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RESUMO

PRODUCAO E CARACTERIZACAO DE NANO SILICA MODIFICADA
OBTIDA DE CASCA DE ARROZ PARA A UTILIZACAO COMO
ADSORVENTE DE CORANTES

AUTOR: Enrique Chaves Peres
ORIENTADOR: Prof. Guilherme Luiz Dotto

O aumento da producdo de residuos agroindustriais ao redor do mundo consolida a
busca por alternativas para utilizacdo destes materiais de forma a agregar valor. Entre 0s
materiais com maior produgdo em escala mundial, destaca-se a casca de arroz, utilizada
em grande escala no setor industrial para a geracao de energia. A queima da casca gera
novamente residuos solidos, sendo este um dos principais problemas enfrentados, o
tratamento do residuo inorganico produzido. Muitos trabalhos publicados nos ultimos
anos utilizaram-se das rotas de purificacdo para producdo da silica obtida da casca do
arroz, porém na maior parte dos trabalhos ndo ha utilizacdo posterior e poucas rotas para
melhoria do material produzido. Neste sentido, a mudanca na rota de lixiviagdo para a
purificacdo e a posterior producdo de nanoparticulas mostra-se como meio de
valorizacdo do residuo da casca de arroz. Este trabalho se propbe a investigar a
utilizacdo de ultrassom e micro-ondas na etapa de lixiviacdo para a producdo de
nanoparticulas de silica (nSiO;) a partir da casca do arroz, e posterior utilizacdo na
adsorcdo de corantes da induastria téxtil. Para isso, foram produzidos trés tipos diferentes
de nanoparticulas de silica, como segue: utilizando métodos convencionais para
lixiviacdo (nSiO,), utilizando ultrassom (UM-nSiO;) e utilizando micro-ondas (MW-
nSiOz). Em um primeiro momento, foram caracterizadas as nanoparticulas produzidas
para obtencdo de dados referentes aos grupos funcionais presentes (FT-IR), tamanho de
poros (BET), cristalinidade (DRX), propriedades térmicas (DSC), tamanho de particulas
(MEV) e massa especifica. Apos, foram realizados testes para adsorcdo de violeta cristal
utilizando a amostra padrdo e modificada com ultrassom, sendo analisados como
parametros a dosagem de adsorvente (variando de 0,1a 1 g L™), o pH (variando de 2 a
10), o tempo de adsorgéo (variando de 0 a 240 min) e a temperatura (variando de 25 a
55°C). Através dos dados obtidos, foram realizados os ajustes a modelos cinéticos e de
isotermas para ambos os adsorventes. A amostra modificada com ultrassom apresentou
capacidade de adsorcdo superior (495 mg g™) e maior remocdo do corante (98%)
comparada a amostra padrdo( 424 mg g*) para a remocéo de Cristal Violeta.Para o
segundo estudo, a amostra padrdo (nSIO;) e amostra modificada com micro-ondas
(MW-nSiO,) foram utilizadas para adsor¢do de azul de metileno. Foram realizadas as
mesmas varia¢Ges do primeiro estudo, obtendo-se uma capacidade de adsor¢do maior
para a MW-nSiO, (679 mg g™') comparada a nSiO2 (547 mg g™) para o corante azul de
metileno. Ambas as modificacGes das nanoparticulas, mostram-se promissoras devido
ao aumento da area superficial das particulas produzidas, acarretando em melhores
caracteristicas para adsorcao.

Palavras-chave: Adsorc¢éo, casca de arroz, lixiviagdo, nano particulas, Silica



ABSTRACT

PRODUCTION AND CHARACTERIZATION OF MODIFIED NANO SILICA
FROM RICE HUSK FOR DYE REMOVAL

AUTHOR: Enrique Chaves Peres
ADVISOR: Dr. Guilherme Luiz Dotto

The large generation of agro-industrial wastes around the world requires the search for
alternatives to use these materials. Among the materials, rice husks are used in large
scale in the industrial sector for energy generation. The husk burning generates solid
residues, being this one of the main problems faced, the treatment of the inorganic
residue produced. Many papers published in recent years have used purification routes
to produce silica obtained from rice husks, but in most of the works, there is no later use
and few routes to improve the material produced. In this sense, the change in the
leaching route for the purification and subsequent production of nanoparticles is shown
as a means of valorizing the rice husk residue. This work proposes to investigate the use
of sonication and microwaves in the leaching process for the production of silica
(nSiO,) nanoparticles from the rice husk and subsequent use in the adsorption of terxtile
dyes. For this, three different types of silica nanoparticles were produced: using
conventional methods for leaching (nSiO,), using ultrasound (UM-nSiO;) and using
microwaves (MW-nSiO,). At first, the nanoparticles were characterized according to the
functional groups (FT-IR), pore size (BET), crystallinity (XRD), calorimetric properties
(DSC), particle size (SEM) and specific mass. After that, tests were carried out for the
adsorption of crystal violet using the standard and ultrasonic-modified samples. The
following parameters were analyzed: adsorbent dosage (ranging from 0.1to 1 g L™), pH
(ranging from 2 to 10), the adsorption time (ranging from 0 to 240 min) and the
temperature (ranging from 25 to 55 °C). By means of the obtained data, the adjustments
were made to kinetic and isothermal models for both adsorbents. The ultrasound-
modified sample (UM-nSiO,) showed superior adsorption capacity (495 mg g ) and
greater dye removal (98%) compared to the standard sample ( 424 mg g™) (nSiO,) to
remove Crystal violet. For the second article, the standard sample (nS10,) and sample
modified with microwaves (MW-nSiO,) were used for adsorption of methylene blue.
The same variations of the first article were performed, obtaining a greater adsorption
capacity for MW-nSiO, (679 mg g™*) compared to nSiO, (547 mg g™*) for the methylene
blue dye. Both modifications of the nanoparticles show promise due to the increased
surface area of the particles produced, leading to better adsorption characteristics.

Keywords: Adsorption, rice husk, leaching, nanoparticles, silica
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1. INTRODUCAO

A busca por alternativas para o uso de residuos sélidos gerados através da
agroindustria € um grande desafio para empresas e produtores em ambito mundial. A
grande producdo desses materiais, que possuem um baixo valor agregado, evidencia a
necessidade do tratamento para valorizagdo dos mesmos. Dentre estes residuos
destacam-se a producao de casca de arroz, quirera de arroz, palha de milho entre outros
que poderiam ser reaproveitados (IRGA, 2017). Segundo dados do Instituto Rio-
Grandense de Arroz (IRGA), no Rio Grande do Sul, maior produtor do gréo, a produgéo
de arroz no ano de 2017 foi cerca de 8,3 x10° toneladas, gerando assim toneladas de
outra biomassa, a casca de arroz (BELCHIOR; TAI; HELD, 2017). O principal destino
da casca de arroz é a queima para geracdo de energia, tendo como residuos as cinzas.
Atualmente, empresas do estado buscam alternativas para a venda deste residuo,
porém, as impurezas do material gerado e o alto valor para purifica-lo acarretam
problemas na comercializacdo. O tipo de casca de arroz e suas propriedades dependem
da localizac&o, cor e as variagdes climaticas que ocorrem no periodo de crescimento da
planta (TSAI; LEE; CHANG, 2007).

A composicdo das cinzas é basicamente de oOxidos, principalmente dioxido de
silicio que pode atingir uma pureza maior que 99% (XIONG et al., 2009), se for
realizado um tratamento adequado. O didxido de silicio (SiO;) é um composto
semicondutor, que devido as suas caracteristicas fisico-quimicas pode ser utilizado em
diversos setores. Pode-se citar como exemplo: o uso como aditivo no concreto,
aumentando a resisténcia e diminuindo a permeabilidade, a fabricacdo de células
fotovoltaicas, para geracéo de energia, e a fabricagdo de componentes eletrénicos, como
a producdo de microchips e transistores (AGGARWAL; SINGH; AGGARWAL, 2015;
KAMAT, 2008; XIA et al., 2005). Além disso, pode ser utilizada como aditivo de
polimeros, ou pode ser utilizada como reagente na formacao de carbeto de silicio (SiC),
esse utilizado para a fabricagdo de componentes eletrénicos (SINGH et al., 2008). H&
pesquisas relacionadas a utilizacdo de silica como adsorvente, para a remogdo de
compostos metalicos, porém ndo sdo encontrados estudos do uso de nano silica e
modificacdes na mesma para a utilizacdo de compostos organicos (FOLETTO et al.,
2005).
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A producéo de silica a partir da casca do arroz possui diversas rotas, porém
podemos citar quatro processos que inicialmente sdo utilizados: tratamento térmico,
hidrotérmico, biolégico ou quimico (SOLTANI et al., 2015). Dentre estes processos 0
mais utilizado é o tratamento térmico. Este se baseia na queima da matéria prima a
temperaturas elevadas (400 °C a 700 °C) para inicialmente produzir silica amorfa e apos
é feita lixiviacdo com acidos para a purificacdo da silica. Ap0s este processo € realizado
um aquecimento a temperatura de 700 °C a 1200 °C para a producéo de nano particulas
de silica, sendo que essa sofrera alteracGes nas suas propriedades superficiais através de
métodos de degradacdo. A maioria dos processos de producdo de nano silica ocorre
apenas com a etapa de elevagdo de temperatura, (1000 °C — 1200 °C), como exemplo
deste temos a producado através da casca de arroz. Poréem, ha outros tipos de processos,
como a dissolucdo hidrotérmica de vidro para obtencdo posterior de nanoSiO, e a
utilizacdo de decomposicao da olivina ((Mg,Fe),SiO4) como reagente. (LAZARO et al.,
2013).

Atualmente, ha diversas utilizacbes de nanoparticulas, que abrangem desde areas
como polimeros até o setor de cosméticos (GUPTA et al., 2013). No uso de
nanomateriais como adsorventes, tem se como principal vantagem a melhoria das
propriedades de superficie do material, aumentando a razdo entre a superficie e 0
volume. Através desta melhoria, a nano silica produzida pode ter um melhor
desempenho que outros adsorventes. Normalmente, os materiais adsorventes mais
utilizados séo: carvao ativado, silica gel e zedlitas. Estes materiais destacam-se devido a
apresentarem caracteristicas de alta porosidade, seletividade e baixo custo, mas
principalmente pela grande area superficial desses (GUPTA; SUHAS, 2009) .

Segundo dados da Associacdo Brasileira de Fabricantes de Tintas (ABRAFATI),
o0 Brasil € um dos seis maiores paises fabricante de compostos que possuem corantes do
mundo, produzindo cerca de 1,506 bilhGes de litros por ano, gerando assim uma grande
quantidade de residuos que devem ser tratados para serem descartados no meio
ambiente. Devido a isso, a utilizacdo de um residuo solido de baixo custo para a
remogéo de substancias contaminantes ao meio ambiente, como corantes presentes nas
tintas, diminuiria os custos para a industria, além de ser uma solucgéo prética tanto para a

agroindustria quanto para os setores que geram efluentes coloridos.
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2 OBJETIVOS

OBJETIVO GERAL

O objetivo desta dissertacdo € produzir e caracterizar a nanoSiO, obtida da casca

de arroz, modificando-a através de métodos como o uso de micro-ondas e ultrassom

para utilizagdo como adsorvente de corantes.

2.2.

OBJETIVOS ESPECIFICOS

Preparar nanoSiO, a partir de casca de arroz atraves de um processo
convencional;

Preparar nanoSiO, a partir da casca de arroz utilizando um processo modificado
por ultrassom;

Preparar nanoSiO; a partir da casca de arroz utilizando um processo modificado
por micro-ondas;

Caracterizar as diferentes nanoSiO, obtidas utilizando analise de infravermelho
(FT-IR), difracdo de raios X (DRX), isotermas de N, (métodos BET e BJH),
picnometria de gas hélio, fluorescéncia de raios X (XRF), calorimetria
exploratoria diferencial (DSC) e microscopia eletronica de varredura (MEV)
Avaliar os efeitos do ultrassom e do micro-ondas nas caracteristicas das
nanoSiO, obtidas, em relagdo ao processo convencional;

Estudar o potencial adsorvente das diferentes nanoSiO, para remover 0s corantes
azul de metileno e cristal violeta de solugdes aquousas;

Estudar o perfil cinético, comportamento de equilibrio e parametros
termodinamicos da adsorcao dos corantes pelas diferentes nanoSiO,.
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3 REVISAO BIBLIOGRAFICA

3.1 GERACAO DE CASCAS DE ARROZ

Segundo dados do Departamento de Agricultura dos Estados Unidos (USDA) a
producdo mundial de arroz em 2016 foi de 483,1 milhdes de toneladas, sendo o segundo
cereal mais colhido, atrds apenas da producdo de trigo. A producdo de arroz esta
localizada principalmente no continente asiatico, sendo 90 % da producéo total do grao.
Como maior produtor de arroz destaca-se a China com cerca de 30 % da producéo
mundial. O Brasil € 0 nono colocado entre os paises produtores, com 1,6 % em relacao a
producdo mundial. Na producdo nacional, 71,4% do arroz produzido € originado no
estado do Rio Grande do Sul (BELCHIOR; TAI; HELD, 2017). Na Figura 1 tem-se a
evolucdo do preco da casca de arroz (principal residuo gerado) no estado do Rio Grande

do Sul, mostrando uma grande desvalorizagéo em relagdo ao tempo.

Figura 1 — Preco médio da casca de arroz no periodo de janeiro de 1975 a setembro de 2017
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Fonte: Adaptado do Relatério Anual de Producédo de Arroz, IRGA, 2017.
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A casca de arroz é um dos principais residuos originados da producao de arroz.
Ha outros residuos da producédo do arroz que podem ser citados como: a quirera, a palha
de arroz e o farelo de arroz. Porém, o volume de producao da casca de arroz € maior em
relacdo aos demais residuos, sendo cerca de 20% da massa total do grdo. (MAYER;
HOFFMANN; RUPPENTHAL, 2006).

O principal uso da casca de arroz € para a geracao de energia. Essa é queimada
como residuo em caldeiras, isto ocorre devido a grande quantidade de casca, 0 baixo
custo e a falta de alternativas para a geracdo de um produto de maior valor agregado
(YOON et al., 2012). O uso para a geracao de energia acaba gerando outro residuo: as
cinzas. Atualmente, as cinzas possuem valor ainda menor que a casca de arroz, sendo

que para a sua utilizacdo necessitam de um processo de purificacao.

