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Resumo

RESUMO

Este trabalho foi conduzido no sentido de verificar a eficiéncia de remocgao
de corantes téxteis por meio do processo de adsorcdo em batelada utilizando
adsorventes preparados a partir da casca do pinhao, pseudofruto da arvore
Araucaria angustifdlia.

Os materiais foram obtidos por carbonizacao com acido e ativacao quimica
e fisica da casca de pinhdao, um residuo alimentar que comumente é
desprezado. A casca de pinhao in natura (PW), o material carbonizado (C-PW) e
os carvoes ativados (CAC e AC-PW/CPAC) foram empregados na remocdo de
corantes téxteis de solucao aquosa. Durante as etapas de ativacao foram
ajustados o fluxo de gas de arraste no reator, a taxa de aquecimento e a
temperatura final, a fim de se obter carvOes ativados com elevada area
superficial especifica e alta capacidade de adsorcdo. O processo de
carbonizacdo e a ativacao conferiram aos materiais uma darea superficial
especifica superior a do material de partida, PW.

Para a adsorcdao dos corantes laranja reativo, vermelho de prociona e
verde brilhante foram necessarios diferentes tempos de equilibrio dependendo
do adsorvente utilizado. Os carvdes ativos foram os materiais que adsorveram
o maior percentual de corante em menor tempo de contato. Os modelos de
isoterma de Sips e cinético de ordem fracionaria de Avrami foram os que
melhor se ajustaram aos dados experimentais. Pelo modelo de difusao intra-
particula foi verificado que a adsorcdao envolveu mais de uma etapa cinética, a
primeira correspondendo a difusdao intraparticula e a segunda atribuida a
difusdo através dos poros do adsorvente seguida pelo estabelecimento do
equilibrio.

As faixas de pH favordveis a remocao dos corantes laranja reativo e
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Resumo

vermelho de prociona pelo C-PW e AC-PW foram coincidentes com seus
potenciais de carga zero, mostrando que o mecanismo de interacao foi
eletrostatico. O desempenho dos carvdes ativados CAC e CPAC na remocgao do
corante verde brilhante foi efetivo numa faixa de pH mais ampla, variando de
2,0 a 10,5, evidenciando a interacao do corante com os anéis aromaticos dos
adsorventes.

Os adsorventes removeram um alto percentual de corantes téxteis
presentes em um efluente sintético, indicando alta capacidade de adsorcao,
equivalente a de carvoes ativos comerciais de alta qualidade a baixo custo de
obtencao.

A entalpia e a entropia de adsorcdo dos corantes téxteis pelos adsorventes
obtidos foram determinadas em experimentos de adsorcdao nas temperaturas
de 298 K a 323 K, utilizando a constante de equilibrio de Sips (Ks). A magnitude
da entalpia foi consistente com uma interacao fisica entre o adsorvente e o
adsorvato. Os valores negativos de AG indicaram que a adsorcao foi
espontanea e favoravel para todas as temperaturas. Os valores positivos de AS°
confirmaram a preferéncia das moléculas dos corantes pela superficie dos
adsorventes e sugeriram mudancas estruturais ou acomodag¢des no complexo

de adsor¢ao carbono-corante.
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Abstract

ABSTRACT

This study was conducted in order to verify the efficiency of removal of
textile dyes using the batch adsorption process using adsorbents prepared
from the Brazilian pine-fruit-shell, Araucaria angustifolia.

The materials were obtained by acid carbonization and chemical and
physical activation from the Brazilian pine-fruit-shell, a food waste that is often
overlooked. The Brazilian pine-fruit-shell (PW), the carbonaceous material (C-
PW) and the activated carbon materials (CAC and AC-PW/CPAC) were tested as
adsorbents for the removal of textile dyes from aqueous solution. During the
stages of activation, the flow of carrier gas in the reactor, the heating rate and
the final temperature were adjusted, in order to obtain activated carbons with
high specific surface area and high adsorption capacity. The carbonization and
the activation process produced materials with specific surface area higher
than the starting material, PW.

The contact time required to obtain the adsorption equilibrium using C-
PW and AC-PW as adsorbents was different. The activated carbonaceous
materials adsorbed the highest percentage of dye in less contact time. The
Avrami fractionary order kinetic model provided the best fit to experimental
data compared with other models. Equilibrium data were better fit to the Sips
isotherm model using C-PW and AC-PW as adsorbents. The intra-particle
diffusion model showed that the adsorption processes involve more than one
single kinetic stage. The first linear part can be attributed to intra-particle
diffusion and the second stage is the diffusion through smaller pores, which is
followed by the establishment of equilibrium.

The points of zero charge for both adsorbents confirm the ranges of

optimal pH values for orange reactive and procion red removal from aqueous
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solution, showing an electrostatic interaction. The brilliant green dye amount
adsorbed per unit of mass was practically constant for the pH values ranging
from 2.0 to 10.5. It reinforced the hypothesis that the mechanism of adsorption
should takes place by the interaction of the dye with the aromatic rings of the
activated carbon.

The adsorbents removed a high percentage of textile dyes present in a
synthetic effluent, indicating high adsorption capacity, equivalent to that of
high quality commercial coal, with low production cost.

The enthalpy and entropy of adsorption of textile dyes were obtained
from adsorption experiments ranging from 298 to 323 K, using Sips equilibrium
constant (Ks). The magnitude of enthalpy is consistent with a physical
interaction of an adsorbent with an adsorbate. Enthalpy changes (AH®) indicate
that adsorption followed endothermic processes. Negative values of AG
indicate that dye adsorption by activated carbon materials is a spontaneous
and favorable process for all studied temperatures. Enthalpy changes indicate
that adsorption followed endothermic processes. The positive values of AS°
confirm a high preference of dyes molecules for the carbon surface of
adsorbents and also suggest the possibility of some structural changes or
readjustments in the dye-carbon adsorption complex. Besides, it is consistent
with the dehydration of dye molecule before its adsorption to carbon surface,

and the releases of these water molecules to the bulk solution.
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Introducgao

1 INTRODUCAO

A agua é um recurso de grande valor para qualquer povo ou nagao, seja
por questdes basicas de sobrevivéncia, seja por razdes estratégicas, que estao,
muitas vezes, ligadas a soberania dos paises, ou mesmo por questdes culturais,
relacionadas ao modo de vida, e, por esses motivos, é sempre tratada como
assunto de Estado. Nesse contexto, necessidade, consumo e escassez sao,
comumente, discutidos paralelamente [1,2].

Com freqliéncia, ouvem-se, nos meios de comunicacao, noticias
relacionadas a agua, ou pela escassez do recurso, ou pelo uso inadequado ou,
ainda, em razao de conflitos gerados por disputas que ja vém ocorrendo em
torno da agua e que, ao que tudo indica, serdo cada vez mais comuns. Muitas
vezes, as manchetes se devem a contaminagdo dos mananciais -
freqientemente, de forma irremediavel [2].

Estima-se que o Brasil concentre entre 12% e 16% do volume total de
recursos hidricos do planeta Terra [3]. Embora essa seja uma participacao
expressiva, os recursos nao sao distribuidos de forma homogénea e

encontram-se ameacados por fatores socioeconémicos diversos.
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A situacdao das aguas no Brasil envolve problemas de quantidade e
gualidade. Os sistemas de aguas continentais de superficie e os aquiferos
subterraneos tém sofrido pressao permanente, seja pelos usos multiplos, seja
pela exploracdo excessiva ou pelo acumulo de impactos de varias magnitudes e
origens. Desmatamento; despejo de esgotos domésticos; despejo de residuos
agricolas como pesticidas e herbicidas; canalizacdo de rios e construcdao de
barragens; erosao e, especialmente, descarga de corantes e de metais pesados
com alta toxicidade, atuam na reducdo da biodiversidade aquatica,
comprometem o abastecimento publico, aumentam os custos de tratamento e
tornam muito complexo o gerenciamento das aguas [3].

Dois dos principais desafios para o Brasil sdao garantir o suprimento
adequado de dgua para municipios de pequeno porte e para grandes regioes
metropolitanas, onde, além da escassez, os recursos hidricos correm riscos
crescentes de contaminacao [3].

O Ministério da Saude, por meio de portarias (Portarias MS n°36/1990,
n.21469/2000 e, mais recentemente, a n°518/2004), tem procurado
estabelecer padroes de qualidade para os diversos parametros que
caracterizam uma agua propria para o consumo humano [4,5]. Entretanto, as
dificuldades de ordem pratica para atender a essas determinagdes legais sao
consideraveis, uma vez que exigem dos 6rgaos publicos de saneamento a
manuten¢ao de uma estrutura que 0s mesmos quase sempre nao tém
condicdes de manter [6].

Seja qual for a razao — técnica, econdmica ou politica —, o fato é que o
Estado brasileiro, em geral, tem tido dificuldades em conferir qualidade a agua
distribuida a populacdao [2]. Além disso, quando o assunto é saneamento
basico, é possivel que as maiores preocupacdes figuem por conta dos mais de

30% de domicilios sem rede coletora de esgotos e também sem fossa séptica, o
2
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gue, de imediato, tem conseqliéncias muito sérias [2].

Para complementar esse quadro, o desenvolvimento industrial aumentou
consideravelmente o volume de residuos contendo espécies nocivas a saude
humana e a outros organismos vivos. Entre os varios setores industriais
responsaveis pela poluicao do meio hidrico natural, o setor de acabamentos da
industria téxtil merece um destaque especial, pois utiliza grande quantidade de
agua e de produtos quimicos, gerando enorme volume de efluentes coloridos.

O efluente resultante de um processo de tingimento contém uma grande
variedade de produtos, como agentes dispersantes, transportadores, sais,
emulsionantes, agentes de equalizagdo e compostos organometalicos
contendo metais pesados. Geralmente, apresenta baixa demanda bioquimica
de oxigénio (DBO), elevada demanda quimica de oxigénio (DQO) e forte
coloracgao [7].

Os efluentes corados, quando langados nos rios, podem causar sérios
problemas de contaminacao ambiental diminuindo a transparéncia da agua e
impedindo a penetracdao da radiacdo solar com diminuicdo da atividade
fotossintética [8,9]. Além disso, alguns corantes podem causar alergia, irritacao
cutanea, cancer e mutacoes [10,11].

A elevada estabilidade biolégica dos corantes dificulta sua degradacao
pelos sistemas de tratamento convencionais empregados. A escolha do método
a ser utilizado depende de varios fatores como o tipo de corante a ser
removido; a composicao quimica e a concentracdo do efluente e o destino dos
subprodutos formados. Cada procedimento apresenta suas limitacdes e a
combinacao de varios processos geralmente é necessaria, uma vez que o0s
corantes sao resistentes a degradacao e sao fotoestaveis [7,12].

Para responder a desafios como esses, solucionar os problemas e prever

impactos sao necessarios avancos tecnoldgicos, como a busca por adsorventes
3
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alternativos, de baixo custo e facil obtencao, com alta capacidade de adsor¢ao
de corantes, que possam ser utilizados nos processos de remediacao [3].

O Brasil apresenta um grande potencial industrial e agricola e gera muitos
produtos secundarios que, na maioria das vezes, sdao simplesmente
descartados. Esses subprodutos apresentam uma grande variedade de grupos
funcionais que, provavelmente, podem adsorver componentes toxicos
presentes nos efluentes téxteis. Sua utilizacdo como adsorventes pode se
constituir uma unido vantajosa para o pais, principalmente do ponto de vista
ambiental.

A caracterizacdo, o estudo da capacidade de adsor¢ao e a otimizacdao do
processo de interacao entre o adsorvato e o adsorvente sdao imprescindiveis
para que tais subprodutos possam vir a ser utilizados de forma competitiva ou,
até mesmo, substituir os materiais habitualmente empregados no tratamento

de efluentes contendo corantes.
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2 REVISAO BIBLIOGRAFICA

Nesta secao do texto sera apresentada a revisdao da literatura existente
sobre produtos e efluentes téxteis e principais corantes empregados. Serao

abordados os principais métodos de tratamento desse tipo de efluentes.

2.1 CARACTERIZACAO DO EFLUENTE

As industrias téxteis geram efluentes com composicao extremamente
heterogénea e uma grande quantidade de material téxico e persistente, o que
torna seu tratamento bem complexo. Os processos de tinturaria e lavagem sao
as principais fontes de poluicao da agua, sendo produzidos de 45 a 65 litros de
agua por quilograma de tecido processado [13].

Esses efluentes caracterizam-se por apresentar uma forte coloragao, uma
vez que parte do corante inicial ndo é fixada a fibra durante o processo de
tingimento. A cor de uma agua pode ser um indicativo de seu grau de poluicao.
De um modo geral, aguas de cor elevada apresentam uma alta demanda
guimica e bioquimica de oxigénio. Apresentam alta quantidade de sélidos

suspensos, pH flutuante, temperatura elevada, alta concentracao de matéria
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organica, considerdvel quantidade de metais pesados, compostos organicos
clorados e surfactantes [14].

A legislacao tem se tornado cada vez mais restritiva, evoluindo
continuamente no estabelecimento de padrdoes especificos para o
engquadramento de corpos de dgua, assim como de condi¢cdes e padrdes para o
lancamento de efluentes (resolu¢cGes CONAMA n2 357/2005 e n? 397/2008)

apresentados resumidamente na Tabela 1 [adaptado de 15,16].

Tabela 1. Padrbes de potabilidade do CONAMA

Parametros Valor maximo

Fisicos e organolépticos

Cor Até 15 mg/L Pt®
Turbidez Até 40 UNT®
Sabor nenhum

Odor nenhum
Alcalinidade 250 mg.L™

pH 6,0a9,0
Quimicos

Aluminio 0,1 mg.L" Al
Arsénio total 0,01 mg.L™" As
Chumbo 0,01 mg.L™" Pb
Cloretos total 250 mg.L" CI
Ferro dissolvido 0,3mg.L" Fe
Sélidos totais dissolvidos 500 mg.L™
DBO (5 dias a 20°C) até 3mg.L" O,

oD

ndo inferiora 6 mg.L™" O,

Notas: @ A unidade de cor é expressa em mg/L de Pt-Co ou graus Hazen, °H.

PUNT = unidades nefelométricas de turbidez.

A composicao média dos efluentes téxteis pode ser dada por:

solidos

totais na faixa de 1000 mg.L™" a 1600 mg.L™"; DBO de 200 mg.L™" a 600 mg.L™L;
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alcalinidade total de 300 mg.L' a 900 mg.L"' e sélidos em suspensdo de
30 mg.L™" a 50 mg.L™ [13]. Esses valores sdo superiores aos estabelecidos pelas

resolucdes CONAMA n2 357/2005 e n? 397/2008 [15,16].

2.1.1 Produto Téxtil

E considerado produto téxtil aquele que, em estado bruto, semi-
beneficiado, beneficiado, semi-manufaturado,  manufaturado, semi-
confeccionado ou confeccionado, seja composto exclusivamente de fibras ou
filamentos téxteis [17]. Ademais, sdao considerados produtos téxteis os
seguintes:

e Produtos que possuam, pelo menos, 80% de sua massa constituida
por fibras ou filamentos téxteis;

e Revestimentos de moveis, colchdes, travesseiros, almofadas, artigos
de acampamento, revestimentos de pisos e forros de aquecimento
para calcados e luvas, cujos componentes téxteis representem, pelo
menos, 80% de sua massa;

e Produtos téxteis incorporados a outros produtos, dos quais passem a

fazer parte integrante e necessaria, exceto calcado.

2.1.1.1Fibra e Filamento Téxtil

Fibra ou filamento téxtil é todo elemento natural de origem vegetal,
animal ou mineral, assim como todo componente quimico artificial ou
sintético, que pela alta proporcao entre seu comprimento e diametro, e, ainda,
por suas caracteristicas de flexibilidade, suavidade, alongamento e finura, o

tornem apto a aplicacdes téxteis. Os nomes genéricos das fibras e dos
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filamentos e suas caracteristicas fisico-quimicas sdao os constantes da Tabela 2

[17].

Tabela 2. Denominacao e descricao das principais fibras e filamentos téxteis

n°® Denominacéao Descricao das fibras e filamentos

01 La. Fibra proveniente do tosqueio de ovinos.
(Ovis aries).

02 Alpaca, Lhama, Camelo, Cabra, Fibra proveniente do tosqueio dos seguintes
Cachemir, Mohair, Angora, Vicunha, animais: alpaca, |hama, camelo, cabra,
laque, Guanaco, Castor, Lontra, cabra de Cachemir, cabra de Angora
precedidos ou ndo pela expressao: (Mohair), coelho de Angora (angora),
“Pélo de”. vicunha, iaque, guanaco, castor, lontra.

03 “Pélo de” ou “crina de” com indicacdo Pélos de outros animais nao mencionados
da espécie animal. nos itens 1 e/ou 2.

04 Seda. Fibra proveniente exclusivamente das larvas

de insetos sericigenos.

05 Algodéao. Fibra proveniente das sementes de planta
de algodao (Gossypium sp).

06 Capoque. Fibra proveniente do interior do fruto do
Kapoc (Ceiba pentandra).

07 Linho. Fibra proveniente do liber do talo do linho
(Linum usitatissimum).

08 Céanhamo. Fibra proveniente do liber do talo do
Céanhamo (Cannabis sativa).

09 Juta. Fibra proveniente do liber do talo da planta
do género corchorus, espécies olitorius e
capsularis.

10 Abaca. Fibra proveniente das vagens das folhas da
Musa textilis.

11 Alfa. Fibra proveniente das folhas da Stipa
tenacissima.

12  Coco. Fibra proveniente do fruto do Cocos
nucifera.

13 Retama ou Giesta. Fibra proveniente do liber do talo do Cytisus
scoparius ou do Spartum junceum ou de
ambos.

14 Kenaf ou Papoula de Sao Francisco. Fibra proveniente do liber do talo do
Hibiscus cannabinus.

15 Rami. Fibra proveniente do liber do talo da
Boehmeria nivea e da Boehmeria
tenacissima.

16 Sisal. Fibra proveniente das folhas do Agave
sisalana.

17  Sunn (Bis Sunn). Fibra proveniente do liber do talo da
Crotalaria juncea.

18 Anidex. Fibra formada de macromoléculas lineares

que apresentam em sua cadeia uma ou
mais ésteres de alcool monohidrico e acido

8
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acrilico, em, pelo menos, 50% em massa.

19 Henequen (Ter Henequen). Fibra proveniente do liber do talo do Agave
fourcroides.

20 Maguey (Quarter Maguey). Fibra proveniente do liber do talo do Agave
cantala.

21 Malva. Fibra proveniente da Hibiscus sylvestres.

22 Carua (Caroa). Fibra proveniente da Neoglazovia variegata.

23  Guaxima. Fibra proveniente da Abutilon hirsutum.

24  Tucum. Fibra proveniente do fruto da Tucuma
bactris.

25 Pita (Piteira). O mesmo que Agave americana.

26 Acetato. Fibra de acetato de celulose na qual entre
92% e 74% dos grupos hidroxilas estao
acetilados.

27 Alginato. Fibra obtida a partir de sais metalicos do
acido alginico.

28 Cupramonio (Cupro). Fibra de celulose regenerada obtida pelo
procedimento cuproamoniacal.

29 Modal. Fibra de celulose regenerada obtida pelos
processos que permitam alta tenacidade e
alto médulo de elasticidade em estado
umido. Estas fibras devem ser capazes de
resistir quando estdo umidas a uma carga
de 22,5 g aproximadamente por Tex. Abaixo
desta carga, o alongamento no estado
umido n&o deve ser superior a 15%.

