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RESUMO

Na presente tese os residuos de lavagem de bauxita foram explorados como precursor
de baixo custo para a preparacdo de um nanonoadsorvente formado de hidréxido duplo em
camada (HDL) semelhante a piroaurita (Mg-Fe-Al-NOs). Posteriormente esse HDL precursor
foi calcinado para se obter 6xidos metalicos mistos (MMO) e codificado como CLDH-X,
onde X representa a temperatura de calcinagdo. O HDL foi sintetizado pelo método classico
de co-precipitagdo a partir de uma solucfo rica em cations trivalentes Fe** ¢ AI*" obtida apos a
digestdo acida do rejeito de lavagem de bauxita. Os materiais sintéticos HDL e CLDH-X
foram caracterizados estrutural e morfologicamente por difragdo de raios X (DRX),
espectroscopia de infravermelho (FTIR) e Raman, microscopia eletronica de varredura
(MEV), microscopia eletronica de transmissdo de alta resolugdo (HRTEM) e medidas de area
superficial especifica (método BET). O primeiro material foi testado para remocdo de
eritrosina B (EB) de solugdes aquosas, enquanto o segundo foi aplicado na adsorcdo de
ponceau 4R (P4R). O efeito da temperatura, da dosagem do adsorvente, pH, tempo de contato,
e concentragdo inicial foram investigados. O HDL provou ser adequado para remocgao rapida
e eficiente de EB. Na verdade, quase a adsor¢do completa do corante na piroaurita
nanoestruturada ocorreu nos primeiros 20 min levando a uma capacidade de adsorc¢do (qe)
igual a 94,25 mg/g para uma area superficial especifica de 81 m*/g. Sua taxa de remogio de
corante (porcentagem) aumentou de 89% para 93% a medida que a temperatura aumentou de
308 K para 328 K. Paralelo aos experimentos de adsor¢do, usando CLDH-X, se investigou o
efeito memoria sofrido por esses Oxidos mistos e como essa regeneragdo estrutural afeta
diretamente na remocao do P4R. Ambos os CLDH-X apresentaram excelente desempenho na
adsor¢do do P4R. O CLDH-400 obteve taxa de remog¢do de 99% em apenas 30 min de tempo
de contato, enquanto que o CLDH-600 obteve taxa de remocao de 98% em 240 min. Esse
tempo de contato mais logo foi drasticamente reduzido quando a solugcdo do corante foi
aquecida 313 K; em apenas 60 min a taxa de remoc¢do chegou a 99,5%. A excelente
capacidade de adsor¢ao do CLDH-400 foi influenciada principalmente pelo efeito memoria.
Por outro lado, os MMOs quando expostos a condi¢cdes atmosférica também regeneram suas
estruturas e esse mesmo fenomeno interferiu de forma negativa nos experimentos de
adsor¢do, fazendo com que a eficiéncia na remocdo caisse aproximadamente 40%. Os
resultados sugerem que tanto o HDL como os oxidos metédlicos mistos sdo adsorventes

promissores € materiais uteis no tratamento de dguas contaminadas por corantes sintéticos.

Palavras-chave: HDL; MMO; rejeito de bauxita; efeito memoria; adsor¢do; EB; P4R.
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ABSTRACT

In the present thesis, bauxite washing waste were explored as a low-cost precursor for
the preparation of a layered double hydroxide (LDH) nanonoadsorbent similar to pyroaurite
(Mg-Fe-AI-NO3). Subsequently, this LDH precursor was calcined to obtain the so-called
mixed metal oxides (MMO) and encoded as CLDH-X, where X represents the calcination
temperature. The LDH was synthesized by the classical co-precipitation method from a
solution rich in trivalent cations Fe'" and AI’" obtained after acid digestion of the bauxite
wash tailings. The synthetic materials HDL and CLDH-X were characterized structurally and
morphologically by X-ray diffraction (XRD), infrared spectroscopy (FTIR) and Raman,
scanning electron microscopy (SEM), high resolution transmission electron microscopy (HR-
TEM) and specific surface area measurements (BET method). The first material was tested
for removal of erythrosine B (EB) from aqueous solutions, while the second was applied to
the adsorption of ponceau 4R (P4R). Effect of temperature, adsorbent dosage, pH, contact
time, and initial concentration were investigated. LDH has proven to be suitable for rapid and
efficient removal of EB. In fact, almost complete adsorption of the dye onto the
nanostructured pyroaurite occurred within the first 20 min leading to an adsorption capacity
(qe) equal to 94.25 mg/g for a specific surface area of 81 mz/g. Its dye removal rate
(percentage) increased from 89% to 93% as the temperature increased from 308 K to 328 K.
Parallel to the adsorption experiments, using CLDH-X, the so-called memory effect suffered
by these mixed oxides was investigated and how this structural regeneration directly affects
the removal of P4R. Both CLDH-X showed excellent performance in P4R adsorption, CLDH-
400 achieved a removal rate of 99% in just 30 min of contact time, while CLDH-600 achieved
a removal rate of 98% in 240 min. This contact time was drastically reduced when the dye
solution was heated to 313 K, in just 60 min the removal rate reached 99.5%. It could be
inferred that the excellent adsorption capacity of CLDH-400 was mainly influenced by the
memory effect. On the other hand, this same phenomenon negatively interfered in the
adsorption experiments, causing the removal efficiency to drop by approximately 40%. The
results suggest that both LDH and mixed metal oxides are promising adsorbents and useful

materials in the treatment of water contaminated by synthetic dyes.

Keywords: LDH; MMO; bauxite waste; memory effect; adsorption; EB; P4R.
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1 INTRODUCAO

Rejeitos da mineragdo sdo subprodutos classificados como sem valor comercial,
gerados durante o processo final de beneficiamento mineral. Eles geralmente sdo
caracterizados por sua granulometria extremamente fina (menor que 400 mesh), que ao serem
combinados com agua formam uma mistura viscosa ¢ pegajosa (semelhante a lama), sendo
descartada em barragens de sedimentagdo (Vergara et al. 2022, Siqueira et al. 2022, Kutter et
al. 2023).

No Brasil, ha um consenso sobre a crescente preocupagdo com esses produtos em
virtude de varios aspectos ambientais, dentre eles: 1) acidentes gerados pelos rompimentos de
barragens; ii) contaminagdo de aguas superficiais, subterraneas e solos; iii) mudangas no
microbioma, iv) custos elevados de transporte; v) desflorestamento de grandes areas para seu
armazenamento (Pacheco ef al. 2023, Thompson et al. 2023). De acordo com o relatorio anual
de barragens lancado em 01/07/2023 pela Agéncia Nacional de Mineracdo, atualmente o pais
possui mais de 924 barragens de rejeitos de minério metalico e ndo metalico, sendo que quase
40 % estdo na Regido Amazonica (356 barragens), distribuidas majoritariamente nos estados
do Mato Grosso (18 %) e Para (12 %), que também detém o maior nimero de barragens
consideradas de alto risco (~ 15 barragens) (Freitas ef al. 2023).

No estado do Para, a localizagdo de mais de 113 barragens se concentra
principalmente nos municipios de Juruti, Porto Trombetas e Paragominas (finos de lavagem
de bauxita), Barcarena (lama vermelha de refino de alumina e rejeitos de caulim) e Provincia
Mineral de Carajas (rejeitos de minério de Fe, Cu, Mn, Ni e Zn). Considerando-se a
importancia do setor mineral a transi¢ao energética (crescente procura por minérios de Li, Al,
Fe, Cu, Mn, Zn, ETR) e ao desenvolvimento regional da Amazoénia e do estado, estudos de
caracterizagdo, reutilizagcdo e reciclagem destes produtos sdo oportunos, uma vez que podem
contribuir para uma mineragdo cada vez mais sustentavel, contribuir para a criagdo de ativos
financeiros, incentivo a inovagao e a formagao de recursos humanos de exceléncia (Asr et al.
2019, Hosseinpour et al. 2022, Russell 2023)

Em relacdo ao minério de bauxita, ele ¢ o mais importante bem mineral de extracao do
aluminio na atualidade, sendo estratégico para diversos setores da inddstria moderna
(embalagem de produtos farmacéuticos, cosméticos, bebidas e produtos alimenticios; no setor
de transportes, presente em praticamente todos os sistemas e componentes utilizados na
fabricagdo de veiculos; na constru¢ao civil, como esquadrias de aluminio, painéis de

revestimento, formas de aluminio para paredes de concreto e andaimes). Seu principal



processo de beneficiamento data o século XIX, através do tradicional processo Bayer, que
permanece até hoje e cuja fungdo € a producao de 6xido de aluminio/alumina pela purificacao
do minério.

Durante o processo de beneficiamento do minério de bauxita ocorrem a geracao de
dois principais sub-produtos sem valor economico, que podem ser classificados como fisico
(rejeitos de lavagem para remog¢do de argila e 6xidos de ferro) e quimico (proveniente da
dissolu¢do da alumina em soda caustica). Este ultimo ¢ conhecido como lama vermelha,
sendo investigado por mais de meio século em estudos de sua caracterizagdo, disposi¢ao e
reutilizacdo, com mais de 1200 patentes e centenas de trabalhos técnico-cientificos, o que
ilustra a permanente preocupag¢ao da comunidade cientifica com esse tipo de rejeito (Evans,
2016).

Quanto aos rejeitos de lavagem, em termos de publicacdo de artigos cientificos, sdo
menos conhecidos e estudados em relagdo a lama vermelha, mas que também sdo importantes,
principalmente na Amazoénia onde estdo em maior quantidade do que a lama vermelha e
localizam-se nas cidades de Porto Trombetas, Juruti e Paragominas. Seu reaproveitamento
tem sido investigado e proposto como matéria-prima barata para a producao de geopolimeros,
aditivos de argamassa e nanoestruturas como hidroxidos duplos lamelares (HDL) pertencentes
a familias da piroaurita e hidrocalumita Fe-Mg-Cl e Ca-Al-Cl (Santiago et al. 2018, Azevedo
et al. 2019, Nascimento ef al. 2019, Racanelli ef al. 2020).

Os Hidroxidos Duplos Lamelares também conhecidos como argilas anidnicas podem
ser sintetizados através de diversas rotas de sinteses utilizando geralmente reagentes
comerciais. Esses nanomateriais bidimensionais apresentam uma estrutura altamente versatil,
capaz de acomodar vérias espécies de cations e anions e de se regenerar (efeito memoria) apos
calcinagdo. Ap0s a calcinagdo, sdo originados importantes 6xidos metalicos mistos (MMO)
ou 6xidos duplos em camadas (LDO). Os MMO assim como os HDL possuem propriedades
acido-base, sitios de vacancias e estruturas que possibilitam a forma¢ao conjunta com outros
materiais (0xido de grafeno, particulas magnéticas, quitosana, nanotubo de carbono),
formando os chamados compdsitos ou heteroestruturas (Gallastegui et al. 2012, Lyu et al.
2019, Tian et al. 2020, Sajid & Thsanullah 2023, Wang et al. 2023).

Isoladamente ou na forma de heteroestruturas os MMO e os HDL podem ser aplicados
em varias areas como na eletroquimica, catalise e fotocatalise, agricultura, como carregadores
de farmacos, aditivos para polimeros, filmes finos, materiais de eletrodo, baterias a base de

litio e adsorventes (Li & Duan 2006, Wang & O’Hare 2012, Zhang ef al. 2021).



1.1 ESTRUTURA DA TESE

A presente tese foi elaborada seguindo a forma de integracao de artigos.

No primeiro artigo, aprovado (2022) na Revista Applied Clay Science ¢ intitulado:
From mining waste to environmetal remediation: a nanoadsorbent from Amazon bauxite
tailings for the removal of erythrosine B dye. Nele foi realizado um estudo de caracterizagao
do rejeito de lavagem da bauxita e sua conversdo em nanoestrutura de HDL-MgFeAl tipo
piroaurita, com posterior aplicagdo na remoc¢do do corante anionico eritrosina B, em solugao
aquosa.

O segundo artigo, submetido (2024) na Revista Applied Clay Science ¢ intitulado:
Structural reorganization and performance of low-cost, LDH-derived mixed oxides from
Amazon bauxite tailings in ponceau 4R-dye removal. Nele foi abordado o processo de
calcinagdo do HDL, precursor para se obter 6xidos metilicos mistos e em seguida se
investigou suas propriedades adsortivas em relagdo ao corante anionico ponceau 4R. Paralelo
aos ensaios de adsor¢do também foi verificado o processo de regeneragdo estrutural dos
oxidos mistos (efeito memoria) e como esse fendmeno interfere diretamente no desempenho

de remocao do corante.



2 OBJETIVOS
2.1 GERAL:

Avaliar o emprego de rejeitos de lavagem de bauxita da barragem de Saraca (Porto
Trombetas/PA) para a producdo de adsorventes de baixo custo e testa-los na adsor¢do de

poluentes emergentes persistentes do grupo dos corantes.

2.2 ESPECIFICOS:

a) Identificagdo da composi¢do quimica e mineraldgica dos rejeitos de lavagem de bauxita da

Regido Oeste do Paré por fluorescéncia de raios X e difracdo de raios X

b) Obteng¢do do HDL ternario do sistema MgFeAl/NOs e seus derivados 6xidos metalicos
mistos (MMO)

¢) Caracterizagdo do HDL e dos MMO por difratometria de raios X, TG/DSC, espectroscopia
de Infravermelho e Raman, Microscopia Eletronica de Varredura, Microscopia Eletronica de

Transmissao de Alta Resolugdo (HR-TEM);

d) Aplicacdo do HDL ternario de MgFeAl/NO; na adsor¢do de eritrosina B (EB) e dos MMO
a remocao de ponceau 4R (P4R), e detalhada investigagdo do processo de adsor¢cdo com base

nos modelos cinéticos e 1sotermas de adsorcao.



3 REVISAO BIBLIOGRAFICA
3.1 OS REJEITOS DE BAUXITA

Em 1821, o francés Pierre Berthier descobriu um minério avermelhado da regido de
Lé&s Baux, no sul da Franga, contendo 52% de 6xido de aluminio. Tratava-se da descoberta da
bauxita, o principal minério de aluminio. O termo bauxite s6 foi empregado pela primeira vez
em 1845 por Dufrenoy em alusdo ao nome da cidade onde foi descoberta (Carvalho 1989,
Martires 2001).

Os depositos de bauxita no estado do Para sdo tipicamente lateriticos € ocorrem como
platds quilométricos, derivados principalmente de rochas sedimentares creticeas. Os
principais depositos, por regido, sdo: Paragominas e Rondon do Para, no sudeste do estado do
Para; Almeirim, Monte Dourado, Juruti, Rio Paru e Trombetas, Oriximina e Faro, no Baixo
Amazonas, no oeste do Para; Carajas, no sul do Para (Costa et al. 2014).

As principais minas estdo localizadas em Trombetas, Paragominas e Juruti e
respondem por 85% da producdo brasileira de bauxita. Atualmente trés empresas extraem esse
minério no estado, a Mineragao rio do Norte (MRN) em Oriximina-Porto Trombetas, ALCOA
em Juruti e a Hydro Alunorte na cidade de Paragominas. Toda a produgdo ¢ destinada tanto
para fins de uso metalico no Brasil quanto para exportagdes (Simineral 2019).

Na cidade de Porto Trombetas as etapas de beneficiamento da bauxita envolvem:
decapeamento, britagem, lavagem e estocagem (Figura 1). A bauxita maciga proveniente das
frentes de lavra ¢ transportada até aos britadores primarios e secundarios que reduzem o
minério a at¢ 130 mm. A bauxita britada ¢ transportada para a planta de lavagem com o
objetivo de desagregar a argila da bauxita, reduzir o teor de silica e realizar a separagdo
granulométrica dos grdos. A bauxita com granulometria maior que 4 mm ¢ chamada de
produto granulado; produto fino quando a granulometria ¢ de 150 mesh; produto muito fino
quando a granulometria estd entre menor de 150 mesh e maior de 400 mesh e por fim o
produto menor que 400 mesh é chamado de rejeito de lavagem e ¢ depositado nas chamadas
bacias ou barragens de rejeitos (Ferreira 2016).

A bauxita lavada segue para o patio de estocagem, e, em seguida ¢ transportada da
mina até o Porto e pode seguir ainda imida para os navios ou pode ser comercializada seca,
passando por um dos trés fornos secadores antes de embarcar para refinarias do Brasil e do

exterior (MRN 2023).
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Figura 1- Etapas do processo de beneficiamento do minério de bauxita. Fonte: Mineragéo Rio do Norte.

A Hydro Alunorte, situada em Barcarena no Pard, ¢ a maior refinaria de alumina do
mundo fora da China (Hydro 2023). A transformacdo do minério de bauxita em alumina
calcinada ocorre através do processo denominado Bayer. As etapas do processo Bayer

consistem em: moagem, digestdo, clarificagdo, precipitacdo e calcinagao (Figura 2).
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Figura 2- Grafico simplificado do processo Bayer para extragdo de alumina da bauxita. Fonte: Norsk Hydro ASA
(2017).



A bauxita ¢ moida e misturada a uma solu¢do NaOH, com a qual reage sob pressao e
temperatura, em reatores (digestores), dissolvendo-se e formando uma solug¢do de aluminato
de sédio (Na(Al(OH)4)). A clarificacao € uma das etapas mais importantes do processo, nela
ocorre a separacao entre as fases solida (residuo insoluvel ou lama vermelha) e liquida (licor
rico contendo aluminato de so6dio), através das técnicas de decantagdo seguido de filtracdo. A
precipitagdo se d4 com o resfriamento do licor rico em aluminato de sddio. Em seguida, a
alumina precipitada ¢ transportada para a calcinagdo. Nessa ultima etapa a alumina ¢ lavada
para remover o hidroxido de sddio e calcinada a aproximadamente 1.000°C para desidratar os
cristais, formando cristais de alumina (Al,O3), de aspecto arenoso e branco (Alves 2017).

A fase solida (residuo de lama vermelha) também ¢ lavada para se recuperar o maximo
de NaOH e posteriormente armazenada nos depoésitos de residuos solidos da refinaria. A
Alunorte possui dois depositos de residuos solidos: DRS1 e DRS2. O DRSI iniciou suas
operagdes em 1995, quando a refinaria foi inaugurada ¢ o DRS2 teve sua fase de teste e

comissionamento iniciada em agosto de 2016 (Hydro 2023).

3.2 REAPROVEITAMENTO DOS REJEITOS DE BAUXITA

O estado do Para possui cerca de 98 barragens e bacias de rejeito de mineragao
localizadas em 13 cidades: Oriximinda, Juruti, Barcarena, Almeirim, Ipixuna do Para,
Paragominas, Marab4, Curionopolis, Canad dos Carajas, Ourilandia do Norte, Parauapebas,
Sdo Félix do Xingu e Itaituba. Com esforgos permanentes e com uso de tecnologias avangadas
as mineradoras buscam a eliminacdo gradativa dessas barragens (Simineral 2019).

Os incentivos aos estudos sobre o aproveitamento desses residuos tém se
intensificando, uma vez que segundo as suas propriedades fisico-quimica, eles podem gerar
produtos de grande relevancia econdmica tais como nanomateriais, aditivos para constru¢ao
civil, geopolimeros, adsorventes, catalizadores, dentre outros. Com a vantagem de ser uma
solugdo interessante para a protecdo do meio ambiente (Liu et al. 2007, Silva 2008, Gilkes &
Snars 2009, Liu et al. 2009, Xiao et al. 2009, Ribeiro 2011, Bitencourt et al. 2012).

Em relacdo aos rejeitos de lavagem de bauxita da Amazonia, sua composicao
mineraldgica consiste principalmente em caulinita, gibbsita, hematita, goethita, quartzo e
anatasio, e geralmente apresentam altos teores de SiO;, AlL,O; e Fe,O;. O pH € de
aproximadamente 6,6 e a granulometria das particulas consiste em um diametro médio (ds)
de 3,1 um, variando entre 0,5 a 9,3 um, sendo o rejeito classificado como uma suspensao

formada por particulas ultrafinas (Santos et al. 2013, 2014, Racanelli et al. 2020).



A lama vermelha tem uma composi¢ao quimica e mineralogica semelhante, porém
com destaque para teor de Na,O que ¢ superior a 11% e o aparecimento dos minerais goethita,
sodalita e muscovita. O residuo ¢ altamente alcalino com pH acima de 12 e didmetro médio
das particulas (dsp) ¢ de35 um, aproximadamente (Cunha & Corréa 2011, Hu et al. 2017,
Braga et al. 2017).

A tabela abaixo contém algumas publicagdes cientificas que aplicaram ou
transformaram tanto o rejeito de lavagem de bauxita como o rejeito de lama vermelha para
diversos fins. Nota-se, porém, que a lama vermelha foi mais utilizada como material de

partida para obten¢ao de HDL, do que o rejeito de lavagem.

Tabela 1- Exemplos de aplicagdes do rejeito de lavagem de bauxita em comparacio ao rejeito lama vermelha.

