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RESUMO

A regido Amazonica detém as maiores reservas de bauxitas do Brasil, cujos depdsitos
estdo capeados por um espesso pacote de material argiloso, conhecido por Argila de
Belterra (ABT). A larga distribuicdo, ocorréncia superficial, portanto acessivel, e
natureza argilosa ABT suscitaram o interesse deste trabalho em avaliar sua viabilidade
técnica para a producdo de cerdmica vermelha. Para o presente estudo selecionou ABT
dos grandes depositos de bauxita de Rondon do Para, amostras de solos amarelos de
Mosqueiro, argila illitica, argilas gibbsiticas e uma amostra de siltito argiloso. Essas
amostras foram caracterizadas por Difragdo de Raios-X (DRX), Fluorescéncia de Raios-
X (FRX), Andlise Térmica Gravimétrica (TG), Calorimetro Exploratéria Diferencial
(DSC), Espectrometria de Massa com Plasma Indutivamente Acoplado (ICP-MS),
Espectrometria de Emissdo Otica com Plasma Acoplado (ICP-OES), Microscopia
Eletronica de Varredura (MEV) e Analisador de Particula a Laser (APL).Para a
determinacdo das propriedades fisicas e mecanicas foram produzidas misturas distintas
de corpos de prova com as amostras de Argila de Belterra e porcentagens de solo
amarelo, siltito argila, argila gibbsiticas e argila illitica. Os corpos de prova foram
calcinados em 5 momentos distintos de temperatura (800, 950, 1000, 1100 e 1200°C).
Em seguida foram mensuradas: retracdo linear, absorcdo de agua, porosidade aparente,
densidade aparente e tensdo de ruptura a flexdo. A ABT € constituida essencialmente
caulinita, tendo quartzo, goethita, anatasio e gibbsita como minerais acessérios. A ABT
pura e simples ndo apresentou aspectos tecnoldgicos favoraveis para a producdo de
produtos cerdmicos, no entanto a mesma com adicdo de argila illitica, solo amarelo e

siltito argiloso melhoraram significativamente as caracteristicas tecnologicas das ABT.

Palavras-chave: Solo amarelo. Siltito argiloso. Rondon do Para.
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ABSTRACT

The Amazon region holds the largest reserves of bauxite in Brazil, whose deposits are
covered by a thick bundle of clay material, known as Belterra Clay (ABT). The wide
distribution, superficial occurrence, therefore accessible, and clayey ABT nature have
aroused the interest of this work in evaluating its technical viability for the production
of red ceramics. For the present study, ABT was selected from the large bauxite
deposits of Rondon do Para, samples of the yellow soils from Mosqueiro, illitic clay and
gibbsitic clays and one sample of the clayey siltstone. This clay and other materials used
as additives were characterized by X-ray Diffraction (XRD), X-Ray Fluorescence
(FRX) (CT), Spectrometric Thermal Analysis (TG), Differential Scanning Calorimeter
(DSC), Inductively Coupled Plasma Spectrometry (ICP-MS), Coupled Plasma Optical
Emission Spectrometry (ICP-OES), Scanning Electron Microscopy (SEM) Laser
Particle (APL). To determine the physical and mechanical properties, were produce
specimens through different mixtures with the samples of Belterra clay and percentages
(20, 30 and 40%) of the yellow soil, clayey siltstone, gibbsitic clays and illitic clay. The
specimens were calcined at three different temperature moments (900, 1000 and 1200 °
C). Then, linear retraction, water absorption, apparent porosity, apparent density and
bending rupture tension were measured. ABT is essentially kaolinite, having quartz,
goethite, anatase and gibbsite as accessory minerals. The pure and simple ABT did not
present favorable technological aspects for the production of ceramic products, however
the same with addition of the yellow soil and clayey silt from the same region
significantly improved the technological characteristics of the ABT.

Keywords: Yellow soil. Clayey siltstone. Rondon do Para.
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1 INTRODUCAO

A regido Amazonica detém as maiores reservas de bauxitas do Brasil, cujos
depdsitos se distribuem principalmente pela Amazdnia Oriental e Baixo Amazonas, em
sua maioria, obliterados por um espesso pacote de material argiloso, com até 25 metros
espessura, conhecido por Argila de Belterra (ABT).

Segundo Sombroek (1996) trata-se de argilas cauliniticas, geralmente ocres, com
uma textura homogénea, sem estratificacdo visivel, depositadas no topo do Planalto
Amazonas durante o Plioceno-Pleistoceno Inferior (Calabriano). Outros estudos
defendem que sua origem seja autoctone ou ainda parcialmente aldctone, porém a curta
distancia, formado a partir da degradacdo intempéricas das proprias crostas lateriticas
subjacentes e adjacentes (Horbe & Costa 1997, Costa 1991, Costa et al. 2009). Grubb
(1979) acredita que exista uma intima relacdo entre a ABT e as bauxitas, mas defende
uma origem aldctone pela presenca de gibbsita na base da ABT. A composicdo de ABT
e a sua disposi¢do nos “perfis de solo” a correlacionam como sendo um Latossolo
amarelo (Horbe & Costa 2005, Barreto & Costa 2017).

Nos grandes depositos de bauxita de Paragominas-Rondon do Parda a ABT ocupa
grandes areas, que durante a lavra de bauxita em Paragominas, é removida para a
extracdo do minério de Al, entdo devolvida com a finalidade de restaurar o relevo
original. Seria a oportunidade de utiliza-la como possivel matéria-prima para producao
de cera@mica vermelha, evitando-se custos elevados de lavra.

Em Rondon do Pard, os depositos de bauxitas fazem parte de um grande projeto
de pesquisa da VVotorantim Metais S/A, denominado de Alumina Rondon, paralisado no
momento, dado o cenario de crise mundial para commodities minerais, especialmente
aluminio. A espessura de ABT em Rondon € de aproximadamente 12 metros, que
deveréa ser removido numa futura extracdo de suas reservas de bauxita. A remocao desse
material e 0 seu remanejo para um local adequado aumentard os gastos na exploragédo
dos depositos de bauxita. No entanto, a ABT disponibilizada pela lavra de bauxita pode
ser uma provavel matéria-prima para producdo de produtos empregados na industria de
ceramica vermelha, caracterizando-se como uma matéria-prima, aparentemente, de

baixo custo.



1.1 OBJETIVOS
1.1.2 Geral

Avaliar a viabilidade técnica da Argila de Belterra de duas minas pilotos de
Rondon do Para (Branco e Ciriaco) como matéria-prima para a producdo de ceramica

vermelha.

1.1.3 Especificos

v" Investigar qual influéncia da incorporacéo de argila illitica, argilas gibbsiticas,
solo amarelo e siltito argiloso nas propriedades tecnoldgicas dos corpos
ceramicos.

v Verificar qual a melhor temperatura de sinterizagéo.

v" Identificar as transformacdes quimicas/mineralégicas que ocorrem durantes as

temperaturas de sinterizacao.

1.2 LOCALIZACAO DAS PRINCIPAIS AREAS DE ESTUDO

Os materiais investigados, a exemplo da Argila de Belterra, provém de duas
lavras piloto (Branco e Ciriaco), que estdo situadas no Platd Rondon Norte, Rondon do
Para; a amostra de siltito argilito é oriunda de um corte da rodovia da BR-
222(Municipio de Rondon do Pard); e as amostras de solo amarelo sdo provenientes de
barrancos naturais da Baia do Sol, Mosqueiro-PA. Todas essas areas podem ser

observadas na figura 1.
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Figura 1- Localiza¢do da sede do municipio de Rondon do Para com a indicacdo das Minas
piloto, onde foram coletados os materiais investigados.



2 ASPECTOS GEOLOGICOS REGIONAIS

Os depositos de bauxitas de Rondon do Pard, onde estdo as duas minas piloto,
Branco e Ciriaco, fazem parte da por¢cdo meridional da Provincia Bauxitifera de
Paragominas, na regido leste do estado do Para e oeste do estado do Maranhdo. As
bauxitas desta Provincia se formaram sobre rochas sedimentares mesozoicas da Bacia
de S&o Luiz-Grajau, que em sua porcdo noroeste estdo representadas pelas Formacgoes
Itapecuru e Ipixuna, constituidas principalmente por rochas siliciclasticas (Kotschoubey,
2005). Ao longo da BR 222, em Rondon do Para, a formacdo Ipixuna aflora como

siltitos argilosos (Figura 3-A), que constituem o horizonte saprolitico dos perfis laterito-

bauxiticos encontrados nas minas piloto estudadas.
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Figura 2 - Insercdo geoldgica do dominio dos depdsitos de bauxita de Rondon do Par4, na borda
oeste da bacia sedimentar de S&o Luis-Grajau, local de coleta das amostras de Argila de Belterra

para o presente estudo.
Fonte: (Modificado de Nascimento & Goes 2007).

Na base do perfil laterito-bauxitico (Figura 3-B) ocorre a argila gibbsitica, que

precede a bauxita. Todo este conjunto é capeado por espesso material argiloso, de
coloracdo vermelha a amarela, equivalente a Argila de Belterra (Oliveira et al. 2016).



Figura 3- A: Afloramento com exposicdo do siltito argiloso da Formac&o Ipixuna, ao longo da
BR 222. B: Perfil laterito-bauxitico (PLB) na mina Piloto Branco, sobreposto pela Argila de
Belterra (ABT), e com Argila Gibbsitica (AGS) em sua base.

Fonte: (Pantoja 2015).

2.1 MATERIAS-PRIMAS
2.1.1 Argilas

O estudo de matérias-primas argilosas utilizadas nas industrias de ceramica
vermelha tem como objetivo determinar as caracteristicas fisicas e quimicas que irdo
auxiliar no desenvolvimento dos produtos e dos processos. O resultado podera ser
refletido pelo meio da aquisicdo de produtos de melhor qualidade, seja por variagdes nas
formulacdes das misturas, seja por melhoramentos no procedimento de fabricacéo
(Grun 2005).

As argilas sdo as principais matérias-primas empregadas na producdo de
ceramica vermelha. O termo argila se refere a um material de granulometria fina, que
apresenta comportamento plastico quando misturada com uma quantidade limitada de
agua (Barba 1997). Esse comportamento permite que a argila seja conformada, dando
origem a varios materiais que sdo utilizados no dia a dia, como: tijolos, telhas, vasos de
ornamentacdo, azulejos, entre outros.

Na natureza, as argilas sdo encontradas normalmente associadas a outros
materiais como: calcita, dolomita, quartzo, pirita, feldspato, oxi/hidréxidos de ferro,
matéria organica, entre outros (Luna 1999)

O conhecimento sobre uma argila e sua composicéo é de extrema importancia
para o processo de fabricacdo de materiais ceramicos, porque a presenca e a abundancia
de cada um dos seus componentes é o que ira definir as propriedades tecnoldgicas de

cada argila. Os principais minerais constituintes de uma amostra de argila sdo os



aluminossilicatos hidratados, mais conhecidos como argilominerais, que se encontram
em geral em cristais muito pequenos (<2um) em plaquetas de contorno
pseudohexagonais ou fibras (Teixeira 2009). A estrutura cristalina dos argilominerais ¢é
formada por um arranjo de folhas nanométricas, empilhadas como cartdes longo do eixo
¢, dai a denominacdo filossilicatos (Teixeira 2009, Barba 1997). As camadas unitarias
podem ser constituidas de duas, trés ou quatro folhas compostas por estruturas de
tetraedros de SiOs e octaédricas de [Mg (OH)2] ou [AI(OH)3] (Luna 1999, Souza
2008). A combinacdo destas estruturas origina as diferentes espécies de argilominerais.

Os principais argilominerais presentes nas argilas sdo: caulinita, illita
montimorilonita, clorita, e a paligorsquita (Vicenzi 1999)

A caulinita (Al2Si2Os(OH)4) € o argilomineral mais comumente encontrado nas
argilas, sendo o principal constituinte do caulim. A sua estrutura é do tipo 1:1. Argilas
constituidas essencialmente por caulinita sdo as mais refratarias, pois a sua sinterizacdo
inicia-se a partir de 1250°C e funde-se a 1700°C. Argilas formadas tdo somente por
caulinita ndo é um matéria-prima ideal para a producdo de ceramica vermelha, ja que
esse mineral atribui uma baixa plasticidade e comportamento refratario aos produtos
ceramicos (Figueiredo 2008, Vicenzi 1999, Vieira 2001)

A illita com estrutura 2:1 (Kos(H30)04Al13Mgo3Feo,1Si 35 O10(OH)2-(H20)) é
um mineral ndo expansivo. A sua estrutura com a presenca de potéassio confere uma boa
resisténcia mecanica as massas ceramicas apds a sinterizacdo (Pureza 2004, Santos
1989).

