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RESUMO

O empobrecimento das reservas mundiais de minério de ferro tem levado a maior
necessidade de beneficiamento e a tecnologia mais eficiente para a aglomeracdo destes
minérios para aplicacdo siderurgica é a pelotizagdo. No entanto, o controle da umidade é
critico para o processo. A presente tese investigou o uso da tecnologia micro-ondas para o
controle da umidade de aglomerados, através do estudo cinético da secagem em bancada e
piloto, e ainda o efeito no prensamento do minério, pois a granulometria do concentrado
impacta diretamente a etapa anterior de filtragem.

No presente estudo foi apresentado 0 mecanismo cinético para a secagem das pelotas atraves
de micro-ondas, baseado em ensaios de bancada. A secagem completa ocorreu em 150 s,
sendo que 0 método convencional remove apenas 60 % da umidade do aglomerado neste
periodo. Ainda, os fendmenos cinéticos de secagem em escala piloto foram investigados. O
novo processo acoplando aquecimento convectivo com micro-ondas apresentou melhor
secagem gue o processo convencional, ja que as regides de condensacdo no interior do leito
foram completamente mitigadas. Adicionalmente, o processo de cominuigdo por
prensamento foi otimizado pela utilizacdo de micro-ondas. A aplicacdo inovadora para a
operacdo de prensamento de pellet feed elevou a superficie especifica com a exposi¢do a
micro-ondas, devido ao micro-trincamento e secagem dos minerais. A partir da microscopia
Gtica e de varredura foram demostrados estes ganhos.

Portanto, de maneira holistica o estudo contribuiu para uma inovacao na rota de processo
com uso da tecnologia micro-ondas controlando a umidade, aumentando a eficiéncia no

prensamento dos minerais e secagem dos aglomerados.



ABSTRACT

The depleting of the world's iron ore reserves has increased the upgrading need. Currently,
the most efficient agglomeration technology to enable the use of fine ore in the ironmaking
is the pelletizing. However, moisture control is key to the process. The present thesis
investigated the use of microwave technology for the agglomerate moisture control, through
the kinetic study in bench and pilot scale drying, as well as the effect on the ore pressing
process, due the strong impact of the ore particle size on the filtration.

The present thesis proposes a novel kinetic mechanism for the pellets drying by means of
microwaves, in bench scale. The complete drying occurred in 150 s, and the conventional
method removes only 60% of the agglomerate moisture in this period. The kinetic drying
phenomena at pilot scale was investigated. The new process coupling convective microwave
heating had better drying than the conventional process, since the condensation regions
inside the bed were completely mitigated. Additionally, the crushing by pressing was
optimized using microwaves. The innovative application for the pellet feed operation
increased the specific surface area with microwave exposure due to micro-cracking and
drying of the minerals. Optical and scanning microscopy were used in this characterization.
Therefore, holistic the study contributed to an innovation in the process route with the use
of microwave technology controlling the humidity, increasing the efficiency in pressing and

drying the iron ore.



Capitulo 1.  Considerag@es Iniciais

1.1. Desafio da aglomeracéo de finos de minérios de ferro

A escassez de reservas de minério com alto teor de ferro tem aumentado a disponibilidade
de concentrados de baixa granulometria (ultrafinos). Estes sdo considerados inviaveis para
aplicacdo direta nos atuais processos de reducdo, onde o fluxo gasoso é necessario.
Adicionalmente, o aumento do grau de hidratacdo dos minerais e a maior presenca de
ultrafinos (gerados por moagem para liberacdo dos minerais e ainda para melhorar a
aglomeracéo) prejudica a eficiéncia do desaguamento dos minérios. O processo tipico de
filtragem a vacuo depende da permeabilidade da camada de minério sob o meio filtrante para
a extragdo da fase liquida.

O cenario de aumento na geragdo de finos aumenta a relevancia da pelotizagdo como
processo para geracdo de insumo para a producdo de ferro primario, j& que aglomeracéao
ocorre devido as particulas finas com grande superficie especifica apresentarem forcas de
coesdo nos capilares formados entre os finos e a umidade residual. Tradicionalmente, a
mistura de concentrado desaguado e prensado, aglomerantes e fundentes necessita de um
processamento térmico em fluxo contracorrente para que o aglomerado possa adquirir as
propriedades mecanicas adequadas para resistir ao transporte até os reatores de reducéo.
Para a resisténcia mecanica, o endurecimento a quente é obtido através do processamento
em fornos divididos em etapas de secagem, queima e resfriamento. A secagem das pelotas
de minério de ferro ocorre através da convecgéo de calor, recuperando esta energia de etapas
subsequentes do forno. Portanto, o processo tem forte dependéncia do rendimento térmico
das etapas posteriores.

O processo de secagem € o primeiro afetado pela variacdo de umidade. Com base na

literatura publicada, a pelota deve permitir a difuséo de calor para o interior desta, enquanto



a umidade flui do interior para a atmosfera, garantindo que elas ndo colapsem devido as
taxas de aquecimento da regido de queima. No caso de excesso de umidade, o processo de
transferéncia de calor torna-se limitador da produtividade dos fornos, devido ao choque
térmico causado pela maior geracdo de gases no interior da pelota. Atualmente, uma solucéo
encontrada em plantas modernas para o controle da umidade foi a inclusdo da etapa de
prensamento do concentrado apds a filtragem, visando sua cominui¢do do concentrado
apenas para a liberacdo dos minerais e ndo para a geragdo de superficie adicional desejada
pela etapa de pelotizacdo. Esta mudanca de fluxograma proporciona uma menor quantidade
de ultrafinos para a filtragem do concentrado, com melhor permeabilidade da camada de
minério e menor obstrugdo do meio filtrante. No entanto, o prensamento do concentrado
entre rolos (HPGR — High Pressure Griding Rolls) também é um processo sensivel ao
aumento da umidade do concentrado, devido ao escorregamento entre as particulas.
Portanto, ndo somente a etapa de secagem das pelotas, mas também o processo de
cominiucdo deve ser otimizado para garantir a 6tima umidade dos aglomerados.

Estudos recentes demonstram que a cinética dos processos térmicos e de cominuicdo é
favorecida pela aplicacdo da irradiacdo de micro-ondas em minérios e na metalurgia
extrativa. Em geral, essa tecnologia ja € utilizada em diversos processos industriais como
aquecimento, secagem, calcinacdo, reducdo carbotérmica de 6xidos metélicos, lixiviacéo e
fundicdo (Haque, 1999; Kingman et al., 1998; Chen et al., 2012a). As micro-ondas sao ondas
eletromagnéticas com frequéncias entre 300 MHz e 300 GHz, ou seja, possuem
comprimentos de onda de 1 a 300 mm. Huang et al. (2012) afirmaram que o método de
secagem do minério de ferro com micro-ondas em termos de eficiéncia energética é superior
aos métodos convencionais.

O processo de pelotizagdo de minério de ferro utiliza energia de forma intensiva e o fato da

tecnologia micro-ondas néo utilizar a queima de hidrocarbonetos para seu funcionamento



torna-se uma vantagem consideravel na reducdo de gases poluentes, minizando a geracao de
gases de efeito estufa pelo potencial de menor utilizacdo de combustiveis sélidos (Saito et
al., 2011; Chen et al., 2012a; Huang et al., 2012; Zhao et al., 2014). As micro-ondas séo
geradas por energia elétrica e possuem uma eficiéncia de conversdo termoelétrica de
aproximadamente 50% para frequéncias de 2450 MHz e 85% para a frequéncia de 915 MHz,
segundo HAQUE, 1999. Embora alguns autores decrevam 0 uso para secagem de minério,
a literatura é bastante escassa quanto aos fenébmenos cinéticos e efeito do uso de micro-
ondas.

O comportamento dos diferentes minerais em relagéo as micro-ondas ocorre de trés maneiras
distintas, podendo ndo sofrer qualquer influéncia (transparente as micro-ondas, como a
silica), refletir (como ocorre com 0s metais) e absorver essas ondas (dgua ou hematita).

O presente estudo investigou o comportamento dos aglomerados e minérios submetidos a

esta tecnologia, com objetivos descritos no capitulo seguinte.



1.2. Objetivos

O presente trabalho teve como objetivo central investigar e caracterizar a hipotese
tecnoldgica de controle da umidade de pelotas de minério de ferro através do uso de micro-
ondas, em forno de grelha movel (travelling grate). Adicionalmente ao objetivo geral, a
presente tese busca contribuir para o conhecimento dos fendmenos de secagem e a interagao
do minério de ferro com as micro-ondas, de acordo com 0s seguintes objetivos especificos:
- Avaliar o estado-da-arte da tecnologia de micro-ondas na inddstria mineral e o processo de
aglomeracéo de pelotas de uma operacao industrial no estado-da-arte atual;

- Investigar o efeito das micro-ondas na secagem de um leito de pelotas;

- Investigar a cinética da secagem de pelotas submetidas a agdo de micro-ondas.

- Avaliar modificacGes estruturais e fenébmenos que afetam a qualidade fisica da pelota de
minério de ferro durante a secagem;

- Avaliar o comportamento do concentrado de minério de ferro prensado apds ser submetido

a exposicdo em um forno micro-ondas.



1.3. Estrutura da Tese e Descrigdo dos Artigos

A presente tese foi redigida a partir de cinco artigos publicados em periodicos relevantes

nacionais e internacionais que seguem o cronograma de desenvolvimento da pesquisa. Além

dos artigos apresentados, o ultimo capitulo deste documento foi destinado as consideragdes

finais que entrelagcam as informacdes obtidas em todas as etapas do desenvolvimento da tese,

sendo possivel destacar a contribuicdo cientifica de cada capitulo de forma individualizada.

A seguir sdo citados os artigos que se referem aos capitulos da presente tese e a contribuicéo

de cada um deles no desenvolvimento dessa pesquisa:

Artigo A - Aplicagdo de Micro-ondas como Alternativa ao Desafio do
Processamento de Minérios e Metais: andlise do estado-da-arte da aplicacdo das
micro-ondas na industria extrativa, na area de aglomeracdo e cominui¢do de
mIneérios;

Artigo B - A Case Study of Pellet Size Fractions Influence on Pelletizing Operation:
caracterizacdo de uma operacdo industrial de pelotizacdo com fornos convencionais
onde a transferéncia de calor predominantemente ocorre por convecgao;

Artigo C - Iron Ore Pellet Drying Assisted by Microwave: A Kinetic Evaluation: o
artigo propds o mecanismo cinético do processo, inédito na literatura, de secagem
de pelotas de minério de ferro através de micro-ondas, através de estudos em
bancada;

Artigo D - Novel Drying Process Assisted by Microwave to Iron Ore Pelletizing:
Apos a investigacdo da secagem de pelotas individuais, foi investigada a condigdo
inovadora em ambiente similar ao processo industrial, em leito de pelotas;

Artigo E - Iron Ore Concentrate Particle Size Controlling Through Application of

Microwave at the HPGR Feed: Investigacdo do efeito da secagem do minério de



ferro e geracdo de micro-trincamento induzido nas particulas através do uso de

micro-ondas e sua relagdo com a eficiéncia de prensagem.



Capitulo 2. Artigo A - Aplicacdo de Micro-ondas como Alternativa ao Desafio do

Processamento de Minérios e Metais

Maycon Athayde and Mauricio Covcevich Bagatini

Artigo publicado em 15 de junho de 2017 na revista Brasil Mineral, n 372, pp 24 —29. ISSN

0102 - 4728

Sumario

Nos Ultimos 20 anos Vvérias investigacdes sobre os efeitos da aplicacdo de irradiacdo de
micro-ondas em minérios e na metalurgia extrativa tém sido realizadas e essa técnica vem
sendo utilizada em Vvarios processos industriais como aquecimento, secagem, calcinacéo,
reducdo carbotérmica de 6xidos metélicos, lixiviacao e fusdo (Haque, 1999; Kingman et al.,
1998; Lovas et al., 2010; Xiu-jing et al., 2010; Koleini et al., 2012). Além das aplicacbes
citadas, Jones et al. (2002) inclui ainda nas aplicacbes o processamento de alimentos,
secagem de madeira, tratamento de plastico e borrachas e cura e pré-tratamento de materiais
ceramicos. A evolucdo da tecnologia nos processos industriais é de grande interesse em
todos os ramos das industrias, principalmente no que se refere aos residuos de processo
(Lovés et al., 2003). Este trabalho apresenta uma revisdo acerta do uso da tecnologia de

micro-ondas no setor industrial.



2.1. Comportamento dos materiais frente as irradiacdes de micro-ondas

N&o apenas a agua reage as micro-ondas. Segundo HAQUE (1999), CLARK et al. (2000),
USLU et al.(2003), WATERS et al. (2007) e SAHOO et al.(2011a), os materiais comportam
se de trés maneiras frente a radiacdo de micro-ondas, podendo ndo sofrer qualquer influéncia,
sendo transparentes as micro-ondas, como os silicatos, carbonatos e sulfatos (KINGMAN et
al., 2000), refletir, como ocorre com 0s metais, ou absorver essas ondas, caso dos alimentos,
sulfitos, arsenietos, sulfossais (KINGMAN et al., 2000; KINGMAN et al., 2004). CLARK
et al. (2000) cita um quarto tipo de comportamento de materiais frente a tais radiacoes, que
seriam absorvedores mistos. Esse comportamento é observado em compdsitos ou em
materiais multifasicos em que uma ou mais fases apresentam altas perdas dielétricas
enquanto outras apresentam baixas perdas dielétricas (propriedade fundamental para
absorcéo das ondas). De fato, o incremento de temperatura surge devido ao aquecimento

pelo atrito dos dipolos em rotacdo ou por causa da migracdo de componentes i6nicos

(materiais condutores) conforme ilustrado pela Figura 2.1-1.
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Figura 2.1-1 Realinhamento de dipolos em funcdo do campo eletromagnético.
Tal aquecimento depende da taxa do fator de perda (relagéo entre a perda dielétrica com a
constante dielétrica do material), sendo que, quanto maior for esse fator, mais facilmente
ocorrera 0 aquecimento. Adicionalmente, a distor¢cdo da nuvem de elétrons ao redor de

moléculas ou atomos apolares devido a presenca de um campo elétrico externo pode gerar



dipolos induzidos de forma que o movimento desses elétrons resulta em friccdo no interior
do dielétrico, sendo que a energia dissipada por essa fric¢do surge na forma de calor (JONES
et al., 2002; MAKUL et al., 2014). A Figura 2.1-2 ilustra 0 comportamento e a penetragéo
de micro-ondas através dos trés tipos de materiais.

Ll f
Ewrrada de AMscre-sadar

(©

Figura 2.1-2 - Comportamento dos trés tipos de materiais frente a irradiagdo de micro-

ondas (OGHBAEI et al., 2010).

2.2. Consolidagéo da Utilizagdo de Micro-Ondas em Processos Industriais

O aquecimento via micro-ondas se diferencia do convencional devido as micro-ondas serem
uma forma eletromagnética de energia e poderem penetrar profundamente na amostra, o que
permite que o aquecimento ocorra volumetricamente (SAHOO et al., 2011a; CHANDRA-
SEKARAN et al., 2011; MAKUL et al., 2014). O aquecimento convencional aquece o material
de fora para dentro através dos mecanismos de transferéncia de calor: convecgédo, condugdo e
radiacdo (SAHOO et al., 2011a; CHANDRASEKARAN et al., 2011). As maiores vantagens
de se usar micro-ondas no processo industrial sdo a velocidade da transferéncia de calor, o
aquecimento direcional, 0 menor tamanho do equipamento, a agilidade na comutacao e a au-
séncia de produtos de combustdo que contribui para a reducdo de residuos de processo. Além

destas vantagens, o0 equipamento permite um bom controle do aquecimento, ndo necessitando



de contato direto com os materiais. Importante incentivo ao uso da tecnologia micro-ondas é
néo fazer uso da queima de hidrocarbonetos para o seu funcionamento implicando na reducéo
de emissdo de gases poluentes (PICKLES, 2009; SAITO et al., 2011; HUANG et al., 2012;
ZHAO et al., 2014). A reducdo volumétrica de gases com 0 uso de micro-ondas € alcangada
através da pirolise ao invés da incineragdo dos residuos para prevenir a formacao de dioxinas,
furanos e NOx (JONES et al., 2002). Segundo CHA (1993), o carvao ativado é um excelente
absorvedor de micro-ondas e também um 6timo agente redutor. Quando o carbono é colocado
em um campo de energia de micro-ondas ele atinge altas temperaturas rapidamente e, com isso,
um alto gradiente de temperatura é estabelecido entre o ar e as particulas de carbono. Caso o ar
contenha NOx e SO», o0 carvao ativado ira capturar o oxigénio desses dxidos a uma taxa muito

mais alta do que quando ndo ha a energia do campo de micro-ondas.