Autores

Racanelli et al. 2020

Aplicagdes do rejeito de lavagem de bauxita em:
Ligantes geopolimérico
Argamassa e cimento Santiago et al. 2018

Azevedo et al. 2019, Couto

Cimento geopolimero

Estabilizagdo de rejeitos por um ligante alcali-ativado de cinza do bagago
de cana-deagtcar e cal de carbureto
Adsorventes de corante téxtil

Reaproveitamento por flotagdo reversa
Hidroéxido duplo lamelar — HDL*

Obtengao de alumen (sal duplo de sulfato de aluminio hidratado)
Aly(SO,);.18H,0
Estudo dobre a solidificagdo da lama de lavagem de bauxita usando lama
vermelha, cinzas volantes, gesso de dessulfurizacio

Aplicagdes do rejeito de Lama vermelha em:

Compdsito de Zeodlita com HDL aplicado na remogdo de Laranja Reativo
16

Compdsito de Fe,03 com HDL usado como catalisador foto-Fenton

Obtengdo de HDL (Mg”")
Composito de HDL com Acetato de etileno vinil (EVA) usado como
retardantes de chama
Lama vermelha e lama de boro para a obtengdo de HDL

HDL Mg(Al+Fe) modificado com Bis (4-nitrofenil) fosfato (BNPP)
utilizado para retardamento de chama e supressdo de fumaca
Lama vermelha e brucita para obter HDL usado para tratar agua vermelha
contendo 2.4,6-trinitrotolueno (TNT)

etal., 2022
Bruschi, 2020

Oliveira et al. 2016
Lage 2018
Nascimento et al. 2022

Momade & Lartey 2010

Bin et al. 2021

Belviso et al. 2020

Lietal 2020
Cunha & Corréa 2011

Lietal 2019
Huetal 2016

Qian et al. 2020

Huetal 2017

*Publicagdo da propria autora



3.3 HIDROXIDO DUPLO LAMELAR
3.3.1 Estruturas e composicio quimica

Descrito como membro da familia das argilas anionicas os hidroxidos duplos
lamelares (HDL) sdo uma classe particular de nanomateriais bidimensionais (2D). O nome
HDL ¢ derivado dos primeiros trabalhos de Feitknecht (Feiknecht 1940), que chamou esses
compostos de “Doppelschichtstrukturen” (estruturas de folha dupla), pressupondo uma
estrutura com camadas de hidréxidos intercalados (Hoyo 2007).

O primeiro mineral, da familia das argilas anionicas, conhecido como hidrotalcita foi
descrito em 1842. De ocorréncia natural, sua descoberta ocorreu em um deposito de
serpentina localizado na cidade de Snarum na Noruega, tratava-se de um mineral de cor
branca, altamente fridvel com composi¢io quimica de magnésio e aluminio (Mg**Al’")
(Forano et al. 2013).

Nesse mesmo periodo um outro hidroxicarbonato misto de magnésio e ferro foi
encontrado, recebendo o nome de piroaurita (devido ao brilho semelhanga do ouro quando
aquecido). Altmann (1968, 1970) descreveu a estrutura da piroaurita, representada pela
formula Mg,> Fe’ (OH)16C0;.4H,0, simetria romboédrica com os dois cations distribuidos
aleatoriamente dentro da mesma folha de hidroxido octaédrico, com anions € moléculas de
agua ocupando a regido entre essas camadas.

A formula geral que representa a estrutura dos HDL ¢ [[M%]_x M (OH), " - (A™
x/m) - nH,0], onde M*" cation metalico divalente, M>" cation metalico trivalente, A™~ anion
intercalado, m— carga do anion e x razdo molar (Rousselot et al. 2002, Tronto 2006). Os
cations metélicos divalente (Mg, Fe**, Ca®", Ni*", Zn”") estdo octaedricamente coordenado
com seis OH', semelhante ao mineral brucita, Mg(OH),. Parte dos cations divalentes sdao
substituidos por cations trivalentes (AI’", Cr’", Mn", Ni*", Co®") e esta substitui¢cdo gera uma
carga residual positiva nas camadas octaédricas que ¢ compensada por anions trocaveis (NOs,
802'4, Cl, F, H,PO4, sendo CO?; o 4nion mais comum encontrado nos HDL) entre as

camadas juntamente com as moléculas de agua (Arrabito ef al. 2019) (Figura 3).
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Figura 3- Estrutura esquematica de hidroxidos duplos em camadas. Fonte: Wijitwongwan et al. (2019).

A estrutura desses nanomateriais ¢ altamente versatil podendo ser constituida ndo
somente por camadas octaédricas de cations M*" e M’", mas também por cations
tetravalentes: Ni*"/Ti*" e Fe’"/Ti’ (Zhang et al. 2008, Xiao et al. 2018) e hexavalentes:
Co*"/Mo®" (Mostafa et al. 2014). Trabalhos recentes destacam a formagio de HDL com
folhas octaédricas contendo trés cations metalicos, os chamados ternarios. Exemplo desses
ternarios sao os de: Ni/Fe/Sr, Ni/Fe/Ti, Ti/Li/Al e Ni/Fe/Cu (Jido et al. 2019, Rathee et al.
2019, Kong et al. 2019, Diez et al. 2020).

Outro destaque a respeito da flexibilidade estrutural dos HDL ¢ sua transformacao em
novos materiais, os chamados 6xidos mistos (Figura 4). O processo de calcinagdo desencadeia
a reorganizacdo da estrutura em altas temperaturas, o que provoca a transferéncia de cations
trivalentes dos sitios octaédricos para os sitios tetraédricos, promovendo a substitui¢do
isomorfica dos cations dimetalicos nos 6xidos mistos. Este rearranjo gera um excesso de
carga positiva na estrutura que ¢ compensado com a geracdo de dois tipos de defeitos
resultantes desta incorporacdo: vacancias cationicas e/ou inclusdo de oxigénio intersticial na

estrutura, formando os correspondentes 6xidos metalicos (Gabriel et al. 2022).
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Figura 4- Processo de obtencdo dos 6xidos mistos. Fonte: Nascimento ef al. (2022). Modificado pela autora.
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Os 6xidos mistos comumente obtidos sdo os 0xidos simples (um metal e um oxigénio
(XmOp)) e os oxidos multiplos (dois metais diferentes em distintas posi¢des na estrutura
cristalina (XY;,03)). Os o6xidos multiplos, também conhecidos como espinélio, apresentam
uma estrutura cristalina onde os cations divalentes (X) e trivalentes (Y) ocupam os sitios
tetraédricos e octaédricos, respectivamente, em uma matriz de oxigénio de um espinélio
normal. Além disso, os cations X e Y podem trocar seus sitios em um espinélio, e suas
preferéncias de sitio sdo afetadas principalmente pelos respectivos tamanhos de cations e pela
energia de estabilizagao do campo do ligante. Uma estrutura inversa de espinélio ¢ formada
quando todos os cations X ocupam os sitios octaédricos ¢ metade dos cations Y ocupam o0s

sitios tetraédricos (Figura 5) (Pilania et al. 2020, Jang et al. 2021).

imﬂ
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Figura 5- Transforma¢do do HDL em estrutura de espinélio. Fonte: Pilania ef al. (2020). Modificado pela
autora.

Devido as suas caracteristicas unicas, incluindo capacidade de inversdo cationica, 0s
oxidos mistos tém sido usados em varios campos, como catdlise e fotocatalise, magnetismo,
em reacdo de transesterificacdo e conversdao de energia. Como por exemplo a aplicagdo de
CuAlO4 na obtengdo de aminas secunddrias por condensa¢do de aminas primarias com
aldeidos aromaticos; os de MgAlOx empregados como sorventes nano estruturados na captura
de CO; e os 0xidos mistos de NiCo utilizados como fotocatalisador para a reducao do teor de
enxofre aromatico em gasolina como o dibenzotiofeno (Nuzhdin ef al. 2020, Veerabhadrappa

et al. 2021, Nazari & Hosseini 2021).



12

3.3.2 Métodos de preparaciao de HDL
a) Co-precipitagdo

Os HDL sao facilmente preparados por co-precipitacio em pH varidvel ou constante,
correspondendo a condi¢des que He et al. (2006) designou com sendo um método de co-
precipitacdo em baixa supersaturacdo e alta supersaturacdo. Em pH varidvel, uma solugao
basica ¢ adicionada a uma solu¢do contendo uma mistura de sais M*>" ¢ M>". Geralmente,
formam-se inicialmente (hidroxidos M*", e a adi¢io adicional de base leva & conversio em
HDL (Figura 6). Para que o pH se mantenha constante em todo o processo ¢ necessario a
adicao simultanea de uma solugao basica (NaOH, KOH e NHj3) e uma solugao mista de sal
metalico (Crepaldi & Valim 1998). De acordo com Forano et al. (2013) o pH da co-

precipitagdo tem um efeito crucial nas propriedades quimicas, estruturais e texturais das fases.

Tratamento
—————————

Hidrotérmico

. M3+

® v

@ Molécula de agua
@ Anion

Figura 6- Esquema simplificado do método de co-precipitacdo a pH variavel.

b) Hidrolise de Uréia

Foi aplicado por Costantino et al. (1998) e esta relacionado ao método de precipitagdo,
porém ao contrario do método padrdo de co-precipitagdo, os ions OH™ sdo agora produzidos
in-situ pela decomposicao de um composto organico que libera amonia como a uréia. O anion
carbonato também ¢ originado durante a decomposicao da ureia, o que facilita a obtencao de
HDL contendo COs* no espaco interlamelar (Figura 7). Os HDL obtidos através desse
mecanismo apresentam cristalinidade muito elevada, cristalitos grandes (faixa um),
distribuicao de tamanho de particula muito homogénea e plaquetas grandes bem cristalizadas
com formato hexagonal sdo geralmente obtidas por este método (Ogawa & Kaiho 2002,

Inayat ef al. 2011).
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Figura 7- Decomposi¢@o da uréia em solucdo aquosa e formagdo de HDL.

¢) Sol-Gel

O processo sol-gel foi explorado pela primeira vez por Lopez ef al. (1996) para a
preparagdo de HDL de Mg—Al. Na ocasido foram usados etoxido de magnésio, tri-sec-
butéxido de aluminio e acetilacetonato de aluminio, de modo que o procedimento pode ser
definido como uma reagdo entre duas solugcdes alcodlicas, no qual ha a presenca dos cations
M*" ¢ M’" nessas substincias. As solugdes sdo misturadas, aquecidas e agitadas com o
objetivo de se obter uma solugdo coloidal na forma de gel (Figura 8). Os HDL obtidos por
esse método apresentam alta estabilidade térmica, alto grau de pureza e elevada area
superficial (em torno de 150 m?/g), se comparada com as areas de hidrotalcitas naturais

(Prince et al. 2009).

Solugido Solugi_m
alcoolicaq1  alcodlica 2

X/
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= @ Wolécula de agua
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Figura 8- Método sol-gel para obtengao de HDL.

d) Mecanoquimico

O uso dessa rota comegou em 2007 com Khusnutdinov & Isupov, que sintetizaram
hidrotalcitas (MgAIl-LDH) usando um moinho de esfera planetirio. O processo
mecanoquimico geralmente era usado como um método de modificacdo da ciéncia dos

materiais para obter particulas altamente dispersas e de alta energia superficial, a partir de
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uma reacdo em fase solida entre os reagentes iniciais (como exemplo: AI(NO3);-9H,0,
Mg(NOs),-6H,0 e NaOH) (Figura 9). Esta rota permite acelerar a sintese de HDL e diminuir
a quantidade de agua na lavagem, além da facilidade de ser realizada usando um almofariz
com um pistilo tanto para sintetizar o HDL como para intercalar compostos inorganicos €

organicos no espago interlamelar do HDL (Qu et al. 2016, Belskaya & Likholobov 2022).
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Figura 9- Mecanismo para sintetizar HDL (parte superior da imagem) e para intercalacdo de novos compdsitos
(parte inferior da imagem).

e) Troca anidnica

A troca anidnica trata-se da intercalacdo de anions especificos no espago interlamelar
do HDL e por essa razao ¢ amplamente utilizada na preparagdo de novos materiais contendo
biomoléculas, anions complexos, tensoativos, carboxilatos, corantes e entre outros (Okada et
al. 1997, Choy et al. 2001, Wang et al. 2011) (Figura 10). De acordo com Zhao et al. (2020),
a reagdo de troca anidnica pode ser expressa como: M>", M>" - A1 - LDH + A2 — M*", M*" -
A2 - LDH + Al. Onde Al e A2 representam o anion original e o anion usado para trocar o
anion original, respectivamente.

Tal procedimento pode ser entendido tanto na perspectiva da termodindmica quanto da
dindmica. Do ponto de vista termodinadmico, a troca no HDL depende principalmente das
interacdes eletrostaticas entre as camadas hidroxiladas com carga positiva e os anions
trocados e, em pequena parcela, da variagdo da energia livre e da entropia envolvidas nas
mudangas de hidratacdo. Por essa razdo, a energia de ligacdo entre a A2 e o HDL deve ser
mais forte que a de Al para que a troca anidnica seja termodindmica favoravel. Por outro
lado, A1 deve ser capaz de se difundir no dominio entre as camadas de HDL no aspecto da

dinamica (Forano et al. 2013, Zhao et al. 2020).
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Isotermas de troca i6nica de OH", CI’, Br, NOj’, CO;% e SO4% em MgAI-LDH foram
investigadas por Miyata (1983) e os resultados mostram que as constantes de equilibrio de
troca i6nica tendem a aumentar a medida que os didmetros dos anions diminuir, logo a
estabilidade de anions monovalentes diminui conforme a ordem F > CI' > Br > NOs,
enquanto que de 4nions divalentes como a ordem COs; > SO,”, e geralmente, o anion
trocavel ¢ adsorvido rapidamente na superficie da particula e entdo se difunde no espago

intercamadas.
HDL matriz Novo HDL

@ wolécula de agua

. Anion

Figura 10- Processo de troca ionica para a formagdo de novos HDLs modificados.

d) Método da calcinagao-reconstrugao

A reconstrugdo da estrutura do HDL apds o mesmo ser calcinado esta relacionada ao
chamado efeito memoria estrutural. Primeiramente, um HDL contendo um anion volatil ¢é
calcinado e a sua estrutura em camadas ¢ transformada em 6xidos metéalicos mistos (MMO)
ou 6xidos duplos em camadas (LDO), que ndo apresentam mais uma estrutura classica em
camadas como os HDL. No entanto, alguns LDO podem ser convertidos novamente em
estruturas em camadas como dos HDL originais, por um processo de reidratado em uma
solug@o aquosa contendo anions a ser intercalados (Ye et al. 2022) (Figura 11).

Miyata em 1980, descreveu pela primeira vez as propriedades fisico-quimicas da
decomposicdo estrutural de hidrotalcita (Mg-Al) e sua reconstrugdo através do processo de
hidrata¢do. Para a autora, se o MgO contendo também Al reagir com agua, ele devera
primeiro formar hidrotalcita, cujo parametro de rede a ¢ o mesmo da amostra original. Para
Millange et al. (2000) a reconstrug¢ao ocorre a partir da dissolugdo dos 6xidos mistos, seguido
da recristalizagdo do HDL em solugao.

Esta propriedade tnica pode ser usada como um método para modificar a camada
intermediaria de HDL, melhorar sua capacidade adsortiva e aumentar seu potencial para ser
aplicado a remediagao ambiental. O método foi aplicado na captura de CO,, na remogao de
diferentes acidos humicos extraido do solo e sedimentos, na produ¢do de HDL luminescentes

. oy eqe A . 3+ . ey - A .
intercalados com um fotossensibilizador anionico para Eu’', na imobilizacdo de selénio e na
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dissolu¢dao de LiNO; e formacgao de eletrolitos carbonaticos (Reddy et al. 2006, Gao et al.
2018, Teixeira et al. 2019, Tian et al. 2020, Wang et al. 2023).

HDL matriz
A3
NAAAS
@ Molécula de agua
@ Anion

Figura 11- Representacdo esquematica do método de regeneragdo.
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O trabalho de Tajuddin et al. (2022) consiste em uma nova forma interessante de
obtencdo de HDL através do uso de NH4CO3/NH4,OH seguido de método da reconstrucao
para producao das fases lamelares, ao invés do uso de NaOH para precipitagdo (aumento do
pH). A metodologia compreende na mistura das solug¢des de nitrato metalico Ni(NO;),-6H,O
e AI(NO3),-9H,0O com carbonato de amonio, ¢ posteriormente uma solugdo de amodnia foi
adicionada gota a gota para manter um pH constante. O HDL formado foi calcinado e em

seguida foi submetido a tratamento hidrotérmico para verificar a reconstru¢do estrutural.

3.3.3 Estratégias para modificar ou funcionalizar HDL
a) Intercalagao

Devido as interagdes fracas entre camadas, os anions que residem no espaco
interlamelar normalmente tém alta fluidez e permutabilidade o que favorece o processo de
intercalacdo. O tamanho, a valéncia dos anions e a for¢a das ligacdes de hidrogénio sdo os
fatores que controlam o espagamento e volume intercamada. Qualquer alteragdo no espago
interlamelar e a confirmacao do resultado da intercalacdo podem ser determinados através da
técnica de difracdo de raio X (Zhang et al. 2019).

Os HDL modificados podem levar a eficiéncias de separacdo e transporte de carga
amplamente aprimoradas e, portanto, melhora seu desempenho. Zhao et al. (2023),
sintetizaram HDL de MgAl intercalados com MoS, (polissulfeto) e nanoparticulas de Fe;O4
pelo método one-pot para captura e separagio de metais pesados (Cu®’, Pb>", Zn**, Ni*") do
solo. A intercalacio de MoS,> melhorou consideravelmente a eficiéncia de remocdo de
metais pesados, € os materiais magnéticos facilitaram a separagcdo dos metais pesados do solo
superando o risco potencial dos metais pesados absorvidos. A figura abaixo ilustra as etapas

de preparacdo do HDL heteroestruturado: particulas Fe;O4 foram dispersos em solugdo
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contendo MoS,, juntamente com uma solu¢ao mista contendo os sais de nitrato de magnésio e
de aluminio, necessarios para a forma¢do do HDL. O produto final foi codificado como

M-MoS4—LDH.

ﬁ @ Fe,0, oMgz" OAP’ ©0 on °€Mos.1' & LpHs

Figura 12- O processo de sintese de M—MoS4 —LDH. Fonte: Zhao et al. (2023).

Materiais magnéticos como adsorventes podem fornecer remogao eficaz e separagdo
rapida no tratamento de dguas residuais usando o magnetismo. Zhang et al. (2019) mostraram
a formacado de Fe;O4com HDL de ZnAl e a remogao simultanea de Cr(VI) por automontagem
eletrostatica. No processo de formagao, a medida que a estrutura do HDL foi tomando forma,
foram formadas cargas positivas e o Cr (VI) nas aguas residuais foi empregado para equilibrar
as cargas dependendo da atragdo eletrostatica. De acordo com os autores o anion CrO4> foi
intercalado na camada intermedidria de HDL, pois o houve deslocamento do pico (003) para a
esquerda e o espacamento entre camadas foi aumentado de 7,54 A para 8,17 A. Além dos
testes de remogdo a separagdo magnética em alta velocidade também foi testada colocando
um ima proximo ao béquer (figura 13), o que proporcionou uma maneira facil e eficiente de

separa¢do de um sistema de suspensdo como ilustra a imagem abaixo.

Zn/Al NaOH

Figura 13- Ilustragdo esquematica do processo para remover e separar Cr(VI). Fonte: Zhao et al. (2019).
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Hidréxido duplo em camadas intercalado com caprilato de s6dio foi obtido por
Pavlovi¢ et al. (2013), sendo considerado como um novo adsorvente para a remocdo de
pesticidas toxicos amplamente aplicados, como linuron, metamitron e 2,4-DB, de solucdes
aquosas. Essa modificacdo organofilica do HDL melhorou a absorcao (90% da quantidade
total removida) de linuron e metamitron, enquanto a adsor¢ao de 2,4-DB foi quase a mesma
comparada com o HDL ndo modificado. Além do processo adsortivo os autores levantam a
questdo da intercalacdo das moléculas dos pesticidas 2,4-DB e metamitron no interior do
HDL, confirmado por DRX que mostrou surgimento de um novo pico dgp3 com espagcamento

de 30A como ilustrado na figura abaixo.

Figura 14- HDL de MgAl intercalado com moléculas dos pesticidas 2,4-DB e metamitron. Fonte: Pavlovié ef al.
(2013).

Na agricultura e para um meio ambiente mais sustentaveis os HDL foram
demonstrados como fonte de micronutrientes, bem como transportadores de agua, diversos
anions, como nitrato, ions de fosforo e agentes antimicrobianos. Esses materiais
bidimensionais passaram a ser vistos como uma matriz de libertagdo lenta amiga do solo para
fertilizantes e agroquimicos, além da sua utilizagdo para descontaminacdo do solo e da dgua
(Roy et al. 2022).

Chaara et al. (2011) desenvolveram HDL de Mg/Al intercalado com dodecil sulfato e
sebacato, com o objetivo de aumentar a absor¢ao dos pesticidas ndo idnicos (alacloro e
metolacloro). De acordo com os autores os resultados indicaram que o organo/HDL adsorveu
quantidades significativas dos pesticidas da agua. E o HDL intercalado com sebacato
apresentou propriedades de liberacdo controlada melhores que o HDL intercalado com

dodecil sulfato e diminuiu a lixiviagao do metolacloro nas colunas de solo.
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b) Modificacio de superficie por Exfoliagdo ou Delaminagao

A esfoliagdo refere-se ao processo de expansdo e delaminagdo de particulas ou cristais
volumosos de HDL para produzir nanofolhas separadas, consideras como uma monocamada
unica, que tem aproximadamente 0,47 nm (monocamada de Mg-Al-LDH) de espessura ¢ 100
a 1000 nm em tamanho lateral (Xu et al. 2013, Mao et al. 2017).

As nanofolhas esfoliadas exibem propriedades interessantes como mecanicas,
térmicas, elétricas, magnéticas, quimicas, Opticas e bioldgicas unicas e por isso apresentam
um potencial significativo em uma ampla gama de nanomateriais funcionais, por exemplo,
podem ser adicionadas a matriz de polimeros para formar nanocompositos funcionais de
HDL/polimero (Mao et al. 2017); materiais de emissividade de fluidos eletrorreologicos
(Dong et al. 2014); como blocos de construgdo macromoleculares para preparar filmes
nanocompdsitos magnéticos (Coronado et al. 2013) e como supercapacitores na conversao e
armazenamento de energia (Chen et al. 2020).

