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RESUMO

O processo de extracdo e beneficiamento dos depositos de bauxitas da provincia
bauxitifera de Paragominas/Rondon do Para pode gerar grandes quantidades de residuos,
principalmente em duas etapas do processo: lavra e beneficiamento. Na etapa de lavra
dos depositos o “residuo” ¢ oriundo da retirada de uma espessa camada de material
argiloso (conhecido como Argila de Belterra). Por outro lado, o “residuo” do processo de
beneficiamento é gerado apds as etapas de britagem, moagem e lavagem, que originam
uma ampla quantidade de material argiloso disperso em uma grande quantidade de agua.
Para o presente estudo selecionou Argila de Belterra dos depositos de bauxita de Rondon
do Pard, amostra de Argila de Lavagem de bauxita da empresa Hydro, uma amostra de
caulim beneficiado da Imerys, da regido do rio Capim, também no estado do Pard, uma
amostra de microssilica comercial (Ecopower) e reagentes P.A da sigma (NaOH e KOH).
As amostras e 0s geopolimeros foram caracterizados por Difracdo de Raios-X (DRX),
Fluorescéncia de Raios-X (FRX), Andlise Térmica Gravimétrica (TG), Calorimetro
Exploratoria Diferencial (DSC), Espectrometria de Emissdo Otica com Plasma Acoplado
(ICP-OES) e Analisador de Particula a Laser (APL). Geopolimeros foram sintetizados a
partir da Argila de Belterra, microssilica e NaOH de acordo com o planejamento Box-
Benkhen. Realizou-se também sintese de geopolimeros a partir de Argila de Belterra e
caulim beneficiado (um estudo comparativo) usando KOH e microssilica. E por fim,
geopolimeros foram sintetizados a partir da Argila de lavagem de Bauxita com NaOH e
microssilica de acordo com o planejamento Doehlert. No estudo somente com a Argila
de Belterra, o maior resultado de resisténcia resultado foi 47,78 MPa e 0 menor resultado
foi 7,056MPa. No estudo comparativo entre Argila de Belterra e caulim beneficiado, os
melhores resultados de resisténcia a compressdo foram obtidos com o caulim beneficiado.
Os resultados de resisténcia a compressao dos geopolimeros sintetizados a partir da Argila
de Lavagem variaram de 8.99 a 41.89MPa. Esses resultados demonstram o potencial
positivo de ambos materiais para sintese de geopolimeros que podem ser usados como
possiveis substitutos “Eco-friendly” para materiais tradicionais, principalmente, ceramica

e cimento.

Palavras-chave: Argila de Belterra; Argila de lavagem da bauxita; geopolimero;

caulinita; metacaulinita.
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ABSTRACT

The process of extraction and beneficiation of bauxite deposits in the bauxite province of
Paragominas/Rondon do Paré can generate large amounts of waste, mainly in two stages
of the process: mining and processing. In the mining stage of the deposits, the “residue”
comes from the removal of a thick layer of clay material (known as Belterra Clay). On
the other hand, the “residue” from the beneficiation process is generated after the
crushing, grinding and washing stages, which give rise to a large amount of clay material
dispersed in a large amount of water. For the present study, it selected Belterra clay from
the bauxite deposits of Rondon do Para, a sample of Bauxite Washing Clay from the
Hydro company and a sample of kaolin benefited from Imerys Company. The samples
and geopolymers were characterized by X-ray Diffraction (XRD), X-ray Fluorescence
(FRX), Gravimetric Thermal Analysis (TG), Differential Exploratory Calorimeter (DSC),
Optical Emission Spectrometry with Coupled Plasma (ICP-OES) and Laser Particle
Analyzer (APL). Geopolymers were synthesized from Belterra clay, microsilica and
NaOH according to the Box-Benkhen design. Synthesis of geopolymers from Belterra
clay and beneficiated kaolin was also carried out (a comparative study) using KOH and
microsilica. Finally, geopolymers were synthesized from Bauxite washing clay with
NaOH and microsilica according to the Doehlert design. In the study with only Belterra
clay, the highest resistance result was 47.78MPa and the lowest result was 7.05MPa. In
the comparative study between Belterra Clay and beneficiated kaolin, the best results of
compressive strength were obtained with the beneficiated kaolin. The compressive
strength results of the geopolymers synthesized from the Washing Clay ranged from 8.99
to 41.89MPa. These results demonstrate the positive potential of both samples for the
synthesis of geopolymers that can be used as possible “Eco-friendly” substitutes for

traditional materials, mainly ceramics and cement.

Keywords: Belterra Clay; Bauxite washing clay; geopolymer; kaolinite; metakaolinite.
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1 INTRODUCAO

O processo de extracdo e beneficiamento dos depoésitos de bauxitas da provincia
bauxitifera de Paragominas/Rondon do Para pode gerar grandes quantidades de residuos,
principalmente em duas etapas do processo: lavra e beneficiamento. Na etapa de lavra
dos depositos o “residuo” ¢ oriundo da retirada de uma espessa camada de material
argiloso (conhecido como Argila de Belterra) que é temporariamente arquivado dentro
do processo conhecido como strip mining. Dependo da area de lavra, o capeamento do
minério pode chegar até 20 metros de espessura. Por outro lado, o “residuo” do processo
de beneficiamento € gerado ap06s as etapas de britagem, moagem e lavagem, que originam
uma ampla quantidade de material argiloso disperso em uma grande quantidade de agua.
Esse material é depositado em bacias de rejeitos e correspondente 0,35-1,0 ton do
minério. Apesar da grande quantidade de residuos que é disponibilizada pelos 2
processos, esses materiais ndo possuem nenhuma aplicacdo pré-definida e sdo
caracterizados como materiais estéreis e/ou nocivos ao meio ambiente. A composi¢do
mineraldgica desses materiais € bastante semelhante, predominada pela presenca do
argilomineral caulinita, podendo apresentar gibbsita, goethita, hematita, anatasio e
quartzo como minerais secundarios.

A caulinita (Al2Si2Os(OH)4) é o argilomineral mais comumente encontrado na
natureza. E um argilomineral do tipo 1:1. A sua estrutura é formada por uma folha
tetraédrica de SiO2 e uma folha octaédrica de Al(OH)s (Albach et al. 2019). Essas
carateristicas colaboram para que a caulinita seja utilizada em diversas aplicacdes. Porém,
uma aplicacdo tem ganhado destaque nos dias atuais, que € o uso da caulinita,
principalmente, quando calcinada a 600-750°C (formacdo da metacaulinita), como
principal fonte de aluminossilicatos para producdo de geopolimeros (Sun et al. 2018,
Dupuy et al. 2019, Filipponi et al. 2021, Li et al. 2022).

Geopolimero é o termo utilizado para definir compostos inorganicos amorfos e/ou
cristalinos formados a partir de uma reagdo quimica entre compostos solidos de
aluminossilicato e solugdo de hidroxido alcalino altamente concentrada (Davidovits
1991c, Gonzalez-Garcia et al. 2022, Singh et al. 2015b, Siyal et al. 2016). Esse tipo de
material é conhecido por apresentar diversas propriedades e caracteristicas, que incluem:
elevada resisténcia a compressdo, baixa retracdo, cura rapida ou lenta, resisténcia a

acidos, resisténcia ao fogo e baixa condutividade térmica (Duxson et al. 2007, Junaid et



al. 2014). Essas propriedades ndo sdao um diferencial apenas do geopolimero, outros
materiais podem exibir propriedades similares, como: materiais ceramicos, cimento,
concreto, entre outros. A vantagem do geopolimero em rela¢do aos outros materiais, esta
relacionada ao seu processo de sintese que, normalmente, é realizado em baixas
temperaturas e em curto intervalo de tempo, cooperando para a redugdo de emissdo de
CO2 na atmosfera e do gasto energético, caracterizando-o como um produto amigavel ao
meio ambiente (Belmokhtar et al. 2017, Gomes Silveira et al. 2022, Hajimohammadi et
al. 2018a, Kamseu et al. 2017, Koshy et al. 2019, Lemougna et al. 2017, McLellan et al.
2011, Petrus et al. 2021, Phoo-Ngernkham et al. 2015, Samarakoon et al. 2019,Siyal et
al. 2016).

1.1 OBJETIVOS

1.1.1 Objetivo geral

Identificar as propriedades dos geopolimeros sintetizados em diferentes condicdes de
sinteses a partir de residuos da mineracdo de bauxita (cobertura tipo Argila de Belterra e
Argila de Lavagem de Bauxita) visando sua aplicagdo como material ceramico e/ou

cimento de baixa temperatura.

1.1.2 Objetivos especificos

v" Sintetizar geopolimero com NaOH a partir de metacaulim vermelho proveniente
da Argila de Belterra calcinada a 650°C,;

v Avaliar o efeito do uso de KOH como ativador alcalino em dois tipos distintos de
argilas cauliniticas;

v"Investigar o desempenho da sintese de geopolimero a partir da Argila de Lavagem

da Bauxita sem pré-tratamento térmico.



1.2 PROVENIENCIA NATURAL DA ARGILA DE BELTERRA E DA ARGILA DE
LAVAGEM EMPREGADA NESTE ESTUDO

A argila de Belterra utilizada no presente trabalho (Argila de Belterra) provém de
uma lavra piloto de bauxita, denominada de Branco (Figura 1), situada no Platé Rondon
Norte, Rondon do Para. A argila de lavagem utilizada no trabalho € oriunda da extracao
de bauxita na regido de Paragominas pela empresa Hydro (figura 2).

Os depositos de bauxitas de Rondon do Paré e de Paragominas fazem parte da
Provincia Bauxitifera de Paragominas, regido leste do estado do Para e oeste do estado
do Maranh&o, derivadas das sedimentares da Formac6es Itapecuru e Ipixuna (Greig 1977,
Kotschoubey & Truckenbrodt 1981, Kotschoubey 2005). As bauxitas desta Provincia
estdo capeadas por espesso material argiloso, de coloragdo vermelha a amarela,

equivalente a Argila de Belterra (Oliveira et al. 2016).
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Figura 1 — Imagem SRTM da regido de proveniéncia da Argila de Belterra, em dominio do
municipio de Rondon do Para. Sdo indicadas as trés lavras piloto, entre elas a Branco, de onde
proveio a amostra empregada no presente estudo.
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2 REVISAO DA LITERATURA

2.1 GEOPOLIMEROS

O termo geopolimeros é empregado para descrever uma classe de materiais
inorganicos amorfos “polimeros inorganicos” que sdo formados a partir de uma reagédo
de hidratacdo de aluminossilicatos com substancias altamente alcalinas (J. Davidovits
19912 J. Davidovits 1991, Singh et al. 2015, Siyal et al. 2016, Ma et al. 2018, Rozek et
al. 2019). O geopolimero tem composicao quimica similar as zeolitas, diferenciando-se
apenas em termos estruturais (Zhang et al. 2018). Além do termo geopolimero, esse tipo
de material pode ser descrito na literatura por outras nomenclaturas, que podem depender
da sua aplicacdo final. As nomenclaturas comumente utilizadas sdo: cimento ativado
alcalinamente, ceramica alcalina (devido sua alta estabilidade), geocimento, concreto de
polimero inorgénico, entre outras alcalinas (Singh et al. 2015a).

O pesquisador francés Davidovits foi o principal precursor dos estudos desse novo
tipo de material. A motivacdo dos seus estudos foram os incéndios catastréficos ocorridos
sequencialmente na Franca em 1972, envolvendo plasticos organicos inflamaveis. Essas
tragédias o motivaram junto com um grupo de pesquisadores a investigar materiais nao
inflamaveis que tivessem alta resisténcia ao calor. Os primeiros resultados revelaram um
tipo de aluminossilicato que foi reestruturado devido a presenca de uma solucdo altamente
alcalina. Esse “novo aluminossilicato” foi nomeado pelo pesquisador de geopolimero (J
Davidovits 1991, J Davidovits 1991a).

Davidovits avancou nas pesquisas desse novo material, registrando sua patente
em 1979. Nesse mesmo ano ele fundou o Geopolymer Institute. O pesquisador prosseguiu
no desenvolvimento desse tipo de material, obtendo diversas patentes.

Apesar de o produto ter sido patenteado por Davidovits, o pesquisador ndo foi o
pioneiro na pesquisa desse tipo de material. Os estudos iniciais foram feitos na década de
70, ainda na antiga Unido Soviética. Os pesquisadores da Unido Soviética denominaram
esse novo material de cimento de solo. Essa denominacdo foi atribuida pela origem do
material utilizado, natural, e sua propriedade ligante, que era bem similar as
caracteristicas do cimento. O primeiro cimento de solo foi produzido através da mistura
de materiais naturais a base de minerais aluminossilicatados que eram misturados com
residuos industriais ricos em componentes alcalis (Glukhovsky 1994). Glukhovsky, do

Instituo de Engenharia de Kiev, na Ucrania, foi o pesquisador responsavel pela obtencéo



desse material. Glukhovsky, assim como Davidovits, alertava para o fato de que cimentos
da antiguidade eram produzidos dessa mesma forma e apresentavam uma alta
durabilidade, além de resisténcia as intempéries (Davidovits & Morris 1988).

As pesquisas com esse tipo de material tornaram-se de extremo interesse para a o
ramo de desenvolvimento de novos materiais e suas possiveis aplicacdes. Porém, a sua
aplicabilidade depende exclusivamente das propriedades que ele possa apresentar como
produtos finais. Essas propriedades serdo consequéncias das matérias-primas utilizadas
na sintese do geopolimero.

Os geopolimeros podem apresentar uma gama de propriedades e caracteristicas,
que incluem: elevada resisténcia a compressdo, baixa retracdo, cura rapida ou lenta,
resisténcia aos &cidos, resisténcia ao fogo e baixa condutividade térmica (Provis & van
Deventer 2007, Junaid et al. 2014, Das et al. 2021.

2.1 FONTES DE ALUMINOSSILICATOS

A escolha da matéria-prima principal para sintese de geopolimeros (fonte
aluminossilicatos) é um dos fatores que mais influenciam na obtencdo de um bom
produto. Elas que determinardo as caracteristicas fisicas e quimicas que os geopolimeros
irdo apresentar. O resultado poderéa ser refletido pelo meio da aquisicdo de produtos de
baixa ou alta qualidade.

Diversos materiais ja foram utilizados como precursores de geopolimeros. Esses
materiais variam de um material natural: argilas e sedimentos (Dupuy et al. 2019);
materiais oriundos de processos industriais, tais como: lama vermelha, cinzas volantes,
residuos da industria de vidros, entre outros (Lemougna et al. 2017, Hajimohammadi et
al. 2018a); e materiais sintetizados em laboratdrios: zedlitas e compostos sintéticos de
Al;03eSiO; (Krél & Mozgawa 2019).

2.1.1 Argilas e rochas sedimentares

Esses materiais podem ser constituidos por diversas espécies de minerais, ou até
mesmo por uma Unica (algo raro na natureza). O que caracteriza uma argila, é a presenca
predominante de argilominerais, cristais muito pequenos (<2um), em plaquetas de

contorno pseudo-hexagonais ou fibras (Barba 1997, Wenk et al. 2004, Velde & Meunier



2008, Teixeira 2009). Os argilominerais sao filossilicatos, formados por duas, trés ou
quatro folhas, compostas por estruturas de tetraedros SiO4 e octaédricas [Mg (OH)s] ou
[Al(OH)e] (Luna 1999, Souza 2003, Moore & Reynolds 1997, Bergaya & Lagaly 2006).
A combinacdo destas estruturas e composic¢ao quimica originam as diferentes espécies de
argilominerais. E essas caracteristicas irdo determinar sua possivel aplicacdo para sintese
de geopolimeros.

Em geral os argilominerais sdo encontrados associados a outros minerais, como:
calcita, dolomita, quartzo, pirita, feldspato, hematita, goethita, entre outros oxi/hidroxidos
de ferro, além de matéria organica (Luna 1999).

Os principais argilominerais sdo: caulinita, illita, montimorilonita, clorita e
paligorsquita (Vicenzi 1999).

A caulinita (Al2Si20s(OH)4) é o argilomineral mais comumente encontrado nas
rochas sedimentares e sedimentos, sendo o principal constituinte do caulim. Esse
argilomineral, calcinado em temperaturas entre 600 e 800°C, conhecido como
metacaulinita, € o material de partida mais utilizado na sintese de geopolimeros (Barbosa
et al. 2018, Glid et al. 2017b, Yunsheng et al. 2010, Zhang et al. 2012b). A preferéncia
pelo uso da metacaulinita em vez de caulinita oferece vantagens Unicas em termos de alta
reatividade e pureza, contribuindo para um geopolimero com melhor resisténcia a
compressao e alta area superficial (Cheng et al. 2012, Yip et al. 2004).

Aillita, com estrutura 2:1 (Ko,s(H30)0,4Al1,3Mgo,3F€0,1Si 35 O10(OH)2(H20)), é um
argilomineral ndo expansivo, como a caulinita. O seu uso como material de partida para
obtencdo de geopolimeros foi utilizado apds sua ativacdo térmica entre 550-950°C. Os
estudos demonstraram que essa ativacdo aumentou sua reatividade na sintese de
geopolimeros (Buchwald et al. 2009, Seiffarth et al. 2013, Sedmale et al. 2017). A
presenca de potassio em sua composicdo colabora nas etapas de dissolucdo e
policondensacdo dos geopolimeros o que pode contribui para uma boa resisténcia
mecanica (Xu & van Deventer 2000). Outro componente que pode influenciar nas
propriedades dos geopolimeros é o Mg, porém nado se sabe qual o efeito direto que sua
presenca pode acarretar, e se 0 mesmo seria positivo ou negativo (Xu & van Deventer
2000).

A montimorilonita, argilomineral do grupo das esmectitas, do tipo 2:1,
Nao.2Cap 1Al2Si4010(OH)2(H20)10, bastante expansivo com alta capacidade de absorver
moléculas de 4gua entre suas camadas t-o-t. Essa argila € a mais utilizada em processo de

pilarizacdo. Assim como a ilita, pressupbe-se que ap6s a sua desidroxilagdo, esse



argilomineral possa apresentar reatividade a ativacdo alcalina (Sedmale et al. 2017).
Devido sua alta absorcdo de &gua, argilas ricas neste mineral, apresentam uma forte

disposicao a causar trincas durante o processo de secagem (Luna 1999).

2.1.2 Residuos industriais

O crescente desenvolvimento da industria em seus diversos setores tem gerado
uma quantidade razoavel de residuos, aparentemente, estéreis. Esse “problema” tem sido
alvo de diversas discussdes politicas em ambito nacional e internacional, buscando
solucdes para 0 armazenamento adequado desses materiais. No entanto, a depender da
composicao, esses materiais podem ser empregados para producdo de outros materiais,
como cimentos, material ceramico e sintese de novos materiais. Essas aplicacdes séo
alternativas para que esses residuos tenham um destino sustentavel (Belmokhtar et al.
2017, Gomes Silveira et al. 2022).