2.3. Tratamento de Residuos Industriais

LAM et al. (2012) realizaram estudos acerca do aproveitamento de éleo de motor automotivo
através da pirdlise em um reator (de quartzo em forma de sino) que utiliza a energia de micro-
ondas como fonte de calor. Os produtos da pir6lise consistiam em uma mistura de liquidos e
gases hidrocarbonetos e solidos em suspensao existente numa fase vapor. Esses produtos sdo
valiosos para a utilizacdo como combustiveis. Dessa forma, produtos prejudiciais ao meio
ambiente podem ser transformados em produtos Uteis, servindo como fonte alternativa de
energia de hidrogénio ou de hidrocarbonetos. JONES et al. (2002) realizaram estudos acerca de
escorias infiltradas em refratarios de magnésia e cromo, onde 0 aquecimento convencional em
conjunto com o micro-ondas € uma alternativa devido a capacidade de temperar 0s materiais,
ao facil manuseio e ao baixo custo. A cada ano, na Europa, veiculos automotivos fora de
circulacdo geram de 8 a 9 milhdes de toneladas de sucata (FERRAO et al., 2004), que é

constituida de materiais plasticos (19%), borrachas (20%), materiais téxteis e fibras (10%),



madeira (2%), metais (8%), 6leos (5%) e outros materiais (36%). DONAJ et al. (2010)
estudaram a reciclagem de retalhamentos automotivos com a pir6lise via micro-ondas
combinado com gaseificacdo de vapor a alta temperatura. A conversdo atingiu 99% dos
liquidos e 45-55% dos sélidos de acordo com a fracdo de tamanho. Esse conceito mostrou que
é possivel gerar produtos com valor de mercado (por exemplo, gasosos), preservando a
integridade dos metais em cada etapa do processo (que podem ser reutilizados posteriormente).

Nesse desenvolvimento, todos os solidos organicos foram convertidos em combustiveis.

2.4. Pré-tratamento de Minérios para Processamento Metallrgico e Cominuicao

Quanto aos tratamentos preliminares do minério ilmenitico, estudos realizados por NURI et
al. (2014) através de XPS (X-ray Photoelectron Spectroscope) mostraram que a quantidade
de Fe** na limenita aumentou de 48,5% para 66,0% apds 2,5 minutos de irradiacio de micro-
ondas. O uso de aquecimento via micro-ondas € vantajoso na modificacdo de propriedades
quimicas e fisicas dos minérios de cobre (LOVAS et al., 2003). LOVAS et al. (2003)
realizaram experimentos sobre a decomposicdo da tetraedrita via micro-ondas utilizando
carvao ativado. Durante a referida decomposicdo houve liberacdo das substancias volateis
Hg, Sb e As. ApGs a irradiacdo, a tetraedrita tornou-se fortemente magnética e foi separada
a partir do carvéo ativado. O melhor resultado da diminui¢do da quantidade de Sb foi de
14,3% para 0,8% e da quantidade de Hg de 0,8% para 0,1% com relacdo massica entre
tetraedrita e carvao ativado de 1:1.

Segundo KINGMAN et al.(1998), os minérios sdo constituidos de materiais com
propriedades mecanicas e térmicas muito distintas. Quando a energia de micro-ondas atinge
esse minério, ocorrem, em seu interior, tensdes de varias magnitudes que se devem aos
processos de aquecimento e resfriamento do corpo. Como os coeficientes de expansao

térmicos dos constituintes desse minério sdo diferentes, as tensdes geradas causam fraturas



de naturezas inter e/ou transgranulares (KINGMAN et al., 1998; KINGMAN et al., 2000).
Da mesma forma, ocorre o fenbmeno conhecido como fuga térmica, pois os materiais
heterogéneos ndo apresentam um aquecimento uniforme de seus constituintes (HAQUE,
1999). Obviamente, as fraturas ocorrem preferencialmente em minérios que contém bons
absorvedores de radiacdo de micro-ondas em uma matriz de material de pouca absorgéo
(KINGMAN et al., 2000; KOLEINI et al., 2012). KINGMAN et al. (2000), também
afirmam que o efeito da radiacdo de micro-ondas é mais significante se a amostra for mais
consistente em vez de finamente disseminada.

Observa-se que, em geral, 0s minérios sao 0s responsaveis pela absor¢do das micro-ondas e
a ganga é transparente ao referido tratamento com excecao, por exemplo, da pirita, principal
ganga do minério de sulfeto macico, que se comporta absorvendo as micro-ondas
(KINGMAN et al., 2000). O mesmo autor afirma que 0s minerais que apresentam aumento
significante da temperatura quando da exposi¢cdo a radiacdo de micro-ondas sdo
considerados como 0s responsaveis pela absorcdo dessas ondas, enquanto 0s que tém
pequenas varia¢Oes de temperatura sao transparentes para a radiacao.

KUMAR et al. (2010) mostram que o minério de ferro, quando exposto a um tratamento
com irradiacdo de micro-ondas, sofre fissuras. A Figura 2.4-1 ilustra 0 minério antes e apds
o0 tratamento de micro-ondas. Tais fissuras proporcionam uma maior eficiéncia na posterior

moagem do minério.



Figura 2.4-1 - Amostra de minério de ferro antes (a) e depois (b) da exposicdo de micro-
ondas (KUMAR et al., 2010).
Segundo ALI et al. (2010), a tensdo térmica causada pela aplicacdo de micro-ondas na
galena-calcita € maximizada quando ha altas taxas de dissipacdo dessa energia. Ainda 0s
mesmos autores afirmam que as micro-trincas que surgem da aplicacdo de micro-ondas sao
orientadas radialmente a partir dos contornos de grdo da fase absorvente. O aumento do
tempo de exposicdo as micro-ondas aumenta consideravelmente o nimero de micro trincas.
A energia requerida (absorvida) aumenta linearmente com o tempo. O tempo de exposi¢do
(0,1 s) as energias requeridas sdo as mesmas (Ein = 0,868 kWh/t), porém o numero de trincas
da granulometria grosseira € 71,2 vezes o da granulometria fina. KINGMAN et al. (2000)
investigaram também a influéncia da irradiacdo de micro-ondas no BWI (Bond Work Index)
de vérias amostras utilizando uma poténcia de 2,6 kW como mostra a figura 2.4-2. E possivel
observar claramente que 0 método apresenta efeito significante sobre os minérios de ilmenita
e carbonato. O minério de sulfeto macico também apresenta reducédo significativa de BWI
com o tempo de exposi¢do. Ja 0 minério refratario de ouro sofre pouco ou nenhum efeito
sob a irradiacdo. No estudo de KINGMAN et al (2000) o minério de ilmenita possuia
mineralogia grossa e sua estrutura continha magnetita (excelente absorvedor de micro-

ondas), ilmenita (bom absorvedor de micro-ondas) e matriz de plagioclasio (mal absorvedor



de micro-ondas), ou seja, trata-se de um material com grande potencial de apresentar

microfissuras como foi constatado e ilustrado na Figura 2.4-2.
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Figura 2.4-2 - BWI versus tempo de exposicdo as micro-ondas para diferentes minérios
(KINGMAN et al., 2000).
Estudos de KINGMAN et al.(2004) indicam que amostras de minério de chumbo-zinco
tratadas com micro-ondas a 15 kW apresentaram menos que 55% de sua resisténcia original
apos 1 segundo de exposicdo. Ainda segundo 0s mesmos autores, para amostras tratadas com
poténcia de 5 kW ocorre uma queda significante da resisténcia ap0s exposicdo de 5
segundos. Estudos de KOLEINI et al.(2012) mostram a variacao da taxa especifica de quebra
guando do tratamento de micro-ondas de 1100 W e 2,45 GHz durante 3 minutos. Para cada
tamanho de particula foram utilizadas duas amostras de 300g para medir a taxa especifica
de quebra. Tais amostras foram analisadas com e sem o tratamento de micro-ondas. Os

valores das taxas sdo mostrados na

Tabela 2.4-1 percebe-se que, apds o tratamento com micro-ondas, a taxa de quebra
aumenta, sobretudo para as amostras com particulas maiores (aproximadamente 12 % entre

2,00 mm e 2,36 mm e 8 % entre 0,300 mm e 0,355 mm).



Tabela 2.4-1 - Taxa especifica de quebra (min™) (KOLEINI et al., 2012).

Tamanho das Particulas (mm)
-236+20 -14+1,18 -1+0,850 -0,355+ 0,300
Sem tratamento 0,4318 0,9542 0,7876 0,5572
Tratada com micro-ondas 0,485 1,0588 0,8582 0,6013

Estado da Amostra

XIU-JING et al. (2010) estudaram os efeitos da poténcia das micro-ondas sobre a taxa de
lixiviagdo de laterita contendo limonita. A melhora de até 30 % na taxa de lixiviacdo do
niquel pelo aumento de 300 W no tratamento com micro-ondas € explicada pela migracao
de espécies ibnicas e/ou rotacdo de espécies dipolares que promovem o processo de reacdo
liquido/sélido devido ao incremento de superficie de contato entre os reagentes. Quando a
poténcia do forno de micro-ondas é de 800 W (poténcia 6tima de operacdo) a taxa de
lixiviagdo alcanca o valor de 92 % (XIU-JING et al., 2010).

Ainda, XIU-JING et al.(2010) investigaram o tempo 6étimo de exposi¢do de micro-ondas
para a lixiviagdo de niquel. Pode-se observar que com uma exposi¢do de 6 minutos, a taxa
de lixiviacdo sobe para cerca de 92 %. E possivel notar que exposicdes maiores que 0
referido intervalo de tempo néo alteram consideravelmente a lixiviagéo, visto que a diferenca
ocorrida entre 6 e 8 minutos € muito pequena (92,76 % para 6 minutos e 92,97 % para 8
minutos). Assim, conclui-se que o tempo 6timo de exposicéo € de 6 minutos apenas (XIU-
JING et al.,, 2010. OLUBAMBI (2009) verificou que € possivel extrair uma maior
quantidade de metais através de biolixiviagdo de minerios sulfetados complexos com o uso
preliminar de micro-ondas. Os experimentos de OLUBAMBI (2009) foram procedidos a
temperaturas entre 32 e 35 °C com velocidade de agitagdo constante igual a 150 rpm,

densidade de polpa igual a 10 % e indculo a 12 %.y. Estudos de CASTRO et al. (2014)



mostram a reducdo carbotérmica de 20 g de pelotas autorredutora por meio de um micro-

ondas que opera com 2,45 GHz e 4,5 kKW.

2.5.  Melhoria de Eficiéncia Energética de Processos Industriais a partir do uso de

Micro-ondas

PICKLES (2009) apresentou a calcinacdo e sinterizacdo de carbonato de manganés pelo
método convencional e por meio de micro-ondas (Figura 2.5-1). Apds 0s minutos iniciais, a
taxa de calcinagdo no forno de micro-ondas aumenta repentinamente ultrapassando a do
forno tradicional. Ao final o processo com micro-ondas termina o processo de calcinacéo

alcancando uma perda de massa superior e tempo de processamento 10 minutos inferior.
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Figura 2.5-1 - Perda de massa no minério de manganés em funcéo do tempo de

processamento para a técnica convencional e por micro-ondas (PICKLES, 2009).

A Figura 2.5-2 ilustra a diferenca estrutural entre a amostra operada na forma tradicional e
com micro-ondas. E notavel que o forno convencional (Figura 2.5-2 a) gerou muitas fraturas
no material, porém para o tratamento com micro-ondas (Figura 2.5-2b) as trincas sdo muito

mais pronunciadas.



Figura 2.5-2 — Microscopia eletronica de varredura de carbonato de manganés tratado via

forno convencional (a) e via forno micro-ondas (b) (PICKLES 2009).

2.6. Reducéo de Minérios e Fusdo de metais

Ainda de forma a otimizar o processo de ignicdo no processo de sinterizacao de minérios de
ferro, HUANG et al. (2012) considerou o MHI (Microwave Heating Ignition) onde a
temperatura atingida para a sinterizacdo foi menor, como também a energia consumida. As
velocidades de sinterizacdo sdo praticamente iguais e os valores de rendimento,
tamboramento e produtividade foram maiores. Essas informagdes sdéo mostradas na

Tabela 2.6-1. Além disso, a energia consumida na ignicdo é muito menor para o MHI (43,77

MJ/mz2 contra 185,13 MJ/m2 do CGI (Coal Gas Ignition)).

Tabela 2.6-1 - Comparagéo entre MHI e CGI no processo de sinterizacdo (HUANG et al.,

2012).
.~ Temperatura 1EC VSS oy Rendimento  Produtividade
Ignicao oy MIm?)  (mmimin) ) (0p) (t/(m2.h))
MHI 660 1377 2423 59,50 76,60 183

CaGl 1050 185,13 24,89 58,78 76,13 1,76




O maior volume de oxigénio no MHI reduz a temperatura de ignigdo como também permite
gerar calor suficiente para o processo de sinterizacdo. Além disso, as quantidades de SOz e
NOx no processo utilizando MHI sdo muito inferiores as quantias no que usa CGlI (HUANG

et al., 2012). Essas informagdes séo ilustradas na Figura 2.6-1.
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Figura 2.6-1 - Quantidades de O2, SO, e NOx no gas de combustdo durante a igni¢ao

(HUANG et al., 2012).

Em termos financeiros, para o cenério de precos atuais, isto representa uma redugdo de 57%
no custo energético. Mesmo para processos ainda mais tradicionais como a geracao de ferro
gusa a partir de minério de ferro, segundo HARA et al. (2011), é possivel com 30 minutos
utilizando um forno de micro-ondas de 60 kW para produzir 1 tonelada por dia. Sabendo
gue a energia para 0 aquecimento e reagdo é em torno de 48 kW, a perda energética nesse

procedimento é de 12 kW (HARA et al., 2011). Dessa forma, os autores afirmam que a



eficiéncia energética do forno de micro-ondas é 80% superior & do alto-forno. Devido ao
fato de as reacGes ocorrerem rapidamente, o tamanho do forno pode ser diminuido,
reduzindo os custos de construcdo (HARA et al., 2011).

Ainda na érea de fusdo de metais, pesquisas de CHANDRASEKARAN et al.(2011) revelam
que a fusdo de estanho, chumbo, aluminio e cobre via micro-ondas é realizada rapidamente
num processo de producéo limpo e controlado. Nota-se que, com 0 aumento da poténcia do
micro-ondas, o tempo para a fusédo diminui. Ainda CHANDRASEKARAN et al. (2011)
compararam o tempo de fusdo de amostras de estanho, chumbo e aluminio via forno de
micro-ondas (1300 W) e via forno convencional (mufla de 2500 W), mostrando ser possivel
obter aumento de produtividade e melhoria energética do processo, conforme Figura 2.6-2.

Fica claro no estudo que as condic¢des variam para cada material estudado.
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Figura 2.6-2 - Avaliacdo de eficiéncia do estudo apresentado por CHANDRASEKARAN

et al., 2011.

2.7. Conclusao

Aplicacdo de micro-ondas em processos Minero-Metalurgicos é ampla e representa um

deslocamento do padrdo atual de produtividade e processo. Analise de custo-beneficio



devem ser realizadas para cada aplicagdo, porém pode representar investimento em plantas

existente competitivo em relagéo a novas operagoes.

2.8. Referéncias

AKPINAR, E., MIDILLI, A., BICER, Y. Single layer drying behaviour of potato slices in a
convective cyclone dryer and mathematical modeling, Energy Conversion and Management,
Elazig, v.44, p.1689-1705, 2003.

Ali, A.Y., Bradshaw, S.M. Bonded-particle modelling of microwave-induced damage in ore
particles, Minerals Engineering, Matieland, v.23, p780-p790, 2010.

Barani, K., Koleini, S.M.J., Rezaei, B. Magnetic Properties of an Iron Ore Sample after
Microwave Heating, Separation and Purification Technology, Tehran, v.76, p331-p336,
2011.

Castro, E.R., Jermolovicius, L.A., Mourdo, M.B., Pouzada, E.V., Nascimento, R.B., Takano,
C., Senise, J.T. Processo e forno para a producgéo de ferro gusa utilizando micro-ondas,
Reducdo de Minério de Ferro & Tecnologia Mineral, Belo Horizonte, 2014.

Cha, C.-Y. Microwave induced reactions of SO2 and NOx decomposition in the char-bed,
Res. Chem. Intermed., Laramie, v.20, n.1, p13-p28, 1994.

Chandrasekaran, S., Basak, T., Ramanathan, S. Experimental and theoretical investigation
on microwave melting of metals, Journal of Materials Processing Technology, Chennai,
v.211, p482—p487, 2011.

Chandrasekaran, S., Ramanathan S., Basak T. Microwave food processing -A review,
Chennai, v.52, p243-p261, 2013.

Chang, Y., Zhai, X., Fu, Y., Ma, L., Li, B., Zhang, T. Phase transformation in reductive
roasting of laterite ore with microwave heating, Transaction of Nonferrous Metal Society of

China, Shenyang, v.18, p969-p973, mar. 2008.



Chen, G., Chen, J., Guo, S., Li, J., Srinivasakannanc, C., Peng, J. Dissociation behavior and
structural of ilmenite ore by microwave irradiation, Applied Surface Science, Abu Dhabi,
V.258, p4826-p4829, 2012a.