30 Protéica. Fibras obtidas a partir de substancias
protéicas naturais regeneradas e
estabilizadas sob a acdo de agentes
quimicos.

31 Triacetato. Fibra de acetato de celulose do qual pelo
menos 92% dos grupos hidroxila estédo
acetilados.

32 Viscose (a). Fibra de celulose regenerada obtida
Podera ser adicionada, entre mediante o procedimento viscoso para o
parénteses, a matéria prima celuldsica filamento e para a fibra descontinua.
utilizada para a obtencado do filamento
como: viscose (bambu), viscose
(eucalipto) etc.

33  Acrilico (a). Fibra formada de macromoléculas lineares
que apresentam em sua cadeia acrilonitrila,
pelo menos, 85% em massa.

34  Clorofibra. Fibra formada por macromoléculas lineares
que apresentam em sua cadeia monémera
de vinil ou cloro de vinil, em mais de 50%
em massa.

35  Fluorofibra. Fibra formada de macromoléculas lineares,
obtidas a partir de monbémeros alifaticos
fluorocarbonados.

36 Aramida. Fibra em que a substancia constituinte é

uma poliamida sintética de cadeia, em que
no minimo 85% das ligagbes de amidas séo
feitas diretamente a dois anéis aromaticos e

9
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cujo numero de conexdes imidas, nos casos
em que estas existam, ndo podem exceder
ao das conexdes amidas.

37

Poliamida.

Fibra formada de macromoléculas lineares
sintéticas que tém em sua cadeia a
repeticio de grupos funcionais amidas
unidos em, no minimo, 85% a radicais
alifaticos, aromaticos ou ambos.

38

Poliéster.

Fibra formada de macromoléculas lineares
que apresentam em sua cadeia um éster de
um diol acido tereftalico, pelo menos, em
85% em massa.

39

Polietileno.

Fibra formada de macromoléculas lineares
saturadas de hidrocarbonetos alifaticos nio
substituidos.

40

Polipropileno.

Fibra formada de macromoléculas lineares
de hidrocarbonetos alifaticos saturados,
donde um de cada dois atomos de carbono,
tem um grupo metil, ndo substituido em
posicdo isostatica sem  substituices
ulteriores.

41

Policarbamida.

Fibra formada de macromoléculas lineares
que apresentam na cadeia a repeticado do
grupo funcional uréia.

42

Poliuretana.

Fibra formada de macromoléculas lineares
que apresentam na cadeia a repeticado do
grupamento funcional uretana.

43

Vinilal.

Fibra formada de macromoléculas lineares
cuja cadeia € constituida de Aalcool
polivinilico com nivel de acetilago.

44

Trivinil.

Fibra formada de um terpolimero de
acrilonitrilo, de um monbémero vinilico
clorado e um terceiro mondémero vinilico, do
qual nenhum representa mais de 50% da
composi¢do, em massa.

45

Elastodieno.

Fibra elastica composta de polisopropeno
natural ou sintético ou composta por um ou
mais dienos polimerizados com ou sem
mondmeros vinilicos. Esta fibra elastica
quando é estirada trés vezes sua longitude
inicial, recupera rapidamente quando
desaparece a solicitagao.

46

Elastano.

Fibra elastica constituida de poliuretano
segmentado em pelo menos 85% de massa.
Esta fibra elastica quando é estirada trés
vezes sua longitude inicial, recupera
rapidamente  quando  desaparece a
solicitagdo.

47

Vidro téxtil.

Fibra constituida de vidro.

48

O nome correspondente do material do
qual esta composta a fibra, por
exemplo: Metal (metalica, metalizada),

amianto, papel, precedidos ou ndo da

Fibras obtidas a partir de outros produtos
naturais, artificiais ou sintéticos nao
mencionados especificamente na presente
lista.

10
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palavra “fio de” ou “fibra de”.

49 Modacrilico. Fibra formada de macromoléculas lineares
que apresentam na cadeia uma estrutura
acrilonitrilica, entre 50% e 85% em massa.

50 Liocel. Fibra celuldsica regenerada obtida por um
método de dissolugdo em um solvente
organico e fiado, sem formacdo de
derivados.

51 Polindsico (a). Fibra cortada ou filamento continuo, de
elevada tenacidade, formados de
macromoléculas lineares de celulose
regenerada.

52 Polilatico. Fibra manufaturada em que a substancia
que forma a fibra esta composta por
unidades de éster de acido lactico derivado
de agucares naturais, em, pelo menos 85%

em massa.

53 Carbono. Fibra obtida por pirdlise, até a carbonizacéo,
de fibras sintéticas.

54 Bambu natural. Fibra proveniente do Dendrocalamus
giganteus.

55 Lastol. Fibra elastica, de ligagbes cruzadas, com

98% de seu peso composto de etileno e
outra unidade de olefina.

As fibras naturais mais utilizadas sao constituidas por celulose e proteinas
e estdo presentes na |3, seda, algodao e linho. Das fibras sintéticas, as mais
comercializadas sao a viscose, triacetato de celulose, poliamida, poliéster e

acrilica [12].

2.1.2 Corantes

Segundo Zollinger [18], os corantes fazem parte de um grupo de materiais
chamados colorantes que sao caracterizados por absorverem luz na regiao do
visivel (350 nm a 760 nm). Sao compostos organicos cuja finalidade é conferir a
certo substrato determinada cor sob condicdes de processo preestabelecidas
[19,20].

A origem dos corantes é incerta, mas ha indicacdes de seu uso pelo
homem desde os primérdios das civilizagdes. Sua presenca foi detectada em

11
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amostras de tecidos de tumbas egipcias e antigos hierdglifos datados de 2500
a.C. [21]. Até a metade do século XIX, sO existiam pigmentos naturais,
provenientes de vegetais, insetos, moluscos e minerais, cujas formulas de
extracao e aplicagdao eram conhecidas por poucos. Esses pigmentos, em sua
maior parte, tinham cores pouco persistentes que desbotavam com a lavagem
ou quando expostas a luz [7]. A grande revolucao na histéria desses compostos
ocorreu em 1856, quando o quimico inglés William H. Perkin divulgou o
primeiro corante sintético, a mauve. Foi o primeiro passo para a producao
desses corantes em grande escala [21].

De acordo com Chakrabarti e colaboradores [22], os corantes sintéticos
apresentam mais de 7000 estruturas quimicas diferentes e complexas, sendo,
em sua maioria, completamente resistente aos processos de biodegradacao.
Sao compostos organicos que absorvem luz visivel seletivamente, devido a
presenca de grupos cromoéforos conjugados a anéis aromaticos em sua
estrutura. S3o constituidos por grupos auxocromos, como a etila, amina,
sulfonico, hidroxila, metoxi, etoxi, cloro e bromo, que determinam as
propriedades fisico-quimicas dos corantes, responsaveis pela fixacdao a fibra e
intensificacao da cor [23].

Existem mais de 100 mil corantes disponiveis comercialmente, a maioria
de origem sintética [21]. S3o utilizados nos mais diversos tipos de aplicacdes,
entre os quais se destacam a coloracdo de materiais téxteis, couro, plastico,
produtos alimentares, farmacéuticos e cosméticos. O Colour Index (Catalogo da
Society of Dyers and Colourists) registra, atualmente, mais de oito mil corantes
organicos sintéticos associados a industria téxtil [24]. Recentes estudos indicam
que aproximadamente 12% desses corantes sdao perdidos durante os processos
de manufatura e processamento e, cerca de 20% sao lancados como efluentes

industriais [25,26].
12
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2.1.2.1 Classificagao dos Corantes

Os corantes podem ser classificados pela sua estrutura quimica ou pela

forma segundo o qual sao fixados a fibra téxtil. Segundo o método pelo qual

sao fixados a fibra, sdo classificados em [27]:

Bdsicos ou cationicos. Sao, essencialmente, hidrocloretos ou sais de
bases organicas, soluveis em dgua, usados no tingimento de fibras
acrilicas.

Acidos ou aniénicos. S3o sais de sddio de acido sulfénico, e, em alguns
casos, de acido carboxilico, empregados no tingimento de fibras
protéicas e poliamidicas.

Diretos. S3ao corantes anibnicos, soluveis em agua e diferem dos
corantes acidos e basicos por apresentarem alta afinidade por fibras
celuldsicas. S3o azo compostos com constituicdo semelhante a dos
corantes acidos, aplicados em fibras celulésicas e viscose.

Mordentes: abrangem muitos corantes naturais e sintéticos. Os
mordentes mais utilizados sdao o cromo, na forma de 6xido; e, o acido
tanico. Sao aplicados no tingimento de fibras celuldsicas, protéicas e
poliamidicas.

Sulfurosos: sdo insoliveis em agua, mas se dissolvem em solucao de
sulfito de sédio que atua como redutor. Sao usados no tingimento de
fibras celuldsicas.

Corantes a tina (ou cuba): sdo insoliveis em dgua, mas podem ser
parcialmente solubilizados pela acao de hidréxido de sddio e de um
agente redutor. Possuem afinidade pela celulose, sendo absorvidos
pela fibra e, subsequentemente, oxidados, formando um pigmento

insoluvel no seu interior.

13
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Azdicos: sdao obtidos no interior das fibras, resultantes da aplicacao de
naftol e de uma base. Podem ser aplicados em fibras celulédsicas,
sedas, viscoses e poliamidas.

Dispersos ou nado-ibnicos. Abrangem suspensdes de compostos
organicos finamente divididos, insoluveis em agua. Sao utilizados em
fibras sintéticas, como poliéster, triacetato de celulose e acrilicas.
Reativos: sao compostos que contém grupos reativos capazes de
formar ligacdes covalentes com os atomos de oxigénio, nitrogénio ou
enxofre dos substratos. Empregados no tingimento de fibras
celuldsicas, protéicas e poliamida.

Metalizados: sdao corantes acidos que possuem ions metalicos em sua
estrutura. Dividem-se em dois grupos conforme a proporcdao de
corante e metal na formulagdo: os pré-metalizados (corante e metal
na propor¢ao de um para um) e pré-metalizados (na proporgdao de um

para dois).

Os corantes reativos sao amplamente utilizados na industria téxtil devido a

sua boa estabilidade durante a lavagem e por apresentarem procedimentos

simples de tingimento, sendo a principal classe de corantes utilizada para tingir

celulose e algodao [28]. Entretanto, esses corantes sdao altamente solUveis em

agua e ainda apresentam baixos niveis de fixacao nas fibras, sendo, em boa

parte, perdidos no efluente.

A estrutura dos corantes reativos apresenta pelo menos um grupamento

cromoforo azo (-N=N-) ligado a anéis aromaticos, principal responsavel pela cor

do tingimento [29]. Representam cerca de 70% dos corantes empregados na

industria, sendo extensivamente usados no tingimento de fibras téxteis, devido

14
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a facilidade de producao, variedade e resisténcia a degradacao [30].

A fixacao da molécula do corante a fibra é realizada em solug¢ao aquosa e
pode envolver cinco tipos de interagdes: dipolo-dipolo, ligacdes idnicas,
ligacOes de hidrogénio, ligacdes de van der Waals e ligacdes covalentes [7].

As ligacdes ibnicas se processam através de interacdes entre o centro
positivo dos grupos amina e carboxilato da fibra e a carga i6nica da molécula
do corante, ou vice-versa. Exemplos caracteristicos deste tipo de interacao sao
encontrados no tingimento de |3, seda e poliamida.

As interacOes de van der Waals baseiam-se na aproximacdao maxima entre
os orbitais p do corante e da fibra, de modo que as moléculas do corante
fiqguem unidas a fibra, sem formar uma ligacdo propriamente dita. Essa atracao
é mais efetiva quando a molécula do corante é linear, longa ou achatada,
podendo se aproximar ao maximo da molécula fibrosa. Exemplos
caracteristicos desse tipo de interacdao sao encontrados no tingimento de |13 e
poliéster com corantes de alta afinidade com a celulose.

As ligacOes de hidrogénio ocorrem entre os atomos de hidrogénio do
corante e os pares de elétrons livres de atomos de oxigénio e nitrogénio
presentes na fibra. Exemplos caracteristicos dessa interacao sdao encontrados
no tingimento de 13, seda e fibras sintéticas, como acetato de celulose. As
ligacdes covalentes sdo realizadas pelo grupo reativo eletrofilico da molécula
do corante e os grupamentos nucleofilicos da fibra. Um exemplo caracteristico
dessa interacao é o tingimento da fibra de algodao.

A estabilidade da molécula do corante esta diretamente associada a forga
de ligagao quimica dos atomos dos grupos cromoforos e auxocromos. Um dos
aspectos mais importantes dos corantes é sua capacidade de permanéncia sem
alteracdo da cor, a chamada resisténcia ou solidez a luz. Os grupos auxocromos

sulfénicos tornam a molécula do corante solivel em meio aguoso e aumentam
15
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sua afinidade pela fibra no processo de tingimento, tornando a coloracao mais

resistente.

As fibras acrilicas possuem grupos com caracteristicas anidnicas e,

portanto, com afinidade para os corantes basicos ou cationicos. Esses corantes

conduzem a 6timos niveis de solidez, mas a sua aplicacdao exige cuidados

especiais para que o tingimento seja efetuado uniformemente. Os corantes

basicos também s3ao usados no tingimento de fibras de 13 ou de seda, que

apresentam grupos catidnicos e anidnicos [31].

Na Tabela 3 [32] é apresentada a classificacdo dos corantes, segundo sua

constituicdo quimica. Essa é a classificacdao seguida pelo Colour Index, Cl.

Tabela 3. Classificacdo de corantes conforme o Colour Index

Classe quimica N°de constituicdo (Cl) Classe quimica

N° de constituicdo (CI)

Nitroso

Nitro
Monoazo
Diazo

Triazo

Pliazo
Azbico
Estilbenno
Carotendide
Difenilmetano
Triarilmetano
Xanteno
Acridina
Quinolina
Metina

Triazol

10000 - 10299
10300 — 10999
11000 — 19999
20000 — 29999
30000 — 34999
35000 — 36999
37000 — 39999
40000 — 40799
40800 — 40999
41000 — 41999
42000 — 44999
45000 — 45999
46000 — 46999
47000 — 47999
48000 — 48999
49000 - 49399

Indamina
Indofenol
Azina
Oxazina
Triazina
Sulfuroso
Lactona
Aminocetona
Hidroxicetona
Antraquinona
indigo
Ftalocianina

Natural

Base de oxidagao

49400 — 49699
49700 — 49999
50000 — 50999
51000 - 51999
52000 — 52999
53000 — 54999
55000 — 55999
56000 — 56999
57000 — 57999
58000 — 72999
73000 — 73999
74000 — 74999
75000 — 75999
76000 — 76999

Pigmento inorganico 77000 — 77999
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2.2 METODOS DE TRATAMENTO DE EFLUENTES TEXTEIS

O tingimento é um dos fatores fundamentais no sucesso comercial dos
produtos téxteis. Além da padronizacao e da beleza da cor, o consumidor exige
elevado grau de fixacdo do corante em relacdo a luz, lavagem e transpiracao,
mesmo apos o uso prolongado do produto. Para garantir essas caracteristicas,
os corantes devem apresentar alta afinidade com a fibra, uniformidade na
coloragdo e resisténcia aos agentes desencadeadores de desbotamento.

Durante o processo de tingimento trés etapas sdao consideradas
relevantes: a montagem, a fixacdo e o tratamento final [7]. A fixacdo do
corante a fibra é feita através de uma série de reacdes quimicas e, ocorre,
usualmente, durante a fase de montagem e fixacdao. Todo processo de tintura
envolve etapas de lavagem em banhos correntes para remocao do excesso de
corante original ou hidrolisado nao fixado, gerando grande volume de efluentes
que necessitam de tratamento.

A escolha do método a ser utilizado no tratamento de efluentes téxteis
depende de varios fatores, tais como o tipo de corante a remover, a
composicao quimica do efluente e a respectiva concentracao e o destino dos
subprodutos formados.

Dentre os principais processos utilizados na remogdo de cor de efluentes
da industria téxtil pode-se listar: i) tratamentos bioldgicos convencionais (lodo
ativado) [33]; ii) processos fisico-quimicos (coagulacdo/floculacdo) [34,35,]; iii)
processos oxidativos avancados [36,37,38] e, iv) métodos de separacdo
(filtracao por membranas [39,40] e adsorc¢ao [41,42,43]). O desenvolvimento de
tecnologia adequada para o tratamento desses efluentes tem despertado
grande interesse nos ultimos tempos devido ao aumento da conscientizacao e
da rigidez das regras ambientais [5, 15].

17



Revisao Bibliografica

2.2.1 Tratamentos Bioldgicos

Os processos biolégicos utilizados com maior freqliéncia estao
representados pelos sistemas de lodos ativados que consistem na agitacdao dos
efluentes na presenga de microorganismos e ar, durante o tempo necessario
para metabolizar e flocular uma grande parte da matéria organica [44]. O
processo apresenta susceptibilidade a composicao do efluente (cargas de
choque), além de produzir um grande volume de lodo.

O tratamento bioldgico possibilita o processamento de um grande volume
de efluente de maneira economicamente viavel. No entanto, esse processo
requer um tempo longo para atingir os padrdes exigidos para descarte nos
corpos aquaticos [15].

A capacidade de degradacao de alguns compostos organicos por certos
microrganismos é limitada, uma vez que variacdes do pH ou da concentragao
dos poluentes podem inibir ou paralisar seu metabolismo. Pequenas diferencas
na estrutura de um composto poluente ou na composicao do meio podem
também modificar o funcionamento de um sistema bioldgico estabelecido [30].
Alguns corantes sao bastante resistentes a degradacao pelo lodo bioldgico,
como é o caso dos reativos, com taxas de remocao maxima de 30% (em média,

10%), e acidos [32].

2.2.2 Coagulacao

O processo de coagulacao, usado na maioria das estacdes de tratamento,
envolve a aplicacdo de produtos quimicos para a precipitacdo de compostos
em solucao e desestabilizacdo de suspensdes coloidais de particulas, que, de
outra maneira, ndao poderiam ser removidas por sedimentacdo, flotacdo ou
filtracdo [45,46].
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A coagulacdao e a floculacdo desempenham um papel fundamental na
cadeia de processos de tratamento de agua, principalmente na preparacao da
decantagao ou da flotagao e, assim, na filtracao que se segue. O sucesso de
outros processos depende, portanto, de uma coagulacao bem sucedida. Por
esse motivo, a coagulacao tem sido objeto de extensivos estudos e pesquisas
no decorrer do século [47].

Em uma acepc¢ao abrangente, coagulacao é a alteracao fisico-quimica de
particulas coloidais de uma agua, caracterizada principalmente por cor e
turbidez, produzindo particulas que possam ser removidas em seguida por um
processo fisico de separacdo, usualmente a sedimentacao. A coagulacao pode
ser considerada como um processo constituido de duas fases subsequlientes: a
primeira — a coagulagao, propriamente dita — envolve a adicao de coagulantes
guimicos com a finalidade de reduzir as forcas que mantém separadas as
particulas em suspensdo. A segunda fase de coagulacdao — a floculacao —
promove colisdes entre as particulas previamente desestabilizadas na
coagulacao, por efeito de transporte de fluido, formando particulas de maior
tamanho, visiveis a olho nu: os flocos [47].

A coagulacdao envolve inicialmente a mistura rapida do coagulante com a
agua e, em seguida, a agitacao lenta do material coagulado para a formacao de
flocos. A mistura rapida e a floculagdo (ou mistura lenta) sdao, portanto,
basicamente processos de transporte de fluido, associados a precipitacao e
unido de particulas primarias.