A utilizacdo desse tipo de material para sintese de geopolimeros estad sendo
bastante abordado nos trabalhos atuais da area. Dentre os residuos industriais, 0s mais
aplicados para essa finalidade sdo: cinzas volantes, cinzas de casca de arroz, rejeitos de
tratamento de agua, rejeitos de vidros, lama vermelha, entre outros (Belmokhtar et al.
2017, Hajimohammadi et al. 2018, Kamseu et al. 2017, Koshy et al. 2019, Lemougna et
al. 2017, Phoo-Ngernkham et al. 2015, Siyal et al. 2016).

Esses residuos, em geral, sdo constituidos por altos percentuais de Al>O3 e SiOs.
A abundancia desses compostos nesse tipo de material € um atrativo para sua aplicacédo
em geopolimeros. Em contrapartida, esses materiais podem apresentar uma composicao
quimica bastante variada, com teores elevados de outros componentes, que podem
influenciar nas propriedades finais dos geopolimeros (Phoo-Ngernkham et al. 2015,
Siyal et al. 2016, Belmokhtar et al. 2017, Kamseu et al. 2017, Lemougna et al. 2017,
Hajimohammadi et al. 2018, Koshy et al. 2019, Gomes Silveira et al. 2022).

As “impurezas’” mais encontradas nesses tipos de materiais sdo: matéria organica,
minerais de ferro, principalmente, hematita (Fe.O3) e goethita (FeO(OH), dolomita

(CaMg(CO3)2), feldspatos, quartzo e minerais micaceos.



2.1.3 Materiais sintéticos

O uso de materiais sintéticos na sintese de geopolimeros é certeza de um produto
com boas propriedades, pois o percentual de Al,Oz e SiO> é facilmente controlado. A
natureza e o custo desse material ndo o tornam vantajoso, por conta disso, esse tipo de
material € comumente utilizado como um aditivo para se atingir as razdes molares

desejadas no processo de sintese.

2.2 REACAO DE GEOPOLIMERIZAGCAO

A reacdo envolvida no processo de formacdo dos geopolimeros é exotérmica,
considerada bastante rapida, em que aluminossilicatos, ativados alcalinamente, sdo
parciais ou totalmente transformados em polimeros inorganicos amorfos/semicristalinos
(Cui et al. 2011). A fonte de aluminossilicatos € um dos principais medidores do
mecanismo dessa reacdo. O que ja é bastante conhecido na literatura é que o elevado grau
de amorfismo desses aluminossilicatos favorece positivamente a formacdo do
geopolimero (Yip et al. 2004, Cheng et al. 2012, Ma et al. 2018). Além dos
aluminossilicatos, outros fatores que influenciam diretamente na obten¢do de um “bom
geopolimero” sdo o agente ativador (NaOH, KOH, Na»SiOs e K;SiOz) e a quantidade de
agua (Singh et al. 2015a).

Compreender o mecanismo de reacdo que ocorre na formagdo dos geopolimeros
é algo bastante importante. Essa reacdo € um processo quimico bastante complexo que
envolve diversas etapas que ainda ndo foram totalmente definidas na literatura, mas o
principio geral ja estd bem estabelecido (Alonso & Palomo 2001, van Jaarsveld et al.
2002, Duxson 2007, Dimas et al. 2009, Luukkonen et al. 2018). O processo de

geopolimerizagdo ocorre segundo as seguintes etapas:

(a) Dissolucéo dos aluminossilicatos em meio altamente alcalino;
(b) Reorganizacéo e difusdo dos ions com formagéo de uma estrutura coagulada;
(c) Reagéo de policondensacdo com formacéo de uma fase gel de aluminossilicato; e

(d) Transformacdo em estado solido altamente endurecido.
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A primeira etapa do processo de geopolimerizacdo inicia-se com a dissolucao de
particulas solidas de aluminossilicatos em meio altamente alcalino. O meio alcalino
contribui para a quebra das ligagdes quimicas covalentes Si—O—Si e Si—O—Al,
favorecendo a liberacao de espécies livres de tetraedros de [SiO4] e [AlO4] (Rahier et al.
2007, Duxson et al. 2007, Komnitsas 2011, Yun-Ming et al. 2016). Considerando apenas
um balanco de massa e de carga, a reacao de dissolucdo e hidrélise que iniciam o processo
de geopolimerizacdo podem ser descritas da seguinte maneira:

(1) Al,03 + 3H20 + 20H - 2 [AI(OH)4]
(2) SiOz + H20 + OH = [SIO(OH)s]
(3) SiO2 + 20H" > [SiO2(OH)2]*

Essa primeira etapa libera moléculas de agua e ions OH™ que normalmente séo
consumidos durante a dissolucdo. A agua liberada durante essa etapa desempenha o papel
de meio reacional, além de colaborar para 0 manuseio e conformagio da “pasta” formada
para uma possivel aplicacdo(Duxson et al. 2007, Kaur et al. 2018). As reacdes (1) e (3)
demonstram que a alcalinidade (concentracdo de [OH]?) é um fator que influencia
diretamente a taxa de dissolucdo da silica (SiO2) e da alumina (Al203), porém a
temperatura e a reatividade da matéria prima em si também sdo fatores determinantes
(Sagoe-Crentsil & Weng 2007, Jaarsveld & van Deventer 1999).

A segunda etapa é referente a condensacao, onde as espécies quimicas liberadas
sofrem um rearranjo e formam um tipo de gel, definido como gel 1, resultado da interagcédo
entre as espécies de [AI(OH)4] e [SiO(OH)s] que séo ligadas umas as outras pela atragéo
entre um dos grupos OH" a partir de [SiIO(OH)s]" e ions de Al*® do [AI(OH)4], originando
um complexo intermediario, com elevada concentracdo de Al (Zhuang et al. 2016). Mas
a reacdo progride de forma continua e mais espécies de Si-O sdo dissolvidas, formando a
fase gel 2 que é caracterizada pelo enriquecimento de Si (Hassan et al. 2019). A ligacéo
entre esses complexos é balanceada por ions de Na*/ K* (Zhuang et al. 2016).

Conforme a “rede de gel” vai se estendendo inicia-se a formagéo de uma rede
tridimensional de Al—O—Si (forca da ligagdo 3,02KJ/mol), como resultado da
condensacdo entre espécies de aluminatos e silicatos, caracterizando a formacdo do
geopolimero (Rasaki et al. 2019). A forga presente nas ligagdes dos geopolimeros é

devido a diferenca de eletronegatividade que existe entre os cations (Al*3e Si*? e o anion
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(0%) (Hu et al. 2008). Essa etapa final da reacdo é evidenciada pelo endurecimento da
pasta geopolimérica, que pode atingir uma resisténcia mecéanica de 30 MPa mesmo sob
cura a temperatura ambiente ap6s um tempo de 24h (Rovnanik 2010).

A apds as etapas acima se obtém o geopolimero (Fig. 2). Estudos demonstraram
que suas propriedades sdo diretamente influenciadas por parametros como razdo molar
SiO2/Al>03, razdo molar M20O/Al03, razdo molar SiO2/M20 e razdo sélido/liquido (M é
Na" ou K") (Dupuy et al. 2019, Singh et al. 2015b). A resisténcia mecénica do
geopolimero é proporcional ao percentual de ativador alcalino presente em sua

composicdo. O tempo de cura é influenciado pelo aumento de razdo molar de SiO2/Al;0s.

R o

a0

B S 2SR

Chemical Attack stsolutlon

®si A @0 ®Na (OH

Polymerization Gel 2

Figura 2- Reacdo de geopolimerizacdo.
Adaptado de Yun-Ming et al. (2016).
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2.3 APLICACOES

As propriedades finais adquiridas pelos geopolimeros sdo bastante similares a
produtos como cimentos, cerdmica e ze6lita. Mas o que vai definir a sua melhor aplicacdo
€ a maneira que o geopolimero sera sintetizado. As caracteristicas comumente destacadas
nesse produto sdo: alta resisténcia mecanica com pouco tempo de cura, resisténcia
térmica, baixa retracdo ap0s a queima, resisténcia a ataque acido, agente adsorvente, entre
outros (Duxson et al. 2007).

Yusheng et al 2010 investigaram o uso de geopolimero como um substituto para
o cimento tradicional e obteve resultados expressivos em relacao a resisténcia mecanica
(34,9 Mpa).

Duxson et al. 2007 analisaram uso de geopolimero como um tipo de concreto,
obtendo alta resisténcia ap6s 24 horas de cura (60-70 Mpa). (Phoo-Ngernkham et al.
2015) também avaliou o uso do geopolimero como um substituto para concreto e obteve
resisténcias elevadas ap0s 28 dias de cura (171,7 e 173.0 Mpa).

Prud’homme et al. 2011 (a-b) estudaram o uso de diferentes tipos de argilas na
formulacdo de geopolimero para a aplicd-los como materiais porosos para construcao
civil.

Bhattacharyya et al. 2012 produziram tijolos geopolimérico a partir de cinzas
volantes. Os resultados mostraram-se satisfatorios, com percentuais aceitaveis de
absorcdo de agua (10-15%) e resisténcia mecanica entre 12-25MPa.

Lemougna et al. 2017 produziram ceramica vermelha de baixa temperatura a
partir de geopolimeros derivados de lama vermelha. Os resultados de absor¢édo de dgua
adequaram-se nas normas estabelecidas, com um percentual méximo de 18%. Os valores
de resisténcia variaram de 4Mpa na temperatura mais baixa (60°C) e 55Mpa na
temperatura mais alta (700°C). Sedmale et al 2017 também avaliaram a aplicacdo de
material geopolimérico como um produto ceramico, e assim como Lemougna et al. 2017,
0s melhores resultados foram obtidos na faixa de 600-700°C (25MPa).

Diversos autores tém estudado a capacidade de adsor¢édo dos geopolimero:

e Cheng et al. 2012 analisou a capacidade de adsorcao de 4 ions metalicos
(Pb?*, Cu?*, Cr®* e Cd?"). O geopolimero mostrou-se com uma excelente
capacidade de remocéo desses ions do meio aquoso.

e Naghsh & Shams 2017 estudaram a capacidade de remocdo de ions de

Ca?* e Mg?* em diferentes formulagdes de geopolimero. As concentragdes
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maximas adsorvidas foram de 76,34 mg/g (Ca®*) e 39,68 mg/g (Mg?®*) a
25 °C. Os autores concluiram que a capacidade de adsorcdo dos
geopolimeros é diretamente proporcional a temperatura.

e Barbosa et al. 2018 também investigaram a capacidade de adsorcdo dos
materiais geopoliméricos. Os autores estudaram o potencial de remocao
de corantes organicos por material geopolimérico. O maior percentual
removido foi de 70,8%. Segundo os autores esse percentual elevado
demonstra que o geopolimero é um material interessante para remocao de
residuos organicos.

Moutinho et al. 2019 estudaram o uso de geopolimero como material de
conservacao para azulejos antigos. Os autores objetivaram preservar a degradacdo do
material original e proteger o mesmo da a¢&o da &gua da chuva, de substancias quimicas
e agBes mecanicas. Os resultados ndo se mostraram tdo satisfatorios se comparado com
outros materiais ja utilizados para esse fim. Porém, as caracteristicas apresentadas pelo
geopolimero mostraram-se favoraveis para uma possivel aplicacdo como material de
restauro.

Panda et al. 2019 investigaram o uso de geopolimero como matéria prima para
producdo de concreto por meio de uma impressora 3D. Os Resultados mostraram que 0
produto final apresentou um desempenho mecanico anisotropico e comportamento
reoldgico bastante dependente da formulacdo estudada. Por conseguinte, os autores
concluiram que o estudo pode ser aprimorado para se estabelecer uma formulacéo que
possa apresentar a viscosidade adequada para se obter produtos com boa resisténcia

mecanica.
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3 MATERIAIS E METODOS

3.1 MATERIAS-PRIMAS

Os materiais empregados para o desenvolvimento do presente trabalho (Figura 3)
consistem em uma amostra representativa de Argila de Belterra (ABT-1/KLN-1) coletada
a 50cm da superficie da mina piloto de Bauxita Branco que esta situada no Platé Rondon
Norte, Rondon do Para-PA, Brasil; uma amostra de Argila de Lavagem de Bauxita (ALB-
1) que foi coletada na empresa Mineracdo Paragominas S.A, Paragominas-PA, Brasil;
uma amostra de caulim beneficiado da empresa Imerys (KLN-2); e regentes comerciais
P.A da marca Sigma (NaOH KOH). Adicionalmente foi utilizada uma amostra de
microssilica comercial (Ecopowder) (MCR-1) que é fabricada a partir de finas particulas
de SiO3, geradas pelo processo de produgéo de silicio metalico. Essa amostra foi utilizada

para S€ Obter as razOes desejadas de SiO2/Al2O3 nas sinteses dos geopolimeros.

1)
:
Y e

MCR-1

10

Figura 3- Imagens das amostras utilizadas no trabalho.
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3.1.1 Composicdo mineraldgica

A determinacdo das fases mineraldgicas das amostras in natura, calcinadas e dos
geopolimeros foi determinada por difracdo de raios-X segundo o método do po.
Empregou-se um difratdmetro BRUKER, modelo D2 PHASER, com gonidmetro 0 / 6,
raio: 141,1nm, anodo de cobre com linha de emissdo caracteristica de 1,54 A / 8,047 keV
(Cu-Kal) e poténcia maxima de 300W (30 kV x 10 mA). O detector utilizado nesse
equipamento é o Linear Lynxeye com abertura de 5° 20 ¢ 192 canais. Esse mesmo método
sera utilizado para determinar os minerais presentes no geopolimero. As andlises foram
realizadas no Laboratorio de Mineralogia, Geoquimica e Aplicacdes (LAMIGA-UFPA)
do Instituto de Geociéncias da UFPA.

3.2.2 Composicdo quimica (FRX)

As analises quimicas para determinacao dos elementos maiores foram realizadas
por Espectrometria de Fluorescéncia de Raios-X (FRX), através da confeccdo de pastilhas
fundidas. As pastilhas foram preparadas com uma raz&o amostra/fundente (tetraborato de
litio) estabelecida segundo o método XRF79C_10. As andlises foram realizadas no
laboratério de analise quimicas da empresa SGS GEOSOL, localizado em
Vespasiano/MG.

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.

3.2.3 Silica reativa e alumina aproveitavel

O percentual de silica reativa e alumina aproveitavel também foram realizados no
laboratério de analise quimicas da empresa SGS GEOSOL segundo o método
estabelecido pela empresa (ICPO5V), que consiste na dissolugdo da amostra em solugéo
concentrada de NaOH em um sistema com presséo e temperatura (150°C) controladas. A
partir da solucdo obtida determinou-se a concentracdo de aluminio aproveitavel por
espectroscopia de emissdo Otica com plasma indutivamente acoplado (ICP-OES). A fase
solida, resultante do estagio de dissolugédo foi dissolvida em solucdo de HCL, o que

permitiu determinar o percentual de silica reativa por ICP-OES.
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3.2.4 Quantificagdo da caulinita por estequiometria

A gquantificacdo do percentual de caulinita por estequiometria foi determinada a

partir dos resultados de silica reativa.

Caulinita |46,49% SiO,
39,5% Al,O3
13,01% H.O

Figura 4- Fluxograma do célculo estequiométrico utilizado para determinar o percentual de
caulinita.

3.2.5 Distribuicéo do tamanho de particulas

As analises granulométricas foram realizadas para se avaliar qual a influéncia dos
tamanhos dos grédos nas propriedades tecnoldgicas do produto final. Essa propriedade foi
determinada pela técnica de difracdo de laser, com o equipamento Analysette Microtec
Plus (Fritsch, Alemanha). O procedimento consiste em inserir uma aliquota da amostra
de interesse moida e imersa em uma solucdo de agua e trés gotas de pirofosfato de sodio
(10%). Este procedimento foi realizado no Laboratorio de Mineralogia, Geoquimica e
Aplicagdes (LAMIGA-UFPA) do Instituto de Geociéncias da UFPA.

3.2.6 Espectroscopia Infravermelha com transformada de Fourier (FTIR)

Esta técnica foi utilizada com a finalidade de complementar os resultados obtidos
pela difragéo de raios-X. As analises foram feitas utilizando cerca de 0,0015g de amostra
gue foram misturadas e homogeneizada com 2g de brometo de potassio (KBr, Merck).
Em seguida, pastilhas foram conformadas em moldes de a¢o na forma de discos de 14mm
de didmetro, e prensadas sob uma pressédo de 8 Kbar, em prensa manual da marca Specac

8. As analises foram realizadas no equipamento Vertex 70, da Bruker, na faixa espectral
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de 400-4000cm-1. Esse procedimento serd realizado no Laboratorio de Mineralogia,
Geoquimica e Aplicacbes (LAMIGA-UFPA) do Instituto de Geociéncias da UFPA.

3.2.8 TG/DSC

Por meio destas analises, buscou-se entender qual o comportamento térmico e as
possiveis reacdes que ocorrem durante o processo de agquecimento das amostras. As
andlises das amostras foram realizadas em um equipamento da NETZSCH, modelo STA
449 F5 Jupiter, com analisador térmico simultaneo, equipado com um forno cilindrico
vertical e fluxo de N2 de 50ml/s com uma taxa de aquecimento de 10°C/min, com uma
faixa de temperatura de 30°C até 1100°C. Este procedimento foi realizado no Laboratério
de Mineralogia, Geoquimica e Aplicacfes (LAMIGA-UFPA) do Instituto de Geociéncias
da UFPA.

3.3 FORMULACAO E CARACTERIZACAO DOS GEOPOLIMEROS

As metodologias de sinteses empregadas e constantes nos manuscritos foram
estabelecidas de acordo com o0s objetivos especificos estabelecidos na tese. Esses
objetivos foram construidos baseando-se em lacunas da literatura em relacdo as matérias-
primas principais empregadas na tese (Argila de Belterra e Argila de Lavagem da
Bauxita); nas diferentes propriedades exibidas pelos geopolimeros a depender do ativador
alcalino (NaOH e KOH) e da matéria-prima precursora de geopolimero; e por fim, ao
comportamento da sintese de geopolimero a partir de uma amostra sem qualquer método
de preparacdo de amostra. Os métodos utilizados para alcancar esses objetivos estdo
listados abaixo:

¢ No primeiro manuscrito, aborda-se a aplicacdo de geopolimero sintetizado com

NaOH a partir da Argila de Belterra calcinada a 650°C “metacaulim vermelho”

em ceramica vermelha de baixa temperatura. No presente trabalho buscava-se

compreender como a amostra de Argila de Belterra se adequava aos principais
parametros definidos pelo modelo de Taguchi (Nazari, 2013; Olivia & Nikraz,

2012): temperatura, Na2O/Al>O3, SiO2/Al;03 e percentual de agua. Os resultados

do manuscrito revelaram que a sintese de geopolimero com NaOH a partir da

Argila de Belterra se comportou se maneira semelhante a outros materiais ja

descritos na literatura, apresentando condi¢des 6timas de sintese de: Na2O/Al,O3
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(1,1), SiO2/AlL03 (3,4-3,8), temperatura (100°C) e percentual de agua (34,8%)
(9/9).