Chen, G., Chen, J., Li, J., Guo, S., Srinivasakannan, C., Peng, J. Optimization of combined
microwave pretreatment—magnetic separation parameters of ilmenite using response surface
methodology, Powder Technology, Kunming, v.232, p58-p63, aug. 2012b.

Clark, D. E., Folz, D. C., West, J. K. Processing materials with microwave energy, Materials
Science and Engineering, Gainesville, v.A287, p153-p158, 2000.

Cutmore, N., Evans, T., Cronokrak, D., Middleton, A., Stoddard, S. Microwave Technique
for Analysis of Mineral Sands, Minerals Engineering, Menai, v.13, n.7, p729-p736, 2000.
Feng, H., Tang, J. Microwave Finish Drying of Diced Apples in a Spouted Bed, Journal of
Food Science, Whashington, v.63, n.4, 1998.

Flamant, G.F., Fatah N., Flitris Y., Wall-to-bed heat transfer in gas-solid fluidized beds:
prediction of heat transfer regimes, Powder Technology, Vol 69, p.223-230, Janeiro 1992.
Guo, S., Chen, G., Peng, J., Chen, J., Li, D., Liu, L., Microwave assisted grinding of ilmenite
ore, Trans. Nonferrous Met. Soc. China, Kunming, v.21, p2122-p2126, aug. 2010.

Guo, S., Li, W., Peng, J., Niu, H., Huang, M., Zhang, L., Zhang, S., Huang, M. Microwave-
absorbing characteristics of mixtures of different carbonaceous reducing agents and oxidized
ilmenite, International Journal of Mineral Processing, Kunming, v.93, p289-p293, sep. 2009.
Haque, K. E., Microwave energy for mineral treatment processes - a brief review, Int. J.
Miner. Process, Ontario, v.57, p1-p24, 1999.

Hara, K., Hayashi, M., Sato, M., Nagata, K. Continuous Pig Iron Making by Microwave
Heating with 12.5 kW at 2.45 GHz, Journal of Microwave Power and Electromagnetic

Energy, Tokyo, v.45, p137-p147, 2011.



Huang, Z., YI, L., Jiang, T., Zhang, Y. Hot Airflow Ignition with Microwave Heating for
Iron Ore Sintering, IS International, China, v.52, n.10, p1750-p1756, may. 2012.

Jones, D.A., Lelyveld, T.P., Mavrofidis. S.D., Kingman, S.W., Miles, N.J. Microwave
heating applications in environmental engineering - a review, Resources, Conservation and
Recycling, Nottingham, v.34, p75—p90, 2002.

Jones, P.T., Vlegeus, J., Volders, I., Blanpain, B., Van der Biest, O., Wollants, P. A study of
slag-infiltrated magnesia-cromite refractories using hybrid microwave heating, Journal of
European Ceramic Society, Leuven, v.22, p903-p916, 2002.

Khalil R.H., Sakhrieh A., Hamdan M., Asfar J., Effect of Pressure and Inlet Velocity on the
Adiabatic Flame.Jordan Journal of Mechanical and Industrial Engineering, Vol 4, p.21-28,
Janeiro 2010.

Kingman, S.W., Jackson, K., Bradshaw, S.M., Rowson, N.A., Greenwood, R. An
investigation into the influence of microwave treatment on mineral ore comminution,
Powder Technology, Nottingham, v.146, p176-p184, sep. 2004.

Kingman, S.W., Rowson, N.A., Microwave treatment of minerals — a review, Minerals
Enginering, Birmingham, v.11, n.11, p1081-p1087, jul. 1998.

Kingman, S.W., Vorster, W.,Rowson, N.A. The Influence of Mineralogy on Microwave
Assisted Grinding, Minerals Engineering, Birmingham, v.13, n.13, p313-p327, 2000.
Koleini, S. M. J., Barani, K., Rezaei, B. The effect of microwave treatment on dry grinding
Kinetics of iron ore, Mineral Processing & Extractive Metall., Tehran, v.33, p159-p169,
2012,

Kumar, P., Sahoo, B.K., Dea, S., Kar, D.D., Chakraborty, S., Meikap, B.C. Iron ore
grindability improvement by microwave pre-treatment, Journal of Industrial and

Engineering Chemistry, West Bengal, v.16, p805-p812, 2010.



Lam, S. S., Russell, A. D., Lee, C. L., Lam, S. K., Chase, H. A. Production of hydrogen and
light hydrocarbons as a potential gaseous fuel from microwave-heated pyrolysis of waste
automotive engine oil, International Journal of Hydrogen Energy, Cambridge, v.37,p5011-
p5021, 2012.

Liu, C., Zhang, L., Peng, J., Liu, B., Xia, H., Gu, X., Shi, Y. Effect of temperature on
dielectric property and microwave heating behavior of low grade Panzhihua ilmenite ore,
Trans. Nonferrous Met. Soc. China, Kunming, v.23, p3462-p3469, aug. 2013.

Lovas, M., Kovagova, M., Dimitrakis, G., Cuvanova, S., Znamenackova, 1., Jakabsky, S.,
International Journal of Heat and Mass Transfer, Kosice, v.53, p3387-p3393, 2010.

Lovés, M., Murova, ., Mockovciakova, A., Rowson, N., Jakabsky, S. Intensification of
magnetic separation and leaching of Cu-ores by microwave radiation, Separation and
Purification Technology, Birmingham, v.31, p291-p299, 2003.

Ma, S.J., Zhou, X.W., Su, X.J., Mo, W., Yang, J.L., Liu, P. A new practical method to
determine the microwave energy absorption ability of materials, Minerals Engineering,
Nanning, v.22, p1154-p1159, 2009.

Maeda, T., Nishioka, K., Shimizu, M. Effect of Granulation Condition and Property of Raw
Material on Strength of Granulated Particle by Tumbling Granulation, IS1J International,
Fukuoka, v.49, n.5, p625-p630, jan. 2009.

Makul, N., Rattanadecho, P., Agrawal, D. K. Applications of microwave energy in cement
and concrete — A review, Renewable and Sustainable Energy Reviews, Bangkok, v.37,
p715-p733, 2014.

Martinazzo, A. P., Corréa, P. C., Resende, O., Melo, E. C. Anélise e descrigdo matematica
da cinética de secagem de folhas de capim-limé&o, Revista Brasileira de Engenharia Agricola

e Ambiental, Campina Grande, v.11, n.3, p.301-306, 2007.



Matos, A.P., Influéncia da temperatura, pressao, producdo e granulometria no processo de
secagem das pelotas cruas, Ouro Preto: REDEMAT-UFOP, 2007, 150p (Dissertacéo,
Mestrado em Engenharia Metalurgica).

Menéndez, J.A., Arenillas, A., Fidalgo, B., Fernandez, Y., Zubizarreta, L., Calvo, E.G.,
Bermudez, J.M. Microwave heating processes involving carbon materials, Fuel Processing
Technology, Oviedo, v.91, p1-p8, 2010.

Nuri, O.S., Mehdilo, A., Irannajad, M., Influence of microwave irradiation on ilmenite
surface properties, Applied Surface Science, Tehran, v.311, p27-p32, may. 2014.

Oghbaei, M., Mirzaee, O. Microwave versus conventional sintering: A review of
fundamentals, advantages and applications, Journal of Alloys and Compounds, Semnan,
v.494, p175-p189, 2010.

Park, K. J., Vohnikova, Z., Brod, F. P. R. Evaluation of drying parameters and desorption
isotherms of garden mint leaves (Mentha crispa L.), Journal of Food Engineering, Prague,
v.51, p.193-199, 2002.

Pickles, C.A. Microwaves in extractive metallurgy: Part 2 — A review of applications,
Minerals Engineering, Ontario, v.22, p1112-p1118, 2009.

Sahoo, B.K., De, S., Carsky, M., Meikap, B.C. Rheological characteristics of coal-water
slurry Chemistry, West Bengal, v.17, p62-p70, 2011.

Sahoo, B.K., De, S., Meikap, B.C. Improvement of grinding characteristics of Indian coal
by microwave pre-treatment, Fuel Processing Technology, West Bengal, v.92, p1920—-
p1928, 2011.

Saito, Y., Kawahira, K., Yoshikawa, N., Todoroki, H., Taniguchi, S. Dehydration Behavior
of Goethite Blended with Graphite by Microwave Heating, ISIJ International, v. 51, n.6,

p878-p883, mar. 2011.



Standish N., Huang, W. Microwave Application in Carbothermic Reduction of Iron Ores,
ISIJ International, Beijing, v.31, p241-p245, 1991.

Uslu, T., Atalay, U ., Arol, A.l. Effect of microwave heating on magnetic separation of
pyrite, Colloids and Surfaces A: Physicochem. Eng. Aspects, Ankara, v.225, p161-p167,
jun. 2003.

Waters, K.E., Rowson, N.A., Greenwood, R.W., Williams, A.J. Characterising the effect of
microwave radiation on the magnetic properties of pyrite, Separation and Purification
Technology, Birmingham, v.56, p9-p17, jan. 2007.

Xiu-jing, Z., Qiang, W., Yan F., Lin-zhi, M., Chuan-lin, F., Nai-jun, L. Leaching of nickel
laterite ore assisted by microwave technique, Trans. Nonferrous Met. Soc. Shenyang, v.20,
p77-p81, 2010.

Zhang M., Tang J., Mujumdarc, A.S., Wang S. Trends in microwave related drying of fruits
and vegetables, Jiangsu, v.17, p524-p534, 2006.

Zhao W., Chen J., Chang X., Guo S., Srinivasakannan C., Chen G., Peng J.Effect of
microwave irradiation on selective heating behavior and magnetic separation characteristics
of Panzhihua ilmenite, Applied Surface Science, Abu Dhabi, v.300, p171-p177, 2014.
Znamenackova, 1., Lovas, M., Mockovciakova, A., Jakabskya, S., Brianéin, J. Modification
of magnetic properties of siderite ore by microwave energy, Separation and Purification
Technology, KoSice, v.43, p169-p174, 2005.

Zou, Z., Xuan, A.G., Yan, Z.G., Wu, Y.X,, Li, N. Preparation of Fe304 particles from
copper/iron ore cinder and their microwave absorption properties, Chemical Engineering

Science, Wuhan, v.65, p160-p164, 2010.



Capitulo 3.  Artigo B - A Case Study of Pellet Size Fractions Influence on Pelletizing

Operation

Maycon Athayde, Sergio Fernandes Nunes & Mauricio Covcevich Bagatini

Artigo publicado em 15 de janeiro de 2018 na revista Mineral Processing and Extractive

Metallurgy Review, 39(4), 276-283. DOI: 10.1080/08827508.2017.1423296

Abstract

Pellet production is constantly optimized considering different aspects of the production
chain from run of mining (ROM) to metallic iron. Industrially, the trade-off between an
optimum pellet-size-ratio and the maximum performance in the steel production chain is a
relevant subject. The present case study of a Brazilian operation shows the impact of
different pellet size fractions on performance of operation, improvements on the fired pellets,
less fine generation during handling, and superior metallurgical behavior during the
reduction process, resulting in the production of direct reduction iron (DRI) that add more

value to the economic performance of the electric arc furnaces (EAF).

Key Words: Pellet Size Ratio, Process Optimization, Tumble Index.

3.1. Introduction

The steel production, from the iron ore green pellets until the direct reduction reactors, and
finally the poured liquid steel on the EAF, has a large list of constraints, and some of them

correlate the pellet size distribution to a maximum efficiency of the whole steel production



chain. Over the recent years, with the gradual increase in plant productivity, the need to
understand and review the holistic effect of pellet size distribution in the processes has
emerged, also ensuring a lower degradation during transport and a higher rate of reduction
at the DRI production. This case study analyzes the different aspects of the problem, leading
an understanding of this complex scenario. A common industrial way to express the size
distribution of the pellets can be by the size ratio index, which refers to the relationship
between the percentage of pellets on the large size range over the smaller size range,

according to equation 1.

% (—16+12.5)

% (12519 Equation (1)

Size Ratio =

The control of size ratio is challenging for whole production chain to obtain maximum output
of each equipment; the correct adjustment of the different size fractions is key. In the present
case study, all stages of the pelletizing process were evaluated in order to seek the global
effectiveness reached in a proper selection of pellet size ratio, based on different size

fractions.

3.2. The Case Study

The present study is about Samarco Mineracdo operation of Ponta Ubu in Brazil. The
company has installed pipelines (about 400 km) which can supply slurry from the
beneficiation plants. At the concentration site, the ore is screened, crushed, and classified to
feed the primary balling mills. This circuit assures sufficient comminution of the iron ore
ROM. Then, the ultrafine material is removed in a cyclones cluster before conventional
flotation where gangue material such as silica is separated from the iron particles. The ore is

reground and fed to a column flotation circuit. The slurry is then pumped to the pelletizing



plants. On the arrival, the slurry is stored in tanks and distributed to thickener (42 m), where
its function is to densify the slurry (up to 69 % solid) and route this material downstream the
process (clarification and water treatment ensure the water reuse in the process). From Figure
1, vacuum filters are installed in the plant (vacuum pressure of 25 inches of mercury). After
filtration, the pellet feed (moisture at 10-11 %) is transported to the high pressure grinding
rollers. This is a single crushing step to prepare the pellet feed (—325# of 87 %—89 % and
Blaine surface area of 1800-2000 cm?/g) to a desired particle size distribution (in general,
increasing 2%-5% < 45 pm and Blaine surface area 200-400 cm?/g) for the formation of the
green pellets, allowing filters to operate with coarser pellet feed, improving its performance.
The pellet feed pressed is then transported to a silo in the mixing line building. In the mixing
building are also the additive silos, where raw materials are added and mixed to the pellet
feed to form the green pellets: two types of binders are possible (organic binder or bentonite),
limestone, and solid fuel (anthracite). For the dosing and mixing, silos are placed in the
following order: limestone ground (in the plant), bentonite, ground coal, and organic binder.
The mixture (pellet feed with additives) follows the lines of horizontal intensified drum
mixers to acquire homogeneity for the balling process. The homogenous mixture follows to
the agglomeration process, where discs (diameter of 7.5 m and 400 mm free height) are fed
at 150 ton/h rate to produce green pellets controlling the range 16-8 mm% (70 %— 75 %),
and pellets out-of-spec are in a close loop to a de-agglomeration system in the belt conveyor
which receives the material from the mixers and returns it to the feeding belt of the discs.

Classification of the green pellets is performed just after the discs on a single-deck roller
screener which withdraws the fines —9 mm and pellets greater than +18 mm. A second stage
of classification is performed before the furnace where a double deck roller screen (DDRS)
improves the 16-8 mm% range (more than 92 %). Recirculating load (pellets out of 8-16

mm range) corresponds to about 16 %20 % of the material that is fed to the balling disc



and is coarser compared to the pellet feed (agglomerated), interfering in the process of the
green pellets growing and contributing to the reduction of physical quality of the green and
fired pellets (caused by the double-layer formation over the seed). The induration furnace is
fed continuously by the DDRS which distributes the pellets through the entire section of the
furnace over a hearth layer of 70 mm of fired pellets (bottom and side layers). The total
height of the pellet bed, including the layer of fired pellets (bottom layer), may reach a
maximum of 450 mm. The grate speed varies and it is automatically controlled to maintain
a constant total bed height, with regard the production level setup. Furthermore, to remove
fines from fired pellets (2—4%), after the furnace discharge, the pellets are screened. The
screening installation has vibrating screeners installed in parallel, which separate the pellets
by size (above 12 mm to hearth layer, —6,3 mm are fines, and 16-8 mm is the product). After

this separation, the pellets are transported to the yard or directly load the ships.
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Figure 1 — Flowchart of the pelletizing operation



3.3. Pellet Size Fraction Impact on the Process

3.3.1. Influence of Pellet Size Fraction on the Balling Process

The optimization of agglomeration processes aims to have the best fired pellets physical
quality which shall minimizes degradation and fine generation. Basically, the balling process
is the agglomeration of solids bonded by a proper amount of water. Water is an important
input to the formation and growth of the pellets, creating the surface tension which promotes
the grain cohesion, allowing its handling previously to a later ceramic bonding. The outcome
of balling is the green pellet which must have essential characteristics to resist the transport
and process inside the pelletizing furnace. Among these properties, it can be highlighted the
resilience (ability to resist without cracking after consecutive drops), wet compression and
average diameter. These combined properties influence directly the performance of the firing
step, reflecting in the quality of the fired pellets and overall plant output. If these parameters
are not suitable, a partial sealing of the green pellets bed can be observed inside the furnace,
as illustrated in Figure 2.

Hot Air

Deformed pellets

Figure 2 — Mechanism of pellet bed low permeability due pellet deformation.



