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RESUMO

O uso de biomassa em briquetes autorredutores constitui uma alternativa promissora para
reduzir o consumo de combustiveis fosseis e as emissoes de CO» na industria siderurgica. Esta
Tese tem como objetivo investigar o desempenho de reducdo e de resisténcia mecanica de
briquetes autorredutores contendo pellet feed e biochar de bagaco de cana-de-acucar, visando
sua aplicagdo como carga complementar em altos-fornos. No Artigo 1, avaliou-se a influéncia
da temperatura de pirdlise do biochar (250, 400 e 550 °C) sobre o comportamento dos briquetes
produzidos em escala laboratorial, enquanto o Artigo 2 investigou a evolu¢ao estrutural desses
aglomerados, ampliando a compreensdo dos fendmenos ocorridos durante a reducdo. A
caracterizacdo da biomassa bruta e dos biochars obtidos revelou aumento da area superficial e
da porosidade com a elevagdao da temperatura de pirdlise, bem como a decomposi¢ao dos
principais componentes da biomassa e a degrada¢do progressiva da estrutura carbonizada.
Através de ensaios interrompidos, todos os briquetes demonstraram elevado desempenho de
reducdo até 950 °C, embora o uso de biochar pirolisado a 550 °C (B550) tenha resultado em
maior grau de metalizagdo, alcangando 86% a 1250 °C em comparacao com o valor de 28% em
B250. A resisténcia mecanica dos briquetes diminuiu com o aumento da temperatura de
aquecimento, atingindo valores minimos a 950 °C (ap6s a isoterma). A partir dessa temperatura,
observou-se um comportamento de inchamento catastrofico em B400 e B550, fortemente
influenciado pela formacao de whiskers de ferro, sendo mais pronunciado nos briquetes com
biochars obtidos em temperaturas de pirdlise mais elevadas. A contragdo volumétrica observada
em todos os briquetes a 1250 °C foi relacionada a sinterizagao das particulas de ferro metalico
e a formagdo de escoria, de modo que a reducdo interna uniforme apresentada em B400
contribuiu para a maior resisténcia em altas temperaturas. Tais resultados foram sustentados por
analises combinadas de MEV e micro-CT. No Artigo 3, briquetes contendo 5%, 10% e 15% em
massa de biochar pirolisado a 400 °C foram produzidos em escala piloto e testados sob
diferentes condi¢des de temperatura e atmosfera representativas da zona granular do alto-forno.
Ferro metalico foi identificado a 950 °C, com intensificagao da metalizacdo com o aumento da
temperatura e do teor de biochar. A atmosfera redutora externa favoreceu a formacgao de ferro
nos aglomerados; entretanto, evidenciou-se maior eficiéncia de redu¢do promovida pelo
carbono sélido do biochar. Em comparacido com cargas tradicionais como sinter e pelota, os
briquetes apresentaram desempenho de reducdo consideravelmente superior. Briquetes com
10% de biochar (B10) exibiram maior resisténcia em altas temperaturas, proporcionando o
melhor equilibrio entre eficiéncia de redu¢do e integridade mecénica. A menor resisténcia
observada em BOS5 e B15 foi relacionada, respectivamente, a baixa metalizagdo e a presenga de
carbono residual associada ao acimulo de gases nos briquetes. Essa Tese demonstra que as
condig¢des de pirdlise do biochar e sua propor¢do nos briquetes impactam significativamente o
desempenho metalurgico e mecanico desses aglomerados, contribuindo para o avango do
conhecimento relacionado ao uso de biochar como agente redutor e para o desenvolvimento de
rotas siderurgicas mais sustentaveis.

Palavras-chave: biochar; pirdlise; briquete autorredutor; redugdo; resisténcia mecanica; alto-
forno; sustentabilidade.



ABSTRACT

The use of biomass in self-reducing briquettes constitutes a promising alternative to reduce
fossil fuel consumption and CO; emissions in the iron and steel industry. This Thesis aims to
investigate the reduction and mechanical strength performance of self-reducing briquettes
containing pellet feed and sugarcane bagasse biochar for application as a complementary
burden in blast furnaces. In Article 1, the influence of biochar pyrolysis temperature (250, 400,
and 550 °C) on the behavior of laboratory-scale briquettes was evaluated, while Article 2
investigated the structural evolution of these agglomerates, expanding the understanding of the
phenomena occurring during reduction. Characterization of the raw biomass and the resulting
biochars revealed an increase in surface area and porosity with increasing pyrolysis
temperature, as well as decomposition of the main biomass components and progressive
degradation of the carbonized structure. Based on interrupted experiments, all briquettes
exhibited high reduction performance up to 950 °C, although the use of biochar pyrolyzed at
550 °C (B550) resulted in a higher metallization degree, reaching 86% at 1250 °C compared to
28% for B250. The mechanical strength of the briquettes decreased with increasing heating
temperature, reaching minimum values at 950 °C after the isothermal stage. Above this
temperature, a catastrophic swelling behavior was observed in B400 and B550, strongly
influenced by the formation of iron whiskers, and was more pronounced in briquettes produced
with biochars obtained at higher pyrolysis temperatures. The volumetric shrinkage observed in
all briquettes at 1250 °C was associated with the sintering of metallic iron particles and slag
formation, so that the more uniform internal reduction observed in B400 contributed to higher
strength at elevated temperatures. These results were supported by combined SEM and micro-
CT analyses. In Article 3, briquettes containing 5%, 10%, and 15% by mass of biochar
pyrolyzed at 400 °C were produced at pilot scale and tested under different temperature and
atmospheric conditions representative of the blast furnace granular zone. Metallic iron was
detected at 950 °C, with metallization intensifying as temperature and biochar content
increased. The external reducing atmosphere favored iron formation in the agglomerates;
however, higher reduction efficiency was predominantly driven by the solid carbon from the
biochar. Compared with conventional burdens such as sinter and pellets, the briquettes
exhibited considerably superior reduction performance. Briquettes containing 10% biochar
(B10) showed the highest mechanical strength at elevated temperatures, providing the best
balance between reduction efficiency and mechanical integrity. The lower strength observed in
BO05 and B15 was associated, respectively, with low metallization and with the presence of
residual carbon combined with gas accumulation within the briquettes. This Thesis
demonstrates that the biochar pyrolysis conditions and its proportion in the briquettes
significantly affect the metallurgical and mechanical performance of these agglomerates,
contributing to the advancement of knowledge related to the use of biochar as a reducing agent
and to the development of more sustainable steelmaking routes.

Keywords: biochar; pyrolysis; self-reducing briquette; reduction; mechanical strength; blast
furnace; sustainability.
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1. INTRODUCAO, OBJETIVOS E ESTRUTURA DA TESE

1.1. Introducio

No atual contexto industrial, as politicas governamentais e exigéncias ambientais tém se
tornado cada vez mais restritivas, especialmente no que se refere & demanda energética e as
emissoes de gases de efeito estufa (GEE), entre os quais o CO» se destaca pela maior intensidade
de emissao (Sun et al., 2020). A siderurgia, por sua vez, configura-se como um setor intensivo
no consumo de recursos primdrios ¢ de energia, além de ser responsavel por emissdes
significativas de gases poluentes e particulados (Zhang et al., 2021; Chen et al., 2025),
contribuindo com aproximadamente 7-9% das emissdes globais de GEE (Kim et al., 2022).
Esse impacto esta particularmente associado a rota integrada a alto-forno e conversor a oxigénio
(BF-BOF), responsavel por cerca de 70% da producdo mundial de aco bruto (World Steel
Association, 2025) e reconhecida como a etapa dominante em termos de intensidade das
emissoes de COz no processo siderurgico (Wei et al., 2025). A produgao de ferro-gusa em altos-
fornos impacta de forma expressiva o balango global de carbono, devido a forte dependéncia
de combustiveis fosseis empregados nos processos termoquimicos de alta temperatura, como
carvao mineral e coque metalargico (Munir et al., 2023). Diante desse cenario, alternativas que
viabilizem a substitui¢cdo parcial ou total desses combustiveis por fontes de energia e matérias-
primas mais limpas despontam como estratégias promissoras para a descarbonizagdo da

siderurgia.

Entre esses recursos, a biomassa destaca-se como uma matéria-prima potencialmente neutra em
carbono, uma vez que o COz liberado durante sua combustdo tende a ser compensado pelo CO>
capturado da atmosfera durante seu crescimento (Suopajérvi et al., 2018; Orre et al., 2021). No
entanto, caracteristicas intrinsecas da biomassa bruta, como elevado teor de umidade, baixa
densidade, baixo teor de carbono fixo e reduzido poder calorifico, limitam sua aplicacdo direta
na industria siderargica, além de representarem desafios logisticos e de eficiéncia energética.
Ademais, sua natureza fibrosa dificulta a fragmentacdo em particulas menores e mais
uniformes, necessarias para diversas aplica¢des subsequentes (Li et al., 2025). Nesse contexto,
processos de conversdo termoquimica da biomassa, como torrefacdo e pirodlise, t€ém sido
amplamente empregados (Khasraw et al., 2024), resultando em produtos com propriedades

mais adequadas ao uso metalargico (Jayasekara et al., 2023). Apds essa etapa de tratamento,
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forma-se um material carbonaceo so6lido denominado biochar, caracterizado por elevado teor
de carbono e baixos teores de oxigénio e hidrogénio (Lehmann et al., 2021). Do ponto de vista
ambiental, de acordo com Mathieson et al. (2011), Mandova et al. (2018) e Nwachukwu et al.
(2021), produtos derivados da biomassa apresentam potencial para reduzir entre 32% e 58% as
emissoes de CO» na rota integrada BF-BOF. Entre as possibilidades de aplicagdo, com base na
substitui¢do direta dos materiais, destacam-se: injecdo nas ventaneiras dos altos-fornos
(19-25%); uso como combustivel s6lido na sinterizacdo (5—15%); producdo de aglomerados
autorredutores para altos-fornos e cargas pré-reduzidas para BOF (4-7%); substituicdo de
coque em altos-fornos (3—7%); componente de misturas de carvao para coqueria (1-5%); e uso
como agente recarburante na fabricagdo do aco (0,04%). Na rota empregando forno elétrico a
arco (FEA), as aplicagdes incluem a substitui¢cao do carbono da carga, do agente espumante da

escoria e do recarburante do ago (Mathieson et al., 2011).

Avangos tecnolégicos tém sido incorporados a operacdo em altos-fornos, entre os quais se
destaca a evolugdo da composicdo da carga empregada nesses reatores. Aglomerados
autorredutores, produzidos a partir da mistura entre 6xidos de ferro e agentes redutores
carbonaceos, t€m sido amplamente investigados devido as elevadas taxas de reducao, podendo
exibir velocidades superiores as observadas nos processos tradicionais (Mourdo e Takano,
2003), aliadas a uma maior flexibilidade no emprego de matérias-primas. Sua estrutura favorece
0 contato intimo entre os reagentes, o que, em altas temperaturas, acelera as reagdes de
gaseificagdo e de reducdo dos 6xidos de ferro, resultando em elevada pressao parcial de gases
redutores em seu interior (Noldin Jr., 2002). Esse efeito pode se refletir em uma maior eficiéncia
na zona de preparacao do alto-forno e na redugdao do consumo de combustivel (Kowitwarangkul

et al., 2014; Gandra et al., 2023).

Em contrapartida, os principais desafios associados a esses aglomerados estdo relacionados a
resisténcia mecanica em altas temperaturas, especialmente 8 manutengao da integridade durante
0 aquecimento e a redu¢do (Mourdo e Takano, 2003; Narita et al., 2015). Outro aspecto critico
¢ a suscetibilidade ao inchamento, um fendmeno comumente observado nesses aglomerados,
capaz de provocar uma expansdao volumétrica significativa, resultando na fragmentacao e
desintegracao da matriz solida e, consequentemente, na perda de resisténcia (Umadevi et al.,

2016; Purohit et al., 2025). Esse comportamento compromete a integridade fisica dos
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aglomerados e pode afetar negativamente sua eficiéncia metalirgica, constituindo uma

limitacdo relevante a sua aplicagao.

Com base no exposto, de um lado, a biomassa desponta como uma fonte de carbono neutra e
renovavel, alinhada a praticas mais sustentdveis na siderurgia; de outro, os briquetes
autorredutores apresentam vantagens relevantes, sobretudo por favorecerem uma maior
eficiéncia de redugdo. Nesse contexto, a incorporacao de biomassa como agente redutor nesses
briquetes combina beneficios ambientais as vantagens metalirgicas dos aglomerados
autorredutores, configurando-se como uma alternativa promissora para uso em altos-fornos
(Suopajérvi et al., 2018). Entretanto, o desempenho desses aglomerados também pode ser
fortemente dependente da natureza, da reatividade e da propor¢do da biomassa empregada nas
misturas autorredutoras. Caracteristicas como composi¢ao elementar, teor de carbono fixo e
volateis, porosidade e a estrutura carbonicea formada apos pirdlise exercem um papel
determinante no comportamento dos briquetes, podendo afetar simultaneamente sua capacidade

de reducdo e sua integridade estrutural.

Apesar dos avangos recentes no estudo da autorredu¢do, na utilizacao de diferentes fontes de
biomassa em briquetes autorredutores e na investigacao isolada de fenomenos como reducao e
cinética reacional, o efeito da temperatura de pirdlise da biomassa nesses aglomerados
permanece pouco explorado, especialmente quando associado ao comportamento de
autorreducdo e a resisténcia mecénica em altas temperaturas. Essa lacuna evidencia a
necessidade de estudos que integrem esses parametros de maneira sistematica, permitindo uma
compreensdo mais abrangente do emprego da biomassa pirolisada (biochar) em briquetes
autorredutores. Nesse contexto, esse trabalho propds-se a avaliar o desempenho de redugdo e
de resisténcia mecanica de briquetes autorredutores contendo biochar como agente redutor para
uso como carga em altos-fornos. Briquetes com biochars pirolisados em diferentes temperaturas
e em teores variaveis foram avaliados em diferentes escalas de produgdo (laboratorial e piloto)
e em condig¢des distintas de aquecimento e atmosfera. O bagago de cana-de-acucar foi utilizado
como fonte de carbono, por se tratar de um subproduto do processamento agricola amplamente
disponivel, com geragdo anual estimada entre 279 e 300 milhdes de toneladas em escala

mundial (Periyasamy et al., 2024).


https://www.sciencedirect.com/author/57223027346/selvakumar-periyasamy
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Considerando a multiplicidade de fatores que governam o desempenho desses aglomerados,
desde a caracterizagdo das matérias-primas, definicdo dos aglomerantes empregados e
formulacao das misturas autorredutoras, at¢ mecanismos de redugdo em altas temperaturas,
torna-se essencial a realizagao de estudos experimentais capazes de elucidar esses fenomenos e
de identificar as condi¢des mais favoraveis que viabilizem o uso de biochar em briquetes
autorredutores e sua aplicagdo em processos de producdo de ferro. Uma analise detalhada
revela-se particularmente interessante no cenario atual, especialmente diante do crescente
interesse pelo uso de fontes renovaveis de carbono e pelo desenvolvimento de tecnologias mais
sustentaveis na industria siderargica, bem como na aplicagdo de briquetes como carga em altos-

fornos.
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1.2. Objetivos

1.2.1. Objetivo geral

A presente Tese tem como objetivo avaliar o desempenho de redugdo e de resisténcia mecanica
de briquetes autorredutores produzidos a partir de pellet feed e biochar de bagago de cana-de-
agucar como agente redutor, visando a aplicacdo como carga ferrosa complementar em altos-

fornos.

1.2.2. Objetivos especificos

= (Caracterizar a biomassa bruta e os biochars obtidos apds pir6lise em diferentes temperaturas,

analisando as transformagdes decorrentes do processo termoquimico;

= Avaliar a influéncia da temperatura de pirdlise da biomassa e do teor de biochar no

comportamento de reducdo, no grau de metalizag@o e na resisténcia mecanica dos briquetes;

= Avaliar a influéncia da atmosfera no desempenho de reducgdo e de resisténcia mecanica dos
briquetes, identificando a contribuicdo relativa dos gases redutores da atmosfera externa e

do carbono sélido proveniente do biochar;

* Investigar o comportamento estrutural dos briquetes durante a reducdo em altas
temperaturas, analisando os fendmenos de inchamento e contragdo, bem como as alteracdes

morfoldgicas e os mecanismos envolvidos;

» Determinar as condi¢des ideais de processamento da biomassa e de composicdo dos
briquetes, visando o equilibrio entre eficiéncia de redugdo e estabilidade estrutural para

aplicagdo em altos-fornos.
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1.3. Estrutura da Tese

A presente Tese ¢ organizada em 8 capitulos distintos e estruturada a partir de 3 artigos
cientificos, que, ao se articularem, compdem o conteudo central desta pesquisa. O Capitulo 1,
que inclui a introdugdo, os objetivos e a estrutura da tese, tem como principal fungdo
contextualizar o tema no cendrio cientifico e tecnoldgico atual, evidenciando sua relevancia,

identificando lacunas de conhecimento e apresentando o escopo do estudo.

O Capitulo 2 corresponde ao artigo intitulado “Influence of biomass pyrolysis temperature on
the performance of self-reducing briquettes for use in blast furnaces” (Ledo et al., 2026),
publicado no perioddico internacional Biomass and Bioenergy (Qualis Al). Nesse primeiro
estudo, briquetes autorredutores produzidos em escala laboratorial a partir de pellet feed e
biochar de bagaco de cana-de-acucar pirolisado a 250, 400 ¢ 550 °C foram avaliados sob o
regime térmico representativo de um alto-forno, com o objetivo de investigar como a
temperatura de pirdlise do biochar afeta o desempenho de reducao e de resisténcia mecanica
desses aglomerados. Os parametros de processamento adotados na produgdo laboratorial dos
briquetes foram previamente estabelecidos e otimizados com base em ensaios preliminares,
considerando as principais variaveis de producao: mistura (tempo e condi¢des), compactagao
(pressdo e tempo) e cura (temperatura e tempo). Inicialmente, realizou-se a caracterizagao da
biomassa bruta e dos biochars obtidos em diferentes temperaturas, desempenhando um papel
importante na compreensao das transformagdes quimicas e estruturais relacionadas a pirdlise.
Os briquetes foram submetidos a ensaios interrompidos sob condi¢des ndo isotérmicas, com
temperatura maxima de 1250 °C e atmosfera de N2, monitorando-se a evolucdao dos produtos
de redugdo, bem como as alteracdes na resisténcia mecanica e na microestrutura dos briquetes
em diferentes estdgios de aquecimento, por meio da combinacdo das técnicas de
termogravimetria, analises quimica e gasosa, ensaios de resisténcia a compressao € microscopia
eletronica de varredura. Embora diversos estudos tenham abordado aspectos isolados do
processo de pirdlise da biomassa e do comportamento de redug@o de briquetes autorredutores,
a interacdo entre a temperatura de pirdlise, as propriedades do biochar e a evolucdo
concomitante da reducdo e da resisténcia mecanica em altas temperaturas ainda nao foi
totalmente explorada. Este estudo buscou preencher essa lacuna, ao avaliar, de forma
sistemdtica, a influéncia dessas varidveis sobre o desempenho global de briquetes

autorredutores em condigdes termoquimicas relevantes para aplicagdes siderurgicas.
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O Capitulo 3 apresenta o manuscrito do artigo intitulado “Structural behavior of self-reducing
briquettes containing biochar pyrolyzed at different temperatures”, submetido ao periddico
internacional Journal of Materials Research and Technology (Qualis Al). Esse estudo
configura-se como uma continuidade direta do trabalho apresentado no capitulo anterior, ao
ampliar a abordagem inicialmente centrada no desempenho global de reducao e de resisténcia
mecanica de briquetes autorredutores contendo biochar pirolisado em diferentes temperaturas.
Nessa segunda etapa, o escopo da investiga¢ao foi expandido para incluir uma avaliacdo da
evolucdo estrutural dos briquetes ao longo dos diferentes estagios de redugdo, fornecendo uma
analise detalhada do processo e dos fenomenos associados. Ensaios interrompidos em altas
temperaturas, combinados com técnicas complementares de caracterizagao (difragdo de raios
X, microscopia eletronica de varredura e microtomografia de raios X), estabeleceram uma
correlagdo direta entre as transformagdes macro- e microestruturais ¢ o desempenho
metalirgico e mecanico dos briquetes. Com base na metodologia empregada, esse estudo
explorou a micro-CT como uma nova ferramenta para a analise e caracterizagdo de briquetes
autorredutores, evidenciando o potencial e as limitacdes associadas a técnica. Essa abordagem
possibilitou uma andlise abrangente dos comportamentos de inchamento e contragdo, os quais
puderam ser investigados em profundidade em razdo de sua relagdo intrinseca com a

redutibilidade e a resisténcia.

O Capitulo 4 corresponde ao manuscrito do artigo intitulado “Reduction and mechanical
strength performance of self-reducing briquettes with different biochar contents”, submetido ao
periodico internacional Mineral Processing and Extractive Metallurgy Review (Qualis Al).
Nesse terceiro estudo, a investigagao concentrou-se em avaliar o efeito do teor de biochar sobre
o desempenho de redugdo e de resisténcia mecanica de briquetes autorredutores contendo pellet
feed e bagaco de cana-de-acucar obtido a 400 °C. Essa condi¢do (temperatura) de pirdlise foi
previamente definida com base nos estudos anteriores, que evidenciaram o desempenho
superior desses briquetes, fundamentando, assim, sua sele¢ao para a producao em escala piloto.
Para avaliacdo do comportamento de reducdo, briquetes contendo 5%, 10% e 15% em massa
de biochar foram submetidos a diferentes estagios de aquecimento sob atmosfera redutora
representativa do alto-forno (N2/CO/COz), tendo seu desempenho comparado ao de cargas
tradicionalmente empregadas nesses reatores, como sinter e pelota. Adicionalmente,
investigou-se a influéncia de uma atmosfera inerte (N2), com o objetivo de avaliar a

contribuigdo relativa dos gases redutores externos e do carbono sélido proveniente do biochar
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sobre a eficiéncia de reducdo dos briquetes, refletindo a reatividade do biochar empregado. Os
ensaios realizados possibilitaram uma avaliagdo abrangente dos mecanismos e fenomenos
associados a perda de massa, transformagdes de fases, metalizagdo, evolucdo de gases,
resisténcia a compressao e microestrutura dos briquetes. Dessa forma, esse artigo complementa
o conjunto das investigacdes conduzidas nos estudos anteriores, consolidando uma abordagem

integrada sobre o uso de biochar em briquetes autorredutores.

O Capitulo 5 apresenta as consideracdes finais derivadas dos estudos conduzidos nos Capitulos
2 a 4, integrando os resultados obtidos em cada etapa de investigagdo e destacando suas

implicagdes e contribui¢des para o campo de estudo.