32 COMPOSICAO DA CASCA DE ARROZ

A casca de arroz é composta principalmente por compostos organicos: lignina,
celulose, hemicelulose. Além destes, pode se citar a presenca de compostos inorganicos,
como o didxido de silicio (SiO,) como sendo o constituinte inorganico de maior
quantidade presente na biomassa. A composicao da casca de arroz estd demonstrada na
Figura 2, estes dados foram retirados segundo Hickert et. al, 2010 de uma arrozeira
presente na cidade de Pelotas.

Figura 2 - Composicdo da casca de arroz na regido sul do Brasil

COMPOSICAO DA CASCA DE ARROZ NA
REGIAO SUL

M Lignina M Hemicelulose M Celulose Cinzas M Outros compostos

Fonte: Adaptado de Hickert (2010)
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Em temperaturas altas, a matéria orgéanica presente na casca reage formando
gases como dioxido e monodxido de carbono, sendo assim 0s produtos resultantes séo
apenas 0s compostos inorganicos presentes na amostra (JI-LU, 2007). Ha variagdes na
composicao da casca, principalmente devido a mudancas climaticas que interferem na

safra ou localizagdo geogréfica das plantacGes.

3.3 COMPOSICAO INORGANICA DA CASCA DE ARROZ E PRINCIPAIS
UTILIZACOES

Entre os compostos inorganicos presentes na casca de arroz, o didxido de silicio
€ 0 que possui maior fracdo massica, como demonstrado na Tabela 1. Segundo Patel et.

al. 1987, ha também a presenca de outros 6xidos como de Ferro I, calcio e aluminio.

Tabela 1 - Composi¢do Inorgénica da casca de arroz

Composto % massica

Al,O3 4,935
Fe O3 5,136
Cao 4,975
MgO 0,8426
SiO; 88,75

MnO, 0,2969

Fonte: Adaptado de Patel, 1987

O dioxido de silicio, também conhecido como silica, é um composto
semicondutor muito utilizado para producdo em materiais eletrénicos. Porém, devido as
suas caracteristicas fisico quimicas, pode ser utilizado como aditivo no cimento ou
borracha, modificando caracteristicas como rigidez e resisténcia mecanica. Além disso,
a silica pode ser usada como adsorvente, suporte para catalise ou sintese de zeélitas. A
silica pode ser classificada como aquagel (poros sdo preenchidos com agua), xerogel
(fase aquosa dos poros é removida por evaporagdo) e aerogel (solvente é removido por
extracdo supercritica) (FOLETTO et al., 2005).
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A silica pode ser produzida da casca de arroz com uma pureza de até 99,66%,
sendo obtida através do tratamento &cido das cinzas obtidas da casca de arroz
(YALCIN; SEVINGC, 2001). Os principais acidos utilizados para o processo de
lixiviacdo sdo o acido cloridrico, sulfarico ou nitrico, variando a concentracdo desses
como parametro. De acordo com Soltani, 2015, é possivel obter uma pureza maior com
0 &cido cloridrico em concentra¢cdes acima de 3 M. No tratamento com é&cido sulfarico,
resulta em maior contaminacgéo, devido a concentracdo de calcio, que é maior quando
comparada aos demais acidos.

H& outros fatores importantes para a obtencéo de silica de alta pureza, como o
tempo de lixiviacdo, o tempo de queima da matéria organica e a temperatura de queima

afetam diretamente a pureza da silica e a estrutura da silica (cristalina ou amorfa).

3.4 NANOSILICA

A nano tecnologia € uma area de grande potencial que tém se expandido devido
a vasta &rea de utilizacdo das nano particulas. Estas podem ser aplicadas para
modificacdo de materiais existentes ou para inovacdo tecnoldgica, como 0 uso em
adsorcdo de gases. De acordo com Wang, L, 2015, nano silica porosa pode ser utilizada
para adsorcdo de metano em presenca de agua.

Segundo Yao, et al, 2013, a nano silica € um nano composto que possui como
caracteristicas principais uma grande area de superficie para adsorcdo, boa dispersao,
pureza quimica elevada e excelente estabilidade. Além disso, pode se citar o baixo custo
e possui uma alta taxa de producdo como vantagens da nano silica em relacdo a outros

nano materiais.

3.4.1 Principais aplicagdes

A nano silica pode ser utilizada como aditivo de concretos. Segundo Biricik e
Sarier, 2014, a presenca de nano silica permite uma maior densidade na zona de
transicdo do concreto, além de possuir maior resisténcia que o concreto comum

(BIRICIK; SARIER, 2014). Outro uso comum de nano silica é a utilizacdo como
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aditivo em polimeros, como o polipropileno para diminui¢do da inflamabilidade do
material, de acordo com Erdem, et.al 2009.

Além destes usos, a nano silica pode ser utilizada ainda na industria de
cosméticos e como aditivo na producdo de embalagens de produtos comestiveis. Porém,
estes usos tem diminuido devido a estudos sobre os riscos a salde, essa poderia causar

ao corpo humano danos ao sistema digestivo.(PETERS et al., 2009).

3.4.2 Metodos de producéo

Nano silica sdo particulas de silica em escala nanométrica sendo que a alteracdo
no processo de producéo é realizada apés a lixiviagdo. Existem varios processos para a
producdo de silica a partir da casca de arroz, destacando-se: o tratamento térmico, o
tratamento hidrotérmico, o tratamento bioldgico e o tratamento quimico (SOLTANI et
al., 2015). Dentre esses, os mais utilizados sdo o tratamento térmico e o tratamento
quimico.

O tratamento térmico ocorre primeiramente a partir da queima da casca de arroz
a temperaturas de 400 a 700 °C para a producdo das cinzas. Apos pode ser realizado trés
rotas diferentes: tratamento alcalino com hidroxido de sodio, adicdo de NH4F ou
lixiviagdo acida. O pré-tratamento da silica com &cido é o mais utilizado entre estes
métodos, sendo feita uma lixiviacdo para remoc¢do das impurezas presente na silica,
através da reacao 1.

Si0, + R.O + HCl - R.Cl + SiO, + H* + 0~ 1)

O tratamento quimico ocorre através da reacdo com compostos alcalinos,
lixiviagdo acida ou tratamento com compostos como peroxido de hidrogénio. Este
tratamento é similar ao tratamento térmico, apenas invertendo a ordem do processo,
sendo que no tratamento quimico tem-se a reacdo para a retirada de compostos e apos a
queima da matéria organica presente, sendo que o0 inverso ocorre no tratamento térmico.

De acordo com Chandrasekhar et.al ,2006, no tratamento térmico, a temperatura
de queima afeta diretamente a estrutura da silica. A temperaturas maiores que 900°C a
silica apresenta estrutura cristalina e a temperaturas abaixo de 800°C esta ¢ amorfa.
Além disso, segundo Dafalla, 2010, apenas a temperaturas acima de 600°C é possivel

remover todos 0Ss compostos organicos presentes na casca de arroz
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(CHANDRASEKHAR et al., 2003). Outro fator importante € o tempo de queima,
maiores concentracdes de didxido de silicio sdo encontradas com tempos superiores a 6

horas.

Hé& dois métodos mais utilizados para a producdo de nano particulas: através da
dissolugdo hidrotérmica de silicato de sodio ou através da hidrolise e queima de
tetracloreto de silicio (LAZARO et al., 2012). De acordo com Sankar et al, 2015, a nano
silica pode ser produzida a partir da silica da casca de arroz através de um processo de
aquecimento para a diminuicdo do tamanho de particula. Este processo deve ocorrer
com uma taxa de aquecimento de 5°C/min em um periodo de 2 horas. Segundo Liou,

2004, esta taxa deve ser utilizada para aumento do tamanho dos poros da nano silica.

35 MODIFICACAO COM ULTRASSOM

O uso do ultrassom para a utilizacdo em adsorgéo foi estudado por Breitarch,
Bathen e Schmift-Traubt, 2003, devido a grande quantidade de informacGes
controversas sobre o tema. A cavitacdo gerada pelo ultrassom pode acarretar um
aumento da transferéncia de calor e massa, além de erosdo nas particulas, isto
acarretaria um aumento da area superficial beneficiando a adsor¢do, ou no caso deste
trabalho a lixiviacdo do material. Na Figura 3, é possivel visualizar o aumento do

numero de poros devido a utilizacado da sonda ultrassonica.

Figura 3 - Modificagdo de nano particulas de SiO, através de ultrassom

Sonda ultrassdnica

Fonte: Autor

Geralmente a utilizagdo do ultrassom aumenta a taxa de reagdo, em casos como
a lixiviagdo isto pode acarretar em menores tempos de residéncia para 0 mesmo

rendimento de um processo padrdo. De acordo com Singh et. al, 1998, diversos
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compostos podem ser sintetizados como alcoois e alquenos, aumentando o rendimento

final em relag&o ao convencional.

36  MODIFICACAO COM MICRO-ONDAS

O uso de radiacdo via micro-ondas para alteracdo de propriedades quimico-
fisicas ou alteracdo de processos ja existentes tém aumentado nos ultimos anos. Micro-
ondas sdo ondas que possuem um comprimento de onda na faixa entre 0,3 m até 1 mm)
(HALLIDAY; RESNICK; WALKER, 2009).

De acordo com Larhed e Olofsson, 2006, o micro-ondas € utilizado para
aumentar a taxa de reacdo, principalmente em sinteses organicas, um exemplo deste é a
sintese de alcaloides como 0 TMC 120B (C15H13NO,), sendo esta substancia utilizada
para a fabricacdo de remédios.

Segundo Kappe e Dallinger, 2004, o uso de micro-ondas depende
principalmente das propriedades dielétricas do composto, principalmente do solvente
utilizado, sendo que a caracteristica que permite converter energia eletromagnética em
calor, sendo funcao da temperatura e frequéncia, € chamada de fator de perda (tan d).

De acordo com Lidstrom et al, 2001, a grande vantagem do uso de micro-ondas
€ que essas atravessam as paredes do recipiente agindo diretamente na solugdo e
acarretando um aumento da temperatura uniforme. Portanto, hd& homogeneidade da
solucéo final, devido ao modelo transferéncia de calor utilizada em relacdo a métodos
tradicionais de aquecimento, como chapas de aguecimento como demonstrado na Figura
4,
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Figura 4 - Diferenca entre os métodos de transferéncia de calor através de ondas

[Conventiona[] IMicrowave ]
gilzor:‘z?t /Magnelror
| 277 | - - |
Heat %
waves\ Sample
[S355262624262¢

Fonte — Adaptado de Rao,et al. 1999

3.7 EFLUENTES/RESIDUOS GERADOS NO SETOR DE CORANTES

De acordo com Chiou, Ho e Li, 2004, a remocéo da cor em efluentes industriais
tornou-se um dos principais problemas ambientais no setor industrial no setor de tintas,
isto ocorre, por que uma pequena quantidade de corante na adgua pode ser toxica e
visivel (CHIOU; HO; LI, 2004). Conforme Malik, Rawteke e Wate, 2007,
aproximadamente 1 miligrama por litro de corante ja pode ser visivel podendo causar
intoxicagdo, portanto imprdpria para consumo (MALIK; RAMTEKE; WATE, 2007).

Segundo dados Ledo et al 2002, em uma inddstria € utilizado aproximadamente
128 litros de &gua para cada quilograma de tecido que é produzido. Além disso estima-
se que 88% do volume de agua é descartado e os outros 12% correspondem as perdas

evaporativas do processo (LEAO, 2002).

3.8 LEGISLACAO AMBIENTAL

Os corantes utilizados foram Cristal Violeta (CV) e Azul de Metileno (MB),
ambos catidnicos, sendo estes utilizados principalmente para a coloracdo de fibras

téxteis. Dentro das caracteristicas fisico-quimicas destacam-se as altas massas
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moleculares de 394 e 320 gramas por mol, para o Cristal Violeta e 0 Azul de Metileno,
respectivamente. Em relagdo a informagfes toxicoldgicas, a exposi¢do por um longo
periodo a estes corantes pode ter efeito cancerigeno ao sistema imunologico (SALLEH
etal., 2011).

Segundo Almeida 2006, os corantes podem ser classificados primeiramente
como organicos ou inorganicos e apds em dois outros subgrupos que sdo sintéticos ou
naturais. Além disso, classifica-se o corante segundo sua estrutura quimica ou método
em que € fixado na fibra téxtil (ALMEIDA, 2006). Deste modo ha oito classificacGes de
corantes: reativos, diretos, azoicos, &cidos, sulfurosos, dispersos, pré-metalizados e
bésicos.

Em relacdo aos grupos, pode-se destacar o grupo de corantes basicos. Esta classe
de corantes possui ions carregados positivamente, atraindo assim compostos negativos.
Além disso, destaca-se que este grupo de corantes possui grande solubilidade em agua,
dificultando o tratamento do efluente quando presente nos residuos de industrias téxteis
(GUARATINI; ZANONI, 1999).

3.9  PRINCIPAIS METODOS DE TRATAMENTO

O efluente liquido gerado na industria téxtil pode ser tratados através de métodos
quimico, fisicos e bioldgicos. De acordo com Wang et.al 2011, como métodos fisico-
quimicos destacam-se a flotacdo, coagulacdo/floculacdo/sedimentacdo, processos
oxidativos avangados, adsorcao e processos de filtracdo com membranas. Nos processos
bioldgicos podem-se utilizar meios tanto aerébicos como anaerdbicos para o tratamento
destes efluentes .

. O principal método para o tratamento de aguas contaminadas com corantes é a
adsorcdo, devido a ser um método barato e o adsorvente pode ser recuperado. De acordo
com Weber e Chakravorti et al, 1974 pode-se citar a menor area superficial, a facilidade

de operagéo e a maior remocgao dos contaminantes organicos
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3.10 ADSORCAO

De acordo com Yagub et al, 2014, adsorcdo é o fendmeno que descreve o
particdo de uma substancia entre duas fases (liquido-sélido e géas-solido). A substancia
que acumula na interface ¢ chamada de adsorbato, enquanto o sélido é chamado de
adsorvente.

Segundo Dabrowski, 2001, os adsorventes porosos mais utilizados sdo carbonos
ativados e zedlitas, porém atualmente, ha diversas pesquisas relacionadas a diminuicao
do tamanho de poros, principalmente na area de materiais nanoporosos. Os usos destes
materiais tém aumentado em consequéncia das diversas aplicacBes como separacéo,
purificacdo e processos cataliticos.

H& diversos fatores que influenciam na adsorcdo de corantes, como a
concentracdo do mesmo, a dosagem de adsorbato, o pH da solugéo, a temperatura € 0
tempo do processo. Segundo Seow e Lim, 2016, estes fatores sdo fundamentais para a

mudanga para escala industrial.