The balling setup and operation are responsible for setting an average size of green pellet
with lower variability. In general, it can be assumed that the average pellet diameter control
will determine the size distribution of the pellets (with a fixed setting of the roller screen
gap). In this process control one of the main parameters to be taken over is the recirculation
load in the balling circuit. Nunes (2007) observed that moisture content of the recirculating
load is directly influenced by the moisture content of the mixture (pellet feed plus additives).
Nevertheless, a statistical analysis, with a confidence level of 95 %, shows an average shift

of 0.38 % between those flow streams (Figure 3).
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Figure 3 — Evolution of moisture in the green pellets mixture and circulation load (adapted

from Nunes. 2007).

A lower moisture content of the recirculation load is explained by the moisture content of
the small agglomerates discharged from the discs (-9 mm). Figure 4 presents industrial data
with good correlation between pellets size discharged from a disc and moisture content. It is
observed that a higher percentage of recirculation load is related to a greater amount of small
dry agglomerates, and therefore a lower moisture content. The observation represents a
major problem for the operation since the agglomeration depends on the moisture around the
particles for the formation of capillary forces. There is a trade-off inside a disc, seeds drier

than the rest of the particles grow by adhesion or the rest of the particles generate new seeds




by layering. Moreover, drier material actively influences the growth rate of agglomerates,
where less capillary forces will act bonding the particles and consequently the agglomerate
formed going to be weaker and size control more complex. A side effect that leads to the
formation of double-layered pellet minimizes the quality of fired pellet, as the pellet shell

easily separates from the core.
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Figure 4 — Statistical analysis of moisture distribution by pellet size (adapted from Nunes

2007).

Operationally, the possibility of adjusting the balling discs to produce pellets with greater
diameter (set up inclination, rotation, feed rate and binder dosage) usually depleting the
overall efficiency (increasing the recirculation load and pellet out-of-spec). Industrial
performance evaluations have shown that efficiency decrease can be observed in the
reduction of the percentage of pellets concentrated in the range between -16.0 + 8.0 mm
(Figure 5a) and an increasing in the recirculation load of the balling circuit. Additionally,
greater average diameter is strongly related to the increase of the pellets size ratio. As seen
in Figure 5, a production set to reach diameters greater than 11.8 mm lead to a reduction in

the concentration of pellets in the range between -16 +8 mm and decreased homogeneity of



the size distribution (with a paramount importance for the following induration counter-flow

processes).
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Figure 5 - Evaluation industrial average data (a) percentage of pellets from 16.0 to 8.0 mm

diameter and (b) Correlation between the diameter ratio and size ratio (Werneck, 2010).

The pellet production of smaller average diameter leads an increase in the process stability
through greater yield. Moreover, process optimization of balling disc (scrappers, feed point
and disc hearth layer set up) has a clear effect on tumble index (pellet resistance to tumbling,
which remain above 6.3 mm after 200 revolutions at 25 rpm according to 1SO 3271). As
shown in Figure 6 in terms of pellet size ranges year-average, the process is then optimized
when the pellets are concentrated in the range between -12.5 + 9 mm, more likely comprising
the pellet size ratio about 0.6 to 0.7. This is observed by reducing the formation of seeds
within the pellet which reduces the quality of the fired agglomerate as the pellet shell and
the core are not well consolidated. Additionally, similar results were obtained by Dwarapudi

et al (2008) with Indian iron ore.



As far as pelletizing process control is concerned, among the 18 most important parameters
monitored in the pelletizing plant (Figure 7) (e.g. average diameter, size ratio and %16-8mm
range), the average pellet size is one of the most relevant variable which explains the
tumbling index for the fired pellets produced. Additionally, the recirculation load has
significant relevance (steeper trend line), but as discussed, this variable has a strict

relationship with the control of size ratio (Passos et al 2014).

Tumble Index (%-6,3mm)

Figure 7 — Effects of process control parameters on the tumbling index. (Passos et al 2014).
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The transportation from balling discs to the furnace requires from green pellets a minimum
strength, the resilience, also has statistically significant difference among different size
ranges (p-value> 0.05). Thus, increasing the tendency to break during transport until the
furnace (after 6 consecutive falls) specially with the greater diameter, generating more fines

that will lead to sealing of the pellet bed. These results are shown in Figure 8.
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Figure 8: Influence of greater size ratio on the resilient crack generation.

The pellets that do not fully break apart in the transport to the furnace may present cracks.
These pellets are fired with the presence of those cracks in the structure, which increases the
probability to generate fines and/or fired pellets out of quality standards, which will collapse
during handling to client, switching size ratio of the produced pellet and generating fines on
the product (due the reduced tumbling index as shown above).

The balling process control has been optimized in Samarco, not just on the equipment level
but also through advanced process control system which enables to reduce the process
variability applying image analysis as online tool to pelletizing process control based on

operational experience (Fonseca 2004).



3.3.2. Influence of Pellet Size Fraction on the Firing Process

The firing step is responsible to give physical strength to the green pellets so that it can
withstand handling processes and be charged in the ironmaking reactors. This process is
entirely carried out by pushing air through the bed of pellets. Basically, this process
comprises three stages: drying, firing and cooling of pellets. In general, the most critical to
maintaining the integrity of the pellet is drying stage. Larger pellets size diameter leads to
slower drying rates. The temperature difference between the core of the pellet and its surface
is larger as the pellet size is increased and, in this way, it is more difficult to evaporate the

moisture from the central part of the larger pellets (Figure 9).
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Figure 9 - Influence of the diameter of the pellets on drying.
The drying stage of the furnace in Samarco was optimized with an updraft stage followed
by a larger downdraft stage, to maximize the drying of all layers of the bed, prior to the firing
step. The next step is called firing and it aims to remove combined water minerals (e.g.,
goethite), calcination, and ignition of the coal mixed to the ore. Furthermore, it is the stage
that sinters the grains of hematite and melts the slag that are key to add physical strength to

pellets. The residual moisture inside the pellet is a physical parameter to the integrity of the



pellets (Pereira and Seshadri, 1985). However, the residual moisture will be removed from
the pellet during the roasting on the firing zone, nonetheless in a much harsher condition in
terms of heat exchange at a higher temperature, which may lead to a rupture due to high
steam pressure inside the pellet. The tendency of generating thermal cracks is higher, one
more time, because of the increase in the average diameter of the green pellets, most likely
due to the residual moisture concentrated more on bigger size pellet, where the path to release
the internal gases are indeed longer and more complex. Statistically, production data present
a difference (p-value > 0.05) in the size range regarding the thermal crack occurrence (Figure
10). Cracked pellets will be fired in the furnace and will invariably generate fines during

screening or handling.
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Figure 10 - Influence of the increase of the pellet size ratio in the generation of thermal
cracks.
Additionally, temperature homogeneity along pellet bed height and natural gas saving
develops on the addition of solid fuel (anthracite or pet coke) to pellet feed as an alternative
energy source to the process. However, this may generate a secondary effect of generating
thermal cracks during firing and consequent disintegration of the particles due to the volume

increase of the hematite structure (rhombohedral structure) as thermally transformed into



magnetite (cubic structure). Dwarapudi et al. showed that the presence of non-re-oxidized
magnetite (detected by increasing on %FeO levels) in the fired pellet becomes more

significant with increase in the average diameter of the pellet (Figure 11).
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Figure 11: Influence of the pellet size ratio in the formation of magnetite (Dwarapudi et al.,

2014).

As can be seen in Figure 12, the mechanism of crack formation due to the reduction of the
hematite happens because the gradient of the oxygen partial pressure inside the pellet
(intensified by the diameter) where it leads to no re-oxidation of magnetite during cooling
and a consequent the volume increase of the pellet core. This generates a strain state that
very often forms branched cracks in the surface of the pellet during the cooling process in

the end of the furnace.



Figure 12: (A) Cracks formation due to thermal expansion of the pellet core and (B)

proposed mechanism by Dwarapudi et al. (2014).

Therefore, to maintain the quality of the fired pellet, the operation of the pelletizing furnace
is possible with a maximum size ratio of 0.9 with an average productivity estimated by 24.5
DMT/day/m2. Nonetheless, it may represent a decrease of more than 10% in typical
productivity of the Samarco pelletizing plants compared with the production of size ratio in
the level of 0.6. The Figure 13 shows an analysis of historical data, from the later years,
regarding furnace output productivity and size ratio, where it is shown a downward trend in
productivity as a countermeasure to increases size ratio. As predicted, this occurs in order to

avoid the deleterious effect to the pellet quality, as described above in this case study.
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Figure 13 - Evaluation of the productivity decrease due to the increase of the particle size.

Even so, many factors also have influence on the productivity. However, the relationship
between the pellet size ratio and the productivity is remarkable, which is critical to ensure
that the handling of the pellets shall not be an issue. The next chapter presents the impact of
pellet size ratio in the whole production chain, pellets with greater size presents complexities

to downstream process.

3.3.3. Influence of Pellet Size Fraction on Handling and Pellet Degradation

The handling of pellets starts immediately with the screening of the pellets after induration
furnace. The result shows that the pellets in the fraction of -12.5 +9 mm have a greater
tendency of fines generation (-9 mm) as represented in the Figure 14a (green line). However,
a probabilistic assessment demonstrates that the tendency to break of this range is much
smaller than all the greater size ranges; 5 times less than the larger fractions of pellets. The
study consider pellet with good and similar quality, although as presented in the present case,
in general bigger pellets have lower quality. Average values of the fracture energies per

pellet impact decreases significantly with increasing particle size. It shows that the



production of larger diameter pellets results in a greater risk of degradation due the impact,

because of to its intrinsic fragility of the pellet.
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Figure 14 — Pellet degradation as a function of particle size ratio (a) Distribution of pellets

degradation (b) Probability of degradation.

A lower tendency of pellets degradation in the smaller range (-12.5 + 9.0 mm) is a positive
aspect to production and transport. Additionally, for the operations of stocking and
reclaiming of pellets, Daniel (2013) shows for different pellet size the effect of aging
phenomena after long periods of storage at environmental conditions. The pellet with smaller

size ratios presents a better tumble index in average. Despite of that, over the stocking time,



this difference remains. Even after long periods of time representing a positive effect for

degradation issues (Figure 15).
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Figure 15 - Effect of size ratio with the aging of iron ore pellets after long periods stocked.

DANIEL (2013).

Quality assurance in production operations and storage of iron ore pellets is a challenge key
to maximize productivity and lower cost of direct reduction reactors, which also have

requirements regarding optimal pellet size ratio.

3.3.4. Influence of Pellet Size Fraction on Direct Reduction Furnaces Performance

The mechanism that describes the reduction reactions of iron ore is called topochemical and
it shows a strong dependence of the reaction rates with the radius of the particles (Szekely
et al., 1976). Either to lump or pellets, a better gas-solid contact happens using a bed of
particles of smaller average diameter. This occurs because of the increasing of the specific
surface area of gas-solid reaction. It also contributes to a higher rate of reduction; the fact
arose from the average shorter distance between its surface and its central region.
Metallurgical results show a strong tendency to increase the metallization of the pellet with

reduction of its diameter (Figure 16).



96.00
95.00 -
94 .00 -
93.00 -
92.00 -
91.00 -
90.00 -
89.00 -
88,00 -
87.00 -
86.00

Degree of metallization (%)

+190mm  -190+160mm  -160#125mm  -12549.0 mm
Size Fraction (mm)

Figure 16 - Effect of size fraction on the degree of metallization pellet

Additionally, the direct reduction reactors are furnaces that operate in counter current flow
with a pellet bed to be reduced to DRI. This generates the need to ensure a lower drop
pressure in the system in order to minimize equipment power and further increase the
kinetics of the reactions. Equation 2 has been proposed by Ergun to estimate pressure
variation in the particle bed and is widely accepted in the literature. It shows dependence

with characteristics of the bed of pellets, as well as inlet velocity and fluid viscosity.

& _ q5g (=2 wU (-g) pu? i
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The size fraction also has influence on the fluid dynamic aspect of reduction reactors since
they imprint a pressure variation on the reduced fluid flow. However, pellets of iron ore
produced at Samarco are in a narrow range of size of about 95% between -16 and 9mm in
order to lead the smaller pressure variation in the furnace. The Figure 17 shows pilot scale

evaluation of different pellet size ranges and the impact to lower the pressure drop in the



furnace. Regarding the increase in absolute pressure drop in the reactor, the presence of fines
in the ferrous burden charge is clearly the most critical problem, as the operational practice
shows, also leading to a reduction of the void volume of the bed of material, far more relevant
than the pellet size. Additionally, this also means that both reducing gases CO and H: as
main products of the reduction gas, in particular CO> and H-O, take a long time to release

from the pellet core to the free pellet surface (Araujo, 2004).
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Figure 17 — Pressure variation along a column of pellets in pilot scale.

Therefore, the main objective to ensure and improve permeability of the bed is to reduce the
fine fraction in the bed particle. As noted at this point, this can be achieved by the pelletizing
with the balling disc set to concentrate the pellets in the range -12.5 + 9 mm around 60-70

%, thus focused on the aim to reduce degradation and with lower incidence of crack.

3.4. Conclusions

The correct definition of a size distribution has a great impact on the process efficiency, the

average diameter of the particle size and the size ratio of iron ore pellets have a prominent



influence in the whole chain of the pellet production until the client, being a key parameter
to optimization for the whole process.

Size ratio between 0.6 and 0.7, where there is most of the size fraction -12.5 + 9 mm, leads
to a cost-effective optimization of the physical pellet quality by improving tumbling index,
lowering the risk of pellets degradation.

In a holistic process view, optimizing the metallurgical characteristics of the reduction
reactors to accelerate the reduction rates and without compromising the yield metallic of the

steelmaking.
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Abstract

Drying is a critical process step to achieve excellent pellet quality in pelletizing process. The
complexity and energy consumption towards moisture removing, especially for highly
hydrated iron ore, increased the need for breakthrough enhancements to this process. The
present study has evaluated kinetics parameters of the moisture release from iron ore green
pellet using energy transmitted through microwave (frequency of 2.45 GHz). The influence
of pellet size and output power on the moisture effective diffusivity (Deff) and the drying
activation energy (Ea) were evaluated. The results make possible to compare the cutting-
edge approach with traditional convective drying. Pellet physical quality was investigated
through the green crushing strength (GCS) which shows smooth reduction in earlier stages,
however not affecting the final dry GCS results. Bonded hematite reduction and calcination
of goethite was identified at the microstructure through reflected light microscopy, SEM

showed micro cracks formation in several grains.

Key Words: Pelletization, Drying, Iron Ore, Microwave



4.1. Introduction

In recent years, increase the availability of fine iron ore concentrated with high iron content,
moreover it has been developed a growing interest to produce pellets as burden charge
towards production of primary iron. Despite of that, pellets needs to attend suitable
mechanical properties to withstand transportation and avoid degradation during reduction in
high shaft reactors, which became one of the major challenges for the mining industry.
However, the pelletizing furnace operators has seen their productivity decreasing along the
years, one of the reasons are the iron ore quality deterioration due to reserves depleting,
concentrate is becoming finer and moist leading to restriction in the furnace drying zone, in
operations where wet concentration is applied. Actually, the moisture removal must happen
with diligent temperature control to prevent thermal spalling and in order to minimize
condensation phenomena within the pellet bed, due the dew point at low temperature
intermediate layer (Fan et al., 2014; Thurbly et al., 1980). Additionally, from the cost-
efficiency point of view, drying can represents about 25% of the total amount of energy
required for pellet induration (Patisson et al., 1991). Even though, proper moisture content
is a key parameter to guarantee cold cohesion of particles during the formation of the green
pellet, this trade-off between right moisture content and restriction of moisture removal into
the furnace is a challenge for the actual pelletizing technology.

The drying process for pellets is traditionally carried out by convective heat transfer, based
on up- and downdraft hot air. This process has kinetic limitations which are intensified in
ore with high level of mineral hydration (goethite/martite usually with higher level of
microporosity, higher slimes content and moisture generated during concentration process
to be released in the furnace) and even larger pellet size (Thurbly et al., 1980; Patisson et
al., 1991; Ljung et al., 2011). An alternative, in order to overcome this limitation in iron ore

pellet drying is the use of microwave irradiation, which has been extensively studied in



mining and extractive metallurgy (Haque 1999). The dielectric heating is the interaction
between the electro-magnetic field of microwaves with matter, where dipoles align and flip
around, since an alternate field is applied and the internal energy convert in heat due to
friction. Industrial electromagnetic frequencies are typically 915 and 2450 MHz (Haque,
1999; Menendez et al., 2010).

The ability to absorb and convert the energy into heat is in fact an electrical material property
(Menendez et al., 2010). Sahoo et al. (2015) demonstrated that iron ore can warm up at 1.2
°C/s. The degree to which the iron ore will absorb microwaves depends on the real
component of the complex permittivity (¢”) and the imaginary component of the complex
permittivity (¢”). The first measure the mineral ability to store electrical energy. The second
represents the generation of heat. Besides €’ and €”, another parameter that is used to express

how the microwave energy is dissipated is known as loss factor and defined by equation 1.

tand = €”/¢’ 1)

Considering the constitution of a typical pellets, one can observe (Table 1) that moisture
plays an important role as an absorber of microwave and convert into heat (tand>0.1).
Despite of other carbon-based materials, coal is a poor absorber. Menedez et al (2010)
attribute to an insufficient large graphene lattices not enough to allow delocalized n-electrons
to move in order to couple with the electromagnetic field of the microwaves. Limestone is
a transparent material for microwave. The hematite is the main constituent of the pellet and

have good dielectric properties (He et al. 2016).