O solvente mais utilizado para delaminar HDL ¢ o formamida (HCONH,). Seu grupo
carbonila (C=0) tem fortes interagdes com as camadas do HDL, com as moléculas de agua
intercamadas e com os anions, resultando, na substituicdo das moléculas de agua por
formamida. Essa substitui¢do perturba a forte rede de ligacdes de hidrogénio, enfraquecendo a
forca de atracdo entre as camadas e facilitando entdo a esfoliagcdo (Figura 15) (Ma et al. 2006,

Mao et al. 2017).
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Figura 15- Processo de delaminacdo usando formamida e formacdo de nanofolhas. Fonte: Aladpoosh &
Montazer (2021).
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¢) Hibridizagao

Os materiais hibridos (HM) consistem em dois constituintes em nanoescala ou nivel
molecular. Pela combinacao sinérgica de componentes organicos e inorganicos os hibridos
retnem propriedades Unicas que os diferencia dos compositos tradicionais. No caso dos
materiais hibridos em camadas, como os HDL, eles combinam os beneficios do hospedeiro
(HDL) com suas propriedades de expansdo e superficie ¢ do dominio interlamelar 2-D

interestratificado com sua capacidade de adsorver matéria organica (Prévot et al. 2001).

A seguir serdo apresentados alguns exemplos de compdsitos hibridos a base de HDL:

(1) Hibridizagdo como core-shell — o trabalho de Shao et al. (2012) mostrou a formacao de
microesferas de SiO,+AIOOH que foram revestidas através de uma cristalizag¢do in situ por
nanoplacas de HDL de NiAl. Controlando as condi¢des de preparacao, foi possivel obter trés
tipos de estrutura hibrida: a core-shell, yolk-shell e hollow como ilustrado nas imagens

abaixo.

Layer-by-Layer
Assembl;
AIOOH

Si0, Si0,@AIO0H
in situigrowth

1
Q

Core-Shell Yolk-Shell Hollow
. LDH Nanoplatelet

Figura 16 - A direita: microesferas HDL com arquitetura de interior ajustavel desde core-Shell até uma estrutura
Oca (Hollow). A esquerda: Imagens TEM e SEM de (A, E) microesferas SiO2/AIOOH; (B, F) Microesferas
core-shell de SiO2/NiAl-LDH; (C, G) Microesferas yolk-shell de SiO,/NiAl-LDH; (D, H) Microesfera hollow
NiAl-LDH. Fonte: Shao et al. (2012).

A microesferas foram aplicadas como supercapacitores, sendo que as do tipo hollow
de HDL exibiram excelente desempenho de pseudocapacitancia, incluindo alta capacitancia
especifica, boa estabilidade de carga/descarga e ciclo de vida de longo prazo, superior a
estrutura yolk-shell e core-shell, provavelmente devido a sua maior area superficial especifica

(124,7 m*/g) e distribuicio adequada de mesoporos.

(2) Nanoparticulas magnéticas (MNP) - a combinagdo de MNP de Fe;Os com HDL foi
desenvolvida para melhorar a separacdo e reproducdo do supercatalisadores. Esses novos

hibridos podem ser usados em uma variedade de aplicacdes, como na administracao
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direcionada de medicamentos e genes, na separacao e deteccdo de proteinas, em ressonancia
magnética, na terapia de cancer, em membrana de troca de prétons, fotocatélise, aplicagdes de
biossensor e na remediacao ambiental (Prasad et al. 2018, Sajid & Thsanullah 2023).

Os trabalhos de Lu ef al. (2017) e Zhu et al. (2018) sao exemplos de MNP aplicadas a
remediacdo ambiental. Os autores sintetizaram nanoparticulas de Fe;O4 com HDL de MgAl
via sintese de co-precipitagdo e hidrélise de uréia e foram aplicadas na remogdo do corante
vermelho Congo e laranja (II) de aguas residuais, respectivamente. As nanoesferas obtidas por
Lu et al. (2017) apresentaram tamanho médio de 40—-100 nm, enquanto que as obtidas por
Zhu et al. (2018) apresentaram diametro de cerca de 200 nm, e a morfologia do hibrido
MNP/MgAIl-HDL mostrou um composto de formato esférico e placas hexagonas regulares

(Figura 17).

Figura 17- MNPs/MgAI-LDH. (¢) obtidas por Lu et al., (2017) e (B-1) obtidas por Zhu et al. (2018).

(3) Nanotubos de carbono (CNT) - sao estruturas tubulares 1D do carbono e devido a suas
excelentes propriedades mecanicas, elétricas e quimicas, eles sdo usados para a fabrica¢dao de
varios nanocompositos poliméricos. Quando introduzidos nos HDL, estes atuam como um
“espagador” aumentando a distancia interlamelar entre as nanofolhas do HDL.

HDL de CoNiFe+CNT com alta area superficial especifica foram obtidos por Wang et
al. (2021) e aplicados como supercapacitor. Os CNT melhoraram a condutividade e a area
superficial (189 m’g) do eletrodo, levando a um melhor desempenho eletroquimico.
Gallastegui et al. (2012) aplicaram HDL a base de Mg-Al em nanotubos de carbono de
paredes multiplas na adsorcdo de gas CO,. Eles observaram que houve um aumento na
capacidade de adsor¢dao de CO, quando o HDL foi apoiado em CNT, sendo o aumento da area

superficial especifica (223 m’g) um dos motivos.



22

Marco et al. (2017) produziu um hibrido envolvendo trés estruturas: O 6xido de
grafeno (GO), nanotubos de carbono de paredes multiplas (MWCNT) e HDL-MgAl e
aplicaram na sor¢ao de CO, (Figura 18). A hibridizagdo aumentou consideravelmente a
estabilidade térmica do HDL, promovendo sua resisténcia ao longo de vinte ciclos de
adsor¢ao-dessor¢ao de gas com capacidade de retencdo de 96%. Os autores, ainda,
relacionaram a area superficial especifica dos materiais, sendo possivel observar um aumento
gradativo de 49,3 m’g para o HDL; 77.69 m’g para o HDL/MWCNT; 84.89 m’g para o
HDL/GO e 103.51 m”g para o hibrido GO/ MWCNT/HDL.

GO-LDH MWNT-LDH

Hybrid GO/MWNT-LDH

Figura 18- Representacdo esquematica da organizacdo estrutural dos hibridos de GO, MWCNT e HDL. Fonte:
Marco et al. (2017).

(4) Biohibridos - sdo desenvolvidos a partir da combinacdo de espécies moleculares ou
poliméricas de origem biologica e solidos inorganicos. As principais aplicacdes desses
nanomateriais concentram-se na area da biomedicina, porém também podem ser usados como
isolantes térmicos e acusticos (espumas ultraleves), na produc¢do de filmes para embalagens de
alimentos e na remedia¢do ambiental: para adsor¢do seletiva de pesticidas, metais pesados e
elementos de terras raras em agua (Lange ef al. 2015, Chkirida et al. 2021, Wang et al. 2022).

Quitosana (chi) é um polissacarideo cationico de origem natural, sendo considerado
um biopolimero derivado da quitina. Biochar ¢ um material rico em carbono produzido
durante o processo de pirdlise que ¢ uma decomposicdo termoquimica de biomassa na
auséncia ou fornecimento limitado de oxigénio. Esses dois biomateriais formaram biohibridos
com HDL de formas individuas: quitosana/HDL, para remocgao seletiva de corante vermelho
do congo e metais Pb*" ¢ Cd*" (Lyu et al. 2019, Mohadi et al. 2022) e biochar/HDL, para
sor¢do de alaranjado de metila e eriocromo black T (Zubair ef al. 2021, 2022); como também

de forma conjunta chi/biochar/HDL para remover eriocromo black T (Zubair et al. 2022).
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O trabalho de Mallakpour et al. (2023) chama atengdo por ter sintetizado um
biohibrido a base de chi/acido tanico (TA)/ZnFe-HDL e 6xidos metélicos mistos (MMO) para
adsor¢ao de corantes reativos. O destaque da pesquisa trata-se: pela primeira vez, da (i)
preparacdo de esferas compostas de Chi contendo TA e ZnFe MMO ou ZnFe LDH e a (i)
remocao simultanea de trés corantes compativeis o amarelo reativo 4 (RY4), vermelho reativo

2 (RR2) e azul reativo 4 (RB4) (Figura 19).
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Figura 19- Representacdo da estrutura do biohibrido Chi/TA/ZnFe-HDL atuando como adsorvente de corantes
reativos. Fonte: Mallakpour ef al. (2023).

3.4 RECENTES AVANCOS DE MATERIAIS BASEADOS EM HDL E SUA APLICACAO
PARA TRATAMENTO DE AGUAS RESIDUARIAS

3.4.1 Membranas modificadas baseadas em HDL

Virias técnicas que tém sido utilizadas para purificagdo, reutilizagdo, reciclagem ou
recuperagao da agua, como: adsor¢do, fotodegradagdo, coagulacdo, flotacdo, tratamento
eletroquimico, oxidag¢do e tecnologia de membrana. A membrana ¢ uma interface fina que
permite a passagem de algumas espécies dependendo de suas propriedades fisicas e/ou
quimicas e geralmente sdo classificadas com base no tamanho e nas configuracdes dos poros
(Lee et al. 2016).

Os materiais comumente usados para as membranas sdo polimeros organicos
sintéticos, como: polisulfona (PSF), polietersulfona (PES), fluoreto de polivinilidina (PVDF),
poliacrilonitrila (PAN) devido a sua alta permeabilidade, seletividade e estabilidade. Também
sdao utilizadas membranas feitas de materiais inorganicos, como zedlitas e ceramicas. A
fabricagdo de membranas de matriz mista (MMM) tem como objetivo o aumento da
permeabilidade, o cardter antiincrustante e a remocdo seletiva de alguns poluentes. Os

materiais geralmente utilizados nas MMM sdo nanotubos de carbono, grafeno e 6xido de
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grafeno, nanofibras eletrofiadas, estrutura de metal-organico ¢ HDL (Gohil & Choudhury
2019, Sajid & Thsanullah 2022).

As membranas a base de HDL podem ser da seguinte forma: (i) suportada em
membranas, para facilitar a separacao e melhorar a estabilidade ou (if) de matriz mista, para
melhorar a permeabilidade, seletividade e resisténcia mecanica em comparacdo com a
membrana polimérica ndo modificada. As estratégias mais usadas para a fabricagdo de
membranas baseadas em HDL, incluem: inversdo de fase, filtracdo a vacuo, polimerizagao
interfacial, crescimento in situ, revestimento por imersao covalente e emprego de sistemas

bifasicos a base de 6leo-agua (Sajid & Thsanullah 2022).

A seguir serdo apresentadas algumas dessas estratégias:

(1) Inversdo de fase - ¢ uma conversdo controlada da fase liquida em membranas em fase
solida. As membranas sdo obtidas através de precipitagdo da fase vapor, precipitagdo por
evaporagdo controlada, separagdo térmica de fases ou precipitagdo por imersdo. A
precipitacao por imersao ¢ mais aplicada para se obter MMM, nesse caso ocorre a dissolugao
de um polimero ou a mistura de varios polimeros num solvente adequado, o nanomaterial
também ¢ disperso na solucao polimérica, que ¢ entdo moldado numa camada de suporte. Em
seguida esta camada de suporte ¢ submersa em um banho de coagulagdo com um solvente
diferente. A precipitagdo da membrana de matriz mista ocorre devido a troca de solventes

(Figura 20) (Gohil & Choudhury 2019).

UUIHUTD
TN s B
- e ° f
o ® : *—> —
ol Casting " Coagulation bath '
Nanomaterials
dispersed

polymer dope

Figura 20- Preparagdo de MMM por inversao de fase. Fonte: Gohil & Choudhury (2019). Modificada pela
autora.

(2) Crescimento in situ — consiste no crescimento in situ de HDL num substrato ceramico
tubular. O uso de um substrato ceramico ¢ devido a sua extraordinaria resisténcia quimica,
térmica e mecanica. Essa técnica foi utilizada por Huang et al. (2020) para a fabricacdao de
membrana composta de CoAl-HDL. A metodologia consistiu no crescimento in situ do HDL

de CoAl sobre o substrato ceramico tubular de Al,O; através do método de hidrélise de uréia
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e rea¢do hidrotérmica. Em seguida, a membrana composta CoAl-HDL obtida foi calcinada a
500°C por 5 horas para diminuir a energia livre superficial e a rugosidade superficial.
Enquanto isso, alguns anions intercalados também foram removidos através do processo de
calcinagdo para melhorar a eficiéncia do transporte das moléculas de agua. Posteriormente a
membrana composta foi aplicada na purificagdo de agua contaminada por eriocromo black T

(Figura 21).
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Figura 21- Esquema do processo de preparagdo de membrana composta CoAl-HDL por crescimento in situ.
Fonte: Huang et al. (2020).

(3) Revestimento por imersdo covalente — esse método foi desenvolvido por Ma et al. (2020)
para preparar a membrana de ultrafiltracdo superhidrofilica, mas relativamente oleofobica.
Dois tipos de materiais: nanoparticulas de Si0, (M-SiO;) e nanofolhas de HDL de MgAl (M-
HDL), ambos contendo amina, foram suportados em membranas PVDF enxertadas com 4cido
metacrilico e preparada através de separacao de fases induzida por ndo solvente.

A membrana pura seca ao ar foi primeiramente ativada com plasma de argénio e
corrente de oxigénio para facilitar a formagao de perdxidos e hidroperdxidos. Posteriormente,
a membrana foi transferida para uma suspensdo contendo os nanomateriais € permaneceu em

repouso para sua completa funcionalizagdo (Figura 22).
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Figura 22- Ilustracdo esquematica do método de funcionalizagdo via revestimento por imersdo covalente com
enxerto sinérgico de nanomateriais M-SiO2 ¢ M-LDH. Fonte: Ma et al. (2020).

3.4.2 Estratégias de aplicacdo de HDL para fotodegradacao de poluentes organicos
persistentes.

Considerada uma técnica de ponta no tratamento de aguas residuas, a fotocatalise
envolve a ativacdo de um semicondutor por luz solar ou artificial. Os semicondutores
possuem duas regides energéticas: a regido de energia mais baixa que ¢ a banda de valéncia
(BV), onde os elétrons nao possuem movimento livre e a regido de energia mais alta, que ¢ a
banda de condugdo (BC), onde os elétrons sdo livres para se moverem através do cristal,
produzindo condutividade elétrica similar aos metais (Oliveira & Silveira 2011).

Entre estas duas regides existe uma zona de “band gap” e quando a energia do foéton
(hv) incidente ¢ igual ou maior que a do “band gap” os elétrons de valéncia (") podem ser
excitados e sdo promovidos da banda (BV) para a (BC) deixando para tras uma lacuna (h").
Este par elétron-lacuna ¢ altamente energizado e pode conduzir fotorreagdes redox, onde e-
pode iniciar uma reagio de fotorreducdo e h™ pode promover uma reagio de fotooxidagdo

(Figura 23) (Zhang et al. 2019).
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Figura 23- Esquema do processo fotocatalitico sobre a superficie de um catalisador. Fonte: Oliveira & Silveira
(2011).

De acordo com a pesquisa realizada por Taoufk ef al. (2022), a fotocatélise € a técnica
mais frequentemente empregada para a remocao de poluentes emergentes. Os progressos nos
campos da ciéncia e da nanotecnologia levaram ao desenvolvimento de varios tipos de
fotocatalisadores, incluindo 6xidos metalicos mistos (MMO), sulfetos metalicos e HDL. Os
HDLs e compdsitos a base de HDL (descritos na se¢do 3.3.3) tém recebido ampla atengdo
para uso como fotocatalisadores devido a sua alta area superficial especifica, excelente
capacidade de troca anidnica e faceis métodos de sintese apropriado.

Com bandas caracteristicas e estruturas semicondutoras, os LDH tém grande potencial
para serem integrados com outros metais/0xidos metalicos e formar fotocatalisadores
complexos. Esses fotocatalisadores complexos (heteroestruturas) aumentam a eficiéncia de
separacdo elétron-buraco (elétron-lacuna) e evitam limitagdes comumente sofridas por
fotocatalisadores baseados em HDLs simples, haja vista que somente os HDL apresentam
baixa eficiéncia quantica e baixa cobertura de sitios cataliticamente ativos (Zhang et al. 2019).

Sahoo et al. (2019) tiveram a estratégia de produzir um catalisador promissor de
HDL/GO montado em nanoliga bimetdlica de Au-Ag para convertendo, através de reagdes
fotoredox, alcool benzilico em benzaldeido e nitrobenzeno em anilina sob luz visivel. A
pesquisa apontou uma excelente atividade catalitica em que os elétrons e os buracos
fotogerados podem ser utilizados diretamente pelo nitrobenzeno (NB) e pelo dlcool benzilico
(BA) para produzir anilina (AL) e benzaldeido (BAD) via GO. Além do mais, o
fotocatalisador hibrido AuAg@GO/LDH apresentou desempenho ~2,5 vezes melhor que

GO/LDH, sem qualquer indicagdo de metal ou liga metalica lixiviada.
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A Propriedade 4acido-base ¢ um fator importante que rege o desempenho
fotocataliticos dos HDL. Os cations metalicos, entendido como a espinha dorsal dos HDL sao
acidos de Lewis, enquanto os anions intercamadas e 6xidos/hidroxidos sdo bases de Lewis.
Portanto, os HDL e seus produtos de calcinagdo (MMO) contém pares acido-base que podem
ser usados para reacdes acido-base. Convencionalmente, os pares acido-base em catalisadores
heterogéneos tém alta atividade para reagdes de desidrogenagdo, reforma e craqueamento de
hidrocarbonetos, incluindo alcanos, alcenos e aromaticos (Roelofs et al. 2001, Stephan,
2015).

Kuljiraseth et al. (2019) desenvolveram um novo método de sintese para obter HDL,
aplicaram co-precipita¢do seguida de tratamento com um solvente organico miscivel aquoso
(AMO) com objetivo de melhorar as propriedades fisicas e 4cido-base dos materiais. Os
AMO-LDH serviram como precursores para preparar catalisadores de 6xido misto de Mg/Al
que posteriormente foram usados na esterificacdo do acido benzdico em benzoato de 2-
etilhexila. Os autores concluiram que a medida que a razdo Mg/Al aumentou, a densidade
total dos sitios acidos e basicos diminuiu e que a forca acido-basica dependia da composig¢ao
das fases e do nimero de coordenacdo. A figura abaixo ilustra a organizagdo dos sitios

basicos e a mudangas na estrutura com o aumento da razao Mg/Al.
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Figura 24- Sitios acidos e basicos dos catalisadores AMO-MgxAlO e (b) Mudangas na estrutura com o aumento
da razdo Mg/Al derivada da analise XANES e EXAFS. Fonte: Kuljiraseth et al. (2019).

Outo fator importante que rege o desempenho fotocatalitico dos HDL sdo os sitios de

vacancia oferecem a possibilidade de modular a estrutura eletronica o que influencia
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significativamente as propriedades optoeletronicas de fotocatalisadores baseados em HDL.
Dois tipos de vacancia sdo comumente observados em HDL, vacancia de oxigénio (vacancia-
0O) e vacancia de metal (vacancia-M). A vacancia-O muitas vezes serve como uma armadilha
de e e diminui a probabilidade de recombinagdo /" - ¢ . J4 a vacancia-M amplia a banda de
conducdo de um material semicondutor e tem o potencial de acomodar mais ¢ e permite uma
separagdo mais eficiente de pares 4" - e (Liu et al. 2020, Zubair et al. 2023, Song et al. 2024).

HDL de ZnAl foi sintetizado por Zhao et al. (2015) para redugao fotocatalitica de CO,
em CO na presenca de vapor d'agua. fons Zn coordenativamente insaturados foram
introduzidos aumentando a densidade dos defeitos de vacancia-O. Através das técnicas
absorcao de raios X (XAFS) e ressonancia de spin eletronico (ESR) os mostraram a formagao
de complexos sitios de vacancia-O na vizinhanga dos cations Zn*" e que a formagio desses
sitios leva a criagdo de novos estados eletronicos dentro do “band gap” que diminui a
probabilidade de recombinagdo /" - e .

Li et al. (2022) também apostaram na vacancia de oxigénio como estratégia ativagao
fotocatalitica de NO. As ricas vacincias-O no HDL de NiFe desempenham um papel
fundamental na facilitagdo da transferéncia do portador de carga e na ativagdo do O, em ‘O,
(radical superoxido). O "O, oxida termodinamicamente o NO em nitrato que aliado a
mesoporos abundantes nas nanofolhas do HDL de NiFe o nitrato pode ser armazenamento
sem afetar significativamente a oxidacdo do NO (Figura 25). Os autores ainda propuseram
que o nitrato armazenado pode ser facilmente removido da superficie do NiFe-LDH e depois

enriquecido na forma liquida como produtos quimicos faceis de usar.

Figura 25- Representagdo esquematica da ativagdo fotocatalitica de NO usando HDL. Fonte: Li ef al. (2022)

Em se tratando da fotodegradagao de corantes por HDL modificados, de acordo com a
pesquisa realizada por Khan et al. (2021) entre os anos de 2010-2020 os corantes sdo os mais

estudados entre todos os contaminantes organicos, sendo o azul de metileno (MB) o corante
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de maior interesse para os pesquisadores e, portanto, ¢ também o contaminante organico mais

explorado para estudos de degradacao (Figura 26).

Others
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Figura 26- (a) remoc¢ao de contaminantes organicos por HDLs modificados, (b) corantes.

Hai et al. (2013) prepararam um HDL de CoNi modificado, através da troca anidnica,
por Ag/AgBr que apresentou propriedades altamente adsortivas e fotocataliticas e foi aplicado
para adsorver e degradar laranja de metila e fenol. As nanoparticulas de Ag/AgBr estavam
altamente dispersas nas folhas do HDL e sua capacidade adsortiva foi muito maior que a do

Co-Ni-LDH, Ag/AgBr e carvao ativado.

3.4.3 Adsorc¢ao

Por ser uma técnica considerada promissora devido a viabilidade econdmica,
simplicidade, aplicagdo de adsorventes de baixo custo, bem como a reciclagem do mesmo e a
inexisténcia de formacdo de novos residuos nocivos, a adsor¢do vem sendo amplamente
aplicada na economia industrial com o objetivo de reduzir dos seus efluentes os niveis de
compostos nocivos ao meio ambiente (Venkatesha et al. 2013).

