidade, senéo a disposicéo final
ambientalmente adequada (BRASIL, 2010b). J& com relagéo a outras definigdes,
de acordo com a legislagao, o termo “lixo"” ndo deve mais ser empregado.

Com relagéo a definigdo do que é residuo, existem varias defini¢cdes. Para
Marques Neto (2005), residuo significa aquilo que sobra de qualquer substancia,
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ou material, e que ganhou o acréscimo do adjetivo sélido, a fim de diferenciar
os residuos sélidos dos residuos liquidos.

Segundo a Lei n°12.305, residuo é um material, substancia, objeto ou bem
descartado resultante de atividades humanas em sociedade, cuja destinagao
final se procede, se propde proceder ou se estd obrigado a proceder, nos estados
sélido ou semi-sélido, bem como gases contidos em recipientes e liquidos cujas
particularidades tornem invidvel o seu langamento na rede publica de esgotos
ou em corpos d'agua, ou exijam para isso solugdes técnica ou economicamente
invidveis em face da melhor tecnologia disponivel (BRASIL, 2010b).

De acordo com que consta na NBR 10.004 (ABNT, 2004a), residuos séli-
dos sdo: residuos nos estados sélido e semi-sélido, que resultam de atividades
de origem industrial, doméstica, hospitalar, comercial, agricola, de servigos e
de varrigao. Ficam incluidos nesta definicdo os lodos provenientes de sistemas
de tratamento de dgua, aqueles gerados em equipamentos e instalagdes de
controle de poluigdo, bem como determinados liquidos cujas particularidades
tornem inviavel o seu langcamento na rede publica de esgotos ou corpos de
agua, ou exijam para isso solugdes técnicas e economicamente invidveis em
face a melhor tecnologia disponivel (ABNT, 20044, p. 01).

Como composigao, segundo Obladem et al. (2009) os residuos sélidos
sdo constituidos por diversos materiais e diversas substancias, adotando uma
classificacdo dividida em trés tipos de fracéo, que séo: a organica, a reciclavel
e a fragdo de rejeito. A fragado organica sdo os restos de alimentos e vegetais;
a fracéo reciclavel sdo os residuos que apresentam a possibilidade de se tor-
narem matéria prima para a fabricacdo de materiais novos; ja fragéo dos rejei-
tos sdo materiais que nao tém mais nenhuma utilidade e que ndo podem ser
reaproveitados, devido as suas caracteristicas ou a inexisténcia de tecnologia
para tal finalidade.

A caracterizagédo dos residuos da construcao civil é particularmente
importante no sentido de se identificar e quantificar os residuos e, desta forma,
planejar qualitativa e quantitativamente a reducao, a reutilizagéo, a reciclagem,
contribuindo assim para a sua destinagéo final e disposigao final ambientalmente
adequada dos rejeitos (Lima e Lima, 2009).

Os residuos provenientes da construgao civil, conforme o SINDUSCON
- MG (2008), sao aqueles provenientes de construgdes, reformas, reparos e
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demoligdes de obras de construgao civil, bem como os resultantes da prepara-
¢ao e da escavagao de terrenos, tais como: tijolos, blocos ceramicos, concreto
em geral, solos, rochas, metais, resinas, colas, tintas, madeiras e compensados,
forros, argamassa, gesso, telhas, pavimento asfaltico, vidros plasticos, tubula-
¢Oes, fiagdo elétrica e outros, comumente denominados de entulhos de obras,
calica ou metralha.

Quanto a origem dos residuos, eles sdo provenientes de obras da cons-
trugéo civil. Ademais, sdo muito heterogéneos, mas além de serem “sélidos e
inertes”, eles devem estar no grupo dos residuos “secos” - quanto a caracte-
ristica fisica - e no grupo dos residuos “inorgénicos” - quanto a composigéo
quimica (kunkel, 2009, p.26).

A classificagdo de residuos envolve a identificacéo do processo ou atividade
que lhes deu origem e de seus constituintes, caracteristicas e a comparacgao
destes constituintes com listagens de residuos e substancias, cujo impacto a
salide e ao meio ambiente é conhecido (ABNT NBR 10.004, 2004a).

De acordo com a Resolugdo do CONAMA n° 307, os residuos da
construcdo civil sédo classificados do seguinte modo (BRASIL, 2002):
Classe A, Classe B, Classe C e Classe D. Os residuos de construgéo civil da
Classe “A" sdo os residuos reutilizaveis ou reciclaveis como agregados, sendo
alguns deles a areia, o bloco de concreto celular, o bloco de concreto comum
e o concreto armado, dentre outros. Os residuos de Classe “B" sdo os residuos
reciclaveis para outras destinagdes, como por exemplo: o ago de construgao,
o aluminio, o arame e o asfalto a quente, dentre outros residuos. Os residuos
de Classe “C" sdo os residuos para os quais ndo foram desenvolvidas tecno-
logias ou aplicagdes economicamente vidveis que permitam a sua reciclagem
ou recuperagao, tais como: o gesso, a manta asfaltica e a manta de 1a de vidro,
dentre outros. J4 os residuos de Classe “D" sao residuos perigosos oriundos do
processo de construgdo, como por exemplos: o amianto, o solvente, a lataria e
as pecgas em fibro-cimento, dentre outros exemplos desta classe.

Geracao dos residuos da construcao civil
Conforme Novaes e Mourao (2008), a geracéo de residuo da construcdo

civil é em torno de 450 kg/habitante/ano. Ademais, segundo os autores, os
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residuos da construcéao civil podem corresponder a aproximadamente 60% da
massa de todos os residuos gerados.

A geragao dos residuos da construgéo civil, nas cidades, vem crescendo
significativamente, como mostra a Figura 1.

Figura 1 - Total de residuos da construgdo e demoligdo no Brasil e Regides (t x 1000/ano).

H2011 E2012 2013 W2014

22443

- ]
[ ‘

NORTE MORDESTE CENTRO- SUDESTE suL
OESTE

Fonte: ABRELPE (2014).

Pela Figura 1, percebe-se que a regido sudeste é a que mais gera residuos,
seguida, respectivamente, pelas regides nordeste, sul, centro oeste e norte, sendo
que foi coletado pelos municipios brasileiros, no ano de 2014, aproximadamente
45 milhdes de toneladas de residuos da construgao e demoligéo.

Segundo a ABRELPE (2014), os residuos de constru¢do e demoli¢cdo
coletados pelos municipios tiveram um aumento de 4,1% em relagdo a 2013,
ndo refletindo o total dos residuos gerados, pois estes sdo somente os que
foram langados nos logradouros publicos. Nota-se, conforme Figura 2, como
é a constituicdo das origens dos residuos na construcéo civil em pesquisas
relacionadas em algumas cidades brasileiras.
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Figura 2 - Origem dos residuos de construgao e demoligdo em algumas cidades brasileiras (% da
massa total).
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Fonte: MMA (2010).

Como exemplificado na Figura 2, observa-se que a grande maioria
(59%) dos residuos que sé@o gerados na construgao civil é proveniente de refor-
mas, ampliagoes e demoli¢cdes. Entretanto, ndo se pode dizer de onde vem o
maior percentual, se é de reformas, ampliagdes ou demoligdes. As edificagdes
representam novas 29% e as residéncias representam 20% dos residuos em
canteiro de obras.

De acordo com Bernardes et al. (2008), os residuos oriundos da construgdo
civil sdo considerados um problema, em razdo das inimeras consequéncias que
podem acarretar para a salde humana e para o meio ambiente. Nesse sentido,
Benvenuto e Suzuki (2009) afirmam que, muitas vezes, ndo sdo tomados os
devidos cuidados com esses residuos e que as vérias acdes adotadas apenas
sinalizam para a proibi¢ao de seu descarte, ou que, em alguns casos, os residuos
sdo transferidos das areas de descarte irregular, para outras areas que ndo sao
consideradas ambientalmente adequadas. A seguir, séo alguns exemplos de
disposicao irregular, Figura 3.
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Figura 3 - Exemplos de disposicéao irregular.

Fonte: Roth (2008).

A composicao desse tipo de residuo é considerada heterogénea. Por
exemplo, Carneiro. (2001) citam que, no municipio de Salvador, o entulho
apresenta 94% de materiais com alto potencial para a reciclagem na cons-
trucgdo civil, constituindo, assim, uma jazida de matérias-primas passiveis de
serem aproveitadas.

Na Figura 4 estd sendo mostrada a composi¢cdo média do entulho de
obras no Brasil, sendo que a maior parte é composta pela argamassa, com 63%,
seguida por concreto e blocos, com 29%.

Figura 4 - A composicédo média do entulho de obras no Brasil.

Organicos
1%

Concreto e
blocos
0%

Argamassa
63%

Fonte: Monteiro (2001).

A argamassa, junto com o concreto e blocos, correspondem a 92% dos
residuos, nos quais, conforme Carneiro (2001), passando por um processo de
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britagem, podem produzir agregados graidos com alto potencial de utilizagéo
na construgao civil.

J& nos 7%, apresentado no gréfico representado na Figura 4, estédo inclu-
sos materiais como a madeira, o plastico, o papeldo, os vidros e a ceramica.

Diante do exposto, pode-se afirmar que existe uma diversidade na
composigao dos residuos, nas diversas localidades, decorrentes da tradigao
construtiva e do local da coleta das amostras, o que evidencia que a maioria
dos residuos gerados é formada por parcelas reciclaveis.

0 gerenciamento de residuos da construgao civil no canteiro de obras

De acordo com Novaes e Mouréo (2008), a maioria dos municipios ndo
tem um plano integrado da gestéo de residuos operantes, nem adotam agdes
adequadas para sua destinacéo e disposic¢ao final ambientalmente adequada.

De acordo com a Resolugdo CONAMA n° 307 (BRASIL, 2002), quando
se trata de gerenciamento de residuos da construgao civil, deve-se abordar um
sistema de gestdo que objetive a redugédo, a reutilizagdo ou a reciclagem de
residuos, incluindo as responsabilidades, o planejamento, as praticas, os proce-
dimentos e os recursos para desenvolver e implementar as agoes necessarias
ao cumprimento das etapas previstas em programas e planos.

Como cita Novaes e Mourao (2008), a gestao nos canteiros contribui muito
para a ndo geragao de residuos, podendo ter os seguintes beneficios: o canteiro
fica mais organizado e mais limpo; havera a triagem de residuos, impedindo sua
mistura; haverd possibilidade de reaproveitamento de residuos antes de eles
serem descartados; e serdo quantificados e qualificados os residuos descartados,
possibilitando a identificagdo de possiveis focos de desperdicios de materiais.

A organizagao do canteiro e os dispositivos indicados tém a finalidade
de viabilizar a coleta diferenciada e a limpeza de obra. Quanto ao fluxo dos
residuos no interior do canteiro, sdo mencionadas em legislagdes e resolugdes
recomendagdes para o acondicionamento inicial, o transporte interno dos
residuos e o seu acondicionamento final (Hoshino, 2010).

No canteiro de obras é que se inicia a separagao dos residuos, sendo
que eles devem ter um acondicionamento inicial compativel com seu volume e
preservando uma boa organizagéo dos espagos nos diversos setores da obra.
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Neste sentido, na Figura 5 determina-se a sequéncia de como tem que
ser realizado o gerenciamento dos residuos.

Figura 5 - Esquema de projeto de gerenciamento.

Fonte: Silva (2015).

Pelo exposto na Figura 5, a gestao dos residuos deve visar o compromisso
ambiental, sendo que o melhor seria que ndo houvesse a geracéo dos residuos,
mas pelos métodos de construgao utilizados no Brasil até hoje, torna-se muito
dificil a ndo geragéo, sendo assim, busca-se a minimizagédo na geragéo de resi-
duos, aplicando-se o conceito dos 3Rs (reduzir, reutilizar e reciclar).

Apds a minimizacado na geragao de residuos, deve-se segregar, separan-
do-os como indicado na Resolugdo CONAMA n° 307 (BRASIL, 2002), conforme
suas classes. Nesta etapa (Figura 6) tém-se os residuos reaproveitdveis - na
qual deve-se dar a destinagéo final ambientalmente adequada por meio da
reutilizagdo ou reciclagem - e os néo reaproveitaveis - que precisam ser enca-
minhados para a disposi¢éo final ambientalmente adequada, que pode ser em
aterro especifico ou em aterro de inertes, dependendo do tipo de rejeito.
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Figura 6 - Segregacao de residuos sélidos da construgao civil.
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Fonte: Silva (2015).

De maneira geral, para que os objetivos da gestdo de residuos sejam
alcangados, é necessdria a aplicagdo de técnicas de reutilizagdo no canteiro
de obras. Entre os diversos materiais utilizados nas obras de construcéo civil,
passiveis de reutilizagdo, a madeira se destaca por apresentar um grande
potencial de reaproveitamento (Tozzi, 2006).