Compreendido o comportamento da sintese de geopolimero da amostra de Argila
de Belterra com NaOH (ativador alcalino mais utilizado para sintese de
geopolimero), o segundo manuscrito construiu-se com o objetivo de compreender
a influéncia da composicdo mineraldgica da Argila de Belterra (que além de
caulinita, contém gibbsita, goethita, quartzo e anatasio) nas propriedades dos
geopolimeros sintetizados com KOH. Para este estudo, além de uma amostra de
Argila de Belterra, utilizou uma amostra de caulim beneficiado da empresa Imerys
para servir como um “material de referéncia”, sabendo-se que a mineralogia dessa
amostra é apenas caulinita (>90%) e quartzo. Como o intuito do trabalho era
avaliar as propriedades dos geopolimeros e ndo a sua possivel aplicacdo, as
amostras foram preparadas de modo a favorecer a reatividade: moagem em
moinho de bolhas por aproximadamente 1 hora; peneiramento a 60 mesh; a fragdo
passante foi calcinada a 750°C, temperatura em que favorece a metacaulinita é
mais reativa. As condic¢Ges de sintese 6timas encontradas no manuscrito um foram
reaproveitadas e fixadas no manuscrito dois: razdo de SiO./Al03 (3,4) e 0
percentual de agua em (34,8%) (9/9).

e O desenvolvimento do terceiro manuscrito que compde a tese foi reflexo
direto do conhecimento adquirido durante os dos dois primeiros manuscritos. O
enfoque do terceiro manuscrito foi a aplicacdo da amostra de Argila de Lavagem
da Bauxita como matéria-prima principal para sintese de geopolimero. Ao
contrério dos manuscritos anteriores, a intencdo deste manuscrito era usar a
amostra da forma que ela € disponibilizada pela empresa minera¢do Paragominas
S.A (Hydro), afim de tornar sua aplicacdo ainda mais viavel e atrativa, evitando
etapas, que apesar de usuais, encarecem ainda mais sua aplicacdo em
geopolimero, como: moagem, peneiramento e calcinacdo a temperaturas acima
de 500°C. A Unica etapa de preparacdo da amostra foi: secagem a 105°C/2h. Além
da eliminacdo de etapas de preparacéo, o objetivo do terceiro manuscrito era testar
razdes mais baixas de Na/Al, considerando que o custo atual do NaOH é o que
mais pesa negativamente para que 0 geopolimero seja consideravel
“economicamente inviavel”. Sendo assim resolveu-se testar razdes mais baixas
até do que a encontrada como ideal no manuscrito um (1,1). As razdes testadas
foram: 0,9, 0,8, 0,7, 0,6 e 0,5. A razdo SiO./Al,Oz foi reaproveitada dos
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manuscritos anteriores e fixada em 3,4, e o percentual de agua em 15,5 % (g/g).
O percentual de agua utilizada neste artigo é inferior aos outros artigos por
consequéncia da granulometria (< 400 mesh) e da ndo calcinagdo da amostra, o
que colaborou para uma maior plasticidade da amostra quando misturada com
agua. O detalhamento das etapas de sinteses de cada artigo pode ser observado

nos topicos seguintes.

3.3.1 Preparacéo da amostra/sintese dos geopolimeros (Manuscrito 1)

A amostra de Argila de Belterra (ABT-1) foi seca em estufa durante um periodo
de 24 horas sob temperatura de 110°C para retirada da umidade natural. Em seguida, a
amostra foi moida em moinho de bolas (Marconi MA 500/CF) com uma rotacéao de 365,4
rpm, por um periodo de 1 hora. A amostra com a granulometria j& reduzida foi calcinada
a 650°C em forno mufla por duas horas para obtencao da metacaulinita.

A sintese dos geopolimeros foi realizada com base na Metodologia de Superficie
de Resposta (MSR) baseada em um planejamento estatistico do tipo Box-Behnken (PBB)
(tabela 2), com 12 experimentos e mais 5 réplicas no ponto central das variaveis, para
determinar quais as melhores condi¢6es de sintese com base na resisténcia a compressao.
A escolha das variaveis independentes foi feita de acordo com o modelo de Taguchi
(Nazari, 2013; Olivia & Nikraz, 2012) que define apenas 4 parametros importantes:
temperatura, Na2O/Al>Os, SiO2/Al;03, e percentual de dgua. O planejamento foi
realizado com 3 variaveis independentes (temperatura, Na2O/Al>Oz e SiO2/Al203), com
trés niveis (-1, 0 e +1) (tabela 2) e o percentual de agua fixo em 34,8% (g/g). A variavel
dependente foi a resisténcia a compressao. Os dados do planejamento Box-Behnken
foram tratados usando os programas Octave - 4.2.1 e Microsoft Excel 2016.

Os testes de absorcdo de agua, porosidade aparente e densidade aparente foram
realizados em todos os geopolimeros sintetizados no planejamento PBB, como
complementacdo das propriedades tecnoldgicas.

Inicialmente, pesou-se quantidades estabelecidas da amostra ABT-1 e
microssilica (MCR-1) (15,29/5,49; 17,59/3,1g e 20,69/0g) para se chegar ao peso de
20,6g em todas as formulacbes. A propor¢do em massa de ABT-1/MCR-1 foi pré-
determinada de acordo com a razdo SiO2/Al>,O3 desejada.

ApoOs a mistura das amostras, a solucdo alcalina foi adicionada lentamente,

homogeneizando-se em gral de porcelana, por aproximadamente 10 min. A pasta
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geopolimérica foi, entdo, moldada em moldes de aco, na forma de prisma, com as
seguintes dimensdes: 50,0mmx20,0mmx10mm, e prensagem uniaxial de simples efeito
sob uma pressdo de 50 kgf/cm2 em Prensa Hidréulica (Karl Kolb, modelo PW-40). Ap6s
a conformacéo, os corpos de prova foram vedados em papel filme (controlar a umidade)
e colocados na estufa a 40°C por 24h, em seguida a temperatura foi acrescida em 10°C/h

até atingir a temperatura final estabelecida no planejamento (60°C, 80°C e 100°C).

Tabela 1- Varidveis independentes usadas no planejamento de experimento do tipo Box-Behnken.

Variaveis independentes Unidade Notacéo Niveis

+1 0 -1
SiO2/Al203 Razdo molar X1 3,8 2,9 2,0
Na2O/Al,03 Raz&o molar X2 1,1 0,9 0,7

Temperatura °C X3 100 80 60
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Tabela 2- CondicGes dos geopolimeros sintetizados de acordo com o planejamento do tipo Box-
Behnken.

Experiments Si/Al (X1) Na/Al (X2) Temperature (X3)
Coded Reigt(ir(r)l)o lar Coded Rea;l{jéirg)o lar Coded I;?)I
1 -1 2 -1 0,7 0 80
2 1 3,8 -1 0,7 0 80
3 -1 2 1 1,1 0 80
4 1 3,8 1 1,1 0 80
5 -1 2 0 0,9 -1 60
6 1 3,8 0 0,9 -1 60
7 -1 2 0 0,9 1 100
8 1 3,8 0 0,9 1 100
9 0 2,9 -1 0,7 -1 60
10 0 2,9 1 1,1 -1 60
11 0 2,9 -1 0,7 1 100
12 0 2,9 1 1,1 1 100
13 (PC) 0 2,9 0 0,9 0 60

PC: ponto central.

3.3.2 Preparacdo da amostra/Sintese dos geopolimeros (Manuscrito 2)

A amostra de Argila de Belterra, nomeada nesse manuscrito de KLN-1, a amostra
de caulim beneficiado da Imerys (KLN-2) e a amostras de microssilica (MCR-1) foram
as materias-primas utilizadas no artigo 2. As amostras foram secas em estufa durante um
periodo de 24 horas sob temperatura de 110°C para retirada da umidade natural. Em
seguida, as amostras foram moidas em moinho de bolas (Marconi MA 500/CF) com uma
rotacdo de 365,4 rpm, por um periodo de 1 hora. No produto obtido na moagem, realizou-
se 0 peneiramento em peneira com abertura de 60 mesh para retirada da fracdo de areia
grossa. A fracdo obtida abaixo de 60mesh foi calcinada a 750 °C, por duas horas, para a

completa desidroxilacdo da caulinita e sua transformac&o para metacaulinita.
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A sintese seguiu as seguintes etapas (figura 5): as amostras KLN-1 e KLN-2 foram
misturadas com a amostra MCR-1 em grau de porcelana até ser obtido uma mistura
homogénea; a essa mistura adicionou-se lentamente uma solugéo de 7,2ml de KOH nas
concentracdes definidas na tabela 3; a pasta formada foi homogeneizada em grau de
porcelana pelo periodo de 5min; a pasta geopolimérica foi entdo armazenada em estufa a
40°C pelo periodo de 1h; a pasta geopolimérica foi retirada da estufa e conformada em
moldes de aco nas dimensbes de 50mmx20mmx30mm com prensagem uniaxial de
simples efeito sob uma pressdo de 20 kgf/cm? em Prensa Hidraulica (Karl Kolb, modelo
PW-40). Apbs a conformacdo, os corpos de prova foram vedados em papel filme
(controlar a umidade) e colocados na estufa a 40°C por 24h, em seguida a temperatura foi
acrescida em 10°C/h até atingir a temperatura final estabelecida nos experimentos.

As condicdes de sinteses estudadas foram: concentracdo molar, temperatura e
tempo de cura. A razdo molar Si/Al e o volume de dgua foram mantidos constantes em
todas as sinteses, 3,4 Si/Al e 7,2ml de H>O. Para avaliar a influéncia da concentracao
molar, solugdes de KOH foram preparadas nas concentragdes de 12, 13, 14, 15 e 16M,
com temperatura final de cura de 70°C e tempo de cura de 24h. A temperatura foi avaliada
nas condicBes fixas de concentracdo molar de KOH (16M), tempo de cura de 24h e
temperaturas finais de 60, 70, 80, 90 e 100°C. A influéncia dos tempos de cura de 24, 48,
72, 96 e 120h foram analisados nas condicGes de 16M de KOH e temperatura de cura de
70°C.

Tabela 3- CondicGes de sinteses estudadas (Manuscrito 2).

Variaveis estudadas Parametros estudados
Concentracdo molar (M) 12 13 14 15 16
Temperatura (°C) 60 70 80 90 100
Tempo (h) 24 48 72 96 120

3.3.3 Sintese dos geopolimeros (Manuscrito 3)

A sintese dos geopolimeros foi realizada de acordo com a Metodologia de
Superficie de Resposta (MSR) baseada em um planejamento de experimento do tipo
Doehlert, com 6 experimentos e 3 réplicas no ponto central (tabela 2). Nesse tipo de
planejamento sdo avaliadas a influéncia de 2 variaveis em relacdo a uma determinada

resposta, uma variavel e avaliada em 5 niveis distintos e a outra € analisada em 3 niveis.
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As variaveis dependentes escolhidas no trabalho foram temperatura e razdo Na/Al (tabela
1). A variavel independente do planejamento é a resisténcia a compressao.

Para a sintese dos geopolimeros a amostra de argila de lavagem de bauxita (ALB-
1) foi seca por 48h em temperatura ambiente e em seguida foi levada a estufa por mais
2h na temperatura de 105°C para acelerar a perda de umidade da amostra. Para
conformacéo dos corpos de prova, pesou-se a mistura de 23g da amostra ALB-1 e 7g de
microssilica comercial (MCR-1) para atingir a raz&o molar de Si/Al de 3,5. Essa mistura
foi transferida para um grau de porcelana. A essa mistura adicionou-se lentamente uma
solucdo de 4,6ml de NaOH que foi homogeneizada com pistilo por aproximadamente
5min. O volume de agua foi mantido fixo em 4,6ml para que ndo ocorresse diferencas na
hora da prensagem dos corpos de prova. A massa de NaOH em solucgéo foi estabelecida
pelas razdes molares de Na/Al pré-definidas da tabela 1. A pasta geopolimérica formada
foi reservada em potes de polietilenos que em seguida eram tampados, onde permaneciam
em temperatura ambiente pelo periodo de 1h30min. ApoGs esse periodo a pasta
geopolimérica foi conformada em moldes de aco nas dimensdes de 50mm x 20mm X
30mm com prensagem uniaxial de simples efeito sob uma pressdo de 15 kgf/cm? em
prensa hidraulica (Karl Kolb, modelo PW-40). Os corpos de prova conformados eram
vedados em papel filme (controlar a umidade) e colocados na estufa a 40°C por 24h, em
seguida a temperatura era acrescida em 10°C/h até atingir a temperatura final estabelecida

nos experimentos.

Tabela 4 - Variaveis independentes com seus valores reais e codificados que serdo utilizadas no
planejamento estatistico de Doehlert.

Na/Al Temperatura
Codificada Real Codificada Real
-1 0,5 -0,866 100
-0,5 0,6 0 275
0 0,7 0,866 450,0
0,5 0,8

1 0,9
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Tabela 5- Matriz experimental e valores reais e codificados das variaveis independentes de acordo
com o planejamento Doehlert.

Temperatura Na/Al
Experimento Codificada Real Codificada Real
Gl 0,866 450 0,5 0,8
G2 0,866 450 -0,5 0,6
G3 0 275 -1 0,5
G4 0,866 100 -0,5 0,6
G5 0,866 100 0,5 0,8
G6 0 275 1 0,9
G7 0 275 0 0,7
G8 0 275 0 0,7
G9 0 275 0 0,7

3.4 CARACTERIZACAO DO PRODUTO FINAL

3.4.2 Absorcéo de agua

Este parametro sera avaliado através da relacéo entre os pesos secos e Umidos dos
corpos prova. A obtencdo do peso umido requer a imersao dos corpos ceramicos em agua
por, no minimo, 24h. O peso Umido € determinado apods a retirada da dgua superficial do

corpo-de-prova.
Aa = (Mu - Ms)/Msx100(%)
Onde:

Aa- indica a absorcao de agua, em porcentagem;
Mu- indica a massa do corpo saturado em agua;
Ms- indica a massa do corpo seco

3.9.3 Porosidade aparente

A determinacdo da porosidade aparente dos corpos de prova sera realizada de

acordo com a norma C373-88 (ASTM), de acordo com a equagéo:

Pa = (Mu - Ms)/(Mu - Mi)x100(%)
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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 cerdmico imerso em agua.

3.9.4 Resisténcia mecanica a compressao (Manuscritos 1 e 3)

Os ensaios de resisténcia a compressdo para 0 manuscrito 1 e 2 foram realizados
em equipamento universal de ensaios, modelo 300/15 kN, Servo-plus evolution, da
MSTEST, com velocidade de ensaio de 01MPa/seg, inicio do ensaio em 1N e fim de
carga 30%. O teste foi realizado no laborat6rio de concretos da Faculdade de Arquitetura
da UFPA.

3.9.4 Resisténcia mecanica a compressao (Manuscrito 2)

O teste de resisténcia a compressao dos CPs 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/min, inicio de ensaio em 2N. Os testes foram realizados no
laboratdrio de resisténcia do Instituto Federal do Para (IFPA).

A resisténcia mecanica a compressdo foi calculada segundo a equacéo:
P

oc=—
A

Onde:

Ac: tensdo de ruptura a flexdao (MPa);
P: carga de ruptura apds secagem (N);
A:érea total (mm?)
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4 RESULTADOS E DISCUSSOES

Os resultados, discussdes e conclusfes especificas estdo apresentados em forma
de trés manuscritos. O primeiro artigo, ja publicado no periédico Construction and
Building Materials, aborda o uso da Argila de Belterra (ABT) calcinada a 650°C na
sintese de geopolimeros aplicados como material ceramico de baixa temperatura. O
segundo manuscrito investiga o comportamento da utilizacdo de duas argilas cauliniticas
distintas na sintese de geopolimeros com KOH. O manuscrito foi submetido & Materials
Chemistry and Physics. O terceiro manuscrito é referente ao uso da Argila de Lavagem
da Bauxita in natura (sem tratamento térmico) como matéria-prima principal para sintese
de geopolimeros “Eco-Friendly”. Esse manuscrito foi submetido & Cement and Concrete

Composites.
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4.1 USE OF THE CLAYEY COVER OF BAUXITE DEPOSITS OF THE AMZON
REGION FOR GEOPOLYMER SYNTHESIS AND ITS APPLICATION IN RED

CERAMICS
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ARTICLE INFO ABSTRACT

Keywords: The exploitation of bauxite deposits in the Amazon region is well known. Mining begins with the temporary or
Bauxite deposits even permanent removal of an extensive surface layer of clayey material (Belterra clay) that can reach a
Kaolinite

thickness of up to 20 m. The mineralogical composition of this material has already been described in the
literature and consists mainly of kaolinite. The extensive surface distribution of Belterra clay in the Amazon
region and its composition is of interest in the evaluation of its viability for the synthesis of geopolymers. For the
present study, a sample of Belterra clay (BTC-1) from the bauxite deposits of Rondon do Para was selected, in
addition to microsilica (MCR-1) (Ecopowder) and Sigma P.A. reagent (NaOH). The Belterra clay sample was
characterized by X-ray diffraction (XRD), X-ray fluorescence (XRF), and thermogravimetric (TG) and differential
scanning calorimetry (DSC) analyses. To determine the physical and mechanical properties of Belterra clay,
geopolymers were synthesized using BTC-1, MCR-1, and NaOH with different Si/Al and Na/Al ratios according to
the Box-Behnken design (BBD). Technological tests, including water absorption, apparent porosity, and
compressive strength tests, were performed. Based on the BBD, the highest compressive strength was 47.78 MPa,
and the lowest compressive strength was 7.05 MPa. BTC-1 showed potential for the synthesis of geopolymers
with high mechanical strength and an acceptable percentage of water absorption.

Box-Behnken

1. Introduction

The exploitation of bauxite deposits in the Amazon region is well
known. Mining begins with the temporary or even permanent removal
of an extensive surface layer of clayey material (Belterra Clay) that can
reach a thickness of up to 20 m. As the companies use the strip-mining
process, the Belterra Clay, after removing bauxite for mining, it is
returned to the area for the restoration of the landscape, because it has
not yet been developed a consolidated application by companies.