A montimorilonita pertence ao grupo das esmectitas, também argilomineral tipo
2:1, férmula quimica Nao2Cao.1Al2Sis010(OH)2(H20)10. Além de ser mineral de argila
expansivo, também tem a capacidade de absorver moléculas de agua entre as camadas.
Essa argila é a mais utilizada em processo de pilarizacdo. Devido sua alta absorcdo de
agua, argilas ricas neste mineral apresentam uma forte disposi¢do a causar trincas de
secagem, além de proporcionar elevada plasticidade paras as massas ceramicas (Luna
1999, Pureza 2004).

Paligorsquita, também conhecida de atapulgita, € considerada um argilomineral
especial, Mg15Alo5SisO10(OH)*4(H20), por se apresentar em geral fibrosa (Vicenzi
1999, Coelho 2007).



2.1.2 Matéria organica e impurezas

As argilas quase sempre conttm matéria orgénica e outros materiais
denominados de impurezas em sua composi¢do. A presenca de matéria organica em
excesso pode acarretar na formacéo de trincas no processo de secagem e a formacéao de
buraco negro devido a oxidagdo incompleta da mesma. Mas a presenca de impurezas
(minerais de bario, de célcio, de potassio, de ferro e titdnio) atuam como material
fundente causando a vitrificagdo do corpo ceramico durante a queima, assim
densificando e proporcionando uma melhor resisténcia mecéanica ao corpo ceramico
(Silva 2010).

Os minerais de ferro s&o comumente encontrados nas argilas, principalmente,
hematita (Fe.O3) e goethita (FeO(OH)). A hematita atribui uma coloragdo avermelhada
apos a gueima aos materiais ceramicos. Caso ocorra a formacdo da magnetita, algo
muito raro, 0s materiais ceramicos tendem a apresentar uma coloracdo escurecida, quase
preta (Oliveira 2013).

Os minerais de titdnio mais comuns s&o anatasio e rutilo (ambos TiO). Quando
pressentes conferem coloragdo esbranquicada ou amarelada as pecas ceramicas.

A dolomita (CaMg(CO3)2) promove o clareamento, diminuigdo da porosidade, o
aumento do coeficiente de dilatagdo térmica e diminuicdo da expansdo por umidade das
pecas da massa ceramica (Barba 1997). Durante a calcinagdo estes minerais reagem
com os minerais de argila e dao origem fases cristalinas estaveis frente as intempéries
(Ferrari et al. 2000).

Os feldspatos, que sdo aluminossilicatos de sddio, potéssio e calcio s&o muito
importantes quando presentes, pois melhoram a fusibilidade, gerando fases liquidas
precoces, que fornece trabalhabilidade, resisténcia e durabilidade as pecas cerdmicas. A
massa que € fundida a partir de feldspato exibe alta viscosidade o que contribui para que
os limites térmicos de trabalho sejam relativamente mais extensos (Tavares 2005, Perez
2008, Lira & Neves, 2013).



2.1.3 Materiais néo plastico

Os materiais ndo plasticos sdo representados por areias, micas, chamota, cinzas,
entre outros. Eles s&o considerados agentes desplastificante, pois quando inseridos na
massa ceramicas reduzem a sua plasticidade (Silva 2013).

As areias geralmente sdo constituidas quartzo, portanto de silica. As areias ricas
em quartzo séo adicionadas a massa argilosa para diminuir a plasticidade, aumentar a
permeabilidade da peca a verde e controlar a retragdo. Os grdos de quartzo na fracdo
areia seria 0 “esqueleto”, ou seja, a estrutura da massa ceramica (Mota 2002), quando
utilizado em quantidade < 20% em massa, acima deste valor pode favorecer a formagéo
de trincas no corpo ceramico, sobretudo na fase de resfriamento, por causa das tensoes
produzidas pela transformacéo do quartzo-o em quartzo-p que ocorre a uma temperatura
de 573 °C (Oliveira 2000, Barba et al. 2002).

As micas se comportam como materiais inertes (Vieira 2011).

O uso de materiais ndo pléasticos ha composicao de uma massa para producao de
ceramica pode acarretar mudangas no seu comportamento durante o processo de
producdo. Por isso, sdo necessarios varios cuidados quando este material estiver
presente na mesma. Entre os cuidados estdo: boa homogeneizacdo da massa ceramica,
controle do processo de resfriamento, que em geral deve ser lento, e a granulometria do
material (Pracidelli 1997, Barba 1997).

2.2 CERAMICA VERMELHA OU ESTRUTURAL

Ceramica Vermelha é a denominacdo industrial e comercial aos produtos
ceramicos que apresentam coloracdo avermelhada apds a queima. A maior parcela
desses produtos € dirigida ao ramo da construcdo civil (tijolos macicos, blocos de
vedacao, telhas, elementos vazados, lajes, tubos ceramicos e argilas expandidas), além
de utensilios domésticos e de adornos (ABC 2016, Dudra 2007, Medeiros 2010). A
ceramica vermelha usa matérias-primas naturais, ndo faz uso de aditivos insalubres ao
meio ambiente. S8o os produtos adequados para construcdo ecolégica com um 6timo
conforto térmico e acustico (Anicer 2016). A coloragdo avermelhada do produto é
originada pela formacgdo de hematita criptocristalina durante o processo de sinterizagdo
(Andrade 2009). A tonalidade avermelhada varia de acordo com contetdo de minerais
de ferro (sulfetos e oxi-hidroxidos) presente na argila, além da neoformacao de 6xidos

de ferro (hematita e magnetita) e de titdnio (anatasio para rutilo) durante o



processamento térmico (Maia, 2012). Estes produtos possuem uma boa durabilidade,
resisténcia mecanica e um baixo valor de custo.

Segundo a Anicer (2016), no Brasil conta com 6903 unidades produtoras de
ceramica vermelha, com uma producdo de 4.000.000.000 pecas/ano de blocos
ceramicos e 1.300.000.000 pecas/ano de telhas. Sdo gerados 293.000 empregos diretos e
a atividade total tem um faturamento de R$ 18 bilhGes.

2.3 PROCESSO PRODUTIVO DE CERAMICA VERMELHA

O processo de fabricacdo de produtos de ceramica vermelha envolve varias
etapas de processamento: o pré-preparo da matéria-prima, preparacdo, conformacao,

secagem e queima (Figura 2).
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Figura 4- Fluxograma do processo de fabricacdo de ceramica vermelha.
Fonte: (ABC 2017).
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2.3.1 VALORES ESTABELECIDOS PELA ASSOCIACAO BRASILEIRA DE

NORMAS TECNICAS (ABNT)

Tabela 1- Valores de absorcdo de agua e resisténcia mecanica estabelecidos pela ABNT para
telhas e blocos ceramicos.

Materiais ceramicos Absorgdo de agua (%) Resisténcia mecanica (MPa)

ABNT NBR 15270-3 ABNT NBR 15310 (2005).

Telhas (2005). Os valores podem Os valores podem ser
Ser menores ou iguais a menores ou iguais a 1,5.
22%.

NBR 15270-3. Os valores ~ ABNT NBR 15310 (2005).
Blocos ceramicos podem menores ou iguais Os valores podem ser

as20%. menores ou iguais a 6,5.

Fonte: (ABNT 15270-3 2005, ABNT 15310 2005)

2.4 COMPORTAMENTO TERMICO DAS MASSAS CERAMICAS

A etapa de queima (sinterizacdo das massas ceramicas) é a etapa mais delicada e
importante para a fabricacdo de produtos ceramicos, cujo objetivo é desencadear
transformacdes fisicas e mineraldgicas induzidas pelo calor para obtencdo de um corpo
ceramico compacto e resistente, que € melhor alcancado quando a massa inicial é
sinterizada, apropriado ao uso civil (Pinheiro 2009).

A sinterizagdo de uma massa cerdmica pode ocorrer de duas maneiras:
sinterizagdo com presenga de uma fase liquida, e sinterizacdo na auséncia de fase
liquida (sinterizacdo via estado solido). Durante a sinterizacdo € de suma importancia
considerar a temperatura final desejada, as velocidades de aquecimento, as condicdes de
resfriamento e o tempo de permanéncia a temperatura maxima, pois um elevado
gradiente térmico pode ocasionar danos ao produto, ocasionando o aparecimento de
trincas (Fernandes 2002).
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As principais modificagdes que podem acontecer durante o processo de

sinterizacao séo:

Na temperatura até 200°C, ocorre a eliminacao de dgua fisicamente adsorvida na
superficie dos minerais (Souza et al. 2003);

Na faixa entre 270 a 380°C acontece a desidratacdo dos hidroxidos de aluminio
(gibbsita) e ferro (goethita) (Almeida 2010);

As temperaturas compreendidas entre os 200 e 500°C ocorre a combustdo de
matéria organica, como também a dissociac¢do de compostos sulfurosos;

Entre as temperaturas de 450 e 650°C se produz a desidroxilacdo dos
argilominerais (Grimm 1962);

A 573°C ocorre a transformacao alotrépica do quartzo-o (Barba et al. 2002);

As temperaturas proximas a 800°C ocorre a decomposi¢cdo de CaCOs com
liberacéo de CO2 (Piga et al. 1992).

A 890 °C ocorre a formacdo de novas fases cristalinas a base de silicatos de
calcio, a exemplo da guelenita (Ca2AI(AISi)O7) (Traoré et al. 2003); pode
ocorrer também a formacdo de anortita (CaAl2Si>Og), a partir de guelenita,
através da reacdo com argilominerais e particulas finas de quartzo (Traoréet et
al. 2003);

Entre 900 e 990°C ocorre em geral formacdo de mulita, espinélio ou ainda a -
Al,Os.
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4 MATERIAIS E METODOS
4.1 AMOSTRAGEM

Os materiais empregados para 0 desenvolvimento do presente trabalho
consistem em amostras representativas de ABT de duas minas piloto de Bauxita
(Branco e Ciriaco) (Figura 3-B). Foram coletadas amostras de ABT da base e do topo
de ambas as minas; duas amostras de argilas gibbsiticas da base do perfil lateritico da
mina piloto Branco; uma amostra de siltito argiloso que foi coletada no Km 130 da
BR222 (Figura 3-A), também no municipio de Rondon do Para; uma amostra de argila
ilitica de Alcantara-Ma; e duas amostras de solo amarelo que foram coletadas na vila

Baia do sol, ilha de Mosqueiro, municipio de Belém-PA.
4.2 CARACTERIZAQAO DAS MATERIAS-PRIMAS
4.2.1 Caracterizacdo granulométrica

A andlise granulométrica das matérias-primas foi realizada ap6s moagem e
peneiramento a 30mesh, utilizando um analisador de tamanho de particulas a laser,
modelo Analysette Microtec Plus. Este procedimento foi realizado no Laboratério de
Mineralogia, Geoquimica e Aplicacdes (LAMIGA-UFPA) do Instituto de Geociéncias
da UFPA.

4.2.2 Caracterizacdo Mineraldgica por Difracdo de Raios-X (DRX)

Para determinacdo das fases mineralogicas, as amostras foram pulverizadas e
analisadas por difracdo de raios-X método do pd. As analises foram realizadas em dois
equipamentos:

e Difratdmetro modelo D2 PHASER, da BRUKER, com gonidometro 6 / 6, raio:
141,1nm, &nodo de cobre com linha de emisséo caracteristica de 1,54 A / 8,047
keV (Cu-Kal) e poténcia maxima de 300W (30 kV x 10 mA). O detector
utilizado ¢ o Linear Lynxeye com abertura de 5° 20 e 192 canais. Este
procedimento foi realizado no Laboratério de Mineralogia, Geoquimica e
Aplicagdes (LAMIGA-UFPA) do Instituto de Geociéncias da UFPA.

e Difratdbmetro modelo X’PERT PRO MPD (PW3040/60), da PANalytical, com
goniometro PW3050/60 (8 / 6), tubo de Raios-X ceramico e anodo de Cu (Kal =
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1,540598 A), modelo PW3373/00 com foco fino (2200 W / 60 kV) e filtro KB de
Niquel. O detector utilizado é do tipo RTMS, X “Celerator. Este procedimento
foi realizado no Laboratdrio de Caracterizagdo Mineral (LCM) do Instituto de
Geociéncias da UFPA.