Os coagulantes usuais incluem sais de aluminio ou de ferro. O coagulante
mais utilizado tem sido o sulfato de aluminio — Al;(SO,);.14H,0. Em aplicacdes
especificas, mais como auxiliares de coagulacdao, € comum a adicdo de
polimeros, silica ativada e bentonita [47].

Polimeros organicos tém sido usados como auxiliares de coagulacao ou
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como floculantes primarios para melhorar a eficiéncia da floculacdao no
tratamento de dgua para uso potavel e na desidratacdo de lodos, ja ha 30 anos.
Atualmente, o seu uso tem se expandido com a finalidade de atender as
crescentes exigéncias de qualidade da agua potavel e conservacao do meio
ambiente, o que leva os responsdveis pelos sistemas de abastecimento e
pesquisadores a propor estratégias para otimizar os processos de coagulagcao e
floculacdo. Os polimeros podem ser encontrados na forma catidnica, anionica e
nao ibnica, sendo aplicados em diferentes situagdes. Os polimeros nao
produzem flocos volumosos e gelatinosos como os produzidos por coagulantes
metalicos, sendo, portanto, ideais para a filtracao direta e para a flotacao.

O pH de coagulacdo é um parametro critico na eficiéncia do processo.
Como o valor resultante depende do coagulante utilizado, da dose aplicada e
da alcalinidade presente, ha a necessidade do conhecimento desses dados para
otimizar o processo, o que geralmente é obtido com ensaios de coagulacao
(jar-test). Em instalacbes de tratamento, pode ser conveniente o
monitoramento da quantidade de coagulante aplicada pela medicao da
capacidade de carga dos coldides (CCC), principalmente na coagulacao por
neutralizacao de carga.

A temperatura influencia na coagulacdao por sua acao na constante de
equilibrio da agua, fazendo variar o pOH para um dado pH de coagulacao. Na
mistura e floculagdo, a variacao da viscosidade com a temperatura altera os
gradientes de velocidade aplicados, podendo tornar necessarias corregdes para
manter ou melhorar a eficiéncia do processo [47].

Na mistura rdpida, as reacOes de hidrdlise e precipitacdo que ocorrem com
a adicdo do coagulante s3ao praticamente instantaneas e seguidas pela
coagulacdo, fase também muito rapida, em que sucede uma floculagao

pericinética, na qual as particulas sélidas primarias crescem até um tamanho
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limite da ordem de dez micréometros. Na coagulacdao, a estabilidade dos
coléides e a sua carga superficial —o potencial zeta ou potencial de carga zero-
representam um papel decisivo, e a agregacao das particulas, realizada pela
floculacao pericinética, dominada pelo movimento browniano, é resultado do
fendmeno de difusao molecular.

Os custos de investimento desse método sdao moderados, uma vez que
envolve aparelhamento relativamente simples, mas eficiente, na remocao de
cor da maioria dos corantes com reducgao significativa da DQO. O processo de
coagulacdao necessita da adicao continua de produtos quimicos, o que pode
elevar o custo de operacdo. Dependendo dos produtos quimicos utilizados,
podera ser gerado um volume consideravel de lama, o que, dependendo de sua

composicao, serd determinante para sua destinacao.

2.2.3 Floculacao

Na cadeia de processos de uma estacdao de tratamento, a coagulagao é
geralmente seguida pela floculacdo, que pode ser definida como o processo de
juntar particulas coaguladas ou desestabilizadas para formar maiores massas
ou flocos, de modo a possibilitar sua separacdo por sedimentacdo (flotacdo)
e/ou filtracdo da dgua. E, sem duvida, o processo mais utilizado para a remocdo
de substancias que produzem cor e turbidez na agua [47].

As conjungdes entre as particulas e que promovem a sua aglutinagdo sao
realizadas principalmente por:

o floculacdao pericinética: colisdes causadas pelo movimento das
moléculas (movimento browniano), devido a energia térmica;

e floculacao ortocinética: colisdes causadas pelo movimento da agua.
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Nos tanques de floculacdo, os pequenos microflocos aglutinam-se
formando flocos, que, ao sairem dos tanques, devem ter tamanho e densidade
adequados ao processo de remoc¢ao que segue: clarificagdao por sedimentacgao
ou por flotagdo e/ou filtracdo. Ao contrario da sedimentacdo, nos processo de
flotacao e filtracao direta ndo é desejavel a formacao de um floco volumoso. O
processo de agregacao é dependente da duragao e da quantidade de energia
aplicada (gradiente de velocidade). A energia aplicada para a floculacdo pode
ser comunicada, como na mistura rapida, por meios hidraulicos, mecanicos
e/ou pneumaticos, a diferenca caracterizando-se pela intensidade, que, na

floculagcao, é muito menor [47].

2.2.4 Tecnologias com Membrana

A utilizacdo de tecnologias com membrana, tais como a osmose inversa, a
ultra-filtracao, a micro-filtracao, a nano-filtracao e a dialise, tem se mostrado
muito atrativa por permitir a reutilizacdo da agua no processo industrial. Essa
possibilidade é especialmente interessante se analisarmos as perspectivas
pouco animadoras referentes a escassez de agua, elevacao dos custos para sua
captacdao, bem como a aplicacao de legislacdao cada vez mais restritiva para a
emissao de efluentes [30].

Na osmose inversa o efluente é forcado a atravessar uma membrana
semipermedvel, originando um permeado purificado e um concentrado, que
deve ser tratado por um método alternativo. Esse processo pode remover até
98% das impurezas da agua que apresentem massa molecular relativa superior
a 100, mas, para garantir a qualidade do efluente tratado, as membranas
devem ser limpas regularmente. Dessa forma, evitam-se rupturas devido ao

ataque de substancias corrosivas ou a impregnacao dos corantes constituintes
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do efluente nas membranas. O método apresenta elevado custo de operacao e,
em alguns casos, mesmo apds o tratamento, o permeado podera conter niveis
tao altos de impurezas que impedirao sua reutilizacao no processo industrial.
Na nano-filtracdo, a membrana funciona como um filtro molecular que
retém particulas com massa molecular relativa superior a 200, originando um
permeado purificado e um concentrado. Da mesma forma que a osmose
inversa, a nano-filtracdo apresenta alto custo de operacao, sendo mais
eficiente se incorporada a uma unidade de tratamento de efluentes

multioperacional [32].

2.2.5 Processos Oxidativos

Em funcdo da crescente necessidade de procedimentos que apresentem
uma maior eficiéncia no tratamento de efluentes, varias técnicas vém sendo
testadas. Alguns processos eficazes, denominados processos oxidativos
avancados (POAs), tém servido de alternativa para a degradacao de corantes.

Diversos sistemas reacionais sao empregados nos POAs, mas em todos
eles se produzem radicais hidroxilas (¢OH). Essas espécies ativas se adicionam a
dupla ligacdo ou abstraem o atomo de hidrogénio em moléculas organicas
alifaticas. O resultado é a formacao de radicais organicos que reagem com as
moléculas de oxigénio, dando inicio a uma série de reag¢des de degradacao que
podem culminar em espécies indcuas, tipicamente didéxido de carbono e agua
[48].

Os radicais hidroxilas s3ao as espécies ativas responsaveis pela
decomposicdo de poluentes gracas ao seu alto potencial de reducao padrao de
2,8 V, em meio acido. Esses radicais sao capazes de oxidar quase todos os

compostos organicos a didxido de carbono [49].
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A utilizacao de reagentes eletrogerados, tais como o o0zénio e o perdxido
de hidrogénio, tem sido amplamente considerada. Contudo, a aplicacao dos
processos oxidativos deve considerar o elevado custo dos agentes oxidantes
empregados e, portanto, deve, preferencialmente, ser implementada nos casos
de substancias refratdrias aos tratamentos bioldgicos [48].

Varios processos de geracdao do radical hidroxila tém sido estudados.
Dentre os principais, destacam-se a fotdlise, a fotocatalise e a oxidacao com o
ar, com peroxido de hidrogénio e com ozbnio, além dos sistemas combinados
constituidos de oxidantes, adsorventes e catalisadores [50,51].

A variacdao do pH costuma ser a abordagem mais simples para se obter
radicais hidroxila a partir do ozonio. Além da esterilizacdo de uma série de
organismos patogénicos, os efeitos depuradores do ozbnio sdao mais
pronunciados na remocao de cor devido a oxidacdao de grupos cromoéforos e da
fragmentacao das macromoléculas poluentes [52]. Na maioria das vezes, tais
transformacbes contribuem para aumentar a biodegradabilidade dos
compostos recalcitrantes aos tratamentos bioldgicos. Embora alguns estudos
mostrem que a ozonizacdo também possa promover certa reducdao da
demanda quimica de oxigénio e do teor de carbono organico total, geralmente,
o nivel de reducao de matéria organica € menor que o obtido por outros
processos oxidativos avangados, com maior consumo de reagentes e energia,
tornando-o desfavoravel do ponto de vista econdmico [52].

Além do ozbnio, pode-se utilizar o sistema Fenton (Fe(ll)/H,0,) para
formacao dos radicais hidroxila [53]. Esse reagente é obtido por uma mistura
de peroéxido de hidrogénio e um sal de ferro (ll) (geralmente sulfato ferroso). As
Reacdes 1 a 4 [54] ilustram o mecanismo de decomposicao catalitica do H,0,

por sais de ferro, em meio acido:
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FE* + H:0, = Fe* + OH + eOH Reacéo 1
RH + e¢OH — Re + H-.O Reacdo 2
Re + FE* — R+ + F&* Reaco 3
FE* +eOH =  F&* + OH Reacdo 4

O carbocdtion formado (R+) pode ser oxidado completamente a gas
carbonico e agua ou parcialmente, em subprodutos organicos. Apesar da
grande eficiéncia na remocao de poluentes organicos, a utilizacdo do reagente
de Fenton é economicamente inviavel no caso de grandes volumes de
efluentes, havendo a necessidade de sua combinacdo com outros tipos de
tratamentos fisico-quimicos ou bioldgicos [53].

O sistema Fenton pode também ser associado a radiacao UV-B (280nm a
320 nm), UV-A (320nm a 400 nm) e Vis (400nm a 800 nm), aumentado a
eficiéncia na remocao de poluentes [53].

A espécie Fe'* é regenerada com a producdo de dois equivalentes de
radical hidroxila para cada mol de H,0, decomposto inicialmente, conforme a

Reacao 5.

Fe* + H0 +hv (UV ou Vis) -  FET+H +OH Reacdo 5

A natureza homogénea do sistema e a possibilidade de desenvolver
sistemas assistidos por radiacdo visivel conferem ao sistema Fenton uma
elevada potencialidade de aplicacao em sistemas continuos de tratamento.
Entretanto, sérias restricdes operacionais, principalmente relacionadas com a

precipitacao de o6xidos férricos hidratados em valores de pH préximos de 4,
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dificultam ou até impedem o desenvolvimento de rotinas de tratamento
orientadas a residuos industriais téxteis [55,56]. O ferro dissolvido também
absorve a radiacao ultravioleta, reduzindo a quantidade de luz disponivel para
a descoloracao do efluente [57].

Outro método direto para geracao de «OH é a fotoclivagem do perdxido
de hidrogénio por meio de radiacdo UV. O processo H,0,/UV pode levar a
degradacao completa da maioria dos contaminantes organicos. A fotdlise do
H,0, pela radiacdo UV gera dois radicais hidroxila, que agem degradando a
matéria organica e formando compostos mais simples [57].

A fotocatalise utiliza 6xidos de um metal semicondutor como catalisador e
oxigénio como agente oxidante. O uso de didxido de titanio na forma de
anatase apresenta elevada estabilidade, bom desempenho e baixo custo [48].

A fotocatalise apresenta muitas vantagens no que se refere ao meio
ambiente, devido a inércia dos produtos utilizados e pela possibilidade do uso
da luz solar como fonte de radiacdao ultravioleta [48]. Entretanto, a aplicagao
desse procedimento em escala industrial é bastante discutida, principalmente
em funcdo do seu carater heterogéneo. A dificuldade da penetracdao da
radiagdo em um meio aquoso contendo particulas opacas em suspensao, a
necessidade de remocao dos fotocatalisadores ao final do processo e a
possibilidade de originar compostos mais toxicos do que os iniciais, constituem

as principais desvantagens do método.

2.2.6 Adsorcao

Entre os processos fisicos existentes para a remocdao de corantes de
efluentes téxteis, a adsorcdao é, seguramente, o que tem suscitado maior

interesse por associar baixos custos a elevadas taxas de remog¢dao. Em alguns
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casos, por nao se tratar de um método destrutivo, a adsorcao possibilita a
recuperagao do corante sem perda da sua identidade quimica [58].

A adsorcdo solido-liguido é um dos procedimentos mais notdrios e
eficientes para remocao de poluentes de efluentes aquosos e explora a
habilidade que certos sdélidos tém de concentrar na sua superficie substancias
especificas que estejam presentes em solu¢des. Seu incremento incidiu na
utilizacdao de leitos fixo e fluidizado, que promoviam o contato de um sdélido
adsorvente com um gas ou liquido e, consequente, transferéncia dos
componentes da fase fluida para a superficie do adsorvente. Devido a diferenca
de concentracdo entre a solucdo e a superficie do adsorvente, quando existe o
contato entre as duas fases, o soluto (adsorvato) se desloca por difusdao ou
conveccao da fase fluida a interface liquido-sélido. Apds atingir a superficie, o
soluto difunde-se através dos poros do adsorvente e finalmente é adsorvido
pelos sitios ativos. Na Figura 1 (adaptada da referéncia 59) é apresentada a
representacao do mecanismo suposto para a adsorcao do adsorvato pelo

adsorvente.

d ~ adsorvato

ADSORVENTE

difusdo nos poros

sitios ativos

Figura 1. Representacao esquematica do mecanismo suposto para adsorcao do
adsorvato pelo adsorvente

Uma das mais importantes caracteristicas de um adsorvente é a sua
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capacidade de adsorcao, ou seja, a quantidade de substancia que pode ser
retida em sua superficie. A capacidade de adsorcdao de um adsorvente depende
de sua textura (distribuicdo dos tamanhos de poros, volume de poros e area
superficial especifica) e das interacdes com o adsorvato. Considerando o tipo
de forcas de atracdo predominantes na fixacdo do adsorvato, podem se
considerar dois tipos de adsorcdo: adsorcao fisica (fisissor¢cao) e adsorgao
quimica (quimissorcao).

A fisissorcao ocorre como resultado de forcas de van der Waals, dipolo-
dipolo e ligacdes de hidrogénio. As moléculas adsorvidas se sujeitam a um
movimento de translacdao dentro da interface, ndao se fixando em locais
especificos da superficie. A adsorcao fisica é caracterizada por uma energia
relativamente baixa. Na quimissorcao hd a formacao de uma ligacdao quimica
entre a molécula do adsorvato e a superficie do adsorvente, sendo
caracterizada por altas energias de adsorcao.

A descoloracao do efluente é resultante da desestabilizacdao das particulas
poluentes, fundamentalmente por neutralizacdao de carga, e do mecanismo de
adsorcdo. E influenciada por uma série de fatores, tais como a interacdo entre
o adsorvato e o adsorvente, a drea superficial especifica do adsorvente, o
tamanho de particula, o tamanho dos poros do adsorvente, a temperatura, a
acidez da solug¢ao do adsorvato e o tempo de contato entre as fases.

Na selecao do melhor adsorvente a ser empregado é necessario ter
conhecimento dos dados de equilibrio. H4 muitos modelos matematicos que
procuram descrever a relacao entre a quantidade de adsorvato por unidade de
adsorvente e a concentracao de adsorvato na agua, sendo os mais comuns o

modelo de isoterma de Langmuir e de Freundlich [60].

28



Revisao Bibliografica

2.2.6.11sotermas de Adsorcdo

As isotermas de adsorcao representam as relacdes de equilibrio entre a
concentracao de um componente na fase fluida e nas particulas do adsorvente,
em determinada temperatura [61]. As quatro curvas tipicas que caracterizam

um processo especifico de adsor¢ao sao exemplificadas na Figura 2.

Irreversivel

Favoravel

Linear

0 (¢ adsorvido/g sélido)

Desfavoravel

1
C (mg.L )

Figura 2. Representacao esquematica das isotermas de adsorcéo

A isoterma linear que sai da origem indica que a quantidade adsorvida é
proporcional a concentracao do fluido, nao indicando uma capacidade maxima
para adsorcdo. As isotermas cOncavas sao chamadas favoraveis, por
representarem processos que extraem quantidades relativamente altas mesmo
em baixos niveis de concentracao de adsorvato no fluido.

As isotermas convexas sao denominadas desfavoraveis, devido a pequena
capacidade de remocao em baixas concentracdes e ao desenvolvimento de
longas zonas de transferéncia de massa no leito. Isotermas desfavoraveis sao
raras, mas sao importantes para descrever o processo de regeneragao, isto é, a
transferéncia de massa do sélido de volta para a fase fluida, quando a isoterma
é favoravel. A isoterma irreversivel, caracterizada por um aumento inicial muito
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abrupto, traduz uma elevada afinidade do adsorvente para o soluto [60].

As isotermas sao determinantes na selecao do material, uma vez que
descrevem a forma como o adsorvato interage com o adsorvente. Com o
intuito de aperfeicoar um sistema de adsorcao para remoc¢ao de corantes de
solucdes, é imprescindivel estabelecer a correlacdo mais apropriada para a
curva de equilibrio [62].

As isotermas podem ser representadas por meio de modelos tedricos,
empiricos ou pela combinacao destes, que, através de equacdes, relacionam a
massa adsorvida com a concentracdao do adsorvato restante na fase fluida. Os
modelos de Langmuir e de Freundlich sao os mais utilizados para descrever o
equilibrio de adsorcao de poluentes presentes em agua ou em aguas residuais

[62].

2.2.6.1.1 Modelo de Langmuir

O modelo de isoterma de Langmuir esta baseado na proposicdao de que os
adsorvatos sao quimicamente adsorvidos por um numero fixo de sitios bem
definidos. Cada sitio pode reter somente uma Unica espécie, todos os sitios sao
energeticamente equivalentes e ndao ha interagao entre as espécies adsorvidas

[63,64]. No equilibrio, a isoterma de Langmuir é dada pela Equa¢do 1 [65]:

_ Qmax'KL'Ce
1+ K, .C,

e

Equacéo 1

Em que g. é a quantidade de soluto adsorvido por unidade de massa de
adsorvente no equilibrio (mg.g™); C. é a concentracdo do adsorvato na solugio
apds o sistema atingir o equilibrio (mg.L"); Qs € a capacidade maxima de
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adsorcio do material (mg.g™) assumindo uma Unica camada de recobrimento
do adsorvato sobre o adsorvente, k, € a constante de equilibrio de Langmuir
relacionada com a energia livre de adsorcdo (L.mg") e cresce com o aumento
das forcas das ligacdes da adsorcao. Os valores de K. e Qumax podem ser
determinados experimentalmente ao se construir um grafico contendo 1/C. em

abcissas e 1/g. em ordenadas [62].