Table 1 — Loss Factor for pellet main constituents (2.45 GHz and 298 K)

Material Tand References

Water 0,118 Haque, 1999

Coal 0.02-0.08 Menendez et al., 2010
Bentonite 0.01-0.05 Luan et al., 2015
Magnetite 0.02 - 0.03 He et al, 2015
Hematite 0.01-0.02 Pickles et al, 2015
Limestone 0.0012-0.0021 He et al, 2015

Pellet drying can be optimized by dielectric heating as it is not limited by heating conduction
throughout the material like the convective process, which should affect the release of
moisture. This effect can be represented by, the effective diffusivity of moisture, Deff, which
comprehend several mechanisms such as molecular diffusion, capillary flow, Knudsen flow,
hydrodynamic flow and surface diffusion, (Ljung et al., 2011). For conventional drying,
Ljung et al., measured to iron ore pellets Deff to 3.3x10® m?/s (150 °C and 1.7 m/s) and
pellet drying simulation was carried out adopting the equation 2 (Menezes et al., (2010))

showing the dependence with hot gas properties and the void fraction within the pellet.

-97m1.75
1.18.107° Ty 1.41

Depy =00 ¢t @)

Where P is the pressure (atm), Tg is the gas temperature (K) and ¢ is the pellet porosity. This
paper presents an experimental investigation of iron ore pellets drying assisted by microwave
power for different pellet sizes. The drying out capacity of green pellets was investigated
and operational parameters were assessed. A comparison with convective drying was

established and the productivity of both process compared.



4.2. Experimental

Pilot plant iron ore pellets were tested at microwave oven to evaluate drying out time, drying
rates and mechanical strength. The techniques and theoretical approach for drying will be

explained.

4.2.1. Green Pellet Preparation

Iron ore concentrate (Mariana mining complex - Brazil) was prepared from run of mine
(ROM) in pilot scale concentrator by mechanical flotation and ball milling (Table 2). Other
raw material for the pelletizing mixture was Brazilians bentonite and limestone and South
African anthracite coal. Limestone was added to achieve a binary basicity of 0.8 and
anthracite added to achieve 1 %C. The final moisture content was 10 % added at a pilot Erich

mixer.

Table 2 - Chemical Characterization of the Iron ore for the test work.

FeT (%) FeO (%) SiO,(%) ALO, (%) CaO (%) MgO (%) P (%) Mn(%) LOI EW

65.95 1.62 1.59 0.32 0.02 0.02 0.046 0.083 3.65 4.798

Green pellets were produced in a pilot scale pelletizing disc Dravo - Lurgi model W-3511-
1. (Inner diameter 100 cm and total depth 20 cm), rotation of 15 rpm and 45° with horizontal.
The mixture feed rate was kept constant at 630 kg/h. The pellets produced at the size ranges,
namely: + 9.0-12.5 mm, + 12.5 -14.0 mm and + 14.0- 16.0 mm.

The pellet generated in the disc was hand sieved to generated green pellet for the test. Three

average pellet diameters were obtained after careful sieving not to break the pellets: 10.75



mm (+9.0-12.5 mm), 13.50 mm (+12.5 mm -14.0 mm), 15.25 mm (14.0-16.0 mm). The

pellets have presented a highly homogeneous size distribution within the fraction (Fig. 1).

Fig. 1 - Green Pellets from the standard concentrate sized: (a) +14.0-16.0 mm,

(b)+12.5mm-14.0mm and (c) +9.0-12.5 mm.

4.2.2. Microwave Drying Technique

The green pellets (100 g) were irradiated for 180 seconds at intervals of 30 seconds, in a
turntable-tray microwave oven model LG MH7048G (2.45 GHz, maximum power of 1000
W) adapted with additional exhaust system (1 L/min) to standardize the steam withdrawal
with a Teflon high-temperature resistant plate (Fig. 2). At the end of each time step, average
surface temperature was measure by pyrometer. To determine the initial moisture content,
sample of 100 g were dried in an oven at 105 °C for 8 hrs. The power setting was selected

from 300, 600 and 1000 W, adjusting the controlling of the microwave oven.
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Fig. 2 — Scheme of the drying furnace.

For each step, three tests repetitions were carried out with 100 g of green pellets, in a single
layer spread over a Teflon plate. Then residual moisture was recorded every 30 s (with 100
g of fresh green pellets) after switching off the microwave. The data reported from each time
interval is an average of these three repetitions. The reproducibility of the experiments was
within the range of £5%. Moisture determination procedure was completed in less than 10s
during the drying process.

Due to the Teflon restriction, the microwave irradiation was applied until the sample

temperature was less than 500 °C (measured by pyrometer).

4.2.3. Pellet Microstructure and Mechanical Strength Evaluation

Evaluation of possible microstructural modifications was conducted using the reflected
optical microscope Zeiss model 65 Imager.M2m coupled with a digital camera. A Scanning
electron microscope (SEM) JEOL —JSM 35C Model was also used.

The pellet quality was accessed to evaluate the effect of the drying, after pellet irradiation
with microwave, through the green crushing strength (GCS). This was performed in a group

of 10 pellets, placing a single pellet at the center of the plate of the testing machine. Load at



a speed of 10 mm/minute was applied on the pellet for compression to record the maximum

load (kgf/pellet) at the pellet undergoes, then the arithmetic average value was noted.

4.3.  Theoretical Approach for the Drying Kinetics

In order to standardize the effect of microwave power on drying as a function of drying time,

the weight loss was converted to the moisture ratio (MR) (Eq. 2).

Mi—Me
Mo—Me

MR = 2

Where, Mt is the moisture content at a specific time, Mo is the initial moisture content, Me
is the equilibrium moisture content (in the case of unsaturated air is zero). Several authors
(Barati et al., 2008; Patisson, 1991; Umadevi et al., 2010) use an assumption that diffusivity
based on Fick’s diffusion equation can be a single physical mechanism to transfer the
moisture to surface of several materials. To iron ore pellets heated by microwave power the
effective moisture diffusivity (Deff), which is affected by composition, moisture content,
temperature and porosity of the raw materials, could be assumed by the same mechanism,
because the heat conduction within the pellet is not a limiting step due to the characteristic
volumetric heating attributed to the microwave (Miranda and Silva, 2006). In the case of a
sphere, equation 3 is the analytical solution for the Fick’s law and the effective moisture
diffusivity can be obtained (Dadali et al., 2007; Crank, 1975). The Defsis defined by the sum
of infinite terms of the equation, although 100 terms show sufficient accuracy (deviation less

than 10°).



6 woo 1 -n?n?D,
MR = ;anlﬁexp [r—sz t] (3)
Where MR is the moisture ratio, n is the term, Destis the effective moisture diffusivity (m?/s),
r is the average pellet radius and t is the drying time (s). As a thermal-activated process, the

drying activation energy (Ea) can be also assessed based on the Arrhenius equation (Equation

4).

_Ea
Derr = Doexp(—) 4)

Microwave drying studies (Menendez et al., 2010; Kingman et al., 2004; Rayaguru et al.,
2011) have considered a modified approach proposed by Dadali et al., using microwave
output power density instead of the temperature, in order to show the dependency of the

microwave power with the moisture ratio (MR).

—Eg
Desr = Doexp( Pm) (%)

Where Des is effective diffusivity (m#s), Do is the pre-exponential factor (m2/s), Ea is the
activation energy ( W/g and kJ/mol), P is microwave output power (W) and m is the mass

of raw sample (g).
4.4. Results and Discussion

4.4.1. Effect of the Microwave Power on the Pellets Drying

The pellet sample submitted to the irradiation shows sensible behavior to the microwave

power level (Fig. 3). Higher power density (10 W/g) reached to fully release the moisture in



less than 150 s for all pellet size, faster than any reported drying study investigated. Against
convective drying, the smaller pellet size shows substantial slower dry out time. This
presents an important practical effect of the dielectric drying, most likely because of high
relation area/volume (which is proportional to one third of radius, in sphere cases).
Microwaves requires matter to be absorbed and then convert it into heat subsequently,
heating may be slower than the losses of heat per pellet unit in earlier moments of drying,

conventionally highly dependent of the pellet size (Pereira and Seshadri 1985; Tsukerman

et al. 2007).
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Fig. 3 — Effect of microwave power on moisture ratio versus time, at different conditions

of pellet size and power density.



Initially, the green pellet is saturated, moisture is distributed throughout the pores (funicular
state), higher absorption of microwave power is expected. As the drying progress, moisture
reduction in the bulk decreases the absorption of microwave and lead to falling in the drying

rate.

4.4.2. Drying Mechanism

Convective pellet drying of iron ore green pellets has been intensively investigated and it is
represented by multi-stages model. Nevertheless, the present study focus on the impact on
drying out and dry pellet quality resultant from a use of microwave for further industrial
application. Drying rate curves, presented at Fig.4, shows that an initial stage is responsible
for 20-40 % of the drying time. This induction period is normally attributed to the increase
of the surface temperature, increasing the saturation of the gas in vapor. The stage ends at a
critical moisture level of MR=0,39, initiating a falling rate period, related to small amount
of moisture diffusing to the outer shell. Apparently a second falling rate period is also
formed. It may be assumed that the surface dried and a plane of separation has moved into
the pellet, due to the high initial heating rate at the surface specially at high power density.
In this case, the final rate of drying is controlled by the vapor diffusion, and related most to
internal tortuosity and porosity than outside conditions (as suggested by eq. 1), initiate at

MR=0.19, independently of the pellet size.
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Fig 4 — Drying Rates Curves versus MR, at different conditions of pellet size and power

density.

Lower initial drying rates were observed (closer than convective drying), consuming energy
as the wave moves into the solid heating the whole particle. Pellet surface temperature
increases together with the pellet core, in a different mechanism than convective drying. A
constant drying rate period was not observed, as observed in convective drying studies at
low heating rate (Pereira and Seshadri 1985). The heated core ease vapor diffusion to the
outer shell, increasing the drying rates. Falling rate period happens along with minimum
moisture content, also likely because of lowered dielectric properties, which is directly

proportional to the moisture content. This mechanism observed is summarized at Fig 5.



Despite of the constant temperature of convective drying, the dry pellet keeps warming up

at least 1 °C/s (Sahoo et al., (2015)).
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Fig 5 — Comparison between the mechanisms of drying via Microwave heating and

Convective.

The interaction microwave power density and pellet diameter on drying rate was investigated
with a model built based on the variables with 5 % confidence level. The ANOVA results
and coefficient values were reported in appendix 1 and Fig 6. Higher value of R? and
Adjusted R? indicates a high dependency and correlation between the observed and the
predicted values. However, no significant difference (p-value > 0.05) of drying rates
(assumed at 50 s) for different pellet size levels, expected because of the ease access of the
wave through the mass. Conversely, the power density shows major influence on the kinetic

rates as demonstrated in Fig 6.



-0.002 A

-0.003

-0.004 1

-0.005 1

-0.006

d(MR)/dt @ 50s

-0.007 A

-0.008 1

-0.009 1

-0'010 L T T T T T T T T T
Power density (W/g) 3 6 10 3 6 10 3 6 10
Pelet Size (mm) (% - 12.5 + 9.0 mm) (% - 14.0 + 12.5mm) (% - 16.0+ 14.0 mm)
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4.4.3. Maximum Drying Rates

Fig. 7 shows maximum drying rate as a function of power density and pellet average
diameter. It can be seen that drying rate linear increases with power density, but intermediate
pellet diameter achieved higher drying rates (most likely no relationship). This power density
behavior is expected since the vapor pressure exerted by liquid water rises with increasing
temperature. Also, capillarity is improved due to the decreasing surface tension of water as

the temperature increases with the power density.
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Moisture Diffusivity and Activation Energy

The variation in Deff with moisture ratio is a complex and system specific function. Although,

the literature is scarce in values for effective moisture diffusivity for pellet drying, various

research workers (Dak et al., 2012; Dadali et al., 2007; Rayaguru et al., 2011) have carried

out evaluation with organic materials. In Fig. 8, Deff is calculated based on Eq 3. To the

green pellet, shows an exponential decrease with temperature achieved to all conditions

experimented. Differently of organic material, porous structure became tighter and worse as

the steam flow goes outside of the pellet. At higher temperature, Defs is reported to pellet

convective drying by Ljung et al., but with an inverse relation to the temperature and a

hundred times greater than the observed in several organic materials experimented in the

literature (Montevali et al., 2011). Miranda et al. describe the curve shape of Fig. 8 as small

presence of moisture in microspores as in alumina, compared with material such as kaolin

and silica.



9E-06 1 2.E-06
E 4E-06 E 1E-06 { y = 2E-08e?43492 .
S 2606 1 o Deff=0.0003.Tps% € wem R*=0.8336
= 7607 { \at R*=0.6667 >
S 3607 | g Lod
3 3
£ 1607 | £ 8.E07
5 a
S 6E08 1 v 6E07
2 3E-08 4 £
S S 4.E-07
& 1E-08 A &
* 5E09 - w207
A
2E-09 ; r 0.E+00
0 200 400 600 0.00 0.50 1.00 1.50
Temperature (2C) MR

Fig.8 — Evolution of Effective Diffusivity with (a) the temperature and (b) MR.

Activation energy for the drying process at the three size ranges was calculated based on the

Arrhenius equation (power density). The three pellet diameter presented similar curve

inclination which shows a low dependence of the activation energy with the size (Fig.9),

also this is highlight the effectiveness of the microwave to dry compared to the convective

process.
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Literature testwork with single green pellet (Thurbly et al., 1980; Pereira and Seshadri 1985)
using convective drying can be applied to compare the drying efficiency, with the process
presented in this paper (Fig. 10). The drying tests reported by Thurbly et al. (1980) are
similar compared with Seshadri et al. (1985). The microwave shows an accelerated process,

where moisture content is reduced by half more than three times faster the literature results.
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Fig. 10 — Several convective drying conditions compared with the dielectric drying curve

at 10 W/g.

Kinetics parameters were calculated from the drying rate curves. The results demonstrated
that green pellet dried assisted by microwave shows an intermediate Deff value compared
with calculated from literature (Table 3). The drying via dielectric heating presented a lower
level of energy to initiate the process, which was estimated at almost twice lower than the
convective drying. It can be explained by the homogeneous, volumetric and faster heating

of the pellet immerse into the electro-magnetic field, reducing steam condensation inside the



pellet, due to dew point. Another contribution is the heated core of the pellet, which may

reduce drag force against the steam flow.

Table 3 — Comparison of convective and dielectric heating on drying kinetics parameters

. . Thurlby et Dielectric
Author Pereiraetal Pereiraetal Thurlby etal al Heating
Air speed (m/s) 0.154 0.154 2.32 2.32 0.0
Power density ( W/g) 16 19 232 256 10
Temperature ( °C) 155 211 150 175 *
Desr (M2/s) x 108 2.95 3.92 15.1 18.4 9.8
Ea (kJ/mol) 8,8 12,8 5.8

4.4.4. Effect of Drying on the Pellet Quality

Conventional drying process, in general, influences the quality of the pellets, based on that
the pellet quality were assessed via GCS. In Fig.11, green crushing strength (GCS) behaves
differently with the intensity of irradiation. The larger pellet size ranges +14-16 mm and
+12.5-14.0 mm have had a strength reduction in early stages of the drying. On the other
hand, the smaller pellet size range +9-12.5 mm kept almost the same GCS until 100 s, where
a steeply increase on the GCS was observed specially for density power of 6 W/g and 10

W/q, at this last one achieving 2.5 Kgf/pellet.
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Although the GCS presented are likely sufficient for most industrial operations and in good
agreement with reported by other authors (Umadevi et al., 2010), it is below the average
results obtained after standard experiment for GCS of dried pellets where they were gently
dried in an oven at 105 °C/2h (5.2+0.5 Kgf/pellet). The lower values seem to be due to the
generation of micro-cracks on the hematite and goethite mineral even before the calcination
of the mineral, such cracks appear either in the center or in the mantle of the pellet, as SEM
analyses demonstrated (Fig 12). Some authors have already investigated the mineral
cracking due to the microwave power in several different minerals and they attribute that to
differences in heating rate and linear expansion among different minerals (Kumar et al.,
2010; Kingman et al., 2004). This phenomenon has been appointed as positive on the
reduction of energy in mineral milling (Kumar et al., 2010; Haque 1999), but it results in a
worsening in the properties of dried pellet that likely will need to be enhanced during the
firing process. Optical microscopy of the pellets shows that the gangue minerals (silica and
carbonates) responsible for the slag bonding mechanism have not reacted yet (Fig. 10A).
The test was conducted at temperatures lower than 500 °C but goethite has initiated the de-
hydroxylation and hematite reduction to magnetite showing locally heat generation (Fig. 10).
The goethite to hematite transformation takes place at a temperature above 250-300 °C
(Maqueda et al, 1999, Pickles et al 2005), however, hematite to magnetite originate higher
temperature spots within the pellet, one called the phenomenon of thermal runaway (Pickles,
2004), hard to detect with the optical pyrometer used in the study. Pickles et al (2005) explain
the increase in the real permittivity due to the movement of ions during the de-hydroxylation

process.
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Fig 12. (a) Green pellet microstructure at 100s drying time (10 W/g), no slag has been
formed. (b) Topo chemical transformation of hematite in Magnetite (c) De-hydroxylation

of the earthy goethite mineral (d) De-hydroxylation of the earthy goethite mineral.