4.2.3 Composicado Quimica (ICP-OES/ICP-MS; FRX)

A composicdo quimica de parte das amostras foi determinada no Laboratorio de
Anadlise Quimica da Acme Ltd. Os elementos maiores foram determinados por
Espectrébmetro de Emissdo em Plasma Indutivamente Acoplado (ICP-OES); através de
fusdo, empregando metaborato/tetraborato de litio e digestdo em &cido nitrico diluido.
Para determinacdo dos elementos tracos foi utilizado um Espectrémetro de Massa em
Plasma Indutivamente Acoplado (ICP-MS), utilizando metaborato/tetraborado de litio
(fundentes) e solubilizacdo acida (HNO3). Uma outra parte por Espectrometria de
Fluorescéncia de Raios-X (FRX), utilizando um espectrometro WDS sequencial,
modelo Axios Minerals da marca PANalytical, com tubo de raios-X ceramico, anodo de
rodio (Rh) e nivel maximo de poténcia 2,4 KW. As amostras foram preparadas em disco
fundido com a razdo amostra fundente de 0,89/8g. O fundente utilizado foi o tetraborato
de litio. Esse procedimento foi realizado pelo Laboratério de Caracterizagdo Mineral

(LCM), do Instituto de Geociéncias da Universidade Federal do Para.

A perda ao fogo (PF) de todas as amostras foi determinada através do método

gravimétrico por calcinacdo a 1000°C, a partir de amostras previamente secas.

4.2.5 Comportamento Térmico (TG/DSC)

As analises foram realizadas em um equipamento modelo STA 449 F5 Jupiter,
com analisador térmico simultdneo, da NETZSCH, com forno cilindrico vertical,
conversor digital acoplado a um microcomputador, com uma taxa de aquecimento de
10°C/min e um fluxo de N2 de 50 ml/s, com uma faixa de temperatura que vai desde a
temperatura ambiente até 1100°C, em cadinho de alumina. Aproximadamente 30mg de
cada amostra foi empregada para a analise. Este procedimento foi realizado no
Laboratorio de Mineralogia, Geoquimica e Aplicagbes (LAMIGA-UFPA) do Instituto
de Geociéncias da UFPA.
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4.2.6 Comportamento Térmico (TG/DTA)

As analises foram realizadas através de um equipamento SEIKO, modelo
TG/DTA320U com analisador térmico simultdneo, em uma taxa de aquecimento de
10°C/min e um fluxo de N2 de 50 ml/s, com uma faixa de temperatura de 30°C até
1100°C, em cadinho de alumina. Aproximadamente 25mg de cada amostra foi
empregada para a anélise. Estas analises foram realizadas no laboratério de mineralogia
de Universidade Martin-Luther Halle-Wittenberg Universitét, Halle (Saale), Alemanha.

4.2.7 Micromorfologia (MEV)

A andlise de micromorfologia foi realizada com o objetivo de
observar a textura e porosidade existentes nas pegas ceramicas apds a queima. Essas
analises foram realizadas com auxilio de microscépio eletrdnico de varredura Zeiss,
modelo SIGMA-VP, acoplado ao EDS IXRF (Sedona-SD), pertencente ao Instituto
Tecnolégico Vale (ITV). Esse equipamento estd instalado no Laboratério de
Microscopia Eletronica de Varredura (LabMEV), do Instituto de Geociéncias da

Universidade Federal do Para.

4.3 CONFORMAGCAO DOS CORPOS DE PROVA
4.3.1. Preparacao das amostras

As matérias-primas foram secas ao ar livre por 24h e em seguida colocadas em
estufa durante 24 horas, sob temperatura de 110°C para retirada da umidade natural.
Apo6s secagem as amostras foram cominuidas em moinho de bolas (Marconi MA
500/CF) (Figura 4) com uma rotacao de 365,4 rpm 60 minutos. Em seguida realizou-se

0 peneiramento das amostras em peneira com abertura de 0,595mm (30 mesh).
4.3.2 Composicoes estudadas (Manuscrito 1)

Foram formuladas 20 composicdes distintas (Tabela 1). Para cada composicéo
foi preparado 2 corpos de prova, um para cada temperatura de queima (950°C e
1100°C). Independente da formulacdo acrescentou-se 10% de agua, em peso, sendo a
mistura homogeneizada imediatamente. Considerando as duas temperaturas, no total

foram formulados 40 corpos de prova.
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Tabela 2- ComposicGes dos corpos de provas estudados (Manuscrito 1)

LR LM Al AG1l AG2
Al 100 - - - -
A2 80 - 20 - -
A3 70 - 30 - -
A4 60 - 40 - -
A5 80 - - 20 -
A6 70 - - 30 -
A7 60 - - 40 -
A8 80 - - - 20
A9 70 - - - 30
Al0 60 - - - 40
Bl - 100 - - -
B2 - 80 20 - -
B3 - 70 30 - -
B4 - 60 40 - -
B5 - 80 - 20 -
B6 - 70 - 30 -
B7 - 60 - 40 -
B8 - 80 - - 20
B9 - 70 - - 30
B10 - 60 - - 40

[Legenda: Al-Argila ilitica; LR-Latossolo de Rondon do Para; AG1 e AG2- Argilas gibbsiticas; LM-
Latossolo de Mosqueiro.]

4.3.3 ComposicOes estudadas (Artigo 2)

Foram formuladas 12 composic¢des distintas (Tabela 2). Para cada composic¢ao
moldou-se 3CPs para cada uma das temperaturas de queima (800°C, 1000°C e 1200°C),

totalizando 9 CPs. Em consequéncia foram gerados 108 corpos de prova:
12 (Composigdes)X 3 (FormulacGes) X 3 (Temperatura)= 108 Corpos de prova.

Independente da formulacdo acrescentou-se 10% de agua, em peso, sendo a

mistura homogeneizada imediatamente.
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Tabela 2- Composicao dos corpos de provas estudados (Manuscrito 2)

ABT-B1 ABT-B2 ABT-C1 ABT-C2 SA-1 SA-2
A 100 - - - -
Al 60 - - - 40

A2 60 - - - - 40
B - 100 - - -

Bl - 60 - - 40

B2 - 60 - - - 40
C - - 100 - -

C1 - - 60 - 40

C2 - - 60 - - 40
D - - - 100 -

D1 - - - 60 40

D2 - - - 60 - 40

[Legenda: ABT-B1-Argila de Belterra trincheira Branco 0,5m; ABT-B2-Argila de Belterra trincheira
Branco 10,5m; ABT-Cl-Argila de Belterra trincheira Ciriaco 1,0m; ABT-C2-Argila de Belterra
trincheira Ciriaco 12,0m; SA-1- Siltito argiloso; SA-2-Solo amarela].

4.3.3 Confeccdo dos corpos de prova

Os corpos de prova (CPs) foram confeccionados em moldes de a¢o na forma de
paralelepipedos, com as seguintes dimensdes: 50,0mmx20,0mmx10mm, com cerca de
20g de material, e prensagem uniaxial de simples efeito sob uma presso de 50 kgf/cm?
em Prensa Hidraulica (Karl Kolb, modelo PW-40).

4.3.4 Secagem

A secagem dos CPs foi realizada de duas maneiras: pré-secagem a temperatura
ambiente e secagem em estufa elétrica. A pré-secagem foi realizada ao ar livre durante
24h para eliminagéo do excesso de umidade. A secagem em estufa foi realizada sob

temperatura de 110°C por 24h para retirada do restante da umidade de conformacao.
4.3.5 Sinterizagdo

Os corpos ceramicos foram sinterizados em forno mufla (QUIMIS Q-
318M25T), com + 7°C de precisdo, nas temperaturas de 800, 950, 1000, 1100 e 1200°C,
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com taxa de aquecimento de 10°C/minuto, permanecendo nas temperaturas maximas
por um periodo de 2 horas. O resfriamento aconteceu gradativamente, retirando as
amostras do forno apds estabelecimento de equilibrio térmico com o ambiente. Esse

procedimento foi realizado no laboratério da empresa Eletronorte.
2.4 CARACTERIZACAO DOS PRODUTOS CERAMICOS
4.4.1 Retracéo linear de queima (RLQ)

A retracdo linear dos CPs foi obtida através da variacdo dimensional linear dos
corpos de prova sinterizados. Realizando-se medidas de comprimento dos corpos secos

e apds o processo de queima.

RLq (%) :“"f” x100

L

Onde:
Lo - é o comprimento do CP seco;

Lf - € o comprimento do CP queimado.

4.4.2 Absorcao de 4gua (Aa)

Este parametro foi avaliado conforme uma adaptacdo da norma ASTM C-
373/94-88, que relaciona os pesos secos e Umidos dos CPs. Os CPs foram imersos em
um dessecador acoplado a uma bomba de véacuo (Figura 4) por um periodo de 24h, onde
permaneceram por 1lh sobre sistema de vacuo. O peso Umido foi determinado apés a
retirada da agua superficial dos corpos de prova. Os resultados de absorcdo de agua
foram obtidos por meio da equacéo:

:Mu—Ms

Aa =————x100(%)

Ms

Onde:
Aa: indica a absor¢éo de 4gua, em porcentagem;
Mu: indica a massa do corpo saturado em agua;

Ms: indica a massa do corpo seco
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Figura 5- Aparato utilizado para obten¢éo do peso imido dos corpos ceramicos.

4.9.3 Porosidade aparente (Pa)

A determinacdo da porosidade aparente dos CPs foi realizada de acordo com a
norma C373-88 (ASTM). Os corpos ceramicos tiveram seus pesos aferidos apos
secagem e queima. Para complementar o ensaio, foi necessario conhecer os pesos dos
corpos ceramicos Umidos e dos corpos ceramicos imersos em agua. O peso dos corpos
imersos em agua foi obtido utilizando o aparato ilustrado na figura 5. O resultado foi

obtido de acordo com a equacgao:

_Mu—-Ms
Mu—-Mi

Pa x100(%)

Onde:

Pa: indica a porosidade aparente, em porcentagem;

Mu: é a massa dos corpos ceramicos saturados com agua;
Ms :é a massa dos corpos ceramicos secos;

Mi :é a massa (g) do corpo ceramico imerso em agua.
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Figura 6- Aparato utilizado para se medir a massa dos corpos de prova imersos em agua.

4.9.4 Densidade aparente (p)

A densidade aparente dos CPs foi obtida a partir da razdo entre a porosidade
aparente e a absorcdo de agua aparente. A densidade aparente sera calculada utilizando
a seguinte equacao:

Pa
“Aa
Onde:
p:— é a densidade aparente do corpo ceramico;
Pa: é a porosidade aparente;
Aa: é a absorgdo de agua aparente.

4.9.5 Resisténcia mecanica a flexdo (RMF)

A resisténcia mecanica dos CPs foi determinada pela tenséo de ruptura a flexéo
(TRF) em trés pontos. O ensaio foi realizado em uma maquina universal de ensaios
modelo WDW-100E, da AROTEC, com célula de carga de 100 kN, velocidade de
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ensaio de 0,5mm/min, e inicio do ensaio em 2N. Somente 0s corpos ceramicos que
foram submetidos ao processo de queima passaram por esse ensaio, ndo tendo sido
avaliada a resisténcia mecénica a verde. A figura 6 apresenta a disposic¢éo dos corpos de

prova durante o teste de resisténcia. Os resultados foram obtidos a partir da equacéo:

3.C.L
2.a.b?

TRF=

Onde:

TRF:= tensdo de ruptura a flexdo (MPa);

C: carga de ruptura apos secagem (N);

L: distancias dos apoios do corpo-de-prova (mm);
a: largura do corpo ceramico (mm);

b:altura do corpo ceramico (mm).

Figura 7- Representagdo esquematica da disposi¢do dos corpos ceramicos durante o ensaio de
resisténcia a flexdo a trés pontos.

4.9.6 Resisténcia mecanica a compressao

A resisténcia mecanica foi determinada em relagdo a oposicdo oferecida pelo
corpo de prova quando comprimidos. O ensaio também foi realizado em uma maquina
universal de ensaios, da AROTEC, modelo WDW-100E, com célula de carga de 100
KN, velocidade de ensaio de 2KN mm/min, inicio de ensaio em 2N. Os testes foram

realizados no laboratdrio de resisténcia do Instituto Federal do Para (IFPA).



A resisténcia mecanica a compresséo foi calculada segundo a equacéo:

P
dc=—
A
Onde:
Ac: tenséo de ruptura a flexdo (MPa);
P: carga de ruptura apos secagem (N);

A:éarea total (mm?)