3.10.1 Efeito da dosagem de adsorvente

A gquantidade de adsorvente € um dos fatores que afeta diretamente os processos
de adsorcdo, pois o adsorvente representa um alto custo dependendo do corante que sera
removido. A busca por um material adsorvente de baixo custo, com baixa dosagem para
adsorcdo e que possa ser recuperado com processos simples é um dos maiores desafios
do setor de adsorcéo.

Segundo Ofomaja, 2008, na maior parte dos casos a remocdo de corantes
aumenta com o aumento de massa de adsorvente, ou seja, ocorre 0 aumento do nimero
de sitios de adsorcdo na area superficial do adsorvente, como demonstrado na Figura 5.
Sendo assim, busca-se um ponto onde ocorra grande adsor¢do de corante com o minimo

de dosagem de corante.
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Figura 5 — Efeito da dosagem de adsorvente na adsorcao de corantes.

Adsorbato Adsorvente

.-

Fonte: Autor

3.10.2 Efeito do pH

O pH da solucdo é um dos pardmetros mais importantes para o processo de
adsorcdo, devido a magnitude das cargas eletrostaticas transferidas pelas moléculas de
corantes ionizadas ser controlada através do pH. De acordo com Salleh et al, 2011,
geralmente em solugGes de pH abaixo ( se 0 meio estiver protonado ou dependendo do
pKa do corante), ocorre a diminuicdo adsorcdo se o corante € catidbnico e um aumento
da adsorc¢éo se o corante for anidnico. Na Figura 6 estd demonstrada o efeito do pH na
adsorcdo de corantes (SALLEH et al., 2011).

Figura 6 - Efeito do pH na adsorcéo de corantes.
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Fonte: Autor

3.10.3 Isotermas de Adsorcédo e Termodinamica

Para descrever melhor como o adsorbato ira ser afetado pelo adsorvente,

descrevendo assim a capacidade de adsor¢do podem ser utilizadas as isotermas de
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adsorcdo, sendo que o principal modelo utilizado é a isoterma de Langmuir. De acordo
com Rudzinski e Plazinki, 2007, o modelo de Langmuir baseia-se em um modelo
monocamada ideal, levando em conta também que ocorre um processo de adsorcao
homogéneo em todos os sitios de adsorcdo (RUDZINSKI; PLAZINSKI, 2007). Outros
modelos podem ser utilizados, como BET, Freundlich e Sips.

O efeito da temperatura € importante para indicar se a operacdo de adsorcdo é
exotérmico ou endotérmico. Os processos endotérmicos possuem maior capacidade de
adsorcdo com o aumento da temperatura, devido ao aumento do nimero de sitios ativos
e de mobilidade em altas temperaturas. Em relacdo a processos exotérmicos, 0 aumento
de temperatura acarreta na diminuicdo da capacidade de adsorcao.
(SENTHILKUMAAR; KALAAMANI; SUBBURAAM, 2006). Na Figura 7, esta
apresentado o efeito da mudanca de temperatura na situacdo em que a transferéncia de
calor é endotérmica. Com os dados da temperatura e os modelos ajustados € possivel

estimar os parametros termodinamicos (AG°, AH®°, AS®).

Figura 7 - Efeito da temperatura considerando a adsorcéo endotérmica
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e

Fonte: Autor

3.10.5 Cinética de adsorc¢ao

O efeito do tempo de adsorcdo é estudado através da taxa de adsorcdo. De
acordo com Seow e Lin, a taxa de adsorcdo € um importante fator para a escolha do
material adsorvente, pois 0 material deve ter uma alta capacidade de adsor¢éo e rapida
taxa de adsorcao. O principal modelo utilizado para descrever a cinética de adsorcao € o
pseudo-modelo de primeira ordem de Lagergren, criado em 1898. A partir deste foram
criados outros modelos como o de pseudo-segunda ordem e de ordem n, sendo estes
baseados no modelos que consideram a adsor¢cdo como uma reacdo quimica (HO;
MCKAY, 1999). Além destes, existem outros tipos de modelos como o HSDM,
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baseado na difusdo do adsorbato nos poros (DOTTO; PINTO, 2012). Na Figura 8, esta

demonstrado a evolugéo da diminuicéo da concentragdo em relagédo ao tempo.

Figura 8 - Efeito do tempo na adsorcao de corantes.
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Fonte: Autor
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4. NANO-SILICA OBTIDA DA CASCA DO ARROZ ATRAVES DE
PROCESSO ALTERNATIVO COM ULTRASSOM E APLICACAO PARA
REMOCAO DE CORANTE

O artigo a seguir foi submetido a revista Journal of Hazardous Materials (ISSN: 0304-

3894), Qualis Al na area de Engenharias I1.

Nano-silica obtained from rice husk through alternative sonication process and its

application for dye removal

Enrique C. Peres’, Jenifer Slaviero®, André R. F. Almeida?, Michele P. Enders®, Edson

I. Muller®, Guilherme L. Dotto**

'Chemical Engineering Department, Federal University of Santa Maria—-UFSM, 1000
Roraima Avenue, 97105-900 Santa Maria, RS, Brazil.

“Chemical Engineering, Federal University of Pampa—UNIPAMPA, 1650 Maria
Anunciacdo Gomes de Godoy street, 96413-170 Bagé, RS, Brazil.

Department of Chemistry, Federal University of Santa Maria—_UFSM, 1000 Roraima
Avenue, 97105-900 Santa Maria, RS, Brazil.

ABSTRACT

Nano-SiO, was obtained from rice husk through an alternative ultrasound process,
characterized and applied to remove Crystal Violet dye from aqueous media by
adsorption. The better characteristics of ultrasound modified nano-silica (UM-nSiOy)
regarding to the standard nano-silica (nSiO;) were demonstrated by infrared
spectroscopy (FT—IR), X-ray diffraction (XRD), N, adsorption isotherms (BET and
BJH methods), gas picnometry, differential scanning calorimetry (DSC) and scanning
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electron microscopy (SEM). nSiO, and UM-nSiO, were used as adsorbents for Crystal
Violet dye. The adsorption study was performed by Kkinetic curves, equilibrium
isotherms and thermodynamics. UM-nSiO, presented significantly higher values of
surface area, pore volume, pore diameter and porosity than nSiO,. Pseudo—Second order
model was the best for kinetic curves. To represent the equilibrium curves, BET and
Freundlich were the most adequate. UM-nSiO, attained adsorption capacity of 495 mg
g * coupled with removal percentage of 98%, being and excellent adsorbent for CV dye.
For both adsorbents, the thermodynamic results revealed a favorable, spontaneous and
endothermic process. These findings show that the ultrasound technique has great
potential to intensify the silica production process, generating a material with better

characteristics for dyes adsorption.

Keywords: Adsorption; Equilibrium; Nano-silica; Thermodynamics; Water.

4.1. INTRODUCTION

The search for alternatives to use solid wastes generated from agribusiness is a
great challenge worldwide. The large generation of these materials, evidences the
necessity for its management and valorization. Among these residues, it should be
highlighted the generation of rice husk, rice straw, corn straw, which could be reused
(AJMAL et al., 2003; GUO et al., 2017; SARKER; FAKHRUDDIN, 2015). The main
use for rice husk is the burning for energy generation. As a result, residual ashes are also
obtained. These ashes are basically composed by oxides, mainly silicon dioxide (SiO,),
which can be separated at high purity, if a suitable treatment is employed (XIONG et
al., 2009). Silicon dioxide (SiOz) is a semiconductor compound and due its
physicochemical characteristics can be used in several sectors, such as, additive in
concrete, manufacture of photovoltaic cells and manufacture of electronics (microchips
and transistors) (LAZARO; QUERCIA; BROUWERS, 2012; WANG et al., 2003; WU
et al., 2006). In general, silicon dioxide can be used in industrial processes like filtration
(such filter aids), absorption and support in osmosis (TIAN et al., 2017; VANDER
AUWERA et al., 2016; YUREKLLI et al., 2017). In adsorption process, silicon dioxide
can be utilized for heavy metals removal from aqueous media (FRANCO et al., 2017).
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Silica can be obtained from rice husk by several routes. Four processes are more
utilized: thermal, hydrothermal, biological or chemical treatment (BALABANOVA,
2003; CHESHMEH et al., 2013; GHORBANI; SANATI; MALEKI, 2015; POTAPOV
et al., 2011). Among these processes, thermal treatment is the most used. This route is
based on burning the feedstock at elevated temperatures (400 °C to 700 °C) to produce
amorphous silica, followed by acid leaching for purification (SOLTANI et al., 2015). In
this process, the acid leaching step has fundamental role, since is responsible for the
elimination of metallic impurities such as iron (Fe), manganese (Mn), calcium (Ca),
sodium (Na), potassium (K) and magnesium (Mg) that influence the purity and color of
the silica. Furthermore, the physicochemical and textural characteristics of the obtained
silica are affected by the leaching step. In this sense, the modification of production
process, in the leaching step, utilizing different methods, such as ultrasound, can
improve the characteristics of silica produced, as demonstrated with other materials in
the literature (DOTTO et al., 2015; FRANCO et al., 2017). It is know that ultrasound
treatment provokes extreme thermodynamic conditions at molecular level, which are
able to modify the characteristics of the produced material (DOTTO et al., 2015;
FRANCO et al., 2017).

The improvement of physicochemical characteristics of silica affects directly its
application. Amorphous silica can be used to remove dyes from colored wastewater of
textile industries by adsorption. Adsorption in turn, is one of the most common
operations used to treat colored effluents, since is a cheap method and the adsorbent can
be recovered (HARO et al., 2017). According to Weber and Chakravorti (WEBER,;
CHAKRAVORTI, 1974), we can still mention advantages like ease of operation and
high potential to remove organic contaminants, including dyes.

In this work, it was proposed for the first time, the production of nano-SiO,
using the thermal treatment of rice husk, followed by an alternative sonication process
in the leaching step. For comparison, nano-SiO, was also produced by the standard
process. This process modification aimed to improve the nano-SiO, characteristics like
surface area, pore distribution, purity and mainly the potential to remove Crystal Violet
dye (CV) from aqueous media by adsorption. The characteristics of ultrasound modified
nano-silica (UM-nSiO;) and standard nano-silica (nSiO;) were investigated by infrared
spectroscopy (FT-IR), X-ray diffraction (XRD), N, adsorption isotherms (BET and
BJH methods), gas picnometry, differential scanning calorimetry (DSC) and scanning

electron microscopy (SEM). For both materials (UM-nSiO, and nSiO,), a detailed
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evaluation of CV dye adsorption was performed, including the adsorbent dosage and pH
effects, kinetic, equilibrium and thermodynamic studies.

4.2. MATERIALS AND METHODS

4.2.1. Obtainment and characterization of UM-nSiO, and nSiO,

Rice husk (Oryza Sativa) was provided by a rice processing industry located in
Santa Maria, RS, Brazil. Firstly, rice husk was washed with distilled water and oven
dried (Solab, SL-101, Brazil) during 24 h at temperature of 50 °C. After, rice rusk was
burned in a furnace (Magnus, model 06 , Brazil) at 600 °C during 6 h to remove the
organic compounds and obtain the rice husk ashes (DAFFALLA; MUKHTAR;
SHAHARUN, 2010). Then, the ashes were submitted to the leaching step using two
ways:

e Standard leaching: rice husk ashes were put in contact with hydrochloric acid
10% w/w (HCI, Vetec, Brazil) (SOLTANI et al., 2015), and the solution was
agitated in a magnetic stirrer (Marconi MA 093, Brazil) for 2 h at 80 °C.

e Sonication leaching: rice husk ashes were put in contact with hydrochloric acid
10% wi/w (HCI, Vetec, Brazil) (SOLTANI et al., 2015), and the solution was
submitted to sonication with a titanium sonotrode (UP200S, Hielscher,
Germany), with frequency of 320 kHz, amplitude of 60%, temperature of 80 °C
for 30 min.

After each leaching, samples were washed with deionized water and filtered
(Whatmann n°® 40). The samples were then dried during 24 h at 100°C. To obtain
nanometric particle size, the samples were macerated and put in a furnace at 700 °C
with heating rate of 5 °C min ! (SANKAR et al., 2016). The nano-SiO, prepared by the
standard method was named nSiO, and the nano-SiO, prepared by the sonication

method was named UM-nSiO..
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The functional groups of the samples were confirmed by Fourier transform
infrared spectroscopy (FT—IR) (Shimadzu, Prestige 21, Japan) in the range of 500-4500
cm . X-ray powder diffractometry (XRD) (Rigaku, Miniflex 300, Japan), with Ni-
filtered Cu Ka radiation (A=1.54051 A, 30 kV, 10 mA), with 26=5-100°, was employed
to verify the samples crystallinity. The BET surface area, total pore volume and average
pore radius of nSiO, and UM-nSiO, were obtained by N, adsorption isotherms at —196
°C (Micromeritcs, ASAP 2020, USA). Samples were pre-treated at 200 °C for 24 h
under nitrogen atmosphere, in order to eliminate the moisture adsorbed on the solid
surface. Samples were then submitted to 25 °C in vacuum, reaching the residual
pressure of 10™* Pa. The solid density was determined by helium gas picnometry
(Ultrapyc, 1200e, Japan). The silica content in the samples was estimated by X-ray
Fluorescence (XRF) (Shimadzu, Model EDX-720, Japan). The thermal profile of the
samples were obtained by differential scanning calorimetry (DSC, TA Instruments,
USA), from temperature 25 °C to 400 °C, under N, atmosphere. Scanning electron
microscopy (SEM) (Jeol, JSM-6610LV, Japan) was utilized to analyze the textural

characteristics of the samples.