The mineralogical composition of this material has already been
described in the literature and consists mainly of kaolinite [1-4].

The unique composition of Belterra Clay and its ample availability
have increased interest in the possibility of its technological application
as a raw material for the production of red ceramics [2,3,5]. The results
of previous studies have shown that the predominance of kaolinite
directly affects the technical characteristics of ceramic products,
exhibiting water absorption, apparent porosity, and mechanical strength
characteristics that are not ideal, especially at lower firing temperatures.
However, the technical properties can be considerably improved with

* Corresponding author.

the addition of at most 40% illitic clay, clayey silt, and yellow soil to the
ceramic mass.

In contrast to the undesirable effects of large concentrations of
kaolinite on the technical properties of ceramic products, desirable ef-
fects can be achieved with kaolinite as the main starting mineral in other
applications, such as geopolymer synthesis [6-11].

Geopolymers are synthesized through a chemical reaction between
solid aluminosilicate compounds and a highly concentrated alkaline
hydroxide solution [12-15].

Geopolymers can exhibit diverse properties and characteristics,
including a high compressive strength, low shrinkage, fast or slow
curing, acid resistance, fire resistance, and low thermal conductivity
[16-19]. Based on their properties, geopolymers have been attractive for
applications in the civil construction sector (ceramic materials, con-
crete, and cement) because compared to the usual production methods,
geopolymers have technical properties that can be obtained in short
times and at lower temperatures, which reduces CO; emissions and
energy expenditures and produces an environmentally friendly product
[11,20,21].
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Considering the extensive surface distribution of Belterra Clay in the
Amazon region that can be obtained at a low or no cost by bauxite
mining exploitation and its unique composition, which includes
considerable concentrations of hematite and gibbsite compared to
kaolinite (favorable to geopolymer synthesis), the objective of this study
was to demonstrate that the Belterra clay from the bauxite deposits of
Rondon do Parad in state of Pard, Brazil, which does not have any current
application value, is a great material for the synthesis of geopolymers for
use in the production of red ceramics at low temperatures, which can
reduce CO5 emissions in this industrial sector.

2. Materials and methods
2.1. Raw materials

The raw material used in this study consisted of a representative
sample of Belterra Clay (BTC-1) from the Bauxite Branco pilot mine,
located in the Rondon Norte Plateau in the municipality of Rondon do
Para. Approximately 20 kg of sample was collected at a depth of 50 cm.
Additionally, a commercial microsilica sample (MCR-1) (Ecopowder)
and pellet NaOH (Sigma-Aldrich) were used to obtain the desired SiO2/
Al;03 and Na/Al,O4 ratios for geopolymer synthesis.

2.2. Sample characterization

2.2.1. Mineralogical composition

The mineralogical phases of the sample were determined by X-ray
diffraction (XRD) according to the powder method. A BRUKER diffrac-
tometer, model D2 PHASER, with a 6/6 goniometer, a radius of 141.1
nm, a copper anode with a characteristic emission line of 1.54 As8.047
keV (Cu-Kal), and a maximum power of 300 W (30 kV x 10 mA) was
used. A linear Lynxeye detector with a 5° 20 aperture and 192 channels
was used. The analyses were performed at the Laboratory of Mineralogy,
Geochemistry and Applications (LAMIGA-UFPA, for its acronym in
Portuguese) of the Institute of Geosciences of the Federal University of
Para (UFPA).

2.2.2. Chemical composition with XRF

The major chemical elements of the sample BTC-1 were determined
by X-ray fluorescence (XRF) spectrometry through the preparation of a
fused pellet. The pellet was prepared with a sample/flux ratio (lithium
tetraborate) established according to the XRF79C_10 method. The
analysis of the BTC-1 sample was performed in the Chemical Analysis
Laboratory of SGS GEOSOL, located in Vespasiano, State of Minas Ger-
ais, Brazil.

The chemical composition of the MCR-1 sample was determined by
XRF using a PANalytical Axios Minerals sequential wavelength-
dispersive spectrometer with a ceramic X-ray tube, a 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 Characterization (Laboratério de Caracterizacao Mineral - LCM)
of the Institute of Geosciences of the Federal University of Para.

The loss on ignition (LOI) for both samples was determined via the
gravimetric method by calcinating previously dried samples at 1000 “C.

2.2.3. Reactive silica/usable alumina and kaolinite percentages

To determine the percentage of kaolinite present in the sample, the
percentages of reactive silica and usable alumina were determined.
These analyses were performed in the Chemical Analysis Laboratory of
SGS GEOSOL according to its established method (ICPO5 V). The
method consisted of sample digestion in an alkaline medium (NaOH)
under a controlled pressure and temperature (150 °C). The concentra-
tion of usable alumina was determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES). The solid phase, resulting from
the stage of the sample digestion, was dissolved in an HCI solution. The
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concentration of reactive silica was also determined by ICP-OES.
The kaolinite percentage was quantified from the results of chemical
analysis and reactive silica.

2.2.4. Particle size determination

The particle size in the BTC-01 sample was determined by laser
diffraction with Analysette MicroTec Plus equipment (Fritsch, Ger-
many). The procedure consisted of inserting an aliquot of the sample of
interest, which was disaggregated and immersed in a solution of water
and three drops of sodium pyrophosphate (10%).

2.2.5. FTIr

Fourier transform infrared spectroscopy (FTIR) analysis of the in
natura samples and the calcined Belterra clay sample (BTC-1, BTC-1
650 °C and MCR-1) were used to complement the XRD results. For
this purpose, pellets were made with approximately 0.0015 g of sample
and 2 g of potassium bromide (KBr, Merck). The pellets were placed in
steel disc molds with a diameter of 14 mm and pressed with a pressure of
8 Kbar in a Specac 8 manual press. The analyses were performed in a
Vertex 70 from Bruker in the spectral range of 400-4000 cm™".

2.2.6. TG/DSc

Thermogravimetric and differential scanning calorimetry (TG,/DSC)
analyses were performed with a NETZSCH model STA 449 F5 Jupiter
with a simultaneous thermal analyzer equipped with a vertical cylin-
drical oven, an N> flow rate of 50 ml/s, a heating rate of 10 °C/min, and
a temperature range of 30 °C to 1100 °C.

2.3. Geopolymer formulation and characterization

2.3.1. Geopolymer preparation/synthesis

The BTC-1 sample was dried in an oven for 24 h at 105 °C to ensure
the removal of natural moisture and then ground in a ball mill (Marconi
MA 500/CF) at 365.4 rpm for 1 h. Then the BTC-1 sample was calcined
at 650 °C for 2 h for complete dehydroxylation of kaolinite and its
transformation into metakaolinite. This temperature was determined
after observing the TG/DSC curves.

The NaOH solutions were prepared considering the molar ratios of
Na/Al that were predefined in the design of the experiments. The vol-
ume of water used to prepare the solutions was set at 7.8 ml (approxi-
mately 34.5% of the sample mass) for all formulations planned in the
experimental design (Table 2).

Geopolymer synthesis was performed by using the response surface
methodology (RSM) based on a Box-Behnken design (BBD) (Table 1 and
Table 2), with 12 experiments and five replicates at the central point of
the variables to determine the best synthesis conditions based on the
compressive strength. The independent variables were chosen according
to the Taguchi model [22,23], which defines only four important pa-
rameters: temperature, Nay0/Al;03, $i02/Al;03, and water percentage.
The design was performed with three independent variables (tempera-
ture, Na20/Al203, and Si02/A1203) and a central point in two-level
factorial designs (-1, 0, and +1) (Table 2). The water percentage was
fixed at 34.8% (g/g). The compressive strength was selected as the
dependent variable because the increase in this property is one of the
most important indicators of the geopolymerization reaction. The BBD
data were processed using Octave — 4.2.1 software and Microsoft Excel
2016.

Table 1
Independent variables with the actual and coded values used in the BBD.
Independent variable Units Notation Levels
+1 0 -1
Si0,/A105 Molar ratio X1 3.8 2.9 20
Naz0/Al0s Molar ratio X2 1.1 0.9 0.7
Temperature °C X3 100 80 60
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Table 2
Conditions of geopolymer synthesis according to the BBD.
Experiments Si/Al (X1) Na/Al (X2) Temperature
(X3)
Coded  Real Coded  Real Coded  Real
(molar (molar (9}
ratio) ratio)
1 -1 2 -1 0.7 0 80
2 1 3.8 -1 0.7 0 80
3 -1 2 1 1.1 0 80
4 1 3.8 1 1.1 0 80
5 -1 2 0 0.9 1 60
6 1 3.8 0 0.9 -1 60
7 =1 2 0 0.9 1 100
8 1 3.8 0 0.9 1 100
9 0 29 -1 0.7 -1 60
10 0 2.9 1 1.1 -1 60
11 0 29 -1 0.7 1 100
12 0 29 1 1.1 1 100
13 (CP) 0 29 0 0.9 0 60

CP: central point.

Water absorption, apparent porosity, and bulk density tests were
performed on all geopolymers synthesized in the BBD design as a com-
plement to the technical properties.

Initially, established quantities of the BTC-1 and MCR-1 samples
were weighed (15.2 g/5.4 g, 17.5 g/3.1 g, and 20.6 g/0 g) so that all
formulations would have a weight of 20.6 g. The BTC-1/MCR-1 mass
ratio was predetermined according to the desired SiO5/Al>0j5 ratio.

After the samples were mixed, the alkaline solution was added
slowly, and the mixture was homogenized in a porcelain mortar for
approximately 10 min. A geopolymer paste was then molded into steel
molds shaped as prisms with dimensions of 50.0 mm x 20.0 mm x 10
mm, which underwent simple effect uniaxial pressing at a pressure of 50
kgf/cm? in a hydraulic press (Karl Kolb, model PW- 40). After being
shaped, the specimens were sealed in plastic wrap (moisture control)
and placed in an oven at 40 °C for 24 h. Then, the temperature was
increased at a rate of 10 °C/h until the final temperatures established in
the design (60 °C (curing for 72 h), 80 °C (curing for 48 h), and 100 °C
(24 h)) were reached.

2.4. Geopolymer characterization

2.4.1. Water absorption

This parameter was evaluated according to an adaptation of the
ASTM C20-00 (Reapproved 2010) [24] standard through the relation-
ship between the dry and wet specimen weights. To obtain the wet
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weight, the ceramic specimens were immersed in water for at least 24 h.
The wet weight was determined after removing the surface water from
the specimen.

Aw = (Ms — Md)/Md x 100(%)

where
Aw is the percent water absorption;
Ms is the mass of the specimen saturated with water; and
Md is the mass of the dry specimen.

2.4.2. Apparent porosity

The apparent porosity of the specimens was determined according to
the ASTM C20-00 (Reapproved 2010) [24] standard through the
following equation:

Pa = (Ms — Md)/(Ms — Mi) x 100(%)

where
Pa is the percent apparent porosity;
Ms is the mass of the specimen saturated with water;
Md is the mass of the dry specimen; and
Mi is the mass (g) of the ceramic specimen immersed in water.

2.4.3. Compressive strength after curing/drying

The compressive strength of the specimens was tested using a uni-
versal testing machine, model 300/15 kN, with servo-plus evolution
control from MSTEST, with a test speed of 01 MPa/s, a beginning load of
1 N, and an ending load of 30%. The test was performed in the Concrete
Laboratory of the School of Architecture of UFPA.

2.4.4. Effect of water on the compressive strength

After the Aw test, the specimens were dried according to the curing
methodology established for each experiment. Then, compressive
strength tests were performed only for the five replicates of the central
point, and the results were compared with the compressive strengths of
the dry specimens. Analysis of variance (ANOVA) was used to determine
if there was a difference between the compressive strength results of the
dry specimens and the compressive strength results after the Aw test.

3. Results
3.1. Chemical and mineralogical compositions
3.1.1. Mineralogical results (XRD) of the BTC-1 sample

The mineralogical composition of the BTC-1 sample can be observed
in Fig. 1. The sample consists of kaolinite, which is the predominant

1500
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Fig. 1. XRD of the BTC-1 sample. Kaolinite (KIn), quartz (Qtz), goethite (Gt), and gibbsite (Gbs) are shown.
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Fig. 2. Comparative mineralogy obtained by XRD: BTC-1 calcined at 650 °C and MCR-1.

mineral, in addition to gibbsite, quartz, goethite, and anatase in
decreasing order of abundance (Fig. 2).

The predominance of kaolinite in the sample contributes to its
application in geopolymer synthesis. Other minerals that are present in
lower proportions can have some effect on geopolymer properties, such
as the mechanism of the geopolymerization reaction (increasing or
impairing its performance) [14,25-30].

4000 3500 3000 2500 2000 1500 1000 500

T T T T L) — L] T
4000 3500 3000 2500 2000 , 1500 1000 500 0
cm

Fig. 3. FTIR spectra of BTC-1 and MCR-1 in natura and BTC-1 calcined

at 650 °C.

3.1.2. XRD of the BTC-1 sample calcined at 650 °C and the MCR-1 sample

The BTC-1 calcined at 650 °C is mainly composed of amorphous
material, and the crystalline phases, which are present in small pro-
portions, are represented by anatase, hematite, and quartz. Therefore,
calcination of BTC-1 compared to its natural counterpart, leads to the
complete destruction of kaolinite, the new formation of hematite at the
expense of goethite, and the stabilization of anatase and quartz (beta
quartz may be present). The accentuated background demonstrates the
presence of amorphous compounds [31].

3.1.3. FTIR spectra of raw materials

The FTIR spectra of the in natura sample (Fig. 3) show bands in the
regions of 3700, 3693, 3622, 3527, 3454, and 3394 cm ' that are
attributed to the axial deformation of the hydroxyl group [V(OH)] of the
mineral kaolinite [32-35]. The band at 1120 cm ™! is characteristic of
the stretching of the bonds (Si, Al-O) [32]. In turn, the presence of the
914 em ™! and 790 cm™! bands is characteristic of the angular defor-
mation and rotation of the Al-OH bond of the mineral gibbsite [34]. The
band at 460 cm ™! can be attributed to the Si-O bonds of kaolinite. The
axial deformation of the Si-O bond in the quartz can be observed by the
presence of the 750 cm ™! band. These data reinforce the mineral ana-
lyses obtained by XRD.

The FTIR spectra of the 650 °C calcined BTC-1 and MCR-1 samples
(Fig. 3) are typical of the metakaolinite/amorphous aluminum silicate
phase and show a broad band at 3500 cm™! that is attributed to the
absorbed water, a band at 1100 cm ! characteristic of the stretching of
the Si-O bond of metakaolinite, and bands at 820 and 460 cm ! that
represent the Al-O and (Si, Al-O) bonds, respectively [19,36,37].

3.1.4. Chemical composition of the BTC-1 sample
The BTC-1 sample consists mainly of Aly03 (34.9%), SiO; (36.3%),
and Fep03 (12.2%) (Table 3). The percentage of reactive silica in the

Table 3

Chemical composition (wt.%).
Composition BTC-1 (%) MCR-1 (%)
Si0z 36.3 97.3
Al,04 34.9 0.05
Fe,04 12.2 0.05
LOI 14.74 0.69
Other 2.22 1.42
Total 100.36 99.51
SiOz-Re 34.27

SiO,-Re: reactive silica.
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Table 4

Conditions of geopolymer synthesis according to the BBD.

Exp. # Coded variables

Response variable:

X1 X2 X3 compressive strength
Si/Al Na/Al T Molar Concentration (MPa)
1 -1 -1 0 12.46 31.09
2 1 -1 0 8.94 26.22
3 -1 1 0 19.48 24.71
4 1 1 0 14.37 36.56
5 =1 0 -1 15.65 7.05
6 1 0 -1 11.50 14.57
7 -1 0 1 15.65 36.08
8 1 0 1 11.50 45.82
9 0 -1 -1 10.86 23.66
10 0 1 -1 16.61 13.35
11 0 -1 1 10.86 32.52
12 0 1 1 16.61 46.78
13 0 0 0 13.73 36.97
14 0 0 0 13.73 35.84
15 0 0 0 13.73 41.98
16 0 0 0 13.73 40.11
17 0 0 0 13.73 40.10
CJ
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Fig. 4. DSC (Mw/mg)/TG (%) curves of the BTC-1 sample.
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Fig. 5. Grain size composition of the samples.
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Fig. 6. Water absorption and apparent porosity for all experiments.

sample is 34.27%. The MCR-1 sample displays a high SiO, content
(97.3%), an amorphous silica compound, and 2.21% of other
components.

The percentage of SiO,-Re (reactive silica) allows us to indirectly
calculate the percentage of kaolinite present in the sample and, there-
fore, the percentage of quartz: 73.62% of kaolinite and 2.37% of quartz.

Knowing the percentages of Al;03 and SiO; belonging to kaolinite is
the starting point for defining the Si/Al and Na/Al ratios used in the
experimental design.

3.1.5. Thermal behavior of BTC-1

The Belterra Clay sample, BTC-1, exhibits three endothermic events
and one exothermic event (Fig. 4). The first endothermic event
(240-250 °C) is characteristic of the dehydroxylation of goethite; the
second event at 350-360 °C refers to gibbsite dehydroxylation; the third
and largest event at 500 °C confirms the dehydroxylation of kaolinite to
form metakaolinite [38-40]; and finally, the only exothermic event at
980-985 °C reveals the formation of a new crystalline phase (mullite).

Based on the thermal behavior of the sample, a temperature of
650 °C is established for metakaolinite synthesis, considering that the
dehydroxylation of the mineral kaolinite was complete at this
temperature.

3.2. Physical characteristics

3.2.1. Particle size
The Belterra clay sample is mainly composed of a silt fraction (79%),
followed by a clay fraction (18.66%) and a sand fraction of only 2.34%
(Fig. 5). The MCR-1 sample has an even richer silt fraction (93.34%).
The particle size of the samples has a direct relationship with the
surface area available for the aluminosilicate dissolution reaction
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Table 5
ANOVA for the full model.
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Source SS Degrees of freedom Md Model F Tabulated F R? Adjusted R?
Model 2062.67 9 229.19 20.29 3.68 0.98 0.96

Error 79.08 7 11.30

Total 2141.74 16 133.86

Pure error 25.43 4 6.36 2.81 6.59

Lack of fit 53.65 3 17.88

[11,29,41], in which finer particles tend to be more rapidly dissolved
than larger particles.

Despite the positive effect that finer particles have on the degree of
dissolution of aluminosilicates, finer particles necessitate a meticulous
curing/drying process (mentioned in the materials and methods section)
to prevent the formation of cracks, which contribute to a loss of me-
chanical strength.

3.3. Geopolymer technical properties

3.3.1. Water absorption and apparent porosity

The water absorption (Aw) range for the experiments is between
12.9 and 19.86% (Fig. 6). All Aw values are below the maximum values
(20 and 22%) established by the ABNT standards (2005a, 2005b)
[42-44).