Como mencionado por Novaes e Mourdo (2008), o reuso é uma grande
contribuicdo para algum item que ia ser descartado, no qual ainda pode ser
reutilizado, fazendo com que haja um aumento no aproveitamento de residuos.

Ja na reciclagem, os residuos passam por procedimentos de mudanga,
servindo de matéria-prima para a produgcdo de um novo produto que serd
utilizado no canteiro com outra destinagao (Novaes e Mourao, 2008). Ou seja,
é o processo de reaproveitamento de um residuo, apds ter sido submetido a
uma transformacao.

Conforme Hoshino (2010), o acondicionamento inicial serd o mais proé-
ximo possivel dos locais onde estdo sendo gerados os residuos, assim sendo,
preservando a boa organizagdo dos espagos dentro do canteiro de obras.

A seguir (Figura 7), é demonstrado modos de separagdo dos residuos
dentro da obra, fazendo com que este material possa ter um destino ambien-
talmente correto e também mantendo o ambiente dentro do canteiro de obras

organizado e mais seguro.
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Figura 7 - Depdsito temporario de residuos no canteiro de obra.

Vidro | perigosos Metais Plastico Papel

Fonte: Blumenschein (2007)

No que se refere a identificagédo de coletores e transportadores, a reso-
lucdo CONAMA 275 (BRASIL, 2001) apresenta um padrao de cores para cada
tipo de residuo, como mostrado na Tabela 1.

Tabela 1- Cédigo de cores para recipientes de residuos sélidos..

Tipos de residuos Cor do recipiente
Papel e Papelao Azul
Plastico Vermelho
Vidro Verde
Metais Amarelo
Madeira Preto
Residuos Perigosos Laranja
Residuos ambulatérios e de servigo de satde Branco
Residuos radioativos Roxo
Residuos orgénicos Marrom

Residuo em geral, ndo reciclavel ou misturado, ou contaminado, ndo

. ~ Cinza
passivel de separagdo

Fonte: Resolucdo CONAMA n° 275 (BRASIL, 2001).

Cabe observar que o transbordo deve ser feito em areas devidamente
legalizadas, conforme preconiza a NBR 15112 (ABNT, 2004). Nesse sentido,
observa-se que na destinacgao final deve-se, em primeiro lugar, tentar reutilizar
os materiais que estdo aptos para isso. Entretanto, caso o residuo ndo puder
ser reutilizado, deve-se encaminha-lo para a reciclagem.
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A regulamentacdo ambiental pertinente para a gestdo dos residuos
sélidos

Atualmente ha no Brasil um conjunto de leis e politicas publicas, além de

normas técnicas e cartilhas, que sdo fundamentais para gestao adequada dos

residuos provenientes do setor da construgao civil, contribuindo para minimizar
os impactos ambientais (MORAIS, 2006).

Destaca-se, nesse sentido, um resumo das principais regulamentacoes

ambientais, principalmente a Legislagéo Federal e as normativas da Associagao

Brasileira de Normas Técnica.

Quanto a Legislacdo Federal pode-se destacar as seguintes:

LEI FEDERAL 6938, DE 31 DE AGOSTO DE 1981 - dispde sobre a Politi-
ca Nacional do Meio Ambiente, seus fins e mecanismos de formulagao
e aplicacdo e da outras providéncias.

LEI FEDERAL 12.305, DE 3 DE AGOSTO DE 2010 - Institui a Politica
Nacional de Residuos Sélidos e altera a Lei n° 9605, de 12 de fevereiro
de 1998; e dd outras providéncias.

RESOLUCAO CONAMA 275/2001 - estabelece cédigo de cores para di-
ferentes tipos de residuos, a ser adotado na identificagédo de coletores e
transportadores, bem como nas campanhas informativas para a coleta
seletiva (BRASIL, 2001).

RESOLUGAO CONAMA 307/2002 - estabelece diretrizes, critérios e
procedimentos para a gestao dos residuos sélidos da construgao civil
(BRASIL, 2002).

RESOLUGAO CONAMA 348/ 2004 - altera a Resolugdo Conama 307,
de 5 de julho de 2002, incluindo o amianto na classe de residuos peri-
gosos (BRASIL, 2004).

Pelo exposto, é possivel dizer que existem diversos dispositivos legais

que tratam de questdes especificas dos residuos da construgao civil. Entretanto,

as diretrizes, os critérios e os procedimentos relativos a gestédo integrada e ao

gerenciamento destes residuos, as responsabilidades dos geradores e do poder
publico sdo abordadas na Lei n° 12.305 e na Resolugcdo CONAMA ne 307.
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As responsabilidades dos geradores

Conforme a Lei 12.305/2010, é instituida a responsabilidade comparti-
Ihada pelo ciclo de vida dos produtos, a ser implementada de forma individua-
lizada e encadeada, abrangendo os fabricantes, importadores, distribuidores e
comerciantes, os consumidores e os titulares dos servigos publicos de limpeza
urbana e de manejo de residuos sélidos. Como exemplificado na Lei 12.305/2010
todos os envolvidos no processo desde a producéo até a disposicao final sdo
responsaveis pela geragédo dos residuos.

A responsabilidade compartilhada pelo ciclo de vida dos produtos tem
por objetivo (BRASIL, 2010b): compatibilizar interesses entre os agentes eco-
ndmicos e sociais e os processos de gestdo empresarial e mercadoldgica com
os de gestdo ambiental, desenvolvendo estratégias sustentaveis; promover o
aproveitamento de residuos sélidos, direcionando-os para a sua cadeia produ-
tiva ou para outras cadeias produtivas; reduzir a geracao de residuos sélidos,
o desperdicio de materiais, a poluicdo e os danos ambientais; incentivar a
utilizacdo de insumos de menor agressividade ao meio ambiente e de maior
sustentabilidade; estimular o desenvolvimento de mercado, a produgéo e o
consumo de produtos derivados de materiais reciclados e reciclaveis; propiciar
que as atividades produtivas alcancem eficiéncia e sustentabilidade; incentivar
as boas préticas de responsabilidade socioambiental.

Plano de geracdo de reragao de residuos de construcao civil

A construgao de um plano de gerenciamento de residuos traz a oportu-
nidade de trabalhar os residuos gerados de maneira correta, na medida em que
projeta beneficios para os empresarios no que diz respeito a questéo financeira
apontada pelo desperdicio de material, dando a oportunidade de inserir no
meio empresarial a discussdo a respeito de sua responsabilidade no tocante
as questdes ambientais.

O Plano de Gerenciamento de Residuos é uma metodologia de geren-
ciamento de residuos baseado em planejamento, procedimentos e recursos
que visam a reducgao e a minimizagéo da geragao de residuos bem como agoes
adequadas e coerentes relativas a segregagao, acondicionamento, coleta,
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tratamento e destinagao dos residuos. Como aspectos positivos, destacam-se a
reducdo dos impactos ambientais negativos, a preservagdo do meio ambiente, o
incentivo a préticas sustentdveis e a seguranca e qualidade de vida da populacéo.

De acordo com a Politica Nacional de Residuos Sélidos (Lei Federal n°
12.305/2010), a elaboragéo e a implementacdo do PGRCC séo obrigatdrias as
empresas de construcao civil. A Resolugdo CONAMA n° 307/2002 e alteragdes
determina a obrigatoriedade do PGRCC para os grandes geradores, assim
definidos conforme a legislacéo especifica.

O PGRCC deve ser apresentado juntamente com o projeto do empreen-
dimento para a andlise pelo poder publico municipal, como condigédo para
aprovagao dos projetos e emissdo do alvara de construgao, segundo regula-
mentacgdo especifica do municipio. Também podera ser exigido no dmbito do
licenciamento ambiental junto aos 6rgaos competentes.

O PGRCC deve ser implantado na fase de concepg¢do do empreendimento,
tendo interface entre os projetos e os processos construtivos. O processo de
implantacdo contempla o desenvolvimento de um conjunto de atividades rea-
lizadas dentro e fora dos canteiros de obras, suas etapas sdo: Planejamento,
Treinamento, Implantacdo e Monitoramento.

A gestao responsavel dos residuos gerados em canteiros de obras requer
uma compreensao das complexidades do processo de construcéo e as dificul-
dades em combinar as formas de destinagao dos residuos (BLUMENSCHEIN,
2007) e a disposigao final ambientalmente adequada dos rejeitos (BRASIL, 2010b).

CONCLUSAO

No contexto do que foi exposto, é possivel perceber que a enorme gera-
¢do de residuos nos canteiros de obras e sua destinagédo inadequada séo as
principais causas que contribuem para o desperdicio e os impactos negativos
refletidos no meio ambiente. E de extrema importancia que as empresas rea-
valiem seus processos construtivos e gerenciais em relagdo aos Residuos da
Construgéo Civil.

Destaca-se que é de extrema importéncia planejar a organizacado do can-

teiro, fornecer treinamento para a mao de obra, averiguar as agdes desenvolvidas
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no PGRCC através de um plano de monitoramento e analisar os projetos do
empreendimento com intuito de reduzir ao maximo a geracéo de residuos.
Outras que se tornariam interessantes para ter mais controle ou ate é a
diminuicao sobre a geragéo de residuos é através da racionalizagao dos proces-
sos construtivos nacionais, tornado-os mais inovadores. Outra solugao poderia
uso de tecnologias que pudesse realizar modificacdes e realizar antes mesmo
da construgéo ser efetivamente iniciada, que poderia ser a tecnologia BIM.
Portanto, verificou-se que os residuos, infelizmente, continuam sendo
um problema para 6rgédos gestores resolverem, carecendo de mais discussdo

e reflexao sobre o tema.
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ABSTRACT

Objective: This study aimed to evaluate the adsorptive performance of biochar
produced from Eucalyptus spp. sawdust for the removal of atrazine from aqueous
solutions. Methods: The biochar was produced by pyrolysis at 600 °C under a
nitrogen (N,) atmosphere and characterized using Fourier Transform Infrared
Spectroscopy (FTIR) and zeta potential analysis. Batch adsorption experiments
were conducted to investigate the effects of adsorbent dosage, pH, contact time,
initial concentration, and temperature. In addition, adsorption kinetics, equilibrium
isotherms, thermodynamic behavior, and the reusability of the material through
successive regeneration cycles were evaluated. Results: The biochar exhibited
superior adsorptive performance compared with the raw biomass, achieving
removal efficiencies above 80%. Adsorption equilibrium was reached within
approximately 30 min, and the experimental data showed good agreement with
the applied kinetic and isotherm models. The adsorption process was favored
under acidic conditions and at 25 °C. Reusability tests demonstrated that the
adsorbent maintained high removal efficiency for up to three consecutive cycles.
Conclusion: These findings indicate that biochar derived from Eucalyptus spp.
sawdust represents a promising and sustainable adsorbent for atrazine removal
from contaminated aqueous systems.

Keywords: Adsorption; water; polluents.
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INTRODUCTION

The growing contamination of water resources by synthetic organic com-
pounds has become one of the major environmental challenges associated with
the intensification of agricultural and industrial activities. The extensive use of
pesticides, herbicides, and fertilizers has contributed to the continuous introduc-
tion of these compounds into aquatic ecosystems, resulting in the occurrence
of emerging contaminants in both surface and groundwater (BERGAMASCO;
VIEIRA; SILVA, 2023; MORIN-CRINI et al.,, 2022).

These pollutants may reach water bodies through different pathways,
including soil leaching, agricultural surface runoff, and the improper disposal
of agricultural and industrial effluents. Consequently, the persistent presence of
these compounds has been widely reported in different environmental matrices,
raising significant concerns regarding ecotoxicological impacts and the potential
risks to human health associated with long-term exposure to low concentrations
of these contaminants (RQY et al,, 2022).

Herbicides belonging to the triazine class stand out due to their fre-
quent detection in aquatic environments. Among these compounds, atrazine
(2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine), a herbicide widely used
worldwide for weed control in crops such as corn, sorghum, and sugarcane,
exhibits moderate water solubility (33 mg L' at 25 °C), low vapor pressure,
and high chemical stability. These characteristics facilitate its environmental
transport and hinder its natural degradation (AHMAD et al., 2022; HONG et al.,
2022). In addition, toxicological studies have shown that prolonged exposure
to atrazine may cause several adverse effects in living organisms, including
endocrine disruption, alterations in the reproductive system, and neurotoxic
effects, reinforcing the need for the development of efficient technologies for
its removal in water treatment systems (ZHAO et al., 2024).

Several technologies have been investigated for the removal of organic
contaminants from aquatic environments, such as advanced oxidation processes,
heterogeneous photocatalysis, bioremediation, and membrane separation pro-
cesses (HASSAAN; ELDEEB; EL NEMR, 2022). Although these technologies can
exhibit high efficiency under specific operational conditions, they often involve
high operational costs, elevated energy consumption, the need for specific
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operating conditions, or the formation of potentially toxic by-products during
the degradation process. In this context, adsorption has been widely applied in
tertiary effluent treatment due to its operational simplicity, application flexibility,
and the possibility of using low-cost adsorbent materials, as well as its high
removal efficiency (DUMITRIU; TEODOSIU, 2022; DA SILVA JUNIOR et al., 2024).