4.2.2. Batch adsorption experiments

Methyl violet 10B (triarylmethane) or also know Crystal Violet (CV) was used
as adsorbate in this work. CV (CzsH30CINg, color index 42555, molar weight of 407.99
g mol™, Amx=590 nm, purity above 95%) is a common cationic dye found in colored
effluents of printing or paper industries (CHAKRABORTY et al., 2011). The Crystal

Violet molecular structure, with the respective pK, values is demonstrated in Figure 9
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Figure 9 - Chemical structure of Crystal Violet dye.
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All experiments were performed in batch mode, at 220 rpm with solution
volume of 50 mL, using a thermostated agitator (Marconi, MA 093, Brazil), aiming to
evaluate the effects of adsorbent dosage, pH, equilibrium and kinetic curves. Firstly, CV
stock solution (1.00 g L) (INLAB, Brazil) was prepared, and then, the experiments
were carried out by diluting the stock solution in distilled water. The adsorbent dosage
effect was analyzed using 100, 250, 500, 750 and 1000 mg L™ of nSiO, or UM—nSiO»,
with dye concentration of 50 mg L™ at 25 °C for 4 h. The pH effect was studied in the
same conditions, but using pH of 2, 4, 6, 8, 10 and the pre—determined adsorbent
dosage. Equilibrium curves were constructed in the more adequate adsorbent dosage and
pH, with initial concentrations of Crystal Violet 50, 100, 200, 300, 400 and 500 mg L™,
at temperatures of 25, 35, 45 and 55 °C (the equilibrium was considered after three
consecutive equal measurements of dye concentration in liquid phase). Kinetic curves
were constructed with contact time from 0 to 240 min, for initial CV concentrations of
50, 100, 200 and 300 mg L™, in the best pH and adsorbent dosage. For all adsorption
tests, the solid phase was separated by centrifugation and the Crystal Violet
concentration was determined by UV-vis spectrometry (Shimadzu, UV-1800, model).
The experiments were realized in replicate (n=3) and blanks were performed. Egs. (1)
and (2) were used to determine the equilibrium adsorption capacity (qe) and the

adsorption capacity at time 't' (qy), respectively:

e\ (1)
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Vv 2)

where, C, is the initial concentration of Crystal Violet (mg L), C; is the CV
concentration at time 't' (mg L ™), Ce is the equilibrium concentration (mg L), m is the

adsorbent amount (g), and V is the volume of solution (L).

4.2.3. Kinetics and isotherms

Pseudo—first order (LANGMUIR, 1918a) and Pseudo-second order (HO;
MCKAY, 1999) models were utilized to compare the CV adsorption on nSiO, and UM—
nSiO,. It is know that these models consider adsorption as a chemical reaction without
take into account the mass transfer steps, but, the models are mathematically simpler
and are able to compare adsorption capacities. Pseudo—first order model (Eqg. (3)) was
proposed by Lagergren’s, reporting the liquid—solid adsorption systems
(LAGERGREN, 1898).

9, =0, (1-exp(=k,1)) (3)

where, k; is the rate constant of Pseudo—first order (min™*) and q; is the theoretical value
of adsorption capacity (mg g ).

Pseudo—second order model (Eqg. (4)) has better performance for long contact
times (HO; MCKAY, 1999). One relevant parameter studied is the Pseudo-second
order is the initial sorption rate hy (mg g* min™), presented in Eq. (5) (HO et al., 2004;
UNUABONAH; ADEBOWALE; OLU-OWOLABI, 2007):

B t
(1k0,) + (t/c) @)

a

hy = kzqg (5)
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being, k, the rate constant of Pseudo—second order model (g mg™ min™) and g the
theoretical value of adsorption capacity (mg g™%).

BET and Freundlich isotherms were used to fit the equilibrium data. The choice
of these models was based on the type of equilibrium curves obtained for the systems
CV/nSiO, and CV/UM-nSiO,. The BET model for solid-liquid adsorption is
represented by the Eq. (6) (EBADI; SOLTAN MOHAMMADZADEH; KHUDIEV,
2009):

0. = 9eerKsCe (6)
(1-k C)(A-k.C, +ksC,)

where, gger is the monolayer adsorption capacity (mg g ), ks and k. are the BET
constants (L mg™).

Freundlich isotherm is another multilayer model utilized (INGLEZAKIS;
POULOPOULQS, 2006). The Freundlich isotherm is represent by Eg. (7)
(FREUNDLICH, 1906):

qe = kFcimF (7)

where, ke is Freundlich constant (mg g )(mg L ™) ™" and 1/ng is the heterogeneity
factor.

In relation to the parameters estimation, all parameters were calculated through
nonlinear regression, using Quasi—-Newton method in Statistic 10.0 software (Statsoft,
USA), fitting the kinetic and equilibrium models. Average relative error (ARE) and

coefficient of determination (R?) were used to compare the results.

4.2.4. Thermodynamic parameters estimation

Generally, to understand the effect of temperature in the adsorption, some
parameters are estimated such as: the standard entropy change (AS?, kJ mol™ K™),
standard Gibbs free energy change (AG®, kJ mol™) and standard enthalpy change (AH’,
kJ mol’l) (AMMENDOLA; RAGANATI; CHIRONE, 2017). Standard Gibbs free

energy was calculated to determine the spontaneity of adsorption process. Furthermore,
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AS° and AH® are others parameters of feasibility, representing the organization of
adsorbate molecules and the adsorption heat, respectively. AS?, AG® and AH® were
estimated by Egs. (8) and (9):

AGP= —RTIn(K°) (8
oy _AS®_ARP
In(K®) = = T RT 9)

where, R is universal constant (kJ mol™K™), T is temperature (K) and K° is the
thermodynamic constant (dimensionless). For each adsorption system, K° was estimated
from the parameters of the best fit equilibrium model.

4.3. RESULTS AND DISCUSSION

4.3.1. Nano-silica characteristics

The FT-IR spectra of nSiO, and UM-nSiO, are depicted in Figures 10 (a) and
10 (b), respectively. Both spectra were similar, presenting the same vibrational bands as
follows: 3430 cm ™ relative to O—H or SiO—H stretching’s and 1635 cm* relative to the
H—O-H vibration (possibly due the presence of H,O molecules on the surface). The
vibrational bands related with the presence of silicon dioxide are presented at 1080, 800
and 460 cm™. The asymmetric stretching vibrations of Si—O-Si can be observed at 1080
cm ). The Si—-O-Si symmetric stretching vibrations were found at 800 cm ™. The band
at 474 cm* is relative to the O-Si-O bending vibrations (AL-OWEINI; EL-RASSY,
2009; MUSIC; FILIPOVIC-VINCEKOVIC; SEKOVANIC, 2011). These results show
that all produced samples (nSiO, and UM-nSiO;) are relatively pure (since no strange

bands were found).
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Figure 10 — FT-IR spectra of (a) nSiO; and (b) UM-SiO,.
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The XRD patterns of nSiO, and UM-nSiO, are show in Figure 11. Both patterns
were similar and the profile was typical of amorphous silica. This is in accordance with
the literature, since to obtain crystalline SiO,, temperatures over 700 °C are required

(SARANGI; BHATTACHARYYA; BEHERA, 2009), and in this work we used 700 °C

as upper limit.
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Figure 11 - XRD patterns of nSiO, and UM-SiO,,
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The N adsorption—desorption isotherms of nSiO, and UM-nSiO, are shown in
Figures 12 (a) and 12 (b), respectively. Both materials presented the same isotherm
profile, with a hysteresis loop. This behavior is typical of mesoporous solids .
Normally, inorganic oxides compounds, such as silicon dioxide, are classified as
mesoporous solids (YUE; ZHOU, 2008). The pore size distribution is depicted in Figure
13. From this Figure, it is possible confirm that nSiO, and UM-nSiO, are mesoporous
materials (pore diameter mainly concentrated in the range from 2 to 50 nm).
Furthermore, it is possible verify that UM-nSiO, presented more distributed pore
volume in the mesoporous region while, for nSiO,, a peak centered at around 9 nm was

observed.
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Figure 12 — N, adsorption—desorption isotherms of (a) nSiO, and (b) UM-SIO,.
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Figure 13 - Pore size distribution of nSiO, and UM-SiO,.
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The characteristics of nSiO, and UM-SiO, determined by BET, BJH, X-ray
fluorescence and gas picnometry are shown in Table 2. It can be seen that UM-SIiO,
presented surface area 30% higher than nSiO,. The total pore volume, average pore
diameter and porosity were also higher for UM-SiO,. UM-SiO, resented also higher
solid density and purity than nSiO,. Higher values of surface area, pore volume, pore
diameter and porosity are required for adsorption purposes, since allow the transference
of the adsorbate molecules inside of the adsorbent. Also, are responsible for more
available binding sites. The higher values of solid density confirm the higher purity of
UM-SIO; in relation to the nSiO,. For comparison, Sankar et al. prepared nanosilica
from three types of rice husk ashes (sticky, red and brown). They found surface areas of
7.5, 201.4 and 247.1 m* g *, respectively 2. In the work of Ghorbani et al. amorphous
nanosilica with average particle size of 200 nm and purity of 97% was obtained from

rice husk *°.

Table 2 - Characteristics of nSiO, and UM-SiO, determined by BET, BJH, X-ray fluorescence and gas

picnometry.

nSiO,* UM-nSiO,*
BET Surface Area (m2g ") 71.97+0.43 91.05+0.25
Total volume of pores (cm3 g ™) 0.200+0.002 0.216+0.001

Average pore diameter (nm) 8.4+0.2 11.2+0.3

ps (g cm ) 2.712+0.053 3.431+0.021
Porosity 0.35+0.02 0.43+0.01
Purity (%) 97.8+0.1 99.5+0.1

meanzstandard error for 3 measurements.

Differential scanning calorimetry (DSC) was utilized to interpret the thermal
data of nSiO, and UM-nSiO,. The results are shown in Figure 14 and Table 3. Figure
14 (a) (nSiO,) shows an endothermic peak at 74.74 °C with AH® of 0.0932 J g* (Table
3), which is relative to the water evaporation. The water evaporation peak was also
observed for UM-nSiO,, but at 61.15 °C (Figure 14 (b)) with AH® of 0.0521 J g*. This
shows that the water evaporation was easier in UM-nSiO,, probably due the favorable
textural characteristics (pore volume, pore diameter, porosity and surface area) above
presented. Furthermore, for nSiO,, a second endothermic peak was verified at 250.35
°C, which is relative to desorption of chlorine ions. Thus occurs because nSiO;

presented poor textural characteristics in relation to UM-nSiO,, and the chloride ions
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can remain impregnated in the pores, even after the washings and conventional
leaching.

Figure 14 - DSC curves of (a) nSiO, and (b) UM-SiO,.
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Table 3 - Differential scanning calorimetry data for nSiO, and UM-SiO,.

Sample Peak  AH? (J g Process
nSiO, First 0.0932 Water evaporation
Second  0.2279  Dessorption of chorine ions
UM-nSIiO; First 0.0521 Water evaporation

The SEM images of nSiO, and UM-nSiO; at 50,000x of magnification are
presented in Figures 15 (a) and 15 (b), respectively. It is possible verify that for nSiO,
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larger particles remained after the silica production. For UM-nSiO,, an agglomerate of

nanoparticles with diameter lower than 200 nm can be observed (Figure 15 (b)).

Figure 15 - — SEM images of (a) nSiO; and (b) UM-SIiO,.
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Based on the characterization techniques inclding FT-IR, XRD, N; adsorption
isotherms, gas picnometry, XRF, DSC and SEM, we can affirm that UM-nSiO,
presented better characteristics than nSiO, for adsorption purposes. Both materials were
amorphous and presented typical functional groups of silica. However, UM-nSiO;
presented higher surface area, pore volume, pore diameter, density, porosity and purity
than nSiO,. On the light of these results, it is clear that the alternative sonication process
is able to produce a high quality and purity nano-SiO,. The possible explanation for
these better characteristics of UM-nSiO; is the hot spot theory. During the alternative
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sonication leaching, cavities were formed on the liquid, under extreme thermodynamic
conditions and, the implosion of these cavities released liquid jets at high velocities,
leading to modifications into the silica characteristics. It is know that sonication process
in liquids generates acoustic cavitation (generating microbubbles and shock waves), that
cause the creation of microjets in heterogeneous liquids (SODIPO; AZIZ, 2018).
Furthermore, a mechanical stirring was created due the collapse of microbubbles and

shock wave’s effect.

4.3.2. Adsorbent dosage effect on Crystal Violet adsorption

The adsorbent dosage effect on the CV removal was evaluated using 100, 250, 500, 750
and 1000 mg L of nSiO, or UM-nSiO,, with dye concentration of 50 mg L at 25 °C
for 4 h. The results are shown in Figure 16. For both materials, the adsorbent dosage
increase caused an increase in the CV removal percentage. This occurs because there
are more adsorption sites to interact with the dye molecules (PENG et al., 2015). Also,
it can be seen that until 250 mg L of adsorbent dosage, the removal percentage was the
same for both adsorbents. However, from 250 to 1000 mg L™, UM-nSiO, presented
higher removal percentage. Removal percentages around 90% were found using 1000
mg L™ of UM-nSiO,. Based on these results, the subsequent studies were performed

using adsorbent dosage of 1000 mg L.
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Figure 16 - Adsorbent dosage effect on CV adsorption by (m) nSiO, and (8) UM-SiO, (C,=50 mg L™, 25
°C,4h).
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4.3.3. pH effect on Crystal Violet adsorption

pH is one of the most important factors regarding dyes adsorption, since affects
the functional groups located on the adsorbent surface and the ionization degree of the
dye molecules (FERREIRA et al., 2011). Here, the pH effect was evaluated from of 2 to
10 with dye concentration of 50 mg L™ at 25 °C for 4 h. Results are presented in Figure
17. Both adsorbents presented similar results regarding to the pH effect. The adsorption
capacity increased with the pH increase, being the best results obtained at pH of 10.
This occurred because at low pH values, there is a competition between the H” ions in
solution with the CV cationic dye to occupy the adsorption sites. When the pH is
increased, this competition decreases and consequently, the CV adsorption capacity is
higher (AHMAD, 2009). In this way, the subsequent experiments were realized using
pH of 10.
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Figure 17 - pH effect on CV adsorption by (e) nSiO, and (m) UM-SiO, (C,=50 mg L™, 25 °C, 4 h,
adsorbent dosage of 1000 mg L™).
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4.3.4. Kinetic studies

For both adsorbents, kinetic curves were constructed with contact time from 0 to
240 min, for initial CV concentrations of 50, 100, 200 and 300 mg L™, using adsorbent
dosage of 1000 mg L™ at pH of 10. Figure 18 shows the kinetics curves for the CV
adsorption onto nSiO, and UM-nSiO,. In relation to the stirring time, for all
concentrations, it was possible remove 80% of the dye within 60 min. Furthermore, the
data proved a fast adsorption. Another important factor is the high adsorption capacity,
mainly obtained at high dye concentrations.