The large difference between the lowest Aw value (exp. 12; 12.9%)
and the highest Aw value (exp. 6; 19.86%) may be due to the higher
NaOH concentration (higher enthalpy of dissolution) and the higher
final temperature in experiment 12, which may have affected the geo-
polymerization process and led to the formation of a more “hardened”
geopolymer paste compared to the other pastes. Despite the difference
between experiments 6 and 12, there is no considerable variation in Aw
when the experiments are analyzed together. This similar behavior is
due to the final curing/drying temperature, which does not reach values
above 100 °C; thus, the temperature does not have a significant effect on
Aw, as observed in studies that focus on higher curing temperatures
[26].

The apparent porosity results are in the range of 0.73 to 1.23%. The
low apparent porosity percentage presented by all experiments is mainly
correlated with the water percentage used in the NaOH solution
(34.5%), which contributes to the formation of a homogeneous and
easily moldable geopolymer paste. The difference in particle size in the
studied compositions and the force applied during the molding of the
specimens affected the compaction of the grains in the specimens and
inhibited the formation of voids (pores) [45].

The model F-value  Tabulated F-value Model F/tabulated F
3 7 1
6

0.8
5

0.6
4
. 0.4
2

0.2
1
0 1 0

Fig. 7. Lack of fit.

Similar to the Aw results, temperature does not have a strong effect
on the apparent porosity of the specimens. Temperature would have had
a greater effect if curing had been performed at temperatures higher
than 800 °C [26].

3.3.2. Mechanical compressive strength

3.3.2.1. Statistical parameters. The mechanical compressive strength
was >6.5 MPa for all of the compositions. These results are above the
values established by the technical standards (ABNT, 2005a, 2005b)
[42-44] for ceramic blocks (6.5 MPa) and roofing tiles (1.5 MPa).

Based on the BBD, the highest compressive strength value is 47.78
MPa, and the lowest compressive strength value is 7.05 MPa.

A value of 7.05 MPa was observed at the lowest temperature, the
lowest Si/Al ratio, and an intermediate Na/Al ratio used in the experi-
mental design, while a value of 47.78 MPa was displayed at the highest
temperature, the highest Na/Al ratio, and an intermediate Si/Al ratio.

This behavior could indicate that an increase in temperature is
favorable to the kinetics of the geopolymerization process, resulting in
geopolymers with improved strength. Similar behaviors have been re-
ported in the literature [46-50].

The enhancement in the compressive strength using 1.1Na/Al shows
that the degree of reaction increases as Na/Al ratio increases. This
conclusion is in line with findings in the literature [19]

Regression analysis is used to estimate the effect of the dependent
variables on the mechanical strength results.

The table with the ANOVA data (Table 5) of the regression model
(RM) shows that the model exhibits no lack of fit because the calculated
F value (2.81)/tabulated F value (6.59) (Fig. 7) is less than 1. Other
results that contribute to the assertion that the proposed model is sta-
tistically adequate are the high values of the correlation coefficients R*
(explained variation) (0.98) and the adjusted R? (maximum explained
variation) (0.96) (Fig. 8), which show that the proposed model fits the
experimental values of mechanical strength.

Adjusted R? R
, 1
0.8 | o8 |
0.6 [ L 06} ||
0.4 | = 0.4/ |
0.2 | — 0.2 | H—
. 1 ° 1

Fig. 8. R? and adjusted R%
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Regression coefficients
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Fig. 9. Regression coefficients.

Thus, the coefficients of the model are calculated based on the
quadratic sum of the residuals 11.30 and a t value of 2.4469 with 95%
confidence.

3.3.2.2. Coefficients of the RM (Regression Model). The coefficients of
the model can be observed in Fig. 9. Ten coefficients are calculated: X0,
X1, X2, X3, X12, X22, X3%, (X1 x X2), (X1 x X3), and (X2 x X3).
Considering the confidence interval for each coefficient, note that the
coefficients X2 (Na/Al), X22, and (X1 x X3) ((Na/Al) x T) are not sig-
nificant for the proposed model.

The Na/Al ratio (X2) alone does not directly affect the mechanical
strength; however, this parameter affects the mechanical strength when
combined with the other variables. Although the concentration of OH ™
(alkalinity of the medium) is an important factor for increasing the
mechanical strength, the formation of high-strength geopolymers is
favored by the presence of free SiO; from MCR-1 and by the curing
temperature. This behavior is due to the silica in this sample reacting
before the metakaolin silica [51-53] because the latter is not free.

3.3.2.3. New RM with only significant coefficients. The ANOVA table of
the new RM can be seen in Table 6. Both the new model and the previous
model exhibit no lack of fit, and the F calculated from the lack of fit is
greater than the tabulated F (Fig. 10). The R? value (0.98) suggests that
the regression equation is useful for determining the mechanical
strength within the experimental range studied. This value suggests that
98% of the variations in mechanical strength are described through the
independent variables.

The model coefficients are calculated based on the quadratic sum of
the residuals 18.8023, and the t value = 2.2622 with 95% confidence.

3.3.2.4. Coefficients of the new RM. All the coefficients of the new
model can be observed in Fig. 12. Six coefficients are calculated: X0, X1,
X3, X12 X3% (X1 x X2), and (X2 x X3). In the new model, all the co-
efficients are significant. The relationship between the actual and pre-
dicted values of the model can be observed. The final equation of the

Table 6
ANOVA for the recalculated model.
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The model F-value 'l;abulated F-value Model F/tabulated F
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Fig. 10. Lack of fit.

model is (Fig. 13).
Mechanical strength RM = 37.70 + 3.03X1 + 12.82X3 — 6.44X1% —
7.01X3% + 4.18X1 x X2 + 6.14X2xX3

3.3.2.5. Response surface and mechanical strength optimization. A three-
dimensional surface plot of the response variable (mechanical
strength) for the two experimental factors (Si/Al and Na/Al) and tem-
perature fixed at the + 1 level (100 °C) is shown in Fig. 14. The surface
shows the region of the experimental optimum (45 to 50 MPa) with Si/
Al ratios between 3.4 and 4 and Na/Al ratios between 1.0 and 1.1.
Si/Al molar ratios between 3.4 and 3.8 and Na/Al molar ratios be-
tween 1.0 and 1.1 have already been demonstrated to be the ratios at

Adjusted R R?
T 1
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Fig. 11. R? and adjusted R”.

Source sS Degrees of freedom Md Model F Tabulated F R? Adjusted R?
Model 2013.72 6.00 335.62 26.23 3.22 0.98 0.94

Error 128.02 10 12.80

Total 2141.74 16 133.86 2.69 6.16

Pure error 25.43 4 6.36

Lack of fit 102.59 6 17.10
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which the geopolymers have the best mechanical properties [54-56].

3.3.2.6. Validation of the model. The optimal condition predicted by the
response surface is tested. The experiment is performed with variable 1
at an Si/Al ratio of 3.4, variable 2 at an Na/Al ratio of 1.1, and variable 3
at 100 °C (Table 7). The experimental value found (47.489 + 1.21) is
very close to the value predicted by the response surface of =~ 50 MPa
(Fig. 11). This result contributes to the validation of the proposed model
and indicates that the model has a good experimental fit.

The validation of the model leads to the conclusion that the studied
material has desirable mechanical and structural properties for appli-
cation in the construction industry and that these properties make it an
ideal choice for this purpose [21].

3.3.2.7. Effect of water on compressive strength. The ANOVA and the
results of the compressive strength (dry and after the Aw test) are shown
in Table 7 and Table 8. The calculated F value is much lower than the
tabulated F value, which implies acceptance of the null hypothesis: the
mechanical strength of the “dry” specimens and that of the specimens

Regression coefficients
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Fig. 12. Regression coefficients.
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Fig. 13. Expected values x experimental values.
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Fig. 14. Response surface plot of the compressive strength.

Table 7
Compressive strength of five replicates from central point experiments
(“dry” and after immersion in water (Aw)).

Strength after Aw Strength of “dry” specimens

42.23 36.97
36.29 35.84
40.64 41.98
40.92 40.11
35.06 40.10

after Aw is statistically equal.

Immersion in water for 24 h does not affect the mechanical strength
of the material, which shows that for this composition, there is no hy-
dration of the Si-O-Si and Si-OH bonds that could weaken the geo-
polymer structure [26.,57].

4. FTIR spectra of some geopolymers

Fig. 15 shows the IR spectra of compositions E-5, E12, E-CP, and
BTC-1 (650 °C). A broad band observed in the range of 3300-3700 cm
is attributed to O-H stretching. The band at ~1600 cm ! is attributed to
the H-O-H bending vibration [58]. The band of BTC-1 (650 °C) at 1100
cm ! shifted to a lower wavenumber (~980 cm!) in the geopolymers
(E-5, E12, E-CP), indicating the formation of a geopolymer matrix
(incorporation of Al in the geopolymer network) [59]. The higher in-
tensity of this band, which indicated the lowest transmittance in the E-
12 and E-CP compositions, was believed to contribute to a higher
compressive strength (Table 4) [40]. The 820 cm ! band in BTC-1
(650 °C) also shifted to a lower wavenumber (~717 cm™!) in the geo-
polymers, which can be related to the tetrahedral groups AlO4 and SiO4
of the geopolymer matrix [19].

5. Conclusions

The predominance of kaolinite in Belterra Clay contributes to geo-
polymer synthesis and applications in low-temperature ceramic
materials.

The best synthesis parameters were determined through BBD:
3.4-3.8Si/Al, 1-1.1Na/Al, and temperature of 100 °C.

The use of low temperatures for geopolymer synthesis contributes to
an economic production process and can contribute to a reduction in
CO; emissions.

The high strength exhibited by geopolymers means that they can be
applied in cement/concrete to considerably reduce the CO, emissions of
this sector, which is considered one of the world’s largest CO, emitting
agents.

Finally, the availability of Belterra Clay during bauxite mining and
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Table 8
ANOVA for the replicates of compressive strength.

Source SS Degrees of freedom Md F P value Tabulated F

Between groups 0.0019331 1 0.0019331 0.000237365 0.988085 5.317655

Within the groups 65.15188425 8 8.14398553

Total 65.15381735 9

= E-§ E ] 2= E-CP=——— BTC-1(650°C)
1650 1600
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enl 1000

Fig. 15. IR spectra of compositions E-5, E12, E-CP, and BTC-1 (650 °C).

its technical characteristics, as presented in the study, indicate that this
material is a positive alternative for the production of ceramic products
and low-cost environmentally friendly cements/concretes.
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4.2 SYNTHESIS OF GEOPOLYMER WITH KOH BY TWO KAOLINITIC CLAYS
FROM THE AMAZON: INFLUENCE OF DIFFERENT SYNTHESIS PARAMETERS
ON THE COMPRESSIVE STRENGTH
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HIGHLIGHTS

e The studied samples show different degree of disorder in the kaolinite mineral

e The curing temperature was the most important parameter that contributed to the
development of strength in the geopolymers

e Mechanical strength of up to 64.38MPa was obtained by geopolymers.

e The clay with the simplest accessory mineralogy exhibited the best mechanical
strength results.
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ABSTRACT

The term geopolymer refers to “inorganic polymers” formed by a chemical reaction
between solid aluminosilicate compounds and a highly concentrated alkaline hydroxide
solution. The properties of geopolymers mostly result from the chemical and
mineralogical composition of the material used as a source of aluminosilicates.
Considering the influence of the starting material for the synthesis of geopolymers, the
present study evaluates the use of two different types of kaolin in the synthesis of
geopolymers using KOH as an alkaline activator. For the present study, a sample of
Belterra clay (KLN-1) from the bauxite deposits of Rondon do Para, a sample of
processed kaolin (KLN-2), and microsilica (MCR-1) (Ecopower) and PA reagent from
Sigma (KOH) were selected. The samples were characterized by X-ray diffraction
(XRD), X-ray fluorescence (XRF), thermogravimetric analysis (TGA), differential
scanning calorimetry (DSC) and Fourier transform infrared (FTIR) spectroscopy. For the
synthesis of the geopolymers, the KLN-1 and KLN-2 samples were calcined at 750 °C
for 2 h. The syntheses of the geopolymers were performed at different KOH molar
concentrations (12, 13, 14, 15 and 16), at different curing temperatures (60, 70, 80, 90
and 100 °C) and for different curing times (24, 48, 72, 96, and 120 h). The geopolymers
were characterized by mechanical strength testing and FTIR. The samples had different
mineralogical compositions, which contributed to different compressive strength results.
The samples showed greater resistance at concentrations of 12 and 16 M. The curing
temperature of 80 °C exhibited better mechanical compressive strength. At 120 h, the best
compressive strength value was obtained, indicating that a longer time favored the
geopolymerization reaction. The best compressive strength results were obtained in the
sample with the lowest amount of “impurities” (KLN-2). This result allows us to conclude
that the accessory minerals present in the KLN-1 sample may have interfered with the

mechanism of the geopolymerization reaction.

Keywords: kaolinite, metakaolin, structural disorder, compressive strength.
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1 INTRODUCTION

Geopolymers are a class of amorphous inorganic materials: “inorganic polymers”
that are formed from a hydration reaction of aluminosilicates with high alkalinity (Adjei
et al., 2022; Al-Majidi et al., 2016; Davidovits, 1991b; Singh et al., 2015c; Siyal et al.,
2016). The geopolymer formation reaction is quite complex, but the basic principle has
already been well established. The reaction consists of the dissolution of aluminum and
silica (present in the material used as a source of aluminosilicates) in contact with a highly
alkaline solution, forming oligomers that undergo polycondensation to form three-
dimensional structures, specifically, polysialate (—Si—O— Al—0), and polysialate-
siloxo (—Si—O—AlI—0—Si—O0), (Davidovits, 1991b; John et al., 2021). In addition
to the term geopolymer, this type of material is described in the literature by other names:
alkaline activated cement, alkaline ceramic (due to its high stability), geocement, and
inorganic polymer concrete, among other alkaline materials (Singh et al., 2015).

Research on this type of material continues to grow in the scientific community.
Studies have shown that its applicability can be quite diverse: traditional cement
(Yunsheng et al., 2010b) concrete (Alnahhal et al., 2022; Phoo-Ngernkham et al., 2015),
red ceramic (Lemougna et al., 2017; Barreto et al., 2021), porous block for civil
construction (Prud’homme et al., 2011), and material for preservation of old ceramic tiles
(Moutinho et al., 2019).

The application of a geopolymer depends on its final properties. These properties
are directly influenced by the choice of the main raw material (aluminosilicate source)
used in their synthesis. The chemical and mineralogical composition of the raw material
determines the technological properties of the final product (John et al., 2021).

Several materials have already been used as geopolymer precursors. These
materials vary from natural materials, such as clays, sediments and rocks (Dupuy et al.,
2019; Kaze et al., 2021); to materials from industrial processes, such as red mud, fly ash,
and waste from the glass industry (Hajimohammadi et al., 2018a; Lemougna et al., 2017);
to materials synthesized in laboratories, such as zeolites and synthetic Al.O3 and SiO>
(Krol & Mozgawa, 2019).

Of the various sources of aluminosilicates, clays have been the main natural
source for the synthesis of geopolymers. Kaolinite, calcined at temperatures between 600-
800 °C (metakaolinite), is the most widely used starting material in the synthesis of
geopolymers (Autef et al., 2013; Barbosa et al., 2018; Glid et al., 2017b; Kaze et al., 2021;
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Perna et al., 2019; Yunsheng et al., 2010a; Z. Zhang et al., 2012a). The benefits of using
clays as a source of aluminosilicates in the synthesis of geopolymers are undeniable;
however, these materials are rarely made only of clay minerals, and “impurities” are
almost always found in clays; despite the consensus that these impurities can influence
the final product, it is not known which properties each compound or element may
influence. The “impurities” most found in these types of materials include organic matter,
iron minerals, mainly hematite (Fe>O3) and goethite (FeO(OH), gibbsite (Al(OH)a3),
dolomite (CaMg(COz).), feldspars, quartz, and micaceous minerals.

Based on the above, the aim of the present study is to evaluate the performance of
2 different samples in the synthesis of geopolymers using KOH as an alkaline activator.
One sample is composed of almost 100% kaolinite (processed kaolin), and another
sample is composed of 76% kaolinite and approximately 24% other accessory minerals

(yellow latosol).

2 MATERIALS AND METHODS

2.1 RAW MATERIAL

For the development of the study, two distinct samples of kaolinitic clays were
used. The first sample consists of a representative sample of Belterra clay (KLN-1),
collected 50 cm from the top of a bauxite pilot mine called Branco. The mine is located
on the Rondon Norte Plateau in the municipality of Rondon do Para-Para. The second
sample used in the study was a sample of processed kaolin from the company Imerys
(KLN-2). Additionally, a commercial microsilica sample (MCR-1) (Ecopower) was used

to achieve a Si/Al ratio of 3.4, as defined in the present study.

2.2 SAMPLE CHARACTERIZATION

2.2.1 Mineralogical identification

The identification of the mineralogical phases of the in natura and calcined
samples was performed through powder X-ray diffraction (XRD) with a BRUKER
diffractometer, model D2 PHASER, with a 6/60 goniometer, radius: 141.1 nm, angle range
of 0-70°, step de 0.01°, timer step per step 1s copper anode with characteristic emission
line of 1.54 A/8.047 keV (Cu-Kal), and maximum power of 300 W (30 kV x 10 mA).

The detector used in this equipment was a Linear Lynxeye with a 5° 20 aperture and 192
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channels. The analyses were performed at the Laboratory of Mineralogy, Geochemistry
and Applications (LAMIGA) of the Institute of Geosciences of the Federal University of
Para (UFPA).

2.2.2 Chemical analysis (XRF)

The chemical analyses of the Belterra clay samples were performed by X-ray
fluorescence spectrometry (XRF) on fused pellets. The tablets were prepared with a
sample/flux ratio (lithium tetraborate) established according to the XRF79C_10 method.
The analyses were performed in the chemical analysis laboratory of the company SGS
GEOSOL, located in Vespasiano/MG.

The loss on ignition (LOI) of all samples was determined by the gravimetric

method by calcination at 1000 °C from previously dried samples.

2.2.3 Determination of the reactive silica and available alumina

The determination of the reactive silica and available alumina was performed in
the chemical analysis laboratory of the company SGS GEOSOL according to a method
established by the company (ICP0O5V) that consists of the dissolution of the sample in
concentrated NaOH solution in a system with pressure and temperature (150 °C) control.
From the obtained solution, the usable aluminum concentration was determined with
inductively coupled plasma optical emission spectroscopy (ICP—-OES). The solid phase,
resulting from the dissolution stage, was dissolved in HCI solution, which allowed the
determination of the percentage of reactive silica by ICP—OES.