Additionally, the partially reduced particles indicate that coal particle coating hematite
grains have burned, although larger coal particles unchanged was identified on the SEM
images (darkest particles in Fig. 13D), which may lead to a thermos-decomposition of the
hematite. These events normally are not seen in convective drying because the temperature

of the process does not exceed 250 °C.



Fig. 13 - Green pellet microstructure at 100 s drying time (10 W/g), SEM image showing

hematite and Martite with longitudinal cracks.

4.5.  Industrial Relevance of the Microwave Drying

In pelletizing operation, moisture removal need to happen prior to the pre-heating zone, to
avoid spalling and guarantee energy saving. Earlier release of moisture has linear relation on
productivity, as the time save could be converted in machine speed. Based on the data
presented at Fig 8, moisture reached safe residual at 100 s (10 W/g). It represents a process

debottlenecking, which going to depend of the furnace operation.



4.6. Conclusions

The iron ore pellet drying assisted by microwave was evaluated to be a potential technique

to increase the productivity of drying. The main conclusions obtained are as follow:

= The effect of microwave power output and pellet size on the drying rates were compared
and show only the first has significant impact on the drying rates.

= Drying rates by microwaves shows an intense heating stage previously to a falling
period, expected due to the reduction of moisture at the pellet core.

= Micro cracks generation was observed mainly in hematite grains, which can contribute
to reduce cold crushing strength in early drying process.

= Effective moisture diffusivity was assessed and values ranged from 1.7x107 (at 100 °C)
up to 3.6x10° (550 °C) showing an exponential decrease with temperature. The drying
activation energy shows values of 5.8 KJ/mol are almost twice lower than the energy
involved in convective process.

= Further study might be carried out to understand the hardening behavior after drying and
the individual influence of the mineral phases on the crack generation, along with other
mineral such as magnetite for which the oxidation is also relevant. Additionally, further
studies shall be done to evaluate the energy efficiency of the process and influence of

raw materials quality such as binders or flux.
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Appendix

Table 5 — Summary ANOVA for average effective moisture diffusivity.

Source DF SS MS F P Significance
Pellet size (mm) 2 7E-06  0.0000037 16.76 0.011  Non Significant
Power density (W/g) 2 3E-05 0.0000144 65.96 0.001 Significant
Error 4 9E-07 0.0000002

Total 8 4E-05

S =0.0004680 R-Sq =97.64% R-Sq(adj) =95.28%
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Abstract

Drying has become critical to iron ore pellet production, due to increasing inability to
withdrawal moisture from the green pellets, especially faced by Goethitic iron ore producers.
Existing pelletizing furnaces do not support increase more heating rates nor changes in
furnaces length, without compromise pellet quality. The present study evaluates an
innovative alternative for the actual fully convective drying process composed by an up-
draught drying (UDD) and down-draught drying stage (DDD), through the application of
microwave energy to assist the existing process. In the present work, the process was
simulated in a pot grate where industrial parameters can be simulated. The microwave
generator (power input of 10 MW and 915 MHz) was connected in a traditional static pot
grate at the hood by a microwave conductor. The experiments show elimination of the over-
wet zone at the upper layer of pellet observed at the traditional process. A reduction greater
than 7 % of the moisture in UDD was achieved, while the convective process adds extra

moist to the green pellets modifying the pellet shape.

Keywords: Drying, Microwave, Travelling Grate, Pellet



5.1. Introduction

Pelletizing has great importance in iron ore mining, ensuring optimal use of mineral reserves
and increases the overall blast furnace efficiency. In general, the process involves two main
steps, firstly the balling, where green pellets are formed with the addition of a binder to
enhance agglomeration, induced by water and capillary forces formed within the iron ore
grains (Forsmo et al., 2008). Secondly, the pellets are treated in induration furnace to attain
mechanical resistance and appropriate metallurgical characteristics required by the
ironmaking facilities (Meyer, 1980).

The travelling grate furnace, where the induration process is carried out, is typically divided
into 4 zones: drying, pre-heating, firing and cooling. A large amount of energy are consumed
during the induration process, normally in the form of natural gas, oil, tar, anthracite or coke.
Due to fossil fuel scarcity and global warming issues, at least partial substitution for
renewable energy is desirable (today, the main energy sources in Brazil are generated by
hydropower).

Moisture guarantees the consistency of the green pellet during the balling process and cannot
be fully avoided in the processing. On the other hand, high presence in the furnace feed is
one of the main bottlenecks for the drying process, where the complete release needs to take
place prior to the preheating stage. In modern induration furnace operations, drying initiates
up-draught (UDD), where hot air pushed upwards in temperatures around 150-200 °C
through the pellet layers heating the pellets evaporates free water, which moves out from the
lower layer, giving these pellets enough dry strength to resist upper layers load during the
process. Nevertheless, during drying, whether the heat carrier is not hot enough (where an
industrial trade-off between grate speed/feed rate, moisture content and gas temperature is
normally take in consideration), an over-wet zone may occurs at upper layers where the

pellet are colder, losing its green resistance properties due moisture saturation over a certain



limit (Meyer, 1980), and become too plastic (generating clusters) and even break, due to
excessive moisture (even over initial values fed to the furnace). Regarding the following
zones, bed permeability will be affected thereby compromising the quality of fired pellets
and performance of the operation. In addition to that, for the subsequent DDD (down-draught
drying) the heat requirements to evaporate the condensed moisture increase considerably
(latent heat is consumed to vaporize the condensate moisture again over the pellets)
compromising energy efficiency and productivity of the furnace (Pereira and Seshadri,
1985).

The downward flow has temperature limitations due to top layer pellet spalling and heat
recovery restriction (Thurbly et al. 1980). Feng et al. (2012) have gathered temperatures in
the grate zone of a grate-kiln process, half of bed height of a travelling grate process, the hot
air when firstly contacts the upper layers makes a rapid pellet bed temperature rising, while
the temperature in lower layers increases no more than 10 %, which can be even lower if gas
sensible heat is consumed to vaporize moisture at upper layers. Pereira and Seshadri (1986)
described that a single pellet drying is led by three main steps: at the earlier stage, the driving
force for withdrawal moisture from the surface of wet pellet is the equilibrium moisture of
the hot gas. The removed moisture is replaced by vapor that migrates from the pellet core to
the surface in a continuous process. Furthermore, evaporation from the surface reduces the
moisture content throughout the system at a virtually constant volumetric rate. At an end of
the constant rate period, the moisture content of the pellet surface reaches a minimum,
initiate a falling in the drying rates. From this point on, the access of heat in the pellet core
limits the diffusion of moisture through the pellet, thus achieving its critical moisture value.
Recently, microwave has been introduced to assist the complex heating process of several
materials. Huang et al. (2012) evaluated that the method of drying iron ore with microwaves

in terms of efficiency and energy is superior to conventional methods. The major advantages



of using microwaves in the industrial process are the heat transfer rate, the directional
heating, the size of the equipment, the agility in the switching, the absence of combustion
products that contributes to the reduction of process residues and, in addition to these
advantages, the equipment allows a good heating control, not requiring direct contact with
the materials (Haque, 1999; Guo et al., 2009).

According to Haque (1999), materials behave in three ways in front of microwave radiation,
they may not have any influence (transparent to the microwaves, such as silica), reflect (as
with metals) or absorb these waves (water or iron-bearing materials). The same author state
that when such waves are absorbed, an energy transfer occurs from the microwaves to the
material and as a result, the temperature increases. The increase in temperature, or dielectric
heating, is caused by the friction of the spinning dipoles or because of the migration of ionic
components. By different mechanisms, iron ore and moisture are the materials that control
the heating by the microwave (Shaohua et al., 2017). In the case of iron ore pellets Athayde
et al (2018) explained that moisture plays an important role as a good absorber of microwave
and convert the energy into heat. Despite of other carbon-based materials, coal is a poor
absorber. Limestone is a transparent material for microwave and finally hematite, main
constituent of the pellet, have good dielectric properties.

In the present study, the application of microwave in order to support the drying process for
a travelling grate furnace was studied in a pot grate. For this purpose, it was implemented a
microwave generator, associating the microwave heating together with convective heating.
It was assessed the benefit of over-wetting minimization at the UDD and the moisture

withdrawal, pellet bed aspect was also investigated.



5.2.  Materials and Methods

5.2.1. Materials

Industrial itabirite concentrate obtained from an industrial pelletizing plant located at
Anchieta, Brazil was used in the laboratory pelletizing experiments. Representative samples
were generated by quartering and riffling sampling methods. (ASTM E 877-03, 2003). Iron
ore concentrate had a particle size of 90% passing (325# mesh), and Blaine specific surface
area was found 2030 cm?% g measure according to ASTM standard (ASTM C 204-07, 2007).
Additional raw material was Brazilian bentonite (0,5 %), limestone (1,3 %) and anthracite

(1 %). Chemical analysis of representative pellet generated is shown in Table 1.

Table | — Chemical Analysis of the Pellet

Fe (%) FeO (%) SiO2(%) AlOs(%) CaO (%) MgO (%) P (%) Mn (%) LOI

66.9 0.12 1.96 0.32 0.65 0.02 0.04 0.083 2.6

5.2.2. Laboratory Pellet-Making Procedure

The green pellets were prepared according to the following balling procedure: The moist
concentrate sample was weighted with defined portions of the raw. Mixing was conducted
in an Erich mixer for 120 s. Then, the mixture was agglomerated into pellets by continuously
feed into a pelletizing disc (150 cm dia.) rotating at 40 rpm and pellet growth rate controlled
by feed rate. During the mixture, the green pellet moisture was adjusted to batches of 10.26
% and 9.98 %. Two batches of green-balls were made for each condition of final moisture,
adjusted with pre-weighted moisture.

The green pellet was sieved and classified in size range from 16.0 to 8.0 mm and initially

separated into 4 samples of 45 kg for tests. The growth speed of pellets was controlled to



increase the fraction between -16+8.0 mm. The size distribution of pellets produced is shown

in Table Il and the quality parameters of wet pellets are shown in Table I1.

Table 11 — Pellet size distribution of the pellets

%moisture 9.98 10.26
(mm) (%) (%)
+19.0 0.00 0.0

-19.0+16.0 4.25 5.80

-16.0+12.5 32.55 34.80

-12.5+9.0 58.02 55.10

-9.0+8.0 1.89 1.70
-8.0+6.3 1.42 1.34
-6.3 1.89 1.50

Table 111 — Quality parameter of the pellet batch produced

Parameter Batch 1 Batch 2
Moisture (%) 10.26 9.98
Wet-CS daN/pellet 2.2 1.95
Drop number (from 450mm height) 6 6.5
Dry-CS (150 °C) daN/pellet 5.5 6

After producing green pellets and after the pot grate experiment, 100 g of wet pellets were

randomly selected immediately. The weight of the remaining pellets was recorded and then

put in a laboratory oven to dry them at 378 K until constant weight. A laboratory scale was

used, the moisture content was calculated by wet and dry weight difference. The calculation

of the percentage of humidity was performed, according to the ISO3087 standard.

5.3. Drying Experimental Procedure

The pot grate furnace has the objective of simulate conditions of an induration process. The

main constituents of the furnace are: (1) the combustion chamber where a burner containing



LPG (liquefied petrol gas), oxygen and atmospheric air are ignited and the hot off-gases
generated flows through the (2) pot, where the pellets are placed during the test and fully
convective heated (radiant heat from flame are retained inside of the chamber). The input
energy (LPG) is a control loop with the temperature set up at the lower layer of the pot. The
pot is assembled with 37 cm of green pellets to be burned over a 7 cm layer of fired pellet,
placed over stainless-steel grate bars. Furthermore, the pot is located between the (3) hood
(connected with the combustion chamber) and the (4) windbox, which conduct the gas flow
(down- or upwards). For the present study, a microwave applicator was implemented at the
hood (Figure 1), directing microwave generated to the pellet bed using (5) waveguides made
out stainless steel (non-magnetic) for safety purposed of no leakage. The (6) microwave
generator inserted was a SAIREM FRANCE microwave generator with maximum capacity

of 18 KW, which operates at frequency of 915 MHz.

(1) Combustion |
Chamber | (3)Hood

[]s

(2) Pot (6) Microwave

Generator

(5) Wave Guidei — |J;|-| |J;|-|

(4) Windbox

Figure 1 — Scheme of pot grate adapted for microwave drying.

For this experiment the conditions for drying as well as other parameters of the experiments
are given in table IV, which were defined based on operation induration data available for

industrial operations. The conditions applied in the test were: (1) Fully convective, following



standard conditions and (2) mixed heating profile where the microwave was set continuously

at 10 kW during the first UDD stage.

Table 1\VV— Heat pattern applied in the present study operation

Zone Reaction Zone Time Pressure Drop ~ Temperature
Length (m) (s) (mmWg) inlet ( °C)

ubD 16 175 -290 290

DDD 31 340 250 280

After the test, moisture was measured at four-bed height (30, 60, 240, 360 mm). The pot

grate was opened after the tests and thermal images acquired using FLIR i7 Thermal Imager.

5.4. Results and Discussions

5.4.1. Pot Grate temperature evaluation

The constant pressure drop control-loop leads to increase of inlet air flow if the resistance
through the pellet bed is lower (improving the heat transfer across the bed), in order to make
the trials comparable and correlated with the industrial operation. In the fully convective
mode, the pellet temperature at 60 mm depth from the surface does not rise to a great extent
from the initial temperature in the first 200 s, as the gas flow is cooled down across the bed.
Figure 2 indicate that firstly gas heat was consumed turning moisture into steam on the lower
layers and secondly consumed in latent heat when moisture is re-condensate on the
intermediate layer. On another hand, the microwave assisted experiment warm up pellets
downwards into the pellet bed, sharply increasing the temperature of the first pellets of the
upper layer showing heating rates as high as 1.5 °C/s and an average of 0.79 °C/s against
only 0.14 °C/s, when only convective heating is applied at the UDD. In Figure 2, it was

observed a significant increase in the temperature at 60 mm depth, reaching the temperature



of 115 °C against 71 °C at the end of the UDD. Afterwards, the DDD chilled the top layer,
transferring the heat downwards. The pellet surface temperature above the gas dew point
(100-110 °C) avoid the condensation of moisture.
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Figure 2 — Temperatures profile at 60mm depth from surface.

Nevertheless, the dielectric heating is restricted to the first layers of pellets, once the wave
is attenuated through the pellet bed. Saito et al. (2011) have observed low penetration depth
of microwave materials with good dielectric properties such as iron ore. Figure 3
demonstrate that the lower layer closer to the hearth layer (340mm depth from surface) has
no significant difference in the temperature profile between the two treatments, most likely
the wave did not reach these pellets, but moisture was properly released during the UDD,

which normally occurs in the region.
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The mitigation of the overwetted region had an impact on the windbox temperature, based
on the similar inlet temperature at the DDD zone (280 °C) and pressure drop in the
experiment. Figure 4 indicate an improvement in the overall heat transfer rate across the
pellet bed, with lower moisture at upper level it allowed increase the windbox temperature
by 37 °C. A critical point at the DDD is guarantee that heat transfer gas-pellet is sufficiently
low to avoid a high steam release from the pellet core and consequently spalling, which
could lead to spalling as observed by Tsukerman (2007). Additionally, Matos (2007)
presented from industrial correlation that temperature increased are responsible for +0,01

MTY/°C in pelletizing throughput, because of the possibility to shorten the residence time

of pellets inside of the furnace.
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Figure 4 — Windbox temperatures
The effect of the temperature changes in the pellet bed on the moisture was measure and it

is described in the following chapter

5.5. Moisture Released at Pot Grate Experiments

Figure 5 shows the impact of the heating distribution across the pellet bed moisture released
after the experiment. The upward hot air absorbed the moisture until the saturation limit,
decreasing its temperature. The moisture measured at the lowest layer, shows no difference
between the heating methods (360 and 240 mm depth), because of the similar level of
temperature achieved, as observed previously at Figure 3. On another hand, at upper layers
(60 and 30 mm), for the fully convective experiment, moisture presented higher than initial
values (10.2 % and 10.5 % above the initial 10.12 %), indicating that the air flow cooled
down until the dew point, where moisture condenses over the surface of the cooler pellets,
especially at 60 mm depth. The use of microwave at UDD had a considerable impact on
those layers of pellets where moisture reduced considerably (9.3 % and 10.0 % from initial
10.12 %) compared with the fully convective drying, do not allow condensation. The

mitigation of condensation has a direct impact on the bed permeability, as far as the physical



aspect of pellets is concerned no visual cracks or deformation were observed, inferring that
the drying rates were sufficient smooth for microwave power applied. According to Ljung,
(2011) drying is a function of an initial surface evaporation period succeeded by a period of
increase in internal evaporation. Based on that, the mechanisms co-exist during a certain
period of time. However, Figure 4 demonstrates that the microwave accelerates the pellet
temperature towards the wet bulb temperature, making possible increase the pellet

temperature sooner as the moisture content at the surface is lower.