Adsorption kinetics was investigated by the Pseudo—first order and Pseudo—
second order models. All kinetic parameters for the CV adsorption on nSiO, and UM-
nSiO, are shown in Table 4. Pseudo—second order model was the more adequate to
represent the adsorption kinetics of nSiO, and UM-nSiO,, since presented high values
of coefficient of determination (R®>0.97) and low values of average relative error
(ARE<7.00%) (Table 4). For both materials, g, increased with the initial dye
concentration, confirming that the adsorption capacity is favored at higher values of Cy.
For all conditions, g, values for UM-nSiO, were higher than g, values for nSiO,. At

initial concentrations of 300 mg L™ UM-nSiO, presented adsorption capacity 15%
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higher. In the same way, the hy values were higher for UM-nSiO,, demonstrating that,
at the initial stages, the amount of CV adsorbed by UM-nSiO, was higher than nSiO,.
The kinetic studies revealed that UM-nSiO; is a better adsorbent for CV than
nSiO,, since presented higher values of adsorption capacities and faster adsorption rate.
This result can be explained on the basis in the different characteristics of the materials.
UM-nSiO; presented higher surface area, pore volume, pore diameter and porosity than
nSiO,. As consequence, the CV mass transfer was facilitated and more adsorption sites

were available, leading to higher adsorption capacities and faster adsorption rates.

Table 4 - Kinetic parameters for the Crystal Violet adsorption on nSiO, and UM-SiO,.

Dye concentration (mg L™)

Kinetic models nSio, UM-nSiO,

50 100 200 300 50 100 200 300

Pseudo—First Order

g1 (mg g™?) 372 739 1663 2317 383 793 1716 269.9
ki (min™) 155 24.07 0.56 1.76 196 122 187 2.14
R 0.9591 0.9523 0.9415 0.9633 0.9545 0.9344 0.9784 0.9870
ARE (%) 6.81 7.22 8.43 6.02 6.49 878 4.66 3.51
Pseudo—Second Order
9. (mgg?) 387 795 1727 239.8 396 833 176.7 276.0

k: (gmgmin)  0.0698 0.0259 0.00605 0.0134 0.0905 0.0227 0.0217  0.0190
ho(mggmin?) 1045 1641 1805 7712 1421 157.7 680.7 1448.0

R? 0.9836 0.9849 0.9819 0.9835 0.9722 0.9742 0.9932 0.9957
ARE (%) 3.99  3.58 434 407 516 501 244 2.00
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Figure 18 - Kinetic curves for Crystal Violet adsorption on (a) nSiO, and (b) UM-SiO, (25 °C, pH of 10,
adsorbent dosage of 1000 mg L™).
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4.3.5. Equilibrium results

The equilibrium isotherms for CV adsorption on nSiO, and UM-nSiO; are
presented in Figures 19 (a) and 19 (b), respectively. All curves can be classified as 'S’
curves (vertical orientation isotherms) (GILES et al., 1958). It can be seen that the
adsorption was favored by the temperature decrease. Also, higher removal percentages

were found even at higher initial dye concentrations. For example, at 328 K, the CV
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remaining concentration in liquid phase was lower than 5 mg L™, which represents
removal percentages higher than 95%.

Based on the curves shape, BET and Freundlich models were selected to
represent the CV adsorption on both adsorbents. The results are shown in Table 5. For
nSiO,, the BET model presented higher values of coefficient of determination (R*>0.98)
and lower values of average relative error (ARE<15.00%). The parameter k. increased
with the temperature indicating that the adsorption is favored at 328 K. The other
parameters presented no clear trends. For UM-nSiO,, the Freundlich model presented
higher values of coefficient of determination (R*>0.99) and lower values of average
relative error (ARE<16.00%). The parameter kg increased with the temperature
indicating that the adsorption is also favored at 328 K.

Since BET and Freundlich models were used, it was not possible perform a
comparison using the common maximum adsorption capacity from the Langmuir
model. So, the maximum experimental values were used. In this work, UM-nSiO,
attained adsorption capacity of 495 mg g coupled with removal percentage of 98%,
being and excellent adsorbent for CV dye. Brido et al. (BRIAO et al., 2017) obtained
maximum adsorption capacities for CV of 141.8 and 1217.3 mg g * using ZSM-5 and
chitin/ZSM-5 zeolites, respectively. Sarma et al. (PARAB et al., 2006) studied the
adsorption of Crystal violet on raw and acid treated montmorillonite, and found
adsorption capacities of 370.37 and 400.00 mg g, respectively. Kulkarni et al.
(KULKARNI et al., 2017) studied the adsorption of Crystal Violet dye from aqueous
solution using water hyacinth and found adsorption capacity of 322.58 mg g*. Mango
stone biocomposite was prepared by Shoukat et al. (SHOUKAT et al., 2016) and was
employed for the adsorption of Crystal Violet dye. The process variables were
optimized and the maximum dye adsorption was 352.79 mg g .

Based on the above results, it can be affirmed that the UM-nSiO, prepared in
this work, is an excellent adsorbent to remove CV from aqueous media. UM-nSiO;
presents the intrinsic characteristics of silica, like thermal, mechanical and chemical
resistance, coupled with fast adsorption kinetics, high adsorption capacity and high dye

removal percentage.



50

Figure 19 — Equilibrium curves for Crystal Violet adsorption on (a) nSiO, and (b) UM-SiO, (pH of 10,
adsorbent dosage of 1000 mg L™).
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Table 5 - Equilibrium parameters for the Crystal Violet adsorption on nSiO, and UM-SiO,.

Temperature (K)

Models nSio, UM-nSiO,

298 308 318 328 298 308 318 328

BET
0.070 0.141 0.055 0.428 0.238 0.149
ks 0.1548 0.0208 " . 0 o A :
ke 0.0167 00264 0.075 0.101 0.068 0.089 0.104 0.103

2 0 8 6 3 2
geer (Mg g ) 1021 2662 1152 71.90 153.2 88.32 112.0 164.6
0.999 0.999 0.961 0.962 0.964 0.969

2
R 0.9866 0.9982 " 0 2 " 2 )
ARE (%) 14.60 858 296 421 353 309 332 315
Freundlich
ke (Mg g‘l)gmg LY 4.19E- 203E- 0.177 0.098 0.069 0.129 0.492 1.570
Ln 11 05 9 1 2 2 7 2
0.301 0.254 0.293 0.270 0.294 0.341
1/ne 01277 01892 "5 1 1 1 c 4
) 0.992 0.987 0.999 0.994 0.998 0.998
R 07713 08721 g o c 9 A 1
ARE (%) 58.70 50.6 15.81 18.41 2.10 1521 584 450

4.3.6. Thermodynamics results

The thermodynamic parameters (AG’, AH® and AS°) were estimated for both
adsorption systems, and the results are demonstrated in Table 6. The K° values
(dimensionless thermodynamic constant) were estimated from the isotherm parameters
as recently reported in literature [45,46]. Table 6 shows that the Crystal Violet
adsorption processes using nSiO, and UM-nSiO, were spontaneous and favorable, since
the AG® values were negative. The positive AH® values demonstrated that both
adsorption processes were endothermic. From the magnitude of AH? it is possible infer
about the interactions that occurs between the adsorbent and adsorbate. Physisorption,
such as van der Waals interactions, are usually lower than 20 kJ mol™, and electrostatic
interaction ranges from 20 to 80 kJ mol ™. Chemisorption bond strengths can be from 80
to 450 kJ mol™ [46]. In this way, we can understand that electrostatic interactions
between Crystal Violet and nano-SiO, materials have occurred. The electrostatic

interactions are also corroborated by the pH effect (section 3.3). The positive AS® values
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suggest the possibility of some structural changes or readjustments in the CVV—adsorbent
complex. In relation to the Crystal Violet adsorption, Kulkarni et al. (KULKARNI et

al., 2017) found similar thermodynamic parameters using water hyacinth as adsorbent.

Table 6 - Thermodynamic parameters for the Crystal Violet adsorption on nSiO2 and UM-SiO2.

Adsorbent T (K) AG® (kd mol)* AH® (ki mol™) * AS° (kJ mol™* K™) *
298.15  —6.84+0.12
. 308.15 —4.38+0.10
NSi02  5107r £ E4e0.05 25.60.7 0.09+0.01
328.15 —6.33+0.04
298.15 -5.32+0.11
30815 -9.31+0.12
UM-nSIO2 56 c 0584006 31.2+1.2 0.12+0.02

328.15 —8.73+0.15

*Mean * standard error for n=3.

4.4. CONCLUSION

In this work, an alternative sonication process was proposed to obtain nano—
silica from rice husk. Nano-silica was prepared by conventional (nSiO,) and alternative
sonication (UM-nSiO;) processes. Both materials were characterized and used as
adsorbents to remove Crystal Violet dye from aqueous media by adsorption. The results
revealed that, compared to the conventional process, the alternative sonication process
was able to produce a higher quality nano-silica, with particle size lower than 200 nm.
Both materials (nSiO, and UM-nSiO,;) were amorphous and presented typical
functional groups of silica. The material prepared by sonication process (UM-nSiO,)
presented surface area 30% higher than the material prepared by the conventional
process (nSiO,). The pore volume, pore diameter, density, porosity and purity were also
higher for UM-nSiO,.

The Crystal Violet adsorption using nSiO, and UM-nSiO, was favored with
adsorbent dosage of 1000 mg L* and pH of 10. The kinetic curves were adequately
represented by Pseudo—second order model. BET and Freundlich equilibrium models
were able to fit the CV adsorption on nSiO, and UM-nSiO,, respectively. In general,
the potential of UM-nSiO, to adsorb CV was 15% higher in relation to nSiO,. UM-
nSiO, reached adsorption capacity of 495 mg g coupled with removal percentage of

98%. In brief, it can be stated that UM-nSiO, prepared by the alternative sonication
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process, is an excellent adsorbent to remove CV from aqueous media, since presents the
intrinsic characteristics of silica, like thermal, mechanical and chemical resistance,
coupled with fast adsorption kinetics, high adsorption capacity and high dye removal

percentage.
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5. SINTESE DE NANO-PARTICULAS DE SILICA ATRAVES DE MICRO-
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ABSTRACT

Silica nanoparticles were obtained from rice husk through an alternative microwave
process and applied to remove Methylene Blue dye (MB) from aqueous media by
adsorption. The better characteristics of microwave modified nano-silica (MW-nSiO5)
regarding to the standard nano-silica (nSiO,) were demonstrated by X—ray diffraction,
infrared spectroscopy, N, adsorption isotherms, gas picnometry, differential scanning
calorimetry and scanning electron microscopy. nSiO, and MW-nSiO, were used as
adsorbents to remove MB dye from aqueous media. The adsorption study was
performed by kinetic curves, equilibrium isotherms and thermodynamics. MW-nSiO,
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presented higher values of surface area, pore volume, pore diameter and porosity than
nSiO,. Pseudo—n order and HSDM models were adequate to represent the Kinetic
profile. To represent the equilibrium curves, the Sips model was the most adequate.
MW-nSiO, attained adsorption capacity of 679.9 mg g* coupled with removal
percentage of 80%, being and excellent adsorbent for MB dye. For both adsorbents, the
thermodynamic results revealed a favorable, spontaneous and exothermic process.
These findings show that microwave is a powerful technique to intensify the silica

production process, generating a material with better characteristics for dyes adsorption.

Keywords: Adsorption; Methylene blue; Microwave; Nanoparticles; Silica.

5.1. INTRODUCTION

Large amounts of agricultural wastes are produced every day in the world,
generating a great environmental problem, due to the lack of management purposes in
the industrial sector. Wastes derived from corn, rice and wheat are generate in large
guantities, and consequently, studies have been performed in order to obtain interesting
routes to enjoy these solid wastes (MA; ZHAO; DIAO, 2016; MALIK, 2003; TAN et
al., 2012). Rice husk is a typical example of agricultural wastes, and normally, is
burned in the boilers to generate energy (UEASIN; LIAO; WONGCHALI, 2015). Rice
husk is composed by organic and inorganic fractions. Among the organic compounds
are lignin, cellulose and hemicellulose. In relation to the inorganic compounds, silicon
oxide (SiOy) is the most abundant, being normally obtained through rice husk burning
(MA’RUF; PRAMUDONO; ARYANTI, 2017). During the rice husk burning, ashes are
generated, and these requires additional processes such as leaching or organosolv
(ROSA et al., 2016) to obtain SiO; and then, add value for this waste.

Silicon dioxide (SiO,) is largely used in the industry, since is a semiconductor
with high chemical resistance. Silica nanoparticles in turn, is a material generated from
SiO,, containing interesting characteristics, which enables several applications. In
environmental area, the effect of nanosilica to decrease the salinity stress on plants was
investigated (ABDEL-HALIEM et al., 2017). Furthermore, nanosilica is utilized to
improve the resistance, durability and flame resistance of cements (FANGLONG et al.,
2016). The production of silica nanoparticles already presents improvements with

respect to silica, but, it is still possible modify the nanosilica characteristics through
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alternative processes, such as microwave, ultrasound or oxidative processes, in order to
improve the potential of this material (FRANCO et al., 2017).

The study of different processes to improve the silica characteristics is relevant,
since the physicochemical characteristics affect directly the application [9,10]. An
example is the application of silica based materials in adsorption processes (FRANCO
et al., 2017). Adsorption is a very common operation used to treat colored effluents
containing Methylene blue (MB), a typical dye, highly toxic, utilized in textile, paper
and pesticides industries (CHEN et al., 2017). Nanoparticles of amorphous silica can be
used to remove MB dye from colored wastewaters of textile industries by adsorption. In
this sense, the modification of the preparation route can enhance the adsorption
properties of the silica nanoparticles.

The main objective of this research was the preparation of silica nanoparticles
from rice husk, using the microwave technology in the leaching step, aiming the
improvement of surface area, pore distribution, purity and Methylene Blue adsorption
capacity (MB). The microwave modified nano-silica (MW-nSiO,) and standard nano—
silica (nSiO,) were prepared and characterized by X-ray diffraction (XRD), infrared
spectroscopy (FT-IR), N, adsorption isotherms (BET and BJH), gas picnometry,
differential scanning calorimetry (DSC) and scanning electron microscopy (SEM). For
both materials, adsorption Kinetic, equilibrium and thermodynamic aspects were

investigated.

5.2. MATERIALS AND METHODS

5.2.1 Obtainment and characterization of nSiO, and MW-nSiO»

Rice husks (Oryza sativa L.) were provided by a rice processing industry located
in Santa Maria, RS, Brazil. Rice husks were washed with distilled water and oven dried
(Solab, SL-101, Brazil) during 24 h at 50 °C. In next step, rice rusks were burned in a
furnace (Magnus, model 06 , Brazil) at 600 °C during 6 h, to remove the organic
compounds and obtain the rice husk ashes [15]. The ashes were then submitted to the
leaching step using two ways:

-> Standard leaching: rice husk ashes were put in contact with hydrochloric acid
10% w/w (HCI, Vetec, Brazil), and the solution was agitated in a magnetic stirrer
(Marconi MA 093, Brazil) for 2 h at 80 °C;
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—>Microwave leaching: rice husk ashes were put in contact with hydrochloric
acid 10% w/w (HCI, Vetec, Brazil), and the solution was submitted to heating of
microwaves (CEM, Mars 6, Japan) with temperature of 80 °C for 30 min.