A adsorc¢do pode ser entendida como um processo de separacdo ou uma operacao de
transferéncia de massa, em que certos solidos apresentam capacidade de concentrar
preferencialmente substancias especificas de solugdes (gasosas ou liquidas) em suas
superficies. Os solidos, materiais com particulas porosas, sdo denominados de adsorvente ou
adsorbente e a espécie que se acumula na superficie do adsorvente ¢ o adsorvato ou adsorbato
(Nascimento et al. 2014).

De acordo com Tien (2019), apenas algumas substancias sélidas atendem aos
requisitos necessarios para se qualificarem como adsorventes para uso pratico € os mais

utilizados sdo: carvio ativado (area superficial especifica (BET) = 200 — 2000m?/g), alumina
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(BET = 200-390m%g), silica (BET = 700-900m%/g), zeolitas (BET = 200-600m?>/g) e
adsorventes poliméricos.

Além destes materiais, os hidroxidos duplos em camadas também tém sido utilizados
como materiais sorventes. Essa classe de argilas anionicas ganhou destaque, sendo
relativamente simples e normalmente de baixo custo para sintetizar. Com propriedades que
incluem alta 4rea superficial até cerca de 200m?/g e capacidade de troca anibnica
possibilitaram que os HDL fossem aplicados na remo¢ao de uma ampla gama de diferentes
poluentes de ambientes aquosos, como os contaminantes emergentes, que incluem numerosos
compostos organicos antropogénicos (pesticidas, produtos farmacéuticos, produtos de
cuidados pessoais e corantes); oxianions, fosfato, metais, materiais radioativos e uranio (Goh
et al. 2008, Gu et al. 2018, Li et al. 2020, Johnston et al. 2021, Taoufik et al. 2022).

A respeito dos corantes sintéticos, estes passaram a ser cada vez mais produzidos com
o desenvolvimento e fortalecimento do setor industrial, seja téxtil, de papel, de alimentos ou
farmacéutico. A industria téxtil ¢ a maior consumidora de corantes sintéticos sendo mais de
10.000 tipos usados e cerca de 800.000 toneladas produzidas anualmente. Para este setor a
classificagdo dos corantes pode ser pelo método no qual ¢ fixado a fibra té€xtil, ou com base na
estrutura quimica, ou com base na natureza da fibra fabricada: fibra de celulose (linho,
algoddo), de proteina (seda e 13) e fibras sintéticas (poliéster, polioacetato e polipropileno),
sendo esta ultima classificacdo a mais atual (Figura 27) (Guaratini ef al. 2000, Beninca 2012,

Berradi ef al. 2019, Slama et al. 2021)

CLASSIFICACAO DOS CORANTES

Fibra Proteica Fibra de celulose Fibra Sintética
v" Grupo Azo v' Reativos
v Corantes de Antraquinona v' Diretos v Dispersos
v Corantes Triarilmetano v Indigos v’ Basicos
v Corante Ftalocianina diesilmetano v Sulfatados

Figura 27- Classificag@o de corantes sintéticos com base no tipo de fibra téxtil.

A industria de alimentos também utiliza corantes sintéticos com a finalidade de
conferir cor a certos alimentos ou para realgar cores naturais dos alimentos, como por

exemplo: em bebidas, gelatinas, chocolates, geleias, doces, sorvete e iogurtes). Cerca de 2.000



32

corantes diferentes sdo usados atualmente pelas induastrias alimenticias. No Brasil as
Resolugdes n° 383, 385, 387 ¢ 388 da Agéncia Nacional de Vigilancia Sanitaria (ANVISA)
aprovou para uso alimentar 11 tipo de corantes, que podem ser classificados em quatro grupos

considerando a estrutura quimica (Figura 28) (Vieira et al. 2020, Shakoor et al. 2021).

Grupo Azo
T : Amarelo de
Azorrubina Tartrazina
Amz:u e Vermelho 40
Crepusculo Ponceau 4R
Triarilmetanos
Xanteno Azul Patente V Indigoide
Eritrosina Azul Brilhante Azul de
Indigotina
Verde Rapido

Figura 28- Classificagdo de corantes sintéticos com base na estrutura quimica.

3.4.3.1 Eritrosina ou Eritrosina B

E um corante anidnico, altamente soliivel em agua, pertencente a classe dos xantenos
com coédigo E-127 (no Brasil). E obtido a partir da tinta do alcatrio do carvdo, sendo
constituido essencialmente por monohidrato de 2-(2,4,5,7-tetraiodo-3-oxidooxanthen-9-y1)

benzoato dissddico e sua estrutura quimica esta apresentada na Figura 29.

+

Figura 29- Estrutura quimica da eritrosina B.

Eritrosina ¢ amplamente aplicada em uma variedade de materiais como fibras téxteis
(13, seda e nailon), em medicamentos, cosméticos, tintas de impressao, indicador bioldgico e
diversos tipos alimentos, como: biscoitos, balas, chocolates, geleias, refrescos, cerejas, frutas

em lata, recheios, itens de padaria, sorvetes, carne e etc (Ishikawa et al. 2003, Jesus et al.



33

2010, Apostol et al. 2015). Por ser um corante toxico e de natureza cancerigena, varios
estudos comprovaram que o consumo excessivo pode afetar a atividade da tireoide devido a
presenca de iodo na molécula, pode ainda induzir danos ao DNA nos 6rgaos gastrointestinais
mesmo em uma dose baixa, reacdes alérgicas nos olhos, irritagdo da pele, mucosas e vias
respiratorias superiores (Borzelleca et al. 1987, Sasaki et al. 2002, Eser et al. 2015)

A remocgdo da eritrosina B em solu¢do aquosa ainda ¢ pouco descrita e os materiais
adsorventes empregados no seu processo de remocao sdao os bioadsorventes e carvao ativado,
que apresentam alta capacidade de adsorcao (qe) (Tabela 2). Esse trabalho relata pela primeira

vez a adsorc¢do de eritrosina B por um hidréxido duplo lamelar ternario de MgFeAl.

Tabela 2- Os adsorventes relatados na literatura para a adsorgao de eritrosina B.

Adsorventes Eficiéncia (q.) Referéncias
Penas de galinha 15.43 mg/g Gupta et al., 2006
TiO2 e ZnO 17.54 mg/g e 3.06 mg/g Hasnat et al., 2007
Carvio ativado e mostarda sem
] 3935.81 mg/g Jain et al., 2009
o6leo ativada
Montmorilonita 576.03 mg/g Kaur et al., 2013
Quitosana magnética 116.27 mg/g Eser et al., 2015
Cascas de sementes de abobora 16.4 mg/g Apostol et al., 2015
Carvio ativado de endocarpo da
o 14.30 mg/g Okoye et al., 2016
Terminalia catappa (améndoa)
Carvio ativo de casca de limdo 296 mg/g Sharifzade et al., 2017
Carvio ativado de fibra de coco 3.8462 mg/g Ikhazuangbe et al., 2017
Biomassa de Rhizopus arrhizus 355.9 mg/g Salvi 2018

3.4.3.2 Ponceau 4R

,

E um composto aromatico heterociclico, anidnico, altamente solivel em agua e
pertencente ao grupo azo com codigo E-124. A presenca do grupo azo (—N=N-) na estrutura
molecular do corante, normalmente ligando dois grupos aromadticos, determina sua
classificagdo como corante azo. A formula C,oH;;N>Na3;O;¢Ss, nome quimico completo €
trissodico (8Z)-7-oxo-8-[(4-sulfonatonaftalen-1-yl)hidrazinilideno]naftaleno-1,3-dissulfonato

e sua formula estrutural € ilustrada na em Figura 30.
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S0, Na*
HO ‘ ‘

N*,N O3~ Na*

$0;"Na*
Figura 30- Formula estrutural do ponceau 4R.

Ponceau 4R ¢é um corante alimentar, utilizado como aditivo alimentar em bebidas
alcodlicas e ndo alcoodlicas, vinhos de fruta, cidra, em géneros alimenticios como confeitaria,
gelados comestiveis, sobremesas incluindo produtos lacteos aromatizados, compotas, geleias,
frutas e legumes cristalizados, conservas de frutos vermelhos, aperitivos a base de batata,
cereais, farinha ou amido, molhos, temperos, picles, condimentos, chourico e crustaceos pré-
cozidos e etc (Leulescu ef al. 2019).

Os corantes alimentares azo sdo extensivamente metabolizados pela microbiota
intestinal em acido sulfanilico e aminopirazolona apds administracdo oral. Alguns estudos
celulares/animais apontaram como a tartrazina, o Ponceau 4R, o Allura Red AC, o Brilliant
Black BN e o Brown HT podem afetar o neurodesenvolvimento ou exercer propriedades
carcinogénicas. Reagdes sensiveis apds o consumo de Sunset Yellow FCF, Azo Rubine,
amaranto, Ponceau 4R ou Allura Red AC também podem ocorrer em alguns individuos, como
alteragdes de comportamento (hiperatividade, inquietacdo e distirbios do sono) podem
aparecer em criangas apds a exposicdo a algumas cores azo em combinagdo com outros
aditivos alimentares, como o benzoato de sodio (Villand et al. 2016, Castro et al. 2023).

Os corantes sintéticos sdo conhecidos como poluentes organicos e sao utilizados como
substancias importantes e significativas em diversas industrias, por esse motivo seu efeito
nocivo ao meio ambiente ¢ inevitavel. Os materiais adsorventes empregados na remog¢ao de

ponceau 4R estdo listados na Tabela abaixo.



Tabela 3- Materiais adsorventes utilizados na remogdo de P4R e a eficiéncia de remogdo ou capacidade maxima

de adsor¢ao (qe).

Adsorventes

Eficiéncia (q.)

Referéncias

Casca de café
copolimero de poliamidoamina-ciclodextrina
Silica gel organofuncionalizada

Escamas de tilapia

ZnAl-LDH/PVA
Nanocomposito de polipirrol-quitosana-6xido
de grafeno
nanoparticulas de TiO, com carvao ativado
nanofibras de quitosana/poliamida
carvao ativado de serragem de Capparis
scabrida
ZnAl-HDL
Oxidos misto derivados de HDL de Mg/Fe

19,87 mg/g
2543 mg/g
47 mg/g
134,40 mg/g

16.13 mg/g
0.12 mg/g

3.612 mg/g
482.2 mg/g
72,1 mg/g

33,34 mg/g

99% de remocao

Castro et al. 2023
Li & Lei, 2012
Lima et al. 2016
Zhu et al. 2013

Balayeva et al. 2021
Salahuddin et al. 2018

Ernawati et al. 2023
Lietal. 2019
Valladares et al. 2019

Balayeva, 2022
Autora, 2024




36

4 MATERIAL E METODOS
4.1 DIGESTAO ACIDA DO REJEITO DE LAVAGEM DE BAUXITA

O rejeito de bauxita coletado pela empresa foi cominuido e apds realizou-se os
procedimentos de preparacdo de amostra e quarteamento. Em seguida, uma aliquota,
denominada RBX (rejeito de bauxita), foi separa para analise de fluorescéncia de raios X e
difragdo de raios X (detalhes dos métodos estdo descritos no item 4.3.1)

Para obtencdo dos metais trivalentes foi realizada a digestdo acida do residuo da
lavagem da bauxita, em solu¢do diluida de 4cido cloridrico (1:1). A solugdo contendo 1 g de
rejeito foi submetida a aquecimento, em uma chapa aquecedora, com o objetivo de liberar em
solucdo o AI*" e Fe'*. Apos aproximadamente 4 horas de aquecimento obteve-se uma solucio

amarelada que foi filtrada e denominada como solugdo A (Figura 31).

Chapa aguecedora Solugao A

Figura 31- Fluxograma do tratamento quimico do rejeito de lavagem de bauxita.

4.2 PREPARO DO HDL DE MgFeAl/NO; E OXIDOS MISTOS METALICOS (MMO)

Para a obtencdo do HDL de MgFeAl/NO; foram adicionados 5,07g de MgNOs*6H,0
em 75 mL da solugdo A, correspondente a razdo Mg:Fe = 3. Em seguida, uma segunda
solucdo de NaOH (3 M) foi preparada e gotejada lentamente sobre a solug¢do A mais o
MgNO;*6H,0 dissolvido, sob agitagdo constante. Apds aproximadamente 3 horas de
gotejamento houve a formacao de um precipitado marrom. A solucao contendo o precipitado
foi submetida a tratamento térmico em estufa a 80°C por 4 dias. Posteriormente o precipitado
foi filtrado, lavado com &gua deionizada e seco a 50°C por 24 h (Figura 32). O produto final

foi nomeado como HDL-PIR e aplicado na remocao de Eritrosina B (EB) em solu¢do aquosa.
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Figura 32- Ilustragdo das etapas de sintese para a obteng@o dos HDL.

Para a obtengdo do MMO o HDL-PIR foi calcinado em mufla a 400°C e 600°C por 4
horas e codificado como: CHDL-400°C e CHDL-600°C. Os 6xidos foram caracterizados por
DRX, FTIR, MEV, TEM e BET e aplicados na remog¢ao de Ponceau 4R (P4R) em solugdo

aquosa.

4.3 CARACTERIZACAO DOS MATERIAIS
4.3.1 Difracao de Raios X (DRX)

Para a identificagdo mineralodgica do rejeito e produtos sintéticos foi empregado um
difratdmetro de raios X do modelo Empyrean da PANalytical disponivel no Laboratorio de
Caracterizagao Materiais (LCM) do PPGG no Instituto de Geociéncias (UFPA). O
equipamento possui um tubo de raios X cerdmico e anodo de Co (Kal=1,790A), filtro KB de
Fe, com voltagem de 40 kV, corrente de 35 mA e varredura DE 5 A 80° em 26. A
identificacao das fases foi feita com o auxilio do software HighScore X pert Plus também da

Panalytical.

4.3.2 Fluorescéncia de Raios X (FRX)

A composi¢ao quimica do RBX foi obtida por fluorescéncia de raios X, disponivel no
Laboratério de Caracterizagdo Materiais (LCM) do PPGG no Instituto de Geociéncias
(UFPA), utilizando espectrometro WDS sequencial, modelo Axios Minerals da marca
PANalytical, com tubo de raios X ceramico, anodo de rodio (Rh) e méximo nivel de poténcia
2,4 kW. As aquisicdes e tratamento dos dados foram realizados através do software SuperQ

Manager da PANalytical.
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4.3.3 Espectroscopia na Regiio do Infravermelho (FTIR) e Raman

Tais analises foram realizadas no laboratorio da Faculdade de Fisica da Universidade
Federal do Ceara (UFC). O espectro de infravermelho no médio (4000 a 400 cm™) foi obtido
por um espectrometro de absor¢do no infravermelho Fourier VERTEX 70 V, da marca
Bruker. O espectro Raman foi obtido através do equipamento modelo Bruker RAM II FT-
Raman acoplado ao espectrometro VERTEX 70, bem como nitrogénio liquido detector Ge de

alta sensibilidade resfriado.

4.3.4 Microscopia Eletronica de Varredura (MEYV)

A morfologia e microandlise por EDS foi obtida em microscopio eletronico de
varredura marca Zeiss ¢ modelo SIGMA-VP com EDS IXRF modelo Sedona-SD acoplado,
em condi¢des de analise utilizando imagens de elétrons secundarios, cujas condigdes de
operagao foram: corrente do feixe de elétrons = 80 pA, voltagem de aceleracdo constante =20
kV, distancia de trabalho = 8,5 mm, tempo de contagem para andlise dos elementos = 30 s. A
analise foi realizada no Lab. de Microscopia Eletronica de Varredura — LABMEV, do PPGG

no Instituto de Geociéncias da UFPA.

4.3.5 Microscopia Eletronica de Transmissiao (MET)

A HR-TEM foi realizada no Centro de Microscopia da Universidade Federal de Minas
Gerais (UFMG), em um equipamento TECNAI G2-20-FEI, com canhdo termidnico de
filamento de LaB6, sendo a tensdo aplicada de 200 kV, com resolucao de linha de 0,24 nm e
de ponto 0,10 nm, aumento de 25x a 1.100.000x. A HR-TEM permite a analise de
caracteristicas microestruturais dos compostos produzidos, particularmente morfologia e

propriedades estruturais, quando em alta resolugao.

4.3.6 BET

A area superficial especifica (SSABET) e o tamanho dos poros foram analisados por
adsor¢ao-dessor¢ao de N, a 77 K em um instrumento Quantachome, modelo Nova 2200. A
analise foi realizada no laboratorio de Analises Quimicas, do PPGG no Instituto de

Geociéncias da UFPA.

4.3.7 Espectroscopia de UV-visivel

As concentragdes de corante foram medidas com um espectrofotometro Varian

modelo Cary 50 com faixa de comprimento de onda de 190-1100 nm, largura de banda
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espectral fixa de aproximadamente 1,5 nm, fonte unica de lampada de pulso xendnio de
espectro total. A absorbancia maxima para o corante eritrosina B foi de Amax) = 526 nm e o
P4R foi de 510 nm. A analise foi realizada no laboratorio de Analises Quimicas, do PPGG no

Instituto de Geociéncias da UFPA.

4.4 ENSAIOS DE ADSORCAO

Todos os estudos de adsor¢do foram realizados por método de duplicata em frascos
Erlenmeyer contendo 25 mL de solucdo dos corantes que foram agitados a 220 rpm em banho
termostatico (27°C), sob condi¢des idénticas e determinado um valor médio. Para verificar a
capacidade de sor¢do de HDL-PIR em contato com EB, foram realizados os seguintes
experimentos, testando as seguintes varidveis: efeito do pH, do tempo de contato e¢ da
temperatura (Figura 33). Os dados obtidos compdem o primeiro artigo que foi publicado na

revista Applied Clay Science em 2022.

. ' ' ' I '
Efeito do pH [\ [\ [\ [\ [\ [\ .
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35°C 45°C 55°C

Figura 33- Fluxograma dos ensaios de adsor¢do com o corante eritrosina B.

Para os MMO, seu desempenho na remog¢ao de P4R foi verificado através dos ensaios
testando as seguintes variaveis: efeito do tempo de contato, da temperatura e o efeito da
dosagem dos adsorventes (Figura 34). Em conjunto foi investigado a capacidade de
regeneragdo estrutural do MMO, o chamado efeito memoria e sua influéncia no processo de
sor¢ao. Os dados obtidos compdem o segundo artigo que foi submetido a revista Applied

Clay Science em 22 de maio de 2024.
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ARTICLE INFO ABSTRACT

Keywords: In this study, bauxite washing residues (i.e. mining tailings) from the Brazilian Amazon region were explored as
Amazon region low-cost precursor for the preparation of a pyroaurite-like (Mg-Fe-Al-NO3) layered double hydroxides (LDH)

Tailings nanonoadsorbent. The synthesis was predicated on a simple co-precipitation approach in order to achieve a “low-
f::::ed material end” adsorbing nanomaterial amenable to environmental remediation. The nancadsorbent was structurally and
Ad‘sc[ption morphologically characterized by X-ray diffraction (XRD), infrared (FTIR) and Raman spectroscopy, scanning
Erythrosin B electron microscopy (SEM), high resolution transmission electron microscopy (HRTEM) and specific surface area

measurements (BET method). The material was tested for erythrosine B removal from aqueous solutions. Effect of
temperature, pH, contact time and initial dye concentration on the nanoadsorbent performances were also
investigated. The LDH proved to be suitable for fast and efficient removal of erythrosine B. Indeed, almost
complete dye adsorption on the nanostructured pyroaurite oceurred in the first 20 min leading to an adsorption
capacity (q.) equal to 94.25 mg/g for a specific surface area of 81 m”>/g. Kinetic experiments data were fitted
with a pseudo-second erder model resulting into R* equal to 0.995, whereas calculated q. values (depending on
the initial dye concentration) were very close to the experimental ones. Coefficients associated to Langmuir,
Freundlich and Temkin isotherm models (Ry, n, and Ky, respectively) revealed a strong interaction (i.e. affinity)
between the dye and the nanadsorbent allowing high amounts of erythrosine B to be retained on the LDH. Non-
linear fits were found to describe more accurately the adsorption process than the corresponding linear
regressien procedures for every and each isotherm. Based on thermodynamic parameters, the adsorption process
turned out to be spontaneous and endothermic in nature. As for temperature effects, dye removal rate (per-
centage) increased from 89% to 93% as the temperature was raised from 35 °C to 55 “C.

1. Introduction are primarily stored in pounds confined by tailings dams (earth-fill

embarlanent damslottermoser, 2010, Do Carmo et al., 2017, Lep-

The management of long-lived mining wastes is a multifaceted pinen et al., 2017). Mining tailings may possess fractions worth

problem requiring solutions involving the scientific community, legis- further extraction and/or reprocessing and may deserve additional

lators, decision-makers and, ultimately, the entire populace. Specif- concentration steps to recover usable metals (IKalamandeen et al.,
ically, ore extraction results into two main kinds of mining waste: 2020).

2. Waste earth material (rocks, soil, and/or sediment) removed during

1. Mud, chemical residues, and sandy material generated during ore the excavation process to access the ore, which are accumulated in

concentration (hydraulic washing, spiral classification, froth floata- spoil tips (or dump piles). Spoil tips are reeycled already through

tion for sulphides, alkaline or acid leaching, ete.), namely tailings, land reclamation, re-vegetation (natural or artificial), or used in vine
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cultivation (Singh and Singh, 2006). Although speil tips may also
pose environmental risks (landslides and subterranean combustion
in the case of dump piles derived from coal extraction), they are
considered to be safer than tailings dams (Carmo et al., 2010).

The harmful effects brought about by mining tailings span from toxic
metals resuspended in the air as dust to chemicals from ore processing
entering the waterways, from heavy metals contaminating groundwater
by leaching into soil to tailings dam breakages (Lottermoser, 2010).
Therefore, reuse and/or reconversion of mining tailings into harmless
and possibly high value-added materials has been urged by both mining
industries and scientists. Among the countless kinds of mining tailings
generated every year, bauxite washing residues have been regarded,
together with red mud deriving from processing bauxite into alumina
using the Bayer process, as potential candidates for large scale reuse due
to the enormous environmental impact caused by extensive bauxite
mining all over the world (more than 260 million tons of bauxite are
extracted each year (Ruys, 2019)). Bauxite washing residues are by-
products of the aluminum mineral refining stemming from disaggrega-
tion of secondary materials (for instance clay) and granulometric sepa-
ration carried out during the mineral beneficiation process. The high Fe,
Al silica and, to a lesser extent, Ti content allows (like red mud) ma-
terials with unique properties (high-specific surface, porosity, layered
structures, etc.) to be synthesized from such tailings (Antoniassi et al.,

2007; Lage, 2018; Ujaczki et al., 2018).