In this regard, activated carbon has been extensively used as an adsorbent
in water treatment processes due to its high specific surface area, highly porous
structure, and strong affinity for organic compounds. However, the high costs
associated with the production and regeneration of this material have encoura-
ged the search for alternative adsorbent materials that are both sustainable and
economically viable. In this context, biochar, a carbonaceous material obtained
through the pyrolysis of lignocellulosic biomass, has emerged as a promising
adsorbent for environmental applications (AHMAD et al., 2022).

Biochar can be produced from a wide variety of agro-industrial residues,
such as corn straw, rice husk, sugarcane bagasse, and sawdust, representing
a sustainable strategy for the valorization of residual biomass. These mate-
rials exhibit properties favorable for the adsorption of organic contaminants,
including high porosity, significant surface area, and the presence of surface
functional groups capable of interacting with organic molecules in aqueous
solution through different physicochemical mechanisms (WANG et al., 2025;
HERNANDES et al., 2022).

Additionally, structural modification strategies have been explored to
enhance the adsorptive performance of biochar, such as physical or chemical
activation processes, which can promote significant changes in the porous
and surface structure of these materials. These modifications may result in an
increase in specific surface area, micropore volume, and the density of active
sites available for adsorption (YU et al,, 2022; JOSHI; BHATT; SRIVASTAVA, 2023).

In this context, it becomes relevant to investigate new adsorbent mate-
rials derived from renewable biomass that can be applied in the treatment of
water contaminated by pesticides. Therefore, the present study aims to produce
biochars derived from lignocellulosic sawdust residues of the forest species
Eucalyptus spp. as potential biosorbents for the removal of the herbicide atrazine
from aqueous solution.
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METHODS

Materials and reagents

Sawdust from the forest species Eucalyptus spp. was obtained from a
wood-processing industry located in the state of Mato Grosso do Sul, Brazil. The
chemical reagents used were the herbicide atrazine (CgH,,CINs, MW 318.13 g
mol”, Sigma-Aldrich), hydrochloric acid (HCI, MW 36.46 g mol”, Alphatec), and
sodium hydroxide (NaOH, MW 39.99 g mol”, Neon Commercial Ltda.).

Biochar synthesis

Sawdust residues from the forest species Eucalyptus spp., obtained from
a wood-processing industry, were initially dried in a forced-air circulation oven
at 60 °C for 24 h. The dried material was then ground and sieved through a 100-
mesh sieve. The resulting raw biomass fraction was designated as EC.

Subsequently, the material was subjected to a pyrolysis process under a
nitrogen (N,) atmosphere, using a heating rate of 10 °C min-' until reaching a final
temperature of 600 °C. After the pyrolysis process, the obtained material was
further dried at 60 °C for 24 h. The produced biochar was designated as ECB.

Physicochemical characterization of the material

The chemical and surface characterization of the materials was carried out
using Fourier Transform Infrared Spectroscopy (FTIR) in a PerkinElmer Frontier
spectrometer, with a spectral resolution of 1cm'and a scanning range from 200
to 4000 cm, in order to identify the functional groups present in the materials.

Additionally, the surface charge properties of the adsorbent were evaluated
by zeta potential (ZP) analysis using a Zetasizer Nano analyzer (Malvern, ZS90).

Adsorption experiments

The adsorption experiments were conducted in a batch system under
thermostatic agitation (SP Labor Ltda) at 180 rpm and room temperature (25
°C). For each experiment, 10 mL of a synthetic solution containing atrazine (AT)
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as the target analyte was used at its natural pH, with an initial concentration of
5 mg L. All experiments were performed in triplicate.

In the experiments evaluating the influence of adsorbent mass, amounts
of 0.5 g and 1.0 g were used. After the contact period, the samples were filtered
and the final concentration was determined using a UV-Vis spectrophotometer
(Shimadzu 2600i/2700i) at a wavelength of 222 nm, corresponding to the her-
bicide. Based on these results, the contaminant removal efficiency (Equation 1)
and the adsorption capacity per unit mass of the material (Qe, mg g') (Equation
2) were calculated.

%R = M X 100 (Equation 1)
Co
e = (Co 7_1/;6)' 4 (Equation 2)

Where: C, is the initial concentration of the adsorbate in solution (mg
L™); C, is the equilibrium concentration of the adsorbate in solution (mg L™);
q.(mg g”) is the adsorption capacity; W is the dry mass of the adsorbent (mg);
and V is the final volume of the adsorbate solution (mL).

In the adsorption kinetic study, solution samples were collected at time
intervals of 10, 20, 30, 45, 60, 75, 90, and 120 minutes in order to determine the
equilibrium time of the process, which was subsequently adopted in the follo-
wing experiments. Based on the experimental data obtained, the results were
fitted to the nonlinear kinetic models of pseudo-first-order (PFO) (Equation 3)
and pseudo-second-order (PSO) (Equation 4).

qt = qe (1 — e7) (Equation 3)
k.qe?.t _
gt = T+ k.qe _t (Equation 4)

The effect of pH was evaluated within a range from 2 to 10. The pH adjust-
ment of the atrazine solutions was performed by the addition of HCI or NaOH
solutions at a concentration of 0.1 mol L.

For the investigation of adsorption isotherms, the initial concentrations
of the analyte ranged from 5 to 10 mg L. The determination of the final con-
centration of the solutions allowed the estimation of the adsorption capacity
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of the contaminant by the materials. The experimental data were fitted to the
Langmuir (Equation 5) and Freundlich (Equation 6) isotherm models using

linear regression.

_qm.K;.Ce

= Equation 5
1+K,.Ce (Fa )

qe
ge = Kp. Cel/n (Equation 6)

Where: q_ (mg g7) is the maximum adsorption capacity; C, is the equilibrium
concentration of the adsorbate in solution (mg L); q, (mg g7 is the adsorption
capacity; K- (L mg™) is the Langmuir constant; Kf (mg g) is the Freundlich
isotherm constant; and n represents the adsorption intensity. Adsorption is
considered favorable when 1/n ranges between 0.1 and 0.5.

Thermodynamic studies were conducted by varying the system tempera-
ture at 25 °C, 35 °C, and 45 °C, using the concentration defined in the previous
experiment, while maintaining agitation at 180 rpm in a thermostatic bath.

Adsorbent reusability assay

The evaluation of adsorbent reusability was carried out through suc-
cessive cycles of regeneration and adsorption. Initially, the adsorbent material
was regenerated in a muffle furnace at 300 °C for 2 h in order to promote the
removal of atrazine, considering the boiling point of the analyte. Subsequently,
the fraction of the material that exhibited the highest adsorption capacity was
brought into contact with the solution containing the analyte for 240 min at 25
°C under constant agitation. Afterward, the residual concentration of atrazine
was determined by UV-Vis spectroscopy at a wavelength of 222 nm. The proce-
dure was repeated for five consecutive cycles, using the previously regenerated
adsorbent in each step.
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RESULTS

Analysis of material characterization

In order to determine the surface charge properties of the adsorbent, zeta
potential (ZP) analysis was performed using a Zetasizer Nano analyzer (Malvern,
ZS90). The results indicated values of —11.4 mV and +6.2 mV for the EC and ECB
samples, respectively. Considering that an increase in pyrolysis temperature may
favor the formation of basic functional groups on the adsorbent surface (ZHAO
et al,, 2018), a tendency toward an increase in the pH at the point of zero charge
(pszc) of the material can consequently be observed.

This result is consistent with the main bands observed in the FT-IR
spectra (Table 1), in which a reduction of the functional groups responsible for
decreasing the surface charge was identified.

Table 1 - Functional groups identified for samples EC and ECB.

Wavenumber (cm™)

Identification of

functional groups Samples
=E ECB
OH 3444 3444
CH 2920
C=0 1650
c=c 1510 1510
co 1052

Source: the author .

In summary, all samples exhibited a vibrational stretching band at 3444
cm™, corresponding to the O-H bond present in lignin and hemicellulose (MEILI
et al., 2019). However, in the ECB sample, the intensity of this band decreased
significantly, indicating the occurrence of a cellulose dehydration reaction after
the pyrolysis process (ZHOU et al., 2018). In addition, the band at approximately
1510 cm, associated with C=C stretching vibrations of aromatic structures in
lignin, was observed in both the raw sample and the pyrolyzed material, indica-
ting the presence of aromatic structures that remained or were formed during
the thermal process.
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In contrast, in the ECB sample, due to the applied thermal treatment, a
reduction in the vibrational stretching bands at approximately 1650 cm, 2920
cm, and 1052 cm™ was observed. These bands can be attributed, respectively,
to C=0 stretching vibrations or the deformation of adsorbed water in the cel-
lulose structure, C-H vibrations, and C-0 and C-O-C bonds characteristic of

polysaccharides such as cellulose.

ANALYSIS OF ADSORPTION EXPERIMENTS

Figure 1 shows the effect of adsorbent mass (0.5 g and 1.0 g) on the adsorption capacity (Qe) and
removal percentage (%R) of atrazine by the materials. The adsorption process showed high efficiency,
with removals of 82.1% and 44.3% when a mass of 1,0 gof ECB and EC samples was used, respectively.

Figure 1 - Atrazine removal efficiency as a function of adsorbent mass.

22 100
= Qe (ECB)|[[/7] %R (ECB) =
20H * Qe(EC) %R (EC)
18 7 180
< 16
3 460
£ 14f ’
o %R
o 12}
- 40
10 |
8r —420
s -
i
4 A % 0
05 1,0
dosage (g)

Source: the author.

Regarding the kinetic analysis of the adsorption process of the herbicide
atrazine in aqueous medium, it was observed that equilibrium was reached at
approximately 30 and 90 minutes for the ECB and EC samples, respectively.
After these time intervals, the adsorption capacity remained constant. The kinetic
parameters obtained from fitting the experimental data to the pseudo-first-order
(PFO) and pseudo-second-order (PSO) models are presented in Table 2.
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Table 2 - Kinetic model parameters for the adsorption of the analyte onto the samples.

Kinetic parameters

Samples Kinetics models
R? Qe (mg.g-1) k

PPO 0.9941 22.7591 0.264 + 0.010
ECB

PSO 0,9428 16.3422 0.217+0.016

PPO 0,9863 4,4581 0158 + 0.014
EC

PSO 0,9357 3.6794 0126 + 0.012

Source: the author.

It was observed that, for both analyzed samples, the best fit of the
experimental data was obtained using the pseudo-second-order (PSO) model,
suggesting that the adsorption kinetic process occurred predominantly through
chemisorption mechanisms.

Figure 2 shows the relationship between analyte adsorption and the variation in pH.

Figure 2 - Effect of pH on the adsorption of the herbicide atrazine.
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Source: the author.

It was observed that atrazine adsorption occurs under acidic conditions,
specifically at pH 4, since as the pH increased, the adsorption capacity decrea-

sed significantly.
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Regarding the analysis of the adsorption isotherm models of the analyte
for the ECB and EC samples, Figure 3 shows the experimental fits obtained from
the application of the Langmuir and Freundlich adsorption isotherm models.

Figure 3 - Adsorption isotherms of the herbicide atrazine (AT) onto EC (a) and ECB (b) samples, as
well as the correlation with the isotherm models (Langmuir - solid line and Freundlich - dashed line).
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Source: the author.

The values of the parameters and the fitting results obtained from the
application of the adsorption isotherm models are presented in Table 3

Table 3 - Isotherm parameters for analyte adsorption onto the samples.

Isotherms models

Samples Langmuir Freundlich
R? K, (L/mg) Qe R, R? KF (L/mg) 1/N
Max.
ECB 0.9981 12.8256 20.6124 0.2513 0.9873 0.01985 0.89423
EC 0.9901 6.2894 4,3897 01152 0.9764 0.01127 0.34821

Source: the author.

It was observed that the samples showed a better fit to the Freundlich
model, as evidenced by the higher values of the coefficient of determination
(R?). The n parameter of the Freundlich model, which represents the affinity of
the adsorbent for the adsorbate, presented a higher value for the ECB sample
compared to the EC sample. Similarly, the estimated maximum adsorption
capacity (q__ ) for ECB was higher than that of the EC sample.
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Figure 4 shows the effect of temperature variation on the adsorption process of the analyte AT for
the EC and ECB samples.

Figure 4 - Effect of temperature on atrazine adsorption by EC and ECB samples.
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In summary, the highest removal efficiency of the analyte was achieved
at 25 °C, reaching 82.1% and 84.7% for EC and ECB, respectively. At higher
temperatures, a reduction in the adsorption capacity of the analyte by the
samples was observed.