2.2.5 Granulometric analysis

The particle size analysis was performed after grinding and sieving with size 60
mesh to reproduce the particle size of the samples during the synthesis of the
geopolymers. For this purpose, the laser diffraction technique was applied through an
Analysette Microtec Plus (Fritsch, Germany). The procedure consisted of inserting an
aliquot of the ground sample of interest in a solution of water and three drops of sodium
pyrophosphate (10%). This procedure was performed at the LAMIGA of the Institute of

Geosciences of UFPA.
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2.2.6 Characterization by FTIR

Fourier transform infrared (FTIR) spectroscopy was used to complement the
results obtained by XRD. The analyses were performed using approximately 0.0015 g of
sample mixed and homogenized with 2 g potassium bromide (KBr, Merck). Then, pellets
were formed in steel molds in the form of discs 14 mm in diameter and pressed under a
pressure of 8 kbar in a Specac 8 manual press. The analyses were performed in a Vertex
70 instrument from Bruker in the spectral range of 400-4000 cm™. This procedure was
performed at the LAMIGA of the Institute of Geosciences of UFPA.

2.2.8 Evaluation of the materials with TGA/DSC

Thermogravimetric analysis (TGA)/differential scanning calorimetry (DSC) can
be used to understand the thermal behavior and the possible reactions that occur during
the process of heating samples. The analyses of the samples were performed with a
NETZSCH model STA 449 F5 Jupiter, with a simultaneous thermal analyzer equipped
with a vertical cylindrical oven and N2 flow of 50 ml/s at a heating rate of 10 °C/min and
a temperature range of 30 °C to 1100 °C. This procedure was performed at the LAMIGA
of the Institute of Geosciences of UFPA.

2.3 FORMULATION AND CHARACTERIZATION OF GEOPOLYMERS

2.3.1 Sample preparation

The raw materials were dried in an oven for 24 h at 110 °C to remove the natural
moisture. Then, the samples were ground in a ball mill (Marconi MA 500/CF) with a
rotation of 365.4 rpm for a period of 1 h. Sieving was performed on the product obtained

from the grinding with a 60-mesh aperture to remove the coarse sand fraction.

The fraction obtained smaller than the size 60 mesh was calcined at 750 °C for
two hours for the complete dehydroxylation of kaolinite and its transformation into

metakaolinite, a source of amorphous aluminosilicate for the synthesis of geopolymers.

2.3.2 Conditions for the synthesis of geopolymers
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The synthesis conditions of the geopolymers were established to evaluate the
influence of the molar concentration, temperature and curing time on the mechanical
strength of the geopolymers. The Si/Al molar ratio and the water volume were kept
constant in all syntheses, with 3.4 Si/Al and 7.2 ml of H20. To evaluate the influence of
the molar concentration, KOH solutions were prepared at concentrations of 12, 13, 14, 15
and 16 M, with a final curing temperature of 70 °C and curing time of 24 h. The
temperature was evaluated under fixed conditions of KOH molar concentration (16 M),
with a curing time of 24 h and final temperatures of 60, 70, 80, 90 and 100 °C. The
influence of curing times of 24, 48, 72, 96 and 120 h was analyzed under conditions of
18 M KOH and curing temperature of 70 °C.

Table 1- Synthesis conditions studied.

Variable studied Values studied
Molar concentration (M) 12 13 14 15 16
Temperature (°C) 60 70 80 90 100
Time (h) 24 48 72 96 120

2.3.3 Synthesis of geopolymers

To determine the mechanical strength of the geopolymers, the KLN-1, KLN-2
and MCR-1 samples were weighed according to the ratios predefined in Section 3.2.2 and
Table 1. The synthesis was performed through the following steps (Figure 1): the KLN-
1 and KLN-2 samples were mixed with the MCR-1 sample in a mortar until a
homogeneous mixture was obtained; a solution of 7.2 ml of KOH was slowly added to
this mixture at the concentrations defined in Table 1. The paste formed was homogenized
in a mortar for a period of 5 min. The geopolymeric paste was then stored in an oven at
40 °C for 1 h. The geopolymer paste was removed from the oven and formed into steel
molds in dimensions of 50 mm x 20 mm x 30 mm with simple uniaxial pressing under a
pressure of 20 kgf/cm? in a hydraulic press (Karl Kolb, model PW-40). After the
conformation, the specimens were sealed in film paper (moisture control) and placed in
an oven at 40 °C for 24 h. Then, the temperature was increased by 10 °C/h until the final

temperature established in the experiments was reached.
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Figure 1- Flowchart of the process for obtaining geopolymers.

3.3.4 Mechanical compressive strength

The mechanical strength of the respective specimens was determined by the
flexural tensile strength (FTS) at three points. The test was performed in an AROTEC
universal testing machine, model WDW-100E, with a 100 kN load cell, test speed of 2
kN/min, and initial load of 2 N. The tests were performed in the resistance laboratory of
the Federal Institute of Para (IFPA).
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3 RESULTS
3.1 CHEMICAL AND MINERALOGICAL CHARACTERIZATION

3.1.1 Mineralogical composition of the in natura samples by XRD

The mineralogy of the samples used in the present study can be seen in Figure 2.
The clay mineral kaolinite is the predominant mineral in the two samples studied. The
predominance of kaolinite in the samples is beneficial for the synthesis of geopolymers
considering that this calcined mineral (metakaolinite) is the most commonly used
precursor in the synthesis of geopolymers (Glid et al., 2017b; Barbosa et al., 2018; Ayeni
et al., 2021a; Hui-Teng et al., 2021).

In structural terms, there are significant differences in the half-height widths of
the kaolinite peaks of the samples. The value of the half-height width of peak 001 of
sample KLN-1 (0.3115) is 2 times higher than that of peak 001 in sample KLN-2
(0.1425), which may indicate structural disorder in the kaolinite crystals present in KLN-
1. The TGA/DSC results corroborate this statement. This degree of disorder in the
kaolinite of Belterra clay has been found in previous studies (Negrao, Costa, Pélimann,
et al., 2018; Negrdo, da Costa, et al., 2018; Negrdo, P6llmann, et al., 2021).

In the Belterra clay (KLN-1) sample, the minerals gibbsite, quartz, goethite, and
anatase are present as accessory minerals. In the “reference” sample, in addition to the
characteristic kaolinite peaks, small quartz peaks are present.

The presence of a small mineral assemblage in the KLN-1 sample may have a
positive or even negative influence on the properties of the geopolymer (Phoo-ngernkham
et al. 2015, Lemougna et al. 2017, Siyal et al. 2016, Belmokhtar et al. 2017, Kamseu et
al. 2017, Hajimohammadi et al. 2018, Koshy et al. 2019). However, the KLN-2 sample,
which practically has only kaolinite in its composition, can be an important meter for

evaluating the influence of other minerals on the final properties of the geopolymer.
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Figure 2 - Mineralogical compositions according to the XRD of the in natura samples.

3.1.2 Mineralogical transformations of the samples calcined at 750 °C and

commercial microsilica by XRD

After calcination (Figure 3), minerals such as anatase and quartz remain stable or
metastable in the KLN-1 samples (750 °C). The neoformation of hematite in these
samples, resulting from the dehydroxylation of goethite, is also observed.

The most important aspect of these results is the presence of a high background,
characteristic of the presence of amorphous compounds (Rodrigues et al., 2015). In the
KLN-2 and SiO» samples, the presence of these compounds is well evidenced by a high
rounded peak that characterizes a domain of amorphous materials in their compositions.




47

KLN-2 (750°C)
100 —
0 -
600 — < |© KLN-1 (750°C)
400
200 -
0
MCR-1
200 |
100 —
07— I [ I I [
10 20 30 40 50 60 70

A-anatase;H-hematite;Q-quartz.

Figure 3 - Mineralogical composition according to the XRD of the calcined samples and

amorphous SiOs.

3.1.2 Behavior of the samples according to FTIR

The FTIR spectra of the in natura samples (Figure 4) show bands characteristic
of the narrowing of the bonds of OH (3700-3620 cm™) and (Si, Al-O) 1120 cm™ present
in the kaolinite mineral (Ayeni et al., 2021a). A band at 460 cm™ can also be attributed to
the Si-O bonds of the kaolinite.

The spectra of the calcined samples are typical of the metakaolinite phase,
showing a broad band at 3500 cm™ that is attributed to the absorbed water; one band at
1100 cm™ characteristic of the stretching of the Si-O bond of metakaolinite; and bands at
820 and 460 cm™, which represent to the Al-O and (Si, Al-O) bonds, respectively (Fialips
et al., 2000; Frost & Vassallo, 1996; Rios et al., 2009).
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Figure 4 - Spectral behaviors according to the FTIR spectra of the in natura samples and those
calcined at 750 °C.

3.1.3 Chemical compositions of the samples

The chemical compositions of the samples are shown in Table 2. The KLN-1
sample consists of 36.3% SiO2, 34.9% Al203, 12.2% Fe203 and 2.22% other elements in
lower concentrations. The KLN-2 sample consists mainly of SiOz (47.19%) and Al.O3
(39.19%). The MCR-1 sample consists of 97.4% SiO> and 1.42% other elements.

Determining the percentages of Al.O3z and SiO2 from kaolinite is crucial for the
study of the samples as a source of aluminosilicates for geopolymer synthesis.

The SiO> levels are correlated with the presence of kaolinite and quartz, as can
be observed in Figure 2. The percentage of SiO2-Re allowed us to differentiate by means
of stoichiometric calculation what percentage of SiO is present in the kaolinite and,
consequently, the quartz percentage. The percentage of kaolinite in the KLN-1 sample is
73.62% and 99.21% in the KLN-2 sample. These results are used to establish the molar
ratios studied in the design of the experiments.
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Table 2- Chemical compositions of the samples.
Sample  SiO2 AlOs  Fe20s3 FP Other Total  SiO2-Re
KLN-1 36.3 34.9 12.2 14.74 2.22 100.36 34.27
KLN-2 47.08 39.19 0.43 13.85 0.65 101.2 46.18
MCR-1 97.4 0.05 0.05 0.69 1.42 99.51 - -
SiO2-Re: reactive SiOz.

3.1.4 Thermal behavior

The results of the thermal analysis (Figure 5) show the thermal behavior of the
studied samples. The KLN-1 sample has three endothermic events (with associated mass
loss) and one exothermic event. The first endothermic event (240-250 °C) is characteristic
of the dehydroxylation of goethite; the second event occurs between 350-360 °C and
refers to the dehydroxylation of the mineral gibbsite; the third and largest event occurs at
500 °C, confirming the dehydroxylation of kaolinite for the formation of metakaolinite
(Caglar et al. 2009, Drweesh et al. 2016, Issaoui et al. 2016); and finally, the only
exothermic event at 980-985 °C reveals the formation of a new crystalline phase (mullite).

The KLN-2 sample shows only one endothermic event, at 530 °C, with a high
variation in enthalpy (-307.4 J/g), characterizing a high concentration of kaolinite in its
composition.

The difference in kaolinite dehydroxylation temperature in the samples may be
due to the difference in crystallinity reported in the XRD results (Figure 2). Thus, the
kaolinite mineral present in the KLN-1 sample undergoes dehydroxylation at lower

temperatures due to the disorder present in the crystal structure.
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Figure 5 - Thermal behaviors according to the TGA/DSC curves of the studied samples. a):
KLN-1, B): KLN-2.

3.2 PHYSICAL CHARACTERISTICS OF THE SAMPLES

3.1.1 Particle size

Figure 6 shows the particle size distribution of the studied samples. The Belterra
clay samples have the highest silt fraction percentage (65.78), with 27.70% the sand
fraction and 6.50% clay fraction. The KLN-1 sample having highest percentage of silt
fraction can be attributed to the predominance of kaolinite in the sample, as observed by
the results of the chemical analysis, XRD and TGA/DSC.

The MCR-1 sample has the highest silt fraction content (93.34%), with lower
percentages of clay (4.85%) and sand (1.81%) fractions.

In addition to the chemical and mineralogical composition, the particle size of the
samples can directly influence the synthesis mechanism of the geopolymer. The
dissolution of aluminosilicates is expected to occur more rapidly in the sample with the
smallest particle size (KLN-2) (larger surface area) than in the sample with the largest

particle size (KLN-1) (Hajimohammadi et al., 2018b).
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Figure 6 - Particle size distributions of the studied samples.

3.3 GEOPOLYMER CHARACTERIZATION

3.3.1 Mechanical compressive strength

3.3.1 Regarding the molar concentration

The compressive strength of the geopolymers based on the molar concentration
(Figure 7) shows a different behavior of the samples at the different concentrations
studied.

The KLN-2 sample showed the highest mechanical strength values at
concentrations of 12M (25.85 MPa) and 16 M (25.24 MPa). The lowest resistance value
in the KLN-2 sample was obtained at 14 M (12.33 MPa). The KLN-1 sample had the
lowest strength at 16 M (6.31 MPa) and the highest strength at 13 M (12.06 MPa).

The variation in the mechanical strength values of the samples at the different
concentrations showed that under the studied conditions (70 °C and 3.4 Si/Al ratio), the
molar concentration does not contribute significantly to the increase in the mechanical
strength of the geopolymers. A trend is observed in the KLN-2 sample, where resistance
values are higher at extreme, minimum and maximum concentrations, and lower values
at intermediate concentrations. In the KLN-1 sample, the mechanical strength tends to

increase with increasing molar concentration up to 14 M and then tends to decrease. This
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increase in resistance to 14 M was also observed in studies that used NaOH as an alkaline

activator (Ayeni et al., 2021).
The difference in the strength values between the samples under the same

conditions can be attributed to the mineralogical and physical characteristics of the

studied samples.
In the KLN-2 sample, kaolinite is the only mineral that may have favored the

geopolymerization reaction, whereas in the KLN-1 sample, the other existing minerals

may have impaired the reaction mechanism.
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Figure 7- Compressive strength of the geopolymers obtained at different molar concentrations.

3.3.2 Temperature variation

The mechanical strength results based on temperature are shown in Figure 8. The

mechanical strength values of the 2 samples showed a similar trend. The resistance
increases until the temperature of 80 °C and then tends to decrease until the temperature

of 100 °C.



53

The lowest mechanical strength value for the KLN-2 sample was at 90 °C (22.32
MPa), while the highest was at 80 °C (64.38 MPa). In the KLN-1 sample, the lowest value

was also obtained at 90 °C (8.25 MPa) and the highest at 80 °C (17.08 MPa).
Analyzing the results obtained, we can infer that the curing temperature exerts a

strong influence on the strength gain under the studied conditions (1.1 Na/Al and 3.4
Si/Al). This increase in strength gain suggests that the geopolymerization reaction was
favored with the increase in temperature (Ayeni et al., 2021a; Mohajerani et al., 2019).
At 80 °C, the geopolymer hardening step probably occurred, which does not
imply that all the water present in the geopolymer was evaporated. In fact, the higher
strength value at 80 °C may be an indication that there was still moisture in the
geopolymer at 80 °C, and the elimination of this moisture at temperatures of 90 and 100
°C resulted in a loss of strength at these temperatures. High values of mechanical strength
at 80 °C were also observed in the syntheses of geopolymers with NaOH (Chindaprasirt
et al., 2007; Sagawa et al., 2015); however, when compared with the results presented in
this study, we can infer that under the same synthesis conditions, NaOH contributed more

favorably to resistance gain.
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Figure 8- Compressive strength of the geopolymers obtained at different curing temperatures.
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3.3.3 Curing time variation

The compressive strength results at different curing times are shown in Figure 9.
The geopolymers of the two samples show an increase in strength with increasing curing
time.

In the KLN-2 sample, the resistance after the first 24 h of curing is 14.29 MPa.
After 48 h of curing, the resistance value increases to 25.74 MPa. For the 72-h and 96-h
curing times, the resistance values do not undergo considerable changes, with 20.69 MPa
at 72 h and 26.41 MPa at 96 h. However, after 120 h of curing, the resistance value
increases sharply, reaching a value of 55.51 MPa.

The KLN-1 sample shows a value of 6.58 MPa in the first 24 h of curing, and at
48 h, the resistance value increases to 13.16 MPa. Similar the KLN-2 sample, the
resistance values at 72 h (14.58 MPa) and 96 h (15.56) are not very different from the
values obtained at 48. At 120 h, there is a significant increase in the mechanical strength
value to 21.52 MPa.

These compressive strength results allow us to assume that in the first hours of
curing, the geopolymerization reaction occurs more rapidly, which explains the strength
gain in the 48-hour curing time. After 48 h of curing, the geopolymerization reaction
occurs more slowly, showing resistance gain only after 120 h of curing. This behavior
demonstrates that the curing time of geopolymers synthesized with KOH is the same
behavior observed in geopolymers that use NaOH as an alkaline activator (Ayeni et al.,
2021a; H. Y. Zhang et al., 2021).

When the same curing time is analyzed for the two samples, we observe a large
difference in the compressive strength values, and based on the results already presented,
this difference may be related to the differences in the mineralogical and particle size

composition of the studied samples.
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Figure 9- Compressive strengths of the geopolymers at different curing times.

3.3.4 Variation in the FTIR results with the molar concentration

The FTIR spectra of the geopolymers of the two samples synthesized at different
molar concentrations are shown in Figure 10. The stretching of the H-O-H bond is
represented at 3444-3450 cm™ (Tang et al., 2021). The absorption band at 1645 cm™ can
be attributed to the vibration of the hydroxyl group (OH"). Note that this band is displaced

since in the calcined samples, there is a band at 1620 cm™ (Figure 4). This band is related

to the water present in the geopolymer structure (Yan et al., 2016; Li et al., 2022).
The band at 1110-1130 cm™ is related to the asymmetric vibration of the Si-O-Al

bond in the geopolymer (Costa et al., 2021). This is the main band indicating the

formation of a geopolymer (Hui-Teng et al., 2021). The absorption band at 700-717 cm”
! corresponds to the stretching of the Al-O bond. The bands at 590 cm™ and 475-460 cm”
! may be related to the symmetric stretching of the Si-O-Al bond and the flexion vibration
of the Si-O-Si bond present in the geopolymer, respectively (Costa et al., 2021; Liu et al.,

2020; Qureshi & Panesar, 2019).
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The intensity of the band at 1110-1130 cm™ has a direct relationship with the
results of compressive strength; the higher its intensity, the greater compressive strength
Is expected (Hui-Teng et al., 2021). In the KLN-1 sample, it is observed that the highest
intensity of this band occurs at concentrations of 12, 13 and 14 M, the concentrations that
exhibit the highest compressive strength. In the KLN-2 sample, the highest intensity for
the 1130 cm™ band occurs at 16 M and 12 M, for which the best compressive strength

results are also obtained.
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Figure 10- FTIR spectral behaviors of the geopolymers obtained at different molar

concentrations.