2.2.6.1.2 Modelo de Freundlich

O modelo de Freundlich é empirico e foi desenvolvido para superficies
heterogéneas. Trata-se de uma equacado exponencial e, por isso, assume-se que
a medida que a concentracao de adsorvato na solu¢gao aumenta, o mesmo
acontece com a concentracdao de adsorvato na superficie do adsorvente

[66,67]. A Equacao 2 representa esse modelo:
_ 1/ng ~
. = K E .Ce Equacéo 2

Em que g. é a quantidade de soluto adsorvido por unidade de massa de
adsorvente no equilibrio (mg.g™?); K: é a constante de Freundlich ou coeficiente
de adsorcdo relacionado com a capacidade do adsorvente determinada

empiricamente [mg.g ™ (mg.L )"

]; Ce € a concentracao de equilibrio de soluto
na solucdo (mg.L") e n; é o expoente de Freundlich que dd uma ideia da
afinidade do adsorvente pelo soluto (adimensional) [68].

Para valores fixos de C. e de 1/n;, g. sera tanto maior quanto maior for K¢
e, para valores fixos de Kr e de C,, a ligacdo da adsorcao sera mais forte quanto

menor o valor de 1/n. Para valores de 1/n; muito pequenos, a capacidade de

adsorcao independe de C. e a isoterma de adsor¢dao aproxima da horizontal,
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com g. aproximadamente constante, de forma que a isoterma é denominada
irreversivel. Se o valor de 1/n; for muito elevado, a ligacdo na adsorcdo sera
fraca, com q. variando significativamente para pequenas varia¢des de C.. Na
saturacdo, g. se torna constante, independente do aumento de C.,, de modo

que a equacao de Freundlich ndo pode mais ser utilizada [62].

2.2.6.1.3 Modelo de Sips

O modelo de Sips combina as equagdes que representam as isotermas de

Langmuir e Freundlich e segue a Equacao 3:

QK CU™
1+ K .CM™

de

Equacéo 3

No qual Ks é a constante de equilibrio de adsorcao de Sips relacionada com
a constante de afinidade (mg.L"l)'l/”s; Qumix € a capacidade maxima de adsorcao
para Sips (mg.g™); ns é o expoente de Sips (adimensional); g. é a quantidade do
corante adsorvida pelo adsorvente no equilibrio (mg.g?). Para baixas
concentracOes de adsorvato esse modelo assume a forma de Freundlich,

enquanto que, para altas concentracdes, adota o modelo de adsor¢ao em

monocamadas de Langmuir [66].

2.2.6.1.4 Modelo de Redlich-Peterson

Esse modelo descreve a isoterma de equilibrio por meio da seguinte

equacao empirica:
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KRP 'Ce )
C g ,sendo0<g<1 Equacéo 4
e

e

1+ agp

Em que Kgp e agp sdao as constantes de Redlich-Peterson, com as
respectivas unidades (L.g") e (mg.L")% g é o expoente de Redlich-Peterson
(adimensional), cujo valor deve ser entre zero e um, e g. € a quantidade de
corante adsorvida pelo adsorvente no equilibrio (mg.g™*). Essa equacdo pode
ser reduzida para uma isoterma linear no caso de baixa cobertura na superficie

(g=0) e para isoterma de Langmuir quando g for igual a um [67].

2.2.6.2 CINETICA DE ADSORCAO

O estudo da cinética de adsorgao é importante, pois fornece informacdes
a respeito do mecanismo da reac¢ao de adsorcdo, permitindo avaliar a eficacia
do procedimento. Para caracterizar o comportamento cinético da adsorcao é
necessario determinar como varia a taxa de adsorcao a medida que ela
progride. Esse dado é fundamental para definir qual o mecanismo da adsorgao,
uma vez que uma série de fatores, tais como o tamanho das particulas do
adsorvente, temperatura, pH e concentracdao inicial de corante, afetam a
cinética de adsorcao [69].

Considerando sélidos porosos, o mecanismo de adsorcao pode ser
desmembrado em quatro etapas principais: a transferéncia do soluto presente
na solucdo até o filme na interface sélido-liquido que engloba o adsorvente
(etapa rdpida se a agitacdao do sistema for eficiente); a difusdo do soluto pelo
filme até a superficie do adsorvente, também chamada transferéncia de massa
no filme ou difusdo através da camada interfacial; a difusdao do soluto pelos

poros do adsorvente (difusao intraparticula) e a ligacdao do soluto aos sitios
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ativos do adsorvente. Com excecdao da primeira e da ultima, que sao
extremamente rapidas, essas etapas podem ser vistas como um conjunto de

resisténcias em série a transferéncia de massa [70].

2.2.6.2.1 Modelo de Pseudo-Primeira Ordem

A equacao de Lagergren pode ser descrita pela expressao a seguir [71]:

d
d_? =k; (q, — ) Equacdo 5

Em que g. é a quantidade de soluto adsorvido por unidade de massa de
adsorvente no equilibrio (mg.g™?); g é a quantidade de soluto adsorvido por
unidade de massa de adsorvente no instante t (mg.g"); ki é a constante de
pseudo-primeira ordem ou constante de Lagergren (h') e t é o tempo de
contato entre o adsorvente e o adsorvato (h). A integracdo da Equacdo 5 nas

condicdes de contornot=0;q;=0et=t; g, = q; origina a Equacgao 6:

Ln (qe - qt) =Ln (qe) - kf il Equacéo 6

Rearranjando a Equagdao 6 numa forma nao linear, tem-se:

Jd: =4de [1- exp(_kf 1)] Equacio 7

2.2.6.2.2 Modelo de Pseudo-Segunda Ordem

Ho [71] desenvolveu uma expressao cinética de pseudo-segunda ordem
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para um sistema de adsorcao de ions metdlicos divalentes utilizando turfa
como adsorvente. Essa equacao também foi aplicada com sucesso na adsor¢ao
de fons Pb®* e Pb* e, em sistemas de adsorcdo de corantes acidos e basicos
usando turfa, madeira e seiva [72].

A taxa cinética de uma reag¢ao quimica pode ser definida como a variacao
da concentracdao dos reagentes ou dos produtos por unidade de tempo. A
concentracao dos produtos nao aparece na lei da taxa cinética, uma vez que a
reacao reversivel nao contribui para a taxa global da reacdo. A ordem da reagao
e a constante de taxa de reacao podem ser determinadas experimentalmente.
Segundo esse modelo, a taxa de adsorgao depende da capacidade de adsorgao
no equilibrio e ndo da concentracao de adsorvato. Por sua vez, a capacidade de
adsorcao depende do tempo de reacdo. Se a capacidade de adsorcdo no
equilibrio e a constante de taxa de adsorcao forem conhecidas, calcula-se a
capacidade de adsorcdao em qualquer instante [73,74]. A expressao da taxa de

reacao é dada por:

%: kz[(P)o _(P)t]2 Equacéo 8
S _ i [P), - (HP) T Fauagio

Em que (P); e (HP); sdo os sitios ativos ocupados no adsorvente no instante
t, e (P)o e (HP)o sdo os sitios ativos disponiveis do adsorvente no equilibrio. Esse
modelo assume que a capacidade de adsorcao é proporcional ao numero de
sitios ativos disponiveis no adsorvente e, portanto, a expressao da taxa de

adsorcao pode ser reescrita como [71,75,76]:
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% — ks (qe _ qt)2 Equacéo 10

dt

Em que g. € a quantidade de soluto adsorvido por unidade de massa de
adsorvente no equilibrio (mg.g™?); g é a quantidade de soluto adsorvido por
unidade de massa de adsorvente no instante t (mg.g™) e k, é a constante de
pseudo-segunda ordem (g.mg.h™"). Integrando-se entre as condi¢bes de inicio
e fim:

t=0;0:=0

t=1t; 9= q;, obtém-se a Equacao 11:

ke,  t

= Equacédo 11
1+0,.kgt

t

A taxa inicial de adsorc3o (h,, expressa em mg.g.h™) é obtida quando t se

aproxima de zero.

ho = kS qe2 Equacéo 12

2.2.6.2.3 Modelo de Elovich

A equacao de Elovich tem sido aplicada satisfatoriamente em alguns
processos de quimissorcdo e com sucesso em processos de cinética de
adsorcao lenta. A equacao é valida para sistemas nos quais a superficie do

adsorvente é heterogénea e se apresenta na forma:
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% = a.exp(—,b’.qt) Equacéo 13

Integrando-se essa equacao nas condi¢des de contorno:
tzol Q= 0

t=t, q: = g, tem-se:
q 1 Ln(t+t,) 1 Ln(t,)
= o] T 5 0 Equacao 14
"B B

Na qual o é a taxa inicial de adsorg¢io (mg.gt.h™), B é a constante
relacionada ao grau de cobertura e a energia de ativacao envolvida no processo
de quimissorcdo (g.mg”) e t, = 1/ap. Se t for muito maior que t, (cinética

lenta), a equacao pode ser simplificada em:

g, = % Ln(a-ﬁ) + % I—n(t) Equacao 15

2.2.6.2.4 Modelo de Ordem Fracionaria

Apesar dos modelos cinéticos de pseudo-primeira ordem e pseudo-
segunda ordem serem os mais comumente empregados nos trabalhos de
cinética de adsorcao, a determinacao de alguns parametros ainda precisam ser
mais explorados na literatura. Devem ser avaliadas as mudancas das taxas de
adsor¢ao em funcao da concentracgao inicial do adsorvato, o tempo de contato
entre adsorvente e adsorvato e, também, a determinacdo dos modelos

cinéticos de ordem fracionaria.
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Uma equacgao alternativa de ordem fracionaria foi proposta inicialmente
por Lopes e colaboradores [77], na qual se fez uma adaptacao a funcao
exponencial de Avrami, utilizada para estudar cinética de decomposicao

térmica.

a=1-exp[-(k,, D] Equacéo 16

Em que o é a fragdo de adsorcdo (g:/g.) no tempo t, e kay é a constante
cinética de Avrami (h™), e n é a ordem fracionaria do processo que esta
associada as mudancas de ordem de adsorcdo de acordo com o tempo de

contato entre o adsorvente e o adsorvato.

9.

- =k, " 1 (9. —9,) Equagdo 17

Integrando-se essa equacao nas condi¢des de contorno:
t=0, qt= O

t=t, q; = q;, tem-se:

0. = qe{l_ exp[_(kAV -t)]n} Equacdo 18

2.2.6.2.5 Modelo de Difuséo Intraparticula

Esse modelo avalia a possibilidade da resisténcia da difusao intraparticula

afetar a cinética do processo de adsorcao [78] e, é descrito pela Equagao 19:
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qt = kid \/E +C Equacéo 19

Na qual, ky é a taxa de difusdo intraparticula (mg.g*.h®?), e C é a
constante relacionada com a espessura da camada de difusdo (mg.g™'). Quando
se constroi o grafico de g; em funcdo de +/t seria esperado um comportamento
linear, mas o processo pode ser regido por multiplas retas, indicando que a

cinética possui varias taxas de adsorc¢ao.

2.2.7 Adsorventes

Os adsorventes sdao, comumente, utilizados na forma granular, devendo
apresentar propriedades especificas, dependendo do campo de aplicacao. Em
geral, devem ser materiais resistentes, possuir alta capacidade de adsorcado e
elevada area superficial especifica [79,80].

Dentre os adsorventes mais empregados industrialmente destacam-se o
carvao ativado, a alumina ativada, a silica gel, as peneiras moleculares e
algumas argilas ativadas [81]. Uma variedade de estudos disponiveis na
literatura apresenta a adsorcao de corantes com os mais diversos materiais. Al-
Degs e colaboradores [82] utilizaram carvao ativado granular para extrair
corantes reativos, Dallago e Smaniotto [58] removeram corantes reativos de
solucdes aquosas por adsorcio em aparas de couro natural e wet blue. Ozcan e
Ozcan [83], por sua vez, estudaram a adsorcdo de corantes acidos em argila
bentonita ativada por acido sulfurico, enquanto que Bilgic [84] utilizou argilas
bentonita e septiolita, para remoc¢ao de corante basico.

Demirbas [85] apresentou uma revisdo que avalia a viabilidade de

empregar residuos agricolas como adsorventes, procurando diminuir ao
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maximo a contaminacao do efluente [86,87]. Muitos adsorventes podem ser
regenerados apds o uso ou permanecerem armazenados em locais secos, sem

causar danos ao meio-ambiente [88,89].

2.2.7.1 Carvao e Carvao Ativado

Carvoes sao rochas sdlidas caracterizadas por um alto teor de carbono
(55% a 95%) livre ou combinado, diretamente combustiveis em presenca do
oxigénio do ar. As cinzas resultantes de sua combustdao sdo pulverulentas e
constituidas por minerais predominantemente de silica e aluminio. O grupo dos
carvoes compreende as turfas, linhitos, hulhas e antracitos. Tais rochas fazem
parte dos combustiveis minerais (carvoes, folhetos betuminosos e os petréleos
ou betumes) [90].

Os carvOes originam-se de vegetais superiores e de residuos vegetais
terrestres (troncos, galhos, arbustos, folhas, sementes, pdlens, celulose) cujas
deposicdes ao longo do tempo geoldgico sofreram diagénese e compactacao
na bacia sedimentar, e transformacdes devidas a pressdes e temperaturas,
concentrando carbono e hidrogénio em rochas estratificadas. A qualidade dos
carvOes depende da natureza da matéria vegetal, do clima, da localizacao
geografica e da evolucdo geoldgica da regido (regressao marinha, circulacao de
aguas, taxa de deposicdo sedimentar, subsidéncia, transformacdes fisico-
quimicas, carbonizacdao, metamorfismo) [90].

O carvao ativado é uma forma porosa de carvao, de origem animal,
vegetal ou mineral. Ndo tem odor ou sabor e é praticamente insoluvel em
todos os solventes, podendo ser usado na forma granulada ou em po.
Apresenta elevado numero de poros formando uma darea interna consideravel,

gue lhe confere apreciavel capacidade de adsorcdao de substancias organicas e
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inorganicas. Esse material, contudo, ndo possui grande capacidade de adsorcao
de acidos e bases fortes, nem de agentes corrosivos. Sua atividade é limitada
na presenca de alguns sais inorganicos, como os de ferro e de litio, e de alguns
solventes organicos, como o etanol e o metanol [91].

Quase todos os materiais que possuem alto teor de carbono podem ser
ativados. Os precursores comumente utilizados sao cascas de coco, de arroz, de
nozes, carvoes minerais, madeiras, turfas, residuos de petréleo, ossos de
animais, carocos de péssego, damasco, améndoa, ameixa, azeitona e graos de
café [92,93]. A maior parte dos materiais carboniferos possui certo grau de
porosidade, com area superficial especifica variando entre 10 a 100 m>.g™.
Apos a ativacdo, o carvao poderd apresentar area superficial especifica superior
a 1000 m>.g™. Os carvdes comerciais mais utilizados possuem &rea superficial
especifica de 600 a 1500 m*.g™ [92].

A particula de carvao ativado é formada por uma complexa rede de poros
classificados, segundo a IUPAC [94], em microporos (poros com diametros
menores que 2 nm), mesoporos (diametros entre 2 nm e 50 nm) e macroporos
(didametros maiores que 50 nm). Os macroporos pouco contribuem para a area
superficial especifica, mas agem como condutos para a passagem do fluido ao
interior da superficie dos mesoporos e microporos, onde a adsor¢ao ocorre
com maior frequéncia. Todos os carvdes ativados contém micro, meso e
macroporos em sua estrutura, mas a propor¢ao relativa varia
consideravelmente de acordo com o precursor e o processo de ativacao
utilizado [94].

A capacidade de adsorcdao do carvao ativado é determinada tanto pelas
suas propriedades fisicas, como pela natureza quimica de sua superficie, que
varia com o tipo de matéria-prima utilizada na queima e a forma de ativacao ao

qual o carvao foi submetido. Sua superficie pode, ainda, ser modificada por
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diferentes tratamentos, os quais incluem oxidacdao em fase liquida com acido
nitrico, sulfurico, fosférico e perdxido de hidrogénio, oxidacao em fase gasosa
com oxigénio ou monodxido de dinitrogénio e, ainda, tratamentos térmicos a
alta temperatura [92].

As aplicacdes dos carvies ativados sdao inumeras, podendo-se citar a
purificacdo de aguas residuais industriais, a adsor¢ao de substancias organicas,
a reducdo direta de gases poluentes, como o mondxido de carbono, e o

suporte de catalisadores para reacdes gas-solido.

2.2.7.1.1 Producéo de Carvéao Ativado
Os carvoes ativados podem ser obtidos por meio da carbonizacdo do

precursor seguida da ativacdo, para desenvolvimento dos vazios internos. Os
parametros importantes que irdo determinar a qualidade e o rendimento do
produto carbonizado s3ao a taxa de aquecimento, a temperatura final, o fluxo
de gds de arraste e natureza da matéria prima [92].

A carbonizacao, ou pirdlise, é usualmente feita na auséncia de ar, em
temperaturas compreendidas entre 500 e 800 °C. Tem a finalidade de remover
o material volatil e os gases leves (CO, H,, CO, e CH,) da matéria-prima e,
produzir uma massa fixa de carbono e uma estrutura porosa primaria que
favorece a ativacdo posterior. O resultado dessa etapa depende,
principalmente, da temperatura fixada, tempo de carbonizacdo, taxa de
aquecimento, temperatura final de aquecimento e fluxo de gas inerte. A
reatividade do material carbonizado cresce com o aumento do conteudo de
carbono no material utilizado [62].

Di Bernardo e colaboradores [95] estudaram o efeito da temperatura e da

taxa de aquecimento de carbonizagdao nas propriedades dos graos e na etapa
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de ativacdao. Segundo sua investigacdo [95], os graos mais resistentes sao
obtidos com temperatura final de aquecimento de 700 °C a 800 °C e com taxa
de aquecimento abaixo de 10 °C.min™. Pode-se dizer que a finalidade principal
da etapa de carbonizacdo é a geracao da porosidade requerida nos graos e a
ordenacao da estrutura compacta do material carbonifero. Ambos os fatores
influem crucialmente na reatividade do material carbonizado e sua reacdao com
os agentes gasosos de ativacdo. A reatividade do material carbonizado cresce
com o aumento da porosidade gerada e com a diminuicao da ordenagao
estrutural compacta do material [95].

Como o carvdo carbonizado possui uma estrutura porosa fracamente
desenvolvida, ha necessidade de sua ativacao, etapa que pode ser fisica,
gquimica ou assistida a plasma. Na ativagao fisica sao usados gases oxidantes
(vapor de agua, gas carbdnico ou oxigénio) em temperaturas maiores que
aquelas empregadas na carbonizacdao. Na ativacao quimica, a matéria-prima é
previamente impregnada com uma solucao aquosa de agentes desidratantes
como dacido fosfdrico; acido sulfurico, hidréxido de potdssio e cloreto de zinco
antes da carbonizacdo. Na ativacao assistida por plasma a frio, a matéria-prima
é tratada com plasma frio de carater oxidante antes da carbonizacao [95].