O Capitulo 6 ¢ dedicado as contribuigdes originais do estudo para o conhecimento cientifico; o
Capitulo 7 apresenta o conjunto de publicagdes produzidas ao longo do desenvolvimento da
presente Tese; e o Capitulo 8 retine as recomendagdes e sugestdes para trabalhos futuros,
apontando possiveis linhas de investigagdo capazes de aprofundar e expandir os resultados
obtidos neste estudo, bem como explorar novas abordagens e aplicagdes em contextos

operacionais mais proximos da escala industrial.

Por fim, os Apéndices A, B e C contém informagdes complementares ao estudo, incluindo
imagens macroscopicas das segdes transversais dos briquetes produzidos em escala piloto,
calculos de perda de massa tedrica e fracdo reagida (que permitiram a analise comparativa entre
os resultados experimentais e os valores tedricos), bem como a comparagao entre 0s ensaios

conduzidos em macrotermobalanga e termobalanca convencional.
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Abstract

The use of different biomass sources in self-reducing briquettes is considered a sustainable and
promising alternative for introducing renewable carbon into blast furnaces. However, the
influence of pyrolysis conditions on their reduction behavior and mechanical strength remains
poorly understood. This study investigated how biomass pyrolysis temperature affects the
performance of briquettes produced from pellet feed and sugarcane bagasse obtained at
different temperatures (250, 400, and 550 °C). Sugarcane bagasse and its pyrolyzed products
exhibited distinct surface areas, functional groups, and microstructures. Self-reducing
briquettes with 15% by mass of the different biochars were subjected to the high-temperature
interrupted tests under non-isothermal conditions up to 1250 °C. All briquettes presented a high
reduction performance up to 950 °C (blast furnace preparation zone), where the briquettes with
biomass pyrolyzed at 550 °C resulted in a greater mass loss and a higher metallization degree.
Interrupted tests showed that the briquettes reached a minimum compressive strength at
950 °C, followed by an increase at higher temperatures. Although B550 achieved the highest
reduction degree, B400 exhibited the highest strength at high temperature, as a result of the
swelling phenomena and phase formation that impacted the briquette strength. Microstructural

analysis revealed the coalescence and sintering of metallic iron particles at 1250 °C, as well as
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the formation of wustite and fayalite phases, and a slag matrix resulting from the interaction of
briquette components at high temperature. These findings demonstrate that the pyrolysis
temperature strongly influences both the reduction efficiency and the high-temperature
mechanical stability of self-reducing briquettes.

Keywords: biomass pyrolysis; briquette; self-reduction; mechanical strength; metallization;

blast furnace.
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2.1. Introduction

The iron and steelmaking industry faces growing challenges related to energy consumption and
greenhouse gas (GHG) emissions, largely due to its intensive reliance on fossil fuels [1]. It is
estimated that 7-9% of the total anthropogenic CO> emissions are attributed to this industrial
sector [2]. In this context, strategies for decarbonization have been increasingly explored [3,4].
According to Ahmed [5], the use of carbonaceous materials from renewable sources in blast
furnaces represents one of the most effective strategies to address these environmental
concerns. Their application in these reactors aims to reduce fuel consumption, decreasing
dependence on coal and coke, and mitigating CO, emissions generated by the use of fossil-
based reducing agents. Biomass is a renewable resource, considered neutral in CO2 emissions,
and abundantly available, so many studies have explored its potential for use in different stages
of steelmaking [6-14]. To convert raw biomass into materials with properties and characteristics
required for metallurgical applications, such as higher fixed carbon content and greater calorific
value, pre-treatment routes like torrefaction and pyrolysis are often employed [10,15]. The
treatment temperature has a significant influence on the chemical composition, yield, and

textural and structural properties of the biochar derived by the process [16].

The use of different biomass sources in self-reducing briquettes is considered a sustainable and
promising alternative for introducing renewable carbon into blast furnaces [17]. In these
agglomerates, the reducing agent is added directly to the mixture, ensuring close contact
between the ferrous and carbonaceous sources. This configuration can increase the reduction
rate in the blast furnace preparation zone (where drying, preheating, and prereduction of the
burden by the ascending gas occur, and carbon practically does not react), as well as reduce fuel
consumption and improve the reactor's efficiency and productivity [18,19]. The reduction
degree of the agglomerates can be significantly affected by factors such as the temperature of
the reaction system, the carbon source employed, and its specific characteristics. Liu et al. [20]
investigated pellets composed of iron concentrate and carbonized agricultural residues, used as
a substitute for pulverized coal. The experimental results showed that increasing the
temperature favored the reduction process up to 1200 °C, achieving a reduction degree of
92.17%. Beyond this point, no substantial improvement was observed. A qualitative analysis of
the reduction of iron ore and coke breeze briquettes containing different pre-treated biomasses

was conducted by El-Tawil et al. [21]. In the study, low-temperature torrefied sawdust was
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recommended for use in briquettes due to its higher volatile matter content and lower catalyst
component content. Consequently, at elevated temperatures, the release of volatiles contributes
to the reduction process. In another study, Rosso Neto et al. [22] evaluated the effect of biochar
particle size on the reduction of self-reducing briquettes and reported that smaller particle sizes
lead to faster reaction rates. Through thermogravimetric analysis, Zuo et al. [23] explored the
reduction behavior of iron oxide using biomass char (waste wood), comparing it with coal and
coke. These authors concluded that biomass increased the reduction rate and that higher C/O
molar ratios intensified the self-reduction reactions. They also concluded that the utilization of
iron ore-biomass agglomerates in blast furnaces tends to reduce the temperature of the thermal
reserve zone and fuel consumption, while increasing the reducibility of the burden. The
reactivity of different carbonaceous materials (charcoal, coal, blast furnace coke, and petroleum
coke) was also studied by Bagatini et al. [24]. Experiments involving self-reducing mixtures
composed of mill scale and various reducing agents indicated a faster rate of self-reduction for
charcoal. This behavior was associated with the presence of highly reactive carbon compared

to fossil-based reducers [25].

However, the use of self-reducing briquettes in blast furnaces has limitations regarding their
mechanical strength when charged at the top of these reactors, especially at high temperatures,
during which devolatilization and consumption of the reducing agent occur. When evaluating
the high-temperature strength of self-reducing briquettes containing blast furnace dust, Ye et al.
[26] observed a decrease in mechanical strength as the degrees of reduction and metallization
increased at temperatures below 1100 °C. According to Takano and Mourao [27], the strength
of self-reducing agglomerates typically reaches its minimum between 900 and 1000 °C, after
which the sintering of the formed iron leads to a subsequent increase in mechanical strength.
The proportion of carbonaceous material in self-reducing briquettes also influences their
mechanical properties. In the study by Gandra et al. [28], lower strength indices were observed
in briquettes with higher contents of petcoke as a reducing agent. Similarly, high levels of
swelling can lead to a loss of strength of the agglomerates during heating, and commonly occur
in the final stage of the reduction process. As indicated by the literature, the causes of swelling
include the formation of iron whiskers and iron carbides during the iron reduction stage, the
presence of alkalis and basic oxides, the ore gangue content, the carbon deposition, the

composition of the reducing gas, the growth of metallic iron within the molten slag, as well as
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the increase in internal pressure caused by the rapid formation of gases at the reaction interface

[27,29-34].

Despite the existence of studies related to the use of biomass in self-reducing mixtures, the
influence of biomass pyrolysis temperature on the reducibility and mechanical strength of cold-
bonded briquettes has not been fully explored. Previous investigations have overlooked the
interplay between pyrolysis temperature, biochar properties (beyond fixed carbon and volatile
matter), and concurrent reducibility/strength evolution at high temperatures. Thus, this study
aimed to evaluate the reduction behavior and mechanical strength of self-reducing briquettes
produced from sugarcane bagasse treated at different temperatures (250, 400, and 550 °C) when
subjected to thermal regimes that represent the blast furnace, investigating the influence of
biomass pyrolysis temperature on these properties. Initially, a characterization of the raw
biomass and biochars was carried out, playing an important role in understanding the chemical
and structural transformations related to the pyrolysis process. Then, self-reducing briquettes
were examined by monitoring the evolution of reduction products during heating and changes
in strength and microstructure, through a combination of thermogravimetry, chemical and gas

analysis, and mechanical testing.

2.2. Materials and methods

2.2.1. Raw materials

A Brazilian hematite-goethite pellet feed was used as the iron source in the briquettes, with a
predominant particle size below 212 um (95% by mass). Table 2.1 presents the corresponding
chemical composition, determined using an ARL™ QUANT’X energy-dispersive X-ray
fluorescence (EDXRF) spectrometer (Thermo Scientific™). The total reducible oxygen content
was calculated from the chemical analysis. As a reducing agent, sugarcane bagasse supplied by
a local sugar-alcohol industry was employed due to its high availability. This biomass is among
the most abundant lignocellulosic materials in Brazil [35]. The sugarcane bagasse was used
after pyrolysis treatment at 250, 400, and 550 °C (Figure 2.S1 of the Supplementary Material).
These temperatures were selected based on the thermal decomposition stages of biomass
components: hemicellulose (220-315°C), cellulose (315-400°C), and lignin, which

decomposes over a wide temperature range (150-900 °C) [36]. The pyrolysis process was
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carried out on a laboratory scale using a vertical resistive electric furnace equipped with a
stainless-steel reactor tube, in which the samples were heated in a graphite crucible. In these
tests, 15 g of dried raw biomass (105 °C for 3 h) were subjected to a constant N> atmosphere
(flow rate of 1.5 L/min) and heated at a rate of 10 °C/min to the target temperatures, followed
by an isothermal period of 2 h. The temperature was continuously monitored using a K-type
furnace thermocouple. The characterization of the raw biomass and produced biochars is
presented in Table 2.2. Proximate analysis was performed using a LECO TGA 701
thermogravimetric analyzer following ASTM D7582-15, while ultimate analysis was carried
out with a LECO CS230 carbon and sulfur elemental analyzer. The increase in pyrolysis

temperature resulted in decreasing the volatile matter and increasing the fixed carbon content.

Table 2.1. Chemical composition of pellet feed (% by mass).

Fe SiO; ALO3 MgO MnO Co POs Cl LOI  Ore
63.23 5.19 259 0.63 0.55 044 0.27 0.23 247 27.17

LOI: loss on ignition; Oreq: reducible oxygen

Table 2.2. Proximate and ultimate analyses (% by mass) of raw biomass and biochars after

treatment at different temperatures (dry basis).

Pyrolysis temperature (°C)  Fixed carbon  Volatile matter ~ Ash  Total carbon

Raw biomass 16.89 81.25 1.92 41.27
250 22.96 74.31 2.72 56.54
400 65.69 26.39 7.93 74.85
550 76.21 15.18 8.60 93.24

As an inorganic binder in briquette production, aqueous sodium silicate (a viscous liquid) was
used due to its high thermal stability and excellent adhesive properties, making it suitable for
applications that require mechanical strength. Additionally, it offers advantages such as low
cost and wide availability. The main characteristics include a SiO»/Na,O mass ratio of 2.17,

47.14% solid content, and 52.86% moisture.

2.2.2. Biomass characterization

To understand the influence of biomass pyrolysis temperature on its properties and behavior in

the self-reducing briquettes, the raw biomass and biochars obtained after treatment at different

temperatures were characterized using various analytical techniques. The surface area was


https://www.sciencedirect.com/topics/engineering/thermocouple

40

measured by the Brunauer-Emmett-Teller (BET) isotherm method, employing a Quantachrome
NOVA 2200 instrument, utilizing N> as the adsorbate and a relative pressure of P/Po (ratio
between the adsorption pressure and the atmospheric pressure of N») below 0.3. For that,
samples with particle size below 0.5 mm were used and degassed at 120 °C in a vacuum

condition for 2 h.

The Fourier Transform Infrared (FTIR) spectroscopy was used to characterize the functional
groups of the biomass samples, with a focus on identifying the decomposition process of their
components as a function of temperature. The analysis was carried out on a Bruker Alpha
spectrometer, using the Attenuated Total Reflectance (ATR) module with a diamond crystal.
The spectra were collected in the mid-infrared region from 4000 to 400 cm™, with a spectral

resolution of 4 cm™ and a total number of 128 scans per sample.

The microstructure was investigated using a FEI Inspect S50 scanning electron microscope
(SEM) coupled with a Genesis EDS spectrometer, operating with an acceleration voltage of
10 kV. The samples were positioned on a support using double-sided adhesive carbon tape and

subjected to metallic coating with gold.

Thermogravimetric analysis (TGA) was conducted to investigate the thermal decomposition of
the raw biomass and the resulting biochars during heating. The samples were ground to a
particle size below 75 um. The experiments were performed using an SDT Q600 thermobalance
(TA Instruments Co.), by heating approximately 5 mg of sample in a cup-type alumina crucible

up to 1000 °C at a heating rate of 10 °C/min and a flow rate of 100 mL/min of No.

2.2.3. Production of self-reducing briquettes

Before briquetting, the pellet feed was dried at 105 °C for 12 h, and the biochars were crushed
to a particle size between 0.053 and 0.5 mm (with 85% by mass having a size larger than
0.106 mm). The briquetting mixtures were composed of mass percentages of 75% pellet feed,
15% treated biomass (biochar), and 10% sodium silicate, with a total mixture moisture of 12%
by mass. The raw materials were manually homogenized in a suitably sized container (500 mL)
for 15 min to ensure a uniform mixture before the subsequent processing steps. Cylindrical

briquettes were individually produced using a steel die (internal diameter of 10 mm) and a
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Bovenau hydraulic press (maximum nominal load of 15 tons) with an applied load of 2 tons for
3 min. Curing was subsequently performed in a muffle furnace at 200 °C for 2 h. Considering
the proportion of raw materials and their respective chemical compositions (fixed carbon of the
reducing agent and reducible oxygen of the ore), the C/O molar ratios obtained were 0.23, 0.64,
and 0.75 for briquettes with biochars after treatment at 250 °C (B250), 400 °C (B400), and
550 °C (B550), respectively. Due to differences in the chemical composition of the different
biochars, variations were observed in the C/O mass and molar ratios of briquettes containing
the same reducing agent content. The final dimensions of the produced briquettes were 10 mm
in diameter, with the average height varying according to the biochar used: B250 - 11.3 mm,

B400 - 12.3 mm, and B550 - 10.0 mm.

2.2.4. High-temperature interrupted tests with self-reducing briquettes

The high-temperature tests were conducted to elucidate the mechanical and reduction behavior
of the briquettes during heating according to the thermal regime of the blast furnace [34]. The
apparatus used in these tests (illustrated in Figure 2.S2 of the Supplementary Material)
comprises a vertical resistive furnace (maximum temperature of 1600 °C and molybdenum
disilicide (MoSi2) heating element), an alumina reaction tube (70 mm diameter), a stainless-
steel basket (40 mm diameter), and a Kanthal DS wire (FeCrAl alloy/0.404 mm diameter) for
sample suspension on a Shimadzu electronic balance, model UW620H (precision £+ 0.001 g),
with an RS232C output for real-time data acquisition and automatic recording. Coupled to the
furnace, a Gasboard 3100 gas analyzer (Cubic-Ruiyi) enabled the continuous analysis of CO
and CO> during the tests. A K-type thermocouple was employed to measure the sample

temperature.

The tests were performed with batches of 6 briquettes in the basket under an inert N>
atmosphere, with an upward gas flow rate of 3 L/min and a heating rate of 5 °C/min from room
temperature (25 °C) up to 1250 °C, with an isothermal plateau of 30 min at 950 °C representing
the thermal reserve zone of the blast furnace. Interrupted tests at 300, 600, 950 (before and after
the isothermal plateau), and 1100 °C were conducted by rapid cooling under N> atmosphere,
with the samples being moved to the upper region of the alumina tube, outside the furnace
heating zone. All tests were carried out in duplicate with continuous measurements of mass,

temperature, and gas composition.
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2.2.5. Characterization of self-reducing briquettes

The chemical characterization of the samples was carried out by the Mdssbauer spectroscopy
technique, enabling the identification and quantification of the ferrous compound. The spectra
were acquired using a conventional spectrometer (Wissenschaftliche Elektronik GmbH) with
constant acceleration and a °’Fe source in a Rh matrix maintained at room temperature. Sample
holders containing absorbers with approximately 10 mg of Fe/cm? were used in the
measurements. The quantitative analysis was performed using a specific computational method,
the Normos™ 90 program, developed at the Applied Physics Laboratory of the University of
Duisburg, Germany, utilizing the Fortran programming language. The total iron content was
calculated considering the iron content in each detected phase. With these results, it was
possible to obtain the metallization degree of the briquettes, calculated by the mass percentage
ratio of metallic iron and total iron. The samples were also subjected to carbon analysis using a

LECO CS230 carbon and sulfur elemental analyzer.

The mechanical strength of the briquettes was determined through compressive tests in the axial
direction before and after the tests (after cooling). Five briquettes were individually tested for
each condition, subjected to progressive pressure in a Shimadzu universal machine model AGS-

X 300 kN, with a constant cross-head speed of 0.01 mm/s up to sample rupture.

For microstructural analysis via SEM, the samples were cut in the direction of the mechanical
load application, embedded in polymeric resin, and prepared by grinding (120, 240, 320, 400,
600, and 1000 grit) and polishing (9, 3, and 1 um, and diamond paste) steps. The images were
acquired using the FEI Inspect S50 equipment coupled with a Genesis EDS spectrometer,

operating with an acceleration voltage of 20 kV.

2.3. Results and discussion
2.3.1. Biomass characterization

2.3.1.1. BET analysis of biomass

The surface area and porosity characteristics of the biochars after treatment at different

temperatures are presented in Table 2.3. An increase in surface area and total pore volume was
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observed with higher pyrolysis temperatures, most pronounced in the sample pyrolyzed at
550 °C. This behavior may be related to the progressive thermal degradation of the biomass
organic matter. With the increase in pyrolysis temperature, there is a greater loss of volatiles
and the release of substances that decompose or clog the pore structure. This results in a greater
pore formation, which increases the surface area of the biochar, influencing the yield and
porosity of the product [37]. On the other hand, the average pore diameter decreased after
pyrolysis at higher temperatures, which is associated with the increased formation of micro and
nanopores during the pyrolysis process at higher temperatures. Similar patterns have been

observed in various studies in the literature [37—41].

Table 2.3. Surface area and porosity characteristics of biochars after treatment at different

temperatures.
Pyrolysis Specific surface Total pore volume Average pore
temperature (°C) area (m?/g) (mm?/g) diameter (A)
250 0.58 1.90 130.52
400 2.44 4.04 66.35
550 114.58 75.86 26.48

2.3.1.2. FTIR analysis of biomass

The FTIR spectra (Figure 2.1) were collected to evaluate the structural evolution of the
functional groups in biomass as a function of treatment temperature. Structural changes can be
observed from the onset of pyrolysis, through mechanisms such as fragmentation,

depolymerization, and cross-linking reactions of macromolecular components [42].

In the raw biomass and the biochar treated at 250 °C, peaks associated with O—H stretching
from hydroxyl groups (3330-3280 cm™') and C—H stretching vibrations of aliphatic groups
(29302890 cm™) were identified [43,44]. Additionally, several bands between 1700 and
400 cm! were detected, corresponding to the functional groups of hemicellulose, cellulose, and
lignin. Peaks near 1700-1650 cm™' were associated with the C=0 carbonyl group due to the
presence of hemicellulose [45]. In the 1440-1300 cm™ range, they are related to the C—H
stretching vibrations of cellulose and hemicellulose chains, and at 1250—-1148 cm’, they
represent C—O—C bonds from these components [46,47]. At a wavelength close to

1020-1030 cm™!, the peaks correspond to C—O deformation and stretching bonds [48]. Bands
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between 700 and 900 cm™ and 400 and 700 cm™ can be attributed, respectively, to C—H bonds

of aromatic groups in lignin and to C—C stretching vibrations [36].
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Figure 2.1. FTIR spectra of raw biomass and biochars after treatment at different

temperatures.

With increasing pyrolysis temperature, the absorption peaks of some functional groups
gradually weakened or even disappeared, reflecting the degradation or transformation of
functional groups. This process results in a decrease in aliphatic components and the formation
of condensed ring structures. Additionally, bands between 1700 and 400 cm™' showed a lower
transmittance intensity. In the range of 1440—1417 cm!, peaks associated with C—H stretching
vibrations of cellulose disappeared, as a consequence of its thermal decomposition [49].
According to Li and Chen [43], the disappearance of O—H and C—H bonds in biomass pyrolyzed
at higher temperatures (in this study, 400 and 550 °C) is attributed to the breakage of hydroxyl
groups of aliphatic groups. Kloss et al. [50] stated that the removal of these bonds is closely
associated with an increase in pore numbers. After pyrolysis at 550 °C, almost no functional
groups were found in the produced biochar. The disappearance of these compounds may be
specifically related to the total decomposition of hemicellulose and cellulose and the removal

of volatile matter at higher temperatures. However, between 16051500 cm™!, C=C peaks were



45

identified, whose presence was also noted in other samples, associated with aromatic rings due

to the presence of lignin [51].

Overall, the analyzed spectra demonstrated a clear distinction between the functional groups
present in each biochar, influenced by thermal decomposition. This difference is mainly
reflected in the permanence of the lignin functional groups and the disappearance of the groups
associated with cellulose and hemicellulose, indicating a reduction in oxygen and hydrogen
content. Figure 2.1 highlights that the biomass pyrolysis process resulted in the decomposition
of compounds containing C—O, O—H, and C=0 bonds, while compounds with C-H and C=C

bonds were maintained.

2.3.1.3. Microstructural and morphological analysis of biomass

The micrographs obtained by SEM at different magnifications are shown in Figure 2.2. It was
observed that the pyrolysis temperature strongly influenced the microstructure of the different
biochars obtained. The raw biomass exhibited a continuous surface, similar to the biochar
derived from biomass treated at 250 °C. Under these conditions, a slightly porous structure was
observed, with the presence of disconnected pores, associated with an incomplete carbonization

at low temperature.

After pyrolysis at 400 °C, the biochar particles appeared more fibrous, which can be attributed
to cellulose, whose proportion became predominant in relation to hemicellulose. The biochar
produced at 550 °C presented a disordered and extensively degraded structure, with its fibrous
character reduced, resulting in a greater surface area (as indicated in Table 2.3). The thermal
degradation of the main biomass components and the significant release of volatile matter that

occurs at this temperature may be responsible for the presented structure.
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(b)

Figure 2.2. SEM images showing the surface microstructure of (a) raw biomass and biochars

after treatment at (b) 250 °C, (c) 400 °C, and (d) 550 °C.

2.3.1.4. Thermogravimetric analysis of biomass

Figure 2.3 presents the TGA and DTG curves of the raw biomass and its pyrolyzed products.