Bauxite washing residues from the Brazilian Amazon region have
been investigated and proposed as inexpensive raw materials for the
production of geopolymers, mortar additives and nanostructures such as
lamellar double hydroxides (LDHs) belonging to the Fe-Mg-Cl
pyroaurite and Ca-Al-Cl hydrocalumite (Santiago et al., 2018; Nasci-
mento et al., 2018; Azevedo et al., 2019; Nascimento et al., 2019;
Racanelli et al., 2020) families. Nevertheless, such studies have been
limited to the synthesis and characterization of LDHs and neither mining
tailings (except manganese extraction residues employed for the
chemical oxidation of azo dyes (Clarke et al., 2010, Clarke et al., 2013))
nor nanenostructures synthesized from mining waste have ever been
tested for applications other than construction materials.

Layered double hydroxides are (mainly synthetic) inorganic mate-
rials comprised of brucite-like sheets (Me®*, Me®"-OH) stacked along a
piling axis leading to lamellar structures similar to natural occurring
clays (hence the name of anionic clays). Nonetheless, the charge
imbalance caused by replacing M>* cations for M*" into the original
brucite (Mg(OH),) structure reflects the intercalation of exchangeable
anions (and water molecules) between the LDH platelets (Crepaldi and
Valim, 1992). Because of their unique structural aspects, tunability of
bulk and surface properties by simple synthetic routes and chemical
methodologies, and ability to exchange/intercalate ions and molecules,
LDHs have been emerging as promising materials for the removal of
organic pollutants (e.g. anionic and cationic dyes, herbicides, pesticides
and organic volatile compounds) by adsorption or through photo-

degradation processes (Darmograi et al., 2015; Mourid et al., 2018; Lam
et al., 2021).

Therefore, the present work investigates the adsorption properties of
an Mg-Fe-Al-NO; LDH attained from Amazon bauxite washing residues
with respect to the anionic dye erythrosine B (EB). This particular
compound was chosen among different dyes to be adsorbed for plenty of
reasons. First, EB is employed to color a wide range of commercial
products such as fabrics (wool, silk and nylon), pharmaceuticals, cos-
metics, foodstuff, ete. In spite of its almost ubiquitous use concerns
about EB detrimental effects on human health (suspected carcinoge-
nicity, iodine release affecting thyroid activity, allergic reaction in eyes
ete.) have been raised over the years (Gupta et al., 2006; Silva et al.,
2018). Second, EB belongs to a class of dyes (the xanthene dyes) which is
notoriously recalcitrant (mostly due to their high solubility in water) to
conventional wastewater treatments (e.g., biological activated sludge).
Thus, numerous low-cost organic waste-derived and activated carbon-
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based materials such as activated oil-free mustard (Jain and Sikarwar,
2009), pumpkin seed husks (Apostol et al., 2015), waste fungal Rhizopus
arrhizus biomass (Salvi, 2012), activated carbon from coconut fiber and
from Terminalia Catappa Endocarp (Ikhazuangbe et al., 2017; Okoye
et al., 2016) have been tested for the adsorption of erythrosine B.
However, high costs and flammability (i.e. activated carbons) or rela-
tively poor performances (i.e. biomass-derived adsorbents) have hin-
dered the large-scale use of these materials. On the other hand,
ervthrosine B removal by means of adsorption on inorganic nano-
structures (i.e. zeolites, nanostructured metal oxides, nanocomposites,
etc. (Mousavi et al., 2018)) has rarely been reported. Particularly, to the
best of our knowledge, EB adsorption by LDH has never been accounted
before, although the process is supposed to benefit greatly from the
nature of the adsorbent (layered material prone to anion exchange) and
of the adsorbate (anionic dye).

2. Experimental
2.1. Materials

All reagents were of analytical grade and used without further pu-
rifieation. Magnesium nitrate hexahydrate (Mg(NO3)2-6Hz0), sodium
hydroxide (NaOH), hydrochloric acid (HCl) and erythrosine B were
purchased from Sigma-Aldrich. Bauxite washing residues came from the
east of the state of Para (Northern Brazil).

2.2. The absorbent material preparation

About 4 g of bauxite residues (RBX) were treated in HCL (1:1 water
solution) under stirring at 100 °C for 4 h in order to leach Fe®* out of the
iron oxyhydroxides (goethite and hematite, see further in the text)
contained in the mining waste. The resulting solution was filtered to
separate the RBX insoluble fraction (mostly Si-carrying species) from the
soluble trivalent ions (AP" and Fe*"), labelled as “mother solution” or
“solution A" and stored for later use. 5.07 g of Mg (NO3)2-6H>0 were
dissolved into 75 mL of solution A. A NaOH (3 mol-L 1) solution was
added drop by drop to solution A under constant stirring until pH 12 was
reached and a brown precipitate began forming (after about 3 h). After
being kept at 80 °C for 4 days the precipitate was washed with distilled
water, filtrated and dried at 50 °C for 24 h. The resulting material was
labelled as LDH-PIR.

2.3. Materials characterization

RBX elemental composition was obtained by means of X-ray fluo-
rescence (XRF), using an Axios mineral sequential WDS spectrometer
(Panalytical) equipped with a ceramic X-ray tube (Rh anode).

The structural analysis of both RBX and the synthesized material
were performed by X-ray powder diffraction using a Panalytical
Empyrean X-ray diffractometer (Co Kal radiation & = 1.790 A, Fe Kp
filter). Morphological investigation and EDS microanalysis on the
nanoadsorbent prepared from the bauxite tailings were carried out by
means of a Zeiss SIGMA-VP Scanning Electron Microscope, provided
with an EDS IXRF equipment, under the following operating conditions:
electron beam current = 80 pA, constant acceleration voltage = 20 kv,
working distance = 8.5 mm, counting time for elemental analysis = 30 s.
LDH nanoadsorbent’s mierostructural features were obtained by High
Resolution Transmission Electron Mieroscopy (HRTEM) performed with
a TECNAI G2-20-FEI electron microscope (equipped with a LaBg fila-
ment thermionic electron gun, at an applied voltage of 200 kV, with line
resolution of 0.24 nm, point of focus 0.10 nm and magnification ranging
from 25 to 1,100,000x). The FTIR spectra were collected by a Fourier
VERTEX 70 V infrared absorption spectrometer (by Bruker) whereas
Raman spectra were aequired by using a Bruker RAM II FT-Raman
module coupled to the VERTEX 70 V instrument and to a liquid nitro-
gen cooled high-sensitivity Ge detector. The specific surface area
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(SSAggr) and pore size analysis were caried out by Ny adsorption-
desorption at 77 K using a Quantachrome Nova 2200 gas sorption
analyser. Pore size distribution was determined by the BJH (Baret-
Joyner-Halenda) method from the desorption branch of the isotherm.

Dye concentrations during the adsorption tests in aqueous solution
were measured spectrophotometrically (at the wavelength correspond-
ing to the EB maximum absorbance, A (max = 526 nm) with a Varian Cary
50-type UV-vis. Double beam spectrophotometer (wavelength range
190-1100 nm, fixed spectral bandwidth of approximately 1.5 nm,
Pulsed Xenon light full-spectrum single source).

2.4. Absorption studies

The adsorption experiments were carried out in a set of 50 mL
Erlenmeyer flasks containing 0.05 g of adsorbent and 25 mL of dye so-
lution with initial concentrations of 60, 100, 150, 200 and 250 mg/L.
The flasks were stirred at 220 rpm for 1 h in a thermostatic bath (27 °C).
All samples were filtered through Ne. 42 filter paper prior to the
UV-visible measurements. Each experiment was repeated three times
under identical conditions and a mean concentration value was calcu-
lated. Dye removal (rate) percentage (%) and adsorption capacity (ge)
were computed through the following formulas:

% =[C";4.mo 35
(G-C)V
de=""r (2)

where C; is the initial dye concentration (mg/L); Ce is the equilibrium
dye concentration (mg/L); V is the volume (L) of the dye solution; and M
is the amount (in grams) of LDH.

2.5. Effect of pH

Experiments devoted to evaluate the pH influence on the dye
adsorption by LDH were performed with an initial erythrosine B con-
centration of 250 mg/L. The solutions were stirred for 24 h at a speed of
220 rpm. Hydrochlorie acid (0.1 M) and sodium hydroxide (0.1 M) were
used to adjust the pH of the solutions in the 3-8 range.

2.6. Adsorption kinetics

The kinetic adsorption study was carried out for five different initial
dye concentrations (60, 100, 150, 200 and 250 mg/L, as previously
deseribed). Samples were collected every 10 min over an hour-long
period and the amount of dye adsorbed by the LDH materials was
determined spectrophotometrically.

The adsorption mechanism was studied by taking advantage of
pseudo-first (Eq. (3)) and pseudo-second order (Eq. (4)) kinetic models:

log(q, — q,) = logg, — (3)

K t
2,303

_—— e —t (4)
q, Ko q.

where g and q, are the adsorbed amounts (mg/g) of dye per gram of
adsorbent at equilibrium and at time t (min), respectively. k; and ks are
the pseudo-first order and pseudo-second order rate constants, respec-
tively. Both models were evaluated for different initial dye concentra-
the agreement between the
experimental ge and the one extrapolated by assuming a pseudo-first or a
pseudo-second order kineties.

tions and wvalidation was based on
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2.7. Adsorption isotherms

Langmuir, Freundlich and Temkin isotherms were used to model the
dye adsorption process in terms of interactions between the adsorbent
and the adsorbate. The equilibrium adsorption isotherms were deter-
mined by using adsorption data for every and each initial dye concen-
tration and by averaging the values (for each and every initial
concentration) over three different adsorption times (40, 50 and 60
min). The linear form of Langmuir isotherm is described by Eg. (5)

1 1 1

i (5)
e Umex KL Gpac

where: g. (mg/g) is the amount of dye adsorbed per mass unit of
adsorbent, gmax (mg/g is the maximum adsorption capacity, Ky (Lg 1 is
the adsorbate-adsorbent interaction constant and C, is the adsorbed dye
equilibrium concentration (mgL™1). The salient features of the Lang-
muir model (Nascimento et al., 2014) ean also be accounted for by a
dimensionless separation factor Ry:

1

Ry = ———
1+ K.C,

(6)

where C, (mg/L) is the initial dye concentration. Depending on the Ry
value, the shape of the isotherm can be unfavourable (Ry > 1), linear (Ry
= 1), favourable (0 < Ry < 1) or irreversible (R; = 0).

The linear form of Freundlich isotherm is presented in Eq. (7):

1
logq, = logKg +— logC,. (7)
n

where Kr (mg-g !y and 1/n are the constants of the Freundlich model,
indicating the adsorption capacity and the heterogeneity of the adsor-
bent surface, respectively. In addition, if n > 1 (1/n less than 1) the
adsorption is favourable, while if n < 1 (1/n greater than 1) the
adsorption is unfavourable.

Finally, the linear form of the Temkin isotherm can be expressed by
Eq. (8).

RT
q. = BInA + BInC.,where : B = E (@)

where Ky is the equilibrium binding constant corresponding to the
maximum binding energy, q. is the experimental adsorption capacity
(mg/g). Ce is the concentration of dye adsorbed at equilibrium (mg/L),
br is a constant proportional to the adsorption heat, R is the universal
gas constant (8.314 J-k I mol ") and T is the absolute temperature (K).

2.8. Thermodynamic study

Temperature changes may impact on the interaction between the
adsorbate and the adsorbent, and, consequently on the adsorption ca-
pacity. Ultimately, temperature variations also affect dye adsorption
rate (percentage). Therefore, measuring the thermodynamic parameters
associated to dye adsorption Gibbs adsorption free energy (AG"),

adsorption enthalpy (AH") and adsorption entropy (AS°) was instru-
mental in establishing certain characteristic of the process (i.e. identi-
fving whether the dye remowval oceurs by chemisorption or
physisorption, whether is exothermie or endothermic and, finally, if it is
thermodynamically spontanecus). All thermodynamic quantities were
extrapolated from the experimental data (i.e. adsorption isotherms)
collected at different temperatures (35, 45 and 55 “C) by using the
following equations:

AG® = — RTInK, (&=)]

N
Ka=¢

1oy
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AS®  AH®
I} = — — 11
nKy R RT 11

where Ky is the distribution coefficient for the adsorption. AH® and AS
were calculated from the slope and intercept of the Van't Hoff InKy
versus 1,/T plot, respectively. All the quantities appearing in Eqs. (9)-
(11) have the usual meaning.

3. Results and discussion
3.1. Characterization of the Materials: RBX and LDH

RBX chemical composition (by XRF) is reported in Table 1. The
residue contains high percentages of Fe,05; (23.46% in weight) and
AlyO3 (31.26% in weight), probably ascribable to the hematite and
gibbsite minerals, respectively. The SiO, content (24.98% in weight)
was attributed to the kaolinite and quartz phases. Results indicated that
RBX can be an excellent starting material (due to the high iron and
aluminum content) for the synthesis of pyroaurite.

The XRD patterns of both RBX and LDH are illustrated in Fig. 1. The
bauxite washing residues showed kaolinite (PDF 029-1438), hematite
(PDF 013-0534), gibbsite (PDF 029-0041), anatase (PDF-021-1272)
and quartz (PDF-00-046-1045) (Fig. 1a) as major mineral phases. On the
other hand, the presence of pyroaurite (PDF 00-025-0521, see Fig. 1b)
in the synthesized material was verified by the main peaks at 12.71;
25.61; 39.8; 44.57; 52.4; 70.66 and 72.10° (20), corresponding to the
(00D) (and to its higher-order reflections, (003) and (006)), (012), (015),
(018), (110) and (113) basal reflections of the Mg-Fe-Al LDH. As a result
of nitrate ions intercalation between the inorganic lamellae, the LDH
interlamellar spacing (d-spacing), calculated using Bragg equation (ni
= 2d - 5in 0), turned out be 8.09 A (Kloprogge et al., 2002). The unit cell
parameters were a = b = 3.09 A, c = 2427 A and V = 197.93 A%,
matching the rhombohedral crystallographic system and the R-3 m
space group. Crystallographic data proved to be in agreement with the
established works of Hansen et al., (Hansen and Taylor, 1991and Han-
sen and Koch, 1995) and Allmann (1963). Metal-to-metal interatomic
distance, that is, the interspace between the Mg and Fe octahedra within
a sf_ngole LDH layer, derived from the parameter a (a = 2d (110)), was
3.09 A (Cavani et al., 1991; Badreddine et al., 1999).

Fig. 2a shows the FTIR spectrum of LDH. The bands at 397 and 590
em ! correspond to the metal-oxygen (Mg-O and Fe-O, respectively)
elongation modes. Conversely, the band centered at 839 em ! can be
attributed to the v, vibration mode of the nitrate group (NO3 ) (Miyata,

1975). The bands at 3480 and 1638 em ! correspond to the O-H vi-

brations of the hydroxyl groups in the LDH and water molecules be-
tween the layers, respectively (Shabanian et al.. 2020). In addition, the
band at 1384 cm ™ ! was identified as the v asymmetric vibrational mode
of the nitrate group (Kloprogge et al., 2002). Nevertheless, nitrate and
carbonate bands close proximity in HDL nanostructures does not allow
CO3> intercalation between cationic layers to be ruled out (Zhang et al.,
2008; Ahmed et al., 2012; Zhihao et al., 2017; Abdellacui et al., 2019).
Besides, the bands at the 116, 466 and 530 ecm™! in the LDH Raman
spectrum (Fig. 2b) belong to the metal-oxygen-metal bonds (Fe-O-Fe,
Mg-O-Fe and Al-O-Al, respectively) in the soucture of the lamellar
material (Frost et al., 2010; Paikaray and Hendry, 2012; Zhitova et al.,
201 7). Finally, the bands observed at 711 and 1042 em™ ' account for the
va folding mode and the v, symmetric stretch mode of the nitrate ions,
respectively (Islam et al., 2013; Al-Jaberi et al., 2015).

Table 1
RBX chemical composition.

Bauxite residues (RBX)
Fez0s Al-Os SiO- TiO= Lor

Components

(96) m/m 23.46 31.26 24.98 4.03 16.44

* Loss on ignition.
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K = Kaolinite
G = Gibbsite
A = Anatase
H = Hematite
Q = Quartzo

Intensity (a.u)

PDF (00-025-0521)

™)

(006)

S =
-
-
b

T T T T T T T

10 20 30 40 50 &0 70
2*{Theta)

Fig. 1. XRD diffraction patterns of (a) RBX and (b) LDH.

The N adsorption-desorption isotherm of Mg-Fe-Al LDH (Fig. 3) is of
IV type(a), according to IUPAC classification, indicating that the syn-
thesized material is mesoporous (pore diameter between 2 and 50 nm).
The hysteresis loop (located between 0.3 and 1 (P/Po)) can be connected
to the H-3 type one. Such a hysteresis is consistent with the behaviour of
porous layered materials (e.g. clays, Thommes et al., 2015). Moreover,
H-3 tvpe hysteresis reveals that the mesoporous material possesses a
large variety of pore sizes corresponding to open slit type cavities with a
parallel plate structure (Zhang et al., 2016). SSApet of the synthesized
LDH turned out to be 81 m?/g. BJH pore size distribution was found to

2
peak at 20.2 A, whereas the total pore volume was 0.212 (cma/gj.

Mg-Fe-Al-NOs; LDH morphological characterization, performed by
SEM-EDS and HR-TEM microscopy, is displayed in Fig. 4.

Specifically, sample surface appeared to be comprised of randomly
agglomerated microcrystals with an average size smaller than 1 pm
(Fiz. 4a) and no long range organization. A similar morphology was
reported by Sranké et al. (2011) for Ba®' /Fe®' LDHs. Nonetheless, it is
worth noticing that layered double hydroxides synthesized from com-
mercial precursors usually tend to be arranged in well-defined hexago-
nal plate-shaped erystals (Téth et al, 2014) instead. EDS
semiquantitative analysis accomplished on 4 different points of the
sample revealed the following average chemieal composition: 19,385%
Mg, 7888% Fe and 4967% Al The HR-TEM micrographs (Fig. 4b)
showed that LDH mesoporous structure is composed of intergrown
plate-shaped nanoccrystals with an average regular size of 100 nm,
slightly over the value reported by Nascimento et al. (2019) for MgFeAl-
Cl™ LDH synthesized from bauxite extraction residues.

3.2. Adsorption studies

32.2.1. Effect of pH
pH directly affects the adsorption process by determining the surface
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Fig. 2. Mg-Fe-Al LDH FTIR (a) and Raman (b) spectra.
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Fig. 3. MgFeAl-HDL N> adsorption-desorption curves.

charge of the adsorbent and, therefore, the electrostatic interactions
taking place between the LDH and the adsorbate (Toledo et al., 2005).
As shown in Fig. 5 no significant change was observed in the adsorption
of erythrosine B on the Mg-Fe-Al LDH in the 4-8 pH range (removal rate
close to 83.6%). On the other hand, dye adsorption rate rose up to 98.3%
as the pH reached 3. Such an increase in the removal rate may be due to
the dye protonation in acidic environment. In fact, EB (an anionic dye
with a double negative charge (A* ") can precipitate as neutral dye (Hz2A)
at low pH values (Kaneko et al., 2010). Furthermore, OH groups in the
LDH platelets are protonated around pH = 3 (Arrabito et al., 2020;
Zhang and Evans, 2012) favoring the interaction with the anionic form
of erythrosine B (before achieving the lamellar structure dissolution if
pH is further lowered (Castro et al., 2018)). A similar behaviour was
observed by Lafi et al., 2016 while studying the adsorption of anionic
dye from of Congo red on Mg-Al-LDH.

3.2.2. Contact Time effect

Contact time is an important parameter defining the adsorption ki-
neties for a given initial concentration of the dye. A graph reporting the
amount of erythrosine B adsorbed over the LDH vs contact time for
different initial dye concentrations is shown in Fig. 6. Equilibrium was
reached, for concentrations between 60 and 200 mg/L, in about 20 min

(rapid increase in the amount of adsorbed dye followed by a plateau).
On the contrary, in the case of higher EB concentrations (i.e. 250 mg/1)
almost 30 min were required to reach the equilibrium. Furthermore, as
the initial dye concentration was raised the adsorption capacity
inereased as well. For instance, q., values passed from 26.86 to 94.25
(mg/g), as the initial concentration increased from 60 to 250 mg/L,
respectively.

3.2.3. Adsorption kinetic

Kinetic constant referring to pseudo-first order (K,) adsorption re-
action was extrapolated from the In (ge-qo) versus t graph reported in
Fig. 7 by applying Eq. (2). Correlation coefficients (R?) for each initial
dye concentration were calculated and listed in Table 2. Unfortunately,
the linear model was not able to describe accurately the experimental
results, as the calculated ge values were quite lower than their experi-
mental counterparts. For instance, the experimental q. value for the 60
mg/L initial concentration was 26.5 (mg/g), while the corresponding
caleulated g. was 0.173 (mg/g). Indeed, the correlation coefficients R2
obtained for all the studied concentrations were found to be very low
(less than 0.7706). Thus, pseudo-first order kinetic was not adequate to
model the EB adsorption by LDH. Similar results were attained by Kaur
and Datta (2013) for the adsorption of erythrosine B by montmorillonite
with initial dye concentrations ranging from 50 to 200 mg/L (Neither g
nor R? had matched the experimental data).