No processo de ativacdo, o agente oxidante reage com o carbono e, o
dioxido de carbono formado se difunde através dos graos de carvao, abrindo os
poros obtidos na etapa da carboniza¢ao e formando novos poros. Na Figura 3
sao apresentadas, resumidamente, as principais etapas do processo de

producado de carvao ativado.
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Figura 3. Fluxograma da producgao de carvéo ativado

A oxidacdo do carbono é um processo heterogéneo complexo, envolvendo
o transporte de reagentes as superficies dos graos, sua difusdao no interior dos
poros, adsorcao quimica na superficie dos poros, reacdo com o carbono,
dessorcao dos produtos da reacao e difusao desses produtos na superficie dos
graos. Esse processo depende fundamentalmente da temperatura: em
temperaturas baixas, a taxa de reacdo dos agentes oxidantes com o carbono é
lenta, com producao de graos com distribuicido uniforme de poros; em
temperaturas muito elevadas, ocorre a queima do material carbonifero e nao
resulta a formacao da estrutura porosa desejada. As rea¢des basicas que

podem ocorrer sao [95]:

a) Com oxigénio
C+ 0, - CO> AH= -387 kJ.mol* Reacéo 6

2C + 0 — 200 AH= -226 kJ.mol* Reacéo 7
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Ambas as reacdes sao exotérmicas, entretanto, o mecanismo de formacao
de CO, ou de CO ainda nao é totalmente entendido. Segundo Jankowska e
colaboradores [96], ambos os 6xidos sao produtos primarios, com a relagao

CO/CO, aumentando com o incremento da temperatura.

b) Com vapor de dgua

C + H0 —  H,+CO  AH= +130 kJ.mol? Reacéo 8

A reacdo 3 expressa a reacao basica do vapor de agua com o carbono e é
endotérmica. O mecanismo por meio do qual ocorre a rea¢dao do carbono com

o vapor de agua pode ser entendido através das seguintes reacdes:

C + H-0 Loy C(H-0) Reacao 9
C(H-0) -  H,+C0) Reacdo 10
ao) —  co Reacdo 11

O efeito inibitério do hidrogénio resulta do bloqueio dos centros ativos por

sua adsorcao, de acordo com a seguinte reagao:

C + H S  qH) Reacéo 12

Segundo Jankowska e colaboradores [96], no primeiro estagio da reagao as
moléculas de agua adsorvidas se dissociam, como mostrado nas reac¢des a
seguir. Tanto o hidrogénio quanto o oxigénio sao adsorvidos nas vizinhancas

dos sitios ativos, correspondendo a cerca de 2% da area superficial especifica.
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2C+H,0 ™ (H)+ COH) Reacdo 13

C(H) + C(OH)™* (CH:) + C(0) Reacdo 14

A reacdao do carbono com o vapor de adgua é acompanhada por uma
reacao secundaria, do mondxido de carbono com o vapor de dagua, denominada

reacao homogénea agua-gas, catalisada pela superficie do carvao:

CO+H0O — H;+CO> AH=-42 ki.mol? Reacdo 15

c) Com diéxido de carbono

Dois mecanismos diferentes sao considerados para explicar a interacao do
dioxido de carbono com o carbono. A diferenca basica entre os dois

mecanismos se baseia no efeito inibitdrio do mondxido de carbono.

Mecanismo 1

C + CO; -  q0)+ Cco Reacdo 16
ao) —  co Reacdo 17
co +C - o) Reacdo 18

Mecanismo 2
C + CO; -  q0)+ Cco Reacdo 19

aqo) — o Reacdo 20

Com relagao aos trés oxidantes usados para ativacao de carvao, destacam-

se as seguintes observacoes: i) as reacdes do carbono com o vapor de agua e
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com o diéxido de carbono prosseguem com a absorcdo de calor; ii) para uma
dada temperatura, a taxa de reacao do carbono com o didéxido de carbono é
cerca de 30% menor que a do carbono com o vapor de agua; iii) o uso de
oxigénio como agente oxidante pode causar superaquecimento no processo de
ativacdo. E dificil controlar a temperatura final, uma vez que a rea¢do com o
carbono é exotérmica [96,97].

O carvao ativado continua sendo um dos melhores adsorventes para
remocao de corantes de solug¢des aquosas. Entretanto, o uso do carvao ativado
de qualidade superior é oneroso, fato que pode restringir a sua aplicacao em

tratamento de efluentes em larga escala [98].

2.2.7.2 Adsorventes Alternativos e Biossorventes

O emprego dos adsorventes sintéticos, como as resinas poliméricas de
troca idnica [91], as silicas organofuncionalizadas [99,100] e os tecidos
modificados com grupos organicos [101,102], tém sido amplamente estudados
no tratamento de efluentes téxteis. A silica tem se mostrado bastante eficiente
no tratamento de efluentes contendo corantes basicos, mas ineficiente no
tratamento de corantes carregados negativamente, como os acidos, os diretos,
e os reativos [32,103]. Os adsorventes sintéticos possuem seletiva capacidade
de adsorcdo e, da mesma forma que o carvao ativado de alta qualidade,
apresentam custo elevado [101].

Devido as limitacdes das tecnologias convencionais para descoloracdo de
efluentes téxteis com corantes reativos e ao alto custo do carvao ativado
comercial e dos adsorventes sintéticos, tem se buscado adsorventes
alternativos eficazes para resolu¢dao do impasse ambiental [104,105].

Em geral, um adsorvente nao-convencional apropriado deve apresentar
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elevada capacidade de adsorcao, eficiéncia na remocao e tolerancia a uma
série de parametros das aguas residuais [106,107].

O Brasil apresenta um grande potencial industrial e agricola e gera muitos
produtos secundarios que, na maioria das vezes, sdao simplesmente
descartados. Esses materiais apresentam na sua parede celular uma grande
variedade de grupos organicos, tais como: acidos carboxilicos, fendis, aminas e
amidas, que podem adsorver corantes. Sua utilizacdo como adsorvente se
constitui uma unido vantajosa para o pais, principalmente do ponto de vista
ambiental.

Existem relatos da utilizacdo de uma série de subprodutos industriais e
residuos agricolas como adsorventes, tais como: cinzas [108,109]; 6xidos
metdlicos e 13 de aco [110]; residuos manufaturados de déleos comestiveis
[111,112]; carvao vegetal e mineral [113]; casca de arroz [114,115] e de coco
[116], residuos de café e cha [117], farelo [118] e casca de trigo [119] sementes
mucilaginosas [120]; serragem de madeira [121]; cascas e copas de arvore
[121,122]; materiais ricos em taninos [123]; cortica [124]; gramineas [125];
cactos [126]; musgos [127]; algas marinhas e seus derivados [128,129].

Certos materiais podem ter suas superficies modificadas quimicamente
com o objetivo de incrementar a quantidade de sitios ativos e,
consequentemente, aprimorar sua capacidade de adsorcdao. As principais
modificagdes incluem deslignificacao, esterificagdo de grupos carboxila e
fosfato, metilacao de grupos amino e hidrdlise de grupos carboxilato. Com a
mesma finalidade, podem ser carbonizados e ativados. Os produtos
carbonizados apresentam elevada capacidade de remocao de corantes de
solugBes aquosas, com a vantagem de ndo precisarem passar pelo processo de
ativacao na presenca de gases oxidantes especiais e altas temperaturas [130].

A respeito do elevado numero de estudos publicados, os subprodutos
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industriais e agricolas apresentam caracteristicas diversas e nem sempre estao
disponiveis em quantidade suficiente, o que pode desencorajar seu uso em
escala industrial. O conhecimento da estabilidade fisico-quimica desses
materiais e a reprodutibilidade das condi¢des de adsorcdo sdao fundamentais
para a sua aplicacdo. O estudo dos dados de equilibrio de adsor¢ao, bem como
dos modelos cinéticos, sdo essenciais para presumir o sistema de adsorgao

mais adequado para um tratamento especifico [131].

2.2.7.3Casca de Pinhao e sua Utilizacao como Adsorvente

A Araucaria angustifolia syn. Araucaria brasiliensis, € uma espécie da
familia Araucaridcea. E uma gimnosperma exclusiva do hemisfério sul,
abrangendo o sul e o sudeste do Brasil, bem como o leste da Argentina, e pode
atingir até 52 metros de altura [132].

Crescem em solo fértil e profundo, em clima tropical umido, subtropical
umido e subtropical de altitude, geralmente em regides com altitude superior a
500 metros e atingem bom desenvolvimento em 50 anos. Sua florada produz
cachos recobertos por escamas, que sao chamadas de pinhas. A arvore produz
cerca de 40 pinhas por ano ao longo de sua vida (que pode chegar até 200
anos) e cada pinha pesa, em média, 4 kg a 6 kg, com diametro variavel de 10
cm a 25 cm, e contém cerca de 150 pinhdes [132].

O pinh3ao é considerado um pseudofruto muito nutritivo, servindo de
alimento a aves, animais selvagens e ao homem. Apesar das cascas de pinhao
corresponderem a 22% de toda a semente, que pesa entre 7 g e 9 g,
comumente, ndo sdo aproveitadas, e levam muito tempo para se decomporem.

Anualmente no Brasil, sdo descartadas cerca de 20 toneladas de cascas que

poderiam ter outra finalidade [132,133].
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Royer e colaboradores [134] investigaram o uso das cascas de pinhao in
natura e carbonizadas como adsorventes para a remoc¢ao do corante azul de
metileno de solu¢des aquosas. As cascas de pinhdo e o material carbonizado
mostraram-se eficientes adsorventes para a remoc¢ao do corante azul de
metileno de solu¢des aquosas. Cinco modelos cinéticos foram utilizados para
ajustar o processo de adsor¢cao e, o modelo cinético de Avrami (ordem
fracionaria) foi o que melhor se ajustou aos resultados experimentais. O
modelo de difusdo intra-particula indicou trés regides lineares, que sugeriram
gue o processo de adsorgao seguiu multiplas taxas de adsorcao. A capacidade
méxima de adsorcdo foi 252 mg.g”' e 529 mg.g" para as cascas de pinh3o e o
material carbonizado, respectivamente.

Os autores [134] concluiram que o processo de carbonizacao das cascas de
pinhdo foi responsavel pelo aumento da capacidade de adsor¢ao do material
carbonizado. Esse aumento foi atribuido as diferencas texturais (area
superficial especifica, volume médio de poro e didametro médio de poro)
promovidas pela carbonizagao com acido sulfurico. O processo de carbonizagao
com acido a quente levou a desidratacao e a oxidacao das cascas de pinhao,
produzindo um material com alta capacidade adsorvente, sem a necessidade
da etapa de ativacao.

Considerando os bons resultados obtidos por Royer e colaboradores [134]
apos a otimizacdao das condi¢cdes de adsorcao, foi considerado interessante
estudar o uso das cascas de pinhao in natura e carbonizadas na remogao de
corantes utilizados em industrias téxteis. Além disso, foi avaliada a capacidade
de remocao de corantes pelo carvao ativado produzido a partir desse residuo

alimentar.
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3 OBJETIVO

Este trabalho foi conduzido no sentido de verificar a eficiéncia da remocao

de corantes de interesse ambiental por meio do processo de adsor¢cao em

batelada utilizando residuos de origem vegetal e carvao ativado produzido a

partir desses residuos como adsorventes.

Os objetivos especificos foram:

Obter adsorventes com alta capacidade de adsorcdo de corantes de
interesse ambiental;

Preparar e caracterizar o carvao ativado a partir de residuos de
origem vegetal;

Determinar as curvas cinéticas de adsorcao dos corantes ajustando os
resultados experimentais aos modelos teodricos;

Determinar as isotermas de equilibrio para a adsorcao de corantes
téxteis;

Contribuir para a pesquisa de materiais ambientalmente corretos que
se constituam em tecnologias limpas tanto na preparacdao de
adsorventes como na sua aplicagao;

Avaliar a capacidade de remocao de corantes em um efluente

sintético.

51



Parte Experimental

4 PARTE EXPERIMENTAL
4.1 MATERIAIS E METODOS

Neste capitulo serdao abordados os tépicos referentes aos materiais
utilizados na producdao e caracterizacdo dos diferentes tipos de carvao
preparados a partir da casca de pinhdo, bem como os métodos e os
equipamentos utilizados.

Para o preparo das solucdes foi utilizada agua desionizada. O corante
Laranja Reativo 16 (RO-16) (C.I. 17757; CyoH,7N5010S5Na,, 601,54 g.mol'l, Figura
4) empregado nos experimentos foi obtido da Sigma Chemical Co., USA, (50%

de pureza).

Figura 4. Férmula estrutural plana do corante Laranja Reativo 16 (RO-16)

O corante Vermelho de Prociona MX 3B (PR-3B), (C.I. 292775;
C44H24CI2N14020S6Na6, 1469,98 g.mol-1, Figura 5) utilizado foi adquirido na

Cotton Quimica (Novo Hamburgo-RS, Brasil), (70% de pureza).
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_ I
O Na O\\S CO ‘ s//O
Na 'O/ \\O O// \O Na

Figura 5. Formula estrutural plana do corante Vermelho de Prociona (PR-3B)

O terceiro corante estudado, do tipo catidnico, foi o Verde Brilhante (BG),

(C.I. 42040; C,7H3,N;0,S, 48263 g.mol™, Figura 6) obtido pela Vetec (Rio de
Janeiro-RJ, Brasil), (75% de pureza).

Figura 6. Formula estrutural plana do corante Verde Brilhante (BG)

As solucdes estoque foram preparadas pela dissolucdao dos corantes,
precisamente pesados, em agua destilada numa concentracio de 5,00 g.L*

[134]. As solugdes de trabalho do RO-16, PR-3B e BG foram obtidas por diluicao
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serial das solugOes estoques. Os ajustes de pH das solucdes foram feitos com
aliquotas de solucdes de HCl e NaOH 0,1 mol.L™, utilizando um pHmetro de

bancada Hanna HI 255 provido de um eletrodo de vidro combinado.

4.2 PREPARACAO DOS ADSORVENTES

A escolha do adsorvente a ser empregado neste trabalho foi resultado de
testes qualitativos de triagem e analise da capacidade de adsorcdao das
solucdes coradas. Inicialmente, foram preparadas solucdes diluidas dos
corantes RO-16, PR-3B e BG, enquanto que os residuos agroindustriais,
previamente selecionados pelas suas disponibilidades, eram secados e moidos.

As solucdes preparadas eram, entdo, adicionadas em tubos tipo Falcon de
50,0 mL juntamente com as quantidades estabelecidas dos residuos moidos e
deixadas em contato, sob agitacao constante, a 298 K. A diminuicao da
concentracao inicial da solu¢cao de corante, medida por espectrofotometria de
absorcdao molecular na regidao do visivel, dos testes indicava a viabilidade de
emprego do material como adsorvente. Com efeito, a casca de pinhao foi o
material que mais se destacou nessa etapa do trabalho.

O pinhao foi adquirido em um mercado local na cidade de Porto Alegre-RS.
Cerca de 2 kg de pinhdao foram cozidos em um béquer de vidro de 10 L por duas
horas para separar as sementes da cascas. A solu¢dao aquosa resultante desse
cozimento apresentava coloracdo marrom, continha fendis oxidados e foi
descartada [135]. As cascas foram imersas em 2 L de agua desionizada, e,
novamente, aquecidas até a fervura durante mais duas horas, a fim de remover
os compostos fendlicos soluveis em agua, que poderiam ser liberados no

processo de adsorcao. Posteriormente, as cascas foram lavadas com agua
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destilada e secadas a 343 K em estufa com suprimento de ar por oito horas.
Apods a secagem, as cascas foram moidas num moinho de facas e peneiradas
em uma série de peneiras Tyler, separando-se a fracdao de material com
diametro de particula menor ou igual a 250 um para ser usada. Essa porcdo de
cascas de pinhdao moidas foi designada como PW [135]. O fluxograma de

preparagao do adsorvente in natura, PW, é apresentado na Figura 7.

[ CASCA DE PINHAO (2 kg) |

“

[Cozimento(lo L de H,0 - 2h) ]

(eliminagdo compostos soluveis)

g

Separagao das cascas - descarte da solugao fendlica

&

2 Lde H,0 deionizada+ 2 h de fervura

Lavagemﬂ

Secagem em estufa (343 K por 8 h)

[ Moagem e peneiramento ]

(Particulas com diametro < 250 um)

1

Figura 7. Fluxograma de preparacao do adsorvente Jin natura (PW)

A fim de aumentar a capacidade maxima de adsorcao do PW, foi realizada
sua carbonizacao. Em um béquer de vidro de 500 mL, foram adicionados 5,00 g
de PW e uma aliquota de 25,0 mL de acido sulfurico concentrado (98% em
peso, 1,98 g.mL") produzindo um material de cor negra. Apés 10 minutos de
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agitacao com bastao de vidro, foram adicionados 175 mL de agua desionizada.
O sistema foi aquecido a 373 K e mantido nessa temperatura por duas horas,
sob agitacdo magnética. A mistura foi filtrada e lavada até que a agua de
lavagem atingisse pH 5,50. O sélido foi seco em estufa a 423 K por duas horas e
o produto resultante, denominado C-PW, foi mantido em dessecador. O
rendimento dessa etapa de carbonizacdo foi de 70%. O fluxograma de

preparacao do adsorvente carbonizado é apresentado na Figura 8.

PW (5g)

[ 25 mL H,SO, cc ]

J

Aquecimento (373 K sob agitacdo 10 min)

g

175 mL H,0 desionizada]

v

[Tratamento térmico a 373K sob agitacdo2 h

Filtracao

Lavagens com agua, K,CO3(aq) e dgua pH5,0-6,0

[ Secagem em estufa (423 K por 2 h) ]

Rendimento 70%

Figura 8. Fluxograma de preparacao do adsorvente carbonizado (C-PW)

Para preparar o carvao ativado quimica e fisicamente, 10,0 g do material

carbonizado (C-PW) foram adicionados em um reator de quartzo, provido de
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uma entrada e saida de gases, posicionado verticalmente em um forno
cilindrico. A amostra foi aquecida para remoc¢ao dos materiais volateis e
aumento do teor de carbono numa taxa de 7 K.min™' na temperatura de 298 K
a 1123 K, sob vazdo constante de N, (100 mL.min™"). Na segunda etapa, a
temperatura foi mantida constante a 1123 K por uma hora e trinta minutos e o
gas N, foi substituido por CO, (vazdo 150 mL.min™"). Para finalizar, o sistema foi
resfriado a temperatura ambiente e o CO, alternado para N,. O carvao ativado
guimica e fisicamente obtido foi designado AC-PW nos trabalhos com os
corantes RO-16 e PR-3B e como CPAC no trabalho com o corante BG. O
fluxograma de preparacao do carvao ativado quimica e fisicamente é

apresentado na Figura 9.

Material

[ C-PW (10 g) J }carbonizado

|

I Reatorde quartzo com entrada e saida de gases J

|}

[ Carbonizagdode 298K a 1123K (N,(g) - vazdo 100 mL.min!) por 4h ]

I

[ Tratamento térmico a 1123K com fluxo de CO,(g) por 1h e 30min ]

(vazdo 150 mL.min)

!

[ CO,(g) substituido por N,(g) ]

|

[ Resfriamento até T ambiente (2h) ]

Y

Rendimento 45% [AC-PW - CPAC]

Rendimento total 32%

Figura 9. Fluxograma de preparacao do carvao ativado quimica e fisicamente
[AC-PW (CPAC)]
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Para preparacao do carvao ativado quimicamente (CAC) foram utilizados
10,0 g do material carbonizado nado ativado (C-PW), introduzidos em um reator
de quartzo provido de entrada e saida de gases, posicionado verticalmente em
um forno cilindrico. A amostra foi aquecida para remocdo dos materiais
volateis e aumento do teor de carbono numa taxa de 7 K.min™" na temperatura
de 298 K a 873 K, sob vazao constante de N2 (100 mL.min-1). A temperatura
de 873 K foi mantida constante sob atmosfera de N2 por uma hora (vazdao 100
mL.min-1). Para finalizar, o sistema foi resfriado a temperatura ambiente. O
fluxograma de preparacao do carvao ativado quimicamente, designado CAC, é

apresentado na Figura 10.