The thermogravimetric analysis allowed for the association of mass loss with moisture loss,

degradation of the main components remaining in each biomass, and the volatilization process.
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The results observed in this study were very consistent with thermogravimetric analyses of

different biomasses [38,45,47,52—54].
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Figure 2.3. TGA and DTG curves of the raw biomass and biochars after treatment at different

temperatures.

It was possible to identify a distinct thermal behavior between the samples, with the curves
corresponding to the raw biomass and the biochar after treatment at 250 °C showing an intense
mass loss in the range of 200 to 400 °C. This behavior was expected since the other samples
were subjected to a previous heat treatment at higher temperatures. Therefore, they had already
experienced part of the volatile matter decomposition during the pyrolysis process. Through the
analysis of the DTG curves, the highest intensity peaks were attributed to the degradation of
hemicellulose and cellulose. According to El-Tawil et al. [55] and Najafi et al. [56], two
prominent peaks can be observed in the DTG curves of different biomasses. The main peak is
associated with cellulose decomposition, while a first shoulder at a lower temperature
corresponds to hemicellulose degradation, as also seen in raw biomass. Biochars pyrolyzed at
400 and 550 °C did not exhibit pronounced or well-defined peaks, possibly due to the
predominance of lignin as the main organic component, which decomposes slowly and

gradually. Combined with the other findings, these results highlight the influence of pyrolysis
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temperature on biomass properties during heat pre-treatment, playing a key role in altering its

chemical composition, structure, and thermal behavior.

2.3.2. Performance of self-reducing briquettes at high temperatures

2.3.2.1. Mass loss of self-reducing briquettes

The mass loss of the briquettes resulting from tests up to 1250 °C is shown in Figure 2.4. For
the briquettes, the results indicated a progressive increase in mass loss with increasing
temperature. Up to 300 °C, mass loss was similar for all samples and was attributed to the
release of intrinsic moisture from the agglomerates and the partial dehydration of goethite ore
(as indicated by the thermogravimetric analysis of the pellet feed shown in Figure 2.S3 of the
Supplementary Material) and sodium silicate. Above 300 °C, the mass loss was associated with
the final portion of sodium silicate decomposition and, primarily, with the devolatilization of
the biomass. B250 exhibited a substantially greater mass loss in this interval due to the nature

and higher volatile matter content remaining from the treatment at 250 °C (see Table 2.2).
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Figure 2.4. Mass loss of briquettes with biochars after treatment at different temperatures.
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At 950 °C, the briquettes presented a considerable increase in mass loss. This phenomenon must
be mainly related to the beginning of carbon gasification (Boudouard reaction) and iron oxides
reduction by CO, although a small fraction can be linked to the remaining volatile matter
decomposition. The self-reduction reactions, represented by Equations 2.1 and 2.2, are
associated with the increase in partial pressure of CO inside the briquettes, resulting from
carbon consumption in the gasification reaction, which occurs at temperatures above 800 °C
[31]. There is a consensus among several researchers, from the early studies of Fruehan [18] to
the most recent ones, such as Bagatini et al. [34], that the global self-reduction reaction is a
solid-solid process that proceeds through gaseous intermediates (CO and COy) formed within
the agglomerates by parallel reactions. After 30 min of isothermal plateau at 950 °C, a
continuous increase in mass loss was observed, probably as a result of the continuation of the

self-reduction reactions.

Fe 0, . + COg) = Fe,0y_1  +COy (2.2)

Y(s) (s)
In this interval, B550 showed a greater mass loss compared to the other briquettes, which is
possibly related to the greater availability of carbon for reaction, according to the C/O molar
ratio (Section 2.3). A greater amount of carbon favors the gasification reaction and the self-
reduction mechanism, increasing the potential for CO; regeneration within the agglomerates
and, consequently, enhancing the reduction degree [57]. When briquettes reached 1250 °C, the
mass remained constant for all the briquettes, indicating that the reagents (C or O) were
consumed, limiting the reactions. Overall, the thermogravimetric behavior of the briquettes was

consistent with their respective compositions (primarily volatile matter, carbon, and reducible

oxygen).
2.3.2.2. Gas analysis of self-reducing briquettes

Figure 2.5 shows a projection of the CO/CO; data on the Chaudron equilibrium diagram,
obtained from the quantitative analysis of the gas volumes generated during the high-
temperature tests with the gas analyzer, as described in Section 2.4. This diagram illustrates

how the partial pressure of CO, expressed as the PCO/(PCO+PCOz) ratio, and temperature
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affect the chemical equilibrium of iron oxide phases in the system—that is, the temperature

conditions under which the partial pressure of CO is sufficient to stabilize a given oxide phase.

Up to 700 °C, the partial pressure of CO of gases evolved from the briquettes was zero, except
for a small interval associated with B250, resulting from the biomass devolatilization. In these
briquettes, although there is an increase in the volume of CO produced, the amount of CO;
generated is higher, which justifies the decrease in the partial pressure of CO at temperatures
above 300 °C. From 700 °C onwards, with the increase in temperature, a trend of increasing
partial pressure of CO was observed. This fact is likely related to the occurrence of carbon
gasification, which is favored by a progressive increase in temperature. According to the gas
analysis data for all the briquettes, the CO concentration increased with temperature, where the
iron oxides reduction becomes thermodynamically feasible, promoting the progressive
reduction of hematite to magnetite at around 700 °C, magnetite to wustite at 800 °C, and finally,

wustite to metallic iron at 950 °C.
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Figure 2.5. Chaudron equilibrium diagram for briquettes with biochars after treatment at

different temperatures.

As observed in Figure 2.5, from 950 °C onwards, the PCO/(PCO+PCOy) ratio of the gas
generated by the reactions induced by briquette heating is higher than that associated with the

reduction of wustite to metallic iron and lower than the gasification (Boudouard) curve. The
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results demonstrate that the partial pressure of the reducing gases was thermodynamically
enough to promote the reduction of wustite to metallic iron. From this temperature, there is CO
available for reduction, indicating thermodynamic conditions favoring metallic iron formation,
and if this does not occur, it is due to reduction barriers. Thus, it cannot be stated that carbon

gasification is the only reaction controlling the global kinetics of self-reduction.

In this work, gas analysis demonstrated that all the biochars are highly reactive and that the
carbon reactivity is similar among the samples treated at different temperatures. For all the
briquettes evaluated, the gasification reaction exhibited high kinetics, with a strong potential
for CO» regeneration, ensuring that the partial pressure of CO remained high from 950 °C
onwards. Therefore, under the conditions of this study, the reduction proved to be the reaction-

limiting step.

2.3.2.3. Chemical characterization and metallization of self-reducing briquettes

The ferrous phases identified in the briquettes by Mdssbauer spectroscopy are presented in
Figure 2.6, along with their proportion in each sample. At room temperature, hematite was the
predominant phase in all the briquettes, although magnetite and goethite were also identified,
reflecting the ferrous raw material used in these agglomerates (pellet feed). In the tests at
600 °C, goethite was no longer detected for any sample due to its decomposition into hematite,
which begins at around 250 °C (as indicated in Figure 2.S3 of the Supplementary Material).
Additionally, a greater presence of magnetite was observed compared to the previous
conditions, indicating the partial reduction of hematite. This transition was more pronounced in
the B250 briquettes, possibly as a result of reduction by volatiles, as this biochar has a higher
volatile matter content, which is released at lower temperatures. According to Bagatini et al.
[44] and Das et al. [58], volatiles can have significant potential as a reducing agent and play an

important role in self-reducing mixtures at temperatures below 800 °C.
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Figure 2.6. Chemical analysis of ferrous phases obtained by the Mdssbauer spectroscopy

technique: (a) B250, (b) B400, and (c) B550.



53

At 950 °C, hematite was no longer detected, indicating that this phase was completely reduced.
In B250 and B400, the phases magnetite, wustite, and fayalite were identified, pointing to the
progress of the reduction process. For B550, wustite was the predominant phase, accompanied
by fayalite and the emergence of metallic iron in lower proportions. It is noted that, for this
sample, no more magnetite was detected. These results indicate that the mass loss related to
self-reduction up to 950 °C occurred primarily due to the reduction of hematite and magnetite
to wustite, as well as the associated carbon consumption. After 30 min of isothermal plateau at
950 °C, the magnetite was completely reduced, and metallic iron was identified in all samples.
This phase showed a higher proportion as the temperature increased to 1100 °C, due to the
enhanced carbon gasification and the increasingly thermodynamically favorable conditions for

the reduction of wustite to metallic iron.

After heating to 1250 °C, the highest percentage of metallic iron was achieved, where the higher
the biomass pyrolysis temperature, the higher the reduction progress. This behavior is likely
related to the greater availability of fixed carbon for the iron oxides reduction, as previously
discussed. The fayalite identified in all briquettes results from the presence of reagents with
high silica (Si102) content, formed through the partial association of wustite (FeO) with the S10»
(Equation 2.3) present in the iron ore and sodium silicate used as a binder. It is noted that fayalite

reduced more slowly than wustite, which was also observed in other studies [59,60].

2Fe0 ) + S0 ) = Fe,Si04 (2.3)

From the Mossbauer results, data concerning the total iron content of the briquettes are
illustrated in Figure 2.6. Up to 600 °C, no significant differences were found between the
briquettes studied. However, after this temperature, a continuous increase in the total iron
content was observed, attributed to the evolution of volatiles, the reduction of iron oxides, and
carbon gasification. In this context, the briquettes with biochar pyrolyzed at 550 °C exhibited

higher total iron content.

The reduction efficiency of the briquettes was also evaluated through the carbon and
metallization analyses (Figure 2.7). It can be first noted that the higher the biomass pyrolysis
temperature, the higher the carbon content in the samples, which is consistent with the chemical

analysis of the biochars that compose each briquette (see Table 2.2). The proportion of carbon
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in samples increased up to 300 °C, which can be attributed to the partial decomposition of the
iron ore and binder. However, from this temperature and for all the briquettes studied, a decrease
in carbon content was observed as a function of temperature and time, which reflects its
progressive consumption due to the devolatilization (up to around 600 °C) and gasification
(mainly from 900 °C) stages. When higher temperatures (1250 °C) were reached, the intensified
reactions of iron oxide reduction and carbon gasification promoted the complete consumption
of carbon in the briquettes. These results elucidated that the mass stability and the complete
reduction of samples were limited by the availability of carbon. On the other hand, the
metallization degree of the briquettes increased from 950 °C and advanced progressively with
the temperature, achieving the highest value (86%) at 1250 °C for B550. Therefore, it is evident
that the increasing fixed carbon content provides advantages for the iron oxide reduction and

higher iron formation in the briquettes.
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Figure 2.7. (a) Carbon content and (b) metallization degree of briquettes with biochars after

treatment at different temperatures.
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Nevertheless, considering the use in blast furnaces and the operational parameters of this
reactor, all the briquettes exhibited higher performance in terms of reduction and metallization
in the preparation zone (up to approximately 950 °C). Once the briquettes achieve the
elaboration zone blast furnace in a more reduced state, it leads to lower fuel consumption in
this reactor. In this context, B5S50 obviously would promote greater fuel savings, as it achieved

the highest metallization degree among the briquettes tested.

2.3.2.4. Mechanical strength of self-reducing briquettes

Figure 2.8 shows the compressive strength of briquettes before and after the interrupted tests.
At room temperature, B550 exhibited higher strength, which may be associated with the
phenomena resulting from the thermal decomposition of biomass components during pyrolysis.
In the biochar produced after pyrolysis at 550 °C, there was greater degradation of its
components, where hemicellulose and cellulose were completely degraded (Figure 2.2). This
resulted in a reduced fibrous character and, therefore, lower elasticity, contributing to a more
cohesive structure in the briquettes. According to Narita et al. [61], the elastic recovery of a
material can generate cracks in its structure, reducing its strength. Another reason may be
related to the greater surface area in this biochar (Table 2.3) as a consequence of greater
devolatilization. Thus, the binder’s action within the internal structure of the briquettes is
enhanced, allowing for greater cohesion. On the other hand, the compressive strength values
found for B400 were lower than B250. In biomass treated at 250 °C, the components are in a
more uniform proportion, despite the partial degradation of hemicellulose. After pyrolysis at
400 °C, the proportion of cellulose, the most fibrous component of the biomass, becomes

predominant, concentrating fibrous material in the briquettes and resulting in lower strength.

After interrupted tests, a decrease in the mechanical strength of the briquettes was observed as
the temperature increased, reaching a minimum value at 950 °C after a 30-min isotherm. Up to
600 °C, this drop is likely linked to the thermal decomposition of sodium silicate and the
evolution of volatile matter gas from the biomass, as indicated by the mass loss results. In this
temperature range, the decrease in strength was more pronounced for B250, which has a higher
volatile content. The lower strength at 950 °C may be related to continued devolatilization and
self-reduction reactions. The release of gases resulting from these reactions increases the

internal pressure in the briquettes, contributing to the weakening of their structure [34]. On the
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other hand, after heating at 1250 °C, a significant increase in the strength of the briquettes was
noted. According to the literature [27,34,59], this phenomenon may be associated with the
formation of metallic iron in the agglomerates and sintering of reduced iron particles, as well

as the presence of a liquid phase (slag), resulting in a more cohesive structure.
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Figure 2.8. Compressive strength of briquettes at different heating stages, highlighting the

results from tests interrupted up to 1100 °C.

The external appearance of the briquettes after interrupted tests at different temperatures is
shown in Figure 2.9a. Horizontal cracks are observed on the surface of the samples, which must
be associated with the one-dimensional compaction characteristic of the production method.
These cracks intensified during heating due to the formation and release of internal gases
(devolatilization and self-reducing reactions), as well as the volume expansion related to phase
transitions of internal iron compounds. Among the briquettes studied, B550 exhibited the most
extensive crack propagation, especially after the tests at 950 and 1100 °C, during which
swelling also increased significantly. With the increase in temperature to 1250 °C, all the
briquettes exhibited a reduction in volume. As also reported by Wei et al. [4], the briquettes
shrank after reaching their maximum expansion, indicating that the reduction resulted in a

greater formation of the metallic iron phase. This shrinkage can be justified by the greater
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sintering of the iron particles, the formation of liquid/slag, and the mass loss of carbon and

oxygen from the system [31,62].
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Figure 2.9. (a) Visual appearance and (b) swelling index of briquettes after interrupted tests.

The magnitude of swelling of the briquettes was determined based on the expansion volume
relative to the initial sample, determined by the swelling index (Figure 2.9b). The results reveal
a clear trend in the swelling behavior with increasing biomass pyrolysis temperature.
Furthermore, they indicate that swelling depends on both temperature and reduction time, as
also reported by Kumar et al. [31]. B400 and B550 exhibited significant swelling, particularly
after the plateau at 950 °C, reaching maximum levels at 1100 °C. However, this behavior was
more pronounced in the briquettes containing biomass pyrolyzed at 550 °C. In contrast, B250
maintained its physical and geometrical integrity throughout the analyzed temperature range,
despite the decrease in strength up to 950 °C, characterized by minimal swelling indices

(<20%), which are considered acceptable [27].

It was observed that the swelling of the briquettes occurred mainly during the reduction to
wustite and metallic iron, as also reported in previous studies in the literature [32,33,63].
According to Takano and Mourdo [27], the swelling of pellets containing charcoal begins at
approximately 30% of the overall reaction, during the transition from wustite to metallic iron,
followed by a shrinkage of the agglomerates. Based on the main factors associated with
swelling, the compositional characteristics of the briquettes and their components may explain
the different swelling magnitudes among the agglomerates studied. The greatest variation in
volume in B550 may be attributed to the more intense generation and release of gases within

the briquette structure, which contributed to the development of internal cracks. The high fixed
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carbon content promotes faster gasification, leading to increased internal pressure and,
consequently, more pronounced swelling. Additionally, the ash content in the biochars also
increased with the pyrolysis temperature, which may also influence the observed swelling
behavior. On the other hand, the higher the volatile matter content, the higher the porosity of
the briquettes during heating due to gas evolution. Thus, a more porous matrix facilitates the

release of internally generated gases, reducing internal pressure and mitigating swelling.

After testing at 1250 °C, an inverse trend was observed in the compressive strength of the
briquettes, with B400 showing the highest strength. This behavior is thought to be linked to
swelling phenomena and the formation of specific phases, such as liquid slag and metallic iron,
at this temperature. The abnormal or "catastrophic" swelling exceeding 20% in B550 after
interrupted tests at 950 and 1100 °C may have negatively impacted their structural cohesion
under high-temperature conditions. Mantovani and Takano [30] associated the decrease in
mechanical strength with the swelling phenomenon within this temperature range. Conversely,
B250 exhibited a lower reduction compared to B400, indicating less metallic iron formation

and, consequently, lower mechanical strength.

2.3.2.5. Microstructural analysis of self-reducing briquettes

The microstructure of the briquettes before testing and after heating to 1250 °C was evaluated
via SEM. The briquettes tested at 950 and 1100 °C were not analyzed concerning their
microstructure due to their very low mechanical strength, which made the samples’ preparation

for SEM analysis unfeasible.

Figure 2.10 presents an overview of the internal structure of the briquettes before testing (100x
magnification), where the components are homogeneously dispersed and consist of particles of
different sizes and shapes incorporated in a single matrix (dark region). A better interpretation
of the microstructure of these agglomerates was obtained from the EDS analysis, performed at
random points on the samples and representing their main regions. The briquettes are composed
of phases rich in iron and oxygen, which correspond to the hematite, magnetite, and goethite
oxides (A), and quartz particles (dark gray - B) distributed in a matrix of embedding resin and
biochar (black - C). In these images, the biochar, predominantly formed by carbon and oxygen,

was easily distinguished, with emphasis on its fibrous and porous structure.
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(a) ! ' ()
Figure 2.10. SEM microstructure of briquettes before testing: (a) B250, (b) B400,

and (c) B550. A (light shades of gray): hematite, magnetite, and goethite;
B (dark gray): quartz; and C (black): resin, biochar, and pore.

After testing at 1250 °C (Figure 2.11), the formed microstructure revealed a denser distribution
of small particles, which can result from the coalescence and sintering between the iron metallic
grains to each other. Completely reduced iron (white - D), particles rich in iron and oxygen
corresponding to wustite (light gray - E), and particles formed by iron, oxygen, and silicon
representing fayalite (intermediate gray - F) were identified by EDS analysis. In addition,
analyses of the dark gray regions (G) indicated the presence of iron, oxygen, silicon, and
considerable amounts (> 1%) of sodium, aluminum, potassium, magnesium, and other trace
elements. This phase may be associated with the formation of liquid from different components
of the briquettes (pellet feed, biochar ash, and binder) in a matrix defined as slag, resulting from
the high-temperature process. As the reduction progressed, small metallic iron particles
aggregated to form larger ones, which subsequently separated from the slag [26]. Finally, the
darker regions (black - H) represent a porous matrix composed of resin and small amounts of

residual biochar (since the carbon was consumed throughout the tests) present in the briquettes.

The influence of biomass pyrolysis temperature on the microstructure of the briquettes was also
investigated. In B250, the presence of metallic iron was significantly lower, with a predominant
proportion of wustite, which is consistent with the chemical analysis via Mdssbauer
spectroscopy (Figure 2.6). On the other hand, briquettes produced with biochar pyrolyzed at
higher temperatures exhibited greater amounts of metallic iron in their structure. In this
condition, the metallic iron particles agglutinated and connected more intensely. As an
indication of the reduction mechanism, in B400 (Figure 2.11d) and B550, an external layer of

the wustite phase surrounding the iron particles was observed.
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Figure 2.11. SEM microstructure of briquettes after heating to 1250 °C: (a) B250, (b) B400,
and (c) B550. (d) SEM microstructure of B400, indicating the advancement of the
reduction of wustite into metallic iron. D (white): metallic iron; E (light gray): wustite;

F (intermediate gray): fayalite; G (dark gray): slag; and H (black): resin, biochar, and pore.
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2.4. Conclusions

In this study, self-reducing briquettes produced from pellet feed and sugarcane bagasse
pyrolyzed at different temperatures were evaluated under the thermal regime representative of
a blast furnace, investigating the influence of biomass pyrolysis temperature on the reduction

behavior and mechanical strength of these agglomerates.

Initially, the results indicated that pyrolysis temperature has a significant influence on the
characteristics and physicochemical properties of biochars obtained by thermal pre-treatment.
As the temperature increased, volatile release intensified, and the biochars exhibited higher
surface area and total pore volume. This temperature effect was also reflected in the permanence
of the lignin functional groups and the disappearance of groups associated with hemicellulose
and cellulose, as well as in the distinct thermogravimetric behavior observed among the
samples. These modifications were directly reflected in the performance of the evaluated
briquettes. Thus, controlling pyrolysis conditions is a critical factor in tailoring biomass-derived

biochars for metallurgical applications.

From high-temperature tests, mass loss and reduction degree of the briquettes increased with
temperature, accompanied by a decrease in carbon content. Metallic iron was detected in all
samples at 950 °C, although the use of biomass pyrolyzed at 550 °C resulted in a higher
metallization degree, reaching 86% at 1250 °C, due to the greater availability of fixed carbon
for self-reducing reactions. Through gas analysis, it was concluded that the biochars are highly
reactive and that carbon reactivity is similar among the samples treated at different pyrolysis
temperatures. Sufficient CO is available to reduce wustite to metallic iron, and the reduction is
the reaction-limiting step. Among all the briquettes, B550 exhibited the highest mechanical
strength at room temperature. However, interrupted tests revealed a decrease in compressive
strength during heating for all samples, reaching a minimum at 950 °C, followed by an increase
at higher temperatures, due to the sintering of the reduced iron particles. The strength of the
briquettes after high-temperature heating was directly influenced by swelling behavior,
indicating that excessive expansion during heating compromises structural integrity. Therefore,
controlling this phenomenon is essential to ensure the mechanical performance of the

briquettes.
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Considering the operational parameters of the blast furnace, all the briquettes presented a high
performance in terms of reduction and metallization degree in the preparation zone, which could
result in lower fuel consumption, especially concerning B550. However, B400 exhibited the
highest strength at high temperatures (1250 °C), where the concomitant phenomena of lower
swelling and the formed phases promoted a more stable structure, less susceptible to
degradation. For application in these reactors, where mechanical integrity at high temperatures
(> 1100 °C) is critical, biochar pyrolyzed at 400 °C appears to be more suitable, despite slightly
lower metallization compared to briquettes produced with biochar treated at 550 °C. Although
pyrolysis at 550 °C maximizes reduction, it compromises mechanical strength due to the

occurrence of swelling.
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The thermogravimetric analysis of the pellet feed used in the composition of the briquettes is
presented in Figure 2.S3. The total mass loss comprises the elimination of physically bound
water due to van der Waals forces and hydrogen bonding (up to 200 °C); the dehydration of
goethite, associated with the loss of hydroxyl groups (up to 340 °C); and the dehydroxylation
of clay minerals present in the pellet feed (above 400 °C).
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Abstract

This study investigated the structural evolution at different reduction stages of self-reducing
briquettes produced from pellet feed and 15% by mass of sugarcane bagasse biochar pyrolyzed
at 250, 400, and 550 °C. Interrupted tests conducted at 950 and 1250 °C, combined with XRD,
SEM, and micro-CT characterization techniques, enabled a comprehensive analysis of the
reduction process, as well as swelling and shrinkage behavior, and established a direct
correlation between structural transformations and metallurgical and mechanical performance
of briquettes. XRD analysis revealed the presence of metallic iron in all briquettes from 950 °C
onward, with B550 showing the highest reduction performance. At 950 °C, the briquettes
exhibited low mechanical strength, mainly associated with intensified self-reduction reactions
and swelling within this temperature range, strongly influenced by the formation of metallic
iron whiskers. The more pronounced swelling observed in B550 can also be attributed to the
combined effects of increased internal pressure due to intense gas generation, a higher reduction
degree, and the elevated ash content of the biochar produced at 550 °C. In contrast, B250
maintained its physical and geometrical integrity. After heating to 1250 °C, all briquettes
exhibited volumetric shrinkage and increased mechanical strength, ascribed to the sintering of
metallic iron particles and the formation of a liquid slag phase. This shrinkage was more
pronounced in B400, due to enhanced metallic iron sintering and more uniform reduction of the
briquettes, which promoted a more consolidated structure and resulted in the highest
mechanical strength among the evaluated samples.