22
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5 RESULTADOS E DISCUSSOES

Os resultados, discussdes e conclusdes especificas estdo apresentados em forma
de dois artigos. O primeiro artigo, ja publicado no periddico Applied Clay Science,
aborda o uso da Argila de Belterra (ABT) da mina piloto Branco e do Latossolo amarelo
da Baia do sol como matéria-prima para producdo de ceramica vermelha, e qual a
influéncia da incorporagdo de argila illitica e gibbsitica nas massas cerdmicas. O
segundo manuscrito investiga a utilizacdo da ABT da base e do topo de duas minas
piloto (Branco e Ciriaco), e qual a influéncia da adicédo de solo amarelo e siltito argiloso

nas massas ceramicas. Este artigo foi submetido a revista Building and Enviroment.
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ARTICLE INFO ABSTRACT

Keywords: Latosols are part of the soil group with the widest geographic distribution in Brazil. This soil type consists of a
Latosol yellowish to reddish clayey material, and it has been widely studied for its applicability to agriculture in tropical
Red ceramics zones. Because of the wide distribution and mineral composition of latosols, it is important to evaluate the
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technical feasibility of using these materials for the production of red ceramics. The raw materials were char-
acterized using X-ray diffraction, thermogravimetric and differential thermal analysis, inductively coupled
plasma mass spectrometry, inductively coupled plasma optical emission spectrometry, scanning electron mi-
croscopy, and a laser particle analyzer. To determine the physical and mechanical properties, 20 different
mixtures of samples were produced with the latosols of Rondon do Para and Mosqueiro combined with 0, 20, 30,
and 40% illitic or gibbsitic clays; each composition was calcined at 950 and 1100 °C. The technological prop-
erties of the samples (linear shrinkage, water absorption, apparent porosity, apparent density, and flexural
strength) were investigated. The Mosqueiro latosol consists of quartz and kaolinite with additional minerals of
anatase and goethite, whereas the Rondon latosol contains kaolinite and quartz as the dominant minerals, as
well as goethite, anatase, and gibbsite. Only the Mosqueiro latosol, without the addition of other materials,
demonstrated technological aspects that were favorable for its use in the production of ceramic products.
However, the addition of illitic and gibbsitic clays significantly improved the technological characteristics of the

Gibbsitic clay

two latosols studied.

1. Introduction

Latosols are part of the soil group with the widest geographic dis-
tribution in Brazil. This soil type consists of a yellowish to reddish
clayey material, and it has been widely studied for its applicability to
agriculture in tropical zones (Costa, 1991; Horbe and Costa, 2005). The
mineral compositions found in this soil are generally kaolinite, goethite,
gibbsite, hematite, quartz, and anatase.

The latosols that occur in the Amazon region are generally over-
lapping ferruginous laterite crusts, such as those in Mosqueiro and Para
State (PA), or overlapping bauxitic laterite profiles, such as those in
Paragominas, Rondon do Para, the Lower Amazonas, and Paré State,
Brazil, which, in the latter case, can reach zone thicknesses of up to
25 m (Costa, 1991; Horbe and Costa, 2005; Sombroek, 1966). The oc-
currence of this type of soil in the Amazon was first studied by
Sombroek (1966), who described it as a kaolinitic soil, typically ocher
in color, with a homogeneous texture and no visible stratification.

The widespread availability of this type of soil in the Amazon re-
gion, specifically in Rondon do Pard and on Mosqueiro, means that it is
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a potentially inexpensive raw material, which makes it an interesting
raw material for the production of products used in the red ceramics
industry.

However, the dominant presence of kaolinite means that the
ceramic materials have low plasticity and refractory behavior, resulting
in products with excessive porosity. This type of behavior is a con-
sequence of the particle size of this clay mineral, which is relatively
large compared to other clay minerals (Magagnina et al., 2014). An
alternative production of good quality ceramic products can be
achieved with kaolinite by adding melting materials, which enable the
development of liquid phases that fill in the pores of the final product
(Vieira et al., 2004).

Given the widespread availability of this type of raw material in the
region, as well as its unique characteristics, the present study aims to
evaluate the chemical and mineralogical differences between the lato-
sols of Rondon do Pard and Mosqueiro, to investigate the efficiency of
using yellow latosols for the production of industrial red ceramics, and
to determine the influence of the inclusion of gibbsitic and illitic clays
on the technological properties of the ceramic samples.
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Table 1
Compositions of the samples studied.

LR LM 1C GC1 GC2
Al 100 - - - -
A2 80 - 20 - -
A3 70 - 30 - -
A4 60 - 40 - -
A5 80 - - 20 -
A6 70 - - 30 -
A7 60 - - 40 -
A8 80 - - - 20
A9 70 - - - 30
Al10 60 - - - 40
B1 - 100 - - -
B2 - 80 20 - -
B3 - 70 30 - -
B4 - 60 40 - -
BS - 80 - 20 -
B6 - 70 - 30 -
B7 - 60 - 40 -
B8 - 80 - - 20
B9 - 70 - - 30
B10 - 60 - - 40
LR = latosol of Rondon do Pard; LM = latosol of Mosqueiro; IC = illitic clay; GC1 and

GC2 = gibbsitic clays.
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Fig. 1. X-ray diffractograms of the samples studied showing the main minerals identified.

Table 2
Chemical composition (% by weight) of the raw materials used.

Sample SiO;  Al,O3 Fex03 K0 TiO, MgO LOI  Others Total
1C 51.04 21.24 5.89 8.17 0.89 334 87 0.49 99.76
LM 69.48 15.15 5.06 0.50 1.20 0.19 8.1 0.16 99.84
LR 36.39 3295 10.55 0.04 241 003 173 0.10 99.77
GC1 29.03 38.03 1248 0.01 218 0.01 179 0.11 99.75
GC2 28.64 37.39 1404 <0.01 255 0.01 17.0 0.09 99.72

IC = illitic clay of Alcantara; LM = latosol of Mosqueiro; LR = latosol of Rondon do
Para; GC1 and GC2 = gibbsitic clays of Rondon do Para.
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2. Materials and methods
2.1. Materials

The latosol samples used in the present study were collected in the
Mosqueiro District of the municipality of Belém and in a pilot bauxite
mine in the municipality of Rondon do Para, from the area of the
Alumina Rondon Project of the Votorantim Metals Corporation.
Samples of gibbsitic clays, which were situated below the bauxite
horizon, were also collected from the mine. The illitic clay used in the
study came from Alcantara in Maranhao. All the raw materials were
dried in an oven at 110 °C, disaggregated in an agate mortar, and then
subjected to the analytical procedures described below.

2.2. Characterization of the raw materials and samples

The technological properties determined were the water absorption,
linear shrinkage, apparent density, apparent porosity, and flexural
strength. For the water absorption test, an adaptation of the standard
NBR 15270-3 was used. The linear shrinkage was obtained using a
Digimess digital caliper. The apparent porosity (AP) was determined in
accordance with the (ASTM, 2006) C373-88 standard. The apparent
density of the samples was obtained using the ratio between the ap-
parent porosity and the apparent water absorption. The compressive
strength test was performed using a WDW-100E universal testing ma-
chine (Arotec), with 100 kN load cell, at a crosshead speed of 0.5 mm/
min and begin of the tests with 2 N, carried out at the laboratory of
Federal Institute of Para (IFPA), Brazil.

The studied raw materials and the calcined ceramic samples were
manually careful gridded in agate mortar and submitted to powder X-
ray diffraction (XRD) for mineralogical composition. The analysis were
performed in a PANalytical X'Pert Pro MPD diffractometer (PW3040/
60), equipped with a PW3050/60 goniometer (6/6), a PW3373/00
ceramic X-ray tube with a Cu anode (Kal = 1.540598 i\), a nickel K
filter and a 0.25° size slit. The detector used was an X'Celerator RTMS.
The diffraction patterns were acquired from 5° to 75°26 at 0.017°20
steps under 20.3 s per step. The samples' preparation and XRD analysis
were carried out in the Mineral Characterization Laboratory of Federal
University of Para (UFPA), Brazil.

The chemical composition and loss on ignition of the raw materials
were determined at Acme Analytical Laboratories Ltd., in Canada. The
major elements were determined by inductively coupled plasma optical
emission spectrometry (ICP-OES) and the trace (REE) by inductively
coupled plasma mass spectrometry (ICP-MS). For this, the pulverized
samples were prepared by fusion with lithium tetraborate followed by
dilution in nitric acid. The Loss on Ignition (LOI) was determined by
gravimetry, which consists of the measurement of the mass following
calcination at 1000 °C.

The particle size distributions were determined by laser diffraction
using an Analysette Microtec Plus (Fritsch, Germany) laser particle size
analyzer after prior disaggregation with sodium pyrophosphate. The
micrographs of the calcined samples were obtained using a LEO-1430
scanning electron microscope (SEM) with a magnification of up to
50,000 X . Both analysis were carried out in the Laboratory of Applied
Mineralogy and Geochemistry, located in the UFPA.

Thermogravimetric and differential thermal analysis (TG-DTA) was
performed using the TG/DTA320U apparatus (SEIKO) with a simulta-
neous thermal analyzer at a heating rate of 10 °C/min and an N, flow
rate of 50ml/s, located in the Martin-Luther Halle-Wittenberg
Universitdt, Germany.

2.3. Specimens preparation
The samples were prepared in steel molds in the shape of prismatic

plates (50 x 20 x 10 mm) at 50 kgf/cm?® Twenty different composi-
tions were formulated (Table 1) composed of latosols, latosols with
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Table 3

Particle size distribution for the raw materials (% by weight).

Sample Clay (< 2 pm) Silt (2 = x < 60 pm) Sand (60 < x < 600 pm)
LM 30.61 69.39 0.00
LR 13.06 84.44 2.50
GC1 24.04 71.63 4.33
GC2 32.63 67.37 0.00
1c 22.64 77.36 0.00

LR = latosol of Rondon do Para; LM = latosol of Mosqueiro; GC1 and GC2 = gibbsitic
clays; IC = illitic clay.

illitic clay, and latosols with gibbsitic clays. Regardless of the for-
mulation, 10% water by weight was added, and the mixture was im-
mediately homogenized. The samples were heated at a rate of 10 °C/
min to two different calcination temperatures (950 and 1100 °C), and
then, the maximum temperatures were maintained for 2 h in a muffle
furnace model Q-318M25T (QUIMIS) with + 7 °C precision. The sam-
ples were cooled gradually and removed from the oven after estab-
lishing thermal equilibrium with the environment.
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3. Results and discussions
3.1. Mineral and chemical characteristics of the raw materials

The raw materials are similar in mineralogical terms (Fig. 1) and are
composed of kaolinite and quartz, as well as Al-goethite, gibbsite, and
anatase. The exception is illitic clay (IC), which is composed of illite and
quartz. In the Mosqueiro sample (LM), quartz is the main mineral.
Gibbsite was found only in the latosol of Rondon do Pard (LR) and
gibbsitic clays (GC1 and GC2). The presence of quartz in the samples
provides support for the ceramic structure because it prevents
shrinkage during drying and sintering and contributes to the reduction
of cracks (Pinheiro and Holanda, 2009). Kaolinite shows little expan-
sion, is difficult to disperse in water, and has moderate plasticity
compared with the other clay minerals (Magagnina et al., 2014).
Gibbsite enables the formation of an aluminum oxide, which confers a
refractory firing behavior to the ceramic materials. Because its chemical
composition is rich in K0, illite acts as a melting material when present
in ceramics.

In chemical terms (Table 2), as is expected from the mineralogical
composition, latosol of Rondon do Para (LR), gibbsitic clays (GC1 and
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Fig. 2. DTA-TG curves of the samples studied.
a=LM,b=1IC c=LR,d= GCl, and e = GC2.
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Fig. 3. Grain size classification of the mixtures in accordance with the Winkler diagram
with the location of the compositions studied (red dots). Classification of the regions:
a = quality materials difficult to produce, b = production of roofing tiles, ¢ = hollow
bricks, and d = solid bricks. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparative mineralogy, obtained using X-ray diffraction, of the samples A1, A4,
A7, and A10, with the LR material as the main raw material and calcined at 950 and
1100 “C.

GC2) and Mosqueiro (LM) consist basically of SiO,, Al,03, and Fe,0s,
in addition to TiO; the levels of alkaline oxides and earthy alkalis in
these samples are very low. In addition to the high levels of SiO, and
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Al,03, the IC sample has significant levels of K,O and MgO. The SiO,
percentages (28.64 to 69.48%) are mainly associated with the quartz
and clay minerals present in the samples. The aluminum oxide (Al,03)
(15.15 to 38.03%) mostly combined to form silicates, and it is also
found in the form of aluminum hydroxide (gibbsite). Iron oxide (Fe,03)
(5.06 to 14.04%) is mainly responsible for the reddish color of the
products after firing (Moreira et al., 2008). The TiO, (0.89 to 2.55%)
comes from the presence of anatase in the samples. The presence of
melting oxides (K>O and MgO) is related to the presence of illite in the
IC sample; these elements can contribute to the formation of a liquid
phase that reduces the porosity of the product during sintering, thus
giving the ceramic products good mechanical strength (Moreira et al.,
2008; Barba et al., 2002).