Analysis of the material recycling test

The recyclability of the materials was evaluated according to a methodology
adapted from El Messaoudi et al. (2024) through five successive regeneration
cycles, considering the boiling point of the analyte, followed by adsorption for
240 min at 25 °C under constant agitation (Figure 5).
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Figura 5 - Reusability efficiency of the samples over five adsorption cycles.
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In summary, it was observed that up to the third reuse cycle, the material
maintained a high removal efficiency for the analyte. However, after the third
cycle, a significant reduction in efficiency was observed, which may be attributed
to the saturation of active sites and/or intrinsic mass loss resulting from the
washing and centrifugation processes. Thus, it can be inferred that the materials
exhibited a significant capacity for reactivation of the adsorption sites for up to
three consecutive cycles.

DISCUSSION

Regarding the discussion of the experimental data obtained from the
adsorption assays, it was verified that in the adsorbent dosage experiment the
removal efficiencies of the analyte varied according to the adsorbent masses
used in the adsorption process. A high removal efficiency was observed when
a dosage of 1,0 g of the samples was applied. Thus, the increase in analyte
removal efficiency with increasing adsorbent mass (dosage) can be attributed
to the greater surface area available for adsorption. However, beyond a certain
adsorbent mass, the increase does not promote further enhancement in adsorp-
tion due to possible interference between the binding sites of the adsorbent
(HOLANDA et al., 2023).
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For both analyzed samples, the best fit of the kinetic data was described
by the pseudo-first-order (PFO) model. This result suggests that the adsorption
kinetic process occurred predominantly through physisorption mechanisms, in
which Van der Waals intermolecular forces (dipole-dipole or induced dipole inte-
ractions) predominate. These interactions are characterized by wide-range but
low-intensity forces, without involving electron transfer, and therefore represent
areversible process. Under these conditions, the analyte molecules are not fixed
at specific active sites, allowing their mobility across the adsorbent surface and
enabling the formation of multilayer adsorption, without altering the chemical
nature of the adsorbate (SOGUT & GULCAN, 2023).

With regard to the pH conditions established in the adsorption study, it is
presumed that under acidic pH conditions, the ECB material becomes protonated,
since it presents a pHpzc of approximately 7. In addition, the herbicide under
study can be classified as a weak base, and under these reaction conditions, a
fraction of the molecules exists in both the cationic form of triazine (the structural
core of atrazine) and in a neutral form. Therefore, it can be suggested that the
adsorption interaction presents a lower contribution of electrostatic forces. It is
worth noting that previous studies have also reported that atrazine adsorption
is favored under acidic conditions (PHAN et al., 2022; WANG, Yi et al., 2022).

Regarding the analysis of the adsorption isotherm models for the analyte,
it was verified that the samples exhibited a better experimental fit to the Langmuir
model. This model assumes that adsorption occurs as a monolayer on a homoge-
neous surface, where all active sites possess the same adsorption energy, being
suitable for systems that reach a maximum adsorption capacity. Similar results
have been reported in the literature, in which a better fit to the Langmuir model
was observed for herbicide removal using agro-industrial residues as adsorbent
materials (SAHA et al.,, 2017; NETTO et al., 2022; DO NASCIMENTO et al,, 2022).

Regarding the thermodynamic study of the system, the increase in tem-
perature to 35 °C and 45 °C reduced the removal efficiency of the analyte for
both samples compared to 25 °C, which exhibited the best experimental removal
efficiency for AT. Previous studies suggest that increasing temperature generally
enhances adsorption capacity by facilitating the diffusion of the analyte onto the
biosorbent surface (GIRISH, 2025). However, the results obtained in this study
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indicated a decrease in adsorption capacity with increasing temperature. This
discrepancy may be attributed to the weakening of adsorption forces between
the analyte and the active sites of the adsorbent at higher temperatures, resulting
in a reduction in adsorption capacity (ZHAO et al., 2018).

It was also observed that the materials maintained a high removal effi-
ciency of the analyte up to the third reuse cycle. However, after this cycle, a
significant decrease in efficiency was observed, which may be associated with
the saturation of active sites and/or mass loss resulting from washing and
centrifugation processes. These results suggest that the materials exhibit the
capacity for reactivation of adsorption sites for up to three consecutive cycles.

CONCLUSION

In summary, the results indicated that the EC and ECB samples promoted
high removal efficiency of the herbicide AT when a mass of 1,0 g of the mate-
rials was applied, since doubling the adsorbent mass resulted in a proportional
increase in removal efficiency. Overall, the adsorption behavior of the materials
was adequately described by the pseudo-first-order (PFO) kinetic model and
the Langmuir isotherm, indicating that the predominant mechanism involves
physisorption processes, mainly governed by Van der Waals intermolecular
forces, without electron transfer, thus representing a reversible process. Under
the pH conditions established for the adsorption study, the analyte, classified as
a weak base, is partially present in both the cationic triazine form and a neutral

form, resulting in a lower contribution of electrostatic interactions.

The best experimental fit for the thermodynamic parameters related
to AT removal was observed at 25 °C, which can presumably be attributed
to the weakening of the adsorption interactions between the analyte and the
active sites of the adsorbent at higher temperatures, consequently reducing
the adsorption capacity of the system. Furthermore, it was observed that the
materials maintained the reactivation capacity of adsorption sites for up to three
consecutive cycles.

Therefore, the use of agro-industrial residues as biosorbents represents
an economically viable and environmentally sustainable alternative for the
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removal of contaminants from aqueous effluents, contributing to the reduction
of treatment operational costs, the valorization of agricultural by-products, and

the mitigation of environmental impacts.
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ABSTRACT

Biofuels are considered excellent alternatives for reducing greenhouse gas
emissions. Among the main biofuels produced in Brazil are biodiesel, ethanol,
and bio-kerosene. The primary sources for biodiesel production are oilseed crops
and residual fats, while the main sources for ethanol production are sugarcane,
corn, and molasses. The principal pathways for bio-kerosene production include
chemical, biochemical, and thermochemical routes. Brazil is currently in a favo-
rable position, as it possesses both advanced technologies and high-quality raw
materials for the production of high value-added biofuels. However, the cost of
the process remains high, which still limits the implementation of industrial-scale
production units. Therefore, existing technologies need to be improved in order
to reduce process costs, while simultaneously increasing process efficiency
and enabling the broader use of biofuels, such as bio-kerosene, particularly in
the aviation sector.

Palavras-chave: Biodiesel; ethanol; bio-kerosene; renewable fuels.
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INTRODUCTION

The adoption of biofuels in Brazil is driven by several factors, including
the abundant availability of land and natural resources, favorable government
policies, and concerns regarding greenhouse gas (GHG) emissions. Efforts are
made to ensure that biofuel production is sustainable, including compliance
with environmental and social guidelines. Brazil is one of the global leaders
in the production and use of biofuels, with ethanol and biodiesel standing out
(Gongalves et al,, 2023).

Investments in research and development in the biofuels sector conti-
nuously seek ways to improve the efficiency and sustainability of production,
significantly impacting the Brazilian economy through job creation and the
strengthening of the agricultural sector (Martinelli et al., 2022).

However, it is important to note that the expansion of biofuel production
in Brazil still generates debates and concerns, especially regarding land use.
Therefore, biofuel production is a complex topic that involves balancing energy
demand, environmental sustainability, and the need to meet food demand. Public
policies and regulations are continuously being adjusted to address these issues
(Gongalves et al., 2023; Lazaro et al,, 2023).

Considering this scenario, one of the main sources of raw materials for
biofuel production is biomass. Biomass is mainly composed of organic material,
such as plants, agricultural, forestry, and food residues, as well as algae. Biomass
is a valuable alternative to fossil fuels because it is renewable, helps reduce
greenhouse gas emissions, contributes to energy security, and promotes the
sustainable use of land and resources (Saravanan et al., 2023).

Biomass is not only used for biofuel production; it currently represents the
fourth most widely used source for electricity generation, accounting for 7.6%
of the total energy consumed. This use has contributed to reducing the reliance
on fossil fuels such as coal, natural gas, and petroleum derivatives for electricity
generation, with a reported reduction of 52.9% in the use of non-renewable raw
materials (National Energy Balance - BEN, 2023).

Another relevant aspect is the observed increase in investment in the
biofuels and renewable resources sector, reaching R$ 4.4 billion. These figures
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represent a growth of 45.8% compared to 2022, as reported in the Statistical
Yearbook of the oil, natural gas, and biofuels sector in Brazil (2023).

Additionally, the volume of obligations contained in the clauses of con-
cession, production-sharing, and onerous assignment contracts related to
investments in Research, Development, and Innovation (R&D&I) stands out.
Nevertheless, there is still a considerable share of government contributions
that drive the sector. In 2022, these contributions reached R$ 118.6 billion, repre-
senting an increase of 52% compared to 2021 (ANP, 2023a).

Based on the above, it can be observed that the biofuels sector has strategic
relevance considering the 2030 Agenda, particularly regarding the Sustainable
Development Goals (SDGs) number 7 (Affordable and Clean Energy) and 12
(Responsible Consumption and Production), with SDG 7 being the one with the
lowest level of investment by the United Nations in Brazil (2024). Strengthe-
ning the biofuels sector aims to promote efficiency while fostering sustainable
business perspectives capable of reducing the negative impacts caused by the
excessive use of fossil fuels. Therefore, this literature review presents the current
scenario of biofuels in Brazil, highlighting the national production of biodiesel,
ethanol, and bio-kerosene.

METHODOLOGY

This study was based on an exploratory documentary research approach
through the collection of secondary data. Information was gathered from scien-
tific articles and regulatory agencies that oversee activities related to the biofuel
industry in Brazil, such as the National Agency of Petroleum, Natural Gas and
Biofuels (ANP), the Energy Research Office (EPE), the Ministry of Agriculture,
Livestock and Food Supply (MAPA), and the National Energy Balance (BEN).

This literature review aimed to present: (i) productivity data for bioethanol
and biodiesel in Brazil; (ii) the Brazilian scenario regarding bio-kerosene produc-
tivity; and (iii) technologies for the production of aviation bio-kerosene. In this
context, the present study provides an analysis of the Brazilian scenario, focusing
on the most widely explored raw materials in the economy, the environment,

and sustainability.
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RESULTS AND DISCUSSION

RenovaBio

Since 2017, Brazil has been strengthening governmental incentives such
as the National Biofuels Policy - RenovaBio, established by Federal Law No.
13,576 (2017), which aims to promote the controlled expansion of biofuel pro-
duction and its integration into the Brazilian energy matrix. This policy supports
the continuous supply of fuels and promotes improvements in energy efficiency
during biofuel production through the use of less polluting products, while also
seeking to minimize greenhouse gas (GHG) emissions. An important aspect of
the policy is the authorization of a carbon credit market (Grangeia et al., 2022).

As aresult of RenovaBio, in 2022 the National Agency of Petroleum, Natural
Gas and Biofuels approved 99 efficient production certificates, enabling biofuel
producers and importers to issue Decarbonization Credits. In this system, one
ton of avoided CO, is equivalent to one decarbonization credit (CBIO). These
environmental assets can be generated when certified biofuel producers and
importers commercialize their products in the domestic market, according to
the CBIO generation factor and the volume of biofuels traded.

The CBIOs generated are registered by financial institutions contracted
by producers and importers and subsequently offered for sale on the Brazilian
stock exchange, B3 - Brasil, Bolsa, Balcao. Fuel distributors, in turn, are required
to acquire and retire a number of CBIOs equivalent to their individual mandatory
targets for reducing GHG emissions.

CBIO prices showed rapid growth in early 2022. With an average price of
R$39 at the end of 2021, the value increased to approximately R$100 between
February and May, reaching around R$200 during the second halves of June
and July 2022. One of the factors suggested for this price increase was the per-
ception of a potential shortage of CBIOs relative to the 2022 targets established
for obligated parties under the public policy (NovaCana, 2022). It is estimated
that biofuel producers received revenues of approximately R$3.2 billion, of which
R$28.8 million originated from the commercialization of CBIOs (EPE, 2023).

In 2022, certified biofuel producers and importers issued 31.4 million CBIOs,
of which 85.25% were generated from ethanol production, as shown in Figure 1.
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Avoided emissions resulting from the use of first-generation ethanol (derived from
sugarcane and corn) and biodiesel in 2022 were 52.8 MtCO,eq and 18.3 MtCO,eq,
respectively, totaling 71.1 MtCO,eq (National Energy Balance - BEN, 2023).

The government, through the Future Fuel Program, has been supporting
the energy transition, environmental protection, and the decarbonization of
the economy (Chamber News Agency, 2024). The program also encourages
the implementation of aviation bio-kerosene and stimulates the development
of sustainable alternatives for the maritime sector. In addition, measures have
been proposed for carbon capture during the production of biofuels, hydrogen,
and second-generation (2G) ethanol.