Keywords: biochar; self-reducing briquette; reduction; swelling; shrinkage; X-ray

microtomography.
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3.1. Introduction

Due to the intensive use of fossil fuels, the iron and steelmaking industry contributes
substantially to the global greenhouse gas (GHG) emissions [1]. Among the stages of the
steelmaking process, the carbothermic reduction of iron ore accounts for a significant share of
energy consumption and CO> emissions [2]. Considering that the blast furnace is part of the
dominant steelmaking route (BF-BOF), responsible for approximately 70% of global crude
steel production [3], the central role of this process in efforts to mitigate the environmental

impact of the sector becomes evident.

Biomass is a renewable source of carbon with the potential to reduce fossil fuel consumption
in ironmaking. However, raw biomass presents drawbacks such as high moisture, low fixed
carbon content, reduced calorific value, and low density, which limit its direct application in
the iron and steelmaking industry. Consequently, thermochemical conversion processes are
required to produce a solid-derived fuel (biochar) with high carbon content [4—6]. On the other
hand, the thermochemical treatment decreases the mechanical strength of raw biomass, limiting

the direct coke replacement in blast furnaces.

A promising strategy for incorporating the solid-derived fuel from pyrolyzed biomass in
ironmaking is the use of self-reducing briquettes [7-9]. Composed mainly of iron-bearing
materials and carbon-based reducing agents, these agglomerates are recognized for their high
efficiency in iron oxide reduction [10]. However, the reduction process is often accompanied
by structural changes and disintegration of the briquettes, compromising their performance at
high temperatures [11,12]. This drop in mechanical strength is detrimental to stable blast
furnace operation, as it reduces bed permeability and increases fuel consumption [13], making

mechanical strength one of the main barriers to the application of these agglomerates [14].

Swelling is an important metallurgical phenomenon, defined by the extent of volume change in
the agglomerates during reduction [15]. Catastrophic swelling, characterized by a volume
increase exceeding 20% [16], is generally attributed to (i) the formation of metallic iron
whiskers, (i1) phase transformations, (iii) internal stress caused by an uneven reduction rate, and
(iv) carbon deposition [17—19]. The effects of gangue [20], additives [21-23], basicity [24—26],
and reducing atmosphere [19,27,28] have been extensively investigated, highlighting their
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influence on the extent of swelling in these agglomerates. However, the precise mechanism
governing swelling is not fully understood and may vary according to the composition,
reduction conditions, and the microstructure formed during the process. As reduction progresses
at high temperatures, the agglomerates may undergo a decrease in volume, characterizing the
shrinkage phenomenon that follows swelling. This behavior is commonly attributed to the
sintering of metallic iron and the formation of molten slag, which promote particle coalescence,

pore closure, and microstructural densification [11,29].

Understanding the phenomena and reaction mechanisms governing the reduction and structural
behavior of the self-reducing agglomerates is essential for their industrial implementation. This
requires detailed studies and the combined use of characterization techniques capable of
elucidating the underlying processes, their interactions, and the factors that influence both
reduction efficiency and the mechanical properties of the agglomerates. In this context, X-ray
microtomography (micro-CT) stands out as a powerful tool for non-destructive evaluation of
material structure. The technique enables high-resolution three-dimensional (3D) analysis from
large volumes of data through the reconstruction of two-dimensional (2D) cross-sections and

volumetric rendering, allowing the identification of distinct phases or components [30,31].

In recent years, the swelling and shrinkage behavior of agglomerates during reduction has
attracted increasing attention, driven by the interest in applying cold-bonded briquettes in
ironmaking. However, the understanding of these phenomena in self-reducing briquettes,
particularly those incorporating different biomass sources as reducing agents, remains limited.
Although the reduction behavior of these agglomerates has been extensively investigated under
inert and reducing atmospheres [6,32-37], the influence of biomass pyrolysis temperature on
the structural evolution of the briquettes has not been reported. Moreover, studies employing
micro-CT as a characterization tool for self-reducing briquettes are notably scarce. Thus, the
present study investigated the structural behavior of self-reducing briquettes produced from
pellet feed and sugarcane bagasse pyrolyzed at different temperatures (250, 400, and 550 °C),
providing a more detailed analysis of these agglomerates during reduction and a better

understanding of their metallurgical and mechanical performance at different reduction stages.
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3.2. Materials and methods

3.2.1. Raw materials

The raw materials employed in this study (Figure 3.1) were a hematitic-goethitic iron ore,
identified by X-ray diffraction (XRD) using a Panalytical Empyrean diffractometer (Figure
3.2), and sugarcane bagasse biochar as the biomass-derived reducing agent. The pellet feed
consisted predominantly of particles smaller than 212 pm, and its chemical composition,
determined by an energy-dispersive X-ray fluorescence spectrometer ARL™ QUANT’X -
Thermo Scientific™, is presented in Table 3.1. The sugarcane bagasse was pyrolyzed at
different temperatures under controlled laboratory conditions, with a particle size ranging from
0.053 to 0.5 mm (85% by mass > 0.106 mm) in a vertical resistive furnace equipped with a
stainless-steel reactor tube. Approximately 15 g of dried biomass were placed in a graphite
crucible and heated under an inert N> atmosphere (1.5 L/min) at a heating rate of 10 °C/min,
followed by a 2-hour isothermal plateau at 250, 400, or 550 °C. The resulting biochars were
characterized by proximate analysis using a LECO TGA 701 thermogravimetric analyzer
(ASTM D7582-15), and by BET surface area and pore volume measurements using a
Quantachrome NOVA 2200 instrument, as shown in Table 3.2. For BET measurements, N>
adsorption was performed at P/Po below 0.3 (adsorption pressure to atmospheric pressure of

this gas), and the samples were degassed at 120 °C under vacuum for 2 h.

10 mm

() (©)
Figure 3.1. Visual aspect of (a) pellet feed, (b) raw biomass and biochars obtained after

pyrolysis at (¢) 250 °C, (d) 400 °C, and (e) 550 °C.

Table 3.1. Chemical composition in mass percentage (%) of pellet feed.

Fe Si02 ALO3; MgO MnO Co  PyO:s Cl LOI
6323 519 2359 063 055 044 027 023 247

LOI: loss on ignition
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Figure 3.2. XRD pattern of pellet feed. H: hematite; M: magnetite; G: goethite; and Q: quartz.

Table 3.2. Proximate analysis (in dry basis) and physical characteristics of biochars obtained

from sugarcane bagasse pyrolyzed at different temperatures.

Pyrolysis Volatile ~ Fixed Ash Specific Total pore Average
temperature ~ matter  carbon (%) surface area ~ volume  pore diameter
(°C) %) (%) i (m’g)  (mmYg) (A)
Raw biomass  81.25 16.89 1.92 N/A N/A N/A
250 74.31 2296  2.72 0.58 1.90 130.52
400 26.39 65.69 7.93 2.44 4.04 66.35
550 15.18 76.21 8.60 114.58 75.86 26.48

N/A: not measured

3.2.2. Production of self-reducing briquettes

The self-reducing briquettes were prepared from a mixture consisting of 75% pellet feed, 15%
sugarcane bagasse-derived biochar, and 10% aqueous sodium silicate solution (52.86% of
moisture content) with a Si02/NaO ratio of 2.17, with a total moisture content of 12% by mass.
After manually homogenizing the mixture for 15 min, the briquettes were individually produced
in a cylindrical steel die with an internal diameter of 10 mm, using a Bovenau hydraulic press
(maximum load of 15 tons) under an applied load of 2 tons for 3 min, followed by curing in a
muffle furnace at 200 °C for 2 h. Briquettes were identified according to the pyrolysis
temperature of the biochar: B250, B400, and B550.
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3.2.3. High-temperature interrupted tests

Interrupted tests at different temperatures were performed to evaluate the structural and
reduction behavior of the self-reducing briquettes after heating. The experimental setup, shown
in Figure 3.3, consisted of a high-temperature resistive furnace (maximum temperature of
1600 °C), an alumina reaction tube (70 mm diameter), a sample holder (stainless-steel basket
with a diameter of 40 mm) suspended by a Kanthal DS wire (FeCrAl alloy with a diameter of
0.404 mm), and a K-type thermocouple for monitoring the sample temperature. Continuous
monitoring of the outlet gas composition was carried out using a Gasboard 3100 gas analyzer
(Cubic-Ruiyi) connected to the furnace exhaust line. This setup allowed real-time detection and
quantification of CO and CO: concentrations throughout the tests, providing insights into the

reaction progress.

Sealing gas
Gas outlet —
Cooling . — : i | [
system g

Gas analyzer

Kanthal wire

Stainless steel Furnace thermocouple
basket
Alumina

reaction tube — Resistive furnace

Cooling system |

i

—

Gas inlet Sample thermocouple

Figure 3.3. Resistive furnace setup used for high-temperature interrupted tests.

In each interrupted test, six briquettes were heated under an N2 atmosphere at a constant flow
rate of 3 L/min, with a heating rate of 5 °C/min up to 1250 °C. An isothermal 30-min plateau
was maintained at 950 °C to simulate the thermal reserve zone of the blast furnace. The tests

were interrupted at 950 °C after the plateau temperature and 1250 °C by a rapid cooling in a
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pure N> atmosphere, achieved by suspending the wire basket with the samples to the upper

region of the alumina tube, to interrupt the self-reduction reactions.
3.2.4. Characterization of self-reducing briquettes

X-ray diffraction (XRD) analysis was performed to identify the main phases present in the
briquettes, providing insight into the mineralogical changes occurring during the reduction. A
Panalytical Empyrean diffractometer was employed, using Cu (Ka) radiation and operating
under scanning conditions of 3-80° (20), scan step size of 0.06°, acquisition time of 2 s, tube
voltage of 35 kV, and current of 35 mA. Semi-quantitative phase analysis was conducted using
the Rietveld refinement method with HighScore Plus software (version 4.9, Malvern

Panalytical). Briquette samples were ground and sieved to a particle size smaller than 75 pum.

Swelling and shrinkage of the briquettes were quantified through dimensional analysis before
and after tests, enabling the determination of relative expansion and contraction during heating.
The average diameter and height measurements were used to calculate the volume, as shown in
Equations 3.1 and 3.2, where V; and V¢ correspond to the volumes of the briquettes (mm?*) before

and after heating, respectively.
. . Vf—Vi
Swelling index (%) = —— - 100 (3.1)

Vi-Vr
Vi

Shrinkage index (%) =

-100 (3.2)

The microstructural characterization of the briquettes was first assessed by scanning electron
microscopy (SEM), where samples were sectioned perpendicular to the diameter, embedded in
polymeric resin, and prepared through sequential steps of grinding (120, 240, 320, 400, 600,
and 1000 grit) and polishing with diamond pastes of 9, 3, and 1 um. SEM images were acquired
using an FEI Inspect S50 microscope, operated with an acceleration voltage of 20 kV. Chemical
contrast images of the polished samples were obtained using backscattered electrons (EBSD)
and energy-dispersive X-ray spectroscopy (EDS). Morphological analysis using secondary
electrons (ETD) was performed in a FEI Quanta 200 FEG scanning electron microscope

operating with an acceleration voltage of 15 kV and magnifications of up to 2500x. The analysis
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was conducted on sectioned samples mounted on metallic stubs with double-sided carbon
adhesive tape and coated with a thin gold layer (without conventional metallographic

preparation, metallized only).

X-ray micro-computed tomography (micro-CT) was employed to obtain a three-dimensional
view of the internal structure of the briquettes, enabling analysis of the spatial distribution of
phases and semi-quantitative assessment of the constituents before and after the high-
temperature tests. The image contrast—reflected in variations in grayscale levels—is
determined by differences in the X-ray attenuation coefficients of the phases present in the
samples. The attenuation is governed by the probability of photon interactions per unit distance
traveled through a material, which depends on the effective atomic number, density, and photon
energy [38]. The measurements were performed using a ZEISS Xradia 610 Versa 3D X-ray
microscope with an optical magnification of 0.4x and 4x, with an image pixel size ranging from
3.78 to 11.26 um. The applied voltage and power were 140 kV and 21 W, respectively. The
projections were obtained over a 360° rotation of the samples, with exposure time per projection
ranging from 0.3 to 3.5 s. Image processing was carried out using FIJI/ImageJ and the

commercial Avizo software (Thermo Scientific).

The mechanical strength of the briquettes was evaluated before and after the interrupted tests.
The measurements were performed via radial compressive strength testing, in which five
briquettes were individually tested using a Shimadzu AGS-X 300 kN universal machine with a

constant cross-head speed of 0.01 mm/s until fracture.

3.3. Results and discussion

3.3.1. Analysis of mineralogical phases of self-reducing briquettes

Figure 3.4 shows the XRD patterns and phases detected in the briquettes before and after the
high-temperature interrupted tests, while the results obtained from the Rietveld method are
presented in Figure 3.5. These analyses allowed the assessment of reduction progress as a
function of biomass pyrolysis temperature across different heating stages, based on the

transformations of the crystalline phases.
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Before testing, hematite was identified as the major phase in all briquettes, accompanied by
goethite, quartz, and magnetite, consistent with the iron-bearing raw material used in these
agglomerates. The absence of carbon-related peaks can be attributed to the limitations of the
technique, which has no sensitivity for detecting amorphous phases, a characteristic commonly

associated with pyrolysis-derived carbon.
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Figure 3.4. DRX patterns of the briquettes before and after high-temperature interrupted tests.
H: hematite; M: magnetite; G: goethite; Q: quartz; W: wustite; Fa: fayalite;

and Fe: metallic iron.
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At 950 °C, the hydrated goethite and hematite phases were no longer detected in any samples,
indicating their complete decomposition [39] and reduction, respectively. In B250, magnetite
peaks were still observed, reflecting the lower reduction efficiency of these briquettes. At this
temperature, wustite was the predominant phase, and metallic iron was identified in all samples,
confirming the effectiveness of the self-reduction reactions. At high temperatures (> 800 °C),
carbon gasification via the Boudouard reaction (Equation 3.3) is thermodynamically favored,
promoting CO formation within the briquettes and the reduction of iron oxides (Equation 3.4),
leading to the formation of metallic iron [40]. Fayalite (Fe;SiO4) was also detected at this
temperature, which is formed from the reaction between wustite and silica; its presence is

undesirable, as it negatively affects the reducibility of the agglomerates [41].

Fe,0, _+ COy = Fe,0 + 0y, (3.4)

Y(s) Y=L
As the temperature increased to 1250 °C, more intense metallic iron peaks were observed,
reflecting the progressive reduction of wustite. B550 exhibited the most pronounced formation
of metallic iron, likely due to the greater carbon available (Table 3.2) for the gasification and
the consequent reduction of iron oxides. For B250, in contrast, the iron remained predominantly
in the form of wustite and fayalite. These results clearly show that the biomass pyrolysis
temperature has a significant influence on the reduction performance of the briquettes. The
higher the pyrolysis temperature, the higher the reduction degree due to the increased

availability of fixed carbon for self-reduction reactions.
3.3.2. Gas analysis of self-reducing briquettes

The continuous flow rates of CO and CO, during sample heating are presented in Figure 3.6.
Both gases were detected in B250 starting at 280 °C, likely due to the release of residual volatile
matter from the biochar content in these briquettes. According to the literature [42,43], the
release of these gases is primarily caused by the decomposition of hemicellulose and cellulose.
Between 200 and 450 °C, the degradation of these components intensifies, resulting in

significant emission of volatile compounds. On the other hand, minimal gas generation at low
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temperatures for B400 and B550 is attributed to the prior pyrolysis process, where the biomass

underwent more extensive devolatilization.
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Figure 3.6. Variation in the flow rate of (a) CO and (b) CO: generated during heating of the
briquettes up to 1250 °C.

With increasing temperature, a significant rise in gas generation was observed, particularly in
briquettes containing biochar produced at higher pyrolysis temperatures. Overall, B550
exhibited more pronounced CO peaks compared to the other briquettes, likely due to the greater
carbon availability in these briquettes, which promoted more intense self-reduction reactions.
These results indicate that the CO2 produced by the reduction of iron oxides is partially
consumed by carbon gasification (Equation 3.3), thereby favoring CO formation. Moreover, as
the temperature increases, the CO generation increases and CO:2 decreases, which is consistent

with the shift in the Boudouard reaction equilibrium at high temperatures.

In general, a better understanding of the self-reduction potential of the briquettes can be
achieved by their gaseous products. The higher the CO partial pressure, the greater the reduction
potential of the briquette. Then, it can be observed that higher biomass pyrolysis temperatures

result in a greater reducing gas potential and, therefore, a more intense reduction degree.

3.3.3. Swelling and shrinkage behavior of self-reducing briquettes

Figure 3.7a presents a macroscopic view of the briquettes containing biochar pyrolyzed at

different temperatures, both before and after the high-temperature interrupted tests. Before
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testing, horizontal cracks were observed on the surface of the samples, resulting from the
uniaxial compaction applied during their preparation. After heating to 950 °C, B400 and B550
exhibited noticeable swelling, with volumetric expansions of 31% and 75%, respectively, as
shown in Figure 3.7b. This swelling generated internal stresses, leading to crack propagation
and greater deformation of the briquettes. In contrast, B250 maintained its physical and
geometric integrity, with minimal volume increase upon heating and swelling indices below
2%. This behavior indicates a swelling trend in self-reducing briquettes as the biomass pyrolysis
temperature increases, although the biochar pyrolyzed at higher temperatures presents lower
volatile matter content. A volume variation of up to 20% is considered normal, whereas higher
values are classified as abnormal or catastrophic [16,19,44]. Excessive swelling may result in
loss of mechanical strength and disintegration during reduction, which can negatively affect

blast furnace operation [24,28,45].
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Figure 3.7. (a) Macroscopic views and (b) swelling and shrinkage indices of the briquettes

before and after high-temperature interrupted tests. h: briquette height.
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Previous studies have indicated that the magnitude of swelling is related to the nature and
composition of the raw materials, the properties of the agglomerates (e.g., porosity), and
parameters associated with the reduction process, such as temperature, time, heating rate,
reduction degree, and the reducing atmosphere, including the composition and flow rate of the
reducing gas [12,13,15,17,28,44,46,47]. Thus, the parameters that affect the reduction rate also
influence the swelling behavior of the agglomerates [48]. However, the precise determination
of the main causes of swelling is complex, as it involves the interaction of multiple, often
overlapping factors [13,19]. In this context, several subsequent factors may have contributed to

the different behaviors observed in the briquettes under study.

The occurrence of catastrophic swelling in agglomerates is closely linked to high-temperature
reduction processes and is influenced by the total iron and carbon content of the samples, as
also discussed by Vitikka et al. [49]. Tang et al. [50] suggested that phase transitions
accompanied by volume changes may be one of the possible causes of this behavior, resulting
from the transformations of the crystalline structure of iron oxides during reduction [25].
Normal swelling of up to 20% is characteristic of the conversion of hematite to magnetite,
involving a change from a hexagonal to a cubic crystalline structure, and partially as magnetite
is reduced to wustite. Catastrophic swelling, however, occurs during the transformation of
wustite into metallic iron in the final reduction stages [19,21,23]. In this work, expressive
volume expansion of the briquettes at 950 °C was observed during the reduction to wustite and
metallic iron, consistent with previous reports [40,44,49,51] for the same temperature range
(900-1100 °C). Differences in swelling magnitude can be related to variations in the extent of
reduction. Among the samples analyzed, B550 showed the highest reduction to metallic iron,
indicating more intense reactions in these briquettes. XRD analysis (Figures 3.4 and 3.5)
confirmed that increasing the biomass pyrolysis temperature promoted greater conversion of

oxides to metallic iron.

The intensification of self-reduction reactions may be directly associated with the significant
volumetric expansion observed in the briquettes. The inner generation of reducing gases during
the reduction process strongly affects their swelling behavior. The increase in internal pressure
resulting from gas generation and release at the reaction interface, combined with the reduction
of iron oxides at high temperatures, can induce structural stresses that lead to the pronounced

swelling observed in B550. As evidenced by the analysis of evolved gases (Figure 3.6), these
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briquettes exhibited higher CO and CO; generation at elevated temperatures, which is directly
related to more intense self-reduction reactions, promoted by the high carbon content in the
matrix of these agglomerates and enhanced carbon gasification. Thus, catastrophic swelling in
self-reducing agglomerates occurs under conditions where the internal gas composition is
dominated by products of the Boudouard reaction. Similarly, El-Geassy et al. [17] associated
the marked volumetric expansion of pellets with increased internal gas pressure due to the rapid

formation of CO/CQO; and H2/H>O at the reaction interface.

In contrast, the high volatile matter content of biochar treated at 250 °C (74.31%) promotes the
formation of a more porous structure in B250 during the initial heating stages, facilitating the
subsequent release of gases generated internally by self-reduction reactions at elevated
temperatures. In these briquettes, devolatilization occurs at lower temperatures and more
gradually compared to the other studied agglomerates, resulting in lower internal pressure and
reduced swelling. Kang et al. [52] associated high porosity with lower swelling indices, as it
allows better accommodation of stresses induced during reduction. A similar behavior was
observed by Han et al. [11] in agglomerates composed of iron ore and different biomass sources
at high temperatures. The authors reported lower swelling in pellets produced with biochar
containing higher volatile matter (straw fiber), in which the volume was less affected by the

crystalline transformations of iron oxides.