The particle sizes of the samples (Table 3) investigated fall within
the ranges for clay, silt, and fine sand according to the soil grain size
classification of the International Society of Soil Science (Sousa Santos
and Sousa Santos, 1974); in other words, there is great variability.
Particles with an equivalent spherical diameter < 2pum (13.06 to
32.63% by weight) were found in the LR, GC1, GC2, and LM samples.
These particles are mainly related to the presence of kaolinite in these
samples, whereas in the illitic clay sample, 22.64% by weight of the
clay fraction is related to the presence of illite; this sample has a lower
proportion of sand than the other samples. The sand particles, usually
represented by quartz, are problematic for the firing stage of the
ceramic because of the risk of cracks caused by the allotropic trans-
formation of quartz at 573 °C, which leads to a reduction of the me-
chanical strength of the material (Pinheiro and Holanda, 2009; Abajo,
2000; Kilikoglou et al., 1995). On the other hand, the presence of quartz
in the sand fraction is important for adjusting the plasticity/workability
of the clay and for reducing the shrinkage from drying and firing; thus,
it acts as a “skeleton” (Baccoura et al., 2009). The percentage of sand
present in a red ceramic mass varies from 15 to 30% by weight
(Facincani, 2002).

In terms of thermal behavior, for the latosol of Mosqueiro (LM), the
first endothermic event occurred between 460 and 560 °C, which is
characteristic of the dehydroxylation of kaolinite. The second en-
dothermic event (between 560 and 580 °C) is related to the allotropic
transformation of a-quartz (Barba et al., 2002; Fares et al., 2010), while
the small exothermic peak between 950 and 980 °C represents the nu-
cleation of mullite.

The IC sample (Fig. 2) exhibited three exothermic events. The first
peak (between 60 and 125 °C) is probably related to the elimination of
free water present in the sample; the second peak (between 560 and
620 °C) is probably related to the dehydroxylation of the illite; and the
third peak (between 870 and 910 °C) is probably related to the breaking
of the illite structure (Smykatz-Kloss, 1974, Grim, 1962). The two small
exothermic peaks (333 and 430 °C) suggest the presence of organic
matter (Lopez-Capel et al., 2005).

The LR (latosol of Rondon) and GC1 and GC2 (gibbsitic clays)
samples had very similar thermal behavior: four endothermic events
and one exothermic event. The first endothermic event, which occurred
between 50 and 110 °C, is related to the removal of water physically
adsorbed to the mineral particles present in the samples. The second
event (between 270 and 380 °C) is related to the dehydration of gibbsite
and goethite. The third event (the most intense endothermic event),
which occurs between 450 and 580 °C, represents the loss of the con-
stitution water of kaolinite, which results in the formation of amor-
phous metakaolinite. In the temperature range of 900 to 990 °C, a small
exothermic peak is observed with the formation of a new crystalline
phase (possibly mullite) derived from the kaolinite structure transfor-
mation. A similar behavior was observed by other authors (Drweesh
et al., 2016; Issaoui et al., 2016). All of these samples showed an exo-
thermic peak in the temperature range of 220 to 300 °C, which may be
due to the burning of organic matter (Lopez-Capel et al., 2005).
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Fig. 8. Apparent porosity of the samples after calcination (950 and 1100 °C).
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Fig. 9. Apparent density of the samples after calcination (950 and 1100 °C).

3.2. Characterization of specimens

Of the specimens investigated, only eight compositions fit in the
regions established by the Winkler diagram (Fig. 3). Compositions B3,
B4, B6, and B10 were suitable for the production of hollow bricks
(region c), while composition B7 was in the ideal region for use in
roofing tiles and masonry bricks (region b). Three compositions (A8,
A9, and A10) could be used as raw materials for solid bricks.

The mineralogical phases of the compositions prepared with the LR
material, calcined at 950 and 1100 °C, are shown in Fig. 4. The heating
of these specimens resulted in lower reflection and an increased back-
ground intensity, which may be due to the presence of significant
amounts of amorphous materials (metakaolinite), especially in the
compositions that were calcined at 950 °C (Rodrigues et al., 2015). At
the two firing temperatures used, mullite was in fact formed by dehy-
droxylation of the kaolinite and hematite was formed by dehydrox-
ylation of the goethite. The inherited quartz and anatase remained in-
tact. The permanence of the anatase, which should have been changed
to rutile, surely reflects the kinetics experienced during the short firing
time of 2 h (Zhang et al., 2006).

In the compositions formulated with the latosol from the Mosqueiro
(LM), the X-ray diffractograms (Fig. 5) show the characteristic reflec-
tion of mullite, a transformation of the kaolinite, the presence of he-
matite, which confirms the dehydroxylation of goethite to form this
mineral (Fan et al., 2006; Yusiharni and Gilkes, 2012). The neoforma-
tion of cristobalite, in the B1 and B6 compositions calcined at 1100 °C,
is also observed (Carneiro et al., 2003). In addition to the transforma-
tions already reported, the transformation of rutile anatase in the
B4-950 °C composition was observed, which was not observed in the
B1-950 °C, B1-1100 °C, and B4-1100 °C samples.

All the compositions of the specimens calcined at 950 °C had < 6%
linear shrinkage (Fig. 6). This behavior suggests that not all the com-
ponents of the mixtures experienced sintering at this temperature. De-
spite the different mineralogical compositions present in the
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Fig. 10. Flexural strength of some samples after calcination.

compositions formulated with LR and LM, distinct linear shrinkage
values at 950 °C were not observed. The specimens calcined at 1100 °C
had a greater increase in linear shrinkage because the liquid phase was
formed at this temperature due to the presence of K,O minerals that
reduced the number of open pores and ensured densification of the
ceramic materials (Vieira et al., 2003; Milheiro et al., 2005).

The water absorption values obtained for the specimens (Fig. 7)
prepared with the LR material and fired at 950 °C are above the values
established by the technical standards (ABNT, 2005a, 2005b) for
ceramic blocks (< 20%) and roofing tiles (< 22%), except for compo-
sitions A4 and A6. These behaviors indicate that 950 °C is not sufficient

Mag* SO00KX ENT#=20000v WO= 16mm Deste 14 Jan 2016 LABMEVUFPA

—_—

A4-950°C

Mag* S00KX ENT=20000W WO« 16mm _"“_' Dt 14 Jan 2016 LABMEV.UFPA

Fig. 11. SEM micrographs of compositions Al and A4 calcined at 950 and 1100 °C.

29

Applied Clay Science 152 (2018) 124-130

to reduce the porosity of these specimens. In contrast, the values for the
specimens created with the LM material and fired at the same tem-
perature indicated their suitability for the production of ceramic blocks
and roofing tiles, except for compositions B7 and B10. For most of the
compositions, the water absorption values of the specimens calcined at
1100 °C were in agreement with values established by the technical
standards. This behavior can be observed mainly in the compositions
with illite, as in the case of compositions A2, A3, A4, B2, B3, and B4.
The only compositions that did not have suitable water absorption
values were A10, B2, and B7.

The apparent porosity of the specimens (Fig. 8) was between 9.02
and 88.84%. It is interesting to note that in 11 compositions (Al, A5,
A6, A7, A8, A9, A10, Al, A2, B6, and B7), the apparent porosity values
tended to increase as the temperature increased, unlike the water ab-
sorption. The other specimens showed a decrease in the apparent por-
osity values as the temperature increased. The A2, A3, and A4 com-
positions were the only compositions formulated with the LR specimens
that displayed a decreasing apparent porosity; this trend may have been
caused by the illite in these compositions, which facilitated the liquid
phase formation, thereby favoring the sintering mechanism (Sedmalea
et al., 2017; Jiang et al., 2008).

The apparent densities of the compositions studied (Fig. 9) gradu-
ally increased as the temperature increased. This increase must have
occurred because of the formation of a liquid phase that fills in the open
pores, which reduces the porosity of the material, and the formation of
mineral phases, such as mullite and hematite, that have higher den-
sities. The presence of grains of sand, which are mainly composed of
quartz, may improve the packing of the particles of the various mineral
constituents present in the sintered compositions.

A1-1100°C].

Mg+ S00KX ENT=2000W WO+ 16mm  Tim Date 13 Jan 2016 LABMEV-UFPA
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Al = Composition formuled with latosol of Rondon do Pard (LR); A4 = Composition formuled with latosol of Rondon do Para and illitic clay (IC).
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The mechanical flexural strength was > 1 MPa for all of the com-
positions (Fig. 10). The A4-950 °C composition had the lowest me-
chanical strength, while the B5-1100 °C composition had the highest
strength. An increase in the mechanical strength as the temperature
increased was observed for compositions A4, B4, B5, B6, B7, and B10.
This increased strength may be due to the formation of a liquid phase
because of the presence of illite, which produces better densification
due to pore closure. There is a direct relationship between the strength
and the mineralogical composition of the samples. The compositions
formulated with the LM material (B4-950 °C and B4-1100 °C) had
greater mechanical strength than the compositions in which LR (A4-
950 °C and A4-1100 °C) was the main raw material.

The morphology of compositions Al and A4 calcined at 950 and
1100 °C with a heating rate of 10 °C/min (Fig. 11) demonstrated that
there was a gradual densification of the compositions as the tempera-
ture increased; however, there was no convincing evidence of the for-
mation of a liquid phase, which is a direct consequence of the miner-
alogical composition. In composition A4 (950 and 1100 °C), the results
show that the microstructures developed at these temperatures are
characterized by a much better sintered cement than the other com-
positions; this observation mainly occurs at 1100 °C with the shrinking
of the pores, which is promoted by the presence of potassium-rich illite
and is confirmed by a decrease in the water absorption (Fig. 7). Sample
Al (950 and 1100 °C) experienced weak sintering and had very fine
particles and coarse grains, which is a direct reflection of the absence of
a liquid phase.

4. Conclusions

The latosols studied (LM and LR) are basically composed of kaoli-
nite, quartz, gibbsite, goethite, and anatase. These compositions contain
no minerals with a melting characteristic. The gibbsitic clays have a
composition similar to the Rondon latosol (kaolinite, quartz, gibbsite,
goethite, and anatase), whereas the illitic clay is composed, in addition
to illite, of quartz.

The composition of these raw materials directly influenced the
quality of the ceramic products. For example, the latosol of Rondon do
Pard (composition Al), which is predominantly kaolinitic, was not
technologically viable for the production of ceramic products, except
when formulated with the inclusion of illitic clay (compositions A2, A3,
and A4), which significantly improved the workability and the firing
properties (reduction in water absorption and increase in mechanical
strength) by reducing the porosity. In contrast, the latosol of Mosqueiro
(composition B1), which contains a large amount of quartz, showed
technological aspects that favor its use in the production of ceramic
products. The addition of illitic and gibbsitic clays (compositions B2,
B3, B4, B5, B6, B7, B8, B9, and B10) significantly improved the tech-
nological characteristics of these products because these clays probably
increase the plasticity of the compositions.

Considering the obtained results and the availability of yellow la-
tosols in the Amazon, these clay materials are a potential resource for
the red ceramic industry when combined with illitic or gibbsitic clays,
which are also abundant in this region.

Acknowledgments

We thank the Argila de Belterra (Proc. 477.411/2012-6) and INCT-
GEOCIAM projects for the financial support; the Brazilian National
Counsel of Technological and Scientific Development (CNPQ) and
Coordinationfor the Improvement of Higher Education Personnel
(Capes) for assistance via a scholarship and a research grant; the
Votorantim Metals Company; geologist Fernanda Sobrinho for pro-
viding the main samples for this study; doctoral student Manoella
Cavalcante for providing one of the raw materials used in this study;

130

30

Applied Clay Science 152 (2018) 124-130

and the Dean of Research and Graduate Studies (PROPESP) of the
Universidade Federal do Para (UFPA) for the financial support.

References

Abajo, MLF., 2000. Manual Sobre Fabricacién de Baldosas Tejas y Ladrillos. Beralmar,
S.A., Terrassa, pp. 14.

ABNT-ASSOCIACAO BRASILEIRA DE NORMAS TECNICAS, 2005a. Blocos ceramicos de
vedagao: especificacoes. NBR, Rio de Janeiro-RJ, pp. 15270-15273.