Fig. © shows the t/q, versus t curves utilized to calculate the pa-
rameters qe, Ko and R (Table 2) according to a pseudo-second order
kinetics (see Eq. (4)). Needless to say, the fit was closer to the experi-
mental points than the previous linear one. For example, the experi-
mental values of g for 60 and 100 mg/L were 26.5 and 42.1 (mg/g), and
the results obtained from the ealculated ge were exactly 26.5 and 42.5
(mg/g), respectively. These findings demonstrated that erythrosine B
dye adsorption in aqueous solution by Mg-Fe-Al LDH can be reasonably
described by a pseudo-second order kinetic model. Regarding the cor-
relation coefficients, all R* values obtained were close to 1, which re-
inforces the applicability of the model. The results are in accordance
with the work of Apostol et al. (2015) where the ability of pumpkin seed
husks to remove erythrosine B was also evaluated by means of a pseudo-
second order kinetie model. It is worth noticing that the increase in the
initial concentration of the dye led to a decrease in the K, adsorption rate
constants, suggesting that several mechanisms such as ion exchange and
physical adsorption are likely to be involved in the process (Apostol
et al., 2015).

However, surface adsorption on the brucite layers (favored by ma-
terial porosity) may be the dominant mechanism for erythrosine
removal rather than anion exchange. In order to verify whether anion
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Element (% mass)
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Point 2 11.692 7.748 3.022 16.450
Point 3 22086 10154 5618 21422
Point 4 18948 6.934 4956 26.570

Average 10.385 7888 5217 24255

Fig. 4. SEM-EDS analysis (a); HR-TEM (b) of MgFeAl-NOz LDH.
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Fig. 5. pH effect on the adsorption of the EB by MgFeAl-LDH (adsorbent
dosage: 0.05 g. V = 25 mL. C, = 250 mg/L™").

exchange contribute significantly to erythrosine removal, XRD was
performed on the LDH material after dve adsorption (see Fig. 9). In spite
of anion exchange being an ordinary process occurring within LDH
layers, strong indications of dye intercalation into the anionic clay
structure are currently lacking in the present case. Indeed, the new
diffraction pattern showed no shift in the diffraction peaks with respect
to the pristine LDH sample. Particularly, the 13 (2°0) peak, belonging to
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Fig. 6. Contact time effect on the EB adsorption (Adsorbent mass: 0.05 g, V =
25 ml. Stirring = 220 rpm. pH = 8.0).

the (003) crystallographic plane and associated to the LDH basal
spacing, was not displaced (i.e. shifted down) by erythrosine adsorption.
Being basal space distance usually affected by intercalation of ions,
anion exchange does not seem to be the main mechanism responsible for
dye removal. Nevertheless, anion exchange (and the configurational
entropic disorder stemming from it) cannot be completely excluded.
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Fig. 7. Pseudo-first order kinetic model applied to the adsorption of EB for
different initial dye concentrations. (Adsorbent dosage: 0.05 g. V = 25 mlL.
Stirring = 220 rpm. pH = 8.0.).

Table 2
Pseudo-first order kinetic parameters for the adsorption of EB on LDH.

C, (mg/L) Pseudo-first order parameters

q. exp. (mg/g) q. cale. (mg/g) K; (min™") R

60 26.542 0.173 0.0003 0.0144
100 42,049 6.454 —0.0022 0.6831
150 65.216 7.832 —0.0012 0.1265
200 54.610 10.698 —0.0018 0.3012
250 93.999 24.740 —0.0029 0.7706
25
= 60 (mgiL)
1 * 100(mglL)
A 150 (mg/L)
204 ¥ 200(mgliL)
+ 250 (mgiL)
—— Pseudo-second order kinetics
B 1,5
[= ]
E
£ 1
£
= 1,0
o
-
0,5
0,0
1] 10 20 30 40 50 60
t

Fig. 8. Pseudo-second order kinetic model applied to the EB adsorption at
different initial dye concentrations. (Adsorbent dosage: 0.05 g. V = 25 mL.
Stirring = 220 rpm. pH = 8.0).

3.2.4. Adsorption isotherms

The shapes of the Langmuir, Freundlich and Temkin isotherms are
presented in Fig. 10, while the average (over three adsorption times: 40,
50 and 60 min) ¢ and g, values, their standard deviations, linear and
non-linear isotherm parameters are reported in Table 4. All three models

Table 3
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Pseudo-second order kinetic parameters for the adsorption of EB on LDH.

C, (mg/L)  Pseudo-second erder parameters
q. (exp). (mg/g) g (cale). (mg/g) K, (gmgmin™) R

60 26,542 26,546 0.164 0.9997
100 42.049 42.445 0.031 0.9991
150 65.216 64.935 0.011 0.9954
200 84.610 85.106 0.014 0.9991
250 93.999 96.432 0.011 0.9993
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Fig. 9. XRD diffraction pattern on the LDH material after absorbing Erythro-
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show favourable shapes of the corresponding adsorption isotherm curve,

justifying the considerable amount of dye retained per unit of mass of
adsorbent (Nascimento et al., 2014).

The linear and nonlinear values for the Ry and R? parameters of the
Langmuir isotherm imply an accurate depiction of the adsorption
phenom by the proposed model. For instance, Ry, values are between 0 <
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Table 4
Average ce and ge, standard deviation, constants for Langmuir, Freundlich and Temkin isotherms.
Concentrations Average (mean) Standard dewviation Model Parameters Non-linear Linear
c. (mg/L) 7.07 0.140 Jamax 152.48 153.85
60 (mg/L) q. (mg/g) 26.46 0.070 Lanemui K, 0.030 0.029
100 e/t c. (mz/L) 16.00 0.067 nEmuir Ry 0.210 0.217
mg/L. q. (mg/g) 42.00 0 R? 0.976 0.923
c. (mg/L) 23.00 2.579 1/n 0.542 0.637
150 (me/L) qe (mg/g) 63.50 1.289 Freundlich n 1.845 1.569
200 (me/L) ¢, (mg/L) 32,13 1.501 Ez 10.893 7.854
e/t qe (mg/g) 83.94 0 R 0.956 0.947
c. (mg/L) 60.68 1.202 br 72.040 34.409
250 (mg/L) Temkin Er 0.277 0.277
q. (mg/g) 94.66 0.601 R 0.972 0.045
Ry < 1, confirming the favourable adsorption and the large affinity of the
dye for the solid phase compared to the liquid one. The high value B
(I. 52.48 mg/.gof mzj.xll'.mum adsorption capacit).r (qmlax), corroborates the 26
high adsorption efficiency of the layered material with respect to the dye
under investigation. Eser et al. (2015) and Sharifzade et al. (2017) also L2
reported remarkable gy 4y, 116.3 and 296.0 (mg/g), for the adsorption of B L]
erythrosine B, using fairly more expensive adsorbents (magnetic chito- 15
san and lemon peel activated charcoal, respectively). The satisfying re-
sults achieved by applying the Langmuir model strongly support the :
hypothesis that the dye adsorbs on the LDH by occupying all the avail- -
able adsorption .snes u11t-11‘rhe formation a monolayer is completed. . 0003 000305 0,0031 000815 0,0032 0,00325 0,0033
The Freundlich empirical model, based on multilayer adsorption T (K

over heterogenous surfaces, was also successfully applied to the LDH-
erythrosine B system despite the difference between the linear and
non-linear parameters. Nevertheless, n was found to be between 1 and 2
(n=1.845 and n = 1.569 for the non-linear and linear fit, respectively).
The higher n is (the lower 1/n is), the stronger the interaction between
adsorbate and adsorbent (Nascimento et al., 2014). Besides, the closer to
zero (1/n) is, the more heterogeneous the surface of the adsorbent
(Apostol et al., 2015).

The Temkin isotherm model takes into account the effects of indirect
adsorbate/adsorbent interactions on the adsorption process and assumes
that the heat of adsorption (related to by) decreases linearly as surface
coverage increases. The high value of the br constant revealed a strong
interaction between the dye and the Mg-Fe-Al LDH (Sharifzade et al.,
2017) probably brought about by the electrostatic attraction occurring
between the adsorbate and the adsorbent.

3.2.5. Thermodynamic study

Thermodynamic parameters (Table 5) calculated from the Van't Hoff
plot (Fig. 11), demonstrate (negative values of AG*) the spontaneous
nature of the adsorption process and verify the great affinity of nano-
adsorbent for the adsorbate. In addition, the positive value of the
adsorption enthalpy change (AH") and the increase in the AG® values as
the temperature is raised confirmed the endothermic nature of the
adsorption. Furthermore, the temperature increase led to an increment
of the dye removal rate from 89% (35 °C) to 93% (55 °C) (Fig. 12).
Positive AS” values may be caused by an entropy increase at the solid/
liquid interface associated to structural changes in both the adsorbate
and the adsorbent (Ikhazuangbe et al., 2017; Sharifzade et al., 2017).

This effect seems to be consistent with a dye removal mechanism
mainly based on surface adsorption (as inferred in Section 3.2.3) due to
the interaction between the anionic dye and the positively charged

Table 5
Thermodynamic parameters values for the EB dye removal with Mg-Fe-Al LDH.

Thermodynamic Parameters

AG® (KJ/mol) AH® (KJ/mol) AS® (J/mol.K)
308 K 318K 328 K
—3.659 —4.771 —5.323 22.059 83.788

Fig. 11. Van't Hoff graphs to extrapolate thermodynamic parameters.
(Adsorbent dosage: 0.05 g. C; = 100 mg/L. V = 25 mL. T: 35, 45 and 55 °C.
Stirring = 220 rpm. pH = 8.0).
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Fig. 12. EB dye removal rate dependence on temperature.

surface brucite-like layers (containing both divalent and trivalent ions).

In fact, intercalation of erythrosine into the LDH layers should imply a

negative AS° related to a marked decrease of the degree of freedom of

the anionic dye by limiting the translational and rotational motion of
erythrosine molecules. On the other hand, the molecules of solvent
(water) adsorbed on the LDHs surface and displaced by the erythrosine
B should gain more translational entropy than is lost by the adsorbate
ions, allowing for a total increase of the of the entropy at the solid/liquid
interface (Peng et al., 2009).
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4. Conclusion

A new, low-cost, LDH adsorbent for the removal erythrosine B dye
from aqueous solutions was prepared by converting Fe- and Al-rich
bauxite washing residues (Fe,O; = (23.46%) and Al,O3 = 31.26%)
into a pyroaurite-like (Mg-Fe-Al) material.

The LDH characterization results highlighted the formation of a
single layered phase with high crystallinity, erystal size smaller than 1
pm, an interlamellar basal spacing of 8.09 A and a distance between the
centers (Mg, Fe or Al atoms) of adjacent octahedra equal to 3.09 A
Specific surface area of the nanoadsorbent was found to be relatively
high (81 m®/g), whereas pore size distribution peaked at around 20.2 A
with a total pore volume amounting to 0.212 (cm®/g).

The adsorption results indicated that, in the 4-8 pH range, the
removal rate of the erythrosine B dye was greater than 80% even using
only 50 mg of adsorbent. The adsorption process was observed to be fast
regardless of the initial adsorbate concentration (60, 100, 150, 200 and
250 mg/L). In fact, high amounts of dye were removed from solution
within the first 20 min (i.e. contact time), while the adsorption equi-
librium was reached after 30 min. A dye removal mechanism mainly
relying on surface adsorption was hypnotized.

The pseudo-second order kinetic model was in perfect agreement
with the experimental data and presented R* values very close to 1. The
three adsorption isotherms also fitted well the experimental data. Based
on nuir's parameters, the maximum adsorption capacity was
152.48 mg/g and Ry, equal to 0.210 stressing the favourability of the

process. The values of the parameters n = 1.845 (Freundlich) and by =
72.04 (Temkin) revealed a strong interaction between the dye and the
Mg-Fe-Al LDH.
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5.2 ARTIGO II: STRUCTURAL REORGANIZATION AND PERFORMANCE OF LOW-
COST, LDH-DERIVED MIXED OXIDES FROM AMAZON BAUXITE TAILINGS IN
PONCEAU 4R-DYE REMOVAL
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Abstract

This work puts forward magnesium-iron-aluminum mixed oxides (CLDH-Xs, X=calcination
temperature: 400°C and 600°C), attained by annealing an Mg-Fe-Al layered double hydroxide
(LDH), as adsorbing materials for the removal of the anionic dye ponceau 4R (P4R) in
aqueous solutions. The Mg-Fe-Al LDH, in turn, had been synthesized by recovering iron and
aluminum from Amazon rainforest bauxite washing tailings. Scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), specific surface
area (SSA-BET) measurements, Fourier-Transform infrared spectroscopy (FTIR) and zeta
potential analysis were performed to characterize CLDH-Xs. The influence of the adsorbent
dosage, contact time, and temperature on materials dye removal capabilities was investigated.
Adsorption isotherm models were also evaluated. Besides, the so-called memory effect (ME)
associated to thermally treated LDHs and the direct impact of structural regeneration on P4R
removal were studied. Both CLDH-Xs showed excellent performances with respect to P4R
adsorption. Specifically, CLDH-400°C achieved a P4R removal rate (RR) of 99% in about 30
min, whereas CLDH-600°C RR matched up to 98% in 240 min. As temperature was raised to
313 K (40°C), contact time decreased drastically for CLDH-600°C and RR reached 99.5% in
60 minutes. ME (i.e. “dye-induced”) turned out to be one of the main factors at play in
enhancing (“indirectly”) P4R adsorption on CDLH-Xs and in determining its thermodynamic
spontaneity. The results suggest that mixed metal oxides, notably waste-derived, are
promising, and inexpensive adsorbents for ponceau 4R removal. Nonetheless, it was observed
that CLDH-400°C adsorption capacity dwindled (up to 35%) over time because of an “air

exposure-induced” memory effect. Contrarywise, the detrimental ME caused by air/moisture
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exposure proved to be a minor issue for the CLDH-600°C material in terms of dye removal

efficiency.

Keywords: Amazon region. Tailings Mixed metal oxides. Adsorption. Ponceau 4R.

1. Introduction

Modern society demand for raw materials is inevitably connected to extensive mining.
Needless to say, the more the mining industry develops, the more waste is produced. Mining
residues, or tailings, are potentially harmful to the environment and can result into ecological
degradation due to chemicals from ore processing (e.g., flotation reagents, high density media
suspensions, etc.) entering groundwater. Besides, air pollution caused by heavy metal-
containing dusts wafting in the atmosphere needs to be considered (Jiang et al., 2023).
Moreover, tailings dams are prone to catastrophic breakages, bringing about human casualties
and waterways contamination.

On the other hand, mining residues are a real bonanza of metallic elements and,
therefore, their recovery from tailings ponds and stockpiles has been contemplated by both
industry and scientists over the last few years. The reuse of mining tailings is meant to
transform mineral matrixes into either value-added materials for technological applications or
into a source of secondary “strategically important critical minerals” (e.g. rare earth elements,
phosphate rock, lithium, cobalt, niobium, tantalum, indium, antimony, platinum group metals,
etc.) to supplement limited traditional reserves (Kinnunen et al., 2019; Araya et al., 2021,
Sarker et al., 2022). For instance, it is estimated that antimony (Sb) global supply from
mining will be depleted in about 10 years, making Sb the first metal whose production will be
completely dependent on secondary sources (Xavier et al., 2021). Thus, aside from alleviating
environmental impact, mining waste recycling can be regarded as an opportunity to create a
profitable eco-commercial path towards the sustainable development.

Among different “high-tech” materials suitable to be synthesized from mining tailings
(or industrial waste in general, Ettoumi et al. 2021; Naidu et al. 2020), layered double
hydroxides (LDHs or anionic clays) are particularly intriguing in terms of versatility and
industrial technology transfer (Jiang et al. 2023). Mining waste-based LDHs have shown
physical-chemical properties comparable to their counterparts synthesized from pure,
commercially available precursors (Nascimento R. S. et al. 2022). Mixed metal oxides
(MMOs), even known as LDOs (layered double oxides), obtained from LDH calcination (i.e.,

dehydration/ de-hydroxylation reaction) also present remarkable surface properties. For



53

example, MMOs have been explored as highly efficient photocatalysts, catalysts and
adsorbents for dye degradation and/or removal (Song et al., 2021; Veerabhadrappa et al.
2021). In fact, mixed metal oxides usually possess larger specific surface areas than their
LDH precursors. In addition, MMOs contain acid-base pairs and vacancy sites that render the
materials apt to charge transfer and chemisorption (Lee et al., 2021). Also, MMOs have the
capability of reverting to their original LDH structure, usually in an aqueous solution
containing intercalation anions. This feature goes under the name of “memory effect” (ME).
ME has been frequently described as one of the most advantageous approaches to remove
carbonate ions from LDHs and, as a result, to boost adsorption capacity with respect to
negatively charged organic dyes and inorganic anions (Yadav&Dasgupta, 2022; Mittal, 2021;
Yang et al., 2019).

Despite plenty of studies on MMO synthesis by means of LDH thermal treatments,
literature concerning LDH-originated MMOs prepared from mining tailings and their
application to dye adsorption is practically non-existent. Hence, the present work investigates
the synthesis of MMOs by annealing an Mg-Fe-Al-NO3 (i.e., pyroaurite-like) LDH obtained
from Amazonian bauxite washing residues (R.S. Nascimento et al., 2022). MMOs annealed at
different temperatures have already been reported to develop various specific surface areas
that reflect distinct adsorptive activities (Lee et al., 2021). MMOs were tested for anionic dye
ponceau 4R (P4R) adsorption in aqueous solutions. Special attention was paid to adsorption
results in light of memory effects originating from both MMO-dye interaction and material
exposure to atmosphere.

P4R was chosen as target dye because:

(1) It is widely used in food coloring (e.g., alcoholic and non-alcoholic beverages,
desserts, flavored dairy products, jams, jellies, candied fruits and vegetables, cereals, sauces,
seasonings, chorizo, etc.), cosmetics, medications and in other innumerable industries
(Leulescu et al. 2019).

(2) It is suspected of being cancerogenic and, in some countries such as United States
and Finland, is listed as a banned substance (Zhu et al. 2013).

(3) It 1s often disposed unproperly in industrial wastewaters. Consequently P4R, as
much as any other dye, may jeopardize the growth of aquatic organisms and cause an
imbalance in the hydrogeological environment. Therefore, P4AR degradation to harmless

compounds or its removal by adsorption are called for (Li & Lei, 2012).
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(4) Although a whole “hodgepodge” of polymers and advanced materials made from
organic waste (e.g. coffee husk, tilapia scales, chitosan functionalized with graphene oxide,
activated carbon from plant species, Zhu et al. 2013; Salahuddin et al. 2018; Valladares et al.
2019; Castro et al. 2023) has been employed for P4R adsorption, the removal of this dye
through LDH-derived MMOs (either commercial or waste-based) has not been reported yet.
In addition, only a paper dealing with P4R adsorption on anionic clays was encountered

(Balayeva et al. 2021).

2. Experimental

2.1. Preparation of Mixed Metal Oxides (MMOs)

The Mg-Fe-Al LDH precursor was obtained from bauxite washing tailings by the co-
precipitation method, as described in R.S. Nascimento et al., 2022. Mg-Fe-Al LDH was then
calcined for 2h in a muffle furnace at 400°C and 600°C. The attained mixed metal oxides

were labeled as CLDH-400°C and CLHD- 600°C, respectively.

2.2 Materials characterization

Structural analysis of the synthesized CLDH-Xs was performed by powder X-ray
diffraction using a Panalytical Empyrean X-ray diffractometer (Co Kal radiation A = 1.790 A,
Fe K filter). Morphological investigation was carried out by means of a Zeiss SIGMA-VP
Scanning Electron Microscope, equipped with an EDS IXRF module, under the following
operating conditions: electron beam current = 80 pA, constant acceleration voltage = 20 kV,
working distance = 8 .5 mm, counting time for elemental analysis = 30 s. FTIR spectra were
collected with a VERTEX 70 V Fourier transform infrared absorption spectrometer (Bruker).
Specific surface area (SSABET) and pore size measurements were performed by N2
adsorption-desorption at 77 K using a Quantachrome Nova 2200 gas sorption analyzer. Pore
size distribution was determined by the BJH method (Barret- Joyner-Halenda) from the
desorption branch of the isotherm. Dye concentration during the adsorption tests in aqueous
solution were measured spectroscopically (at the wavelength corresponding to PAR maximum

absorbance, A (max) = 510 nm) with a Varian Cary 50 type UV-vis spectrophotometer.

2.3 Adsorption experiments

Ponceau 4R, namely trisodium (8Z)-7-0x0-8-, naphthalene-1,3-disulfonate (IUPAC
name), CAS number 2611-82-7, was purchased from Merck, Brazil. CLDH-Xs zeta potentials
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were measured in the 1-12 pH range (adjusted with 0.25 M HCI and NaOH solutions) prior to
dye adsorption.

P4R removal experiments were performed in duplicates using Erlenmeyer flasks
containing 25 mL of dye solution (P4R initial concentration = 80 mg/L), under stirring at 220
rpm and in a thermostatic bath (300 K/27°C). The effect of contact time (5 min to 240 min),
temperature (306 K/ 33°C and 313K/40°C), and adsorbent dose (0.4, 0.8 and 1.2 g/L) were
investigated.

The amount of P4R removed, that is the dye removal rate (RR (%)), and the (equilibrium)
adsorption capacity (qe in mg/g) were calculated using Eq. (1) and (2), respectively:

RR(%) = “="2 100
(1)

qe = (Cl,;,—ce) a4

(2)

Where Ci is the dye initial concentration (mg/L); Ce is the equilibrium dye
concentration (mg/L); V is the volume (L) of the dye solution; and M is the mass (in grams)

of CLDH-Xs.

2.4 Adsorption kinetics

The relevant parameters of the pseudo-first order (Eq. 3) and pseudo-second order (Eq.

4) kinetic models were calculated through the following nonlinear equations:

qr = qe(1 — e™¥1%) 3)
_ kaptq?
qe = 1+qetks “4)

Where ge and gt are the adsorbed amounts (mg/g) of dye per gram of adsorbent at
equilibrium (i.e., adsorption capacity) and at time t (min), respectively. k; and k, are the
pseudo-first order and pseudo-second-order rate constants, respectively.