In a previous work [53], the higher magnetite formation in B250 at 600 °C was attributed to
reduction by volatiles. Briquettes produced with biochar pyrolyzed at lower temperatures
release a larger volume of gases (CO and H») during devolatilization, promoting more intense
internal reduction at early stages, which can lead to the formation of porous magnetite and,
subsequently, porous wustite. On the other hand, higher pyrolysis temperatures tend to produce
denser wustite, which, in turn, contributes to greater swelling [28]. Gongalves et al. [54]
compared the morphology of wustite formed after the reduction of hematitic iron ore at 980 °C
using different reducing agents. Their results showed that a denser structure was obtained when
charcoal was employed, whereas reduction by volatiles from raw biomass produced a less
compact microstructure, resulting in a more porous wustite. The high porosity and surface area
of this wustite tend to hinder whisker growth, as the discontinuous matrix and dispersed metallic
cores limit the formation of long, cohesive filaments. Consequently, fewer whiskers are

observed, accompanied by more uniform reduction behavior and reduced agglomerate swelling.
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Therefore, the wustite structure largely controls the surface area and the potential number of

nuclei available for the FeO-Fe reduction step [55].

Swelling behavior may also be influenced by the compositional characteristics of the
agglomerates and their individual components. Thus, the higher ash content of biochar
pyrolyzed at 550 °C (Table 3.2) may have contributed to the greater volume expansion observed
in B550 by increasing the concentration of basic oxides in the briquettes. Furthermore, it should
be noted that no peaks corresponding to iron carbide (Fe3C) were identified in the XRD
analysis, although this phase has been suggested as a potential contributor to swelling in the

literature [17,56].

After testing to 1250 °C, all briquettes exhibited volumetric shrinkage of varying magnitudes,
as shown in Figure 3.7. This phenomenon can be attributed to the coalescence and sintering of
metallic iron particles, as well as the formation of a liquid slag phase at high temperatures,
resulting from the combined presence of binder, ore gangue, and biochar ash. The liquid phase
facilitates the sintering process by promoting particle coalescence and reducing porosity,
leading to greater volumetric contraction of the agglomerates [29]. In this study, B400 exhibited
the highest shrinkage, corresponding to approximately 69% of the initial volume, whereas B550

showed the lowest shrinkage index (45%).

Similar behaviors associated with the sintering of iron particles have also been reported in the
literature for self-reducing agglomerates during the final reduction stages [11,28,29]. These
studies also indicated that the extent of swelling decreases with increasing temperature until
shrinkage becomes dominant. According to Takano and Mourao [16], exposure of agglomerates
to temperatures above 1200 °C promotes iron nucleation and sintering. These processes involve
particle rearrangement and densification, leading to volumetric contraction. Halder and
Fruehan [29] also identified carbon and oxygen loss during reduction as a probable cause of
this shrinkage. At high temperatures, shrinkage progresses more rapidly due to accelerated

reaction kinetics, resulting in enhanced carbon loss and intensified iron sintering.
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3.3.4. SEM microstructural analysis of self-reducing briquettes

SEM-EDS was employed to investigate changes in the microstructure of the briquettes before
and after heating to 1250 °C (Figure 3.8). Chemical analysis was performed on representative
regions of the samples, as detailed in Table 3.3. At the initial stage, the briquettes exhibited a
structure consisting of particles with different sizes and shapes, distributed among iron oxides
such as hematite, magnetite, and goethite (different shades of light gray/A-B), and quartz (dark
gray/C), indicating that the individual characteristics and original morphologies of the iron ore
were preserved after briquetting. These particles were dispersed in a carbon-rich matrix
composed of embedding resin and biochar, along with internal pores (black/D). Under these
conditions, the briquettes showed relatively similar microstructures, with biochar particles

easily identified, appearing as dark, fibrous regions.

After heating to 1250 °C, the microstructure of the briquettes was completely changed, with the
formation of new phases resulting from reduction reactions and the components' assimilation.
Chemical analysis identified the presence of metallic iron (white/E), wustite (light gray/F),
fayalite (intermediate gray/G), and a molten slag phase (dark gray/H). This slag phase,
composed mainly of iron, oxygen, silicon, and sodium, with minor amounts of other elements,
can be associated with liquid formation at high temperatures. The slag originates from the
partial melting of chemical constituents contained in the briquettes, including iron ore gangue,
biochar ash, and binder, and acts as a matrix that assimilates other phases, promoting the
coalescence. The presence of this liquid phase, combined with the coalescence and sintering
phenomena, promotes microstructural densification and directly contributes to the volumetric
shrinkage observed in the briquettes at this temperature (Figure 3.7). The darkest regions
(black/D) represent a porous matrix composed of resin and residual biochar. The
microstructural observations are consistent with the XRD results, confirming the evolution of

reduction products during heating.
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Figure 3.8. SEM microstructure of the briquettes before testing: (a) B250, (c) B400, and
(e) B550, and after heating to 1250 °C: (b) B250, (d) B400, and (f) B550. A/B: iron
oxides (hematite, magnetite, and goethite); C: quartz; D: resin, biochar, and pore;

E: metallic iron; F: wustite; G: fayalite; and H: slag.
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Table 3.3. EDS point analysis of B250 before and after heating to 1250 °C.

Point Chemical composition (%)
A* Fe:84.61; 0:15.12; S1:0.27
B* Fe:72.85; 0:24.69; Si:2.45
C* Si:64.17; 0:35.83
D* C:63.20; 0:35.73; K:1.07
E* Fe:98.9; 0:0.90; Si:0.20
F* Fe:88.86; 0:13.51; Si:0.62
G* Fe:59.67; 0:20.86; Si:16.81; Mn:2.66

H* Fe:29.40; S1:25.92; 0:24.23; Na:12.65; Al:2.82; K:2.44; P:1.33; Mn:1.21

The B400 and B550 briquettes were also morphologically characterized after testing at 950 °C,
and representative images are shown in Figure 3.9. Both samples presented a sparse
microstructure, characterized by a dispersed and discontinuous distribution of particles, with
relatively high porosity. The images revealed the presence of iron-bearing phases and partially
reacted biochar residues that retained part of their original structure after heating. These
particles exhibited lamellar and fibrous structures, along with a fragmented and porous
morphology, indicating that the reducing agent was not completely consumed, even at the high

temperature tested.

Regarding the iron-bearing phases, three distinct morphologies were identified: dense wustite,
porous wustite, and metallic iron in filamentary form. Commonly referred to as whiskers,
filamentary iron consists of fine, elongated, acicular structures formed when metallic iron
begins to nucleate and grow preferentially along specific crystallographic directions on the
surface of wustite. The morphologies of the iron-bearing phases observed in this study were

similar to those reported in pioneering investigations on wustite reduction [45,57,58].

Several studies have reported that the formation of iron whiskers during the reduction of wustite
to metallic iron is one of the main causes of large-scale swelling [28,46,59,60]. Whisker growth
leads to significant volume expansion as the filaments press against adjacent grains [28],
generating internal stresses that may result in microcracks or structural distortion [13].
Moreover, the filamentous morphology itself intensifies this effect, as the whiskers grow
outward from the particle surface, occupying additional space within the agglomerates. In this
study, the presence of iron whiskers observed in B400 and B550 at 950 °C can be directly
associated with the greater swelling magnitude of these briquettes during reduction. According

to Iljana et al. [60], whisker formation not only contributes to swelling but also promotes crack
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development, as the bonding strength of the briquettes is assumed to be lower than the

mechanical stresses generated by the growing filaments pushing against adjacent iron grains.
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Figure 3.9. SEM microstructure of the briquettes after heating to 950 °C:
(a/b) B400 and (c/d) B550.

3.3.5. Micro-CT analysis of self-reducing briquettes

Micro-CT enabled a comprehensive assessment of the internal structure of the briquettes,
providing insights into the reduction process based on the spatial distribution of the main
constituents and the phases formed, as well as their mechanical behavior. In the as-prepared
briquettes (before testing), a homogeneous distribution of the raw materials was observed.
Grayscale intensity profiles allowed the segmentation of two main domains: high-attenuation

regions associated with iron oxides and low-attenuation regions corresponding to the combined
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presence of pores and biochar. Due to the subtle differences in attenuation coefficients, it was
not possible to distinguish individual iron oxides (hematite, magnetite, and goethite) or to
differentiate pores from biochar particles. Nevertheless, the clear contrast between these
broader domains enabled a meaningful structural analysis of the briquettes. Upon heating, a
third phase, corresponding to metallic iron clusters, became clearly distinguishable as a result
of the progression of self-reduction reactions. This behavior demonstrates the technique’s

sensitivity to both structural and compositional evolution during the reduction process.

Figure 3.10 presents cross-sectional views of the tomographic volumes of the briquettes before
and after each interrupted test. Before heating, intermediate gray regions were observed and
attributed to iron oxides, based on their expected X-ray attenuation properties. In contrast,
darker regions detected—ranging from dark gray to black—corresponded to the combined
domain of pores and biochar, both characterized by low attenuation due to their lower density
and effective atomic number. After heating, bright regions became prominent, indicating the
formation and growth of metallic iron, which exhibits the highest X-ray attenuation among the

phases present.

Overall, at 1250 °C, B250 and B400 exhibited a more uniform and homogeneous reduction,
with metallic iron distributed throughout their cross-sections. Among them, B400 showed a
higher volume of the bright region, indicating more extensive sintering and a higher density of
nucleation and coalescence sites, which may explain the greater shrinkage observed among the
briquettes studied (Figure 3.7). On the other hand, despite the larger amount of metallic iron
formed in B550 (Figure 3.5), the reduction progressed preferentially from the external surface
toward the core. This resulted in a more heterogeneous structure, with metallic iron
predominantly concentrated near the surface and sparsely distributed in the interior. This
behavior must be related to the lower volatile matter and higher carbon content of B550. The
greater carbon content promotes a greater Boudouard reaction rate and a greater heat
consumption, which decreases the heat transfer into the briquette. Consequently, reduction was
more effective at the surface exposed to the heat source, while the inner regions remained less
reduced. This reduction pattern is consistent with the lower shrinkage index observed for B550.
Conversely, the higher volatile content in B250 and B400 promoted a uniform reduction in the

briquettes during the biomass devolatilization.
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Figure 3.10. Representative cross-sectional views extracted from tomography volumes of the

briquettes before and after heating.

Micro-CT also allowed a semi-quantitative assessment of the volume fractions of the identified
phases, as summarized in Table 3.4. Segmentation of the reconstructed volumes was carried out
using a fixed threshold applied to the 2D layers of the model, enabling the estimation of the
relative volume fraction occupied by each domain in relation to the total volume of the
briquettes. The analysis focused on two main domains: the combined pores and biochar region
and the metallic iron phase formed during the reduction process. A separate analysis of porosity
was not performed, as it is intrinsically associated with the biochar particles, as evidenced by

the SEM micrographs (Figure 3.8).
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Table 3.4. Volume fractions of the phases as determined by micro-CT.

. Briquette
Phase/domain 5055 400 Bss0
Before testing Metallic i.ron N/D N/D N/D
Pores and biochar 20.34 2546  26.46
950 °C Metallic i.ron 4.57 14.14  20.01
Pores and biochar 33.03 27.21 31.37
1250 °C Metallic iron 15.86 30.84  53.10

Pores and biochar 29.26 19.29  21.09

N/D: not detected

According to Table 3.4, before testing, the volume fraction of the pores and biochar domain
increased slightly with the biomass pyrolysis temperature, ranging from 20.34% in B250 to
26.46% in B550. This behavior is attributed to the intrinsic porosity of the biochar itself (Table
3.2), as the mass fraction added to the briquettes was the same for all samples. During heating,
the temperature played an important role in the evolution of porosity. At 950 °C, the pores and
biochar domain increased in all briquettes relative to their initial state. This effect can be
associated with gas release during biochar devolatilization and carbon gasification, both of
which contribute to pore development. After heating to 1250 °C, its fraction decreased due to
the consumption of biochar (carbon) during self-reduction, concomitant with the formation of
metallic iron and slag. This process results in the filling of internal voids and pores, reducing
the overall porosity [38]. The decrease in porosity was more pronounced in briquettes with
higher metallization, as a result of sintering of the formed iron and the presence of a liquid slag

phase within the briquettes.

On the other hand, the formation of metallic iron showed a positive correlation with increasing
heating temperature, since the iron oxide reduction reactions are favored at high temperatures.
Furthermore, the strong relationship between biomass pyrolysis temperature and the extent of
iron oxide reduction highlights the critical role of carbon availability on the metallization.
Notably, B550 briquettes, which combine high fixed carbon content and low volatile matter,
exhibited the highest metallic iron fraction. Overall, the micro-CT segmentation results
quantitatively corroborate the trends observed in XRD and SEM analyses, confirming the
progressive transformation of iron oxides into metallic iron as a function of both heating
temperature and biochar characteristics. The differences between micro-CT and XRD results
are considered acceptable, given the complex, multiphase nature of the samples and the inherent

limitations of each technique.
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To achieve a more detailed characterization of the metallic iron network, a 3D analysis of the
briquettes was performed, focusing exclusively on metallic iron clusters and complemented by
individual statistical analyses. This approach enabled a comprehensive evaluation of briquette
reduction at high temperatures by considering the entire reduced structure, unlike other methods
that focus only on specific regions of the samples. Furthermore, it provided deeper insights into
the connectivity, coalescence, and volumetric evolution of the metallic phase within the

briquette matrix.

Figures 3.11-3.13 show the 3D distribution and quantitative analysis of metallic iron clusters
in B250, B400, and B550 after heating. For each briquette, the left-side images display the total
matrix volume, followed by the representation of metallic iron clusters rendered in distinct
colors. Each color corresponds to an individual metallic iron particle or cluster, representing a
region of voxels (3D pixels) exhibiting the grayscale intensity of the phase and connected
through a point, edge, or face. In this way, interconnected metallic iron clusters are rendered in
the same color, enabling visual assessment of particle coalescence and sintering. To facilitate
3D visualization, at least one dimension of the briquettes is indicated in the images as a scale
reference. The graphs on the right display histograms of metallic iron cluster size distribution,

expressed as the number of clusters (count) versus their volume (um?) on a logarithmic scale.

In Figure 3.11, B250 exhibited small, dispersed metallic iron clusters at 950 °C, with limited
coalescence and a maximum cluster volume of 1.6 x 10° um®. After heating to 1250 °C, the
clusters became larger and more interconnected, with the maximum volume increasing to
2.7 x 10" um?, indicating progressive sintering. In Figure 3.12, B400 showed a more advanced
reduction already at 950 °C, with greater cluster coalescence compared to B250, reaching a
maximum volume of 1.8 x 10'® pum?. At 1250 °C, a denser and more uniform metallic network
was formed, with metallic iron clusters reaching volumes up to 3.1 x 10'® um?®. B550, in Figure
3.13, displayed the most advanced reduction behavior, with a high density of metallic iron and
large, interconnected clusters with a maximum volume of 1.2 x 10! um? at 950 °C. After
heating to 1250 °C, the metallic phase became further consolidated, maintaining the maximum

cluster volume while exhibiting enhanced structural connectivity.
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Figure 3.11. 3D distribution and volume analysis of metallic iron clusters in B250 after

heating to (a) 950 °C and (b) 1250 °C.

(a) B400 950 °C

B400-950°C|

1.8 x 101

Dinf=10.60 mm
(b) B400 1250 °C

100 10t 108 10° 107 10 10" 10 10" 10" 10"

Volume of Iron Clusters (um®)

B400-1250°C|

Dinf=5.16 mm

3.1 x10%

100 10* 10° 10° 107 10 10° 10" 10" 10 10"
Volume of Iron Clusters (um®)

Figure 3.12. 3D distribution and volume analysis of metallic iron clusters in B400 after

heating to (a) 950 °C and (b) 1250 °C.
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Figure 3.13. 3D distribution and volume analysis of metallic iron clusters in B550 after

heating to (a) 950 °C and (b) 1250 °C.

Overall, increasing the heating temperature enhanced both the presence and spatial distribution
of metallic iron. At 1250 °C, the clusters formed a highly interconnected structure, indicative
of intense sintering and characterized by the coalescence or partial melting of solid iron
particles. In each 3D reconstruction, the same color (pink) represents a metallic iron cluster
whose particles are physically connected, whereas different colors indicate smaller, isolated
iron particles that remain unconnected to others. This behavior reflects the increased
connectivity and interaction within the metallic structure. Moreover, the formation of these
metallic networks from the surface toward the core of the briquettes results in the development
of a metallic shell, likely contributing to the observed increase in mechanical strength after

high-temperature treatment.

It is important to note that the total volume of the briquettes decreased as the temperature
increased up to 1250 °C. Consequently, the absolute sizes of metallic iron clusters may not be
directly comparable across temperature stages, as the analyzed volume itself was reduced.

Therefore, the observed trends in cluster growth and connectivity are more appropriately



99

interpreted in relative terms, reflecting the extent of reduction and the structural evolution of

each briquette under the specific thermal conditions.

In summary, this 3D perspective provides a more representative understanding of material
structures, particularly in heterogeneous systems where features such as pore networks and
particle interconnectivity critically influence material behavior. In contrast, 2D techniques are
inherently limited to specific planes and cannot capture the full spatial arrangement or
connectivity of internal features, potentially leading to incomplete or misleading
interpretations. In this context, micro-CT stands out as a powerful, non-destructive tool for
advanced materials characterization, bridging the gap between surface-level observations and
full-volume structural analysis. This technique proved particularly valuable in the present study,
especially for evaluating the reduction behavior of self-reducing briquettes at high temperatures

as a function of the biomass treatment temperature used in their composition.

3.3.6. Mechanical strength of self-reducing briquettes

The results of the compressive strength tests, along with the corresponding standard deviations
(values in parentheses), are presented in Figure 3.14. Initially, B400 exhibited the lowest
mechanical strength, which can be attributed to thermal decomposition of biomass constituents
during the pyrolysis process. At this temperature (400 °C), the cellulose fraction becomes
predominant, resulting in a higher concentration of fibrous material in the briquettes and,

consequently, lower structural strength.

At 950 °C, all briquettes exhibited low mechanical strength due to cumulative phenomena
occurring during heating, including binder dehydration, biomass devolatilization (primarily
below 600 °C), and the progression of self-reduction reactions accompanied by volumetric
swelling within this temperature range. These reactions generate gaseous intermediates whose
continuous release increases the internal pressure within the briquettes, inducing mechanical
stresses that result in structural weakening [10,38]. Significant volume expansion, particularly
beyond the 20% typically considered normal, is well known to cause a marked decrease in
agglomerate strength [44]. According to Takano and Mourao [16], the lowest strength values
for cold-bonded agglomerates are generally observed at temperatures between 900 and

1000 °C.


https://www.sciencedirect.com/topics/engineering/rupture-strength

100

3500
+188.83 N
- - - B250 ( ‘o
3000 - ,
= - -0- - B400 /
é /
= 2500 A - =A - B550 ,’
= )/
£ 2000 - /
751 /
2 )/
Z 1500 - ,
g )/ (+ 349.61 N)
£ 1000 - / ,X
@) / r'd //
@) (& 7146 N) ,/ L (= 18.75 N)
500 T 47.44N) :==§ ,/ 2
c-- - _§ = !/ £ ?
0 LE9.19N) -T2’ (£4.28-978N)
25 950/isotherm 1250

Temperature (°C)
Figure 3.14. Compressive strength of the briquettes before and after high-temperature

interrupted tests.

After heating to 1250 °C, an increase in briquette strength was observed, attributed to the
enhanced formation of metallic iron and sintering of reduced iron particles [55,61]. At this
temperature, B400 showed the highest strength among the evaluated briquettes, approximately
three times greater than that of the other samples. This superior performance likely results from
the combined effects of metallic iron formation and the swelling phenomenon, which occur
differently depending on the biomass pyrolysis temperature. As shown in Figure 3.10, a more
uniform reduction was observed in B400 at 1250 °C, evidenced by the uniform formation and
distribution of metallic iron throughout the sample. Thus, this promoted a more homogeneous
and consolidated structure, enhancing the mechanical strength of the briquettes. In contrast, the
catastrophic swelling of B550 at 950 °C, associated with the formation and coalescence of the
metallic phase concentrated near the surface of these briquettes (non-uniform reduction), likely
compromised structural cohesion and high-temperature strength. These findings highlight
micro-CT as a valuable tool for identifying and correlating microstructural changes with the

mechanical behavior of briquettes under different thermal conditions.
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Table 3.5 summarizes the main phenomena observed in self-reducing briquettes after high-
temperature heating, highlighting the effects of biochar pyrolysis temperature and enabling a

clear comparison of the intensity and nature of these phenomena across the different samples.

Table 3.5. Main phenomena observed in self-reducing briquettes with biochar pyrolyzed at

different temperatures.

Briquette ~ Reduction Cracking Swelling Shrinkage Strength
Low. Low (porous
B250 i Moderate structure, lower  Intermediate Intermediate
uniform .
internal pressure)
High, catastrophic
B400 Intenpedlate, Moderate . (wh1s1.<ers, Highest Highest
uniform intermediate gas
generation)
Highest,
catastrophic
B550 ngh’. High (whiskers, 1nfcense Lowest Lowest
superficial gas generation,
higher ash
content)

3.4. Conclusions

This study investigated the structural evolution of self-reducing briquettes produced from pellet
feed and sugarcane bagasse pyrolyzed at 250, 400, and 550 °C at different reduction stages.
Non-isothermal interrupted tests, combined with complementary characterization techniques,
enabled a comprehensive analysis of the reduction process, correlating the swelling and
shrinkage behavior of the briquettes with structural transformations and their impact on

metallurgical and mechanical performance.

XRD analysis revealed the presence of metallic iron in all briquettes from 950 °C onward, with
B550 presenting a higher reduction degree, which can be attributed to the greater carbon
availability. This behavior is corroborated by the gas analysis, which indicated more intense

CO peaks for these briquettes, confirming the higher intensity of the self-reduction reactions.

After heating to 950 °C, B400 and B550 exhibited considerable swelling, intensified with
increasing biomass pyrolysis temperature, resulting in volumetric expansions of 31% and 75%,

respectively. The presence of metallic iron whiskers, identified by SEM analysis, was
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associated with the catastrophic swelling of these briquettes during reduction. Furthermore, the
greater swelling magnitude observed in B550 may be attributed to the increased internal
pressure resulting from the greater generation and release of gases at the reaction interface,
which induces structural stresses within the agglomerates, as well as to the higher ash content
of the biochar produced at 550 °C. In contrast, B250 maintained its physical and geometrical
integrity. At 950 °C, all briquettes showed low mechanical strength, primarily due to the
combined effects of binder dehydration, intensified self-reduction reactions, and swelling

behavior observed at this temperature range.