[C-PW(lO g)] } Material

U' carbonizado

Reatorde quartzo com entrada e saida de gases

J

[ Carbonizagdode 298K a 873K (N,(g) - vazao 100 mL.min1), 4 h, 7 K.min! J

(remogdo dos materiais volateis e aumento do teor de carbono)

i

[ Temperaturamantidaa 873K - N,(g)-1h ]

¢

[ Resfriamento até T ambiente-2 h ]
Rendimento 60%

Figura 10. Fluxograma de preparacéo do carvao ativado quimicamente (CAC)
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4.3 CAPACIDADE DE REMOCAO DE CORANTES DE UM EFLUENTE

SINTETICO

Para avaliar a capacidade de remocao de corantes pelos adsorventes
preparados, foi simulado um efluente contaminado por corantes empregados
no tingimento de tecidos. Em dois diferentes valores de pH, foram preparadas
solugbes aquosas contendo quatro corantes reativos, dois corantes diretos e
seus correspondentes auxiliares quimicos. Geralmente, 10% dos corantes
reativos e 100% dos auxiliares permanecem nas aguas de lavagem e sua
composicao sofre de 5 a 30 diluicdes durante as subseqiientes lavagens. A
concentracao dos corantes e dos auxiliares quimicos selecionados para
simulacdo da agua do banho de lavagem (efluente sintético) é apresentada na

Tabela 4.

Tabela 4. Composi¢cao quimica do efluente sintético

Corante A (nm) Concentragao (mg.L™)

Corantes Reativos

Vermelho de Prociona MX 3B 535 100 100
Preto de Celmazol B 598 20 20
Laranja Brilhante de Remazol 3B 493 20 20
Vermelho Reativo 194 515 20 20
Corantes Diretos

Laranja Direto 4 403 20 20
Azul Direto 53 607 5 5
Auxiliares Quimicos

Na,SO, 200 200
NaCl 200 200
Na,CO3 50 50
CH;COONa 100 100
CH;COOH 52.450 800
pH 2,5 5,0
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4.4 CARACTERIZACAO DOS ADSORVENTES

4.4.1 Andlise Granulométrica

A andlise granulométrica ou peneiracdao consiste em fazer passar a
particula através de malhas progressivamente menores, até que ela fique
retida. O tamanho da particula sera compreendido entre a média da malha que
reteve (D;) e a imediatamente anterior (D,). A média aritmética da abertura

dessas malhas servird para caracterizar o tamanho fisico da particula (D).

D, +D,
2

D= Equacéo 20

As peneiras foram ordenadas da maior para a menor malha. A amostra foi
pesada e colocada na peneira do topo e, a seguir, agitada mecanicamente
(conforme o esquema apresentado na Figura 11) para separar as particulas

com diametro menor ou igual a 250 micrémetros.

Panairas 1 Massss
| |

Figura 11. Fracdes retidas na série de peneiras Tyler

Foram selecionadas seis peneiras da série Tyler para peneirar a casca de
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pinhdo, previamente tratada, seca e moida. O nimero da série Tyler indica o

numero de malhas por polegada e esta representada resumidamente na tabela

5 [47].
Tabela 5. Aberturas das malhas da série Tyler
N° da série Tyler Abertura da malha (mm) Diametro do fio (mm)
3 6,680 1,78
4 4,699 1,65
6 3,327 0,914
8 2,362 0,813
10 1,651 0,899
14 1,168 0,635
20 0,833 0,437
28 0,589 0,318
35 0,417 0,310
48 0,295 0,234
65 0,208 0,183
100 0,147 0,107
150 0,104 0,066
200 0,074 0,053
Fundo < 0,074 < 0,053

4.4.2 Determinacdo da Area Superficial Especifica dos Adsorventes

As isotermas de adsor¢cao e dessorcao de nitrogénio foram obtidas na
temperatura de ebulicao do nitrogénio liquido, apds prévia degaseificacao de
100 mg dos adsorventes por 3 horas a 523 K e 10” Torr. O experimento foi
realizado em um aparato volumétrico constituido por uma bomba de alto
vacuo do tipo turbo-molecular, um mandmetro capilar de mercurio, um
amostrador de quartzo e um calibrador de pressao Pirani Gauge. O aparato foi
calibrado com padrao de referéncia de alumina (Aldrich, 150 mesh, 5,8 nm e
155 m>.g?).

As dreas superficiais especificas, foram obtidos através de calculos
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baseados na metodologia proposta por Brunauer, Emmett e Teller, BET [136].
Os resultados foram analisados pelo software NOVA, versao 2.13.

Pela metodologia proposta por BET [136], para o calculo da area da
superficie total dos adsorventes é preciso determinar o volume de nitrogénio
necessario para formar uma monocamada sobre o material adsorvido em

diversas pressdes. A Equacgao 21 representa o calculo em relagdao ao peso [137].

P 1 N (C-1) xi ~
W[(Po - P)-1] CW,, CwW._ P, Equacdo 21

Em que W é o peso de N, adsorvido a pressao parcial P/Py; W,, € 0 peso de
uma monocamada de N,; Py é a pressao nas condi¢des normais; P é a pressao
aplicada e C é a constante da energia de condensacao.

Construindo-se o grafico que relaciona 1/[W(Py/P)-1] e P/P,, obtém-se
linearidade entre 0,05 < P/P, < 0,35. Através do coeficiente angular (s) e da

interseccdo da curva (i) determina-se a area superficial total (S;):

1
Wm =—7" Equacéo 22
S+1
W_N
St = mTACS Equacéo 23

Em que s é o coeficiente angular; i é a interseccdao da curva; W,, é o peso
de uma monocamada de N,; N é o numero de Avogadro (6,023.1023

, -1 , s . A e -1 2 , -1 ,
moléculas.mol™); A é a drea do nitrogénio (1,62.10™" m”.moléculas™) e M é a

massa molar do nitrogénio (28 g.mol™).
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A area superficial especifica (S) pode ser calculada através da relacao entre
a area superficial total (S;) e o peso da amostra (W), de acordo com a Equacao

24,

S=—- Equacao 24

4.4.3 Determinacdo do Volume e Distribuicdo dos Poros dos Adsorventes

Por definicdao, os poros de um material sdao os intersticios continuos e
interconectados que ocupam parte do volume do sélido. Eles podem ser
produzidos através da sinterizacdo de particulas cristalinas ou amorfas
diminutas, eliminacao de dgua e amobnia, decomposicao de carbonatos, dxidos
ou nitratos, atague quimico, acao do calor e posterior rearranjo da estrutura
solida, gerando poros abertos [137].

A determinacdo do volume de poros pode ser efetuada através dos
seguintes métodos: liquido inerte, porosimetria e condensacao de nitrogénio
liguido. Nesse ultimo, o volume total de poros é derivado da quantidade
adsorvida de nitrogénio, na temperatura do nitrogénio liquido, operando-se a
pressdes P/P, préximas a unidade, havendo assim uma condensacdo do
nitrogénio dentro dos poros do adsorvente. O volume de nitrogénio adsorvido
(Vaas), @ P/Po=1, recalculado para o volume de nitrogénio liquido (Viq)

condensado dentro dos poros, é o volume dos poros, conforme a Equacgao 25.

V- _ Pa'Vads 'Vm

lig = RT Equacgdo 25
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Em que P, é a pressdao nas condicdes ambiente (MPa); T é a temperatura
nas condicoes ambientes (K); V., € o volume molar do liquido adsorvido
(34,7 cm®.mol de nitrogénio?); R é a constante universal dos gases
(8,314 cm’>.MPa.K ™ .mol™).

Conforme a Equagdo 26, a média do diametro dos poros (r,) é calculada a
partir do volume total dos poros e da area superficial S, obtida pelo método
BET, desde que a contribuicdo dos poros que nao sdao preenchidos pelo
nitrogénio a uma pressdo menor ou préxima da relacdo P/P, = 1 seja

insignificante [137].

2V

*Ylig

p

Equacéo 26

A distribuicao do volume de poros, determinada pelo método proposto
por Barrett, Joyner e Halenda, BJH [138], considera que a pressao relativa inicial
(P/Pg) é préxima da unidade, estando assim todos os poros preenchidos com o
nitrogénio condensado. O primeiro poro a dessorver o nitrogénio, que é o de
maior raio (rp;), possui uma camada de moléculas de nitrogénio fisicamente
adsorvidas, de espessura t;. Dentro dessa camada existe uma capilaridade

interna com raio ry, segundo a Equacgao 27.

_27\/m

P Equacéo 27

Em que y é a tensdao superficial do nitrogénio na temperatura de
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evaporacdo (8,85.107 Mpa.cm™, a 77 K); V., é o volume molar do nitrogénio
liquido (34,7 cm®’mol®); R é a constante universal dos gases
(8,314 cm>.MPa.K*.mol™); T é a temperatura de evaporagdo do nitrogénio
(77 K); P/Py é a pressdo relativa do nitrogénio e r, é o raio Kelvin do poro.

A relagdo entre o volume de poro, V,,, e o volume da capilaridade interna,

Vy, é obtida conforme a Equacdo 28:

r n-1
Vpn = ﬁ AV, — At Z ACJ- Equac&o 28
rkn + : =
2

A distribuicdo mencionada na Equacdo 28 nao é utilizada na determinacao
de poros com diametros menores do que 20A, quando o adsorvato for N,. Para

isso, utiliza-se o calculo da equacao da reta linear entre dois pontos [138].

4.4.4 Microscopia Eletronica de Varredura

As amostras dos adsorventes foram coladas com fita dupla-face de
carbono nos stubs de aluminio (didametro 0,7 cm) e metalizadas com ouro. Os
adsorventes foram analisados por microscopia eletronica de varredura, MEV,
num microscopio JEOL, modelo JSM-6060, usando uma voltagem de 20 kV, com
ampliacao variavel de 1000 até 5000 vezes. O microscopio JSM-6060 se destina
ao estudo de amostras inorganicas, organicas e poliméricas, e opera numa
tensao de 0,1 kV a 30 kV, podendo ser utilizado em observag¢des convencionais

de imagem em elétrons secundarios (IES).
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4.4.5 Espectroscopia Vibracional na Regido do Infravermelho

Os adsorventes foram caracterizados por espectroscopia vibracional na
regiao do infravermelho com transformada de Fourier utilizando um
espectrofotometro Nicolet FTIR, modelo 6700, com resolucao de 4 cm™,
realizando-se 100 varreduras.

Para a andlise, foram preparadas pastilhas (100 mg e 5 cm’ de area)
contendo 1% de adsorvente e 99% de KBr. Os sélidos, previamente secos em
estufa, foram misturados em um gral de 4gata e prensados a 7 ton.cm™. As
pastilhas foram introduzidas no porta-amostras e analisadas na regiao do

infravermelho, a temperatura ambiente [139].

4.4.6 Analise Termogravimétrica

As curvas termogravimétricas, TGA, e as curvas das derivadas
termogravimétricas, DTG, foram obtidas no termoanalisador TA Instruments,
modelo TGA Q5000, com uma taxa de aquecimento de 10 K.min*, com fluxo de
nitrogénio de 20 mL.min™, variando-se a temperatura de 298 K a 973 K, com

massa inicial de 3,00 mg a 20,00 mg de sdlido [140].

4.4.7 Determinacao do Potencial de Carga Zero

Para a determinagdo do potencial de carga zero (pH,,) dos adsorventes,
foram adicionados 20,00 mL de solu¢ao de NaCl 0,050 mol.L™ a vdérios
Erlenmeyers. Os valores iniciais de pH (pH;) das solu¢des foram ajustados de 2,0
a 10,0 gotejando-se solucdo de HCl e NaOH 0,1 mol.L™}, sob agitacdo
magnética. O volume total de solucao de cada frasco foi ajustado para 30,0 mL

com solucdo de NaCl 0,050 mol.L™ e os valores do pH; das solucdes foram
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medidos. Em cada um dos Erlenmeyers foram acrescentados 50,0 mg dos
adsorventes e, imediatamente, os mesmos foram tampados. As suspensdes
foram deixadas sob agitacao constante em um agitador reciprocante Tecnal,
modelo TE-240, a 150 rpm e 298 K, por 48 horas, para que atingissem o
equilibrio. As suspensdes foram, entdo, centrifugadas a 3600 rpm por 10
minutos e os valores de pH (pH;) das solucdes sobrenadantes foram
registrados. O valor de pH,,. € o ponto em que a curva de ApH (pHypH;) em

funcao do pH;cruza a linha de zero [141].

4.4.8 Estudos de Adsorcdo

Os estudos de adsorcao foram realizados em triplicata. Para esses
experimentos foram pesados de 20,0 a 200,0 mg de adsorvente em Tubos
Falcon de 50,0 mL, contendo 20,0 mL de solucdo do corante (5,00 mg.L'1 a
1500,0 mg.L™"). Os Erlenmeyers foram deixados sob agitacdo por um periodo
adequado de tempo (de 5 minutos a 24 horas), a 298 K. O pH das solucdes de
corante variaram de 2,0 a 10,5.

Posteriormente, as amostras foram centrifugadas a 3600 rpm em uma
centrifuga Fanem Baby |, por 10 minutos, e aliquotas de 1 mL a 10 mL do
sobrenadante foram devidamente diluidas com agua em balao volumétrico. A
concentracao final do corante remanescente na solucao, apés a adsorcao, foi
determinada por espectrofotometria de absor¢ao molecular na regidao do
visivel, utilizando um espectrofotometro Femto 600S, com cubetas de vidro
Optico de 1,00 cm de caminho 6ptico e volume igual a 3,5 mL.

Foram feitas medicdes de absorbancia no comprimento de onda maximo
dos corantes RO-16, PR-3B e BG, em 493 nm, 535 nm e 621 nm,

respectivamente. Os limites de deteccao de RO-16, PR-3B e BG usando o
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método espectrofotométrico, determinados de acordo com a IUPAC [142],
foram 0,12; 0,20 e 0,18 mg/L, respectivamente.

O limite de deteccdao representa a menor concentracao do analito que
pode ser detectada mas nao necessariamente quantificada. A maneira mas

simples de se calcular i limite de deteccao é através da Equacao 29 [143]:

LD =Sb +3s Equacgéo 29

Em que s é o desvio padrao de 10 leituras consecutivas do branco e Sb o
sinal médio das leituras do branco. Para o calculo do desvio padrao utiliza-se a

Equacao 30.

N
v)2
B .Zzl:(xi X) Equacéo 30

N-1

S

Para transformar os sinais de absorbancia obtidos em unidades de
concentracdo (mg.L™, no caso) basta empregar a equacdo de regress3o linear
da curva de calibracao [143].

A quantidade do corante adsorvido e a porcentagem de remoc¢ao de
corante pelos adsorventes foram calculadas mediante aplicacao das Equacdes

31 e 32, respectivamente:

_G.-Co,
m

Equacédo 31
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X (Co - Cf ) -
% Re mocao = 1OO.C— Equacéo 32

0

Em que g é a quantidade de corante adsorvido pelos adsorventes
(mg.g™); C, é a concentragdo inicial da solucdo de corante em contato com o
adsorvente (mg.L™); C é a concentragdo do corante (mg.L™") apds o processo de
adsorcdo; V é o volume de solucdo de corante (L) em contato com o adsorvente

e m é a massa (g) do adsorvente.

4.4.9 Avaliacao Estatistica dos Parametros Cinéticos e das Isotermas de
Adsorcdo

Os modelos de equilibrio e cinética de adsorcao foram ajustados
empregando o método de ajuste nao-linear, utilizando o programa Microcal
Origin 7.0.

A avaliacao dos modelos de cinética e equilibrio de adsorcao foi realizada
pela funcao erro (Feror) apresentada na Equacao 33, que compara, ponto a
ponto, os dados experimentais com os obtidos pelo modelo ajustado [144]. Os
modelos que possuirem menor valor de Feor S30 0s mais adequados para

descrever o comportamento experimental.

2

F . i qimodelo_qiexperimental 1

error = Equacéo 33

i qi exp erimental P— 1

Nessa equacdo Qimodelo © @ capacidade de adsorcao do adsorvato pelo

adsorvente fornecida pelo modelo pré-definido e ajustado; Giexperimental € @
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capacidade de adsorcao obtida experimentalmente e p € o niumero de pontos
experimentais realizados. Para avaliacdao da F., foi utilizada uma planilha do
programa Microsoft Excel.

O valor de coeficiente de determinacdo, R’ fornecido pelo programa
Microcal Origin 7.0, também é empregado para analise do ajuste do modelo

obtido.

n - n
2 2
Z (ql experimental ~ q exp erimental ) - Z (qiexp erimental qmod elo )
R? = ' Equacdo 34

n _
2
Z (ql experimental q exp erimental )
i

No qual Jqyperimentar € @ Média de todos os valores de ¢ erimental -

Os modelos que apresentarem um coeficiente de determinacao mais
proximo da unidade sao os mais adequados para descrever o comportamento

experimental [144].
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5 CONCLUSAO

A escolha de um método de remocao de corantes téxteis depende de uma
série de fatores, tais como a classe de corantes a ser removida; a composicao
quimica e a concentracao do efluente e o destino dos subprodutos formados.

Com esse intuito, foram preparados materiais carbonizados e carvoes
ativados a partir das cascas de pinhdao que podem ser efetivamente utilizados
como adsorventes. Esses materiais apresentaram alto percentual de remogao
de corantes téxteis de elevada estabilidade e de dificil degradacdao pelos
sistemas de tratamento convencionais.

A caracterizacdo, o estudo da capacidade de adsorgcao e a otimizagao do
processo de interacdo entre os adsorvatos e o adsorventes foram
imprescindiveis para mostrar que residuos agricolas podem ser utilizados, de
forma competitiva e, até mesmo, substituir os materiais habitualmente
empregados na adsorcao de efluentes contendo corantes.

O Brasil apresenta um grande potencial industrial e agricola e gera muitos
produtos secundarios que, na maioria das vezes, sdao simplesmente
descartados. Sua utilizacdo como adsorventes se constitui uma unido vantajosa

para o pais, principalmente do ponto de vista ambiental.
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ABSTRACT

Activated (AC-PW) and non-activated (C-PW) carbonaceous materials were prepared from the Brazilian
pine-fruit-shell (Araucaria angustifolia) and tested as adsorbents for the removal of Procion Red MX 3B
dye (PR-3B) from aqueous effluents. The activation process lead to increase in the specific surface area,
average porous volume, and average porous diameter of the adsorbent AC-PW when compared to C-PW.
The effects of shaking time, adsorbent dosage and pH on adsorption capacity were studied. PR-3B uptake
was favorable at pHs ranging from 2.0 to 3.0 for C-PW and 2.0 to 7.0 for AC-PW. The contact time required
to obtain the equilibrium using C-PW and AC-PW as adsorbents was 6 and 4 h at 298 K, respectively. The
values of the function error (Ferror) Of fractionary-order kinetic model was at least 15 times lower than
the values obtained with pseudo-first-order, pseudo-second order and Elovich kinetic models, indicating
that this kinetic model was better fitted to the experimental results. For equilibrium data the Fe;ror Values
of the Sips isotherm model were at least 4.0 lower than the values of Langmuir, Freundlich, and Redlich-
Peterson isotherm models using C-PW and AC-PW as adsorbents. The enthalpy and entropy of adsorption
of PR-3B were obtained from adsorption experiments ranging from 298 to 323 K. Simulated dyehouse

effluents were used to check the applicability of the proposed carbons for effluent treatment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Industrial activity is responsible for generating large volumes
of effluents containing hazardous species. Color is one of the most
important hazardous species found in industrial effluents which
needs to be treated, because the presence of dyes in water reduces
light penetration, precluding the photosynthesis of aqueous flora
[1,2]. Also, dyes can cause allergy, dermatitis, skin irritation and
cancer in humans. There are reports that some dyes may cause
mutagenicity in humans [3]. Colored waters are aesthetically objec-
tionable for drinking and other purposes. Therefore, industrial
effluents containing dyes need to be treated before being released
into the environment.