Bed Depth (mm)

1 B Assisted by Microwave

# Fully Convective
360 4
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%Moisture

Figure 5 — Effect of the Microwave on the UDD efficiency

In Figure 6, the variation of moisture in two different level of moisture has demonstrated a
better efficiency with microwave assisted heating compared to the fully convective heating.
The heating assisted by microwave mitigate the over-wetting of in both levels of initial
moisture at the end of the UDD. However, the fully convective drying generates an over-
wetting condition, which increases moisture in the upper layer by +3.7 % per +1 % of
increase in initial moisture, this behavior can be explained by Thurlby et al (1980), since, in

their view, it is well established that the moisture stuck in the medium-upper layer jeopardize



the pelletizing operation due the collapse of the pellets when the porous saturation is
achieved (Forsmo, 2006), also referred by Meyer (1980) due an increase in the resistance of

the air flow.
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Figure 6 — Effect of the total moisture content on the drying efficiency, at the top layer at

the end of UDD

5.6. Pellet aspect after Pot Grate Experiments

In figure 7, the over-wetting zone formed can be clearly observed. Although the pot was

carefully dug through the layers, some pellet cracked.
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Figure 7 — Visual appearance of the pellet after UDD experiment

At the end of the UDD stage of each experiment, a thermal image was obtained in order to
verify the heat distribution effect on the temperature of the pellet bed surface. The top layer,
in Figure 8, demonstrated cross-section specific patterns for both experiments. In the
microwave assisted experiment, the central part of the pot grate shows an energy
concentration (Figure 8b), temperature reached 130 °C against 55 °C in the fully convective
heating (Figure 8a). The reason | the oscillating behavior of the microwave in multimodal

ovens which generates a homogeneous electromagnetic field, distributing radiations towards



different directions through pot grate hood. However, these stationary waves heat more some
spots of the area exposed, where the power density is considerably higher. The complex
oscillating pattern of the waves could lead to thermal runaway effect (Ogunniran et al.
(2017), Lovas et all (2011)) and degradation of the pellets, which was not observed due to
the moisture release at the surface. Additionally, spalling was not observed, indicating the

heat rates applied were not sufficiently high despite the high temperature achieved.

(@) (b)

Figure 8 — Heating pattern over the pan of the pot grate (a) fully conventional heating (b)

assisted by Microwave.

5.7. Comparison of the heating mechanisms

The fully convective heating, in general, over-wet pellets in the intermediate and upper
layers, the increase in moisture reduced the green pellet strength resulting in clusters,
deformed and clogged the pellet bed voids where the gases should percolate at further
downdraught steps. However, the application of microwave during the UDD stage to assisted
heating minimized the clustering and deformation, in Figure 9 the mechanism is compared.
The wave penetration is a function not just of wavelength, but also energy converted in heat
in the first layer of the bed, which in this case is high due the high amount of moisture.

Nevertheless, pellets at 240 mm depth were almost dried (showing how deep microwave



reached) whereas moist pellet (darker) at top layer is far less compared to the fully

convective heating.
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Fig 9 — Mechanism of the heating and drying with fully convective and microwave assisted

in the pellet bed.

The results represent may a significant increase in productivity of travelling grate furnaces,
as DDD can operates without constraints and higher temperature. The main constraint is to

eliminate water before the preheating zone, then maximizing the operation.

5.8. Conclusion

The present paper demonstrated through a pot grate study a breakthrough technique to
improve drying efficiency through the application of microwave. The process permit:

e Dielectric heating is much complex than fully convective heating, and a new

operation mode are expected due the nature of heat transfer and absorption from a

different material;



e Although high heating rates may lead to spalling of the green pellets, in the present
experiments it was not observed, concluding that energy transfer was sufficient low
to release the moisture from the pellet core.

e The heterogeneous behavior of the application should be improved to increase energy
efficiency of the process. The work must continue improving the applicator in order
to minimize the heat distribution.

e The microwave application minimized the dew point of the heat carrier and retention
time of the green ball with excess humidity, allowing a more efficient process, for
the same green pellet strength at upper layers (minimizing the influence of static load
on the pellet with excess wetting).

e The microwave assisted heating shows low influence of the initial moisture, which
impact the fully convective system leading to increase in residence time of the pellet

in the furnace.
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Abstract

Nowadays, the HPGR (high pressure grinding rolls) is an intermediate step between filtering
and balling in most modern iron ore pelletizing operation. The operation debottlenecks
filtering process and reduce pressure over the typical milling process to control particle size
to the balling. The present study evaluated aspects of microwave application to the iron ore
concentrate fed to HPGR in a bench scale unit. Iron ore concentrate was irradiate varying
the exposure time to the microwave and the grinding efficiency was evaluated. The influence
of moisture in the HPGR efficiency was also assessed. The pellet feed blaine surface area
(BSA) improved by 300 cm2/g and % < 325# fraction by 3 %. Scanning electron microscope
(SEM) images show the formation of micro-cracks onto the particles surface induced by
microwave, the effect observed helped improve the milling process performance, in addition

to the moisture reduction observed due the temperature increase.

Keyword: HPGR, Microwave, Moisture, Pelletizing



6.1. Introduction

Pelletizing is one of the most efficient processes to prepare fine iron ore to reduction reactors.
Its flexibility to adjust pellets composition for each operation (tailored-made) and the
uniformity/stability of size distribution, chemical composition, physical and metallurgical
properties are key factors to reactor’s stable operation. A critical production trade-off is a
relationship between the iron concentrate moisture and its particle size distribution (Sportel
et al., 1997; Kawatra, 2001 and Nunes et al., 2014). Usually, wet grinding circuits reduces
run-of-mine ore particle size to liberate the wanted mineral from the gangue, nevertheless in
the case of pelletizing it is also necessary to adequate particle size and surface area, i.e. ore
fineness, to obtain high cohesion among the particles, a proper green pellet growth rate and
resistance at the balling process. Pellets strength occurs through capillary adhesion forces
that bond mineral particles all together and reach its maximum when the porosity is properly
filled with moisture. Forsno et al. (2005) measured the maximum compressive strength,
observing an inverse correlation with particle size and efficient moisture level control. The
porous network saturation inside the green pellet need to be achieved. However, the moisture
control at the dewatering process is greatly influenced by the ultra-fine particles fraction (%
< 325#) in pellet feed and generated during milling. This particle size clogs the filter cloths
void reducing the and the permeability through the filter cake. Therefore, particle size
distribution (PSD) has a strong impact on the downstream processes. Holistically, the
balance between moisture and PSD greatly affects the induration furnace, not only because
the agglomerates growth rate, but also due to the green pellet strength and surface finishing
control (Kapur et al., 2003). The mentioned green pellet properties are key to prevent
deformation and minimize fine generation within the furnace, leaded by cracked green

pellets during the drying stage inside the furnace. A permeable pellet bed eases the drying



process and lowers energy consumption at higher throughput, as the heat transfers are more
intense and temperature for induration reactions can be achieved (Forsmo et al. 2008).

The fine ground ore is a requirement to pelletizing process, although the filtering operation
are jeopardized. Technological innovations have been proposed to solve the traditional
mineral processing trade-off and to control moisture level at the high presence of ultra-fine-
fraction, as a proper feedstock to pelletizing process (Leonel et al., 2013). In the last decades,
the HPGR (High Pressure Grinding Rollers) was introduced as an additional comminution
step to the beneficiation plants flowchart, as represented in Figure 1. The first motivation to
support HPGR use as an alternative comminution process is its greater energy efficiency
compared to conventional crushers and mills (Meer et al., 2015). By applying the load slowly
on ore particles, the HPGR breaks the grains, minimizing energy loss as heat and noise. The
possibility to regrind the mineral to adjust the surface area for pelletizing needs after
dewatering, without any addition of water to the process, it is a second strong motivation.
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Figure 1 — (a) Traditional Pelletizing process (b) Pelletizing process with HPGR

The equipment consists of two opposing rotating rollers as shown in Figure 2, coupled to

traction resistant bearings, coated with abrasion resistant structure and studs. The pressure is



applied by means of a hydro pneumatic system. The roller slides or floats on shock absorbers,
reacting to the forces of the material on the roller and the spring system. The mineral is fed
by means of a chute or column positioned in the upper part of the equipment, based on a
level control that assures the uneven continuous feeding above the rollers. Usually the feed

column is sufficient to exert a force of separation between the rollers (Abouzeid et al., 2009).

/
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Figure 2 — Mechanism of comminution in an HPGR.

The HPGR advantages for the iron ore pelletizing are: pellet feed moisture reduction, lower
energy consumption, and capability to adjust PSD after dewatering instead of at
beneficiation unit (Ribeiro et al., 2010). Nunes et al. (2014) demonstrated that a better pellet
feed PSD (where % < 325# fraction is higher than 90 %) improves considerably the physical
green pellet quality. In the microstructural point of view, the particles processed at HPGR
(Zu et al., 2004 and Meer et al., 2015) have a modified morphology (less angular edges) and
enhanced surface activity (due to the cracks generated) which allows an easier growth rate
control during the balling process. Moreover, Zu et al., (2004) demonstrated that
concentrated processed through HPGR improves green pellets to support 3.3 to 4.9

additional drops number and dosage of bentonite reduces from 2 to 1 %ww. Also, Meer et al.



(2015) observed a reduction in green pellet porosity in the range of 3-5 %, which may
represent an increase in throughput of an induration furnace.

Differently than a tradition wet-milling flowchart, the comminution through HPGR
generates higher ultra-fines portion. Consequently, the HPGR installed ahead of the
dewatering process eases the moisture control and have benefits to the balling process.
Additionally, the particle breaking mechanism is induced not by the impact but by attrition
and shearing forces among particle (Meer et al., 2015; Barrios et al.,2016). These forces may
generate 3 to 5 % more ultra-fine particles (% <10 pum) than a ball mill, for the same BSA
and throughput (Abazarpoor et al., 2017). However, the moisture level is critical to achieve
an increase of 300 to 400 cm2/g for the reason of the slippage (drifting) among particle
covered by water, when pressed between the rollers. The moisture content increase reduces
parabolic the HPGR throughput, especially on the level above 7 % (typical for pelletizing
process). The studies reported flake generation in this moisture level (Saramak et al., 2013
and Meer et al., 2015). Recent models developed correlate particle reduction rate and
moisture content, it has been shown that flake generation increases specific energy
consumption and lower net throughput due to the high pressure used to avoid slipping when
moisture increases. The throughput stability is critical by due the high capital investment for
an HPGR compared with the traditional grinding circuit, and new technologies which can
improve the HPGR performance are needed.

In the last two decades, several studies of hard ores pre-grinding have evaluated extensively
the use of microwave radiation (Kingman et al.,1998; Kumar et al., 2010; Rizmanoski,
2011). Although Alli et al (2011) advise that a high-power density is required for treat fine-
grained ores. In contrast, Kingman et al. (2004) shows that microwave generates inter-
granular fractures in an extensive number of different minerals, easing the cracking of the

particles during the ball milling process, in applications with less than 0.5 s (< 3kW).



Rizmanoski (2011) explained that reduction in strength of different mineral is related to
applied microwave power level and mineral liberation, the degree at which mineral
component of the ore will absorb microwaves depends on the complex permittivity &, which
is defined by Eq. (1).

e=¢—1ig" (1)
Where €' is the real component of the complex permittivity, and €" is the imaginary
component of the complex permittivity (He et al., 2011). The dielectric heating, as it is
known, is the interaction of the electromagnetic field of microwaves with the mineral, where
dipoles align and flip around since an alternated field is applied and the internal energy
converts in heat due to the friction (Haque et al., 1999). The real component measures the
mineral ability to store electrical energy. The complex permittivity represents the ability of
heat generation. Besides €' and &", another parameter that is used to express how the

microwave energy is dissipated is known as loss factor and defined by Eq. (2).

tand = ¢"/¢' (2)

Iron minerals have higher dielectric property than gangue minerals, consequently Shaoxian
et al. (2013) explained that different absorption rates among the minerals (especially in
mixed particles) generates stress within the lattice with the increase of temperature, leading
to intergranular and trans granular cracks. Each ore has different thermal expansion rate
because of crystal size, electrical properties or ore composition. Besides, the present study
will evaluate how HPGR can take advantage of this effect.

The main goal of the study was to investigate the effect of microwaves irradiation on the
ability of the HPGR improve pellet feed BSA and generation of fine particle portion,

important for iron ore pelletizing process. The abovementioned moisture influence on the



HPGR grindability needs to be considered during the experiments as the heated pellet feed
release moisture, an effect of the microwave applied. An improvement in the pellet feed PSD

will allow better operation of the induration and balling process.

6.2. Materials and Methods

6.2.1. Raw Materials

Industrial itabirite concentrate obtained from an industrial pelletizing plant located at
Anchieta, (Brazil) was used in the experiments. Representative samples were generated by
quartering and riffling sampling methods (ASTM E 877-03, 2003). Blaine specific surface
area was measured according to ASTM standard (ASTM C 204-07, 2007). The chemical

composition and physical properties are shown in Table I.

Table 1 — Chemical, physical and mineral characterization of the iron ore concentrate

FeT (%) FeO (%) SiO2 (%) AI203 (%) CaO (%) MgO (%) P (%) Mn (%)

65.95 1.62 1.59 0.32 0.02 0.02 0.046 0.083

Blaine Surface Area +100#  -200#  -325#  +325# :_Onﬁ?r: g‘;‘;’;‘i‘?c
(cm2/g) (%) %) %) (%) (?/0) G ,mg)y
1838 02 73 89 36 3.65 48

%Specular Hematite ~ %Porous Hematite ~ %Magnetite ~ %Goethite %Quartz

42.3 33.7 1.2 20.8 2




6.3.  Experimental Procedure

6.3.1. Microwave Treatment Experiments

The concentrate was treated in a microwave oven, multimodal, provided with a turntable-
tray model LG MH7048G (2.45 GHz, power of 1000 W). An additional exhaust system
(1L/min) is placed on the lateral side to standardize the steam withdrawal. The sample holder
is a Teflon high-temperature resistant plate (Figure 3) to keep the irradiation power density
constant in the sample.

In every treatment, the iron ore was irradiated in 100 sub-samples of 150 g, in order to keep
the power density and electromagnetic field homogeneous on the whole sample. The
treatments were conducted in time step of 0, 10, 30 and 50 s, in duplicate. The sample
temperature was gathered after every treatment and the average recorded for each time-step.
The average temperature on bulk surface was measured using a model Raytec ranger 3l
infrared thermometer after switch-off the microwave power. In order to access the heat
efficiency, 100 ml of water (cp = 4.18J/g/°C) was placed in the same sample position to
evaluate the amount of heat absorbed in regarding the power input setup. The result is a 68+1
% furnace efficiency (E) for absorption in relation to the nominal power input, the

complement is dissipated as heat, mostly in the magnetron tube.
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Figure 3 —Microwave furnace used during the application (a) scheme of microwave

furnace (b) image of the microwave used in the test (c) sub-sample heated.

Figure 4 illustrates the position of an industrial application in the flowchart, the irradiation
time can be translated into the distance over a conveyor belt, before feeding the HPGR.
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Figure 4 — Flowchart of a pelletizing process including MW generator to support HPGR

process.



6.3.2. Milling experiments at the HPGR

A bench scale Polysius LABWAL HPGR (250 mm diameter and 100 mm length), shown in
Figure 5, processed the concentrate irradiated. Every test used a 15 kg sample (feed rate of
30 kg/h). Alves et al (2015) determined that good quality results could be obtained from
samples of only 5 kg, where a typical standard is in the range of 25-30 kg.

Comminution was achieved by compressing the particle bed using two-rotating rolls, where
one is forced against the other by a hydropneumatics piston system. The setup oil pressure

was 50 N/mmz2, roller speed kept constant at 0.3 m/s (zero gap 2.91 mm).

Feeder
Pressure Piston

i \ Moveble Roll

Fixed Roll

(a) (b)

Figure 5 — (a) Scheme and (b) picture of the bench scale HPGR

The milling experiment was conducted by two feeding methods:

(1) "Original™: A part of the representative samples generated by quartering and riffling
sampling methods, reposed at room temperature for 2 h.

(21) "Treated and pressed only": 100 concentrate sub-samples obtained from the microwave
treatment were homogenized and reposed at room temperature for 2 h.