At 1250 °C, all briquettes exhibited volumetric shrinkage, attributed to the coalescence and
sintering of metallic iron particles, as well as to the formation of a liquid slag phase, as
evidenced by micro-CT and SEM analyses. In B250 and B400, the reduction occurred more
uniformly and homogeneously, with metallic iron distributed throughout the cross-section, with
more intense sintering in B400, which may explain the greater shrinkage observed. In contrast,
B550 displayed a more heterogeneous structure, with metallic iron predominantly concentrated
near the surface, reflecting a lower shrinkage index. At this temperature, an increase in
mechanical strength was observed, resulting from extensive metallic iron formation and
sintering of the iron particles. The uniform internal reduction and greater sintering in B400
promoted a more consolidated structure, favoring the highest mechanical strength among the

briquettes.

This study highlighted the potential of micro-CT as a characterization tool for self-reducing
briquettes, which, when combined with complementary techniques such as XRD and SEM,
enables a more comprehensive understanding of the structural evolution of these materials
under different biochar treatment conditions. This integrated approach aligns with the use of
biomass as a renewable carbon source and supports the development of more sustainable

practices in the iron and steelmaking industry.
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Abstract

For blast furnace applications, self-reducing briquettes must meet specific quality requirements
related to their metallurgical and mechanical properties, which are influenced by both the
carbon source and its proportion in the mixture. This study investigated the effect of biochar
content on the reduction behavior and mechanical strength of self-reducing briquettes produced
with pellet feed and sugarcane bagasse biochar pyrolyzed at 400 °C. Briquettes containing
5-15% by mass of biochar were subjected to high-temperature tests under a reducing
atmosphere representative of a blast furnace, while additional tests were conducted under an
inert atmosphere to assess the relative contributions of external reducing gases and solid carbon
from the biochar. Increasing temperature and biochar content enhanced mass loss and
metallization, with briquettes containing 15% biochar achieving the highest values, confirming
the critical role of solid carbon as a reducing agent. Although the reducing atmosphere
intensified mass loss and metallic iron formation, high metallization was also observed in
briquettes with 10% and 15% biochar under inert conditions, suggesting that reduction was
predominantly driven by biochar-derived carbon in intimate contact with iron oxides. The
briquettes presented superior reduction performance compared with conventional blast furnace
burdens (sinter and pellets), particularly at higher biochar contents. The composition containing
10% biochar exhibited the highest mechanical strength at elevated temperatures, accompanied
by substantial metallic iron formation without generating excessive internal pressure due to gas
evolution, as observed in B15. The results indicate the existence of an optimal biochar content
of 10%, providing the best balance between self-reduction efficiency and briquette integrity.
Keywords: biochar content; self-reducing briquette; reduction; mechanical strength; blast

furnace.
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4.1. Introduction

As an energy-intensive sector with high greenhouse gas emissions (GHG), particularly CO»,
the iron and steelmaking industry demands sustainable transformations in its production
processes, both to meet global emission-reduction targets and to ensure long-term
competitiveness (Fan and Friedmann 2021; Liang et al., 2023). In this context, biomass and its
derivatives (biochar), considered renewable and carbon-neutral energy sources (Li S et al.,
2022; Wang et al., 2026), can be employed as alternative fuels in steelmaking, enabling the
partial substitution of fossil inputs and thereby decreasing carbon emissions (Cao et al., 2023;
Chen et al., 2025; Wei et al., 2025). According to Sah and Dutta (2010) and Chai et al. (2024),
self-reducing agglomerates enhance the reaction interface between iron oxides and carbon,
providing more favorable kinetic conditions for reduction, decreasing energy consumption and

emissions in blast furnaces, especially when biomass-based sources are employed.

However, for application in blast furnaces, self-reducing briquettes must meet specific quality
requirements related to reduction performance and mechanical strength (Bizhanov and
Zagainov 2022; Gandra et al., 2023). In such agglomerates, both the carbon source and its
proportion employed in the self-reducing mixture significantly influence their overall
performance. As indicated by Chuanchai et al. (2024), the carbon-oxygen (C/O) ratio directly
affects the extent of reduction, while excessive use of reducing agents can increase raw material
costs. Therefore, the amount of reducing agent added must be sufficient to ensure a high
reduction degree of iron oxides (Bagatini et al., 2014) without compromising the physical

integrity of the agglomerates.

Several studies have evaluated alternative carbonaceous materials in varying proportions as
potential reducing agents in self-reducing briquettes. According to Gandra et al. (2025b),
briquettes containing up to 10% petcoke exhibited sufficient mechanical strength for use in
small blast furnaces and achieved a higher metallization degree under a reducing atmosphere
compared to an inert atmosphere, highlighting the limited participation of petcoke in the
reduction reactions. In self-reducing briquettes containing electric arc furnace dust and
anthracite, an increased C/O ratio caused a progressive decrease in mechanical strength, with
the optimal molar ratio ranging between 1.0 and 1.1 (Wu et al., 2017). Chai et al. (2024)

examined the high-temperature behavior of briquettes with treated biomass (waste wood) and
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observed that, for high C/O ratios, the briquettes contained excess carbon that was not fully
consumed, resulting in low compressive strength at 1200 °C. In a previous study, Ledo et al.
(2026) investigated the influence of biochar pyrolysis temperature on the performance of self-
reducing briquettes produced at a laboratory scale. Although the use of biochar pyrolyzed at
550 °Cresulted in a higher metallization degree, briquettes containing biomass treated at 400 °C
exhibited greater high-temperature strength, indicating more favorable conditions for blast

furnace applications.

However, the development of technologically viable self-reducing briquettes for use in blast
furnaces, as well as the identification of the impact of biochar content and the external
atmosphere in contact with the briquettes, are critical parameters that must affect both the
efficiency of self-reduction and the mechanical strength during heating. In this context, the
present study aimed to evaluate the effect of biochar content on the reduction and mechanical
strength performance of pilot-scale self-reducing briquettes, subjected to a reducing atmosphere
representative of the blast furnace granular zone. The behavior of the briquettes was also
investigated under an inert atmosphere to determine the relative contribution of external
reducing gases and self-reduction reactions promoted by solid carbon from the biochar,
reflecting the reactivity of the reducing agent employed. The tests conducted enabled a
comprehensive evaluation of the reduction mechanisms, phase transformations, gas evolution,
microstructural features, and mechanical behavior of the briquettes under various heating
conditions. A better understanding of the influence of variables related to the addition of
reducing agents in these agglomerates allows process optimization in terms of metallurgical
and mechanical properties, which can contribute to reducing fuel consumption in blast furnaces
and mitigating the environmental impact associated with CO2 emissions from the steelmaking

industry.

4.2. Materials and methods

4.2.1. Raw materials

The briquettes were produced using different proportions of pellet feed and biochar. An ultrafine
hematitic ore was employed, with particles predominantly below 75 pm (93%). The
corresponding chemical composition, determined using an ARL™ QUANT’X energy-

dispersive X-ray fluorescence (EDXRF) spectrometer (Thermo Scientific™), is presented in



115

Table 4.1. Sugarcane bagasse pyrolyzed at 400 °C was used as the biomass source, with particle
sizes ranging from 0.075 to 3.36 mm, of which 92% were within the intermediate range of
0.15 to 2.0 mm. The pyrolysis temperature was defined based on preliminary studies (Ledo et
al., 2026), and the briquettes that exhibited the best performance were then selected for pilot-
scale production. The proximate analysis of the biochar, performed using a LECO TGA 701

thermogravimetric analyzer, is shown in Table 4.2.

Table 4.1. Chemical composition of pellet feed (% by mass).

Feay FexOs SiO; ALO; Mn CaO TiO2 P Oga
68.92 9464 093 132 007 006 005 0.01 29.62

Ored: reducible oxygen

Table 4.2. Proximate analysis of biochar on a dry basis (% by mass).

Fixed carbon  Volatile matter ~ Ash
Biochar component content 62.59 28.82 8.59

Mixtures containing 5%, 10%, and 15% by mass of biochar, 10% binders, and pellet feed in
complementary proportions were homogenized in an Eirich RO8W intensive mixer for 1 min,
with the moisture content adjusted to achieve briquetability above 80%. The binder composition
included a combination of an organic starch-based and an inorganic aqueous sodium silicate
binder in a 1:1 mass ratio. Briquettes were produced using a pilot-scale JReal briquetting press
equipped with pillow-shaped cavities and supplied by an ironmaking company. Drying and
curing were performed at 95 °C for 45 min. The resulting agglomerates exhibited average
dimensions of 31 x 22 X 16 mm and an average mass ranging from 15.8 to 11.9 g per briquette,
which decreased with increasing biochar content. Based on the proportions of the raw materials
and their chemical compositions, the calculated C/O molar ratios were 0.17, 0.35, and 0.56 for
B05, B10, and B15, respectively. Briquettes were identified according to the biochar content of

each mixture.

Table 4.3 presents the chemical composition of the as-received briquettes, including the
reducible oxygen content calculated from the chemical analysis. Total iron content was
determined by wet chemical analysis, while the remaining components were quantified by XRF.
Carbon and sulfur contents were measured using a LECO CS230 elemental analyzer. For

comparison, conventional iron-bearing materials used in blast furnaces (sinter and iron ore
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pellets) were also evaluated. These materials were supplied by an ironmaking company, and
their chemical compositions are included in Table 4.3. Figure 4.1 shows a macroscopic view of

these agglomerates.

Table 4.3. Chemical composition of the agglomerates evaluated in this study (% by mass).

Fery SiO, ALO3; CaO MnO C S Ored

B0O5S 60.28 11.26 0.73 0.14 0.04 6.09 0.05 2590
B10 5330 14.19 045 0.19 0.03 11.08 0.07 22.90
B15 50.70 17.10 0,76 0.26 0.04 1591 0.08 21.79
Sinter 51.21 878 2.01 1146 0.64 N/A N/A 22.01
Pellets 59.88 894 1.52 1.60 0.25 N/A N/A 2573

Ored: reducible oxygen; N/A: not measured

20 mm
(a) (b)
(c) (d) (e)

Figure 4.1. Macroscopic view of the agglomerates evaluated in the study: (a) sinter,

(b) iron ore pellets, and self-reducing briquettes containing (c) 5% (B05),
(d) 10% (B10), and (e) 15% biochar (B15).

4.2.2. Interrupted heating tests

The briquettes were subjected to interrupted tests at different temperatures to evaluate their
reduction performance and mechanical strength under conditions representative of a blast
furnace shaft. The experimental apparatus (macro-thermobalance) is illustrated in Figure 4.2a
and consists of a resistive electric furnace (with molybdenum disilicide (MoSi2) heating

elements and a maximum temperature of 1600 °C), an alumina reaction tube with an internal
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diameter of 70 mm, and a stainless-steel basket sample holder with a diameter of 40 mm
suspended by a Kanthal DS wire (FeCrAl alloy with a diameter of 0.404 mm). Coupled to the
furnace, an electronic Shimadzu balance (model UW620H) equipped with an RS232C output
enabled real-time acquisition of sample mass, while continuous measurements of CO and CO-
generation were obtained using a Gasboard 3100 gas analyzer (Cubic-Ruiyi). A type-K
thermocouple was used to measure the sample temperature, and digital mass flowmeters were

employed to control individual gas flows.
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Figure 4.2. (a) Schematic representation of the experimental apparatus used in interrupted
heating tests, and (b) temperature and atmosphere conditions of the tests carried out under a
reducing atmosphere, projected on the Baur-Glaessner diagram, indicating the reaction path

during the experiments.

Batches of six briquettes per test were heated at a rate of 5 °C/min from room temperature up
to 600, 950 (after a 30-min isothermal plateau representing the blast furnace thermal reserve
zone), and 1150 °C. At each temperature, the tests were interrupted, and the briquettes were
rapidly cooled under a N> atmosphere (flow rate of 3 L/min) by lifting the sample holder to the
upper region of the alumina tube to interrupt the self-reduction reactions. In the reducing
atmosphere tests, a gas mixture composed of 60% N> and 40% of varying proportions of CO
and CO; was used, with a total flow rate of 5 L/min. The atmosphere was controlled by mass
flow controllers to achieve partial pressure ratios PCO/(PCO+PCO>) of 0.4, 0.6, and 0.8 in the
temperature ranges of 25-600 °C, 600-950 °C, and 950-1150 °C, respectively. Figure 4.2b

shows the experimental atmosphere composition and temperature plotted on the Baur-Glaessner
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diagram. Similar heating conditions were applied in tests conducted under an inert (N2)

atmosphere; however, a lower gas flow rate of 1.5 L/min was used.

Sinter and pellets were tested under a reducing atmosphere, using the same conditions
previously described for the briquettes. The samples were heated to a temperature of 1150 °C

at a heating rate of 5 °C/min.
4.2.3. Characterization of self-reducing briquettes

The samples were characterized in terms of chemical composition, mechanical strength, and
microstructural analysis in the different stages of heating. X-ray diffraction (XRD) analysis was
employed to identify the main phases present in the briquettes after the interrupted tests,
providing insights into the reduction behavior of the iron oxides. Measurements were performed
on a Philips-PANalytical Empyrean diffractometer, with a scan range of 3—90° (20), a step size
0f 0.06°, and an acquisition time of 2 s per step. The X-ray tube was operated at a tube voltage
and current of 35 kV and 35 mA, respectively. Semi-quantitative phase analysis was conducted

using the Rietveld refinement method with HighScore Plus software (Malvern Panalytical 4.9).

Chemical analysis was also performed to determine the carbon content using a LECO CS230
carbon and sulfur elemental analyzer, as well as the total iron (Fer) and metallic iron (Fe?)
contents by wet chemical analysis. These results were used to calculate the metallization degree
of the briquettes at different heating stages, expressed as a mass percentage, according to

Equation 4.1.

0

Metallization degree (%) = % 100 4.1)
T

For the evaluation of mechanical strength, five briquettes were tested individually under each

condition using an IMPAC compression machine (model IP-90ME-5000 N) at a constant cross-

head speed of 15 mm/min. Radial tests along the thickness direction were conducted, and the

final value was calculated as the average of the results.

Microstructural analysis was performed by scanning electron microscopy (SEM) using a

Thermo Fisher APREO 2C microscope, operating with an acceleration voltage of 15 kV and
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equipped with secondary electron (ETD) and energy-dispersive X-ray spectroscopy (EDS)
detectors. For this characterization, the briquettes were sectioned perpendicular to their longest
axis and coated with a thin layer of gold, without any additional surface preparation steps.

4.3. Results and discussion

Figures 4.3 and 4.4 show the visual appearance of the briquettes before and after the interrupted

tests conducted under various heating and atmospheric conditions.

B05 B10 B15

Before
testing

600 °C

950 °C
after
plateau

1150 °C

Figure 4.3. External appearance of briquettes with different biochar contents before and after

interrupted heating tests conducted under an inert atmosphere at different temperatures.



120

B05 B10 B15

Before
testing

600 °C

950 °C*
after

1150 °C

Figure 4.4. External appearance of briquettes with different biochar contents before and after

interrupted heating tests conducted under a reducing atmosphere at different temperatures.

Macroscopic analysis revealed differences in the behavior of briquettes produced with varying
proportions of biochar. Briquettes BO5 exhibited greater disintegration at high temperatures,
particularly at 950 °C after a 30-min isothermal plateau, whereas B10 and B15 maintained
higher structural integrity, although crack formation was more pronounced in B15.
Furthermore, the atmosphere also influenced the structural behavior of the briquettes. Under an
inert atmosphere, increased generation of fines was observed after tests at elevated
temperatures, with this effect being more pronounced in samples containing 5% and 10%
biochar. In contrast, under a reducing atmosphere, B05 exhibited more intense fragmentation,
indicating that, in addition to temperature and composition, the reaction environment can

directly affect the structural integrity and macroscopic stability of the briquettes following

heating.
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4.3.1. Mass loss of self-reducing briquettes

The mass-loss curves of the briquettes under different atmospheric conditions are presented in
Figure 4.5. Up to 350 °C, the mass loss can be attributed to dehydration (moisture loss) and the
decomposition and volatilization of the organic binder. According to Pigtowska et al. (2020),
the thermal decomposition of starch typically occurs between 280 and 350 °C, resulting in
molecular breakdown and the release of gases and volatile by-products. In this temperature
range, residual volatile matter from biomass pyrolysis may also be released. Overall, a similar
behavior was observed among all samples, even under different atmospheres, as this mass loss

is not dependent on the external atmosphere.

100 1200
95
% 1000 —— Temperature
- - - BO0S5: inert atm

85 800 ? - - - BI10: inert atm
ggo \8./ - -~ BI15: inert atm
g 75 600 5 —— BO05: reducing atm
= 70 % —— B10: reducing atm

65 400 R B15: reducing atm

60 200 Sinter

35 —— Pellet
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Figure 4.5. Mass loss during heating of briquettes with different biochar contents under inert
and reducing atmospheres, together with the mass loss of sinter and pellets under
a reducing atmosphere, indicating the influence of the atmosphere on the

reduction behavior of the agglomerates.

From 350 °C up to 400 °C, the mass loss of the briquettes increased according to the biochar
content, indicating that this step was majorly dominated by the decomposition of volatiles
retained in the biochar. From 400 °C onwards, the mass loss progressed at a constant reaction
rate with temperature, probably due to the continuous biochar devolatilization, the initial iron
oxide reduction due to the volatiles released (Wei et al., 2016), the external gas when reducing

atmosphere was applied, and even to the beginning of internal self-reduction reactions.
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At high temperatures, particularly above 950 °C, the reaction rate increased considerably, and
differences between the briquettes became more pronounced. This behavior may be attributed
to the intensified self-reduction reactions occurring within the briquettes, which are favored at
high temperatures (Gandra et al., 2023), combined with the effect of an external atmosphere
with higher CO partial pressure (Figure 4.2b). At 1150 °C, the results indicated that the higher
the biochar content in the briquettes, the greater the final mass loss. This behavior is associated
with the higher carbon availability in B15, which promotes CO generation and intensifies the
self-reduction reactions, consequently resulting in higher reaction rates within this temperature
range. These findings demonstrate that, in addition to the thermal effect, the amount of reducing

agent available plays a decisive role in the overall kinetics of the process.

In general, the total mass loss tends to be higher under an atmosphere with CO and CO»,
indicating that the external reducing gases contributed, even if subtly, to the reduction of iron
oxides. However, this small difference reflects the dominant influence of self-reduction
reactions driven by solid carbon from the biochar. According to Bagatini et al. (2020), both
external (gas-phase) and internal (solid-phase) diffusion of the inlet gas can be hindered by the
movement of gases generated from internal reactions and by the compact structure of the

briquettes.

The burdens traditionally used in the blast furnace were tested under a reducing atmosphere and
compared with the briquettes containing different proportions of biochar (Figure 4.5). Pellets
and sinter exhibited negligible mass loss at low temperatures due to their essentially inorganic
nature and the absence of volatile phases. The iron oxide reduction (gas-solid reactions)
becomes kinetically favorable mainly above approximately 600 °C. Nevertheless, even at high
temperatures, the mass loss of these agglomerates remained relatively low, indicating that the
reduction conditions were insufficient to promote significant oxygen removal from their

structures.

4.3.2. Gas analysis of self-reducing briquettes

The data on CO and CO> generated during the heating of briquettes in an inert atmosphere are

presented in Figure 4.6. From 280 °C onward, gas evolution was associated with the

decomposition of the organic binder and the release of residual volatile matter from the biochar
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contained in the briquettes. Up to 400 °C, greater devolatilization was observed with increasing

biochar proportion, in agreement with the mass loss results (Figure 4.5).
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Figure 4.6. CO and CO; evolution during heating of self-reducing briquettes under an inert

atmosphere: (a) 5% (B05), (b) 10% (B10), and (c) 15% biochar (B15).

From 700 °C onward, the increase in gas generation was mainly associated with carbon
gasification (Boudouard) and iron oxide reduction. For all evaluated samples, the flow rate and,
consequently, the partial pressure of CO progressively increased up to the isothermal
temperature (950 °C), followed by a decrease in CO formation, reflecting the strong
temperature dependence of the Boudouard reaction. At the end of the isothermal period and
during the subsequent temperature increase, CO formation resumed, especially in briquettes
with higher biochar content (B15). In these agglomerates, the CO peaks were more pronounced,
likely due to the greater amount of carbon available for regenerative reactions via the
Boudouard reaction, thereby intensifying self-reduction. The decrease in CO observed in the
curves at higher temperatures can be attributed to the lower availability of carbon, especially in
B05 and B10, which have insufficient carbon for self-reduction reactions. Regarding CO», its
generation follows the CO trend, highlighting the interdependence of self-reduction reactions.

For example, in B15, CO> continues to be produced due to the intensified self-reduction.

4.3.3. Evolution of mineralogical phases of self-reducing briquettes

Figures 4.7 and 4.8 show the XRD patterns and the phases identified in the briquettes before
and after the interrupted tests carried out under inert and reducing atmospheres, respectively,
providing a deeper insight into the evolution of iron oxide reduction at different heating stages.

Qualitative and semi-quantitative analyses revealed hematite as the only phase detected in all
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briquettes in the as-received condition, consistent with the nature of the iron-bearing raw
material used in their production. The absence of carbon-related peaks is attributed to the
limitations of the XRD technique in detecting amorphous phases, which is characteristic of

carbon obtained from low-temperature pyrolysis.

After heating to 600 °C, magnetite peaks were detected, indicating partial reduction of hematite.
In both atmospheres evaluated, this reduction may be partially promoted by reactions with
volatiles generated during heating, which are released in greater quantities as the biochar
proportion increases. Under a reducing atmosphere, the presence of magnetite is consistent with
the temperature and gas composition employed up to 600 °C, as projected by the Baur-
Glaessner diagram (Figure 4.2b). Under these conditions, a significant increase in the
proportion of magnetite was observed, particularly with higher biochar content, likely
associated with the higher porosity resulting from the release of volatiles, which enhances the
diffusion of the external gas. The reducing potential of these volatile species was confirmed by
Bagatini et al. (2021) and Gongalves et al. (2024), who showed that the gases released during
biomass pyrolysis contribute to the reduction of iron oxides (hematite and magnetite) at

temperatures below 800 °C.

With increasing temperature, magnetite was gradually reduced, leading to the subsequent
formation of wustite and metallic iron. All briquettes exhibited metallic iron at 950 °C (after an
isothermal plateau), with its fraction progressively increasing both temperature and biochar
content, although B05 showed a predominance of wustite at 1150 °C. This observation is
consistent with the mass-loss data, which indicated that briquettes with lower biochar content
exhibited slower reaction rates, likely due to the insufficient reducing carbon, thereby limiting
self-reduction. In contrast, only metallic iron was detected in B15 at 1150 °C, indicating higher

reduction rates and consequently a more advanced reduction process.
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Figure 4.7. X-ray diffraction patterns and phase fractions determined by Rietveld analysis of
briquettes containing 5% (B05), 10% (B10), and 15% biochar (B15), shown before and after
interrupted heating tests under an inert atmosphere: (a/b) B0S, (c/d) B10, and (e/f) B15.