3.3.5 Geopolymers at different temperatures according to FTIR

Figure 11 shows the spectra of the geopolymers at different temperatures. The
absorption bands are practically the same as those reported in the previous figure,
showing bands characteristic of the HOH bond (3444 cm™), stretching of the OH bond at
1645-1655 cm™* and asymmetric vibration of the Si-O-Al bond at 1115-1120 cm™ . Bands
are also observed at 695-717 cm™ (stretching of the Al-O bond), 560-590 cm™ (symmetric
stretching of the Si-O-Al bond) and 460-475 cm™* (flexion vibration of the Si-O-Si bond).
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The band intensity at 1115-1120 cm™ is in agreement with the results of
compressive strength, with higher intensities at temperatures of 80, 70 and 100 °C, in both
samples. The intensity of the band at 717-695 cm™ may also have a direct relationship

with the compressive strength of the geopolymers (Pernaetal., 2019; Ayeni et al., 2021b).
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Figure 11- FTIR spectral behavior of the geopolymers obtained at different curing temperatures.

3.3.6 Variation in the FTIR results of the geopolymers with the curing time

The effectiveness of the geopolymer synthesis based on the curing time can be
observed from the FTIR results (Figure 12). Similar to the results based on molar
concentration and temperature, the intensity of the bands 1120-1130 cm™ (Si-O-Al) and
795-717 cm* (stretching of the Al-O bond) follows the same trend, with the intensity of
the bands being directly proportional to the compressive strength values shown in Figure
8. The highest intensity in these regions is observed at 120 h of curing in both samples,
while the lowest intensity is observed at 24 h of curing.

In the spectra of the figures, bands occur in the regions of 3444 cm™ (HOH), 1645-
1656 cm™* (OH-), 699-717 cm™* (AI-0), 586-590 cm™ (Si-O-Al) and 453-475 cm™ (Si —
O-Si).
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Figure 12- FTIR spectral behaviors of the geopolymers obtained at different curing times.
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4 CONCLUSIONS

The results showed that the mineralogical and particle size differences directly
impacted the resistance gain of the geopolymers synthesized with KOH. The clay with
the simplest accessory mineralogy and with smaller particle sizes (KLN-2) exhibited the
best mechanical strength results.

The variations with the molar concentration of KOH showed similar behavior
between the samples, showing greater resistance at the lowest concentration, 12 M, and
as the concentration increased to 13, 14 and 15 M, no major differences were observed in
the resistance gain; the increase in resistance became more significant at the 16 M
concentration.

The curing temperature was an important parameter that contributed to the
development of strength in the geopolymers of the 2 samples studied. An increase in the
curing temperature from 60 to 80 °C resulted in better compressive strength, but with an
increase in temperature to 90 and 100 °C, there was a significant loss of strength. This
behavior indicated that at higher temperatures, there was possibly a reduction in the gel
phase available for the reaction, which resulted in low resistance gain.

The resistance gain occurred gradually with increasing curing time. The results
of resistance allowed us to infer that the reaction mechanism was more accelerated in the
first 48 h, when there was a significant resistance gain. At 72 h and 96 h, the resistance
gain was quite irrelevant, becoming more perceptible only after 120 h.

Considering the points highlighted above, we can conclude that molar
concentration, temperature and curing time are key factors for resistance gain. Regarding
the influence of the precursor on geopolymer synthesis, we can say that the greater the

mineral diversity is, the lower the resistance acquired by the geopolymers.
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HIGHLIGHTS

e The kaolinite present in the sample has a low structural order.

e The geopolymers synthesized at the highest Na/Al ratios (0.8 and 0.9) showed
lower compressive strength.

e The maximum resistance obtained was 41.89 MPa.

e The percentage of sodalite directly influences the resistance of the geopolymer.
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ABSTRACT

Civil construction is one of the most important sectors of the world economy due to the
rapid growth in global population. Concrete is one of the most essential products in this
sector. Ordinary Portland cement is the major ingredient of traditional concrete. The
manufacture of Portland cement is one of the main sources of atmospheric CO2 emissions.
Considering the problems involved with the use of Portland cement, the present study
seeks to synthesize geopolymer from bauxite washing waste (clay) as an alternative to
Portland cement. For the purposes of the study, a sample of bauxite washing clay from
the company Mining Paragominas, a sample of commercial microsilica from Ecopower
and NaOH P.A. from Sigma were used. Geopolymer synthesis was performed according
to a Doehlert-type experimental design. The in natura samples were characterized by
XRD, FT-IR, TG-DSC, XRF and ICP—OES. The geopolymers were characterized by
XRD, FT-IR and mechanical compressive strength testing. The washing clay sample
consists of kaolinite (45%), gibbsite (34%), goethite (11%), hematite (7%), anatase (2%)
and amorphous phases (1%). The compressive strength values ranged from 8.99 to 41.89
MPa. The best compressive strength results were obtained at a low Na/Al ratio (0.5-0.6)
and low curing temperature, which favors the application of the material for the synthesis
of geopolymers, contributing to lower energy expenditure and also to lower CO;

emissions.

Keywords: Kaolinite, Doehlert, hydrosodalite.
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1 INTRODUCTION

Civil construction is one of the most important sectors of the world economy due
to the rapid growth of global population. Concrete is one of the most essential products
for this sector and is usually used in the construction of infrastructure (buildings, houses,
etc.), roads, dams, tunnels and elevated tracks[1-3]. The attraction of this product is its
unique properties, especially mechanical strength and hardness [3]. The annual
production of concrete is approximately 10 billion tons.

Ordinary Portland cement is the major ingredient of traditional concrete. It acts as
a binder in concrete, conferring thermal properties, as well as high strength and durability
when combined with water. Despite its attractive properties, the use of Portland cement
IS questionable in an environmental context, not because of its use, but because of its
manufacturing process. The manufacture of Portland cement requires the use of high
temperatures and an amount of limestone, which makes its production one of the main
sources of atmospheric CO2 emissions [1,3-5].

Many alternatives have been considered to mitigate the effects of the use of
Portland cement in civil construction. Among the solutions suggested by the scientific
community, geopolymers have gained prominence as an “eco-friendly” substitute for
Portland cement. Geopolymers are amorphous/crystalline inorganic polymers
synthesized from the reaction of aluminosilicates with a highly alkaline solution[6-8].

The characteristics that make the use of geopolymers feasible are the type of raw
material used and the low energy cost required for their production. Numerous materials
can be used as precursors of geopolymers, such as clay waste[1], fly ash[9], natural
pozzolan[10], red mud and glass waste[4], iron/nickel slag [11], and rice husk ash[12].
Depending on the mineral composition of the material used in the synthesis, thermal
pretreatment is sometimes applied to the material to improve its reactivity during the
synthesis process.

Currently, the material that stands out the most for this application is
tailings/residues from industrial activities, especially mining activities, due to the high
volume of residues that can be formed during mining and processing[4]. A branch of
mining that generates a large amount of waste is the processing of bauxite ore in the
Amazon region. This activity produces a high volume of waste, which is usually deposited
in "tailings ponds" where the material remains static and, because it is considered sterile,

has no specific destination. The mineralogical composition of this material varies and
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includes minerals rich in Al2O3 (gibbsite and kaolinite), SiO, (kaolinite), Fe2O3 (hematite
and goethite) and TiO> (anatase). Finding a sustainable and economically viable
application for this material is one of the dilemmas faced by companies that generate this
waste. Based on the mineralogical characteristics of this material and the large amount
available, the present study aims to synthesize geopolymers without any thermal
pretreatment from bauxite washing clay of the Mining Company Paragominas SA (Norsk
Hydro), located in Paragominas-PA, Brazil.

2 MATERIALS AND METHODS
2.1 RAW MATERIAL

The material used in the study was bauxite washing clay (ALB-1) from the
company Mineracdo Paragominas S.A (Hydro), located in the municipality of
Paragominas, Para, Brazil. The sample was collected directly from the “waste tailpipe”
with the aid of a hose that transported the sample to the collection container. The
collection was performed by company employees. In addition to ALB-1, a commercial
microsilica sample (MCR-1) from Ecopower was used to obtain the desired Si/Al ratio in

the study.

2.2 SAMPLE CHARACTERIZATION
2.2.1 Mineralogical identification by XRD

Identification of the mineralogical phases of the in natura and calcined samples
was performed by powder X-ray diffraction (XRD). A BRUKER diffractometer (model:
D2 PHASER) with a 6/6 goniometer, radius: 141.1 nm, angular range of 0-70°, step of
0.01°, time per step of 1 s, and a copper anode with a characteristic emission line of 1.54
AJ8.047 keV (Cu-Kal) and a maximum power of 300 W (30 kV x 10 mA) was used. The
detector was a Linear Lynxeye with a 5° 20 aperture and 192 channels. The analyses were
performed at the Laboratory of Mineralogy, Geochemistry and Applications (LAMIGA-
UFPA) of the Institute of Geosciences of UFPA.
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2.1.1 Quantification of the mineral phases

The quantification of the mineral phases was obtained from XRD Rietveld
refinements. The crystallographic information files (.cif data) used in the refinements
were obtained from the Inorganic Crystal Structure Database (ICSD) from FIZ Karlsruhe
and are displayed in Table 1.

The amorphous contents were quantified using the external standard method[13].
For this quantification, a pure, single crystal of hyaline quartz was ground to powder, xrd-
measured under the same conditions as the samples, refined with the Rietveld method and
used as an external crystalline standard. Here, the amorphous content includes
amorphous, possibly low-ordered phases (i.e., “low-crystallinity” phases) that result in
misfits in the Rietveld refinements or no characterized phases present in minor contents.

Due to the high complexity of the XRD patterns, with peaks characteristic of
amorphous and low-ordered phases, the phase and amorphous amounts obtained in the

Rietveld refinements are considered semiquantitative results.

Table 1 - Phases and ICSD codes used in the Rietveld refinements.

Phase Chemical formula Space group  ICSD code  Reference
anatase TiO 14,/amd 92363 [14]
gibbsite AI(OH); P2, 6162 [15]
goethite (FeossAlo17)O(OH) Pnma 109411 [16]
hematite Fe>0s3 R-3c 82137 [17]

hydrosodalite Nag(Alesi6024)(OH)2(H20)2 p222 20630 [18]
hydrosodalite Nag(AleSisO24)(OH), P-43n 60840 [19]
hydrosodalite Nag,sg(AI3,58i8,4024)(H20)1,2 P-43m 201587 [20]
kaolinite Al2Si205(0H)4 P1 63192 [21]
quartz SiO2 P3:21 16331 [22]
zeolite Na-K-4 (Na7_36H1.64)A|98i15043(H20)4_58 Pm-3m 85517 [23]

2.2.2 Chemical analysis (XRF)

Chemical analysis of the samples was performed by X-ray fluorescence
spectrometry (XRF) through the preparation of fused pellets. The tablets were prepared
with a sample/flux ratio (lithium tetraborate) established according to the XRF79C 10
method. The analyses were performed in the chemical analysis laboratory of the company
SGS GEOSOL, located in Vespasiano/MG.

The loss on ignition (LOI) of all samples was determined by the gravimetric

method by calcination at 1000 °C of previously dried samples.
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2.2.3 Determination of reactive silica and available alumina

The percentage of reactive silica and available alumina was determined in the
chemical analysis laboratory of the company SGS GEOSOL according to the method
established by the company (ICP05V), which consists of dissolving the sample in
concentrated NaOH solution in a system with controlled pressure and temperature (150
°C). From the obtained solution, the usable aluminum concentration was determined by
inductively coupled plasma optical emission spectroscopy (ICP—OES). The solid phase
resulting from the dissolution step was dissolved in HCI solution, which allowed

determination of the percentage of reactive silica by ICP—OES.

2.2.6 Material characterization by Fourier transform infrared spectroscopy (FT-
IR)

Fourier transform infrared spectroscopy (FT-IR) was used to complement the
XRD results for the samples and geopolymers. This technique was also used to
characterize the “white powder” that was observed mainly on the surface of the
geopolymers. The analyses were performed using approximately 0.0015 g of sample that
was mixed and homogenized with 2 g of potassium bromide (KBr, Merck). Then, pellets
were formed in steel molds in the form of discs 14 mm in diameter and pressed under a
pressure of 8 kbar in a Specac 8 manual press. The analyses were performed in a Vertex
70 instrument (Bruker) in the spectral range of 400-4000 cm™. This procedure was
performed at LAMIGA-UFPA of the Institute of Geosciences of UFPA.

2.2.8 TG/DSC analysis

Thermogravimetry/differential scanning calorimetry (TG/DSC) analysis was
performed to understand the thermal behavior and possible reactions during the heating
process of the investigated samples. Samples were analyzed in an STA 449 F5 Jupiter
instrument (NETZSCH) with a simultaneous thermal analyzer equipped with a vertical
cylindrical oven under N2 flow of 50 ml/s, a heating rate of 10 °C/min, and temperature
range of 30 °C to 1100 °C. This procedure was performed at LAMIGA-UFPA of the

Institute of Geosciences of UFPA.
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2.3 SYNTHESIS AND CHARACTERIZATION OF GEOPOLYMERS
2.3.3 Synthesis of geopolymers

The synthesis of the geopolymers were performed according to response surface
methodology (RSM) based on a Doehlert design, with 6 experiments and 3 replicates at
the central point (Table 2). In this type of planning, the influence of 2 variables in relation
to a given response is evaluated: one variable is evaluated at 5 different levels, and the
other is analyzed at 3 levels. The dependent variables chosen in the study were
temperature and Na/Al ratio (Table 1). The independent variable was compressive

strength.

For geopolymer synthesis, ALB-1 was dried at 48 h at room temperature and then
transferred to an oven for another 2 h at 105 °C to accelerate the loss of moisture in the
sample. To form the specimens, a mixture of 23 g of ALB-1 and 7 g of MCR-1 were
weighed to reach a molar Si/Al ratio of 3.5. This mixture was transferred to a porcelain
vessel. To this mixture was slowly added a solution of 4.6 ml NaOH, which was
homogenized with a pestle for approximately 5 min. The water volume was fixed at 4.6
ml so that there were no differences in the pressing time of the specimens. The mass of
NaOH in solution was established by the molar ratio of Na/Al predefined in Table 1. The
formed geopolymer paste was reserved in polyethylene pots, which were then capped and
held at room temperature for 1 h 30 min. After this period, the geopolymer paste was
molded in steel molds (dimensions of 50 mm x 20 mm x 30 mm) with uniaxial pressing
under a pressure of 15 kgf/cm? in a hydraulic press (Karl Kolb, model PW-40). The
shaped specimens were sealed in film paper (for moisture control) and placed in an oven
at 40 °C for 24 h. Then, the temperature was increased by 10 °C/h until reaching the final

temperature established in the experiments.
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Table 1 - Independent variables with their real and coded values used in the Doehlert statistical
design.

Na/Al Temperature
Coded Real Coded Real
-1 0,5 -0,866 100

-0,5 0,6 0 275
0 0,7 0,866 450,0
0,5 0,8
1 0,9

Table 2 - Experimental matrix and real and coded values of the independent variables.

Temperature Na/Al
Exp. Coded Real Coded Real
Gl 0.866 450 0.5 0.8
G2 0866 450 -0.5 0.6
G3 0 275 -1 0.5
G4 0.866 100 -0.5 0.6
G5 0.866 100 0.5 0.8

G6 0 275 1 0.9
G7 0 275 0 0.7
G8 0 275 0 0.7
G9 0 275 0 0.7

3.3.4 Mechanical compressive strength

Compressive strength testing of the specimens was performed in a universal
testing machine (300/15 kN, Servo-plus evolution, MSTEST) with a test speed of 0.1
MPa/sec, initial test value of 1 N and final load of 30%. The test was performed in the

concrete laboratory of the Architecture School of UFPA.
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3 RESULTS AND DISCUSSION
3.1 Sample characterization
3.1.1 Mineralogy obtained by XRD

. The mineralogy of ALB-1 sample consists of kaolinite (45%), gibbsite (34%),
goethite (11%), hematite (7%), anatase (2%) and amorphous phase (1%) (Figure 1). This
mineralogical composition is very similar to bauxite clay cover [24]. kaolinite present in
the sample has a low structural order, showing an anomalous diffractogram that results in
miss-fit in the Rietveld refinement; similar behavior was also observed in the refinement
of kaolinite in bauxites of the Amazon and in their corresponding cover (Belterra
clay)[25-27]. The low structural order of the kaolinite contributes to greater reactivity of
this mineral, which favors the use of the sample in the synthesis of geopolymers without
thermal pretreatment.

The high percentage of gibbsite can react with NaOH, similar to what occurs in
the Bayer process.

Al-goethite, hematite and anatase minerals are inert under the studied synthesis
conditions, but the presence of these minerals can influence both the synthesis mechanism

and the final properties of geopolymers.

Counts A
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Figure 1- Rietveld-refined XRD results for ALB-1: GOF: 1.61, Rwp: 11.87.
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3.1.2 Chemical composition

The chemical analyses of the samples show the main chemical constituents (as
oxides) present in the samples (Table 2). As expected, ALB-1 shows high percentages of
Al,03 (41.12%), SiO2 (23.00%) and Fe2Os (15.35%). The percentages of SiO2 and
reactive silica are related to kaolinite, indirectly revealing percentages of 48.45% and
47.26% of this mineral, respectively, a result similar to that obtained by the
semiquantitative analysis of the Rietveld-refined XRD data (Figure 1). ~ The  Al2O3
content is attributed to kaolinite and gibbsite (also Al-goethite) present in the sample. The
Fe>O3 content is attributed to goethite and hematite.

The MCR-1 sample is mainly composed of SiO2 (97.4%) and contains 1.42%
other compounds.

The chemical analysis results allowed to calculate the Si/Al and Na/Al ratios used

in the syntheses of the geopolymers.

Table 2- Chemical composition of the samples.

Sample  SiO2 Al2O3  FexO3  LOI  Others  Total SiO2-Re

ALB-1 23.00 41.12 1535 18.73 2.45 100.65 22.00

MCR-1 97.4 0.05 0.05 0.69 1.42 99.51 --
SiO2-Re: reative SiO»

3.1.3 FT-IR spectra of in natura samples

Figure 2 shows the FT-IR results for the studied samples. The spectrum of ALB-
1 shows characteristic peaks of the kaolinite phase, with absorption bands at 3437, 3525,
3620 and 3695 cm™ that are related to O-H bonds. The absorption at 1635 cm™ is
attributed to the vibration of water molecules. The band at 1100 cm™ is attributed to the
stretching of Si-O bonds of kaolinite. The symmetric stretching of the Si—O-Si bonds of
kaolinite is indicated by the absorption band at 1010 cm™. The bands at 912 cm™ and 796
cm* are related to the angular deformation vibration of AI-OH bonds and the translational
vibration of —OH (AI-OH) bonds of gibbsite. The bands at 468 and 750 cm™ are
characteristic of the symmetric stretching of Al-O bonds. The absorption band at 538 cm”
Lis related to the angular deformation of Fe-O bonds. These results are in agreement with
those obtained by[28-32].