The Weber and Morris kinetic model (or intraparticle diffusion model) parameters

were determined by (Eq. 5):

qe = kaip ¥ t%° + C (5)
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Where qt is the amount of adsorbate retained on the solid phase (mg/g) at time t (min);
kdif is the intraparticle diffusion coefficient (mgadsorbate/gadsorbent -minl/2); C is a

constant related to diffusion resistance (mgadsorbate/gadsorbent).

2.5 Adsorption isotherms

Langmuir and Freundlich models were used to fit adsorption data at a fixed
temperature (27°C). Five initial P4R concentrations (80, 100, 140, 160, 180 mg/L) were used.
Dye equilibrium concentrations were acquired at t= 60 min. The non-linear equations for each

isotherm are reported:

Langmuir
_ 9max
Qe = Ticoky, ®)

Where G, is the maximum adsorption capacity and K; (L-g") is the Langmuir

constant for the adsorbate-adsorbent interaction. Langmuir isotherm features can also be

represented through the constant Ry:

1

R, = (6)

1+K,Cy

Adsorption can be defined as favorable (1< Ry <0), unfavorable (R >1) or irreversible
(RL: 0)
Freundlich

e = KrC,™" (7)

Where K and (1/n) are constants. Specifically, K is the adsorption capacity and 1/n
provide an indication of how favorable the adsorption process is. In order for adsorption to be

favorable 1/n should be lower than 1.

2.6 Thermodynamic study

Thermodynamic parameters associated to dye adsorption were extrapolated from
experimental measurements to ascertain specific characteristics of the process. Indeed,
standard Gibbs adsorption free energy (AG'), enthalpy of adsorption (AH), and entropy of
adsorption (AS)) are essential in onto establish whether dye removal takes place by
chemisorption or physisorption, whether it is exothermic or endothermic and, ultimately,

whether it is thermodynamically spontaneous or not. All thermodynamic quantities were
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calculated from data collected at different temperatures (27, 33 and 40 °C) using the following

equations:

AG° = —RTInK, (8)
Ko=¢ ©)
Ink, =4 - 2 (10)

Where K4 is the adsorption distribution coefficient; q. and C. have the usual meaning.
AH® and AS° were extracted from the slope and intercept of the Van’t Hoff InKy versus 1/T
graph, respectively.

2.7 Regeneration tests (i.e. air exposure-induced memory effect)

CLDH-Xs were exposed to atmospheric conditions. Samples were analyzed by XRD
after one and six days of exposure to verify ME occurrence. Adsorption tests were repeated

thereafter.

3. Results and discussion
3.1 CLDH-Xs characterization
3.1.1 XRD

CLDH-400 and CLDH-600 XRD spectra are reported in Fig.1. In both cases, the three
main reflections at 43.04°, 50.37° and 73.60° (260) could be safely attributed to magnesium
oxide (periclase mineral, MgO (ICDD: 00-045-0946)). Notably, XRD showed no phase
related to iron and/or aluminum oxide. Thus, it can be assumed that A" and Fe’' are
dispersed into the MgO crystal lattice (Dalma et al., 2022; Chizallet et al., 2007; Jin et al.,
2022). Furthermore, according to Castro et al., 2021 AI’" ions in MMOs tend to be in the
amorphous domains of the material. Gabriel et al., 2022 suggested that O* bond with Mg*" or
point defects resulting from A" and Fe*" incorporation into the divalent oxide structure may
account for the formation of low, medium and strong basicity sites.

CLDH-400°C presented unit cell parameters a = b = ¢ and a cell volume slightly larger
than the sample calcined at 600°C (Table 1). Certainly, the annealing at 600°C assured the
(almost) complete elimination of the interlayer water and anions, allowing for the evolution
into a more compact structure. On the other hand, mean crystallite size, calculated by Scherrer

equation, was higher for CLHD-600°C. The larger crystallite size is conducive to a higher
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degree of crystallinity. Crystallite dimensions increase as calcination temperature is raised has

also been reported by Guo et al., 2022 for Ni-Co MMOs.
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Figura 1- X-ray diffraction patterns of the MMOs prepared by calcining the LDH precursor at 400 and 600°C.

3.1.2 Surface area and pore size analysis

CLDH-Xs N, adsorption/desorption curves showed a type IV isotherm (IUPAC
classification), typical of mesoporous materials (Fig. 2a) and consistent with the formation of
a monolayer of adsorbed gas molecules (Guo et al., 2013). Besides, an H-3 hysteresis loop
due to capillary condensation in slit-like pores was revealed in the high p/po region. Pore size
(diameter) distribution (Fig. 2b) peaked at 18.08 A and 50.16 A (approximately 1.8 nm and 5
nm) for CLDH-400°C and CLDH-600°C, respectively. These results are in agreement with
similar studies carried out on MMOs prepared by annealing Mg-Al LDHs (Lee et al. ,2021).
Still, pore size and shape are most likely non-uniform because of the LDH layered structure
partial collapse during calcination (Alanis et al., 2013).

Not surprisingly, the lower temperature treatment of CLDH-400°C hindered particle
sintering and resulted into a higher specific surface area (137.38 m”/g) and pore volume

(0.369cc/g) (Table 1).
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Figura 2- (a) N2 adsorption/desorption curves, (b) MMOs pore size distribution.
Tabela 1- Unit cell parameters, and N2 adsorption/desorption measurements salient parameters of MMOs.

Samples Unit cell parameter Surface area and pore size analysis
p =b=c Volume Crystallite size SBET Pore diameter Pore volume
400°C 42128 7474 A® 4.6 nm 137.38 m%/g 18.08 A 0.369 cc/g
600°C 4209A 7455 A° 5.5 nm 126.41 m%/g 50.16A 0.362 cc/g
3.1.3 FTIR

FTIR absorption spectra of CLDH-400°C and CLDH-600°C are illustrated in Fig.
3(a). As for the “low-frequency” end of the spectrum, metal-oxygen bond (M-O, and M-O-M)
stretching and bending vibrations could be identified at 618 and 434 cm™, respectively. These
bands could be found in both samples, regardless of the annealing temperature. In fact, Fe-O,
Mg-O, or Al-O bonds are quite stable and are not affected by calcination. O-H bond stretching
vibration band can be noticed at 3475 cm™, showing the formation of hydrogen bonds among
the hydroxyl groups (Shabanian et al.,2020). Likewise, the 1624 cm™ absorption signal also
belongs to the O-H stretching mode. However, this band is probably related to the
physisorption of atmospheric moisture. The absorption band at 1384 cm™ may be associated
to carbonate (as much as to nitrate, R.S. Nascimento et al., 2022; Zhihao et al., 2017; Zhang et
al. 2008) v3 vibration mode. It is noteworthy that above 400°C the LDH precursor structure
undergoes decarbonatization, loosing the anions (CO;> and NO;) within the brucite-like
layers (Kanezaki, 1998). Therefore, the CO5* band waned in CLDH-600°C (Wang et al.,
2023). The vibration band at 1003 ¢cm ' usually indicates the formation of M—O bonds,
whereas R.S. Nascimento et al., 2022 identified the 1020 cm ™' band as the Al-O stretching in
the octahedral coordination.

Fig. 3(b) reports CLDH-Xs IR spectra after PAR adsorption. New signals appeared
(Masarbo et al. ,2019). Specifically, the band at 1643 cm™ corresponds to the -N = N- bond,
while the bands at 1210 and 1123 cm™ correlate with the -C—N bond. Hence, the presence of
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azo bond peaks in the IR spectra verifies P4R adsorption on the MMOs. Finally, the band
centered at 1465cm™ can be ascribed to the C=C—H bond.
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Figura 3- MMOs FT-IR spectra before a) and after b) P4R adsorption test.

3.1.4 Morphological Analysis: SEM and TEM

CLDH-Xs SEM images before dye sorption are illustrated in Fig. 4 (a,b). LDH
structural collapse led to the growth of rough-edged small discs or nanoplatelets that joined
together into shapeless aggregates. Obviously, MMOs lumps became denser as the calcination
temperature was increased, leading to a more compact structure of CLDH-600°C.

TEM micrographs for the two samples are shown in Fig. 4c and d. In spite of LDH
destructuration, nanoplatelets size distribution turned out to be relatively homogenous. In
particular, nanoparticles smaller than 100 nm were found to be arranged in irregular
agglomerates of crystalline oxides. Interestingly, a few randomly distributed nanoparticles
mantained (at least partially) their hexagonal shape even after thermal treatment at 600°C.
Nevertheless, the annealing process “rounded off” nanoparticles edges, allowing the system to
minimize its surface free energy (Hobbs et al. 2018; Mureseanu et al. 2023; Aldureid et al.

2023).
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Figura 4- (a e b) SEM micrographs of CLDH-400°C (a) and CLDH-600°C (b), respectively. (c and d) TEM
images of CLDH-400°C e CLDH-600°C, respectively.

3.2. Adsorption studies
3.2.1 Isoelectric point

The pH corresponding to CLDH-400°C and CLDH-600°C isoelectric point (pHIEP)
was 6.37 and 9.95, respectively (Fig. 5). Regarding ponceau 4R, sulfonate groups (i.e., R-SO3
~ balanced by Na' counter-ions) are responsible for the negative charge of the dye (i.e. anionic
dye). Thus, it can be inferred that for pH < 6.37 CLDH-400°C is positively charged and,
therefore, dye removal may benefit from the electrostatic attraction between the MMO surface
and the P4R sulfonate groups. Furthermore, attraction between opposite charges is useful in
promoting the memory effect and regenerating the LDH structure (Benhit et al., 2023; Fu et
al. 2023, Forano et al. 2013). By the same token, P4R adsorption on CLDH-600°C at pH <
9.95 should also be facilitated by electrostatic interaction via surface complexation (Guo et
al., 2022). It is implied that for pH higher than 6.37 or 9.95 dye removal by electrostatic
attraction should be disfavored due to CLDH-Xs surface deprotonation. Still, Van der Waals

interactions (by dint of aromatic rings and azo bonds) and hydrogen bonds mediated by P4R
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hydroxyl and sulfonate groups may assist dye adsorption on the MMOs surface (Mostafa et
al., 2023; Farhan et al.,2024).
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Figura 5- Zeta-potential measurements at different pH (isoelectric point determination) for CLDH-400°C and
CLDH-600°C.

3.2.2 Adsorbent dosage and contact time effects.

Dye removal efficiency was deeply affected by CLDH-X dosage, as shown in Fig. 6.
In the case of CLDH-400°C, for an initial P4R concentration equal to 80 mg/L, the removal
percentage rose from 32% (10 min) to 50% (30 min) for 0.4 g/L of adsorbent. However, when
1.2 g/ of CLDH-400°C were used, RR (%) increased by more than double and amounted to
82% (after 10 min) and 99% (after 30 min). This sharp enhancement in the removal rate is
justified by the larger number of active sites available for dye adsorption as the adsorbent
mass is increased (Djezar et al., 2022; Saxena et al., 2020).

CLDH-600°C also proved to be a potentially efficient adsorbent but required longer
contact times. By considering 1.2 g/L of adsorbent, 59% of the PAR was removed in 30 min.
On the other hand, 240 min were needed in order for CLDH-600°C to measure up to CLDH-
400°C (i.e., to achieve RR = 98 %). This may stem from the higher SSAggr and pore volume
of the sample calcined at 400°C. Beside the ample availability of active sites, the memory
effect was more marked for CLDH-400°C and, therefore, P4R removal was also facilitated
(section 3.2.6).

Thus, 1.2 g/L turned out to be the “right” dose to be used for MMO materials. For this

reason, subsequent adsorption tests were carried out with this amount of adsorbent.
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Figura 6- Adsorbent dosage effect for the 400°C- and 600°C-treated samples. P4R concentration was fixed to 80
mg/L. Measurements refer to the synthesis day to pre-empt detrimental memory effect due to atmosphere
exposure.

3.2.3 Adsorption kinetics

P4R adsorption kinetics graphs are displayed in Fig. 7a and 7c. As summarized in
Table 2, the R? of the pseudo-second order model is reasonably better than the pseudo-first
order one, for both adsorbents. Pseudo-second order kinetics represents a process controlled
by chemical adsorption in which g, depends on the number of available active sites (Guo et al.
2013; Santos et al., 2017; Zubair et al., 2017; Bharali et al. 2017). The larger &, (g-mg- minl/z)
value indicates that CLDH-400°C is the most rapid (and efficient) adsorbent for P4R removal.
Particularly, CLDH-400°C k; is about 4.9 times higher than the CLDH-600°C one (0.00196
vs 0.000402).

Fig. 7b and 7d report data fit of the intraparticle diffusion model. Two-line segments
with different slopes were observed for both MMOs, suggesting that the adsorption process
was comprised of two stages. In CLDH-400°C the intraparticle diffusion coefficient (k) was
higher for the first linear segment (kg; = 10.007) than for the second (ks> = 0.1572). This
effect implies that diffusion rate cranks down until equilibrium is reached and that adsorption
(for low exposure times) occurs mainly on the external surface of the material (Auxilio et al.
2009), being diffusion inside material pores hindered and internal active adsorption sites
inaccessible (Santos et al., 2017; Zhang et al., 2014). Since CLDH-400°C average pores size
is narrower than CLDH-600 (about 1-to-4 ratio) CLDH-400°C kgir, was found to be smaller
than CLDH-600°C kgip. Nevertheless, straight line intercepts are non-zero, confirming that

intraparticle diffusion is not the only process involved and does not control the overall
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adsorption rate (Zhu et al., 2013; Djezar et al., 2022; Weber&Morris, 1963), or at least is not
the sole rate determining step. Such a picture agrees with a pseudo-second order kinetics
where chemisorption is the slowest step of the entire process, as previously mentioned.

The constant C (mg/g) can provide information about the boundary layer thickness
and, consequently, on the diffusion resistance. The greater its value, the larger the effect of the
boundary layer and the resistance to external mass transfer. The high C values revealed a
significant contribution from surface adsorption to intraparticle diffusion (Djezar et al., 2022;
Harizi et al 2019). Since a negligible amount of adsorbate remained in the solution, C
increased from the first to the second line segment for both adsorbents (Zhang et al. 2010,
Silva et al. 2021). CLDH-400°C showed the highest C parameter (75mg/g) increase due to the

almost complete dye removal from the solution.
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Figura 7- (a e b) Adsorption kinetics and interparticle diffusion models for the CLDH-400°C, (c e d) Adsorption
kinetics and interparticle diffusion models for the CLDH-600°C.

Tabela 2- Pseudo-first-order, Pseudo-second-order and Intra-particle diffusion kinetics parameters (at 300 K/27°C).

Sample

CLDH-
600°C
CLDH-

T Pseudo-first-order Pseudo-second-order Intra-particle diffusion
k e 2 ka Qe 2 kai € ko 2

© i) mgy N | @mgmin) mgg N | (mgg'min' R
7.695 -2.313  0.9957

300 0.0287 70.796  0.9786 0.000402 82.956  0.9911 23877 38389 0.9966
300  0.1250  74.976  0.9601 0.00196 85.351  0.9788 10.007 18.936  0.9773
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3.2.4 Adsorption isotherms

Figure 8 depicts Langmuir and Freundlich adsorption isotherm fits performed on the
experimental data. Being CLDH-400°C able to adsorb substantial amounts of P4R without
need for temperature increase, the discussion will be limited to this material.

Adsorption isotherm data followed an “L-type” curve that implies the gradual
saturation of the adsorption sites on a flat surface (Gilles et al. 1960). Specifically, q. vs C.
graph is well described by an “L-2 type” curve, typical of adsorption from dilute solutions
(Giles et al. 1960). Such kind of curves reveal a strong interaction between the adsorbate and
the adsorbent. Besides, dye molecules are preferentially adsorbed in a flat configuration (i.e.,
non-vertically aligned, Giles et al. 1977). Moreover, dye competition with water for
adsorption on MMO can be considered almost inconsequential (Giles et al. 1960, Giles et al.
1977, Auxilio et al. 2007, Tamas et al.), probably because of an entropic “driving-force”
favoring water desorption from the substrate (see further in the text). In other words, the
adsorbate-adsorbent interaction is way more intense than the solvent (water)-adsorbent
interaction on the CLDH-400°C active sites (Giles et al. 1960, Giles et al. 1977, Zhang et al.
2022, Pigna et al. 2020).

Both models seem to reproduce adequately the favorable adsorption trend. Indeed, R?
values were fairly close to 1 for both Langmuir (0.9947) and Freundlich (0.9941) isotherms.
In addition, both Langmuir (0 < RL < 1) and Freundlich (1/n < 1) relatively large adsorbate-
adsorbent interaction constants (Foo et al. 2010; Langmuir 1916; Al-Gouthi 2020) are
indicative of the strong affinity between MMO and 4PR (Drici-Setti et al. 2010, Wang et al,
2005) and, therefore, of a favorable adsorption process over the explored dye concentration
range. Quite low RL values are not uncommon when it comes to dye adsorption on LDOs
(Zhang et al. 2014, Abdellaoui et al. 2017, Djezaret al. 2021). The High Freundlich K¢
(82.457 mg-g'l, Table 3) and Langmuir qmax (89.99437) are compatible with rather large
experimental adsorption capacities (Singh 2016, Ayawei et al. 2017). Although both
Langmuir and Freundlich model are applicable to the present case, the former led to slight
improvements in data fit, suggesting that P4R adsorption proceeds with progressive coverage
of energy-equivalent adsorption sites up to the formation of a monolayer of dye molecules.
Reasonably, temperature treatment may partially account for a virtually uniform distribution

of the active sites.
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Figura 8- P4R adsorption isotherm models for CLDH-400°C (Adsorbent dosage: 0.03 g. V=25 mL).

Table 3- Langmuir and Freundlich models parameters (at 300K/27°C).

Model Parameters Non-linear
Qmax 89.99437
K¢ 45.59941
Langmuir
Ry 0.000181757
R’ 0.9947
n 40.8170
1/n 0.0244
Freundlich
Kr 82.457
R’ 0.9941

3.2.5 Temperature/Thermodynamic study

As CDLH-400°C showed excellent PAR removal rates (99% in 30 min), temperature
variation experiments were conducted only on CLDH-600°C, with the aim of improving
adsorption performances, mainly by reducing contact time. Kinetic models were also plotted
for each temperature and are illustrated in Fig. 9a, whereas the Rz, ki, ko, and kgisr are reported
in Table 4.

Temperature increase was crucial in accelerating (i.e. lowering contact time) P4R
adsorption on CLDH-600°C. While at 27 °C 240 min were needed to reach a removal rate
above 90%, it took just 60 min to achieve RR (%) = 99.5 at 40°C (Fig. 9b). The pseudo-
second order model still standed at 33°C and 40°C, being R* values quite satisfactory ( >
0.983). Aside from Arrhenius equation dependence, rate constant (k;) increase with
temperature may indicate a more efficient adsorption process brought about by a more

effective interaction between adsorbent and adsorbate (Guo et al., 2013).
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Regarding the intraparticle diffusion model, g, versus t> plots are shown at three
different temperatures (27°C/300 K, 33°C/307 K, 40°C/313 K, Fig. 9c). According to
Balayeva et al (2021). the kinetic model of intraparticle diffusion ought to take into account
three linear sections : (i) surface or boundary layer diffusion, (ii) intraparticle or pore
diffusion and (iii) equilibrium. Considering only the initial stage of the adsorption (within the
first hour), a single line segment with kgir = 7.695 mg- g 'min™> was observed when dye
removal was performed at 300 K (27°C) while by contrast two linear segments were
identified when the temperature was increased to 306 and 313 K. Moreover, the boundary
layer diffusion (i.e. first segment) rate constants (ki) turned out to be larger than the
intraparticle diffusion (i.e. second segment) rate constants (kgif»). For example, at 313 K, ki
coefficient was equal to 11,005 mg'g'lmin'o'5 , and kgp = 2.39 mg-g'lmin'o'5 . Therefore,
provided that chemisorption is the rate determining step of the whole process, surface mass
transport dominates over penetration into MMO pores, as it pertains to diffusion (Balayeva et
al. 2021). This behaviour is analogous to the one reported in section 3.2.3.

Interestlingly, dye diffusion into CLDH-600°C pores was more impeded at 313 K
(kaip =2.391 mg- g 'min™") than at 306 K with a (kg 4.778 mg- g 'min™?). Such an unsual
outcome can be justified in terms of memory effect. Indeed, LDH structure rebuilding by dye

surface adsorption onto LDO followed through at 306 K rather than at 313 K (section 3.2.6).

110 7=
30_I| -8l 80 Km | Kaz
J 99.5 —
L 958 | 70 o S e
60 - _ 904 - 60 : . .
) g 250 o L a®
) g E :
E 40 g &Y sl =y
e = 300K | ¥ e @ o i *300K
e 306K | = 70 | AP ©306 K
20 4 A 313K 20 .' e313K
) 604 | v | x | w 10
— = Pseudo-first-order slg|e 1 3 5 7 9
0 - Pseudo-second-order 50 | ®[® | ® 95 (min)
0 10 20 30 40 50 60 S
Time (min)

Time (min)
Figura 9- (a) Adsorption kinetic fits, (b) removal rate P4R, and (c) intraparticle diffusion model for CLDH-
600°C.

Tabela 4- CLDH-600°C Pseudo-first-order, Pseudo-second-order and Intra-particle diffusion parameters.

Samole T szeudo-ﬁrst-order ]I’seudo-second-order ) Il;tlza-particle diffusion
T i) mee K| ememin) mee K | megmn'y  C R
300 T0.0373  62.551 09758 | 0.000368  85.688  0.9832 7.695 2313 09957
%3%‘ 306 00817 71.648 09892 | 000104 86512  0.9991 29'767883 356'.578931 8:352;
313 0.1147 74308 09959 | 000165 85921  0.9989 B oA
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Thermodynamic adsorption parameters are shown in Table 5. The negative Gibbs free
energy variation (AG®) showed that P4R removal by CLDH-600°C was spontaneous. Besides,
adsorption became more and more favorable at higher temperatures (i.e., AG” values became
more negative, Venkatesha et al., 2013). When it comes to adsorption of anionic dyes on
MMOs, AG’<0 signifies strong adsorbate-adsorbent interactions capable of rebuilding brucite-
like layers intercalated with anions and, ultimately, the entire re-hydrated LDH structure (Guo
etal., 2013; Ye at al., 2023).