ABNT-ASSOCIAGAO BRASILEIRA DE NORMAS TECNICAS, 2005b. Componentes
ceramicos -Telhas - Terminologia, requisitos e métodos de ensaios. NBR, Rio de
Janeiro-RJ, pp. 15310.

ASTM- American Society for Testing and Materials, 2006. Standard test method for water
absorption, bulk density, apparent porosity, and apparent specific gravity of fi red
white ware products. Glas. Ceram. 15-02, C373-88.

Baccoura, H., Medhioubb, M., Jamoussic, F., Mhiria, T., 2009. Influence of firing tem-
perature on the ceramic properties of Triassic clays from Tunisia. J. Mater. Process.
Technol. 209, 2812-2817.

Barba, A., Beltrdn, V., Feliti, C., Garcia, J., Ginés, F., Sanchéz, E., Sanz, V., 2002. Materias
Primas Para la Fabricacién de Soportes de Baldosas Cerdamicas, 2¢ ed. Instituto de
Tecnologia Cerdamica - ITC, Castellén - Espana (292 pp.).

Carneiro, B.S., Angélica, R.S., Scheller, T., Castro, E.A.S., Neves, R.F., 2003.
Caracterizacao mineralégica e geoquimica e estudo das transformacoes de fase do
caulim duro da regiao do Rio Capim, Para. Ceramica 49, 237.

Costa, M.L., 1991. Aspectos geoldgicos dos lateritos da Amazonia. Rev. Brasil. Geosci. 21
(2), 146.

Drweesh, S.A., Fathy, N.A., Wahba, M.A., Hanna, A.A., Akarish, A.LM., Elzahany, E.A.M.,
El-Sherif, 1.Y., Abou-El-Sherbini, K.S., 2016. Equilibrium, kinetic and thermodynamic
studies of Pb(II) adsorption from aqueous solutions on HCl-treated Egyptian kaolin. J.
Environ. Chem. Eng. 4, 1674-1684.

Facincani, E., 2002. Tecnologia Cerdmica - Ceramica Estrutural. Faenza Editrice do Brasil,
S. Paulo, SP, pp. 28.

Fan, H., Song, B., Li, Q., 2006. Themal behavior of goethite during transformation to
hematite. Mater. Chem. Phys. 148-153.

Fares, H., Remond, S., Noumowe, A., Cousture, A., 2010. High temperature behaviour of
self-consolidating concrete: microstructure and physicochemical properties. Cem.
Concr. Res. 40, 488-496.

GRIM, R.E., 1962. Applied clay mineralogy. In: International series in the Earth Planetary
Sciences. McGraw Hill, New York (422 pp.).

Horbe, A.M.C., Costa, M.L., 2005. Lateritic crusts and related soils in eastern Brazilian
Amazonia. Geoderma 126, 225.

Issaoui, M., Limousy, L., Lebeau, B., Bouaziz, J., Fourati, M., 2016. Design and char-
acterization of flat membrane supports elaborated from kaolin and aluminum pow-
ders. C. R. Chim. 19, 496-504.

Jiang, T., Li, G.H., Qiu, G.Z., Fan, X.H., Huang, Z.C., 2008. Thermal activation and alkali
dissolution of silicon from illite. Appl. Clay Sci. 40, 81-89.

Kilikoglou, V., Vekinis, G., Maniatis, Y., 1995. Toughening of ceramic earthenware by
quartz inclusions: an ancient art revisited. Acta Metall. Mater. 43, 2959.

Lopez-Capel, E., Sohi, S.P., Gaunt, J.L., Manning, D.A.C., 2005. Use of thermogravimetry-
differential scanning calorimetry to characterize modelable soil organic matter
fractions. Soil Sci. Soc. Am. J. 69, 136-140.

Magagnina, D., Santos, C.M.F., Wanderlindc, A., Jiustic, J., Noni Jr, A., 2014. Effect of
kaolinite, illite and talc on the processing properties and mullite content of porcelain
stoneware tiles. Mater. Sci. Eng. A. 618, 533-539.

Milheiro, F.A., Freire, C.M.N., Silva, A.G.P., Holanda, J.N.F., 2005. Densification beha-
viour of a red firing Brazilian kaolinitic clay. Ceram. Int. 31, 757-763.

Moreira, J.M.S., Manhaes, J.P.V.T., Holanda, J.N.F., 2008. Processing of red ceramic
using ornamental rock powder waste. J. Mater. Proc. Technol. 196, 88-93.

Pinheiro, B.C.A., Holanda, J.N.F., 2009. Processing of red ceramics incorporated with
encapsulated petroleum waste. J. Mater. Process. Technol. 209, 5606-5610.

Rodrigues, S.F.S., Costa, M.L., P6llmann, H., Kern, D.C., Silveira, M.1., Kipnis, R., 2015.
Pre-historic production of ceramics in the Amazon: provenience, raw materials, and
firing temperatures. Appl. Clay Sci. 107, 145-155.

Sedmalea, G., Randersa, M., Rundansa, M., Seglins, Valdis, 2017. Application of differ-
ently treated illite and illite clay samples for the development of ceramics. Appl. Clay
Sci. 146, 397-403.

Smykatz-Kloss, W., 1974. Differential Thermal Analysis - Applications and Results in
Mineralogy. Springer-Verlag, NewYork, pp. 24-87.

Sombroek, W.G., 1966. Amazon soils. A Reconnaissance of the Soils of the Brazilian
Amazon Region. Centre Agric. Pub, Wageningen (292 pp.).

Sousa Santos, P., Sousa Santos, H.S., 1974. Ciéncia e tecnologia de argilas, 2 ed. Edgar
Blucher, Sao Paulo, Brasil, pp. 1089 1989-1992.

Vieira, C.M.F., Cardoso, B.R., Monteiro, S.N.J., 2003. Influéncia da Adicao de Argila
Fundente em Massa de Cerdmica Vermelha Caulinitica. Jornada Sam/Conamet/
Materia, Simpésio.

Vieira, C.M.F., Soares, T.M., Sdnchez, R., Monteiro, S.N., 2004. Incorporation of granite
waste in red ceramics. Mater. Sci. Eng. A. 373, 115-121.

Yusiharni, E., Gilkes, R., 2012. Rehydration of heated gibbsite, kaolinite and goethite: an
assessment of properties and environmental significance. Appl. Clay Sci. 64, 61-74.

Zhang, J., Li, M., Feng, Z., Chen, J., Li, C., 2006. UV Raman spectroscopic study on TiO2.
I. Phase transformation at the surface and in the bulk. J. Phys. Chem. B 110 (2),
927-993.




31

5.2 VIABILITY OF BELTERRA CLAY, A WIDESPREAD BAUXITE COVER IN
AMAZON, INCORPORATED WITH YELLOW SOIL AND CLAYEY SILTSTONE
RAW MATERIAL FOR THE PRODUCTION OF RED CERAMICS

Igor Alexandre Rocha Barreto!; Marcondes Lima da Costa?

1Program for Post-graduation in Geology and Geochemistry, Institute of Geosciences, UFPA,

Belém (PA), Brazil. E-mail: igorrochag@gmail.com; 2Geosciences Museum, Institute of

Geosciences, Federal University of Pard — UFPA, Brazil. E-mails: mic@ufpa.br,

marcondeslc@gmail.com.

Om

2.84

Belterra clay S
(BTC) g7+

1164

145
Ferruginous crust

BTC+CST

- sgee oooec [N

~
o=
2
(=5 16.5
-
5 Baucxite
= 18
Bauxitic clay
~19
GRAPHICAL ABSTRACT
HIGHLIGHTS

e Belterra Clay (BTC) in nature does not attribute favourable characteristics to

ceramic materials.

e The use of yellow soil and clayey siltstone as additives improved the

technological properties.

e Mechanical strength of up to 7.81 MPa was obtained by the ceramics.
e BTC with additives becomes a low-cost source for ceramics.
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ABSTRACT

The Amazon region has the largest bauxite reserves in Brazil, where its deposits are
capped by a thick layer of clay material known as Belterra clay (BTC). Its extensive
distribution, surface occurrence (and therefore accessibility), and clayey nature of BTC
were of interest for this study, which evaluated its technical viability for the production
of red ceramics. BTC from the large bauxite deposits of Rondon do Pard in the
southeast region of Para state was selected for the study. The BTC and other materials
used as an additive were characterised by X-ray diffraction (XRD), X-ray fluorescence
(XRF), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC),
inductively coupled plasma mass spectrometry (ICP-MS), scanning electron microscopy
(SEM) and laser particle analysis (LPA). To determine the physical and mechanical
properties, 12 different mixtures of specimens were produced with the samples of
Belterra clay and 40% yellow soil or clayey siltstone. All mixtures were calcined at
three different temperatures (900, 1000 and 1200°C). Next, the following were
measured: linear shrinkage, water absorption, apparent porosity, apparent density and
flexural strength. The BTC essentially consists of kaolinite, which contains quartz,
goethite, anatase and gibbsite as accessory minerals. The pure and simple BTC samples
do not present favourable technological aspects for the manufacture of ceramic
products; however, with the addition of yellow soil or clayey siltstone from the same
region, the technological characteristics of BTC are significantly improved.

Key words: Bauxite deposits; Rondon do Para; yellow soil, clayey siltstone.
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1. Introduction

The Amazon region carries the largest bauxite reserves in Brazil, located in the
Eastern and Lower Amazon. The bauxite deposits are mostly obliterated by a thick layer
of clay material up to 25 metres thick, known as Belterra clay (BTC) [1]. According to
Sombroek (1996) it comprises a clay material, usually ochre, with a homogeneous
texture, with no visible stratification, deposited during the early Plio-Pleistocene
(Calabrian). Other studies argue that its origin is autochthonous or even partially
allochthonous, however, from a small distance, formed by the degradation caused by the
weathering of the subjacent and adjacent lateritic crusts [2, 3, 4]. Grubb (1979) [5]
believes there is a close link between BTC and bauxites but sustains its allochthonous
origin due to the presence of gibbsite in the base of BTC.

In the large bauxite deposits of Paragominas-Rondon do Para, the BTC reserves
are also huge and must be removed during the mining of bauxite, that it is already
occurring in the single bauxite mine at Paragominas. At this moment the exploitation
provides the BTC for direct used as possible raw material for the production of red
ceramics. On the contrary after bauxite layer has been mine, the BTC material returns to
its previous place in order to restore the original relief. The use of BTC for red ceramics
may diminish the high costs associated with the restoration of the original relief of the
mined terrain.

Southwestern from Paragominas bauxite deposit advances the exploration
activity for future mining of the large bauxite deposits of Rondon do Pard by
Votorantim Metais S/A. Rondon do Para and Paragominas are two progressive counties
in the region which are demanding for large production of building materials as red
ceramic. In Rondon do Para the bauxite deposits also display up to 28 m thick BTC,
however it is 12 m thick in average. Given the large availability of this raw material, the
present study aims to evaluate the BTC from two pilot mines of Rondon do Para
(Branco and Ciriaco) as a raw material for red ceramics; investigate the efficiency of the
BTC for the production of industrial red ceramics; and determine the influence of the
addition of yellow soil and clayey siltstone on the technological properties of ceramic

structures.
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2. Materials and methods
2.1 Materials

The BTC materials used to develop the present study were collected from at the
Branco and Ciriaco pilot mines, located in the Rondon do Para county, carried out by
Votorantim Metais company. At each pilot mines two representative samples, located at
the base and top of the BTC, were collected. Lately a one sample of clayey siltstone was
collected by the first author and the geologist Leonardo Negréo at km 130 of the BR222
Highway, in Rondon do Para, which represents the immediate underlying weathered
sedimentary rock of bauxite horizon. For comparison one sample of yellow soil was
collected from Baia do Sol, Mosqueiro Island, municipality of Belém, State of Par3,
were collected by the first author, in order to compare with the results published by
Rocha & Costa (2017) [6], since the BTC is may be correlated to latosol.

2.2 Characterisation of raw materials
2.2.1 Characterisation of grain size

The grain size analysis of the raw materials was performed after grinding and
sieving at 25 mesh using a laser particle size analyser, model Analysette Microtec Plus,
in the LAMIGA Laboratory from the Institute of Geosciences of the Federal University
of Para (Laboratério LAMIGA, do Instituto de Geociéncias/UFPA).

2.2.2 Mineralogical characterisation by X-ray diffraction (XRD)

To determine the mineralogical phases, the samples were macerated and
subjected to X-ray powder diffraction (XRD). This procedure was performed in the
Laboratory of Mineralogy, Geochemistry and Applications (LAMIGA-UFPA) of the
Institute of Geosciences of the Federal University of Pard using a BRUKER
diffractometer (model S2 RANGER).