H: hematite; M: magnetite; W: wustite; and Fe: metallic iron.
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Figure 4.8. X-ray diffraction patterns and phase fractions determined by Rietveld analysis of
briquettes containing 5% (B05), 10% (B10), and 15% biochar (B15), shown before and after
interrupted heating tests under a reducing atmosphere: (a/b) B0S5, (c/d) B10, and (e/f) B15.

H: hematite; M: magnetite; W: wustite; and Fe: metallic iron.

Under a reducing atmosphere, a more intense reduction was observed under all evaluated
conditions. However, at 950 °C, the presence of metallic iron reinforces the role of self-
reduction reactions driven by solid carbon from the biochar in enhancing the reduction

performance of the iron oxides, as metallic iron is not in equilibrium with the temperature and
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atmospheric composition adopted in the experiments (Figure 4.2b). According to Bagatini et al.
(2020), the partial pressure of CO inside the briquettes can exceed the external pressure,
intensifying the resulting reactions. Thus, the carbon contained in the briquettes contributed
significantly to accelerating the reduction even under a reducing atmospheric condition,

particularly at higher proportions of the reducing agent.

Figure 4.9 presents the XRD patterns of the sinter and pellets before and after heating at
1150 °C under a reducing atmosphere. Before testing, characteristic peaks of hematite and
magnetite were identified in higher proportions in the sinter, along with phases associated with
dicalcium silicate and SFCA (silico-ferrite of calcium and aluminum), formed from high-
temperature reactions between the individual raw materials: iron ore, coke, and flux (Nicol et
al., 2018). In the pellets, hematite was the predominant phase, followed by quartz and

magnetite.
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Figure 4.9. X-ray diffraction patterns of (a) sinter and (c) pellets before testing; and (b) sinter
and (d) pellets after heating at 1150 °C under a reducing atmosphere. H: hematite;
M: magnetite; W: wustite; Q: quartz; C: dicalcium silicate; and S: SFCA.

Under reducing conditions up to 1150 °C, peaks corresponding to magnetite and wustite were

detected in both samples. Although the progress of reduction is evident, it remained limited, as
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no metallic iron was detected. This behavior contrasts sharply with that observed in the self-
reducing briquettes, which exhibited metallic iron formation in all compositions at 1150 °C,
including those with the lowest biochar content. This result can be attributed to the reduction
promoted by the fixed carbon in the biochar and the generation of pores during heating, which
enhances the action of the external reducing agent and leads to more efficient utilization of the
reducing gas in self-reducing briquettes. This difference underscores the more efficient
reduction kinetics in these briquettes, due to intimate contact with the reducing agent and more

favorable diffusion conditions provided by volatile release.

4.3.4. Metallization and carbon content of self-reducing briquettes

Figure 4.10 presents the total iron and carbon contents of the briquettes before and after the
interrupted tests, as well as their metallization degrees. The total iron content before the tests
was higher in briquettes BOS5, reflecting the greater proportion of pellet feed in their
composition. Figures 4.10a and 4.10b show that this content increased progressively with
temperature for all samples, due to the advancement of biochar devolatilization, carbon
gasification, and iron oxide reduction reactions, leading to a relative increase in iron
concentration. From 950 °C onward, briquettes with higher biochar content exhibited higher

total iron values, indicating superior reduction performance at elevated temperatures.

The metallization degree calculated for the briquettes (Figure 4.10c) allowed to observe the
fraction of iron converted into metallic iron under different temperature and atmospheric
conditions. From 950 °C onward, regardless of the atmosphere used in the tests, both the
increase of temperature and the biochar content in the briquettes directly enhanced the
metallization, with B15 achieving the highest metallization degree (89.88% and 92.59% at
1150 °C in an inert and reducing atmosphere, respectively). Higher carbon content promotes
continuous CO formation and maintains a more reducing atmosphere inside the briquettes,
enhancing overall reduction efficiency and thereby increasing metallization. Consequently,
improved reduction performance can result in higher operational efficiency and lower fuel

consumption in blast furnaces (Gandra et al., 2025b).
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Figure 4.10. Total iron content in briquettes with different biochar contents before and after
interrupted heating tests under (a) an inert atmosphere and (b) a reducing atmosphere;
(c) metallization degree and (d) carbon content of the briquettes

after testing under different atmospheres.

The reducing atmosphere was more effective in promoting metallization compared to the inert
atmosphere. Thus, both reducing sources—the inlet gas and the solid carbon—contribute to
achieving higher levels of reduction and metallization. This difference was less pronounced for
B15 at 1150 °C, likely because the carbon content in the agglomerates was sufficient for
advanced reduction at these conditions, regardless of the atmosphere employed. These findings
highlight the interplay between the C/O molar ratio and the surrounding atmosphere, suggesting
that even in systems with an additional supply of reducing gas, such as the blast furnace, a
stoichiometric C/O molar ratio of 1, theoretically required for total reduction, may not be strictly

necessary to achieve high metallization degrees.
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The analysis of the carbon content in the briquettes (Figure 4.10d) showed that the initial carbon
content was proportional to the amount of biochar added to the briquettes. As the temperature
increased, carbon levels decreased, particularly above 600 °C, due to the progressive
consumption of carbon during gasification. At 1150 °C, minimal carbon contents (< 0.1%) were
identified in the briquettes containing 5% and 10% biochar, corroborating previous results that
indicated complete reduction of these samples was limited by carbon availability. When the
carbon content in the agglomerate is insufficient, self-reduction reactions cannot be sustained
throughout the thermal process, reducing the conversion of iron oxides into metallic iron.
Moreover, lower residual carbon contents were observed under a reducing atmosphere,
reflecting the greater carbon consumption due to CO> generated from internal self-reduction

reactions and from CO: from the external atmosphere, both through the Boudouard reaction.

In summary, the combined results enabled a detailed evaluation of the reducing performance of
the briquettes with varying biochar contents under different atmospheric conditions,
highlighting the superior reduction efficiency of briquettes with higher biochar content (B15).
Compared to self-reducing agglomerates reported in the literature, this study demonstrated the
high reactivity of the carbon source used, which significantly influenced the reduction of the
briquettes due to the greater efficiency of carbon from the biochar in intimate contact with the
iron oxides, even compared to the external reducing atmosphere. Self-reducing briquettes
composed of iron ore and 10% petcoke, evaluated by Gandra et al. (2025a), achieved a
metallization degree of 22.7% after heating to 900 °C under a reducing atmosphere, in contrast
to 4.1% under an inert atmosphere. These results indicate that petcoke does not directly
participate in reduction and that the atmosphere had a greater impact on reduction performance
than the solid carbon content in the briquettes. Under temperature and atmospheric conditions
similar to those of the present work, Bagatini et al. (2020) observed that briquettes produced
with mill scale and blast furnace dust with a C/O mass ratio of 0.5 reached approximately 75%
metallization at 1100 °C, resulting from the simultaneous action of reducing gas and solid
carbon. In another study, Kowitwarangkul et al. (2014) evaluated self-reducing pellets
containing different carbonaceous materials through non-isothermal tests at 1200°C under a
reducing atmosphere, reporting metallization degrees of 79%, 80%, and 89% for agglomerates
with 18% by mass of coal, charcoal, and coke, respectively, compared to 10% in conventional
pellets. Collectively, these studies highlight the intensification of reduction reactions provided

by the incorporated carbon.
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4.3.5. Mechanical strength of self-reducing briquettes

The compressive strength of the briquettes after heating at different temperatures and
atmospheres is presented in Figure 4.11, along with the corresponding standard deviations. In
the as-received condition, increasing the biochar content led to a decrease in briquettes’
strength, consistent with previous studies (Yokoyama et al., 2012; Wu et al., 2017; Gandra et
al., 2025b), reaching values of 1321.8 N, 1006.2 N, and 854.6 N for B05, B10, and B15,
respectively. This behavior can be attributed to structural, cohesive, and interparticle interaction
factors within the briquette matrix. Higher biochar content results in a more porous and less
dense structure due to the intrinsic characteristics of this material, which can reduce the

mechanical strength of the agglomerates (Pascoal et al., 2022).
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Figure 4.11. Compressive strength of briquettes with different biochar contents before and
after interrupted heating tests under (a) an inert atmosphere and (b) a reducing atmosphere.
Standard deviations are presented numerically above each bar and were calculated

from the results obtained for multiple briquettes tested.

Although there is no established standard for the minimum required strength of briquettes in
industrial applications, the literature provides reference values considered adequate to ensure
physical integrity during handling, transportation, charging, and operation stages (Flores et al.,
2025). According to Li et al. (2022b), cold-bonded briquettes with compressive strength above
2000 N are suitable for blast furnace use. Gandra et al. (2025b), in turn, adopted a reference
value of 1600 N—originally established for iron ore pellets transported over long distances—

when evaluating self-reducing briquettes containing petroleum coke. However, depending on
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the fraction of briquettes used in the burden and for an on-site application in small blast furnaces
(internal volume < 1000 m?), the minimum compressive strength value may be reassessed
according to the specific operational constraints of each reactor. The briquettes analyzed by
these authors exhibited compressive strengths ranging from 210 N to 750 N for compositions
containing 5-15% petcoke. In small blast furnaces, lower mechanical requirements may be
acceptable (Kowitwarangkul et al., 2014). Additionally, Yokoyama et al. (2012) indicate that,
in blast furnaces operating at lower charging rates, strength values around 1000 N may be
sufficient. In the present study, the briquettes exhibited average compressive strength between
854 N and 1322 N before heating, which, although lower than some literature limits, are close
to ranges typically observed for similar feedstocks. For comparison, Kowitwarangkul et al.
(2014) reported that pellets containing 10% by mass of coal, charcoal, and coke achieved
strengths of 590 N, 520 N, and 970 N, respectively, after hydration and curing.

The compressive strength of the briquettes showed a strong correlation with the extent of mass
loss. In both atmospheres, increasing the temperature up to 600 °C resulted in a pronounced
decrease in strength, likely associated with binder decomposition and biochar devolatilization.
For all briquette compositions and atmospheric conditions, the lowest strength was observed at
950 °C after an isothermal plateau, possibly due to intense carbon gasification and reduction
reactions occurring in this temperature range, as proved by the chemical analysis of the
briquettes. The release of volatiles and gaseous intermediates during self-reducing reactions
increases internal pressure within the briquettes, enhancing crack formation and porosity,
consequently decreasing the mechanical strength (Bagatini et al., 2020; Ye et al., 2023).
However, at 1150 °C, the briquettes increased their strength, which must be associated with the
increased formation of metallic iron and sintering (Takano and Mourao, 2003; Chai et al., 2024),

which favors particle coalescence and results in a denser and more cohesive structure.

At high temperatures, BO5 exhibited the lowest strength due to the limited formation of metallic
iron, which restricts particle sintering. This effect was even more pronounced after heating to
950 °C, when the extremely fragile structure prevented compressive strength measurement. On
the other hand, at 1150 °C, despite the higher metallization degree of B15 resulting from
intensified reduction, the composition with 10% biochar achieved the highest mechanical
strength among the agglomerates. This superior performance can be attributed to the combined

influence of gas release during heating and metallic iron formation, processes that occur
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differently among the briquettes depending on the biochar content. At high temperatures, the
positive impact of the reducing atmosphere on the mechanical strength of the briquettes was
also observed, as it promoted reduction progress and, consequently, enhanced metallic iron
formation, resulting in higher mechanical strength. This effect was more pronounced in B15,

likely due to the consumption of excess carbon by the CO: in the atmosphere.

In B10, a substantial reduction of oxides to metallic iron was observed, accompanied by a
decrease in the gas flow generated during heating (Figure 4.6b). These agglomerates are capable
of effectively reducing the oxides and forming metallic iron, which reinforces the briquette
matrix, but without producing the excessive internal pressure observed in B15. In briquettes
with higher biochar content, intense gas generation and its release, evidenced by the pronounced
CO peaks in Figure 4.6¢, can compromise structural integrity, as the accumulation of internal
pressure and the resulting porosity tend to reduce strength. Birol and Saridede (2013) and Chai
et al. (2024) also reported that unreacted carbon can hinder the interconnection between metallic
iron particles, leading to a significant decrease in mechanical strength. In the latter study,
briquettes with a higher C/O ratio contained residual carbon, resulting in the formation of a
granular metallic iron phase with insufficient bonding, which remained surrounded by a large
amount of residual carbon after reduction. Thus, the mechanical strength of the briquettes at
high temperatures is strongly dependent on the balance between metallic iron formation, which
promotes sintering, and controlled gas release. This behavior suggests the existence of an
optimal biomass content, determined by the balance between reduction efficiency and structural

integrity of the briquettes.

The literature also reports changes in mechanical strength after heating, characterized by an
initial decline followed by recovery at higher temperatures. Man-sheng et al. (2011), when
analyzing carbon composite iron ore hot briquettes under simulated blast furnace heating
conditions, observed a reduction in strength up to 800 °C (around 500 N), followed by an
increase at higher temperatures. Similarly, Ledo et al. (2026) evaluated self-reducing briquettes
containing biomass pyrolyzed at different temperatures and identified minimum strength values
around 950 °C. According to Kowitwarangkul et al. (2014), the strength of self-reducing
agglomerates depends not only on the heating temperature but also on the type and fraction of
the incorporated carbonaceous material. The authors reported values of approximately 220 N,

190 N, and 390 N for pellets containing 18% by mass of coal, charcoal, and coke, respectively,
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after reduction at 1000 °C. Chai et al. (2024) also observed a decrease in compressive strength
after reduction between 900 and 1000 °C in briquettes containing residual wood. Agglomerates
with a C/O molar ratio of 0.8 exhibited a minimum strength of 544 N (a reduction of 72.8%
relative to their initial values), whereas a ratio of 0.5 resulted in a compressive strength of 437 N
after heating at 900 °C, with a considerable increase at 1200 °C. In the present study, the low
strength values obtained after high-temperature heating (60—184 N) are slightly lower than

those reported in the literature.

4.3.6. Microstructural analysis of self-reducing briquettes

The briquettes containing 10% and 15% biochar, which maintained their physical integrity
during heating, were subjected to microstructural investigation after reduction tests carried out
at 950 and 1150 °C under a reducing atmosphere (Figure 4.12). This analysis aimed to identify
the morphological evolution and microstructural transformations occurring in the agglomerates
at high temperatures. Semi-quantitative analysis by SEM-EDS allowed the identification of
three distinct phases: biochar (point A), composed predominantly of carbon and oxygen, and
characterized by larger particles with mainly fibrous morphology; metallic iron (point B),
exhibiting iron contents above 93%, indicating the progress of the reduction reactions; and
wustite (point C), associated with a denser structure. As the temperature increased, the
microstructure of the briquettes showed higher porosity, reflecting the advancement of the

reduction reactions and the intensification of diffusion processes.

The micrographs of B10 and B15 at 950 °C revealed a heterogeneous microstructure composed
of multiple phases and distinct morphologies. In both samples, but more pronounced in B15,
elongated and fibrous biochar fragments that had not yet reacted during heating were observed,
partially preserving the original morphology of the lignocellulosic material, suggesting
incomplete consumption of the solid reducing agent at this temperature. Furthermore, wustite
particles were distributed throughout the matrix, often in contact with metallic iron, indicating
that part of the briquettes remained in an intermediate reduction state. Overall, the coexistence
of these phases confirms the progressive nature of the reduction in self-reducing briquettes at

950 °C and highlights its influence on the microstructure of the agglomerates.



135

Figure 4.12. SEM microstructures of briquettes containing 10% (B10) and 15% biochar
(B15) after heating under a reducing atmosphere to (a/c) 950 °C and (b/d) 1150 °C:
(a/b) B10 and (c/d) B15. A: biochar; B: metallic iron; and C: wustite.

Comparison with briquettes tested at 1150°C revealed a significant evolution of the

microstructure relative to the samples treated at 950 °C, with notable differences in the ferrous
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phase detected. In general, the briquettes exhibited a more homogeneous microstructure,
characteristic of an advanced reduction stage, with fewer residual biochar particles, a higher
fraction of regions corresponding to metallic iron, and an intensified sintering phenomenon.
The metallic iron particles displayed more coalesced morphologies, forming larger continuous
regions, in addition to the presence of filamentous structures typical of whisker formation,
indicative of preferential growth under conditions of high reducing activity and enhanced
surface mobility. These features further corroborate the progress of the reduction reactions and
the microstructural evolution associated with higher temperatures. In B15 (Figure 4.12d), the
persistence of biochar fragments indicates that part of the organic material was not fully
consumed during heating at 1150 °C, although these briquettes achieved the highest reduction
degree, reflecting the excess of the solid reducing agent, as evidenced by the carbon analysis.
Additionally, the presence of residual biochar may have contributed to the higher porosity

observed in B15 compared to B10.

The chemical map shown in Figure 4.13 illustrates the distribution of key elements in the
briquette containing 15% biochar after reduction at 1150 °C in two distinct regions of the
briquette (core and surface), corroborating the presence of biochar particles and iron-rich
phases. The analysis was motivated by the observation of a radial color gradient at the
macroscopic scale, suggesting different reduction degrees. The surface layer exhibited a lighter
color compared to the inner regions, indicating higher metallization and mechanical strength,

as evidenced by its lower friability during handling.

In the images, the central region of the briquette exhibited well-defined biochar particles
characterized by high carbon contents, along with iron distributed throughout the analyzed area,
predominantly in metallic form, and higher porosity. In contrast, the surface region showed a
more homogeneous microstructure, with a higher fraction of identified iron and particle
coalescence, as well as the absence of features associated with residual biochar, demonstrating
that the briquette surface achieved a higher reduction degree than the core. Even though it is a
self-reducing briquette, reduction tends to occur from the exterior toward the interior due to
heat transfer, which is more intense at the surface. Since the Boudouard reaction is highly
dependent on temperature, the briquette surface heats up more rapidly upon receiving heat from
the external environment, allowing the available thermal energy to promote faster reduction

reactions in this region. In contrast, heat transport toward the core of the particle is slower,
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delaying carbon (biochar) consumption and resulting in thermal and reaction gradients across
the briquette cross-section. These results corroborate the macroscopic observations and
highlight significant differences in morphology and reduction behavior between the core and

surface of the agglomerate.

(a) (b)
Figure 4.13. EDS elemental mapping of a briquette containing 15% biochar (B15) after

interrupted heating tests at 1150 °C under a reducing atmosphere: (a) core region and

(b) surface region of the briquette.

4.4. Conclusions

In this study, self-reducing briquettes containing 5-15% biochar were evaluated for their
reduction behavior and mechanical strength under different heating stages and atmospheres.
The results indicated that the biochar content significantly influences briquette performance,

affecting both self-reduction efficiency and physical integrity during heating.

A greater mass loss was observed in the briquettes with higher biochar content (B15). Although
the presence of a reducing atmosphere caused a slight increase in mass loss, highlighting its

contribution to the reduction of iron oxides and the consumption of reactants, this effect
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remained minor, especially at low temperatures. The gas analysis corroborated the mass loss
results and emphasized the interdependence of the self-reduction reactions. Gas evolution was
associated with the decomposition of the organic binder and the biochar content in the

briquettes, reflecting the influence of volatile matter and fixed carbon.

Under the evaluated conditions, all briquettes exhibited metallic iron at 950 °C, demonstrating
high reduction efficiency in the blast furnace preparation zone, with the iron fraction
progressively increasing with temperature and biochar content. XRD analysis identified only
metallic iron in B15 at 1150 °C, reflecting a more advanced reduction process and greater
carbon availability. These briquettes achieved the highest metallization degree, with values
substantially higher than those of B05 (a difference of 63.63% at 1150 °C in a reducing
atmosphere), confirming the essential role of solid carbon as a reducing agent. Carbon content
decreased with increasing temperature, becoming practically negligible in BO5 and B10 at
1150 °C, indicating that the reduction of these briquettes was limited by carbon availability.
Compared with the conventional burdens used in blast furnaces (sinter and pellets), the

briquettes exhibited greater mass loss and higher reduction performance.

The reducing atmosphere enhanced the reduction process, which can be attributed to the
synergistic effect of the external gases and the internal self-reduction reactions, as well as to the
increased porosity resulting from volatile release, which facilitates the diffusion of external
gases. However, even under an inert atmosphere, high metallization was observed in B10 and
B15, with differences of less than 10% and 3%, respectively, at 1150 °C. This behavior,
associated with the mass loss of the briquettes, highlights the predominant action of self-
reduction reactions promoted by the solid carbon derived from the biomass. Overall, the carbon
incorporated into the briquettes is more effective than the external atmosphere due to its
intimate contact with the iron oxides inside the briquettes, emphasizing the high reactivity of

the biomass employed.

In the as-received condition, increasing the biochar content compromised the briquettes’
strength. They exhibited average compressive strength values ranging from 854 N to 1322 N,
which, although lower than some of the limits reported in the literature for blast furnace
applications, fall within the typical ranges observed for similar agglomerates. After heating, the

strength decreased up to 950 °C and subsequently increased at 1150 °C, a condition under which
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the briquettes containing 10% biochar showed the best high-temperature mechanical
performance. B10 experienced substantial formation of metallic iron, without generating
excessive internal pressure resulting from gas generation, as observed in B15. The lower
strength observed in BO5 and B15 is linked, respectively, to low metallization and to both
residual carbon and gas accumulation in the briquettes. SEM analysis revealed the progression
of reduction in the briquettes at high temperatures, and also indicated the excess of reducing
agent in B15, as further confirmed by carbon analysis. These results suggest the existence of an
optimal biochar content of 10%, which maximizes mechanical performance, allowing reduction

to proceed efficiently without compromising the structural integrity of the briquettes.
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5. CONSIDERACOES FINAIS

No presente trabalho, foi avaliado o desempenho de reducao e de resisténcia mecanica de
briquetes autorredutores produzidos com pellet feed e biochar derivado do bagaco de cana-de-

acucar, visando sua aplicacao como carga ferrosa complementar em altos-fornos.

A caracterizacdo da biomassa bruta e dos biochars obtidos apos pirolise em diferentes
temperaturas evidenciou o aumento da area superficial € do volume de poros, especialmente a
550 °C, acompanhado da redugdo do diametro médio dos poros devido a formagdo de
microporos € nanoporos. A analise termogravimétrica dos biochars permitiu correlacionar seus
resultados com as respectivas composi¢des, especialmente matéria volatil e carbono fixo,
enquanto as analises de FTIR e microscopia revelaram a decomposi¢do dos principais
componentes da biomassa (hemicelulose e celulose) e a degradacdo progressiva da estrutura
carbonizada em fun¢do da temperatura. Esses resultados demonstram que a temperatura de
pirdlise € um fator determinante no controle da composi¢do, da morfologia e do comportamento

térmico dos biochars, influenciando diretamente o desempenho de briquetes autorredutores.