The main objective of this programis to increase the share of sustainable
fuels with low carbon emissions. Furthermore, the program seeks to integrate
public policies such as RenovaBio, the National Program for the Production and
Use of Biodiesel, and Rota 2030. New biofuels, such as green diesel (including
Hydrotreated Vegetable Oil - HVO), Sustainable Aviation Fuel (SAF), and biomas-
s-based hydrogen, are among the main highlights of this program (CNPE, 2021).

Figure 1- Decarbonization Credits Issued by Biofuels in 2022.
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Source: ANP, 2023.
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Biodiesel

Biodiesel is a fuel produced through the transesterification of triacyl-
glycerols. In this process, vegetable oils and animal fats react with a short-chain
alcohol, such as methanol or ethanol, producing esters and glycerin. Biodiesel is
currently used together with fossil diesel and supplied to the population as fuel
for compression-ignition motor vehicles (Venugopal et al,, 2018). The process
typically converts oils and fats into mono-alkyl esters of long-chain fatty acids,
with glycerol generated as a by-product.

Itis important to highlight that the National Energy Policy Council (CNPE)
reduced the biodiesel content in diesel oil from 12% to 10% in November 2021.
This reduction occurred during the pandemic and remained throughout 2022,
resulting in a 7.6% decrease in the biofuels sector compared to 2021 biodiesel
production. It is noteworthy that the blending of biodiesel with fossil diesel began
in 2004, and there had been no setback such as that observed in 2021 and 2022.
This situation also resulted in a decrease in the total consumption of methanol
used in biodiesel production through the transesterification of vegetable oils
and animal fats. The reduction was 6.5% compared to 2021, with total imports
from Chile, Trinidad and Tobago, Venezuela, and the United States reaching
711.4 thousand m® in 2022 (EPE, 2023).

In turn, glycerin is a co-product of biodiesel production and corresponds
to approximately 10% (w/w) of the biofuel production process. Glycerin pro-
duction also declined, reaching 551.9 thousand m?, which represents 10% less
than in 2021. The largest volume of glycerin produced in Brazil occurred in the
Midwest region (40.2% of the total), followed by the South (39.3%), Northeast
(10.3%), Southeast (7.1%), and North (3.1%) (ANP, 2023a). Revenue obtained
from the export of crude glycerin reached USD 206.4 million, 25.6% higher than
in 2021. This increase in the commercialization of the co-product resulted from
low availability and high market demand (EPE, 2023).

Another important point is that in January 2022 a new biodiesel com-
mercialization system came into effect, replacing public auctions that were
previously used to meet the requirement of blending biodiesel with fossil diesel.
Under this new system, fuel distributors began purchasing biodiesel directly
from manufacturers, following the regulations established by CNPE Resolution
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No. 14 (2020) and ANP Resolution No. 857 (2021). The objective was to directly
benefit producers and increase the added value of the final product. In the first
two months of 2022, the contracted volume recorded was about 36% higher
than the initially estimated demand.

Itis worth noting that on April 1, 2023, the biodiesel blending rate in diesel
returned from 10% to 12%. According to the Official Gazette of the Union, which
published Resolution No. 16 of the National Energy Policy Council (CNPE), the
planned increases in biodiesel blending were established as follows: 13% in 2024,
14% in 2025, and 15% in 2026. Thus, in the coming years, a significant increase
in the production and distribution of biodiesel in Brazil is expected, promoting
the use of a more renewable energy resource.

Figure 2 shows that despite the decline in biodiesel production in Brazil,
the Southern Region remained the largest producer, with an approximate volume
of 2.6 million m®, equivalent to 42.4% of the national production. In the South
and Midwest regions, decreases of 16.6% and 7.9%, respectively, were recor-
ded. On the other hand, the Northeast, North, and Southeast regions increased
their production volumes by 39.5%, 12.7%, and 5.4%, respectively. Additionally,
the Midwest Region produced approximately 2.3 million m? corresponding to
37.7% of the national total (ANP, 2023).

Among Brazilian states, Rio Grande do Sul was the largest biodiesel pro-
ducer, with a volume of approximately 1.5 million m®, corresponding to 24.4% of
the national total. In this state, production decreased by 17.8% compared to 2021.
The second-largest producer was Goias, with 1.1 million m*® produced (17.6% of
the national total), followed by a 14.4% decrease in 2022 (Figure 2) (ANP, 2023a).
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Figure 2 - Nominal biodiesel production capacity in Brazil (thousand m® per year) in 2022,
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In 2022, the nominal production capacity of biodiesel (B100) in Brazil
was 13.7 million m?, equivalent to 37.4 thousand m?® per day of plant operation.
However, the actual production was approximately 6.2 million m*, correspon-
ding to 46.4% of the total installed capacity (Figure 3). From 2017 to 2021, there
was an increase of nearly 44% in national biodiesel production, mainly due to
government incentives (ANP/SPC, 2023).
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Figure 3 - Evolution of biodiesel (B100) production between 2013 and 2022.
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Source: ANP/SPC (tabela 4.10), 2023. Adapted.

In 2022, the most widely used raw material for biodiesel (B100) production
was soybean, accounting for 65.8% of the total feedstock used. This represen-
ted a 13.9% decrease compared to 2021. On the other hand, there was a 31.7%
increase in biodiesel production from used cooking oil and other fatty residues,
as well as an increase of nearly 9% in animal fats, including beef, poultry, and
pork fat (Figure 4).

An important aspect of this scenario was the introduction of new biodiesel
production feedstocks in Brazil, adding greater value to the final product. One
example is palm oil, which accounted for 2.1% of the total feedstock used in
biodiesel production in 2022 (Figure 4) (EPE, 2023).

83



Figure 4 - Raw materials used in biodiesel (B100) production in Brazil between 2018 and 2022.
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Other vegetable oils: include cottonseed oil, canola, sunflower, macadiba, corn, palm, and palm kernel oil; Animal
fat: includes beef, poultry, and pork fat; Others: include used cooking oil and other fatty materials.

Source: ANP/SPC, according to ANP Resolution No. 729/2018. Adapted.

Ethanol

Ethanolis a clear, colorless, volatile, and flammable liquid with a partially
pleasant and characteristic odor, chemically known as ethyl alcohol. It is an
organic chemical compound belonging to the alcohol class, with the empirical
formula C,HO and a molecular weight of 46.07 g:mol. It has been described
as one of the most distinctive oxygen-containing organic compounds due to its
combination of properties. Ethanol can be used in a wide variety of applications,
such as a sanitizing agent, fuel, beverage component, and as a highly versatile
chemical intermediate in industrial processes, including biodiesel production
(Kolajo and Onovae, 2023).

Since the 1970s, ethanol has stood out as a biofuel in Brazil. Ethanol is
mainly produced through the fermentation of sugars present in feedstocks
such as sugarcane, corn, sugar beet, and other agricultural products rich in
fermentable sugars. Compared with fossil fuels, the production process of this
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biofuel is considered by some authors to be a more sustainable alternative, as
it reduces CO, emissions into the atmosphere (Carneiro et al., 2017).

Recent studies have demonstrated the importance of corn ethanol in
meeting demand, especially during the off-season of sugarcane ethanol pro-
duction. Furthermore, it contributes to lower price fluctuations throughout the
year, as shown in Figure 5. The amount of corn processed for ethanol production
increased from 3.4 million tons in 2019 to 9.7 million tons in 2022, representing
a growth of 185%, and accounting for 8.5% of the total ethanol produced natio-
nally (EPE, 2023).

Figure 5 - Monthly production of sugarcane and corn ethanol.
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In 2022, corn accounted for 3.1% of the total feedstock used in ethanol
production, while sugarcane represented 93% and molasses 3.6%. In 2023, corn
accounted for 3.8%, molasses 3.8%, and sugarcane 92%. In the first months
of 2024, corn represented 27%, molasses 6.4%, and sugarcane 66.2% of the
feedstock used in ethanol production (ANP, 2024).

Anhydrous ethanol is an important additive and is blended with gaso-
line C, while hydrated ethanol is available at fuel stations for the direct fueling
of motor vehicles. Anhydrous ethanol is characterized by containing a maximum
water content determined by the Karl-Fischer method [1S:2362-1963] of 0.5%
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at 15.6 °C. This dehydration is achieved through distillation and dehydration
processes that remove most of the water present (Kumar et al,, 2010).

Water removal is essential to avoid combustion and storage problems
in this biofuel. According to the National Agency of Petroleum, Natural Gas
and Biofuels (ANP), anhydrous ethanol has had a proportional participation
relative to gasoline C in the distribution market since March 16, 2015, and the
current blending percentage of anhydrous ethanol is 27%. Hydrated ethanol,
in turn, contains a significant amount of water, generally between 4% and 5%
of its composition. One of the main uses of ethanol is as an automotive fuel in
flex-fuel vehicles, which are equipped with engines designed to operate with
variable mixtures of ethanol and gasoline (Wang et al., 2022).

Thus, the main difference between anhydrous ethanol and hydrated etha-
nol lies in the amount of water present in their composition and their intended
applications. Anhydrous ethanol is mainly used as a gasoline additive, while
hydrated ethanol is used as a fuel for flex-fuel vehicles and in industrial appli-
cations that do not require high reagent purity.

In 2022, the total ethanol production increased compared to 2021, rea-
ching 30.7 billion liters (Figure 6). However, this increase was not the highest
recorded in history, which occurred in 2019 with a total of 35.3 billion liters. It is
important to note that the average productivity of sugarcane ethanol increased
by 6.1% compared to 2021, During the 2022/23 harvest season, the Brazilian
sugar-energy sector recorded an increase from 69.4 tC/ha to 73.6 tC/ha, with
a smaller cultivated area but higher production (EPE, 2023).

In 2021, Brazil had 361 ethanol production facilities. In 2022, this number
decreased to 358 facilities; in 2023, it increased to 359 facilities; and in 2024,
357 facilities are currently in operation. In 2023, these facilities produced 35.4
million m® of ethanol, of which 21.5 million m® corresponded to hydrated ethanol
and 13.9 million m® to anhydrous ethanol. In 2024, ethanol production facilities
in Brazil were distributed as follows: 83 facilities in the Midwest, 56 in the Nor-
theast, 4 in the North, 185 in the Southeast, and 29 in the South (ANP, 2024).

Hydrated ethanol production decreased by 0.8% in 2022 compared to
2021. The highest production of hydrated ethanol was recorded in 2019, with
24,91 billion liters. In 2022, anhydrous ethanol production reached a record level,
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with an 8% increase compared to the previous year, totaling 12.33 billion liters
produced. It was also observed that the average annual growth rate of ethanol
production between 2013 and 2022 was 1.1%. Hydrated ethanol showed lower
price competitiveness compared to gasoline C, which resulted in a 7.5% decline
in its sales in 2022 (ANP, 2023a).

Figure 6 - Evolution of national production of anhydrous and hydrated ethanol between 2013 and 2022.
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Source: ANP/SPC, according to ANP Resolution No. 729/2018 (Tables 4.2 and 4.3). Adapted.

In the regional comparison, the Southeast Region stood out as the lar-
gest national producer of ethanol, accounting for 49.2% of the national total,
with approximately 15 million m® produced in 2022. This scenario represented
a slight decrease of 0.2% compared to the volume produced in 2021. Sdo Paulo
was the leading state in ethanol production, responsible for 39% of the national
production, with approximately 12 million m® produced in 2022.

A reduction in ethanol production was also observed in the Northeast and
South regions, with a 4.2% decrease in the Northeast, producing 1.8 million m?,
and an 8.9% decrease in the South, totaling 1.1 million m® of ethanol produced.
Conversely, the Midwest and North regions recorded growth in 2022. In the
Midwest, an 8.4% increase was observed, reaching 12.5 million m?® of ethanol
produced, corresponding to 40.7% of the total produced in the country. The North
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Region, in turn, showed a 5.3% increase in production volume, accounting for
0.9% of the national total (Figure 7).

In 2022, the national production of anhydrous ethanol reached 12.33 million
m?, representing an 8% increase compared to 2021. Meanwhile, the average
annual growth rate of anhydrous ethanol production between 2013 and 2022 was
0.4%. The Southeast Region was the largest producer of anhydrous ethanol, with
approximately 6.9 million m?, corresponding to 55.8% of the national produc-
tion, representing an increase of 3.6% compared to 2021. The North, Northeast,
South, and Midwest regions also recorded increases in production (Figure 7).

Figure 7 - Percentage distribution of anhydrous and hydrated ethanol production by major regions
in 2022,
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Fonte: ANP/SPC, conforme a Resolugdo ANP n° 729/2018 (Tabela 4.1). Adaptado.

Among Brazilian states, Sdo Paulo remained the largest producer of
anhydrous ethanol, with 5.6 million m?, corresponding to 45.1% of the national
production. In addition, it recorded the highest production of hydrated ethanol,
with 6.4 million m®, representing 35% of the national production, despite a 4.4%
decrease compared to 2021 (Figure 7).