After leaching, the samples were washed with deionized water and filtered
(Whatmann n° 40). The materials were dried during 24 h at 100 °C. To obtain
nanometric particle size, the samples were macerated and put in a furnace at 700 °C
with heating rate of 5 °C min™ (SANKAR et al., 2016). The material prepared by the
standard method was named nSiO,, and the material obtained by the microwave
leaching was named MW-nSiO..

The characteristics of nSiO, and MW-nSiO, were assessed by X—ray diffraction
(XRD), infrared spectroscopy (FT-IR), N, adsorption isotherms (BET and BJH), gas
picnometry, differential scanning calorimetry (DSC) and scanning electron microscopy
(SEM). The samples crystallinity was verified through X-ray powder diffractometry
(XRD) (Rigaku, Miniflex 300, Japan), with Ni—filtered Cu Ka radiation (A=1.54051 A,
30 kV, 10 mA), using 26=5-100°; Fourier transform infrared spectroscopy (FT-IR)
(Shimadzu, Prestige 21, Japan) was used to identify the functional groups of the
samples in the range of 500-4500 cm™; Total pore volume, average pore radius, pore
size distribution and surface area were obtained by N, adsorption isotherms at —-196 °C
(Micromeritcs, ASAP 2020, USA). Samples were pre—treated at 200 °C for 24 under
nitrogen atmosphere, in order to eliminate the moisture adsorbed on the solid surface.
Samples were then submitted to 25 °C in vacuum, reaching the residual pressure of 10~
Pa. BET and BJH methods were used to obtain the characteristics; The solid density
was determined by helium gas picnometry (Ultrapyc, 1200e, Japan); DSC (differential
scanning calorimetry) (DSC, TA Instruments) was utilized to determine the thermal
profile of the samples; Scanning electron microscopy (SEM) (Jeol, JSM-6610LV,

Japan) was used to analyze the textural characteristics of the samples.

Figure 20 - Chemical structure of Methylene Blue dye.
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5.2.2. Adsorption experiments

All adsorption experiments were carried out by diluting a stock of solution of
Methylene Blue (MB) (Fig. 20) (color index 52015, molar weight of 319.8 g mol™, 2
max = 664 nm, pKa = 5.6) (1.00 g L %) in distilled water. The experiments were realized
in batch operation using a thermostated agitator (Marconi, MA 093, Brazil). The tests of
adsorbent dosage, pH, equilibrium and kinetic were performed. For all tests, the stirring
rate was 250 rpm and the volume solution was 50 mL.

The adsorbent dosage effect was evaluated using 100, 250, 500, 750 and 1000
mg L™ of nSiO, and MW-nSiO,, with dye concentration of 50 mg L at 298 K, during
4 h. The pH effect was studied using pH values of 2, 4, 6, 8 and 10, after the
determination of adsorbent dosage, with dye concentration of 50 mg L™ at 298 K,
during 4 h. Kinetic curves were constructed (more adequate values of adsorbent dosage
and pH), with a contact time ranging from 0 to 240 min, for initial dye concentrations of
50, 100, 200 and 300 mg L™ at 298 K. The equilibrium curves were generated using
initial dye concentrations of 50, 100, 200, 300 and 500 mg L™, with temperatures of
298, 308, 318 and 328 K. After the experiments, the solid/liquid separation was
performed by filtration (Whatmann n° 40). The quantification of Methylene Blue in
liquid phase was realized by UV-vis spectrometry (UV-mini, Shimadzu, Japan) at 664
nm. The tests were realized in replicate (n=3) and blanks were performed. Egs. (1) and
(2) were utilized to determine the equilibrium adsorption capacity (ge) and the

adsorption capacity at time 't' (qy), respectively:

m 1)

m 2)

where, Co is the initial MB concentration in liquid phase (mg L), C; is the MB
concentration in liquid phase at time 't (mg L), Ce is the equilibrium MB
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concentration in liquid phase (mg L™), m is the adsorbent amount (g), and V is the
volume of solution (L).

5.2.3. Kinetic and isotherms

To adjust the Kinetic data, four different models were used: pseudo—first order,
pseudo—second order, pseudo—n—order and HSDM (Homogeneous solid diffusion
model). Pseudo—first order (PFO) (LANGMUIR, 1918b), pseudo—second order (PSO)
(HO; MCKAY, 1999) and pseudo—n—order (PNO) (G. RITCHIE, 1977) are commonly
utilized, and consider adsorption as a reaction. These models are presented in Egs. (3),

(4) and (5), respectively:

A, =0, (1-ep(-k,1)) (3)
q = t

C (k") + (t/ay) @)
0, =0, - N Q

ko(@, ) tn-)+1]r0

being, ki, ko and k;, the rate constants of pseudo—first order, pseudo—second order and
pseudo—n—order models, respectively, in (min™') and (g mg™* min™) and (min*(g mg"
H™): g1, g2 and gy are the theoretical values for the adsorption capacity (mg g ™) and n
is the reaction order.

Homogeneous solid diffusion model (HSDM) was also employed in this work,
to find preliminary information regarding the mass transfer aspects. This model is
utilized for spherical and amorphous particles, where, a unidirectional and isothermal
transference occurs. In addition, intraparticle diffusion is considered the rate limiting
step (DOTTO; PINTO, 2012; QIU et al., 2009; RUTHVEN, 1984; SONETAKA et al.,
2009). HSDM model is presented in Eqg. (6), and its initial and boundary conditions are
presented in Egs. (7), (8) and (9):

dgq 1d(, dqj
H_ S yp X 6
dt  r? dr( " dr ©)
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q(r,0)=0 (7)
aR,.t)=q, ®)
dg) _

(a)mo - O (9)

Considering the intraparticle diffusivity (Di, cm? s ) as a constant value, and long
adsorption times (Fourier number higher than 0.2), Crank found a solution for HSDM
model as presented in Eq. (10) (CRANK, 1979):

2
60.(0. —1)eXp {_ anintt}

R2
P
d, 9+90+0’a’

(10)

where Dip is the intraparticle diffusion coefficient (cm?s™), r is the radial position (cm),
q is the adsorbed quantity in the solid (mg g™*) varying with radial position at time, Rp is
the particle radius (cm), a is the effective volume ratio, expressed as a function of the
equilibrium partition coefficient (solid/liquid concentration ratio) (Ce¢/(Co — C¢)) and qn

represent the roots other than zero of Eq. (11):

30
tang. = D 11
d, 3+ aq? (11)

To estimate the equilibrium parameters, three models were utilized: Langmuir,
Freundlich and Sips. Langmuir is the most utilized, since contains physical assumptions
such as, each site can contain only one adsorbate molecule and adsorption occurs in a
monolayer (LANGMUIR, 1918b). The Langmuir model is represented by Eq. (12):

q, = InK.Ce
© 1+(k.C,) (12)

where, gm is the maximum adsorption capacity (mg g %) and k. is the Langmuir constant

(Lmg ™).
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The Freundlich isotherm is a heterogeneous model utilized when the amount
adsorbed increase infinitely with the concentration (FREUNDLICH, 1906). The
Freundlich isotherm is represent by Eqg. (13):

_ 1/nF
q. =keC; (13)

where, ke is the Freundlich constant (mg'°L°g™"), where c=1/ng) and 1/n is the
heterogeneity factor.

The Sips model is a combination of Langmuir and Freundlich models, and can
be expressed in the form of Eq. (14) (SIPS, 1948):

_ q mS (kSCe )m
B 1+ (kSCe )m (14)

Qe
where, gus is the maximum adsorption capacity of Sips (mg g ™), ks is the Sips constant
(L mg™) and m is the fractional exponent.

Kinetic and equilibrium parameters were calculated through nonlinear regression
of the experimental data, using Quasi—Newton method in Statistic 10.0 software
(Statsoft, USA). The fit quality was evaluated by the average relative error (ARE),
coefficient of determination (R?), adjusted determination coefficient (Rzadj) and Akaike
information criterion (AIC)

5.2.4. Adsorption thermodynamics

Standard Gibbs free energy change (AG®, kJ mol™), standard enthalpy change
(AH?, kJ mol™) and standard entropy change (AS®, kJ mol™ K™) were used to interpret
the adsorption thermodynamics. These values were estimated from Eq. (15) [26]:

AG?® = —RTIn(K)= AH? — TAS® (15)
where, R is the universal constant (kJ mol™* K™), T is temperature (K) and K is the

standard thermodynamic constant (dimensionless), which was obtained from the
parameters of the best fit isotherm model.
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5.3. RESULTS AND DISCUSSION

5.3.1. nSiO, and MW-nSiO, characteristics

XRD patterns of nSiO, and MW-nSiO, are presented in Fig. 21. Both samples

presented typical structure of amorphous silicon, with the characteristic peak at 26=22°.
This is in accordance with the literature (SANKAR et al., 2016), which relates that

amorphous silica is normally obtained when temperatures below 800 °C are used. For

dye adsorption purposes, amorphous materials are more adequate, since this type of

structure can better accommodate these large molecules.
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Figure 21- XRD patterns of nSiO, and MW-nSiO..
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Fourier transform infrared spectroscopy (FT-IR) was utilized to identify the

main functional groups on the samples surface. FT-IR spectra of nSiO, and MW-nSiO,

are presented in Fig. 22a and 22b, respectively. Both materials presented similar FT-IR
spectrum, with the main bands at 3430, 1635, 1080, 800 and 460 cm™. The band at
3430 cm™ represents the vibrations of O—H or SiO—H groups. The IR band at 1635 cm™*
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is relative to the H-O-H vibration, suggesting the presence of H,O molecules in the
sample. The IR bands related with silicon dioxide can be visualized at 1080 cm™ (Si-
O-Si asymmetric stretching vibration), 800 cm™ (Si—O-Si symmetric stretching
vibration) and 460 cm™ (O-Si-O bending vibration) (MESTANZA et al., 2017). In
general, it was found that, for both materials, the bands presented similar wavenumber
and intensity. This behavior indicates that no chemical bonds were formed or destructed
as consequence of the microwave application. Only physical modifications occurred.

Finally, the identified groups can be potential adsorption sites to uptake MB dye from

aqueous media.

Figure 22 - FT-IR spectra of (a) nSiO; and (b) MW-nSiO,.
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The N adsorption/desorption isotherms of nSiO, and MW-nSiO, are presented
in Fig. 23. For both materials the isotherms were similar and typical of mesoporous

solids, presenting a hysteresis loop. Inorganic oxides compounds, such as silicon
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dioxide, are classified, in general, as mesoporous solids (YUE; ZHOU, 2008).
Moreover, BJH was utilized for determine the pore size distribution as show in Fig. 24.
Both samples are mesoporous materials (porous in the range from 2 to 50 nm). The
characteristics of nSiO, and MW-nSiO; determined by BET, BJH, X-ray fluorescence
and gas picnometry are presented in Table 7. It can be seen that the material prepared by
microwave (MW-nSiO;) presented better characteristics than the standard material
(nSiO,), in terms of surface area, pore volume and average pore diameter. Furthermore,
the porosity of MW-nSiO, was evidently higher. The values of density and purity were
also higher for the material prepared by microwave. The better characteristics of MW-—
nSiO, are adequate for dyes adsorption purposes, since more dye molecules can occupy

the void spaces on the material structure.

Table 7 - Characteristics of nSiO, and MW-nSiO, determined by BET, BJH, X-ray fluorescence and gas

picnometry.
nSi02 MW—nSi02
BET Surface Area (m2g %) 71.97 £0.43 84.56 £ 0.23
Total volume of pores (cm3g ™) 0.2005 + 0.0020 0.2218 + 0.0025
Average pore diameter (nm) 8.44+0.21 9.84+0.11
3
p (g cm’) 2.712 + 0.053 3.260 + 0.061
Porosity 0.352 + 0.022 0.418 +0.034

Purity (%) 97.8+0.1 98.8 £ 0.1

meanzstandard error for 3 measurements.
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Figure 23 - N, adsorption—desorption isotherms of (a) nSiO, and (b) MW-nSiO,.
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Figure 24 - Pore size distribution of nSiO, and MW-nSiO,.
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The thermal data of both materials were analyzed through differential scanning
calorimetry (DSC). Fig. 25a and Fig. 25b, present the DSC curves of nSiO, and MW-
nSiO,, respectively. Both DSC curves presented a peak of water evaporation. However
the peaks were at temperature at 74.74 °C and 43.80 °C for of nSiO, and MW-nSiO,,
respectively. Also, the enthalpy variation regarding the water evaporation was lower for
MW-nSiO; (Table 8). These findings reveal that water evaporation was easier for MW-—
nSiO,. This occurred because this material presented higher values of pore size, pore
volume and porosity, facilitating the water transference inside the material. A peak
centered at around 250 °C was found in nSiO; (Fig. 25a), indicating the degradation of
residual materials, which were not removed during the conventional process
preparation. On the other hand, this peak was not verified for MW-nSiO, (Fig. 25b),
indicating that the microwave process was more efficient to provides a high purity

material.

Table 8 - Differential scanning calorimetry data for nSiO, and MW-nSiO,.

Sample AHC (J gh) Process
nSiO; 0.0932 Water evaporation
MW-nSiO, 0.0463 Water evaporation

Figure 25 - DSC curves of (a) nSiO, and (b) MW-nSiO,.
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SEM images of nSiO, and MW-nSiO, are demonstrated in Fig. 26a and Fig.
26b. Fig. 26a shows that nSiO, generated from rice husk presented similar form in
relation to the raw material (FERNANDES; SABINO; ROSSETTO, 2014). However,
nanometric size was not attained using the standard process. In the sample MW-nSiO,
(Fig. 26b), an agglomerate of spherical nanoparticles can be visualized, demonstrating
that the microwave treatment was efficient in order to obtain SiO, in nanometric scale.
The mean particle size of MW-nSiO, was estimated from the SEM images using the

Image J software, and was 935 nm.
Figure 26 - SEM images of (a) nSiO, and (b) MW-nSiO..
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Based on the characterization techniques, it is possible affirm that the
microwave synthesis presented advantages, in relation to the conventional process, to
obtain silica nanoparticles from rice husk. The microwave route provided a material
with better characteristics for dyes adsorption, like, higher values of surface area, pore
volume, pore diameter and porosity. In addition, microwave leaching provided a
material with higher purity in a shorter time (30 min). This occurred because, in
comparison with traditional external heating methods, microwave heating is rapid
volumetric heating without the heat conduction process, which can achieve uniform

heating in a short period of time [29]. As consequence, the leaching is facilited.