(3) "Treated and pressed remoisturized.": 100 concentrate sub-samples, after the previous

procedure had the moisture adjusted to reach the initial 10 % w/w and then homogenized



again. The procedure intends to evaluate the influence of the microwave, without

considering the moisture released during the heating.

6.3.3. Particle size analysis

The particle size distribution was performed with a Mastersizer 2000E, capable of analyzing
particles between 0.02—1000 pm. Parameters were fixed at a pump speed of 3000 rpm, the
measurement time of 6.5 min and pulp concentration of 0.01 %ww. The sample was prepared

in distilled water.

6.3.4. Specific surface area

The measurement of the air permeability of a bed of fine particles was measured in the

instrument based on the ASTM C-204 (2011), to obtain the BSA.

6.3.5. Particle aspect ratio by SEM using image analysis

The samples were analyzed using a scanning electron microscope (SEM) JEOL —JSM 35C
Model. The sample was coated with a thin layer of carbon in order to get the sample
sufficiently conductive. The images were taken at 500x in different zones of the sample in
order to map randomly the particles. ImageJ software was employed to provide the aspect
ratio. The aspect ratio is always either equal or greater than 1.0 (ratio length/width). A
symmetrical particle shape in all directions, such as a sphere has an aspect ratio of one, while
an elongated particle has a higher than one aspect ratio. The images were analyzed after
calibration for dimensions, contrast improvement, background noise minimization, a

threshold to extract particle from the background through a binary image.



6.4. Results and Discussion

6.4.1. Microwave Heating Profile

Figure 6 shows the pellet feed temperature evolution during microwave application. In the
earlier moments, it was found a high heating rate of 1.31 °C/s, while after the 30 s the heating
rate reduces to 0.72 °C/s. Sahoo et al. (2010) and Athayde et al (2018) also observed iron
ore warming up at 1.2 °C/s. The heating efficiency was assessed based on Eq. (3) and the

results are presented in Figure 6.

mcpAT+ AHyqap - Amoisture
PtE

%Heating Ef ficiency = x 100 3)
Wherein, "m" is the mass of pellet feed (g), ""cp" is the specific heat (J/g/ °C), "P" is the power
input supplied by the microwave oven (W), "t" is the irradiation time (s), "AT" is the
temperature variation during the trial (°C), "AHuap" is the heat of vaporization of water (J/g),

"Amoisture" mass variation of the sample (g) and "E" is the furnace efficiency (%).
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Figure 6 — Evaluation of temperature with the irradiation time



The maximum exposition time was defined due to the generation of incandescent spots
which consumes more energy, defined as thermal runaway (He et al., 2015). The effect
happened after the irradiation time of 50 s, defining a maximum residence time in the
furnace. The complex occurrence of this spots depends on how the region is cooled by heat
diffusion to the material surrounding, which it is also dependent of the thermal diffusivity
and temperature gradient across the sample. The heat generation has a strong influence on
the moisture loss. Moisture has stronger microwave absorption characteristics than hematite.
The mineral has a lower loss factor (Tand 0.01-0.07) compared to water (0.12-0.16), which
decrease even more because of an increase in temperature (Haque, 1999), reducing the heat
efficiency with the increase in the irradiation time. Figure 7 shows a drying rate of 8.0
0.2x10* g/(g.s) in consequence of the dielectric heating, which represents a positive aspect

for the pellet drying process in a subsequent induration process.
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Figure 7 — Moisture reduction during the irradiation time



6.4.2. Microwave irradiation impact on the HPGR Efficiency

The grinding efficiency at bench scale HPGR was assessed based on the evolution of the
iron ore concentrate BSA and % < 325# fraction. As shown in Figure 8, microwave
irradiation induces a significant increase in BSA and % < 325# fraction. Similar applied load
and feed rate at the HPGR reduced the particle size, due the application of compressive
forces (increasing the portion of ultra-fine, represented by a higher BSA), but also the
microwave irradiation time increase has influence in the result. The BSA increased at a rate
of 3.5 + 0.3 cm?/g/s of irradiation, the rapidly increase was followed by % < 325# fraction
increase, also essential to better balling efficiency (Zhu et al., 2004). The causes for the
improvement in the HPGR efficiency conditions are the particle fragility, during the time
where the ore is exposed to the microwaves and as described earlier the second reason for
this observation lies on the nature of the moisture reduction impact on the particle bed

between the rolls.
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Figure 8 — Effect of the irradiation on the concentrate particle size (initial BSA = 1838

cma/g).



The microwave effect on the HPGR efficiency was evaluated, also excluding the HPGR
improvement expected due the lower moisture after microwave heating. Figure 9 shows the
particle size results of the “pressed and treated remoist.” sample and the "treated and pressed
only". The samples "treated and pressed only" had an increase of BSA and % < 325# fraction
after grinding of 534 cm?/g and 4 % respectively, but the moisture content of the sample
heated was 4 % less than the initial sample (Figure 7). Several authors report a reduction in
HPGR grinding efficiency because of the moisture increase (Abazarpoor et al., 2017 and
Meer et al., 2015), nevertheless these results show that dielectric heating of the microwave,
may have an additional effect on the sample. The “pressed and treated remoist”, where the
moisture are at the same level as the “original” sample, shows a value of BSA and % < 325#
fraction of 104 cm?/g and 0.7 % respectively lower than the “treated and pressed only"

sample, which can be attributed to the moisture reduction effect alone.
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Figure 9 — Effect of the irradiation time on the concentrate wet and partially dried BSA and

%<325# fraction after being pressed.



The variation of BSA and % < 325# fraction shown in Figure 9 with microwave irradiation
can be split between a microwave effect and moisture reduction. In Figure 10, the total
variation was considered when moisture was not added to the concentrate (moisture
reduction + microwave effect), but partial variation (%Delta) can be also calculated, as in
Eq. (4) and (5). The microwave effect contributed with 42 + 1 % of the BSA increase and
24 + 2% of the % < 325# fraction increase, the complement to the total variation are due the
moisture reduction effect. In summary, the microwave influence is more than twice more
relevant for the BSA than to the % < 325# fraction. The microwave irradiation affects the
generation of the very fine particle, which has greater surface area per unit of mass (bellow
10 um). Consequently, the moisture reduction had a stronger influence on the increase of %
< 325# fraction than BSA.
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Figure 10 — Influence of only microwave on the BSA and % < 325# fraction after HPGR.



Meer et al., (2015) explained that high moisture content increase material slippage (drifting)
on the roll surface and add abrasive wear, markedly shorten the wear life of the rolls. From
the operational point of view, the purging of water to the edge of the rolls and the high

moisture material handling affect the stability of the operation.

6.4.3. Microscopic characterization

Figure 11 shows SEM images conducted on the original sample and after the 30 s of
irradiation. Particles before grinding but just irradiated shows already some degradation,
with fine micro-cracks all over the surface of the particles. There are mainly two mechanisms
supporting the localized cracks and fractures throughout the treated sample (Ali et al., 2011
and Shaoxian et. al., 2013), firstly the uneven distribution of thermal expansion by cause of
the different minerals present in the sample and secondly, different energy absorption rates
of the microwave energy by each mineral. Several micro-cracks observed in the minerals in
Figure 11b occurred because different mineral responds to the electric field in different ways,
which leads to different heating rates (Kingman et. al., 2004). No internal pressure release
can be attributed to the fact as the crystallized moisture are the same from the initial value

after irradiation, which is expected seeing that low temperature was achieved.

BES 20kV 10Pa x1,500 10pm BES 20kV

Figure 11 — Mixed particles (a) without microwave treatment and (b) treated with 30 s.



The absorption by the silica, goethite, and hematite presented in the concentrate creates
different linear thermal expansion leading to an internal stress in the lattice between mixed
particle, which generates ramified micro-cracks propagated through the mineral particle to
release the tension generated, also observed by Kingman et al., (1998). Figure 12 shows an
example of a martite particle with micro-cracked rooted in several directions, which lower

the needed milling energy to break the particle.

BES 20kV

Figure 12 — Example of a martite particle micro-cracked observed in the sample treated for

30s.

The particle shape of the sample after the HPGR was also analyzed by SEM. The HPGR
increases the proportion of ultra-fines in the sample, shown in Figure 13. Compaction and
inter-particle abrasion were chiefly responsible for breakage, then resulting in a lower
presence of elongated particles. Consequently, shorter and rounded particles without sharp
edges in the "Only pressed” sample replaced those particles in the "Original” sample.
Additionally, Figure 13 shows in "Treated and Pressed" sample that an additional increase

of ultra-fines covers the main particles, which support the observed increase of BSA in this



sample. On the particles of "Only Treated" sample the microwave absorber minerals
hematite, goethite and martite shows branched micro-cracks not following any specific
direction, characteristic of the microwave effect into the minerals. Charikinya et al. (2015),

Kingman et al. (2004) and He et al. (2015) had observed the same behavior in coarser ores.
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Figure 13 — Concentrate SEM treated at the microwave and pressed at HPGR (500x).

The particle aspect ratio shown in Table 2 corroborates with the observed distinct breakage
behaviors of the particles. Some particles became more brittle by the introduction of the
micro-cracks. In general, breakage is a strong function of the specific energy level in the
HPGR, as observed by Abiyzeid et al. (2015), but the micro-cracked particle is not

significantly affected, it is explained by the lower energy needed to break. This effect on the



size is dependent on differences in brittleness of feed components. The cracked particle
(soften) tends to generate ultra-fines, whereas the other stronger particles break down into

large parts, only reducing aspect ratio.

Table 2 — Statistics of Particle Aspect Ratio (width/length)

Standard

Sample Mean Deviation Q1 Q2 Q3
Original Sample. 2.06 0.99 1.40 1.94 2.72
Only Pressed 1.26 0.50 0.90 1.248 1.55
Only Treated 2.03 1.05 1.32 2.006 2.30
Treated and Pressed 1.29 0.45 0.96 1.261 1.60

The PSD curves (Figure 14) show that samples treated with microwave and then ground by
HPGR present more fine particles than the sample only ground in the HPGR, at the same
size fraction. Therefore, pellet feed preparation for pelletizing may take advantage of a
microwave pre-treatment prior to HPGR, because a higher BSA are desirable to improve the
capillarity forces within the grains. The pre-treatment increased from 25 % to 34 % the
fraction % < 10 um (responsible for 11.1% increase in the BSA), while the fraction %<325#

fraction slightly improved by 3%.
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Figure 14 — Effect on concentrate particle size distribution treated in the microwave and

pressed in the HPGR.

6.5. Conclusions

The study quantified the microwave effect on the milling by HPGR in order or minimized
the requirements for the balling process and consequently furnace drying, the following
conclusions can be drawn:

- The microwave irradiation shows a 3.5 cm2/g/s improvement on the BSA after grinding
on the HPGR, which should be attributed to an increase in size fraction % < 10 pum from 25
% to 34 %.

- Although influenced by the higher moisture level, the pellet feed has an excellent heat up
fast. The sample reached 80 °C within the 50s, which may improve the balling and drying

process and need to be study in future.



- The moisture released contribution during the heating was isolated. The microwave effect
on the particle size reduction was quantified as 40 % for BSA increase and 22 % for % <
325# fraction increase.

- The BSA and % < 325# fraction increase was related to the generation of microcracks onto

the particles, observed on the SEM images.
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CAPITULO 7. Consideragdes Finais

Neste trabalho foi avaliado o controle da umidade para o processo de pelotiza¢do de minério
de ferro através do uso de micro-ondas. Foi investigado o prensamento de minérios por
cominuicdo em prensa piloto e a secagem de pelotas em bancada e em planta piloto. Ainda,
foram investigados os fendmenos que influenciam a operacdo de uma planta industrial de
pelotizagéo.

O processamento por micro-ondas apresentou caracteristicas singulares em relacdo ao
processo convectivo de aquecimento, representado pelo processo industrial no Artigo B. A
rapida concentragdo de energia e consequente propagacdo através do sélido mostraram-se
caracteristicas essenciais para retirada da umidade das pelotas. Através dos testes em
bancada apresentados no Artigo C, ficou evidente que o didmetro ndo € significativo para
variagcdo na taxa de secagem das pelotas, como ocorre no aquecimento convectivo. No
entanto, a taxas de secagem das pelotas reduz significativamente, apds poucos minutos, com
a reducdo da umidade durante o processo, pois a resisténcia a rotacdo dos dipolos da
molécula de agua, sob influéncia do campo eletromagnético gerado pelas micro-ondas, € o
principal mecanismo de aumento da temperatura na pelota. A taxa de secagem no processo
realizado por micro-ondas apresentou um estagio de intenso aquecimento (devido ao alto
teor de umidade nas pelotas) seguido por um periodo de queda exponencial da taxa, devido
a rapida reducdo da umidade no nucleo da pelota. O processo ocorre com a reducdo
exponencial da difusividade efetiva da umidade com aumento da temperatura. A energia de
ativacdo equivale a metade da observada no processo convectivo, favorecendo a cinética da
secagem por micro-ondas.

Neste contexto a hipotese do aquecimento heterogéneo para 0 novo processo, combinando
micro-ondas e fluxo de ar em leito de pelotas, foi avaliada nos experimentos do Artigo D.

Também foi proposto no mesmo artigo um modelo do mecanismo de secagem em leito de



pelotas, simulando uma operacdo industrial. A complexa distribuicdo de temperatura,
oriunda do campo elétrico gerado, no leito de pelotas, gerou regides com temperaturas mais
elevadas devido ao leito estatico. No entanto, apesar da heterogeneidade de temperatura na
superficie do leito de pelotas, ao longo da altura foi observado um consideravel aumento de
temperatura, favorecendo o processo com uso de micro-ondas. Néo foi verificado formacéo
da camada de umidade condensada nas camadas intermedidrias durante o fluxo gasoso
ascendente.

Com base na observacéao dos experimentos apresentados no Artigo C, o trabalho demostrou
a geracdo de micro trincas nas particulas expostas as micro-ondas, portanto foi proposta a
hipotese de menor demanda energética para prensamento do concentrado, a qual foi
verificada no capitulo 6 (Artigo E). A geracgdo de finos (% < 10 um) aumentou de 25 % para
34 %, contribuindo para um sensivel aumento da superficie especifica do material. No
entanto, a conducdo ibnica impulsionada pelo campo magnético, através dos minerais,
mostrou-se limitador para o aumento do tempo de exposicdo, pela queima localizada do
minério conhecido como “efeito runaway” (Artigo D). Uma potencial aplicacdo industrial
fomentara a reducdo da cominuicgdo adicional na etapa de concentracdo (tipica para geracdo
de superficie especifica para o processo de aglomeracdo), gerando um material mais
grosseiro para a etapa de filtragem a vacuo e consequentemente reducdo da umidade. No
processo de aglomeracdo industrial tradicional, o prensamento do concentrado realiza a
adequacdo final da granulometria do material para aumentar a tensdo nos capilares e
portando permitir a aglomeracéo.

A possibilidade de elevacdo em até 40% na geracdo de superficie especifica, através da
utilizacdo da micro-ondas, aumenta a eficiéncia global da unidade de aglomeracgdo

(filtragem, pelotamento e queima).



A anédlise detalhada do atual do processo de pelotizacdo no estado-da-arte (artigo B)
apresentou a necessidade critica de controle granulométrico das pelotas na faixa de menor
tamanho (entre +9-12,5 mm). Portanto, garantindo a retirada de umidade da pelota e o
correto processo térmico resultando na qualidade fisica e metalUrgica das pelotas. A hipotese
principal do estudo foi evidenciada, demostrando que a técnica de micro-ondas pode
contribuir para o processo de secagem.

De maneira geral, o controle de umidade do forno de pelotizacdo foi realizado de forma mais
precisa pela exposi¢do do concentrado as micro-ondas na entrada do HPRG, reduzindo a
umidade a valores dentro da expectativa das unidades de aglomeracdo (e adicionalmente
micro trincando 0s minerais) e sequencialmente na zona de secagem dos fornos de pelotas

pelos processos combinados (dielétrico e convectivo) em uma futura aplicacdo industrial.



Capitulo 8. Perspectivas Futuras

Em uma futura aplicacdo industrial, a tecnologia de geracdo de micro-ondas deve ser
avaliada, no entanto, existe a necessidade de avaliar magnetrons de alta intensidade
(>100kW) e ainda diferentes frequéncias de micro-ondas de forma a aumentar o
rendimento energético.

A conducéo das micro-ondas até o forno ou até 0 HPGR deve ser estudada do ponto
de vista de uma aplicacao industrial (viabilidade econémica), visto que esta afeta a
homogeneidade do processo e o risco de vazamento para 0 ambiente, mantendo o
ambiente seguro para pessoas.

Variagdes de formulacBes de minérios e insumos devem ser estudadas, ja que outros
insumos e minério apresentam comportamentos especificos quanto a reacdo a micro-
ondas.

Consequéncias secundarias para o estado atual da tecnologia de aglomeracdo sera a
alteracdo do padrdo de emissdes de gases de efeito estufa gerados pela queima de
combustivel sélido, onde este poderad ser substituido parcialemente por energia

elétrica de origem renovavel.