The production of hydrated ethanol in 2022 exceeded 18 million m?, equi-
valent to more than 59% of the total national ethanol production (anhydrous
and hydrated). The North and Midwest regions recorded increases in hydrated
ethanol production of 9.8% and 4.2%, totaling 136.2 thousand m® and 8.7 million
m?, respectively. The other regions showed declines in production compared
to 2021. In the South Region, the decrease was approximately 20%, reaching
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498.3 thousand m?; in the Northeast, the reduction was 10.8%, with production
of 854.6 thousand m?; and in the Southeast, the smallest percentage decline
was observed (3.2%), with production of 8.2 million m® corresponding to 44.7%
of the total national production (Figure 8).

In 2024, nearly 2.6 million m® of ethanol were produced, predominantly
hydrated ethanol, following the production profile observed since 2017. By Bra-
zilian regions, in 2023 the following volumes of ethanol were produced: 14.6
million m® in the Midwest, 2.1 million m?® in the Northeast, 253.6 thousand m?
in the North, 17.2 million m® in the Southeast, and 1.2 million m? in the South.

Figure 8 - National production of anhydrous and hydrated ethanol in 2022.

Hydrated Ethanol
South
2.71%
North
0.74%
4.64%
Anhydrous Ethanol
South
4.78%
est
North
1.08%
orth Fast
7.38%

Fonte: ANP, 2023. Adaptado.

Compared with January 2023, ethanol production in January 2024 was
32.4% higher (nearly 854 thousand m?® of ethanol). Comparing February 2023
and February 2024, an increase of 34% was observed (nearly 1.6 million m® of
ethanol) in the current year; in March, there was an increase of 25% (about 1.8
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million m® of ethanol); and in April, a reduction of 67% was recorded (about 853
thousand m?® of ethanol) (ANP, 2024).

Trade Balance: ethanol imports and exports

Brazil considers ethanol a significant product in its trade balance. In 2022,
315.9 thousand m? of ethanol were imported, representing a 26.9% reduction
compared with 2021. Of the total imported volume, 67.1% originated from the
United States. On the other hand, Brazilian ethanol exports in 2022 showed
strong growth, increasing 25.5% compared with 2021, with the exported volume

reaching 2.4 million m®,

An important aspect was the growth of exports to the European market,
which increased by 380%. The main markets supplied by Brazilian ethanol were
the Asia-Pacific region, with 902.6 thousand m® (37% of the total), and Europe,
with 867.9 thousand m?® (35.6% of the total), as shown in Table 1 (ANP, 2023).

North America imported 470.5 thousand m?, while Africa imported
166.2 thousand m®. Countries in Central and South America imported a total
of 32.1 thousand m® of Brazilian ethanol. South Korea stood out as the main
buyer of Brazilian ethanol, totaling 739.5 thousand m?® between 2018 and 2022
(Table 1) (ANP, 2023).

Table 1 - Ethanol exports by region between 2018 and 2022.

Periodo
Regides geograficas

2018 2019 2020 2021 2022 22-21%
Total 1.678.687 1940305  2.651.703 1.944,723  2.439.885 25,46
América do Norte 933179 1.211.957 1.028.034 471.070 470.452 -0,13
Ameéricas Central/Sul 35103 19.918 87.203 65.925 32110 -51,29
Europa 49,245 71m 406.240 180.810 867.883 380,00
Oriente Médio - - 15.466 1.239 603 -51,32
Africa 7.059 50.710 87.087 191.867 166.209 -13,37
Asia-Pacifico 654.101 586.609 1.027.673 1.033.811 902.627 -12,69

Fonte: ANP, 2023. Adaptado.

In 2022, three distribution companies accounted for 54.5% of hydrated
ethanol sales in the national territory: Raizen, with a 19.3% share of the ethanol
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made available to the market; Vibra Energia, with 18.4%; and Ipiranga, with
16.8%. The remaining 45.5% of ethanol was distributed by 124 other companies.

The combined sales of anhydrous ethanol (11.6 million m®) and hydrated
ethanol (15.3 million m®) were lower than those of gasoline A (31.4 million m?),
as shown in Figure 9 (ANP, 2023a).

Figure 9 - Ethanol' and gasoline A sales in Brazil.
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Source: ANP/SDL.

The average price of hydrated ethanol available to Brazilian consumers
was R$ 4.42 per liter in 2022, a year in which the U.S. dollar showed a consi-
derable decrease (ranging between R$ 5.70 and R$ 4.62), representing a 2%
increase compared with the price recorded in 2021 (Figure 10) (Ipeadata, 2024).

The lowest prices were observed in the Midwest Region (R$ 4.30 per liter),
particularly in the state of Mato Grosso (R$ 4.10 per liter). The highest consumer
cost was recorded in the North Region, where in the state of Amapa the price
of hydrated ethanol reached R$ 5.82 per liter (ANP, 2023a).
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Figure 10 - Average consumer price of hydrated ethanol in 2022.
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Source: ANP/SDC; Fuel Price and Marketing Margin Survey. Adapted.

Bio-kerosene

Bio-kerosene is a promising alternative to replace petroleum-derived
kerosene obtained from refining processes involving distillation fractionation,
as it presents similar performance to conventional fuel and produces lower gas
emissions during combustion. Kerosene is a versatile product, used as a solvent,
extraction agent, and raw material for the manufacture of other substances at
the industrial level, in addition to being used in the production of paints and
adhesives, cleaning of metal parts, mining operations, and pelletizing processes.
However, its main application is in the air transportation sector, where it is used
as fuel in both civil and military aviation (Yoshinaga et al., 2020).

According to the research and consulting company Markets and Markets
(2023), the global aviation fuel market reached USD 249.9 billion in 2022 and is
expected to reach USD 696.2 billion by 2030.

The United States, Germany, and France are the three countries that
dominate this fuel market. On the other hand, Brazil ranks first as the largest

consumer of aviation fuels among Latin American countries. Figure 11 shows
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aviation fuel consumption in Brazil in recent years according to the National
Civil Aviation Agency (ANAC, 2024). As can be observed, consumption levels
fluctuated between 2019 and 2021, particularly influenced by the epidemic
caused by the SARS CoV 2 virus. The sector’s figures showed growth in 2022
and 2023. Despite the increase in consumption, the levels recorded in 2019 for

aviation kerosene consumption have not yet been surpassed.

Figure 11 - Estimated annual aviation kerosene consumption in Brazil.
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Source: National Civil Aviation Agency (ANAC), 2024,

When burned, kerosene emits hazardous pollutants such as carbon
monoxide (CO), carbon dioxide (CO,), unburned hydrocarbons (UHC), particulate
matter (PM), nitrogen oxides (NO,), sulfur oxides (SO,), and excess atmospheric
gases such as oxygen and nitrogen. The uncontrolled emission of greenhouse
gases into the atmosphere contributes to global warming (Daggett et al., 2008).

The aviation sector is estimated to account for 2.5% of global atmospheric
pollutant emissions. Although this percentage is relatively low, uncontrolled
greenhouse gas emissions can lead to harmful consequences, which encoura-
ges the search for solutions aimed at reducing emissions from fossil fuels. This
effort is also aligned with the 2030 Agenda, particularly SDG 12 (Responsible
Consumption and Production)—which aims to substantially reduce waste
generation through prevention, reduction, recycling, and reuse—and SDG 7
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(Affordable and Clean Energy), which seeks to significantly increase the share
of renewable energy in the global energy matrix by 2030 (Sousa et al., 2018;
United Nations, 2024).

Population growth and the development of new consumption habits
driven by technological advances have led to increasing projections for the
aviation sector. As aviation, like automobiles, depends heavily on fossil-derived
fuels, the sector must assume an important role in environmental protection.
Therefore, environmental and economic regulations are required to enable the
production and consumption of fuels derived from sustainable energy resources
(Yilmaz & Atmanli, 2017).

In October 2021, 290 companies from 120 countries belonging to the
International Air Transport Association approved a commitment to gradually
reduce the net carbon dioxide (CO,) emissions of commercial aviation by
2050, when flights are expected to become carbon-neutral (Zaparolli, 2022).
One alternative to meet these targets is the production and use of alternative
aviation kerosene (AKJ).

According to the National Agency of Petroleum, Natural Gas and Biofuels
(ANP, 2023b), alternative aviation kerosene can be obtained from sources such
as biomass, residual gases, solid waste, coal, and natural gas. Among these
fuels, bio-kerosene stands out, as it can be produced from sugars, starch, oils,
biomass, and residual materials. Biomass sources such as sugarcane, soybean,
eucalyptus, jatropha, babassu, and castor bean are among those used for the
production of this biofuel (Yoshinaga et al., 2020).

The production of aviation bio-kerosene is still limited because feedstocks
contain considerable levels of impurities based on nitrogenated and oxygenated
compounds, which must be removed to improve product quality and increase
process yield (Burov et al., 2023; Why et al., 2019). Consequently, higher reaction
temperatures are required to convert carboxylic acids and oxygenated com-
pounds into hydrocarbon chains. The conversion of oxygenated compounds
can occur through cracking, decarboxylation, hydrocracking, decarbonylation,
hydrodeoxygenation, and hydrogenation, typically in the presence of solid
catalysts based on nickel and iron (Al-Muttaqii et al., 2019).
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Bio-kerosene production processes occur through several pathways,
including chemical routes such as the transesterification of vegetable oils and
animal fats; biochemical routes, using genetically modified yeasts or bacteria
capable of metabolizing sugars to produce hydrocarbons; and thermochemical
routes, involving catalytic cracking or gasification followed by catalytic synthesis
(Bonassa et al,, 2014).

Hydrocarbons can also be produced by converting lipids into saturated
carbon compounds (paraffins) through the insertion of hydrogen into chemi-
cal structures rich in double bonds and oxygen atoms. This process can be
integrated with biodiesel synthesis pathways and petroleum refining, reducing
associated costs and promoting the diversification of value-added products
(Cortez et al., 2014).

Production and technologies related to Aviation Biofuels in Brazil

The aviation sector in Brazil requires technologies capable of maximizing
fuel decarbonization, making them more sustainable at a commercial scale. One
of the technologies implemented in recent years is hydrothermal liquefaction,
which helps meet the high demand for fuel while reducing greenhouse gas
emissions. This technology has gained relevance due to the high availability of
agro-industrial residues in Brazil (Deuber et al., 2023). Hydrothermal liquefaction
is a thermal depolymerization process of wet biomass, producing bio-oil with
high energy density (Lee et al., 2023).

One limitation of this technology is its economic viability, although this
constraint can be partially mitigated by carbon credit incentives. Among the
most accessible feedstocks that could help reduce production costs is sugarcane
bagasse. Its use in hydrothermal liquefaction technology can reduce up to 82%
of the environmental impacts associated with fossil aviation fuels. However, this
reduction is still insufficient to make the biofuel fully competitive, as carbon credit
incentives are not yet enough to offset production costs (Deuber et al,, 2023).

Oils extracted from grains, such as gueiroba, are also promising alter-
natives for producing aviation fuels with lower production costs and reduced
environmental impacts. Biodiesel produced from the lighter fractions of the
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extracted oil can be used in aircraft propulsion, provided that the concentration
does not exceed 5%. Biodiesel produced from short-chain fatty acids presents
density, free water content, calorific value, and freezing point within the limits
established for aviation fuels. Therefore, technologies for producing and blending
biodiesel from alternative feedstocks represent an opportunity to improve the
aviation fuel landscape in Brazil (Chagas et al., 2023).

Aviation fuels can also be improved through the addition of diamyl ether,
where the biofuel acts as an additive that enhances physicochemical properties
and fuel characteristics. This biofuel has shown superior potential compared
with conventional aviation fuel, as melting point, boiling point, flash point, and
freezing point are significantly improved. The use of this additive may promote
economic competitiveness, since it represents an alternative fuel with improved
combustion properties (Avila et al,, 2023).

Other technologies, such as the use of photoelectrocatalysts capable
of producing biofuels, are being investigated to reduce the effects caused
by excessive emissions of toxic gases into the atmosphere. In this approach,
nanomaterial compounds are used to produce alternative biofuels through
the molecular splitting of water and organic matter. With this technology, the
diversification of biofuels and industrial-scale production methods may become
a realistic possibility for Brazil (Dazon et al.,, 2024).

Operational costs for aviation fuel production remain high, and the use of
biofuels is limited due to strict purity requirements for energy sources. On the
other hand, the environmental impacts caused by excessive fossil fuel con-
sumption stimulate continuous research into less polluting fuels (Dazon et al.,
2024; Lépez et al., 2024).

In this context, it is possible to produce bioturbine fuel from coconut oil
through ultrasound-optimized transesterification reactions. Bioturbine fuel is a
biomass-derived fuel with high conversion rates in shorter reaction times, as
well as lower water content and fewer impurities. As a result, this fuel represents
a promising alternative for reducing greenhouse gas emissions and supporting
aviation transportation (Lépez et al., 2024).