2.2.3 Chemical composition (ICP-OES/ICP-NS and XRF)

The chemical composition of the yellow soil sample was determined in the
Laboratory of Chemical Analysis of Acme Ltda. Inductively coupled plasma emission
spectrometry (ICP-OES) was used to determine the elements, where the samples were
previously casted with lithium metaborate/tetraborate and the pearl was digested with

diluted nitric acid.
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The chemical composition of the remaining samples was determined by X-ray
fluorescence spectrometry (XRF) using a sequential WDS spectrometer model Axios
Minerals of brand PANalytical, with a ceramic X-ray tube, rhodium (Rh) anode and
maximum power of 2.4 kW. The samples were prepared on a casting dish with a sample
flux ratio of 0.8 g/8 g. The flux used was lithium tetraborate. This procedure was
performed by the Laboratory of Mineral Characterisation (Laboratério de
Caracterizagdo Mineral - LCM) of the Institute of Geosciences of the Federal University
of Para.

The loss of ignition (LOI) of all samples was determined with the gravimetric
method by calcination at 1000°C, starting with previously dried samples.

2.2.4 Thermal behaviour (thermogravimetric analysis, TGA/differential scanning
calorimetry, DSC)

The analyses were performed using a model STA 449 F5 Jupiter with
simultaneous thermal analyser, brand NETZSCH, with a vertical cylindrical oven,
digital converter coupled to a microcomputer, heating rate of 10°C/min and N2 flow rate
of 50 ml/s using the temperature range from room temperature to 1100°C. The analyses
were performed at the Laboratory of Applied Geology and Geochemistry of the Institute
of Geosciences of the Federal University of Paré.

2.2.5 Micromorphology (scanning electron microscopy, SEM)

The micromorphological analysis was performed to observe the texture and
porosity of the ceramic structures after firing. A Zeiss scanning electron microscope
was used, model SIGMA-VP, coupled to an EDS XRF (Sedona-SD), property of the
Vale Technological Institute (Instituto Tecnoldgico Vale - ITV). This equipment is in
the Laboratory of Scanning Electron Microscopy —(LabMEV) of the Institute of
Geosciences of the Federal University of Para.

2.3 Conformation of the specimens

For the conformation of the specimens, the raw materials were dried in an oven
for a 24-h period at a temperature of 110°C. Then, they were ground in a ball mill
(Marconi MA 500/CF) with a rotation of 365.4 rpm for 1 h. Compositions were
prepared with mixtures of BTC, yellow soil and clayey siltstone. Regardless of the
composition, 10% of deionised water was added. The details about the ratios of the

mixtures can be observed in Table 1. The specimens were produced in steel moulds
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with the shape of prismatic slips (50x20x10 mm) and pressed with a pressure of 50
kgf/cm? in a hydraulic press (Karl Kolb, model PW-40). The specimens were subjected
to drying in an oven at 110°C for a 24-h period. Next, they were sintered at the
temperatures of 800, 1000 and 1200°C in a muffle oven with a heating rate of 10°C/min

and then remained at the maximum temperature for a 2-h period.

Table 1 - Compositions of the specimens studied in mixtures with the different raw

materials.

Compositions BTC-B1 BTC-B2 BTC-C1 BTC-C2 CST YSL
BTC-B1 100 - - - -

B1CST 60 - - - 40
B1YSL 60 - - - - 40
BTC-B2 - 100 - - -

B2CST - 60 - - 40
B2YSL - 60 - - - 40
BTC-C1 - - 100 - -

C1CST - - 60 - 40
C2YSL - - 60 - - 40
BTC-C2 - - - 100 -

C2CST - - - 60 40
C2YSL - - - 60 - 40

[Caption: BTC-B1- Belterra clay from Branco pilot mine 0.5 m; BTC-B2- Belterra clay from Branco pilot

mine 10.5 m; BTC-C1- Belterra clay from Ciriaco pilot mine 1.0 m; BTC-C2- Belterra clay from Ciriaco
pilot mine 12.0 m; CST- Clayey siltstone; YSL- yellow soil].

2.4 Characterisation of ceramic products
2.4.1 Linear firing shrinkage (LSf)

The linear shrinkage of the specimens was obtained from the linear dimensional
variation of the sintered specimens after the measurement of their lengths, dry and after
the firing process, using:

Lo—Lf
Lf
where Lo — is the length of the dry specimen, and Lf — is the length of the fired

LSf (%) = x100

specimen.
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2.4.2 Water absorption

This parameter was evaluated according to the ratio of the dry and wet weights
of the specimens. To obtain the wet weight, the ceramic specimens needed to be
immersed in water for at least 24 h. The wet weight was determined after the removal of

surface water from the specimen using the following equation:

A=t =M ook
W= d x100(%)

where Aw indicates the water absorption, in percentage; Mw indicates the mass of the
specimen saturated with water; and Md indicates the mass of the dry specimen.

2.9.3 Apparent porosity

The determination of the apparent porosity of the specimens was performed

according to norm C373-88 (ASTM), with the following equation:

Mw d
Pa=————x100(%)
M Mi

where Pa indicates the apparent porosity, in percentage; Mw is the mass of the ceramic
specimens saturated with water; Md is the mass of the dry ceramic specimens; and Mi is

the mass (g) of the ceramic specimen immersed in water.

2.9.4 Apparent density

The apparent density of the specimens was obtained with the ratio of the
apparent porosity and the apparent water absorption. The apparent density was

calculated using the following equation:

_Pa
p_Aa
where p is the apparent density of the ceramic specimen; Pa is the apparent porosity;
and Aa is the apparent water absorption.

2.9.4 Flexural mechanical strength (MS)

The mechanical strength of the specimens was determined by the three-point
flexural strength (FS) method. The test was performed in a universal testing machine
model WDW-100E, from AROTEC, with a 100-kN load cell, test rate of 0.5 mm/min

and start of test at 2 N. The results were obtained with the following equation:
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3.L.D

FS=
S 2.a.b?

where FS is the flexural strength (MPa), L is the fracture load after drying (N), D is the
distance between the supports of the specimen (mm), a is the width of the ceramic

specimen (mm), and b is the height of the ceramic specimen (mm).

3. Results and discussion
3.1Grain size, mineral and chemical characteristics of the raw materials

BTC is dominated by the silt fraction (68.68 to 75.31%), followed by 19.94 to
28.24% of clay and smaller fractions of sand (0.25 to 9.40% (Table 3)). The Clayey
siltstone contains 50.45% of clay and 49.54% of silt. In turn, yellow soil is mainly
formed by equal proportions of sand (42.34%) and silt (46.72%), with restricted clay
content (10.93%).

In the Shepard diagram [7] (Figure 4.15) the BTC samples (BTC-B1, BTC-B2,
BTC-C1 and BTC-C2) are classified as clayey silt, clayey siltstone (CST) as silty clay,
and the yellow soil (YST) as sandy silt. The large range of particle sizes among the
samples has a direct influence on the physical properties (drying and firing) of ceramics
[8, 9,10].

Table 3 - Particle size distribution of the raw materials (% by weight).

Clay Silt Sand

Sample

(<2 pm) (2<x<60 um) (60 <x <600 pum)

BTC-B1 28,24 715 0,25
BTC-B2 19,94 70,65 9,41
BTC-C1 21,89 75,31 2,79
BTC-C2 22,71 68,68 8,61
CST 50,45 49,54 0,01

YSL 10,93 46,72 42,34
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Figure 2 - Grain size classification of studied materials according to Shepard

The four BTC samples are composed by kaolinite (varies between 61,32-85,26%
by weight) being gibbsite, quartz, goethite and anatase accessory minerals. This
composition is in accordance with the other occurrences of BTC in Amazon (Fontes).
The main difference between the samples BTC is in the gibbsite concentration, which is
bigger in the Ciriaco pilot mine (varies between 9,61-15,16%) than BTC samples of
Branco pilot mine (varies between 1,47-3,72%).

The clayey siltstone (CST) presents in general the same minerals phases of BTC:
kaolinite (85,10% by weight), gibbsite, quartz, goethite, muscovite and anatase are
accessory minerals. The yellow soil (YSL) on the contrary, is dominated by quartz
around 82,83% by weight and 13,61% of kaolinite by weight.

The mineralogical composition directly affects the characteristics of the red
ceramic products. In the case of the investigate main materials kaolinite is the most
abundant mineral and it provides plasticity and refractoriness to the ceramic materials
[11]. The presence of quartz favours a reduction of the plasticity of ceramic masses
[12], and it is a minor mineral in BTC, while gibbsite provides refractoriness to the
ceramic specimens [13, 14] and it’s only an accessory mineral or even absent. In turn,
goethite, which is already transformed into hematite at 330°C, is the main previous

component responsible for the red colour of the products after firing [15, 10].
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The percentages of minerals were deducted by thermogravimetric analyse (Fig.

3).
2
o SN
22
2

Gbs

BTC-B1

BTC-B2

BTC-C1

BTC-C2

CST

) 2 % » w . 20
Ant- anatase; Gbs- gibbsite; Gt- goethite; Kin- kaolinite;
Ms- muscovite; Qtz-quartz.

Figure 1 - Main minerals identified by X-ray diffraction of the samples studied.

As expected from mineralogical composition the investigated materials mainly
consist of SiO», Al203, Fe203 and TiO> (Table 2) (Figure 1). The BTC samples and the
clayey siltstone samples show similar chemical compositions, being mainly constituted
by SiO2 (27.7-39.9%) and Al,O3 (33.7-38.6%), also presenting relevant contents of
Fe203 (12.5-13%) and TiO: (1.52-2.73%). The clayey siltstone sample differs from the
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BTC samples by its K>O content (0.21%), most likely because of the presence of
muscovite.

The higher Al>Os3 contents are present in the BTC samples from the pilot mine of
Ciriaco (BTC-C1 and BTC-C2), related directly to high gibbsite content in these
samples and also kaolinite indicated by the higher SiO, content r, since quartz is fast
absent.

The yellow soil sample displays the highest SiO> content (89.17%), which is
mostly associated with the predominance of quartz in this sample. In addition to SiOa,
the sample contains 5.47% of Al>Ogz, as kaolinite constituent (14 Wt.%). It carries out a

comparative low content of Fe203 (1.37%).

Table 2 - Chemical composition (Wt. %) of raw materials used.

Samples Si0, AlOs Fe0O3 TiO2 KO  Others  LOI Total
BTC -B1 35.9 33.7 12.5 24 <0.01 0.22 15.14 99.9
BTC -B2 35.2 33.8 13 26 <0.01 0.27 15.11  99.93
BTC -C1 31.6 36.4 12.2 259 <0.01 0.27 17.02 100.06
BTC -C2 27.7 38.6 12.9 273 <001 0.30 17.73  99.96
CST 39.19 34.08 1254 152 0,21 - 12.47 100.01
YSL 89.17 5.47 1.37 0.63 0,06 0.2 3.1 100.01

The thermal behaviours of the BTC samples are very similar: four endothermic
events and one exothermic event. The first endothermic event occurs between 55 and
120°C (mass loss 0.11-0.91%), corresponding to the evaporation of the water physically
adsorbed on the mineral particles. The second endothermic event occurs between 260
and 280°C (mass loss 0.51-5.25%) and is associated with the loss of the structural water
of gibbsite {AlI(OH)z}. In this event, the major mass losses occur in the samples from
the Ciriaco pilot mine (3.23-5.25%) and reflects the higher gibbsite content in these
samples. The third event occurs from 360-365°C (mass loss 2.00-3.43%), referring to
the loss of water from the goethite structure {FeO(OH)}. The fourth endothermic event
occurs between 440 and 590°C (mass loss 8.56-11.93%), characteristic of the loss of
water from the kaolinite constitution {Al>Si2Os(OH)4} (varies between 61,32-85,26% of
kaolinite by weight), resulting in the formation of metakaolin. In the temperature range

from 925-990°C there is a small exothermic peak that can be attributed to the formation
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of new crystalline phases, most likely mullite. All the previously described information
was observed by other authors [16,17,18] in materials of similar chemical-mineralogical
composition.

On the other side the yellow soil sample presents two endothermic events and
one exothermic event. The first event (between 50 and 130°C) is associated with the
loss of moisture water (0.54%). The second endothermic event, between 435 and 460°C
(mass loss of 1.90%), is due to the dehydroxylation of kaolinite, as observed in the
previous curves of BTC. Between 560 and 580°C there is a third endothermic event,
associated with the allotropic transformation of quartz-o. [19, 20], absent in BTC
samples. The exothermic peak from 950 to 980°C is characteristic of the formation of
mullite.