5.3.2. Adsorbent dosage effect on Methylene Blue adsorption

The evaluation of adsorbent dosage is essential to determine the adequate
amount of adsorbent to be utilized in order to attain major efficiency. In this work, the
adsorbent dosage effect was evaluated using 100, 250, 500, 750 and 1000 mg L™ of
nSiO, and MW-nSiO,. The results, in terms of dye removal percentage (%RE), are
presented in Fig. 27. It can be seen that the adsorbent dosage increase caused an
increase in MB removal percentage. This occurred due to the increase in the total
amount of adsorption sites. For all adsorbent dosages, MW-nSiO, was superior in
relation nSiO,. The maximum %RE values were around 80 and 90% for nSiO, and
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MW-nSiO;, respectively. The better performance of MW-nSiO, to adsorb MB can be
related with the more interesting characteristics of this material, like surface area, pore
volume, pore diameter, porosity and purity, as presented in section 3.1. Based on these

results, the adsorbent dosage of 1000 mg L was selected for the subsequent tests.

Figure 27 - Adsorbent dosage effect on MB adsorption by (m) nSiO, and (#) MW-nSiO, (C,=50 mg L™,
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5.3.3. pH effect on Methylene Blue adsorption

pH is the most important factor in liquid phase adsorption, since affects the
adsorbate chemistry in solution and also, the adsorbent surface. Here, pH effect was
studied from 2 to 10, and the results are depicted in Fig. 28. For nSiO, and MW-nSiO,,
similar pH dependence was observed. The pH increase from 2 to 6 caused a strong
increase in the adsorption capacity, but, a new increase, from 6 to 10 led to a decrease in
adsorption capacity. To understand this pH dependence, the characteristics of MB and
nSiO, based adsorbents should be take into account. The pKa of MB is equal to 5.6, so
the MB molecule is cationic at pH higher than 5.6 and no ionic at pH lower than 5.6.

The adsorbents contain Si-OH and O-Si—O groups (see section 3.1). Si—-OH groups are
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deprotonated above pH =5 [30]. For O-Si—O groups, the point of zero charge is around
5 [31]. So, it can be inferred that, under acid conditions, the Si-OH and O-Si—O groups
are neutral or protonated. So, MB molecules are repulsed or adsorbed by weak
interactions. At pH 6, Si-OH and O-Si-O groups are deprotonated and MB is cationic,
facilitating the interaction and increasing the adsorption capacity. However, under
alkaline conditions, there is an excess of OH™ anions in solution and these are repulsed
by the negatively charged surface of the adsorbents. As consequence, OH in solution
compensates the MB positive charge, and this molecule become no ionic, hindering the
interaction with the adsorbent surface and leading to a decrease in adsorption capacity.
This result was similar to encountered by Hajjaji et al. [32], where the better adsorption
capacity was found at pH 6.1, for a clay material containing silica in the composition.

Based on these results, pH of 6.0 was selected to perform the subsequent studies.

Figure 28 - pH effect on MB adsorption by () nSiO, and (m) MW-nSiO, (C,=50 mg L™, 25 °C, 4 h,
adsorbent dosage of 1000 mg L™).
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5.3.4. Kinetic studies

The Kkinetic curves were constructed with a range of contact time from 0 to 240
min, for initial MB concentrations of 50, 100, 200 and 300 mg L%, using adsorbent
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dosage of 1000 mg L™ at pH 6, for both adsorbents. Fig. 29 shows the kinetic curves for
the MB adsorption onto nSiO, and MW-nSiO,. For all conditions, typical kinetic
curves were obtained, where, a fast step occurred until 5 min, and after, the adsorption
rate was decreased, and finally, the curves tended to the equilibrium at 240 min.
Evidently, higher values of adsorption capacity were found using higher initial dye
concentrations.

Pseudo—first order (PFO), pseudo-second order (PSO) and pseudo—n order
(PNO) models were investigated as reactions models to interpret the adsorption kinetic
curves. The kinetic parameters for Methylene Blue adsorption on nSiO2 and MW-SiO2
are presented in Table 9. It was found that pseudo—n order model was the more adequate
to represent the adsorption kinetics of MB on nSiO, and MW-nSiO,, since presented
higher values of coefficient of determination and lower values of AIC in relation to the
other models (Table 9). In relation the parameters, g, increased with the initial dye
concentration, confirming that the adsorption capacity is favored at higher values of Cy.
Moreover, g, values for MW-nSiO, were higher than ¢, values for nSiO,, showing the
efficiency of the microwave treatment in the adsorbent preparation.

Since PFO, PSO and PNO are reaction models, and consider adsorption as a
reaction, in this work, a mass transfer based model (HSDM) was also utilized to
interpret the kinetic curves. The experimental curves fitted with the HSDM model are
presented in Fig. 30. The HSDM parameters are presented in Table 10. The high values
of coefficient of determination the low values of AIC and ARE presented in Table 10
revealed that the HSDM model was adequate to represent the adsorption Kinetics. The
intraparticle diffusivity (Din) values were higher for the microwave synthetized
adsorbent (MW-nSiO,) and increased with the initial dye concentration. This shows
that the transference of MB molecules inside of MW-nSiO, is faster than the MB
transference inside of nSiO; structure.

All kinetic studies revealed that MW-nSiO, is a better adsorbent for MB than
nSiO,, since presented higher values of adsorption capacities and faster adsorption rate.
This result can be explained on the basis in the different characteristics of the materials.
MW-nSiO; presented higher surface area, pore volume, pore diameter and porosity than
nSiO,, confirming the efficiency of microwave application. As consequence, the MB
mass transfer on the internal structure of MW-nSiO, was facilitated (as demonstrated
by the Diy; values of HSDM model) and more adsorption sites were available, leading to

higher adsorption capacities (as demonstrated by the g, values of PNO model).
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Figure 29 - Kinetic curves for Methylene Blue adsorption on (a) nSiO, and (b) MW-nSiO, (25 °C, pH of

6, adsorbent dosage of 1000 mg L ™).
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Table 9 - Kinetic parameters for the Methylene Blue adsorption on nSiO, and MW-SiO,

73

Dye concentration (mg L™)

Kinetic models nSio, MW-nSiO,
50 100 200 300 50 100 200 300
PFO
g1 (Mg g ™) 323 538 794 1183 341 573 913 123.0
ki (min™) 145 023 127 127 172 046 0.87 1.30
R 0.9649 0.8948 0.8808 0.9030 0.9489 0.8486 0.9241 0.9110
Rzad,- 0.9622 0.8867 0.8716 0.8955 0.9450 0.8369 0.9182 0.9042
ARE (%) 580 15.38 10.79 1046 7.25 16.02 8.88 10.18
AIC 285 655 758 841 36.0 709 722 83.8
PSO
92 (Mg g ™) 334 576 836 1248 354 608 955 129.7
ka(g mg min™) 0.0838 0.0057 0.0221 0.0145 0.0826 0.0115 0.0157 0.0143
R 0.9848 0.9490 0.9204 0.9455 0.9720 0.9190 0.9658 0.9531
Rzad,- 0.9836 0.9450 0.9142 0.9413 0.9698 0.9128 0.9631 0.9495
ARE (%) 407 1063 861 7.65 548 11.74 598 7.34
AIC 161 551 701 758 272 709 60.6 83.8
PNO
g (Mg g ™) 36.1 633 884 1292 389 647 101.0 1315
kn ((min(g mg™H)™) 0.0004 0.0002 0.0003 0.0002 0.0003 0.0001 0.0002 0.0007
n 393 278 305 297 399 327 301 2.83
R 0.9946 0.9658 0.9424 0.9659 0.9885 0.9510 0.9811 0.9617
Rzadj 0.9937 0.9601 0.9329 0.9602 0.9865 0.9428 0.9779 0.9553
ARE (%) 219 872 686 6.11 345 9.04 4.42 1.86
AIC 3.8 524 68.6 686 172 579 550 74.7
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Figure 30 - HSDM curves for Methylene Blue adsorption on (a) nSiO, and (b) MW-nSiO, (25 °C, pH of
6, adsorbent dosage of 1000 mg L ™).
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Table 10 - HSDM parameters for the Methylene Blue adsorption on nSiO, and MW-SiO,.

Dye concentration (mg L)

HSDM model nSio, MW-nSiO,

50 100 200 300 50 100 200 300

Dinx 102 (cm2s™) 192 439 170 242 218 460 181 245

R2 0.9881 0.9876 0.9702 0.9859 0.9785 0.9909 0.9715 0.9815
ARE (%) 103 145 254 088 122 076 103 056
AIC 1242 443 2474 1307 680 164 17.30 12.01

5.3.5. Equilibrium results

Equilibrium isotherms for MB adsorption on nSiO, and MW-nSiO, are
presented in Figures 31a and 31b, respectively. All curves can be classified as 'L’ curves
(Langmuir Type). There is an initial curved portion at lower equilibrium concentrations,
indicating the affinity adsorbate—adsorbent. The plateau was not attained in this
concentration range, indicating that the adsorbents contain empty sites. Furthermore, it
can be seen that the adsorption capacity was favored by the temperature decrease, being
the higher values attained at 298 K.

Based on the shape of the isotherm curves, Langmuir, Freundlich and Sips
models were selected to represent the MB adsorption on both adsorbents, and the results
are presented in Table 11. For nSiO, and MW-nSiO,, the Sips model presented higher
values of coefficient of determination (R*>0.99) and adjusted determination coefficient
(Rzadj>0.99), and lower values of Akaike information criterion (AIC) and average
relative error (ARE) compared to the others models. In addition, the Sips parameters
presented a clear trend in relation to the temperature. In this sense the Sips model was
selected to represent the adsorption isotherms. The parameter ks decreased with the
temperature increase, indicating that the adsorption was disfavored at 328 K, and was
better at 298 K. The gs parameter increased with the temperature decrease, for both
adsorbents, indicating that the adsorption capacity was favored at 298 K. Comparing
now ks and gs between the adsorbents, it can be seen that MW-nSiO; presented the
higher values of these parameters. This can be ascribed to the better characteristics of

this material as adsorbent (see section 3.1).
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MW-nSiO, attained maximum adsorption capacity of 679.9 mg g*. Liu et al.
(LIU et al., 2012) obtained maximum adsorption capacity of 153.85 mg g for MB,
using graphene as adsorbent. Rida et al. (RIDA; BOURAOUI; HADNINE, 2013)
studied the adsorption of Methylene Blue on kaolin and zeolite 4A, and found
adsorption capacities of 45 and 22 mg g, respectively. Polydopamine (PDA)
microspheres were prepared by Fu et al. (FU et al., 2014) and employed for the
adsorption of MB dye. The process variables were optimized and the maximum dye
adsorption was 90.7 mg g *. Franco et al. [36] studied the MB adsorption on modified
rice husk and found adsorption capacity of 65 mg g . Based on these results it is
possible affirm that MW-nSiO; is a suitable candidate to adsorb MB.

MW-nSiO; prepared in this work is an excellent adsorbent to remove MB from
aqueous solutions. MW-nSiO, presents the main characteristics of silica, like thermal,
mechanical and chemical resistance, coupled with fast adsorption Kinetics, high
adsorption capacity and high dye removal percentage. Furthermore, it was possible
prove that the microwave treatment is adequate to obtain nanosilica with better

characteristics for adsorption purposes.
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Table 11 - Isotherm parameters for the Methylene Blue adsorption on nSiO2 and MW-nSiO..

Temperature (K)

Equilibrium Models nSio, MW-nSiO2

298 308 318 328 298 308 318 328

Langmuir
gm(mg g 250.2 217.2 3439 186.1 2394 2387 286.3 3426
ke (L mg™) 0.009 0.008 0.002 0.004 0.011 0.009 0.005  0.003
RL 0.695 0.710 0.891 0.830 0.643 0.683 0.815  0.888
R? 0.9938  0.9865 0.9992 0.9985 0.9918 0.9932 0.9952 0.9967
R2,q 0.9923  0.9832 0.9991 0.9982 0.9898 0.9915 0.9940  0.9959
ARE (%) 8.50 12.06 3.47 481 1008 8.39 5095 5.72
AIC 31.44 3435 16.76 17.11 33.30 31.66 29.07 25.88
Freundlich
ke(mggH(mg L)Y 1102 9446 2386 3.253 14.12 1147 5130  2.459
1/ne 0496 0493 0.720 0.602 0.457 0.483 0.609  0.717
R 0.9978 0.9984 0.9965 0.9901 0.9989 0.9967 0.9869 0.9914
R2,q 0.9972 0.9980 0.9956 0.9876 0.9987 0.9959 0.9836  0.9892
ARE (%) 480 311 878 1198 235 512 1122 1104
AlIC 2533 2164 2599 2855 21.11 27.28 3505  31.60
Sips
Oms (Mg gY) 5475 508.0 275.7 147.8 679.9 469.7 2262 2319
ks(L mg™?) 0.014 0.002 0.002 0.002 0.016 0.016 0.002  0.001
Ms 0.635 0.503 1.122 1.251 0.557 0.644 1.262  1.297
R? 0.9985 0.9983 0.9994 0.9999 0.9994 0.9978 0.9966  0.9987
R, 0.9976 0.9972 0.9991 0.9999 0.9990 0.9963 0.9943  0.9978
ARE (%) 331 305 175 039 144 340 7.88 5.30

AIC 3282 3186 2599 9.18 27.83 34.92 37.04 30.47
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Figure 31 - Equilibrium curves for Methylene Blue adsorption on (a) nSiO, and (b) MW-nSiO, (pH of 6,
adsorbent dosage of 1000 mg L™).

a)

298 K
308 K
318K
328 K
————— Sips model

200

vVeéebn

q,(mgg”)

100 m

-——
0 50 100 150 200 250 300 350 400
-1
C,(mg L")

b)

m 298K
A 308K
» 328K
————— Sips model

100 H A

q,(mg g”)
v

o*x ¥
0 50 100 150 200 250 300 350 400

C, (mg L")



79

5.3.6. Thermodynamics results

Thermodynamic parameters (AG®, AH® and AS®) were estimated for both
adsorbents, and are presented in Table 12. The values of standard thermodynamic
constant (K) were estimated from the Sips parameters (Ks and gs), because this model
presented the best fit with the experimental data.