The most efficient procedure for the removal of synthetic dyes
from industrial effluents is the adsorption procedure. This process
transfers the dye species from the water effluent to a solid phase
thereby keeping the effluent volume to a minimum [4-6]. Subse-
quently, the adsorbent can be regenerated or stored in a dry place
without direct contact with the environment [7-9].

* Corresponding author. Tel.: +55 51 3308 7175; fax: +55 51 3308 7304.
E-mail addresses: profederlima@gmail.com, eder.lima@ufrgs.br (E.C. Lima).

1385-8947/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.cej.2009.08.019

Activated carbon is the most employed adsorbent for toxic
specie removal from aqueous effluents because of well-developed
pore structures and high internal surface area that lead to its
excellent adsorption properties [10]. Besides these physical charac-
teristics, the adsorption capacity is also dependent on the source of
the organic material employed for the production of the activated
carbon [11], as well as the experimental conditions employed in
the activation processes [11].

Activated carbon can be prepared by a variety of chemical [12]
and physical [13] activation methods and in some cases by a com-
bination of both types of methods [14]. Chemical activation is the
process where the carbon precursor material is firstly treated with
aqueous solutions of dehydrating agents (i.e. H3POyg4, ZnCly, H,SOy4,
KOH). Subsequently the carbon material is dried at 373-393K to
eliminate the water. In a subsequent step the chemically treated
carbon material is heated between 673 and 1073 K under nitro-
gen atmosphere [11,12]. Physical activation consists of a thermal
treatment of previously carbonized material with suitable oxidiz-
ing gases, such as air at temperatures in the 623-823 K range or
1073-1373 K using steam and/or carbon dioxide [11,13].

Although activated carbon is one of the best adsorbents for dye
removal from aqueous solutions, the extensive use of high quality
activated carbon for dye removal from industrial effluents is very
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Scheme 1. Structural formulae of Procion Red MX 3B.

expensive, limiting its large application for wastewater treatment
[15]. On the other hand, agricultural wastes have low economic
value due to their large abundance; additionally, their current
deposition creates significant environmental degradation problem.
Agricultural waste is a rich source for the activation of carbon pro-
duction due to its low ash content and reasonable hardness [15];
therefore, conversion of agricultural wastes into activated carbon is
a promising alternative to solve environmental problems and also
to reduce the costs of activation carbon preparation [15].

There are currently a large number of studies regarding the use
of several agricultural wastes to produce activated carbons. Most of
them focus on the use of waste materials of considerable rigidity,
such as the shells and/or stones of fruits like nuts, peanuts, olives,
dates, almonds, apricots and cherries [15]; however, wastes result-
ing from the production of cereals such as rice, coffee, soybean,
maize and corn as well as olive cakes, sugar cane and sugar beat
bagasse, coirpith, oil-palm shell (from oil-palm processing mills)
and various seed wastes were already used with success [15].

Alternatively to activated carbon, non-activated carbonized
materials also present some ability for the removal of dyes from
aqueous solutions [16,17] and also presenting the advantage that
these materials does not require an activation process at higher
temperatures in the presence of special gases.

In the present work, the use of Brazilian pine-fruit-shell (Arau-
caria angustifolia syn. Araucaria brasiliensis), is proposed as a
precursor for preparation of non-activated carbonaceous materi-
als (C-PW) [17], as well as the activated carbonaceous materials
(AC-PW). These adsorbents were successfully used to remove the
Procion Red MX 3B dye (PR-3B) from aqueous solutions. The equi-
librium, kinetic and thermodynamic data of the adsorption process
of the dye onto the adsorbents was investigated.

2. Materials and methods
2.1. Solutions and reagents

De-ionized water was used throughout for solution
preparations. Procion Red MX 3B dye (PR-3B) (CI. 292775;
C44H24Cl;N14050S¢Nag, 1469.98 gmol~1, see Scheme 1) was
obtained from Cotton Quimica (Novo Hamburgo-RS, Brazil), as
a commercially available textile dye, with 70% dye content, and
it was used without further purification. The stock solution was
prepared by dissolving dye in distilled water to the concentration
of 5.00gL-1. The working solutions were obtained by diluting the
dye stock solution to the required concentrations. To adjust the
pH solutions, 0.10mol L-! sodium hydroxide or hydrochloric acid

solutions were used. The pH of the solutions was measured using
a Hanna (HI 255) pH meter.

2.2. Adsorbents preparation

The Brazilian pine-fruit (pifion) shell was dried and milled as
previously reported [18,19]. The carbonization of the Brazilian
pine-fruit-shell was achieved as previously reported [17], obtaining
the carbonized material assigned as C-PW.

To prepare the activated carbon adsorbent, 10.0 g of previously
carbonized material (C-PW)was placed in a quartz reactor provided
with a gas inlet and outlet, which was then placed in a vertical
cylindrical furnace. In the first step, the sample was heated from
room temperature to 1123 K, at a heating rate of 7 Kmin~! under N,
atmosphere (flow rate: 100 mLmin~1). In step 2, the temperature
was kept isothermal for 1.5h and the gas flow was switched to
CO, (flow rate: 150 mL min~1!). Afterwards, the system was cooled
down to room temperature, and the gas was again switched to N,.
The activated carbon obtained was assigned as AC-PW.

2.3. Adsorbent characterization

The N, adsorption/desorption isotherms of the adsorbents were
obtained at the liquid nitrogen boiling point, in a homemade
volumetric apparatus [20], with a vacuum line system employ-
ing a turbo molecular Edwards vacuum pump. The pressure
measurements were made using a capillary Hg barometer. The
apparatus was frequently checked with an alumina (Aldrich) stan-
dard reference (150 mesh, 5.8nm and 155m2g-1). Prior to the
measurements, the adsorbent samples were degassed at 250°C, in
vacuum, for 3 h. The specific surface areas were determined from
the Brunauer, Emmett and Teller (BET) [21] multipoint method and
the pore size distribution were obtained using Barret, Joyner, and
Halenda (BJH) method [22].

The points of zero charge (pHpz) of the adsorbents were
determined by adding 20.00 mL of 0.050 molL~! NaCl to several
Erlenmeyer flasks. A range of initial pH (pH;) values of the NaCl solu-
tions were adjusted from 2.0 to 10.0 by adding either 0.1 mol L~ of
HCl and NaOH. The total volume of the solution in each flask was
brought to exactly 30.0 mL by further addition of 0.050 mol L~ NaCl
solution. The pH; values of the solutions were then accurately noted
and 50.0 mg of C-PW and AC-PW were added to each flask, which
were securely capped immediately. The suspensions were shaken
in a shaker at 25 °C and allowed to equilibrate for 48 h. The suspen-
sions were then centrifuged at 3600 rpm for 10 min and the final
pH (pHg) values of the supernatant liquid were recorded. The value
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Table 1
Kinetic adsorption models.

Table 3
Chemical composition of the simulated dyehouse effluents.

Kinetic model Non-linear equation

Avrami
Pseudo-first-order

qc = qe{1 — exp[—kavt]"V}
e =qe[1 — exp(—kst)]

kgqgt

Pseudo-second order Gt = Trgekst

ho — ksqg
Initial sorption rate
Elovich qr = % In(aB) + % In(t)

Intra-particle diffusion qc = kigVE+C

of pHpzc is the point where the curve of ApH (pHf — pH;) versus pH;
crosses the line equal to zero [23].

2.4. Adsorption studies

The adsorption studies for evaluation of the C-PW and AC-PW
adsorbents for the removal of PR-3B dye from aqueous solutions
were carried-out in triplicate using the batch contact adsorption.
For these experiments, fixed amount of adsorbents (20.0-200.0 mg)
were placed in a 50 mL glass Erlenmeyer flasks containing 20.0 mL
of dye solutions (20.00-1500.0mgL-!), which were agitated for
a suitable time (0.25-8 h) at 298-323 K. The pH of the dye solu-
tions ranged from 2.0 to 10.0. Subsequently, in order to separate
the adsorbents from the aqueous solutions, the flasks were cen-
trifuged for 10 min. The final concentrations of the dye remaining
in the solutions were determined by visible spectrophotometry.
Absorbance measurements were made at the maximum wave-
length of PR-3B which was 535 nm. The PR-3B detection limit using
the spectrophotometric method, determined according to IUPAC
[24], was 0.20mgL1.

The amount of the dye uptake and percentage of removal of
dye by the adsorbents were calculated by applying Egs. (1) and (2),
respectively:

Co—C
g= =GV M)

m
100(C, — Cf)

%removal = C
0

(2)
where q is the amount of dye taken up by the adsorbents (mgg~1),
C, is the initial PR-3B concentration put in contact with the adsor-
bent (mgL-1), Cr is the dye concentration (mg L-1) after the batch
adsorption procedure, V is the volume of dye solution (L) put in
contact with the adsorbent and m is the mass (g) of adsorbent.

2.5. Kinetic and equilibrium models

The Avrami, pseudo-first-order, pseudo-second-order, Elovich
and the intra-particle diffusion model kinetic equations are given
in Table 1 [25].

The Langmuir, the Freundlich, the Sips and the Redlich-Peterson
isotherm equations are given in Table 2 [26].

Table 2
Isotherm models.
Isotherm model Equation
. K C
Langmuir Qe = Q'l“jéléee
Freundlich qe = KpClImF
. QmaxksC1/Ms
Sips = ol
P t 14KsCL ™S
ey __KgpCe .
Redlich-Peterson ge = oS where0 <g <1

Dye A (nm) Concentration (mgL-")
Reactive dyes
Procion Red MX 3B 535 100 100
Celmazol Black B 598 20 20
Remazol Brilliant Orange 3B 493 20 20
Reactive Red 194 515 20 20
Direct dyes
Direct Yellow 4 403 20 20
Direct Blue 53 607 5 5
Auxiliary chemical
Na; S04 200 200
Nacl 200 200
Na,COs 50 50
CH3COONa 100 100
CH5COOH 52,450 800
pH 2.5 5.0

2.6. Statistical evaluation of the kinetic and isotherm parameters

The kinetic and equilibrium models were fitted employing the
non-linear fitting method, using the non-linear fitting facilities of
the software Microcal Origin® 7.0. In addition, the models were also
evaluated by an error function [27], which measures the differences
in the amount of dye taken up by the adsorbent predicted by the
models and the actual g measured experimentally.

n 2
Ferror(z) = 100x Z (q"exp — ql,model) (n 1 p) 3)
i

qi,exp

where gj moqel is the value of g predicted by the fitted model and
Qi exp is the value of g measured experimentally, and n is the number
of experiments performed, and p is the number of parameter of the
fitted model.

2.7. Simulated dyehouse effluent

Two synthetic dyehouse effluents containing four representa-
tive reactive dyes plus two direct dyes used for coloring fibers
and their corresponding auxiliary chemicals were prepared in two
different pH values, using a mixture of different dyes most often
applied to textile fibers industries. According to the practical infor-
mation obtained from a dyehouse, typically 20% of the reactive dyes
and 100% of the dyebath auxiliaries remain in the spent dyebath,
and its composition suffer a 5-30-fold dilution during subsequent
washing and rinsing stages. The concentrations of the dyes and aux-
iliary chemicals selected to imitate the exhausted dyebath are given
in Table 3.

3. Results and discussion
3.1. Characterization of the adsorbents

The physical and chemical properties of C-PW and AC-PW are
presented in Table 4. The textural properties of activated carbon
prepared from Brazilian pine-fruit-shell (AC-PW) were remarkably
changed with the activation process using CO,. The specific sur-
face area increased more than 2.0-fold, the average pore volume
increased by 2.4-fold and the average pore diameter increased
by 2.0-fold. These textural parameters suggest that AC-PW could
present a better performance compared with C-PW, as adsorbent
to remove dyes from aqueous solutions, as reported earlier [1,17].
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Table 4
Physical and chemical properties of the adsorbents.

Specific surface area—BET (m2g~1)

C-PW 701
AC-PW 1436
Average pore volume (cm3g~1)

C-PW 0.22
AC-PW 0.56
BJH average pore diameter (nm)

C-PW 3.95
AC-PW 7.76
Point of zero charge (pHpzc)

C-PW 3.86
AC-PW 7.86

3.2. Effects of acidity on adsorption

One of the most important factors in adsorption studies is the
effect of the acidity of the medium [25,26]. Different species will
present divergent ranges of suitable pH depending on which adsor-
bent is used. The effects of initial pH on percentage of removal of
PR-3B dye using C-PW and AC-PW were evaluated within the pH
range between 2 and 10 (Fig. 1A and B, respectively). For C-PW as
adsorbent, the percentage of removal of PR-3B dye was kept prac-
tically constant with variations <2.0% in the pH range of 2.0-3.0.
When the pH was taken from 3.5 to 10.0 the percentage of dye
removal decreased by 36.6%. For AC-PW, the percentage of dye
removal was constant for pH solutions ranging from 2.0 up to 7.2. In
the pH interval between 8.0 and 10.0, a 19.0% decrease in the per-
centage of removal was observed. The AC-PW adsorbent shows a
larger optimal pH interval for adsorption of PR-3B when compared
with C-PW.

C-PW

60
(A)
50
40+

30

% Removal

204

pH initial
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The pHpzc for both adsorbents confirm the ranges of optimal
pH values for PR-3B removal from aqueous solutions (see Fig. 1).
The point of zero charge (pHpyc) for C-PW and AC-PW were 3.86
and 7.86, respectively (see Fig. 1C and D, respectively). For pH
values lower than pHpzc the adsorbent presents a positive sur-
face charge [17]. The dissolved PR-3B dye is negatively charged
in water solutions. The adsorption of the PR-3B dye takes place
when the adsorbent present a positive surface charge. For C-PW,
the electrostatic interaction occurs for pH < 3.86, and for AC-PW this
interaction occurs for pH < 7.86. The initial pHs of the dye solutions
were fixed at 2.5 and 6.0, for C-PW and AC-PW, respectively.

3.3. Adsorbent dosage

The study of adsorbent dosages for the removal of the dye from
aqueous solution was carried-out using quantities of C-PW and
AC-PW adsorbents ranging from 20.0 to 200.0 mg and fixing the
volume and initial dye concentration at 20.0 mL and 100.0mgL!,
respectively, for both adsorbents. It was observed that highest
amount of dye removal was attained for adsorbent masses of at
least 50.0mg of each adsorbent (see Fig. 2A and B). For adsor-
bent quantities higher than these values, the dye removal remained
almost constant. Increases in the percentage of dye removal with
adsorbent masses could be attributed to increases in the adsorbent
surface areas, augmenting the number of adsorption sites avail-
able for adsorption, as already reported in several papers [25,27].
On the other hand, the increase in the adsorbent mass promotes
a remarkable decrease in the amount of dye uptake per gram of
adsorbent (gq), as shown in Fig. 2, an effect that can be mathemati-
cally explained by combining Eqs. (1) and (2):

_ %removal C,V

100m @
AC-PW
0
(B)
55
50-

% Removal
B
o
L

(D)

pH initial

Fig. 1. Effect of pH on the removal of PR-3B from aqueous solution. C-PW (A); AC-PW (B). Points of zero charge for C-PW (C) and AC-PW (D). The initial PR-3B concentrations
and adsorbent masses were fixed at 100.0mgL~! and 30.0 mg for both adsorbents. The contact time between adsorbent and adsorbate was fixed at 4.0 h. The symbols + and
— means positive and negative surface charges at the adsorbent surface.
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Fig. 2. Adsorbent dosage. C-PW (A) and AC-PW (B).

As observed from Eq. (4), the amount of dye uptake (q) and
the mass of adsorbent (m) are inversely proportional. For a fixed
dye percentage removal, the increase of adsorbent mass leads to
a decrease in g values, since the volume (V) and initial dye con-
centrations (C,) are always fixed. These values clearly indicate that
the adsorbent mass must be fixed at 50.0 mg, the mass that corre-
sponds to the minimum amount of adsorbent that leads to constant
dye removal. The adsorbent masses were therefore fixed at 50.0 mg
for both C-PW and AC-PW adsorbents, the minimum amount of
adsorbent which leads to a constant removal of PR-3B dye.

3.4. Kinetic studies

Adsorption kinetic studies are important in treatment of aque-
ous effluents because they provide valuable information on the
mechanism of the adsorption process [27].

To study the mechanism of dye adsorption, the kinetic data was
fitted using the four kinetic models depicted in Table 1 (Fig. 3A-D).

As can be seen, only the Avrami fractionary kinetic model pre-
sented the best fit, presenting low error function values and also
high R? values, for the two initial concentration levels of the dye
with both adsorbents. For clarity, only the Avrami fractionary
kinetic order is depicted in Table 5. All other kinetic models are
not shown in this table because they presented Ferror Values at
least 15 times higher than the Avrami fractionary kinetic model.
The lower the error function is, the lower will be the difference of
the g calculated by the model from the experimentally measured q
[26,27]. Additionally, it was verified that the g, values found in the
fractionary-order were closer to the experimental g, values, when
compared with all other kinetic models. These results indicate that

the fractionary-order kinetic model should explain the adsorption
process of PR-3B taken up by the C-PW and AC-PW adsorbents.

The Avrami kinetic equation has been successfully employed
to explain several kinetic processes of different adsorbents and
adsorbates [1,9,17,25,27-33]. The Avrami exponent (nay) is a
fractionary number related with the possible changes of adsorp-
tion mechanism that take place during the adsorption process
[1,9,17,25,27-33]. Instead of the mechanism of adsorption follows
only an integer-kinetic order, the adsorption could follow multiple
kinetic orders that are changed during the contact of the adsorbate
with the adsorbent [27-33]. The nay is a resultant of the multiple
kinetic order of the adsorption procedure.

Because the kinetic results fitted very well to the fractionary
kinetic model (Avrami model) for the PR-3B dye using C-PW
and AC-PW adsorbents (see Table 5 and Fig. 3), the intra-particle
diffusion model [26] was used to verify the influence of mass trans-
fer resistance on the binding of PR-3B to both adsorbents (see
Table 5 and Fig. 3E-H). The intra-particle diffusion constant, k;q
(mgg—1h95, see Table 1), can be obtained from the slope of the
plot of g; (uptake at any time, mg g~ 1) versus the square root of time.
Fig. 3E-H shows the plots of g; versus t!/2, with multi-linearity for
the PR-3B dye using C-PW and AC-PW adsorbents. These results
imply that the adsorption processes involve more than one single
kinetic stage (or adsorption rate) [27]. For instance, the adsorption
process exhibits two stages, which can be attributed to two lin-
ear parts (see Fig. 3E-H). The first linear part can be attributed to
intra-particle diffusion, which causes a delay in the process [27].
The second stage is the diffusion through smaller pores, which is
followed by the establishment of equilibrium [27].