A partir da caracterizagdo dos briquetes contendo biochars pirolisados em diferentes
temperaturas e produzidos em escala laboratorial, as analises de Mdssbauer evidenciaram que
os briquetes B250 apresentaram reducdo mais pronunciada até 600 °C, efeito atribuido ao
mecanismo de reducdo por volateis. Por outro lado, teores mais elevados de carbono fixo, como
em B550, resultaram em maior perda de massa total e metalizagdo. Considerando os parametros
operacionais dos altos-fornos, nos quais a transformacdo da hematita em wustita na zona de
preparagdo representa a condi¢do ideal para o bom desempenho do processo, todos os briquetes
avaliados demonstraram elevada eficiéncia de redu¢ao, com ferro metalico detectado a 950 °C,
0 que poderia resultar em menor consumo de combustivel, especialmente no caso do
B550. Nessa temperatura, B400 e B550 exibiram um comportamento de metalizacdo similar
(35% e 39%, respectivamente). Contudo, com o aumento da temperatura de aquecimento, B550
apresentou um grau de metalizag¢do superior, atingindo 86% a 1250 °C em comparagdo com o
valor de 28% em B250, indicando maior desempenho de reducdo em temperaturas mais
elevadas. A analise dos gases gerados revelou a alta reatividade dos biochars, resultando em
elevada pressdo parcial de CO a partir de 950 °C, condi¢do termodinamicamente suficiente para

reduzir wustita a ferro metalico.
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Quanto ao desempenho mecanico, os briquetes apresentaram comportamentos distintos em
funcdo da temperatura de pirdlise e de aquecimento. B550 apresentou a maior resisténcia
inicial, enquanto os ensaios interrompidos indicaram uma resisténcia minima de todos os
briquetes em 950 °C. Durante o aquecimento, B400 ¢ B550 exibiram um inchamento
significativo, especialmente apos o periodo de isoterma em 950 °C, atingindo niveis maximos
em 1100 °C. Por outro lado, B250 manteve sua integridade fisica e geométrica, evidenciando
uma tendéncia ao inchamento em fun¢ao do aumento da temperatura de pirdlise da biomassa.
A maior magnitude desse fendmeno observada em B550 pode ser atribuida ao aumento da
pressdo interna decorrente da intensa geragdo de gases durante a autorreducdo, ao maior grau
de reducdo com consequente formagao de whiskers de ferro metalico e ao maior teor de cinzas

no biochar pirolisado a 550 °C.

Apds aquecimento a 1250 °C, os briquetes apresentaram contracdo volumétrica e aumento da
resisténcia mecanica, associados a coalescéncia e sinterizagdo das particulas de ferro metélico
e a formagao de uma fase de escoria. B400 alcangou o maior indice de contragdo (69% do
volume inicial) e uma resisténcia (3253 N) trés vezes superior a dos demais briquetes, resultado
da reduc¢do interna uniforme e de uma distribuicio homogénea das particulas de ferro, o que
promoveu uma estrutura mais sinterizada e coesa. Em contraste, a formagao de ferro metalico
preferencialmente na superficie externa de B5S50 foi associada a um menor indice de contragado
(45%), o que, combinado ao maior inchamento desses briquetes, resultou em uma menor coesao
estrutural e menor resisténcia em altas temperaturas. Esses resultados evidenciam o potencial
da micro-CT como uma ferramenta valiosa para identificar e correlacionar alteracdes

microestruturais com o desempenho de briquetes sob diferentes condi¢des térmicas.

O estudo ampliou a investigagdo sobre o uso de biomassa em briquetes autorredutores, ao
avaliar a influéncia do teor de biochar sobre o desempenho desses aglomerados em escala
piloto, contendo 5—15% em massa de bagago de cana-de-acucar pirolisado a 400 °C. A analise
de gases corroborou os resultados de perda de massa e enfatizou a interdependéncia das reagdes
de autorreducdo. Em ambas as atmosferas avaliadas (inerte e redutora), observaram-se maiores
indices de perda de massa total e metalizagdo nos briquetes com maior teor de biochar (B15),
com valores substancialmente superiores aos do B05. Todos os briquetes apresentaram ferro
metalico a 950 °C, com niveis de reducdo crescentes a medida que a temperatura e o teor de

biochar aumentavam, refor¢cando a importancia do carbono para a efetiva reducio dos 6xidos
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de ferro. Teores despreziveis de carbono (< 0,1%) foram identificados em B05 a 1150 °C,
evidenciando a limitada reducdo desses briquetes, em razdo da menor disponibilidade de
carbono. A atmosfera redutora favoreceu o aumento da perda de massa e do grau de metalizagao
dos briquetes. No entanto, B10 e B15 também apresentaram valores expressivos de metalizagao
em atmosfera inerte (76% e 90%, respectivamente, a 1150 °C), comprovando a efetividade das
reacdes de autorreducdo promovidas pelo carbono solido proveniente do biochar na reducao
dos briquetes. Em comparagdo com sinter e pelota, os briquetes apresentaram eficiéncia de

redugdo consideravelmente superior.

Na condi¢ao em que foram recebidos, os briquetes exibiram menor resisténcia com o aumento
do teor de biochar, enquanto em altas temperaturas, B10 apresentou o melhor desempenho
mecanico. Os resultados indicaram uma formacao substancial de ferro metalico nesses
aglomerados, sem gerar pressdo interna excessiva resultante da geracdo de gas. A menor
resisténcia observada nos demais briquetes esta relacionada com a baixa metalizacdo em BOS5 e

com a presenc¢a de carbono residual e acumulagdo de gases em B15.

Esta Tese evidenciou a influéncia da temperatura de pirdlise e do teor de biochar sobre o
desempenho metaltrgico e a integridade mecanica de briquetes autorredutores. Ao considerar
de forma conjunta os parametros fundamentais para aplicagdo em altos-fornos, briquetes com
biochar pirolisado a 400 °C e teor de 10% mostraram-se mais favoraveis. Embora B550 tenha
apresentado maiores indices de reducdo e metalizacdo, especialmente em temperaturas
elevadas, seu comportamento foi acompanhado por inchamento acentuado e menor resisténcia
mecanica. Ja B400 manteve um desempenho de redugdo comparavel ao de B550 até 950 °C,
exibindo, também, maior resisténcia em altas temperaturas, conferindo melhor estabilidade
estrutural. Ademais, 10% de biochar proporcionou um equilibrio quanto a eficiéncia de redugao
e integridade estrutural dos briquetes. Os resultados obtidos nesse estudo fornecem subsidios
cientificos e tecnologicos para a otimizagdo do uso de biomassa tratada termicamente (biochar)
como agente redutor em briquetes autorredutores, contribuindo para a substitui¢do parcial de
fontes fosseis de carbono na indlstria siderurgica e para o desenvolvimento de cargas

complementares mais eficientes para altos-fornos.
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6. CONTRIBUICOES ORIGINAIS AO CONHECIMENTO

O estudo permitiu analisar, de forma inovadora, a influéncia da temperatura de pirdlise da
biomassa sobre o desempenho de reducao, a resisténcia mecanica e o comportamento estrutural
(inchamento e contragdo) dos briquetes em diferentes etapas de redugdo. Ademais, investigou
briquetes autorredutores produzidos em escala piloto a partir de diferentes teores de biochar de
bagaco de cana-de-acucar, possibilitando a avaliacdo de sua resposta em condigdes mais
representativas da aplicacdao industrial. A partir dessas abordagens, foram determinadas as
condi¢des de pirdlise mais favoraveis que, em conjunto com teores adequados de incorporacao
de biochar na formulacdo dos briquetes, visam maximizar os indices de desempenho e
requisitos operacionais dos altos-fornos. Nesse contexto, estabeleceram-se parametros
consistentes capazes de atender as solicitagdes desses aglomerados, consolidando o uso do
biochar como agente redutor e ampliando o aproveitamento da biomassa em processos

siderurgicos.

Outra contribuicao relevante deste trabalho refere-se a indicagdo de que a composi¢do e as
propriedades do biochar podem influenciar significativamente os fenomenos envolvidos no
processo de redugdo em sistemas autorredutores e na manutengao da integridade mecanica dos
briquetes. Os resultados sugeriram a influéncia da desvolatiliza¢do sobre a geracdo de poros e
consequente ganho de redutibilidade. A liberacdo de volateis ndo apenas favorece a
transformagdo dos 6xidos de ferro, como também pode promover o incremento da porosidade
interna dos briquetes, facilitando a difusdo de gases externos e elevando a eficiéncia do
processo. Esse comportamento foi principalmente evidenciado pela maior presenca de
magnetita nos briquetes com maior teor de biochar (maior teor de volateis) nos ensaios

realizados a 600 °C sob atmosfera redutora.

Ao comparar diferentes atmosferas nos ensaios, os dados de perda de massa e de metalizagdo
evidenciaram a predomindncia da redugdo pelo carbono solido proveniente do biochar em
relagdo a contribuicao da atmosfera externa. Esses resultados destacam a elevada reatividade
do biochar empregado nos briquetes produzidos em escala piloto (bagaco de cana-de-agucar
obtido apos pirdlise a 400 °C) e reforcam sua importancia para a eficiéncia global do processo

de reducdo em briquetes autorredutores.
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Adicionalmente, esse estudo destacou a articulagdo entre a analise dos gases gerados € o
comportamento dos briquetes durante a redugdo, enfatizando a interdependéncia das reagdes de
autorreducgdo e a reatividade dos biochars. A quantificagdo da geracao de gases em func¢do da
temperatura de pirdlise e do teor de biochar sugeriu variagdes na pressao interna desenvolvida
durante a liberacdo de gases oriundos das reagdes de desvolatilizacdo e autorreducdo, que
podem influenciar diretamente a resisténcia mecanica dos briquetes ¢ o comportamento de

inchamento.

Observou-se, também, a formagdo de ferro metalico em temperaturas relativamente baixas
(identificadas nos ensaios a 950 °C), inclusive em comparacdo com matérias-primas
tradicionalmente empregadas em altos-fornos. Esse comportamento ¢ decorrente da reducao
promovida pelo carbono derivado do biochar em contato intimo com os 6xidos de ferro,

podendo contribuir para o aumento da eficiéncia na zona de preparagao do alto-forno.

No ambito tecnologico, esta Tese apresentou as vantagens e limitagdes da microtomografia de
raios X como ferramenta para correlacionar a estrutura interna e o desempenho de redugdo e de
resisténcia mecanica de briquetes autorredutores contendo biochar. Por ser uma técnica ainda
pouco explorada na analise desses aglomerados, sua utilizagdo revelou-se particularmente
relevante ao aprofundar a compreensao do comportamento estrutural desses materiais ao longo
do processo de reducdo. Dessa forma, este trabalho contribui ndo apenas para o entendimento
fenomenoldgico do comportamento dos briquetes autorredutores, mas também estabelece uma
base metodologica consistente para investigagdes futuras e para a otimizacao do desempenho

desses aglomerados em altos-fornos.
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8. SUGESTOES PARA TRABALHOS FUTUROS

Entre os principais pontos recomendados para a realiza¢ao de pesquisas futuras, seja em relagao

aos topicos ja abordados ou aqueles ainda nao explorados, destacam-se:

» Reatividade do biochar: avaliar a reatividade dos diferentes biochars empregados na
composi¢ao dos briquetes por meio de ensaios de gaseificacao ao CO; e sua influéncia sobre

a eficiéncia de reducao ¢ a cinética das reagoes de autorreducao;

= Exploracdo de diferentes fontes de biomassa: avaliar o uso de outras fontes de biomassa e
misturas de biochars, visando a identificacdo de combinag¢des que possam otimizar a
eficiéncia de reducgao e a resisténcia mecanica dos briquetes, considerando, adicionalmente,

aspectos relacionados a disponibilidade regional e aos custos envolvidos;

» Efeito da atmosfera contendo H»: avaliar a influéncia do H> como gés redutor no processo
de reducao dos briquetes, explorando seu potencial como rota siderdrgica de menor impacto

ambiental e reduzido potencial de emissdo de CO»;

» Avaliagdo complementar do desempenho metalurgico e mecanico dos briquetes: ampliar a
caracteriza¢do do comportamento metalurgico dos briquetes, incluindo a determinagdo do
indice de degradacao sob reducdo (RDI), redutibilidade (RI) e crepitagdo, além da realizacao

de testes adicionais de resisténcia mecanica, como shatter test e tumbler test;

= Avaliagdo da porosidade dos briquetes: investigar a evolugdo da porosidade dos briquetes
nos diferentes estagios de aquecimento, correlacionando a estrutura porosa e a distribui¢cdo

do tamanho dos poros com a reatividade e o desempenho durante o processo de redugao;

* Andlise cinética: investigar os parametros cinéticos que influenciam a redu¢do dos briquetes
em sistemas autorredutores, correlacionando-os as condig¢des de pir6lise da biomassa e as
variacoes no teor de biochar, com o objetivo de compreender sua influéncia sobre a eficiéncia

de redugao;
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» Escala industrial: recomenda-se a validagdo dos resultados em escala industrial, incluindo
testes em alto-forno, com o objetivo de avaliar o desempenho dos briquetes em condigdes

operacionais realistas, complementando os dados obtidos em escala laboratorial e piloto;

» [mpacto ambiental e ciclo de vida: avaliar o ciclo de vida e o impacto ambiental associados
ao uso de biochar em briquetes autorredutores, considerando as emissdes de gases de efeito
estufa (COz), o carbono incorporado, o consumo ¢ a eficiéncia energética, a utilizagdo de
recursos, a disponibilidade de matérias-primas e os beneficios ambientais, em comparagao
com processos e cargas tradicionalmente empregados em altos-fornos, contribuindo para a

sustentabilidade do processo siderurgico.
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APENDICE A - Aspecto macroscopico da secio transversal dos briquetes produzidos em

escala piloto

As Figuras A.1 e A.2 apresentam uma visao macroscopica dos briquetes seccionados na dire¢ao
transversal, antes e apos ensaios interrompidos conduzidos em atmosferas inerte e redutora,
permitindo a observacdo, a olho nu, das regides internas dos aglomerados estudados. Trata-se
de uma analise dos briquetes produzidos em escala piloto com diferentes teores de biochar,

conforme investigado no Capitulo 4 desta Tese.

A analise das superficies seccionadas evidencia diferengas estruturais e variagdes de tonalidade
ao longo da secdo transversal dos briquetes, bem como a formag¢do de trincas e de
heterogeneidades internas. Tais caracteristicas estdo diretamente relacionadas aos teores de
biochar e as diferentes temperaturas de aquecimento aplicadas, evidenciando como a
composicdo e as condigdes térmicas influenciam o comportamento dos briquetes. Essas
observagdes podem refletir em diferencas nos indices de resisténcia mecanica, no
comportamento de redu¢do (modelo reacional) e na expansdo volumétrica, demonstrando que
os briquetes apresentam respostas estruturais e reacionais especificas em funcdo de sua

formulacao e do regime térmico adotado.
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Figura A.1. Aspecto visual da secdo transversal dos briquetes antes e apds ensaios

interrompidos em atmosfera inerte.
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Figura A.2. Aspecto visual da secdo transversal dos briquetes antes e apds ensaios

interrompidos em atmosfera redutora.
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APENDICE B - Perda de massa teérica e fragio reagida

Além das curvas experimentais apresentadas nas Figuras 2.4 ¢ 4.5, a perda de massa total teorica
dos briquetes produzidos com biochars pirolisados em diferentes temperaturas (Capitulo 2) e
em teores variaveis (Capitulo 4) também ¢ apresentada nas Figuras B.1 e B.2, respectivamente,
sendo representada pelas linhas tracejadas correspondentes. A perda de massa teorica foi
calculada considerando os fenomenos de desidratacdo, decomposi¢do dos aglomerantes,
desvolatilizagdo e autorredugdo, conforme detalhado nas Tabelas B.1 ¢ B.2. As contribui¢des
referentes & matéria volatil e ao carbono fixo foram determinadas com base nas Tabelas 2.2 e
4.2, bem como na quantidade de biochar adicionada em cada formulagdo, enquanto o oxigénio
disponivel para reagdo corresponde ao oxigénio associado ao ferro presente no pellet feed e a
sua fragdo nos aglomerados. A autorreducao foi estimada assumindo-se o consumo completo
do carbono fixo e do oxigénio redutivel. Essa abordagem possibilitou a comparagao direta entre
os resultados experimentais e tedricos, fornecendo suporte a interpretacao dos comportamentos

observados.

Na Figura B.1, os briquetes B250 apresentaram a maior discrepancia entre as perdas de massa
tedrica e experimental, ndo atingindo o valor maximo estimado. Em temperaturas mais baixas,
a maior perda de massa foi atribuida a desvolatilizagdo mais intensa do biochar tratado a
250 °C. Em contrapartida, em temperaturas mais elevadas, os valores experimentais foram
significativamente inferiores aos teoricos, indicando a ocorréncia de autorredu¢do incompleta.
Esse comportamento pode estar associado a limitada disponibilidade de reagentes nesses
aglomerados, particularmente ao menor teor de carbono fixo, o que pode ter interrompido as
reacgoes de autorreducao e, consequentemente, restringido a perda de massa adicional. Por outro
lado, os briquetes produzidos com biochars pirolisados a 400 °C (B400) e 550 °C (B550)
apresentaram maior concordancia entre os resultados tedricos e experimentais, sugerindo maior
extensao das reacdes de autorredugdo. Contudo, apenas os briquetes B550 atingiram a perda de
massa maxima estimada, provavelmente em fun¢do da maior quantidade de carbono fixo para

reacgao, evidenciando o papel fundamental do carbono no processo de reducao.
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Figura B.1. Perdas de massa experimental e teorica dos briquetes produzidos com

biochars pirolisados em diferentes temperaturas.

Tabela B.1. Perda de massa teorica (%) dos briquetes produzidos com biochars pirolisados

em diferentes temperaturas.

L. Autorreducao Perda de
. . N Matéria .
Briquete = Desidratagdo iy Carbono Oxigénio massa
volatil -
fixo redutivel total
B250 3,80 11,15 3,44 20,38 38,77
B400 3,70 3,96 9,85 20,38 37,89
B550 3,29 2,28 11,43 20,38 37,38

A analise da perda de massa dos briquetes contendo teores varidveis de biochar, apresentada na
Figura B.2, indicou que apenas os briquetes B15 (15% de biochar) atingiram a perda de massa
total estimada, reforgando o papel critico do carbono no desempenho desses aglomerados. Em
contrapartida, BO5 e B10 ndo alcangaram o valor méximo estimado, o que pode ser atribuido
especialmente a quantidade insuficiente de carbono para remover completamente o oxigénio
disponivel, sugerindo que, nessas formulagdes, as reacdes de reducdo nao evoluiram até o seu

limite estequiométrico, resultando em conversdo parcial dos 6xidos de ferro.
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Figura B.2. Perdas de massa experimental e tedrica dos briquetes contendo diferentes teores

de biochar.

Tabela B.2. Perda de massa teorica (%) dos briquetes contendo diferentes teores de biochar.

- . Autorreducdo Perda de
. . ~ Decomposi¢do Matéria A
Briquete = Desidratagao .1 Carbono  Oxigénio massa
aglomerantes  volatil .
fixo redutivel total
B05 1,54 8,0 1,44 3,13 39,29
B10 2,39 8,0 2,88 6,26 43,23
B15 2,20 8,0 4,32 9,39 46,13

Uma avaliagdo mais detalhada dos resultados experimentais de perda de massa possibilitou

calcular a fragdo reagida dos briquetes com diferentes teores de biochar, conforme apresentado

na Figura B.3. Com base nos dados obtidos nos ensaios interrompidos, determinou-se a fra¢ao

reagida maxima em cada intervalo de temperatura, relacionando a perda de massa medida ao

valor teorico total estimado para cada formulacdo. Foram observadas apenas pequenas

variacoes entre as atmosferas avaliadas, refletindo a predominancia das reacdes de autorredugao

conduzidas pelo carbono sélido derivado do biochar. Embora exista uma competi¢do entre os

dois agentes redutores disponiveis (CO fornecido pelo gas de entrada e CO gerado pela

gaseificagdo do carbono so6lido), o carbono em contato intimo com os 6xidos de ferro mostrou-

se mais eficiente do que a atmosfera redutora externa.
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Figura B.3. Fracdo reagida dos briquetes contendo diferentes teores de biochar apds ensaios

interrompidos em (a) atmosfera inerte e (b) atmosfera redutora.
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APENDICE C - Macrotermobalanca X Termobalanca convencional

Uma analise comparativa entre os dados de perda de massa obtidos nos ensaios em
macrotermobalanga e aqueles provenientes da analise termogravimétrica convencional foi
conduzida a partir dos briquetes produzidos em escala piloto, com diferentes teores de biochar,
sob atmosfera inerte de N> (Figura C.1). Esses experimentos complementares foram realizados
em uma termobalanga convencional SDT 650, empregando aproximadamente 11 mg de
amostras cominuidas (< 75 um), aquecidas em um cadinho de alumina a uma taxa de 5 °C/min
até 1150 °C sob atmosfera de N> e vazdo de 100 mL/min. Enquanto a analise convencional
exige que as amostras sejam previamente submetidas a cominui¢ao até uma granulometria mais
fina, a macrotermogravimetria permite a avaliagdo dos aglomerados em sua dimensao original.
Essa abordagem possibilita a observacdo de fendmenos que ndo podem ser capturados em
ensaios convencionais, incluindo gradientes de temperatura e de difusdo gasosa no interior dos
aglomerados, reagdes quimicas que ocorrem ao longo de periodos mais prolongados, colapso
estrutural e efeitos de sinterizagao parcial, além de curvas de perda de massa que representam,

de forma mais realista, o comportamento observado em condigdes industriais.
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Figura C.1. Comparacdo entre as curvas de perda de massa dos briquetes obtidas por
termogravimetria convencional/termobalanca (linhas continuas) e por
macrotermogravimetria/macrotermobalanga (linhas tracejadas)

sob atmosfera de No.
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De modo geral, os resultados evidenciaram boa consisténcia entre as técnicas, indicando que
ambas s3o capazes de captar os principais mecanismos ¢ fenomenos responsaveis pela perda de
massa dos briquetes. Conforme esperado, manteve-se a tendéncia de maior perda de massa nas
formulacdes com maiores teores de biochar, refletindo sua contribuicdo nas etapas de
desvolatilizagdo e de redugdo. As principais diferencas foram observadas nos estagios iniciais
(até 400 °C) e finais (acima de 800 °C) de aquecimento, nos quais a maior area superficial
especifica, a maior acessibilidade dos gases e a auséncia de barreiras difusionais nas amostras
de briquetes cominuidas (nos ensaios na termobalanga) podem favorecer os fendmenos
envolvidos na perda de massa. A maior perda de massa registrada na macrotermobalanca em
temperaturas superiores a 950 °C ¢ atribuida ao patamar isotérmico aplicado nesses
experimentos, o qual ndo foi empregado nos ensaios termogravimétricos convencionais. Essa

condicdo experimental prolongou o tempo de exposicdo as reagdes de autorreducdo,

justificando o desvio caracteristico das curvas tracejadas a partir dessa temperatura.
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