The MCR-1 material shows a wide band at 3452 cm™ and a band at 1620 cm™,
which are characteristic of physically adsorbed water on the sample surface[10]. A band
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between 1000 and 1250 cm™ is observed, which is attributed to Si-O bonds in amorphous
aluminosilicates. The bands at 806 and 478 cm™ are related to Al-O bonds (Si,Al-0)[30].

a)
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Figure 2- FT-IR spectra of the samples: a) ALB-1, b) MCR-1.
3.1.4 TG/DSC curves

The thermal behavior of ALB-1 is shown in Figure 3. The sample shows three
endothermic events and one exothermic event. The first endothermic event occurs at a
temperature of 293 °C, which can be attributed to the dehydroxylation of gibbsite. The
second endothermic event occurs at a temperature of 358 °C and is related to the structural
water loss of goethite. The third endothermic event is observed at 510 °C and is related
to the structural water loss of kaolinite. The only exothermic event occurs at a temperature
of 980 °C, characteristic of the formation of a new crystalline phase (mullite/spinel).

The dehydroxylation of the kaolinite begins at a temperature of 437.6 °C (onset).
This temperature guided the selection of the maximum geopolymer curing temperature
of 450 °C, considering that at this temperature, only some kaolinite has undergone
complete dehydroxylation, allowing the influence of this behavior on the synthesis of

geopolymers to be evaluated.



77

1 1 1 1 1 1
- 100
=
£ - 95
oS %
©
(2] -
2 NS
- 85
T T T T T T T 980' c T 80
200 400 600 800 1000
Temperature

Figure 3- TG/DSC curves of ALB-1.
3.2 CHARACTERIZATION OF GEOPOLYMERS
3.2.1 Mineralogy obtained by XRD

The phase assembly of the synthesized geopolymers includes all the minerals
originally present in ALB-1, plus zeolite and hydrosodalite, formed by the reaction of
the sample with NaOH (Figure 4).

The semiquantitative results show that the kaolinite and gibbsite contents
decreased in all geopolymers when compared to the percentages in the in natura sample
(Table 3 and Figure 5), indicating that some kaolinite has been transformed (zeolite
and/or hydrosodalite) during the geopolymerization reaction.

A simple comparison between the XRD diffractograms of ALB-1 and the
geopolymers shows a greater background in the diffractograms of the geopolymers
(Figure 4-B), which is characteristic of a high percentage of amorphous compounds.
According to the semiquantitative results, the amorphous percentage ranged from 30 to
39% in the geopolymers. This percentage of amorphous material can be attributed to
both the formation of geopolymers and the formation of other components from the

dehydroxylation of kaolinite and gibbsite.
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In the diffractograms of geopolymers G1 and G2, cured at the highest temperature
(450 °C), the characteristic peaks of gibbsite and goethite are no longer noticeable. On
the other hand, the amorphous percentage is higher than that of the G4 and G5
geopolymers, which were produced at the same Na/Al ratio but cured at 100 °C. This
difference in the amorphous percentage is due to the decomposition of gibbsite and
goethite (loss of structural water), which occurs at temperatures of 270 °C and 340 °C,
respectively. The dehydroxylation of goethite results in the formation of hematite[33],
while gibbsite decomposes and forms amorphous p-Al203[34], as shown by the high
percentage of amorphous phases in the G1 and G2 geopolymers cured at 450 °C (Table
3).

Comparing the mineralogical composition of geopolymers G1, G2, G4 and G5
(Table 2) to each other’s, it is observed that the formation of hydrosodalites was favored
at a Na/Al ratio of 0.8 (highest Na/Al ratio), regardless of the curing temperature used.
In contrast, the formation of zeolite (zeolite Na-ZK-4) was only observed at a Na/Al
ratio of 0.6 (geopolymers G2 and G4).

Table 3-XRD-Rietveld semiquantitative results for the mineral phases in ALB-1 and in the
produced geopolymers.

Phases / samples ALB-1 G1I G2 G4 G5 @9
kaolinite (Al2Si20s(OH)a) 45 28 35 32 26 29
gibbsite (AI(OH)s3) 34 -- -- 6 4 5
Al-goethite (FeogsAlo.17)O(OH) 11 -- -- 1 9 10
hematite (Fe;03) 7 11 13 7 8 7
anatase (TiO,) 2 2 2 2 2 2
hydrosodalite (Nag(Al68i5024)(OH)2(H20)2) -- 15 8 3 16 11
hydrosodalite (Nag(AlsSis024)(OH)2) -- -- 1 -- -- --
hydrosodalite (Nas_sg(A|3,68i8,4024)(HzO)l,z) -- 5 2 6 5 4
zeolite Na-ZK-4 ((Na7,35H1,64)A|98i15048(H20)4,68) -- -- 1 2 -- --
amorphous 1 39 39 30 31 33
quartz (SiOy) -- -- -- -- 1 --
total 100 100 100 100 100 100
curing temperature -- 450 450 100 100 275
Na/Al ratio - - 08 06 06 08 0.7
GOF 1.72 15 142 158 146 146
Rwp 12.68 11.08 10.51 11.35 10.46 10.86
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Figure 4- A- XRD patterns of the geopolymers. B: Same patterns overlapped with the pattern of

ALB-1, demonstrating the higher background of the former.
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Figure 5- XRD-Rietveld semiquantitative results for the mineral phases in G4-1 produced

geopolymers.
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3.2.2 FT-IR spectra

Figure 6 shows the FT-IR results for the geopolymers. The permanence of the
bands exhibited by the in natura samples was observed (3622-3620 cmt, 370-3695 cm‘1,
3525 cmt, 3464-3452 cm?, 1660-1652 cm™, 1116-1100 cm1, 1006-1004 cm®, 914-910
cm?, 702-696 cm™, 543-540 cm, 470-468 cm™). These bands are associated with the
presence of O—H (3622-3620 cm™, 370-3695 cm™, 3525 cm!, 3464-3452 cm™), H-OH
(1660-1637 cm®), Si-O-Si (1006-1004 cm™), AI-OH (914-910 cmY), Si-O-Al (702-696
cmt and 470-468 cm™) and Fe—O (543-540 cm™®) groups.

The absorbance of the OH band in the region of 3622-3420 cm™ is in accordance
with the increase in temperature, showing the structural loss of gibbsite, goethite and
kaolinite. The same behavior is observed in the region of 1660-1637 cm™, which
corresponds the presence of surface water.

The difference in band intensity at 1004 cm™ is a result of the increased
dissolution of aluminosilicates, confirming the activation of the geopolymers[4]. The
absorbance intensity differs among the geopolymers. The band at 794 cm™ is slightly
shifted compared to that of ALB-1 in natura, in addition to exhibiting a change in
intensity, which is indicative of the formation of the geopolymer[10]. In addition, in ALB-
1, there is a broad band at 538 cm™ and a band at 468 cm™. These bands are also present
in the geopolymer spectra; the 538 cm™ band becomes thinner and is shifted to 543-540
cmt, and the 468 cm™ band is shifted to 468-470 cmL; this change may be indicative of
the presence of hydrosodalites/zeolites[35], agreeing with the XRD results. The
absorption band in the region of 1035-1031 cm™ corresponds to the vibration of Si-O-T
bonds[32].
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Figure 6- FT-IR spectra of the geopolymer samples.
3.2.3 FT-IR spectra of the “white spot” formed in the geopolymers

Figure 7 shows the FT-IR spectrum of the “white spot” that appears in the
geopolymers. The absorption band at 1413 cm™ can be attributed to the asymmetric
stretching of C—O-C bonds due to the formation of Na,CO3z or NaHCO3 resulting from
the reaction of the CO> in the environment with excess NaOH that did not react in the
geopolymerization process[36—38]. The presence of the band at 1637 cm™ may be related
to the O—H bonds of physically adsorbed water on the sample surface, which may react
with the C—O—C bond of sodium bicarbonate[39—41]. Absorption in the 3465 cm™ region
is characteristic of the stretching of O—H bonds, which may be related to the presence of
sodium bicarbonate (NaHCO3).42]. The other bands in the spectrum have already been

described in Figure 6.
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3.2.4 Compressive strength

Figure 8 shows the compressive strength results for the geopolymers. The
compressive strength values range from 8.99 to 41.89 MPa. The lowest strength (8.99
MPa) is obtained at a Na/Al ratio of 0.9 and curing temperature of 275 °C, while the
highest value is achieved at a Na/Al ratio of 0.6 and curing temperature of 100 °C.

The compressive strength results follow a trend inversely proportional to the
Na/Al molar ratio and the percentage of hydrosodalite formed in the geopolymers.

For example, the lowest strength values are obtained at ratios of 0.8 and 0.9 (8.99,
19.51 and 23.08 MPa), corresponding to the highest percentages of hydrosodalite (Table
2). Based on these results, it can be inferred that the presence of a considerable percentage
of hydrosodalite negatively affects the strength gain of the geopolymers. Another factor
that may have contributed to lower resistance is the carbonation process (Figure 7), which
occurred mainly at the highest ratios studied (0.8 and 0.9) due to excess NaOH that did
not react in the geopolymerization process.

The highest compressive strength values are obtained at the lowest ratios (0.5, 0.6
and 0.7). At these ratios, the percentage of the all hydrosodalite types is much lower than

that at ratios of 0.8 and 0.9, which favored strength gain.
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Figure 8- Compressive strength of the geopolymer samples.

3.2.6 Statistical parameters

Regression analysis was performed to evaluate the effect of the dependent
variables (Na/Al ratio and temperature) on the compressive strength of the geopolymers
(Table 4).
From the analysis of variance (ANOVA) results (Table 5), it can be seen that the
regression model fails the lack of fit test because the ratio of the calculated pure error F
value (9.34)/tabulated F value (18.48) is lower than 1. The model also shows a good
regression according to the ratio of the model F value (192.15)/tabulated F (9.03). The
correlation coefficient (explained variation, 0.99) and adjusted R? (maximum explained

variation, 0.99) values are close to 1, reinforcing that the studied model is statistically

adequate.
Considering the points highlighted above, the coefficients of the model were

calculated based on the squared sum of the residuals (0.98) and a t value of 4.3027, with

95% confidence.
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Table 4- Conditions of geopolymer synthesis according to the Doehlert statistical design.

Exp Temperature (X1) Na/Al (X2) Response variable:
No ' Compressive
' Coded Real Coded Real strength (MPa) (Y)
1 0.866 450 0.5 0.8 19.51
2 0.866 450 -0.5 0.6 36.09
3 0 275 -1 0.5 40.56
4 -0.866 100 -0.5 0.6 41.89
5 -0.866 100 0.5 0.8 23.08
6 0 275 1 0.9 8.99
7 0 275 0 0.7 34.86
8 0 275 0 0.7 33.88
9 0 275 0 0.7 34.61
Table 5- Analysis of variance (ANOVA) results for the full model.
Source sS Degrees of MS Model E Tabulated R? Adjuszted
freedom F R
Model 944.95 5 188.99  192.15 9.03 0,99 0,99
Error 2.95 3 0.98
Total 947.91 8 118.49
Pure error 0.52 2 0.26 9.34 18.48
Lack of fit  2.43 1 2.43

3.2.7 Coefficients of the RM (Regression Model)

Figure 9 shows the coefficients of the model. Six coefficients were calculated:
X0, X1, X2, X12, X22, and (X1 x X2). Among the calculated coefficients and their
confidence intervals, the coefficients X1? (T 2) and (X1 x X2) ((Na/Al) x T) were not

significant for the proposed model according confidences intervals.
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Figure 9- Regression coefficients.

3.2.8 New regression model with only significant coefficients

The ANOVA results (Table 6) for the recalculated model including only
significant coefficients demonstrate that the model fails the lack of fit test (calculated F
(0.26)/tabulated F (19.19) is less than 1) and has a good regression. The R? value (0.98)
shows that the regression equation is satisfactory for predicting the mechanical
compressive strength within the experimental parameters studied. The R? value implies
that 98% of the variation in mechanical strength was described by the independent
variables.

The coefficients of the model were calculated based on the squared sum of the
residuals (2.36) and a t value of 2.7764 with 95% confidence.

Table 6- Analysis of variance (ANOVA) results for the recalculated model.

Source SS Degrees of MS Model F  Tabulated R? Adjusted
freedom F R?
Model 936.10 3 312.03  132.17 5.41 0,98 0,99
Error 11.80 5 2.36
Total 947.91 8 118.49
Pureerror  0.52 2 0.26 14.46 19.19
Lack of fit  11.28 3 3.76
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3.2.9 Coefficients of the new regression model (RM)

The coefficients of the new model are shown in Figure 10. Four coefficients were
calculated: X0, X1, X2, and X22. All coefficients of the model are significant. The model
equation can be described as follows:

Mechanical strength RM = 33.44 - 2.70X1 - 16.42X2 - 9.17X12

40 ¥ Coefficients

+ Coefficients - confidence interval
+ Coefficients + confidence interval

Y

30

10

-10

v

1 15 2 25 3 as 4
Figure 10- Recalculated regression coefficients.

3.2.10 Response surface and optimization of mechanical strength

The response surface for mechanical compressive strength in relation to the two
experimental factors studied (Na/Al and temperature) is shown in Figure 11. Analyzing
the three-dimensional graph, it can be seen that the experimental optimum region (40 to
45 MPa) is located in the range of Na/Al ratios between 0.5 and 0.6 and temperatures
between 100 and 275 °C. The optimal region includes conditions that have already been
tested in experiments 3 (Na/Al 0.5, 275 °C) and 4 (Na/Al 0.6, 100 °C); however,
considering energy costs, the conditions of experiment 4 would be better because the

resulting material exhibits high resistance at low temperature.



Figure 11- Response surface plot for compressive strength.
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4 CONCLUSIONS

Bauxite washing clay contains 45% kaolinite, which allows it to be applied
together with amorphous microsilica and NaOH as an alkaline activator in the synthesis
of geopolymers. However, the XRD and FT-IR results for the geopolymers showed that
not all kaolinite present in the samples reacted and that the reacted percentage formed not
only amorphous aluminosilicates, which are sometimes common in geopolymers, but also
the crystalline phases hydrosodalite and zeolite; thus, the product formed can be defined
as a hybrid material (a mixture of crystalline phases and amorphous material).

The fact that not all kaolinite reacted with the NaOH solution provided NaOH
to react with CO2 and H>O from the environment, favoring the carbonation process and
the formation of sodium carbonate (Na.COz) and sodium bicarbonate (NaHCO3).

Due to the reaction mechanism under the studied synthesis conditions, which
favored the formation of hydrosodalite and sodium carbonate/sodium bicarbonate, the
mechanical resistance of the geopolymers was negatively affected, especially at a higher
Na/Al ratio (0.9 and 0.8) and higher temperature (450 °C). However, the best compressive
strength results were obtained at Na/Al ratios of 0.5-0.6 (40.56-41.89 MPa) and
temperatures of 100-250 °C, which were defined as the optimal region by the response
surface graph.

Considering the points highlighted above, it can be inferred that washing clay
is a good starting material for the synthesis of geopolymers, with no need for thermal
treatment (formation of metakaolinite) to obtain good mechanical strength. Another
favorable factor is the low Na/Al ratio (0.5-0.6), which is necessary to achieve good
mechanical properties.

This geopolymer synthesized from bauxite mining waste at low temperature and
with a low Na/Al ratio represents a sustainable alternative for the replacement of
construction products (cement, concrete, among others), drastically contributing to
decreases in energy expenditure and CO> emissions in the atmosphere, which is derived
of limestone used in Portland manufacture. In addition this product is cheaper than
traditional geopolymers that require a Na/Al ratio of 1.1.
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5 CONCLUSOES GERAIS

A composicdo mineraldgica das duas amostras evidenciada pelas analises de
DRX, FTIR e TG/DSC, confirmaram a predominancia de caulinita em ambas as amostras.
Elas apresentaram gibbsita, goethita, hematita, quartzo e antdsio como minerais
acessorios. A hematita so esta presente na amostra de Argila de Lavagem, enquanto que
0 quartzo, apenas, na amostra de Argila de Belterra.

Apesar da predominancia de caulinita nas amostras ser bastante favoravel para
sintese de geopolimeros, a presenca dos outros minerais afeta negativamente o ganho de
resisténcia dos geopolimeros sintetizados com KOH.

Se compararmos as amostras de Argila de Belterra e a amostra de Argila de
Lavagem da Bauxita, ambas apresentam vantagens para aplicacdo na sintese de
geopolimeros. A Argila de Lavagem apresenta vantagens por ter passado por um processo
de tratamento (britagem, moagem e classificacdo) que contribui para que essa amostra
seja bastante homogénea e ndo exija mais etapas de preparacdo quando aplicada na sintese
de geopolimeros. Por outro lado, apesar da amostra de Argila de Belterra ndo ser uma
amostra pré-tratada durante o processo de extragdo, ela apresenta vantagens por ter maior
percentual de caulinita em sua composicao.

A resisténcia a compressao dos geopolimeros sintetizados com as duas amostras,
acima de 40 MPa, favorecem a sua aplicagdo em diversas areas da construcao civil
(diferentes tipos de cerdmica, cimento, concreto, entre outros). Por outro lado, as
condicdes de sintese utilizadas com a Argila de Lavagem da Bauxita, colaboram para o
gue seu uso seja ainda mais atrativo, considerando que a maior resisténcia foi exibida em
razdes bem mais baixas de Na/Al (0,5 e 0,6) que as dita como ideal (1,1), reduzindo o
consumo de NaOH pela metade, barateando o processo. Outro fato positivo pra o uso da
Argila de Lavagem da Bauxita, foi a comprovacdo da ndo necessidade de calcinacdo da
amostra, reduzindo o consumo energeético.

Analisando os relatos acima, podemos concluir que a aplicagdo das duas matérias-
primas em geopolimero contribui para que esses materiais tenham uma finalidade nobre,
gue tem ganhado bastante destaque, ndo s6 pela comunidade cientifica, mas, também pela
indUstria da construcdo civil, por ser considerado um produto Eco-friendly, de baixo
consumo energético e um possivel substituto do cimento, um produto com alta emissédo

de CO; na atmosfera.
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ANEXO A - CORPOS DE PROVA DOS GEOPOLIMEROS SINTETIZADOS A
PARTIR DA AMOSTRA BTC-1 CALCINADA A 750°C
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ANEXO B - CORPOS DE PROVA DOS GEOPOLIMEROS SINTETIZADOS A
PARTIR DA AMOSTRA CIM-1 CALCINADA A 750°C
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