Used cooking oils also represent promising alternatives for the synthesis
of more sustainable biodiesel. The synthesis methods involve transesterification
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and hydrocracking, which achieve high conversion rates while meeting strict
quality standards. Thus, the biofuel production method itself is also crucial, as
processes must be developed that ensure operational feasibility, economic
viability, and sustainability (El-Araby et al., 2020; Penteado et al., 2024).

Alternative biofuels have the potential to partially or completely replace
fossil fuels, provided they meet market and environmental requirements. As a
result, an increasing use of biomass in biochemical, thermochemical, and che-
mical conversion processes has been observed. However, it is important to
critically examine the development of these technologies, since advances in the
formulation of alternative fuels still face challenges related to energy efficiency
and greenhouse gas emissions (Rost et al., 2023).

Figure 12 presents the estimated production until 2027 of the main bio-
fuels derived from renewable sources, namely renewable diesel and aviation
bio-kerosene. It can be observed that renewable diesel shows a greater produc-
tion trend, whereas bio-kerosene presents lower estimated production levels.
This difference may be explained by the more stringent chemical composition
requirements for bio-kerosene compared with diesel, particularly because the
water content in biofuels is generally higher than in fossil fuels. Therefore, the
development of technologies that facilitate the production of aviation bio-kerosene
is essential, enabling its expanded use in the aviation sector and significantly
reducing dependence on fossil fuels.
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Figure 12 - Estimated production (in billions of liters) of renewable diesel and aviation bio-kerosene.
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Although government programs have emerged in Brazil to encourage the
use of bio-kerosene in air transport, such as the National Biokerosene Program,
established by Law No. 14,248 of November 25, 2021, which promotes research
incentives and the development of energy production based on biomass, there
is still a strong dependence on fossil fuels. Therefore, it is necessary to seek
new incentive mechanisms for the generation and use of bio-kerosene, since
climate conditions and environmental preservation are essential for maintaining
the planet's ecosystems.

CONCLUSIONS AND FUTURE PERSPECTIVES

Energy has become increasingly indispensable for the development of
humanity. However, the growing demand for energy brings major concerns, par-
ticularly environmental problems associated with climate change. The transport
sector, responsible for a significant share of emissions, is one of the segments
that must implement policies and strategies to mitigate undesirable effects and
ensure environmental sustainability for future generations.

In this context, biofuels represent key alternatives to fossil-based fuels.
Regarding the productivity of bioethanol and biodiesel in Brazil, the country
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occupies a prominent position, as it has extensive land available for feedstock
production and highly advanced technologies for biofuel production processes.
These factors create significant economic opportunities, particularly due to the
strong potential for exporting both biofuels and related production technologies.

With respect to bio-kerosene productivity in Brazil, a wide variety of
feedstocks and production technologies can be observed. However, the products
generated are still less efficient than fossil fuels, mainly due to the presence
of impurities and the high production costs. In addition, aviation bio-kerosene
production technologies have intensified in recent years, particularly through
techniques aimed at improving both process efficiency and product quality,
thereby increasing competitiveness in the aviation fuel market.

Nevertheless, it is essential that the development of new technologies
and production routes for biofuels respects the principles of environmental
sustainability, since the excessive use of a specific resource may generate new
environmental problems. Countries such as Brazil, which possess diversified
biofuel production technologies, can significantly improve environmental con-
ditions. However, the use of these technologies must be encouraged by gover-
nments, as some production processes remain more expensive than traditional
petroleum refining methods.

Thus, it can be concluded that significant challenges still need to be over-
come to further strengthen the bioenergy sector, including increasing production
efficiency, reducing production costs, improving logistics and transportation and
storage infrastructure, and ultimately surpassing the performance of fossil fuels.
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ABSTRACT

The transition to renewable energy sources has promoted the adoption of bio-
fuels, with bioethanol recognized as a significant alternative to fossil fuels. Corn
is identified as a primary feedstock due to its widespread availability and high
starch content, which are essential for the production of fermentable sugars.
Central roles in this advancement are attributed to biotechnology, including
crop improvement and the optimization of industrial process efficiency. Ethanol
production from corn is achieved through sequential stages such as grinding,
starch hydrolysis, fermentation, and distillation, resulting in high-purity ethanol
and generating byproducts such as dried distillers’ grains that enhance pro-
cess sustainability. Recent biotechnological advances have enabled significant
improvements in this system, particularly through the development of more
efficient enzymes and genetically modified microorganisms that increase yield
and industrial productivity. In Brazil, the use of corn as a feedstock for ethanol
production is expanding, especially in the Midwest region, as a result of high
grain availability and increased sector investment. The sustainable nature of
corn-based bioethanol is demonstrated by its positive energy balance, reduced
greenhouse gas emissions, and effective utilization of byproducts. Consequently,
corn-based bioethanol is regarded as a promising alternative within the current
energy landscape.

Keywords: Bioprocess; energy efficiency; industrial processes; innovation.

104

a0, Engenharia e Sustentabilidade



INTRODUCTION

Current Energy Context

The growing demand for renewable energy sources has driven the deve-
lopment and consolidation of biofuels as alternatives to fossil fuels. This trend
is primarily driven by the need to reduce greenhouse gas (GHG) emissions, the
pursuit of greater energy security, and the diversification of the global energy
mix (International Energy Agency, 2023). Thus, bioethanol stands out as one of
the most significant biofuels, being widely used in various countries as a partial
or total substitute for gasoline (ZABED et al., 2017).

Among the different raw materials used for bioethanol production, corn
plays a prominent role, especially in countries such as the United States, where
its high availability and high starch content favor its large-scale use (BOTHAST;
SCHLICHER, 2005). Starch, the main component of corn accounting for 60 to
70% of the grain, forms the basis for the production of fermentable sugars,
which are subsequently converted into ethanol through biochemical processes
(TESTER; KARKALAS; Ql, 2004). Thus, understanding the structural and func-
tional characteristics of starch is essential for understanding the efficiency of
the production process.

In addition to aspects related to the raw material, advances in conversion
technologies have contributed significantly to the optimization of bioethanol
production. The application of biotechnological tools, such as the development
of more efficient enzymes and the genetic modification of microorganisms,
has enabled improvements in the yield and economic viability of the process
(AGHAEI et al., 2022). These innovations play a fundamental role in establishing
bioethanol as a sustainable and competitive alternative.

Globally, corn production and its use for energy generation have grown
significantly, reflecting the importance of this grain not only in food but also in
the biofuel industry (KAUR et al,, 2025). In Brazil, although ethanol production
has historically been associated with sugarcane, corn-based ethanol has gai-
ned prominence in recent years, driven by the expansion of the second crop
and more efficient technologies (GURGEL et al., 2024; BOTHAST et al., 2005).
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Corn (Zea mays L.)

Corn belongs to the order Cyperales, the grass family Poaceae, and the
genus Zea; its chemical composition, as well as the shapes of its kernels and
plants, vary from species to species. The parts of the plant are primarily tassels,
leaves, stems, roots, husks, and kernels. This plant reaches an average height
of 2.5 m and bears yellow or white granular fruits at its upper end, known as
tassels (PAIROCHTEERAKUL et al,, 2018).

The tassels play a key role in the proliferation and growth of the cornfield,
as they are the plant's male flowers. Their emergence marks the beginning of
the reproductive stage, and their quantity is an important factor for monitoring
the growth of the 32 grasses (LU et al,, 2017; PAIROCHTEERAKUL et al.,, 2018;
ROUF SHAH; PRASAD; KUMAR, 2016).

The ear consists of the cob, stigma, and corn kernels. The cob is composed
of approximately 34% hemicellulose, 30% cellulose, 18.4% lignin, and 1.6% ash,
from which glucans, xylan, arabinose, glycooligosaccharides, and others can be
obtained. The stigma consists of silky filaments containing bioactive compou-
nds, organic acids, alkaloids, polysaccharides, and other compounds, and can
be used as medicines. In turn, corn kernels can be of the popcorn, flint, or hard
type; flour or mealy; dent or dented; sweet, waxy, field, or purple; and come in
various colors, such as red, orange, yellow, white, and purple (BAPTISTA et al.,
2013; BIBB et al,, 2018; CUNHA et al., 2020; DIAZ-GARCIA et al,, 2021; GODOY
et al, 2021; GUO et al.,, 2018; MORALES et al., 2018; RAJKUMAR et al., 2019;
SUSILOWATI; LOTULUNG; MARYATI, 2018; TEIXEIRA et al., 2021; TREHAN;
SENHORINHO et al., 2019; XU et al., 2017; YANG et al,, 2019; WANG; ZHAO, 2019).

It is worth noting that the corn kernel consists of four regions, which are,
from the inside out: (1) the embryo, characterized as the origin of the plant, that
is, it initiates the development of a new grass; (2) endosperm, which is where
the embryo’s food is stored, such as starch, and comes in two types: soft endos-
perm, which has a crumbly texture and is lighter in color, and hard endosperm,
which is stiffer and darker in color; (3) pericarp, characterized as the outer region
of the grain, composed of 50% hemicellulose, 23% cellulose, 0.1% lignin, and
2.4% protein; and (4) tip of the corn kernel, a white, pointed part located at the
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upper end of the grain (BENTO-SILVA; PATTO; DO ROSARIO BRONZE, 2018;
CRUZ-VAZQUEZ et al,, 2019; PAIROCHTEERAKUL et al., 2018).

Floury corn consists of 31.5% large embryo and 68.5% soft endos-
perm, while dent corn consists of 35.4% hard endosperm, 49.7% soft endos-
perm, and 15% embryo.

Figure 1 - Corn kernel structure.
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Source: Adapted from CRUZ-VAZQUEZ et al,, 2019.

In turn, flint corn consists of 46.9% hard endosperm, 37.9% soft endos-
perm, and 15.2% embryo. The amylose content in these corn types ranges from
20.1% to 23.2% (CRUZ VAZQUEZ et al., 2019).

It is worth noting that the chemical composition of corn depends on the
grain’s genetics and the environmental conditions to which it is subjected. Data
from the literature show that common corn has, on average, a higher starch
content than other components, such as protein and lipids. Phospholipids, free
fatty acids, and sterols are present in the germ in proportions of 1-3%, 1.5%, and
1%, respectively (DOME et al., 2020; VELIKOVIC et al,, 2018).

Corn is grown in more than 170 countries, with global production excee-
ding 1.1 billion tons, with the United States, China, and Brazil being the leading
producers (KAUR et al,, 2025). In addition to its importance in human and animal
nutrition, it offers great industrial versatility, being used in thousands of pro-
ducts, including biofuels (KAUR et al., 2025). Globally, about 61% of production
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is used for animal feed, 17% for human consumption, and approximately 22%
for industrial uses, including ethanol production (KAUR et al,, 2025).

Corn planting is one of the most critical stages for crop success, as it
determines fundamental aspects such as plant spacing, seeding density, and
the proper distribution of seeds in the soil. Careful planning at this stage is
essential, as it lays the foundation for the crop’s development throughout its
entire cycle, which generally ranges from 120 to 130 days (EMBRAPA, 2015;
CHIODI, 2006; ALVES, 2015).

In the Brazilian context, corn cultivation occurs in two distinct seasons:
the main crop, also known as the first crop, which takes place predominantly
during the summer, and the off-season crop, or second crop, planted after the
harvest of previous crops, such as soybeans. The main crop generally benefits
from better climatic conditions, while the off-season crop, despite its growing
economic importance, is more prone to production risks, especially due to irre-
gular rainfall and limitations in temperature and solar radiation toward the end
of the cycle (MAGALHAES et al,, 1994; LOPES et al., 2004; EMBRAPA, 2015).

Several factors directly influence crop establishment and development,
notably climatic conditions such as temperature, water availability, and solar
radiation. Maize germination and early growth are favored by soil temperatu-
res between 25 °C and 30 °C, and values outside this range can compromise
crop establishment. Water availability, in turn, is crucial, especially during the
flowering and grain-filling stages, in which water deficit can lead to significant
reductions in productivity (EMBRAPA, 2015; ALVES, 2015; LOPES et al., 2004).

The appropriate choice of sowing time is also a determining factor, as
it should allow the crop’s most sensitive phenological stages to coincide with
favorable environmental conditions, minimizing losses and reducing the incidence
of pests and diseases. Furthermore, soil characteristics, such as texture and
water-holding capacity, influence planting depth and early plant development,
while the use of appropriate technologies, including machinery and high-quality
seeds, contributes to a more uniform and efficient crop establishment (EMBRAPA,
2015; MAGALHAES et al,, 1994; ALVES, 2015; LOPES et al,, 2004).
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Thus, corn cultivation depends on the interaction between edaphoclimatic
factors and management practices, with planting planning being a key element
for achieving high levels of productivity in both the main and off-season crops.

Homopolysaccharide Starch

Starch is the primary storage polysaccharide found in plants and is widely
distributed in structures such as leaves, flowers, fruits, and seeds, as well as in
various types of stems and roots. It plays an essential role as a source of carbon
and energy for plant metabolism, consisting mainly of two polymers: amylose
and amylopectin (SMITH, 2001).