In relation to the Gibbs free energy change, favorable and spontaneous
adsorption processes were verified for both adsorbents, since the values were negative.
More negative AG® values were found at 298 K, indicating that adsorption was more
favorable at lower temperatures. MB adsorption on nSiO; and MW-nSiO; were
exothermic processes, since the AH° values were negative. AH° value for MB
adsorption on MW-nSiO, was higher in relation to MB adsorption on nSiO,. This
indicates that the interactions MB/MW-nSiO, were relatively stronger. Based on the
AH® magnitude, it is possible infer about the adsorption mechanism. Physisorption, such
as van der Waals interactions, are usually lower than 20 kJ mol™, and electrostatic
interaction ranges from 20 to 80 kJ mol ™, chemisorption bond strengths can be from 80
to 450 kJ mol™ (TRAN et al., 2017). Then, it is possible infer that chemical bonds
occurred between MW-nSiO, and MB. lonic chemical bonds between silica based
materials and MB were recently reported by Saini et al. [13]. The positive AS® indicates
the increase in the solid—liquid interface disorder demonstrating chemical affinity during

the sorption process.

Table 12 - Thermodynamic parameters for the Methylene Blue adsorption on nSiO, and MW-nSiO,.

Adsorbent T(K)  AG° (kl.mol™®) AH® (ki.mol™®) AS®(ki.mol™.K?)
298 —22.11
. 308 —17.47
nSio;, 318 _16.47 —86.6 0.2187
328 ~15.26
298 —23.06
. 308 —22.79
MW-nSiO, 318 1614 ~115.1 0.3045

328 -15.03




80

5.4. CONCLUSION

In this research, silica nanoparticles were synthetized from rice husk by the
microwave technology, aiming to improve the material characteristics and its potential
to remove Methylene Blue from aqueous solutions. The characterization techniques like
XRD, FT-IR, N adsorption isotherms (BET and BJH), gas picnometry, DSC and SEM
revealed that the microwave modified nano-silica (MW-nSiO,) presented more
interesting characteristics than the standard nano-silica (nSiO,). Both materials were
amorphous and presented typical FT-IR bands of silica. However, MW-nSiO,
presented higher values of surface area, pore volume, pore diameter, porosity and purity
than nSiO,. Microwave technology was able to produce high purity nanosilica (98.8%)
with particle size of 93 nm.

The Methylene Blue adsorption using nSiO, and MW-nSiO, was favored with
adsorbent dosage of 1000 mg L™ and pH of 6. The kinetic curves were adequately
represented by pseudo—n order HSDM models. Sips equilibrium model was able to fit
the MB adsorption on nSiO; and MB-nSiO,. The maximum MB adsorption capacities
were 547.5 mg g and 679.9 mg g, using nSiO, and MW-nSiO,, respectively.
Adsorption was spontaneous favorable and exothermic. The high AH® values (AH®>80
kJ mol™) indicated that chemical bonds were involved in the dye/adsorbent interactions.
It can be stated that MW-nSiO, prepared by the alternative microwave process, is an
excellent adsorbent to remove MB from aqueous media, since presents the intrinsic
characteristics of silica, like thermal, mechanical and chemical resistance, coupled with
fast adsorption Kkinetics, high adsorption capacity and high dye removal percentage.
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6. DISCUSSAO DOS RESULTADOS

Os resultados obtidos neste trabalho propiciaram a elaboragao de dois artigos de
pesquisa que serdo/estdo publicados em periddicos da &rea de Engenharias 1l. Com o
objetivo de avaliar a producdo de nanosilica da casca de arroz utilizando rotas diferentes
para lixiviacdo, resultados interessantes foram alcancados, 0s quais estdo discutidos de
forma global a seguir.

Em ambos os artigos foram produzidas o mesmo tipo de nano silica padréo
(nSiO,) baseado no artigo de Sankar et al.,, 2016, utilizado como padrdo para
comparagdo com 0s processos de lixiviacdo com ultrassom (UM-nSiO;) e micro-ondas
(MW-nSiO,), estas utilizadas para o primeiro e segundo trabalho, respectivamente.

No primeiro artigo foram avaliadas as caracteristicas da nSiO, comparada a US-
nSiO,, analisando os principais parametros de caracterizacdo como XRD, FTIR, DSC,
MEV, BET, picnometria gasosa e XRF. Além disto, foram realizados os testes de
adsorcdo para o corante Cristal Violeta (CV). Apo6s, foram analisados os efeitos da
dosagem de adsorvente, efeito do pH, curvas cinéticas, isotermas e estudo
termodinamico. Foram avaliados os modelos de Pseudo-Primeira Ordem (PFO) e
Pseudo-Segunda Ordem (PSO), onde o melhor ajuste foi para o segundo modelo. Para
representar as curvas de equilibrio, BET e Freundlich foram os mais adequados, para a
nSiO; e para UM-nSiO,. Os melhores resultados foram obtidos para a UM-nSiO;, que
atingiu uma capacidade de adsorcdo de 495 mg g™, juntamente com a porcentagem de
remocao de 98%, sendo um excelente adsorvente para o Cristal Violeta. Para ambos
adsorventes, o0s resultados termodinamicos revelaram um processo favoravel,
espontaneo e endotérmico.

No segundo artigo foram avaliadas a caracterizacdo da nSiO, comparada a MW-
nSiO,, foram realizadas as mesmas analises presentes no primeiro artigo. O corante
utilizado para os testes de adsor¢do do segundo artigo foi o azul de metileno (MB).
Foram analisados as mesmas variaveis (dosagem de adsorvente, pH, tempo de contato e
temperatura) do artigo anterior. Foram avaliados os modelos de Pseudo-Primeira Ordem
(PFO) e Pseudo-Segunda Ordem (PSO), Pseudo-n Ordem e HSDM, onde o melhor
ajuste ocorreu para o de Pseudo-n Ordem, sendo que o modelo HSDM foi avaliado
separadamente para encontrar a difusividade do sistema de adsorgéo. Para representar as

curvas de equilibrio foram ajustados os modelos de Langmuir, Freundlich e Sips, onde o
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modelo Sips foi 0 mais adequado. MW-nSiO, atingiu capacidade de adsorcdo de 679,9
mg g, juntamente com porcentagem de remocio de 80%, sendo excelente adsorvente
para corante MB, superior ao nSiO,. Para ambos os adsorventes, os resultados
termodinamicos revelaram um processo favoravel, espontaneo e exotérmico.

Comparando os resultados de caracterizagdo juntamente, nota-se que de acordo
com o XRD, que todas as amostras demostraram estruturas amorfas, em ambos 0s
artigos, sendo que ndo houve diferenca entre essas estruturas. De acordo com artigos
citados anteriormente, a organizacdo da estrutura da silica produzida ocorre a partir de
700°C na etapa de queima da casca de arroz. Outra andlise, que ndo demonstrou
diferenca entre as nano-particulas de silica produzidas foi o FTIR, pois apenas a forma
de transferéncia de massa e calor mudava, e ndo os grupos funcionais presentes na
estrutura. Sendo assim as bandas apresentadas comparando o0s trés tipos de nano silica
produzidas sdo idénticas.

Em relacdo as imagens de microscopia eletrénica de varredura (MEV), foram
utilizadas para a determinacdo do tamanho da particula e para a comprovacao que o
material utilizado nesta dissertagdo tem o tamanho de nanoparticulas em todos o0s
cenarios em que foi produzida. J& em relagdo ao XRF, este foi utilizado para
determinacéo da pureza produzida, onde a nano silica com maior pureza foi a produzida
através do ultrassom com cerca de 99,5% de silica presente. Comparando 0S processos
de lixiviagdo, o ultrassom é o processo mais rapido (lixiviagdo em cerca de 10 minutos),
e com maior efetividade na remocao de outras impurezas presentes na casca. A retirada
destes elementos (outros sais metalicos presentes na casca) pode ser um dos motivos
para a maior porosidade do UM-nSiO,

Outro resultado considerado importante diz respeito a quantidade é o resultado
da anélise do BET, estudada conjuntamente com a pichometria gasosa para a estimativa
de outras propriedades como a porosidade do material. Em relacdo ao BET, a maior area
superficial foi apresentada pela UM-nSiO, (91,05 m2 g %), seguida pelo tratamento de
micro-ondas, MW-nSiO, (84,56 m2 g*), e por ltimo a nSiO, produzida através do
método padrdo (71,97 m? g'Y), isto demonstra que o processo de ultrassom gerou o
material com maior capacidade para ser um bom adsorvente, comprovado também por
outros parametros, como maior porosidade e maior volume de poros. Como 0s artigos
foram comparados separadamente o processo por micro-ondas e por ultrassom, nao é
possivel estimar, o quanto a UM-nSiO, é superior a MW-nSiO,, para a adsorcao de azul

de metileno. Devido aos valores apresentados de area superficial, volume de poros,
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didmetro médio de poros e porosidade, e como ndo ha diferenca entre as analises de
FTIR, € possivel acreditar que os resultados de adsorcdo para a MW-nSiO, teriam
valores superiores a nSiO, e inferiores a UM-nSiO, Todos os materiais apresentaram
similaridade quanto o tipo de poros, sendo materiais mesoporosos.

Em relagcdo ao DSC, todos materiais demonstraram 0 mesmo comportamento
para a degradacdo de agua, porém a nSiO, apresentou um pico em torno de 250 °C
indicando a degradacdo de materiais residuais, que ndo foram removidos durante a
preparacao do processo convencional. Por outro lado, este pico ndo foi verificado para a
MW-nSiO2 e UM-nSiO,, indicando que o processo de micro-ondas e ultrassom foram
mais eficientes para fornecer materiais de alta pureza.

Em relacdo aos testes de adsorcdo, a comparagdo entre adsorventes é impropria
para ser feita devido aos experimentos serem realizados para diferentes corantes (Cristal
Violeta e Azul de Metileno). Verificou-se que o comportamento das isotermas foram
diferentes para cada um dos corantes, sendo que para cada artigo foi necessario ajustar
modelos em decorréncia do diferente formato das curvas. No geral, é possivel apenas
gue o adsorvente com maior potencial para novos experimentos é a UM-nSiO,, devido
aos resultados superiores em todas as analises de caracterizacdo e a grande capacidade
de adsorcao apresentada para o corante Cristal Violeta. Para trabalhos futuros, poderiam
ser realizados testes com outros corantes, para testar o potencial de adsor¢éo e comparar
a UM-nSiO; a MW-nSiO2.
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7. CONCLUSAO

A busca por alternativas para o tratamento de residuos gerados da casca de arroz
consolidou a queima como principal método de utilizacdo deste material, gerando
enorme quantidade cinzas para serem descartadas. Este trabalho visou a busca de uma
alternativa para utilizacdo e resolucdo de ouros problema ambiental, o tratamento de
efluentes liquidos da industria de corantes. A utilizacdo de um residuo s6lido, sem custo
como as cinzas, para tratamento de um residuo liquido é de enorme contribuicdo na
busca de alternativas sustentaveis, visando a protecdo ambiental em relacdo ao descarte
destes residuos. Através de duas diferentes rotas de producdo de nano silica atraves das
cinzas da casca de arroz, foram analisadas as melhorias realizadas nestes materiais para
a utilizacéo posterior no tratamento de dois diferentes tipos de corantes catidnicos.

Na primeira parte do trabalho, foram produzidas duas amostras de nano silica: a
primeira através da rota convencional (nSiO,) e a segunda através de uma rota de
lixiviacdo através de ultrassom (UM-nSiO;). Ambos os materiais (nSiO, e UM-nSiO,)
foram amorfos e apresentaram grupos funcionais tipicos de silica. A nano silica
preparada através do ultrassom (UM-nSiO;) apresentou area de superficie 30% maior
do que o material preparado pelo processo convencional (nSiO2). Em relacdo ao
volume de poros, o diametro dos poros, a densidade, a porosidade e a pureza também
foram maiores para UM-nSiO,. Os primeiros testes de adsorcao realizados para o cristal
violeta (CV) foram o efeito da massa e pH, onde os melhores resultados foram para de
1000 mg L™ e pH de 10. As curvas cinéticas foram melhores ajustadas pelo modelo de
Pseudo-segunda ordem. Em rela¢do aos modelos de equilibrio, BET foi mais adequado
para a isoterma da nSiO,, enquanto utilizando Freundlich obteve-se melhor ajuste da
UM-nSiO,. Em geral, a capacidade de adsor¢cdo da UM-nSiO, foi 15% maior em
relagdo ao nSiO,. UM-nSiO; atingiu capacidade de adsorcdo de 495 mg g™, juntamente
com porcentagem de remogdo de 98%. Em resumo, pode-se afirmar que UM-nSiO2
preparado pelo processo de ultrassom alternativo, € um excelente adsorvente para
remover CV de meios aquosos, devido a alta capacidade de adsorcdo e alta porcentagem
de remocéo do corante.

Em relacdo & segunda parte do trabalho, foi produzida outra amostra de nano
silica através de uma rota de lixiviacdo através de micro-ondas (MW-nSiO,), e 0s

resultados foram comparados com a nano silica (nSiO;) do processo convencional



85

preparada anteriormente. Como o primeiro artigo, ambos os materiais foram amorfos e
apresentaram as mesmas bandas de FT-IR, tipicas de silica. No entanto, MW-nSiO2
também apresentou maiores valores de area superficial, volume de poros, diametro dos
poros, porosidade, mas destacando-se principalmente a pureza (98,8%) com tamanho de
particula de 93 nm em relacdo a nSiO,. Os testes de dosagem de adsorvente e pH,
resultaram nas condicdes de 1000 mg L™ e pH de 6. Os modelos cinéticos que melhor
se ajustaram foram o0 HSDM e de pseudo-n ordem. Para as isotermas, Sips foi 0 modelo
para representacdo do equilibrio, obtendo-se os melhores valores de AIC e Rzad,-. As
capacidades maximas de adsorcéo de MB foram 547,5 mg g™ e 679,9 mg g™, utilizando
nSi0, e MW-nSiO,, respectivamente. A adsorcdo foi espontdnea favoravel e
exotérmica. Devido aos bons resultados para adsorcdo de azul de metileno, pode-se
afirmar que o MW-nSiO; preparado pela lixiviagdo por micro-ondas é um adsorvente
promissor, devido as caracteristicas apresentadas como a adsor¢do répida, alto valor da
capacidade de adsorcéo e alta porcentagem de remocéao de corantes.
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