AH® greater than zero substantiate the endothermic type of adsorption process. Usually,
AH® > 40 kJ/mol is considered to be an unquestionable sign of chemisorption (Bouhent et al.,
2011; Marangoni et al. 2009). Therefore, the high enthalpy change (250.5 kJ/mol) associated
to the present process can dispel any supposition of physisorption, in favor of chemisorption.

The positive value of AS° can be explained by two factors: (i) water molecules adsorbed
on CDLH-600°C regain their translational entropy being displaced by P4R molecules (R.S.
Nascimento et al. 2022; Peng et al. 2019); (ii) structural changes in the adsorbate-adsorbent
system brought about by the good affinity between the dye and the MMO (de Roy 1998;
Renault et al., 2008, Setti et al., 2010). Both effect results into randomness waxing at the
solid-liquid interface (Hu et al.,2007). On the other hand, P4R insertion into CLDH-600
layered structure seems to be unlikely by virtue of AS°® > 0. In fact, P4R intercalation would
cause entropy to decrease because of the dye limited rotational and translation motion inside
the MMO layers.

AH® and AS° signs are compatible with chemisorption connected to LDH regeneration
(i.e, re-hydration reaction). High AH® and AS® values are expected for “real” chemical
reactions generating a “new’” compound (i.e. the LDH itself, Ye at al., 2022). A probable P4R
chemisorption mechanism for CLDH-400°C and CLDH-600°C, predicated on the memory

effect, is expounded in the next section.

Tabela 5- Thermodynamic parameters values for the P4R dye removal with CLDH-600°C.

300K 306 K 313K
2.6189 7.8623 -13.5960 250.5424 0.8441

2.6 Study of the memory effect (me) during P4R adsorption

Fig. 10 illustrates the XRD patterns of the two MMOs at various stages of the dye
adsorption tests (at 27°C), whereas Table 6 and 7 show the corresponding material unit cell

parameters.
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According to Guo et al., 2013, AB14 (an AZO dye like P4R) chemisorption on Mg-Fe
MMOs, takes place through LDH reconstruction by sulfonate (R-SOs’) intercalation.
Specifically, they have hypothesized SO3;™ connection with the metal and hydroxyl ions of the
LDH layers by means of electrostatic attraction and hydrogen bonding, respectively. It has
been widely reported that insertion of R-SOs’-containing azo dyes into MMOs, owing to the
memory effect, leads to a considerable widening of the LDH basal distance (d-spacing ~ 20
A, Drici-Setti et al., 2010; Guo et al., 2013; Abdellaoui et al., 2017; Marangoni et al. 2009).
However, P4R intercalation into CLDH-400°C (or CLDH-600°C) via sulfonate groups was
not verified in the present work, being the interlamellar spacing of the regenerated LDH very
close to the original Mg-Fe-Al anionic clay (R.S. Nascimento et al. 2022). For instance, the
basal spacing of the LDH regenerated from CLDH-400°C did not exceed 8.05 A during the
adsorption and settled to 7.95 A. Likewise, CLDH-600°C interlayer distance reached 7.87 A,
tops.

ME can be also represented as a dissolution-reprecipitation (i.e., recrystallization)
reaction (Jin et al., 2022; Teodorescu et al., 2013; Takehira et al., 2005). MMOs in contact
with water tend to form a plethora of hydroxylated species such as Mg-OH, Al-OH, Fe-OH,
Mg-OH,", AlI-OH,", Fe-OH,", that in conjunction with Mg*"-O and AI’*-O dissolution result
into the generation of OH (Qiu et al., 2015; Demetriou et al., 2013). This phenomenon brings
about an increase in the pH of the solution. Due to alkaline conditions Mg(OH), and Al(OH)4
are generated. As a result, the LDH structure is recreated by brucite reaction with aluminate
ions and simultaneous intercalation of OH™ and COs*(Xu et al. 2019). Specifically, AI(OH)4
deposits onto Mg(OH), (or MgO) to give a “pre-LDH material” (Xu et al. 2005).

In the present case, P4R adsorption dovetails with such a LDH regeneration mechanism.
Indeed, the negative charge excess in the solution, stemming from OH release by MMO
surface and subsequent AI(OH)s generation, is made up for by P4R (i.e. anionic dye)
adsorption on the surface of the solid. Hence, P4R adsorption seems to “incidentally” initiate
and promote the memory effect. Therefore, Ponceau 4R removal form the solution appears to
occur through charge compensation. Especially, PAR adsorption can be regarded as an
“indirect” (connected to hydroxyl and aluminate solubilization) ionic exchange mechanism
restricted to the MMO surface and favored by the electrostatic attraction between the dye
anionic groups (i.e., mainly sulfonates) and the metal oxide cations (Mg*", A", Fe'*, Mg-
OH,", Al-OH,", Fe-OH2+). Such findings agree with the intraparticle diffusion model
presented in section 3.2.3 which suggested that adsorption was limited to the material external

surface. Also, it is worth mentioning that after the sorption tests, the solutions were filtered,



70

and the pH measured. For the sample calcined at 400°C, the final pH of the solution (i.e., after
30 min) was varying between 7.55 and 7.79.

For the CLDH-600°C case, the pH laid between 8.76 and 9.33 after dye adsorption was
accomplished (240 min). pH increase was likely caused by the transferring of alkaline species
into the solution. Interestingly, in both cases final pH was found to be above (CLDH-400°C)
or fairly close (CLDH-600°C) to the material isoelectric point. Accordingly, adsorption
slowed down significantly in the pHgp vicinity because of the lack of positive charges on the
adsorbent surface. As a result, PAR removal would rely only on Van der Waals forces,
immensely less effective than electrostatic attraction between ions. During the regeneration
process charge neutrality required to stabilize the interlayer structure was guaranteed by CO3>
intercalation (i.e. chemisorption). In fact, COs> high charge density is one of the main reasons
supporting the highest stability of carbonate-intercalated LDH (Prasanna et al., 2019) among
anionic clays. Possibly, the interlayer carbonate ions coordinate the metal centers while
hydrogen bonding is established between COs> and the metal hydroxide sheets (Cavani et al.,
1991). LDH rebuilding requires breaking strong oxide M-O-M bond, especially when spinel
structures are partially formed. Thus, the high positive values of the adsorption enthalpy
(250.5 kJ/mol, table 4) for CLDH-600°C seems to be reasonable.

Furthermore, the large AS° (= 844 J/mol-K) agrees with the positive entropy balance
caused by the enhanced solution mobility of small ions like hydroxyl and aluminate.
Obviously, their increased rotational and translational degrees of freedom offset P4R entropy
loss due to its adsorption on the LDO. Thus, it can be presumed that LDH reconstruction
came about through COs> intercalation related to P4R adsorption rather than through dye
insertion mediated by sulfonate groups (Santos et al., 2017; Ye et al., 2022; Auxilio et al.,
2009; Auxilio et al., 2007).

As for CLDH-400°C, ME appeared almost immediately (Fig. 10a). Fast recovery of the
LDH structure matches with rapid 4PR adsorption. Besides, incomplete carbonate elimination
during calcination and, in turn, low levels of structural shrinking, allowed irregular nanoplates
to maintain a relatively open structure conducive to the regeneration process. The interlayer
spacing decreased with contact time: from 8.05 A (10 min) to 7.95 A (30 min). Basal plane
distance reduction is directly related to the binding energy of the intercalating anion and,
therefore, to the intrinsic LDH stability. The greater the number of electrons transported by
the interlayer anion, the stronger the interaction with the metal hydroxide layers, the smaller

the basal distance (Costa et al., 2012; Barbosa et al., 2020; Wang et al. 2022).
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For sake of comparison, interlayer spacing of the original Mg-Fe-Al LDH attained from
bauxite tailings, which was partially intercalated with NOs™ ions, was found to be 8.05 A (R.S.
Nascimento et al., 2022). The average crystallite size increased from 4.9 nm (10 min) to 5.0
nm (30 min), corroborating the structural reorganization from poorly crystalline periclase to a
stable LDH (Alvarez et al. 2013). Thereby, CLDH-400°C transformation into a carbonated
anionic clay mediated by P4R adsorption (through electrostatic interaction) is to be regarded

as a sensible possibility, if not very probable.
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Figura 10- XRD pattern after P4R adsorption (at 27°C): (a) CLDH-400°C and (b) CLDH-600°C

Tabela 6- Unit cell parameters of LDH regenerated from CLDH-400°C and CLDH-600°C by means of P4R
adsorption (at 300K/27C®).

Simples Unit cell parameter

CLDH-400°C a=b c d-spacing Volume Crystallite size
10 min 3.084A  2361A 8.06 A 194.67 A® 4.2 nm

30 min 3.120A 2350A 7.95 A 198.03 A® 5.0 nm
CLDH-600°C a=b=c

30 min 4214 74.81 A® 6.02 nm

60 min 4212 74.73 A® 7.60 nm
240 min 4213 74.80 A® 8.60 nm

Concerning CLDH-600°C, the peak at 13.27 (20) (Fig. 10b, marked with diamonds
“4”), started manifesting over time. Progressive growth of this reflection over a 240-minute
period points out the formation of the typical LDH (003) crystallographic plane (Miyata,
1983). The same considerations apply to the higher order reflection (006), which became
slightly noticeable after 240 minutes of dye adsorption. By the same manner, crystallite size
also increased, reaching 8.60 nm after 240 min. However, as described in section 3.2.3., PAR
adsorption kinetics on CLDH-600°C proved to be much slower than on CLDH-400°C (at
27°C). Consequently, LDH reconstruction was not followed through, and dye removal rate

did not match up to CDLH-400°C values.
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Temperature was instrumental in favoring CLDH-600°C regeneration process (Fig. 11)
as well as dye adsorption (Fig. 9). Although the memory effect was not as complete as in
CLDH-400°C, it was possible to calculate the unit cell parameters and the average crystallite
size (Table 7). As adsorption temperature was raised, the basal spacing dog3) decreased. For
instance, when the solution was treated at 306 K (33°C) for 30 min, dgo3) was 7.78 A and
reduced to 7.75 A at 313 K (40°C). After 60 min, the same d(o3) values were obtained
regardless of the temperature, probably because the structural stability originating from
carbonate intercalation was achieved already. Furthermore, CO, solubility slightly decreases
as temperature increases, reducing carbonate availability for intercalation. By the same token,
the limited CO5> supply to MMO pores may account for the kgir lowering at 40°C. From the
experimental results it can be concluded that ME parallels PAR removal: the greater the dye

adsorption, the more favored the LDH reconstruction.
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Figura 11- CLDH-600°C XRD after P4r removal experiments performed at different temperatures.

Tabela 7- Unit cell parameters for LDH regenerated through dye adsorption from (CLDH-600°C): temperature
effect

Simples Unit cell parameter

306 K a=b c d-spacing Volume Crystallite size
30 min 3.116 A 23.18 A 7.78 A 195.05 A’ 5.03 nm

60 min 3.130 A 23.60 A 7.87 A 200.06 A* 9.09 nm
313K

30 min 3.124 A 2324 A 7.75 A 196.30 A® 6.35 nm

60 min 3.130 A 23.23 A 7.87 A 197.32 A° 5.67 nm

2.7 The memory effect (me) before the adsorption process

Apart from beneficial LDH rebuilding fostered by the dye, a detrimental memory effect
related to H,O and CO; adsorption was also uncovered. Wong & Buchheit, 2004 and Reddy
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et al., 2006 have demonstrated the revival of LDH-like structures in presence of atmospheric
water and CO,. As a matter of fact, exposure to air worsened CLDH-Xs ability to remove
P4R, that is LDH reconstruction interfered with dye adsorption. For sake of comparison,
CLDH-400°C RR (%), which was 99% (30 min) on the day of calcination, dropped to about
65% when adsorption experiments were repeated after 6 days, Fig. 12a. As predicted,
recrystallization of the anionic clay precursor occurred, as confirmed by the XRD spectra
Fig., 12b.

Specifically, ternary Mg-Fe-Al LDH reflections, marked with diamonds (#) in Fig. 12 b,
appeared. Peaks at 12.65, 24.96, 40.47 and 71.26° (20) correspond to (003), (006), (012) and
(110) crystallographic planes, respectively. Absorption yield decrease stemming from this
particular category of memory effects can be explained by the low specific surface area (81
m?/g) and pore volume of 0.212 (cm’/g) of the original Mg-Fe-Al attained from bauxite
tailings compared to mixed oxides (R.S. Nascimento et al., 2022; Santos et al., 2017; Djezar
et al., 2022; Ye et al. 2022). Furthermore, azo dye adsorption on LDH is commonly physical
in nature, hence weaker (Das et al., 2018; Balayeva et al., 2021, Drici-Setti et al., 2020).
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Figura 12- (a) P4R removal rate for CLDH-400°C, (b) X-ray diffraction pattern after LDH “regeneration” by air
exposure.

Lo and behold, air exposure-induced ME was only slightly observed on CLDH-600°C
and did not compromise its dye adsorption capabilities. Even after six days of exposure
removal rate stayed well above 90% (Fig. 13a). Actually, LDH characteristic peaks at 12.65
and 24.96 (20) ((003) and (006) planes, respectively) were barely visible (Fig. 13b). Possibly,
structural regeneration might have been hampered by the lower SSA (i.e., less reactivity
toward COs”" uptake), although partial transformation of mixed oxide phases (MgO) into
spinel cannot be completely ruled out at 600°C (Reddy et al., 2006; Duan et al, 2011; Marchi
et al., 1998; Kowalick et al., 2013). Spinel phases are not able to revert to LDH (Bellotto et
al., 1996; Guo et al. 2022).



74

110

A
100] 982 m = Six days
. 1000 — _ 600°
95.1 o2 CLDH - 600°C
_ 5 gy
S 90 | 4 >
> (=] =
: |3 (| ¢
= 2
4 3 =
s 80 3 500
©
T
70 g : %
£ |3 [F=
5 = -g 10 20 30 40 50 60 70 80 90
60 l . c
240 2° Theta (Co)
Time (min)

Figura 13- (a) CLDH-600°C removal rate with respect to P4R dye: time evolution, (b) CLDH-600°C XRD
pattern after anionic clay regeneration by atmosphere exposure.

2.8 Morphology of materials after adsorption

After P4AR adsorption, the MMOs morphology changed (Fig. 14). SEM micrographs
were collected after sufficient dye adsorption, that is 30 min and 240 min for CLDH-400°C
(Fig. 14a) and CLDH-600°C (Fig. 14b), respectively. Thin nanoplates were no longer as
compacted as in the pristine material. Contrarywise, they appear to be dispersed in a matrix
(i.e., the dye) and arranged in approximately circular pores. CLDH-600°C also showed well-
formed structural nanoplates typical of the LDH materials. When adsorption on CLDH-600°C
was performed at 33°C, aggregates comprised of vertically aligned nanoplates with a lateral
size of about 398 nm could be noticed (Fig. 14c)

The flexible and internally interconnected nanoplates formed a hierarchical porous
structure with a rosette-like appearance. Needless to say, the structural evolution observed in
Fig.14b and Fig. 14c resulted into a material presenting both MMO and LDH features.
According to Mao et al., (2017) Mg-Al LDH monolayers are approximately 0.47 nm thick
and range from 100 to 1000 nm in terms of lateral size. The latter dimension is compatible
with the CLDH-600°C structure after P4R adsorption. In addition, Huang et al. 2022,
obtained a similar morphology for Li-Al-CO; LDH, while Dalma et al. 2022 discovered a
rosette shape in Cu, Ni, Zn and Mg MMO samples.
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Figura 14- SEM Micrographs after PAR adsorption: (a) CLDH-400°C for 30 min of contact time, (b) CLDH-
600°C after 240 min, (c¢) CLDH-600°C after 60 min of adsorption at 33°C.

4. Conclusions

An Mg-Fe-Al LDH, synthesized with metallic precursors recovered from Amazon
bauxite mining tailings, was transformed into a layered double oxide by means of thermal
treatment at 400 and 600°C. The obtained materials were employed as inexpensive adsorbents
for PAR anionic dye removal. Both oxides were mainly composed of crystalline periclase
(MgO), while Fe- and Al-containing phases were probably amorphous or highly dispersed
into the MgO matrix. Measured specific surface areas were 137.38 m*/g and 126.41 m?/g, for
the 400°C- and 600°C-calicined oxide, respectively. The former reached remarkable dye
removal rates in a short period of time (e.g. 99% in 30 min), whereas the latter required a
higher solution temperature (40°C) in order to keep up with CLDH-400°C. Pseudo-second
order kinetic data fit, intraparticle diffusion model, adsorption isotherms (Langmuir and
Freundlich), and adsorption thermodynamics investigation pointed out that:

e P4R removal occurred principally by chemisorption limited to the MMOs external
surface, being dye surface adsorption the rate limiting step. Therefore, availability of
active sites was crucial as stressed by the adsorption capacity improvement obtained

by increasing the adsorbent concentration. Nonetheless, diffusion effects started
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impeding P4R removal (also due to diffusion into the adsorbent pores) when a small
number of dye molecules was left in the solution.

e Dye adsorption was based on strong adsorbate-adsorbent interaction (like ion-ion
electrostatic forces) as indicated by the extremely high Langmuir (K;~ 45.6) and
Freundlich isotherm (n = 40.8) constants.

e Adsorption process proved to be spontaneous (CLDH-600°C AG°=-13.5960 kJ/mol at
40°), endothermic (AH® = 250.5424 kJ/mol) and associated to a marked randomness
increase at the liquid-solid interface (AS® = 0.8441 kJ/mol-K). The high values of the

adsorption thermodynamic parameters can be explained by taking into account the
profound structural reorganization typical of chemical reactions.

The chemical-physical picture emerging from the experimental results suggested that
the P4R adsorption was driven by ME, leading to the LDH structure rebuilding. In fact, the
anions (most probably OH- and Al(OH)4) released from the MMO surface into the solution
seemed to be exchanged with negatively charged dye molecules attracted by the exposed
cations on the adsorbent. Carbonate ions were supposed to be instrumental in providing LDH
charge neutrality (and stability) by intercalating between metal hydroxide layers. Post-
adsorption morphological and structural studies allowed P4R insertion between LDH sheets
to be excluded. Indeed, neither CLDH-400°C nor CLDH-600°C basal plane distance
surpassed 7-8 A.

Evidence of LDH regeneration was found for both CLDH-400°C and (partially) CLDH-
600°C. While anionic clay reconstruction was rapid for CLDH-400°C, LDH regeneration
needed to be thermally activated when it came to CLDH-600°C. Such findings reflect the P4R
adsorption trend of each of the two materials. CLDH-600°C high stability kept the adsorbent
from undergoing ME by simple air/moisture exposure. On the other hand, CLDH-600°C was
prone to a detrimental memory effect due to water and CO, adsorption from the atmosphere
that resulted into a dramatic dye removal rate drop (about 35 % after six days of exposure to
air).

This research presented, for the first time, mining waste derived LDOs for
environmental remediation applications. CDLH-Xs behavior turned out to be quite different
from MMOs synthesized through commercial precursors for which anionic dye removal
usually takes place by intercalation. Nevertheless, decent adsorption capacity (e.g. qe = 85

mg/g for CLDH-400°C), high removal rate, fabrication simplicity, and ‘“environmental
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friendliness” render CDLH-Xs an ideal “low-cost/low end” platform amenable to the removal

of organic pollutants in contaminated water systems.
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6 CONCLUSOES

Um novo adsorvente de HDL para a remoc¢do do corante eritrosina B de solugdes
aquosas foi preparado convertendo residuos de lavagem de bauxita ricos em Fe e Al (Fe,0; =
(23,46%) e ALLOs = 31,26%) em um tipo de piroaurita (Mg-Fe-Al). Posteriormente, esse
precursor foi transformado em oOxidos metéalicos mistos (MMOs) por meio de tratamento
térmico a 400 e 600°C. Os materiais obtidos foram empregados como adsorventes para
remocao do corante ponceau 4R. Ambos os materiais (HDL e MMOs) mostraram excelente
performance na remogdo de corantes anionicos do tipo xanteno e do grupo azo.

O HDL com alta cristalinidade, tamanho de cristal menor que 1um, espacamento basal
interlamelar de 8,09 A e distancia entre os centros (dtomos de Mg, Fe ou Al) de octaedros
adjacentes igual a 3,09 A; apresentou taxa de remocio do corante eritrosina B superior a 80%,
em um processo de adsor¢do rapido independente da concentragdo inicial de adsorbato (60,
100, 150, 200 e 250 mg/L), cujo equilibrio de adsor¢do foi alcangado apds 30 minutos.

Cada MMO apresentou comportamento Unico durante o processo adsortivo. O
primeiro (CLDH-400°C) atingiu taxas notaveis de remocao de corante em um curto periodo
de tempo (por exemplo, 99% em 30 min), enquanto o CLDH-600°C exigiu uma temperatura
de solug@o mais alta (40°C) para acompanhar a eficiéncia do CLDH-400°C. A propriedade de
regeneragado estrutural (efeito memoria) foi um fator que atuou tanto de maneira positiva, para
se alcangar altas taxas de remoc¢ao, como negativa, provocando uma queda dramatica na taxa
de remocao de corante (cerca de 35% ap0s seis dias de exposicao ao ar).

Para ambos os materiais o mecanismo de adsor¢do se mostrou ser na superficie
externa dos materiais, espontaneo, endotérmico e com forte interagdo entre adsorbato-
adsorvente.

Esta pesquisa apresentou, pela primeira vez, a adsor¢do de EB por HDL, embora o
processo ja tenha sido estudado usando bioadsorvente (pena de galinha e carvao ativado a
base de cascas de sementes de abobora, fibra de coco e casca de limdo). Assim como também
MMOs derivados de residuos de mineragdo aplicado na remocao de P4R. Com base nos
resultados obtidos os nanomateriais sdo capazes de atuarem na remediagdo ambiental,

principalmente de poluentes organicos em sistemas de agua contaminados.
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