Amylose has a predominantly linear structure, while amylopectin has a
highly branched organization. Structurally, amylopectin is composed of chains
of glucose units linked by a(1-4) glycosidic bonds, with branching occurring via
a(1-6) bonds distributed along the molecule at regular intervals. This fraction
generally accounts for about 70 to 85% of the starch.

In turn, amylose consists predominantly of linear chains of glucose linked
by a(1—4) bonds, representing approximately 15 to 30% of the total starch com-
position. These structural characteristics impact the yield of starch conversion
to glucose and, consequently, ethanol production (DURRANI; DONALD, 1995).

The amylose and amylopectin chains are organized within the starch
granules, forming a semicrystalline structure responsible for various physico-
chemical properties, such as gelatinization, retrogradation, and viscous behavior.
The granular organization is decisive for these properties, since the granules
vary in size, shape, and degree of crystallinity depending on their botanical
origin (FERREIRA et al., 2022).

From a structural standpoint, starch can be classified into distinct crys-
talline patterns, with types A, B, and C being the most common, typically iden-
tified by X-ray diffraction. Type A, typical of cereals such as corn, has a more
compact arrangement; type B, common in tubers, has a more open structure;
while type C corresponds to a combination of the two previous forms. These
structural variations directly impact characteristics such as water absorption
capacity, solubility, gelatinization, and rheological behavior (HOOVER, 2001).
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When heated in the presence of water, starch undergoes gelatinization,
a process in which the crystalline regions become disorganized, allowing
water to enter and the granules to expand. As a result, more viscous systems
are formed, a key aspect for various industrial applications, especially in the
food sector. After cooling, retrogradation may occur, a process in which there
is a partial reorganization of the amylose and amylopectin chains, influencing
properties such as the texture and stability of the final products (ATWELL et al.,
1988; SINGH et al., 2003).

The characteristics of starch vary according to its botanical origin, directly
influencing its industrial applicability. In this context, corn starch stands out as
one of the most widely used sources due to its wide availability, low cost, and
favorable technological properties, such as thermal stability and gel-forming
capacity. Furthermore, variations in the composition of amylose and amylopectin
in different types of corn, such as waxy corn and high-amylose corn, result in
distinct behaviors, expanding its applications in sectors such as food, biofuels,
and biodegradable materials (HOOVER, 2001).

Therefore, this polysaccharide plays a highly significant role in the food
industry, not only for its energy value but also for the various technological
functions it offers.

Bioethanol production process from corn

The growing demand for renewable energy sources has driven the
development of biofuels on a global scale, particularly bioethanol. This trend is
linked to dwindling fossil fuel reserves, climate change, and the need to diversify
the global energy mix (KAUR et al,, 2025). In this context, corn (Zea mays L.)
stands out as one of the primary feedstocks for ethanol production, due to its
high starch content and widespread availability.

Ethanol production from corn is predominant in the United States, where
public policies such as the Renewable Fuel Standard (RFS) have driven the sector's
expansion since the 2000s (KAUR et al, 2025; USDA, 2023). Currently, global
bioethanol production is dominated by first-generation feedstocks, accounting
for over 99% of total supply (KAUR et al,, 2025). In this context, corn stands out
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as the primary feedstock in developed countries due to established production
and processing infrastructure.

However, the expansion of corn use for bioenergy raises important deba-
tes. Among the main challenges are competition between food and fuel, rising
agricultural prices, and environmental impacts associated with intensive input
use and land-use changes (ANTAR et al, 2021). On the other hand, studies
indicate that ethanol can contribute significantly to reducing greenhouse gas
emissions, especially when integrated into sustainable production systems
(MEKONNEN et al., 2018).

Thus, corn-based ethanol production is embedded in a complex global
context involving economic, environmental, and social aspects and is considered
a strategic alternative in the energy transition.

The production of bioethanol from corn involves a sequence of physico-
chemical and biological steps aimed at converting starch into ethanol. Initially,
the corn is ground, usually by dry milling, to reduce particle size and increase
the surface area for subsequent steps (BOTHAST; SCHLICHER, 2005).

In the liquefaction stage, the ground material is heated in the presence of
a-amylase enzymes, promoting the partial breakdown of starch and the formation
of dextrins. Next, saccharification occurs, in which the dextrins are converted
into glucose by the action of enzymes such as glucoamylase, making fermen-
table sugars available to the fermenting microorganisms (ZABED et al,, 2017).

The fermentation stage is carried out primarily by yeasts of the genus
Saccharomyces, which convert glucose into ethanol and carbon dioxide. This
process occurs under controlled conditions, aiming to maximize productivity
and ethanol yield (BALAT; BALAT; OZ, 2008).

After fermentation, the resulting product is sent for distillation, where the
ethanol is separated and concentrated. Depending on the application, an additio-
nal dehydration step may be necessary to obtain anhydrous ethanol. In addition,
the process generates important co-products, such as distillers dried grains
with solubles (DDGS), which have commercial value, especially in animal feed
(BOTHAST; SCHLICHER, 2005). The stages of the corn ethanol production
process can be seen in Figure 2.
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Thus, the process of producing bioethanol from corn is characterized by
an integration of steps that combine chemical and biological transformations,
the efficiency of which is directly related to the control of operating conditions
and the quality of the inputs used.

Figure 2 - Flowchart of corn ethanol production.
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Source: Author’s own work.

Biotechnological Advances

Biotechnological advances have played a key role in optimizing bioethanol
production from corn, contributing to increased process efficiency, reduced costs,
and improved yields. These innovations focus primarily on the development of
more efficient enzymes, the genetic modification of microorganisms, and the

implementation of integrated processes.

One of the main advances involves the improvement of a-amylases
and glucoamylases, used in the liquefaction and saccharification stages. New
generations of enzymes exhibit greater thermal stability and greater resistance
to pH variations, allowing their application under more severe industrial condi-
tions. As a result, there is a reduction in processing time and an increase in the
conversion of starch into fermentable sugars (ZABED et al., 2017).

Another highlight is the application of genetic engineering to microorga-
nisms, especially yeasts of the genus Saccharomyces. Genetically modified strains
have been developed to exhibit greater tolerance to high ethanol concentrations,
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greater resistance to inhibitors, and greater fermentation capacity. These cha-
racteristics enable higher productivity and efficiency in the conversion of glucose
to ethanol, reducing losses during the process (BALAT; BALAT; OZ, 2008).

In addition, integrated processes, such as simultaneous saccharification
and fermentation, have been extensively studied and applied. In this model, the
conversion of starch to glucose and fermentation occur in the same reactor,
which reduces the number of s

teps, lowers the risk of contamination, and improves the overall efficiency of
the process. This integration represents a significant advance over conventional
processes, in which the steps occur separately (ZABED et al., 2017).

Another promising field involves continuous fermentation, which allows
for higher productivity compared to batch systems. This type of process main-
tains stable operating conditions, resulting in greater efficiency and reduced
downtime, although it still faces challenges related to microbiological control
and system stability.

Additionally, the development of second-generation (2G) ethanol stands
out, which utilizes lignocellulosic residues from corn, such as straw and cobs.
The application of biotechnology in this context involves the use of specific
enzymes for the hydrolysis of cellulose and hemicellulose, allowing for the full
utilization of the biomass. Despite its great potential, this process still presents
challenges related to the cost of enzymes and the complexity of pretreatment
(SUN; CHENG, 2002).

Thus, biotechnological advances have been transforming bioethanol
production from corn, making it more efficient, sustainable, and economically
viable. The continuation of these developments is essential to establish bioe-
thanol as a competitive alternative to fossil fuels.

Corn-based ethanol production in Brazil

In Brazil, ethanol production has historically been based on sugarcane.
However, in recent years, corn-based ethanol has shown significant growth,
especially in the Midwest region, driven by the expansion of the second crop
(safrinha) and the availability of raw materials (GURGEL et al., 2024).
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The adoption of corn as a source for ethanol production in Brazil is directly
related to the intensification of agricultural production systems, particularly
soybean-corn integration, which allows for efficient land use throughout the
year (GURGEL et al., 2024). This model enables the simultaneous production
of food and energy, increasing the efficiency of the agricultural system and
contributing to regional development.

Recent studies have shown that second-crop corn ethanol can generate
significant positive impacts, including increased agricultural income, job creation,
renewable energy production, and reduced greenhouse gas emissions (GURGEL
et al., 2024). In addition, the production of co-products such as distillers’ dried
grains contributes to animal feed, adding value to the production chain.

The consolidation of the sector in Brazil is also linked to public policies
aimed at expanding biofuels, such as RenovaBio, which sets decarbonization
targets and encourages sustainable energy production (IEA, 2023). These poli-
cies play a key role in attracting investment and expanding industrial capacity.

From a technological standpoint, Brazil has adopted processes similar to
those used internationally, notably dry milling and the use of advanced fermen-
tation and bioprocessing technologies. Furthermore, recent advances include
the application of digital technologies and optimization systems to increase
production efficiency (KAUR et al., 2025).

Another relevant aspect is the system'’s sustainability. The Brazilian model
for corn ethanol production, based on crop-livestock integration and the use of
residues, has the potential to reduce environmental impacts and increase the
efficiency of natural resource use (GURGEL et al., 2024). However, challenges
related to logistics, infrastructure, and competitiveness still need to be overcome.

Thus, Brazil stands out as one of the leading countries with potential for
corn ethanol expansion due to agricultural advantages, land availability, and
favorable public policies. In the current scenario, it is the world's third-largest
producer, with production growth of approximately 40%. Figure 3 shows the
evolution of this Brazilian production in recent years.

Thus, the expansion of corn ethanol production in Brazil reinforces its
strategic role in the transition to a more sustainable and diversified energy mix.
The use of corn as a feedstock for biofuels aligns with global trends toward
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replacing fossil fuels, contributing to energy security, economic development,
and the mitigation of environmental impacts. However, the consolidation of this
sector depends on overcoming limitations throughout the production chain,
including technological, economic, and challenges related to the optimization
of production processes. Thus, continuous progress in innovation, efficiency,
and public policies will be fundamental to enhancing the competitiveness and
sustainability of corn-based ethanol in the national and international context
(KAUR et al., 2025).

Figure 3 - Trends in corn acreage and production.
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Fonte: Adaptado de INEA e CONAB (2025).

Sustainability

The production of bioethanol from corn stands out as a sustainable
energy alternative, especially in the context of the transition to energy mixes
that are less dependent on fossil fuels. Its main environmental benefit is linked
to the reduction of greenhouse gas emissions, since the carbon dioxide (CO,)
released during ethanol combustion is partially offset by the CO, absorbed
by plants throughout their growth cycle, resulting in a more favorable carbon
balance compared to gasoline (MEKONNEN et al,, 2018).
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Another positive aspect relates to the energy balance of the process. Stu-
dies have indicated that corn ethanol production exhibits a positive net energy
balance, meaning the amount of energy generated by the fuel exceeds the
energy consumed in its production. This result has been progressively improved
through technological advancements, including improvements in agricultural
efficiency, input use, and the optimization of industrial processes (IEA, 2023).

The sustainability of corn bioethanol is also reinforced by the utilization
of co-products generated during the production process. Dried distillers grains
with solubles (DDGS), for example, are widely used in animal feed, contributing
to the full utilization of biomass and reducing waste. This integration between
energy production and the food chain increases the system’s overall efficiency
and adds economic value (KAUR et al., 2025).

In the agricultural context, corn production for ethanol can be integrated
into already established production systems, such as crop rotation and the use of
second crops. In Brazil, this integration allows for more efficient land use without
the need for significant expansion of agricultural areas, which contributes to the
preservation of natural ecosystems and the reduction of environmental impacts
associated with land-use change (GURGEL et al., 2024).

Furthermore, advances in second-generation ethanol produced from
residues such as corn stover and cobs further expand the sustainable potential
of this biofuel. This technology enables the utilization of agricultural byproducts,
reducing waste generation and increasing the efficiency of biomass use, without
directly competing with food production.

Another relevant point is bioethanol's contribution to the diversification of
the energy mix and to energy security, reducing dependence on fossil fuels and
promoting the use of renewable sources. This aspect is particularly important
in a global context of seeking cleaner and more sustainable energy solutions.

Thus, bioethanol production from corn offers various environmental,
energy, and economic benefits, establishing itself as a sustainable and strategic
alternative. The continued incorporation of technological innovations and effi-
cient agricultural practices tends to further expand these benefits, strengthening
bioethanol's role in the global energy transition. The outlook is for the sector
to grow even further in Brazil in the coming years, particularly in the Midwest,
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where corn is abundant and there is demand for distillers’ grains for animal feed.
The segment is relatively new in the country; however, the significant growth
observed in recent years demonstrates that corn ethanol is a viable alternative
for Brazil's sugar-energy sector.
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