The clayey siltstone also behaves distinctly, it presents three endothermic events
and one exothermic event. The first and second endothermic events are the same as
those observed in BTC and yellow soil, the loss of moisture water (50-120°C) and
dehydroxylation of kaolinite (500-530°C). The third endothermic event (600-630°C) is
associated with the loss of water from the muscovite [21]. The exothermic event at

990°C corresponds to the formation of mullite.
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Figure 3 — DSC(Mw/mQ)-TG (%) curves of the studied samples.
[Caption: a=BTC-B1, b =BTC-B2, ¢ =BTC-C1,d =BTC-C2,e = CST, and f = YSL]

3.2 Characterisation of the specimens

According to Figure 4, none of the studied compositions fit the grain size
regions established by the Winkler diagram, although the compositions have presented a
subtle variety of particle sizes (as observed in Table 3). A given raw material is
adequate for the production of ceramic materials when its grain size composition is
dosed in fine (ranging from 15-50%), average (ranging from 20-55%) and coarse grains
(ranging from 20-55%) [22].
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Figure 4 - Grain size classification of the mixtures according to the Winkler diagram.

The red points are the studied compositions. Classification of the regions: a - quality

materials with production difficulty, b - production of roof tiles, ¢ - perforated bricks,
and d - solid bricks.

During the thermal run, the BTC indicates the formation of hematite, which
occurs at the first firing temperature, and the formation of mullite, which occurs only at
two temperatures (1000 and 1200°C). At the three temperatures, the quartz and anatase
remain partially unchanged.

The BTC with clayey siltstone differs from the BTC without additive only at
1200°C, when new crystalline phases such as mullite, rutile (also observed at 1000°C)
and cristobalite are formed. This behaviour suggests that at these temperatures the
primary minerals reached kinetics conditions for their decomposition and formation of
the new mineral phases.

In the compositions of BTC with yellow soil (C2YSL), the formation of new
crystalline phases is only observed at 1200°C, when occurred the formation of mullite

and hematite. The formation of rutile is not observed, most likely because the present
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anatase does not reach favourable kinetic time for destabilization and a consequent
rutile formation.

The compositions with only BTC-C2 (800°C, 1000°C and 1200°C) and those
with BTC-C2 and clayey siltstone (800°C, 1000°C and 1200°C) present low resolution
of diffraction peaks, which favours the increase of the background intensity. This
behaviour suggests a continuous formation of amorphous materials in these
compositions, especially metakaolin [23] with increasing temperature.

All investigated samples led to formation of mullite, that provides favourable
thermal and mechanic properties, such as the uniform thermal expansion, high thermal
shock resistance and low creep at high temperatures [24, 25, 26] in ceramic materials.

The transformation of anatase into rutile is not observed in any composition due

to the short firing time of 2 h, which does not favour the kinetics of this reaction [27].
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Figure 5 - Comparative mineralogy obtained by X-ray diffraction of the formulated
compositions: BTC-C2 (800°C,1000°C and 1200°C), BTC-C2 with yellow soil
(C2YST(800°C), C2YST(1000°C) and C2YST(1200°C)) and BTC with clayey siltstone
(C2CST (800°C), C2CST(1000°C) and C2CST(1200°C)).
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The results of water absorption for the studied compositions (Figure 7) range from
3.12% to 23.54%. This water absorption content is associated with the volume of open
pores, this porosity affects properties as mechanical strength, thermal insulation and
permeability [28].

As expected, the water absorption decreases as the temperature rises, regardless of
the composition. The compositions with only BTC calcined at 800 and 1000°C (BTC-
B1, BTC-B2, BTC-C1 and BTC-C2) are the only ones with greater values than those
established by the technical norms [29, 30] for ceramic bricks (< 20%) and roof tiles (<
22%). This behaviour is the direct result of its majority kaolinitic composition [6]. In
the compositions formulated with the addition of clayey siltstone (B1CST, B2CST,
C1CST and C2CST) and the addition of yellow soil (B1YSL, B2YSL, C1YSL and
C2YSL), the water absorption values are consistent with the values established by the
technical norms at the three firing temperatures. The lower water absorption contents
are observed for the compositions formulated with the addition of yellow soil, a
behaviour that is due to the reduction of the concentration of plastic agents (kaolinite),

with the increase of quartz content in the additive.

m800°C  m1000°C 1200 °C
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Figure 7 - Water absorption of the compositions after calcination (800, 100 and
1200°C).

The apparent porosity of the studied compositions (Figure 8) indicates
approximate values of porosity at 800°C and 1000°C. However, at 1200°C, there is a
significant increase in these values for all compositions. The porosity values range from
23.85-67.85%.

The compositions formulated only of BTC from the Branco (BTC-B1 and BTC-
B2) present the smallest porosity values (23.85% and 30.69%). In turn, the largest
porosity values (62.66-67.85%) are presented by the compositions formulated with the
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addition of yellow soil (B1YSL, B2YSL, C1YSL and C2YSL). The increase in the
porosity values is attributed to the absence of minerals of a casting character (illite and

muscovite, among others) and the decay reactions that occur during the heating process
[31, 32, 33].
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Figure 8 — Apparent porosity of the compositions after calcination (800, 100 and
1200°C)

The linear shrinkage is a property of extreme importance for the dimensional
control of the final product, and in the formulated compositions, it increases
continuously with the firing temperature for all compositions, presenting larger
shrinkage values at the temperature of 1200°C.

The specimens present low linear shrinkage at 800°C (1.11-4.18%), resulting in
good dimensional control. At 1000°C, the values are not as large (6.01-8.33%) because
at this temperature, the red ceramics are sintered mainly by the solid-state sintering
mechanism [32]. At higher temperatures, the ceramics are sintered predominantly by
viscous flow [32, 33]. This explains the larger linear shrinkage values at 1200°C.
Additionally, attention can be drawn to the fact that the linear shrinkage values of the
compositions containing yellow soil (B1YSL, B2YSL, C1YSL and C1YSL) are smaller
than the values for the compositions formulated with only BTC (BTC-B1, BTC-B2,
BTC-C1 and BTC-C2) and the compositions formulated with the addition of clayey
siltstone. In fact, the incorporation of the yellow soil, rich in quartz, reduces the

plasticity of the BTC, therefore improving the one-dimensional control of the ceramics.
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Figure 9 - Linear shrinkage of the compositions after calcination (800, 100 and
1200°C).

The apparent density of the specimens after sintering (Figure 10) generally
increases with the sintering temperature: At 800°C, the values range from 1.92-2.29
cm?®; at 1000°C, the values do not differ from the values at 800°C, remaining in the
range from 1.96 to 2.27 cm?®; and at 1200°C, the values are larger, while the smallest

value is for the D1 composition, at 4.23 cm®.
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Figure 10 - Apparent density of the compositions after calcination (800, 100 and
1200°C).

The increase in the strength values with the rise of temperature is noteworthy
(Figure 11). The compositions containing only BTC present values smaller than 1 MPa
(0.18-0.90 MPa) at the three firing temperatures.

All compositions formulated with the addition of yellow soil and the addition of

clayey siltstone present values above 1 MPa (1.05-7.54 MPa). The greatest values are
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presented by the compositions formulated with the addition of clayey siltstone (B1CST,
B2CST, C1CST and C2CST).

These values of the mechanical strength are directly associated with the mineral
composition of the ceramics (Figure 1) and consequently from the raw materials????
and their porosity after they were fired [34, 35,36].
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Figure 11 - Flexural strength of the compositions after calcination (800, 100 and
1200°C).

Regarding the morphology of the particles and/or crystallites, the composition
BTC-C2 dried at 105°C (BTC-C2(105°C)) indicates pseudohexagonal crystallites
(crystalline form of kaolinite) approximately 200 nm in size [37]. In turn, the
morphology of the compositions calcined at 800°C present a very rough fracture surface
with a large volume of open pores. The pores present an irregular morphology, typical
of the initial sintering stage. At 1000°C, no major changes are observed in the structure
of the ceramic mass, with the observation of a large volume of open pores. With the rise
in the temperature to 1200°C, the ceramic masses clearly exhibit better densification as
well as a smoother surface texture. The volume of open pores is significantly reduced,
but no excessive prominence is observed in the formation of the liquid phase. However,
this phenomenon most likely occurs in the mixtures containing clayey siltstone because
of the presence of muscovite in this sample.

The compositions formulated only by BTC-C2 (BTC-C2800°C, BTC-C21000°C
and BTC-C21200°C) and those with BTC and clayey siltstone (C2CST(800°C),
C2CST(1000°C) and C2CST(1200°C)) present a better sintering degree, because
predominance of clay minerals in these compositions, mainly kaolinite, and a litter
muscovite in the compositions formulated with clayey siltstone. In turn, the BTC
compositions formulated with yellow soil (C2YSL(800°C), C2YSL(1000°C) and
C2YSL(1200°C)) present a low sintering degree, containing very fine particles and
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coarse grains as the result of the abundance of quartz grains in the composition of this

additive.
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C2CST(1000°C) : j C2CST(1200°C)

Figure 12 - Growing aspects of the sintering degree of specimens BTC-C2, C2YST and
C2CST calcined at 800, 1000 and 1200°C, as obtained by SEM images, which is
very strong at 1200.
4. Conclusions

Because of its mineral composition, the Belterra clay of the bauxite deposits from
Rondon do Pard, which are formed mainly by kaolinite, gibbsite, goethite, quartz and
anatase, has a direct influence on the technological properties of ceramics. The
prevalence of kaolinite and gibbsite provided refractoriness to the ceramics, which
contributed to high water absorption and apparent porosity values, especially in the
products calcined at 800°C. However, under all firing temperatures, the ceramics
presented low mechanical strength.

The ceramics formulated with the addition of clayey siltstone and yellow soil into
BTC have more appealing technological characteristics for the ceramics industry. At all
firing temperatures, these ceramics presented appropriate values for all technological
properties. The water absorption values are in accordance with the values established by
the technical norms. The apparent porosity of these ceramics slightly decreases
compared with the ceramics formulated only with BTC. The mechanical strength of the
ceramics formulated with yellow soil and clay siltstone was increased considerably, and
none of these ceramics presented values smaller than 1 MPa.

According to the studies, it is possible to develop consolidated ceramic materials
with interesting technological properties using BTC and additives that are easily
available during the mining of the aluminium ore bauxite. Hence, the BTC, which is yet
a problem bauxite mining, it could become potentially an economically profitable

material at least for red ceramic industry.
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6 CONCLUSOES

A argila de Belterra é constituida essencialmente por caulinita, gibbsita, quartzo,
goethita e anatédsio. Entre esses minerais, é relevante destacar os teores elevados de
caulinita e gibbsita, que foram 82% e 15%, respectivamente. Esses dois minerais sdo 0s
principais responsaveis pelas caracteristicas tecnoldgicas que a Argila de Belterra
apresentou. Essa composicdo influenciou diretamente nas caracteristicas tecnologicas
dos corpos ceramicos. A predominancia de caulinita, um mineral refratario, contribui
para que os produtos apresentassem resultados ndo ideias nos testes fisicos realizados
(absorcao de agua, porosidade aparente, densidade aparente, retracdo linear, resisténcia
a compressdo e resisténcia a flexdo). Esse comportamento foi observado,
principalmente, nas temperaturas mais baixas (800°C e 950°C).

Contudo, a adicdo de argila ilitica, siltito argiloso e solo amarelo melhoraram
significativamente as caracteristicas tecnoldgicas dos corpos ceramicos. Essa melhora
esta diretamente relacionada com a composicdo desses materiais, que pela presenca de
“minerais fundentes” (ilita e muscovita) e quartzo (que age como um material
desplastificante) favoreceram a formacéo de produtos ceramicos com valores adequados
nos testes tecnologicos, sobretudo, os testes de absorcdo de dgua e resisténcia mecanica.

Com base em tudo o que foi relatado e a grande disponibilidade da argila tipo
Belterra na regido. Esse material em conjunto com os aditivos utilizados, que séo
facilmente encontrados na regido, constitui-se com uma matéria-prima de baixo custo

bastante atraente para producéo de produtos ceramicos.
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ANEXO A — CORPOS DE PROVA CALCINADOS A 800°C
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ANEXO B - CORPOS DE PROVA CALCINADOS A 950°C
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ANEXO C - CORPOS DE PROVA CALCINADOS A 1000°C




ANEXO D - CORPOS DE PROVA CALCINADOS A 1100°C
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ANEXO E - CORPOS DE PROVA CALCINADOS A 1200°C
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