It was observed in Fig. 3A-D, that the minimum contact time of
the PR-3B with the adsorbents to reach the equilibration was about
6.0 and 4.0 h, using C-PW and AC-PW as adsorbents, respectively
(see Fig. 3A-D). The longer required contact time to reach the equi-
librium for C-PW, in comparison with AC-PW, could be attributed
to the textural characteristics of the non-activated carbon such as
lower average pore volume and average pore diameter (see Table 4)
as already reported in the literature [1,17]. The diagonal lengths of
PR-3B dye are 2.11 and 2.09 nm, respectively (see Fig. 4); while the
BJH average pore diameters of the adsorbents are 3.95 and 7.76 nm
for C-PW and AC-PW, respectively. The ratios of average pore diam-
eter of the adsorbents to the maximum diagonal length of PR-3B
dye are 1.87 and 3.68, for C-PW and AC-PW, respectively. Therefore
the diffusion of PR-3B dye from the bulk adsorbate solution to the
pores of C-PW adsorbent may have been limited, thereby delay-
ing the adsorption process. The average pore diameter of the C-PW
adsorbent could accommodate only one PR-3B molecule which was
diffused from the bulk of adsorbate solution to the pores of the
adsorbent. When the AC-PW adsorbent was used, up to three PR-
3B molecules could be accommodated by each adsorbent pore. This
interpretation is also corroborated by the intra-particle diffusion
constant (k;q) reported in Table 5, where the obtained values of
kiq for AC-PW were at least 52.7% higher than those obtained with
C-PW [17].

3.5. Equilibrium studies

An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent and the adsorbate
concentration remaining in solution. There are many equations for
analyzing experimental adsorption equilibrium data. The equation
parameters of these equilibrium models often provide some insight
into the adsorption mechanism, the surface properties and affinity
of the adsorbent [26]. In this work, the Langmuir, the Freundlich,
the Sips and the Redlich-Peterson isotherm models were tested (see
Fig. 5).
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Fig. 3. Kinetic models for the adsorption of PR-3B. (W) C-PW; (®) AC-PW. (A) C-PW 100 mgL-'; (B) C-PW 200mgL-"'; (C) AC-PW 100mgL-"'; (D) AC-PW 200mgL-'; (E)

C-PW 100 mgL-'; (F) C-PW 200 mgL-'; (G) AC-PW 100 mgL-1; (H) AC-PW 200 mg

The isotherms of adsorption carried-out from 298 to 323K,
of PR-3B on the two adsorbents were performed, using the
best experimental conditions described previously (see Table 6).
Considering that for a good fitting of a non-linear model, the
Ferror Values should be <3.0% [25-27]. Based on this confident
limit value for Ferror, for C-PW adsorbent, the isotherm parame-
ters obtained for Langmuir (298-313 K), Freundlich (298-323 K),
Redlich-Peterson (298-313 K) have no physical meaning, because
the amount adsorbed (q) fitted by the models present an average
difference higher than 3.0% of the actual ¢ measured. For AC-PW
adsorbent, the isotherm parameters of Langmuir (303-323 K) and
Freundlich (298-318 K) are not confident. Based on the Feror Values
analysis the only isotherm model that was well fitted for all tem-
peratures (298-323 K) and both adsorbent was the Sips isotherm

|

model. It should also be stressed that the Redlich-Peterson isotherm
model was well fitted for all temperatures using AC-PW adsor-
bent.

The maximum amounts of PR-3B uptake were 197 and
328 mgg~! (based on the Sips model) for C-PW and AC-PW, respec-
tively, at 323 K. These values indicate that these adsorbents are
good adsorbents for PR-3B removal from aqueous solutions.

3.6. Thermodynamic studies
Thermodynamic parameters related to the adsorption process,

i.e., Gibb’s free energy change (AG°, k] mol-1), enthalpy change
(AH°, kJmol~1), and entropy change (AS°, Jmol~1K-1) are deter-
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Table 5 mined by the following equations:
Kinetic parameters for PR-3B removal using C-PW and AC-PW as adsorbents. Con-
ditions: temperature was fixed at 298 K; pH 2.5 for C-PW and pH 6.0 for AC-PW; AG®° = AH®° — T AS° (5)
adsorbent mass 50.0 mg.
AG° = —RT In(K) (6)
C-PW AC-PW
The combination of Egs. (5) and (6), gives:
100mgL-! 200 mgL-! 100 mgL-! 200mgL-!
Fractionary-order In(K) = Ais _ Aixl (7)
kay (h~1) 0.416 0.421 0.727 0.712 R R T
—1 . . .
ZE (mgg™) 3?'26 7‘11’2] 3?'22 7?'25 where R is the universal gas constant (8.314JK~1 mol~!), T is the
e 0.9998 0.9999 0.9999 0.9999 absolute temperature (Kelvin) and K represents that adsorption
Ferror (%) 1.73 0.914 1.45 0.448 constants of the isotherm fits (Ks—Sips equilibrium constant, which
) e must be converted to SI units, by using the molecular mass of the
Intra-particle diffusion A N
ki (mgg-1h-057 203 391 31.0 623 dye) obtained from the isotherm plots. The AH° and AS° values can
) be calculated from the slope and intercept of the linear plot of In(K)
2 First stage.
versus 1/T.

The thermodynamic results are depicted in Table 7. Taking into
account that the Langmuir isotherm parameters were not confident
at 3% level for temperature range (298-323 K) using both the adsor-
bents (C-PW and AC-PW), the thermodynamic parameters were
only obtained using the values of Sips equilibrium constant (Ks).
The R? values of the linear fit were at least 0.99, indicating that the
values of enthalpy and entropy calculated for both adsorbents are
fairly confident.

The magnitude of enthalpy is consistent with a physical inter-
action of an adsorbent with an adsorbate as already reported in
the literature [34,35]. The enthalpy changes (AH°) indicate that
adsorption followed endothermic processes. Negative values of AG
indicated that the PR-3B reactive dye adsorption by C-PW and AC-
PW adsorbents were spontaneous and favorable processes for all
studied temperatures. The positive values of AS° confirm a high
preference of PR-3B molecules for the carbon surface of C-PW and
AC-PW and also suggest the possibility of some structural changes
or readjustments in the dye—carbon adsorption complex [35], and
also is consistent with the dehydration of dye molecule before

Fig. 4. Optimized three-dimensional structural formulae of PR-3B. The dimensions its adsorption to carbon surface, and the releases of these water
of the chemical molecule were calculated using ChemBio 3D® version 11.0.1. molecules to the bulk solution.

The increase in adsorption capacities of C-PW and AC-PW at
higher temperatures may be attributed to the enhanced mobil-
ity and penetration of dye molecules within the adsorbent porous

Table 6
Isotherm parameters for PR-3B adsorption, using C-PW and AC-PW as adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW,
respectively; and using a contact time of 6 and 4 h for C-PW and AC-PW, respectively.

C-PW AC-PW

298K 303K 308K 313K 318K 323K 298K 303K 308K 313K 318K 323K

Langmuir

Qmax (Mgg) 195 196 196 197 198 198 268 275 267 265 244 240

K (Lg™") 0.0937 0.0878 0.0861 0.0808 0.0758 0.0741 0.138 0.147 0.161 0.180 0.210 0.229
R? 0.9858 0.9917 0.9953 0.9982 0.9996 1.000 0.9956 0.9921 0.9826 0.9759 0.9581 0.9294
Ferror (%) 31.1 8.25 491 491 1.86 0.249 2.96 4.85 3.27 3.74 4.67 4.29
Freudlich

K (mgg*1(mgL’1)71/nF) 434 41.8 43.1 41.8 40.0 393 75.0 81.5 86.4 90.5 90.3 97.7

ng 3.15 3.13 3.19 3.12 3.03 3.01 3.57 3.72 3.90 4.16 4.51 5.00
R? 0.8496 0.8937 0.9074 0.9212 0.9340 0.9430 0.9521 0.9498 0.9564 0.9660 0.9810 0.9798
Ferror (%) 97.3 235 16.65 25.7 19.2 194 7.53 8.83 4.77 4.25 3.14 2.33
Sips

Qmax (Mgg~ 176 180 183 188 193 197 292 306 312 317 323 328

Ks ((gL™! )_] ”5) 0.0417 0.0477 0.0528 0.0595 0.0671 0.0735 0.173 0.195 0.221 0.251 0.283 0.318
ns 0.695 0.744 0.790 0.861 0.937 0.995 1.25 1.33 1.46 1.59 1.93 2.15
R? 1.000 1.000 1.000 1.000 0.9999 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Ferror (%) 0.751 0.331 0.284 0.367 0.343 0.225 0.159 0.119 0.125 0.145 0.119 0.0953
Redlich-Peterson

Krp (Lg™1) 183 17.2 16.9 15.9 15.0 14.7 48.7 60.3 78.1 98.8 138 188

agp (mgL~1)8 0.0937 0.0878 0.0861 0.0808 0.0758 0.0741 0.261 0.341 0.503 0.674 1.10 1.50

g 1.00 1.00 1.00 1.00 1.00 1.00 0.919 0.902 0.876 0.867 0.850 0.855
R? 0.9859 0.9917 0.9953 0.9982 0.9996 1.000 0.9994 0.9990 0.9987 0.9985 0.9987 0.9989

Ferror (%) B2AS 8.62 5,12 5.13 1.94 0.235 0.639 0.883 1.07 1.20 1.07 0.915




634 T. Calvete et al. / Chemical Engineering Journal 155 (2009) 627-636

Table 7
Thermodynamic parameters of the adsorption of PR-3B on C-PW and AC-PW adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW,
respectively; and using a contact time of 6 and 4 h for C-PW and AC-PW, respectively.

Sips Temperature (K)
298 303 308 313 318 323
C-PW
Ks ((molL™") /™) 6.13 x 104 7.00 x 10 7.76 x 10* 8.75 x 10* 9.87 x 10 1.08 x 10°
AG (k] mol-1) —27.3 —28.1 —28.8 -29.6 -30.4 -31.1
AH° (kJmol~!) 18.2 - - - - -
AS° (JK-Tmol1) 153 - - - - -
R? 0.9988 - - - - -
AC-PW
Ks ((molL™1) /™) 2.54 % 10° 2.86 x 10° 3.25x10° 3.69 x 10° 416x10° 467 x10°
AG (kJ mol!) —-30.8 -31.6 -32.5 -334 —34.2 —35.1
AH° (kJmol-1) 19.6 - - - - -
AS° (JK-'mol ') 169 - - - - -
R? 0.9996 - - - - -

— .
160 S 160 1] s C-PW
& 320 ® Experimental o 129 * Experimental & 120 e Experimental
=] Langmuir =) —— Langmuir =2 —— Langmuir
é 80 —— Freundlich é 80 —— Freundlich é . —— Freundlich
@ —— Sips @ —— Sips o ~——— Sips
= 49 — Redlich Peterson & 40 —— Redlich Peterson c 40 —— Redlich Peterson
0 0 0
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Fig. 5. The equilibrium isotherm for PR-3B adsorption on C-PW and AC-PW adsorbents, using batch contact adsorption procedure. Conditions adsorbent mass of 50.0 mg;
pH fixed at 2.5 and 6.0 for C-PW and AC-PW, respectively; and using a contact time of 6 and 5 h for C-PW and AC-PW, respectively.
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Fig. 6. UV-vis spectra of simulated dye effluents before and after adsorption treatments.

structures by overcoming the activation energy barrier and enhanc-
ing the rate of intra-particle diffusion [34,35].

3.7. Treatment of a simulated dyehouse effluent

In order to verify the efficiency of the Brazilian pine-fruit-shell
in natural (PW), carbonized form (C-PW) and activated carbon
(AC-PW) as adsorbents for the removal of dyes from textile efflu-
ents, simulated dyehouse effluents were prepared (see Table 3).
The UV-vis spectra of the untreated effluents (pH 2.5 and 5.0)
and treated with PW, C-PW and AC-PW were recorded from 200
to 800 nm (Fig. 6). The absorption bands at 293, 389, 511, 535
and 623 nm were utilized to monitor the percentage of dyes mix-
ture removed from the simulated dye effluents. The PW adsorbent
removed 26.1% of the dye mixture at pH 2.0 and only 3.9% at pH
5.0. The untreated Brazilian pine-fruit-shell (PW), included in this
part of the work, shows the lowest sorption capacity and perfor-
mance for the removal of dyes from industrial effluents (see Fig. 6A
and D) when compared with the two other adsorbents. Its low
sorption capacity could be related with this fibrous and compact
structure with low specific surface area and low average pore vol-
ume and pore diameter, as reported earlier [1]. The C-PW material
presents an intermediate performance for the treatment of sim-
ulated dye effluents. At pH 2.5, C-PW removed 64.7% of the dye
mixture (Fig. 6B), but its value was decreased to 37.7% for dye
effluent at pH 5.0. These removal data are consistent with the pH
effects on the sorption capacity, and also with the pHpzc describe
above for C-PW. On the other hand, AC-PW material was efficient
for the treatment of simulated dye effluents at pH values of 2.5
(99.2% removal) as well as 5.0 (98.8% removal). Taking into account
that in real applications the pH of effluent for being released to the
environment should be close to the natural waters (pH 5.0-6.0),
the AC-PW adsorbent is a very good adsorbent for treatment of
industrial effluents contaminated with dyes.

The better characteristics of AC-PW such as, higher value of
pHpzc, higher specific surface area, higher average pore volume,
higher average pore diameter (see Table 4) when compared to C-

PW are responsible for its better performance for treatment of dye
effluents.

4. Conclusion

The carbonized Brazilian pine-fruit-shell (C-PW) and the acti-
vated carbon prepared from Brazilian pine-fruit-shell (AC-PW) are
good alternative adsorbents to remove Procion Red MX 3B (PR-3B)
from aqueous solutions. Both adsorbents interact with the dye at
the solid/liquid interface when suspended in water. The best con-
ditions were established with respect to pH and contact time to
saturate the available sites located on the adsorbent surface. Five
kinetic models were used to adjust the adsorption and the bet-
ter fit was the Avrami (fractionary-order) kinetic model, however,
the intra-particle diffusion model gave two linear regions, which
suggested that the adsorption could be also followed by multiple
adsorption rates. The maximum adsorption capacities were 197
and 328 mgg~! for C-PW and AC-PW, respectively. The increased
adsorption capacity of AC-PW could be the related to the improve-
ments on the textural characteristics (specific surface area, average
pore volume, average pore diameter) of the material after the acti-
vation process with CO,.

The thermodynamic parameters of adsorption (AH°; AS° and
AG) were calculated and it was observed that increases on the
adsorption temperature lead to increases on the amount adsorbed,
indicating that the adsorption of PR-3B on C-PW and AC-PW fol-
lowed endothermic processes.

For treatment of simulated industrial textile effluents, the AC-
PW adsorbent presented very good performance for removing at
least 98% of the mixture of dyes in a medium containing high saline
concentrations.

Notations

agp the Redlich-Peterson constants (mgL-1)-8

C constant related with the thickness of boundary layer
(mgg~1)
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G dye concentration at ending of the adsorption (mgL-1)

Ce dye concentration at the equilibrium (mgL-1)

Co initial dye concentration put in contact with the adsor-
bent (mgL-1)

g dimensionless exponent of Redlich-Peterson equation

ho the initial sorption rate (mgg~1h-1) of pseudo-second
order equation

kav is the Avrami kinetic constant (h=1)

ks the pseudo-first-order rate constant (h~1)

Kr the Freundlich equilibrium constant
(mgg'(mgL™")" ™)

Kig the intra-particle diffusion rate constant (mgg~1 h-0-3)

Ky the Langmuir equilibrium constant (Lmg=1)

Kgrp the Redlich-Peterson equilibrium consta?} (Lg™1)

Ks the Sips equilibrium constant ((mgL~"')" ns)

ks the pseudo-second order rate constant (gmg-'h-1)

m mass of adsorbent (g)

nav is a fractionary reaction order (Avrami) which can be
related, to the adsorption mechanism

ng dimensionless exponent of the Freundlich equation

ng dimensionless exponent of the Sips equation

q amount adsorbed of the dye by the adsorbent (mgg=1)

Qe amount adsorbate adsorbed at the equilibrium (mgg=1)

Qmax the maximum adsorption capacity of the adsorbent
(mgg™1)

qr amount of adsorbate adsorbed at time (mgg=1)

t time of contact (h)

174 volume of dye solution put in contact with the adsorbent
(L)

Greek letters

o the initial adsorption rate (mgg~!h-1) of the Elovich
Equation

B Elovich constant related to the extent of surface coverage

and also to the activation energy involved in chemisorp-
tion (gmg~1)
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Activated (AC-PW) and non-activated (C-PW) carbonaceous materials were prepared from the Brazilian-
pine fruit shell (Araucaria angustifolia) and tested as adsorbents for the removal of reactive orange 16 dye
(RO-16) from aqueous effluents. The effects of shaking time, adsorbent dosage and pH on the adsorption
capacity were studied. RO-16 uptake was favorable at pH values ranging from 2.0 to 3.0 and from 2.0 to
7.0 for C-PW and AC-PW, respectively. The contact time required to obtain the equilibrium using C-PW
and AC-PW as adsorbents was 5 and 4 h at 298 K, respectively. The fractionary-order kinetic model
provided the best fit to experimental data compared with other models. Equilibrium data were better fit
to the Sips isotherm model using C-PW and AC-PW as adsorbents. The enthalpy and entropy of
adsorption of RO-16 were obtained from adsorption experiments ranging from 298 to 323 K.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Dyes are a kind of organic compound with a complex aromatic
molecular structure that can bring bright and firm color to other
substances. However, the complex aromatic molecular structures of
dyes make them more stable and more difficult to biodegrade
(Wang and Li, 2007). The extensive use of dyes in different kinds of
industries often poses pollution problems in the form of colored
wastewater discharged into environmental water bodies.

The most efficient method for the removal of synthetic dyes
from aqueous effluents is the adsorption procedure (Pavan et al.,
2007, 2008a; Gupta and Suhas, 2009). This process transfers the
dye species from the water effluent to a solid phase thereby
keeping the effluent volume to a minimum (Wang and Zhu, 2006,
2007). Subsequently, the adsorbent can be regenerated or stored
in a dry place without direct contact with the environment (Gupta
et al., 2006; Pavan et al., 2008b; Wang and Li, 2007).

Activated carbon is the most employed adsorbent for toxic
species removal from aqueous effluents because of well-developed
pore structures and a high internal surface area that leads to its

* Corresponding author. Tel.: +55 51 3308 7175; fax: + 55 51 3308 7304.
E-mail addresses: eder.lima@ufrgs.br, profederlima@gmail.com (E.C. Lima).

0301-4797/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jenvman.2010.03.013

excellent adsorption properties (Kavitha and Namasivayam, 2008;
Marsh and Reinoso, 2006). Besides these physical characteristics,
the adsorption capacity is also dependent on the source of organic
material employed for the production of the activated carbon
(Marsh and Reinoso, 2006; Olivares-Marin et al., 2006; Tan et al.,
2008), as well as the experimental conditions employed in the
activation processes (Marsh and Reinoso, 2006).

Activated carbon can be prepared using a variety of chemical
(ElI-Hendawy, 2009) and physical (Yang et al., 2008) activation
methods and in some cases using a combination of both types of
methods (Albero et al., 2009). Chemical activation is the process
where the carbon precursor material is firstly treated with
aqueous solutions of dehydrating agents such as H3zPOg4, ZnCly,
HSO4, and KOH. Afterwards, the carbon material is dried at
373—393 K to eliminate the water. In a subsequent step, the
chemically treated carbon material is heated between 673 and
1073 K under nitrogen atmosphere (Marsh and Reinoso, 2006;
Faria et al., 2008). The physical activation consists of a thermal
treatment of previously carbonized material with suitable
oxidizing gases, such as air at temperatures in the 623—823 K
range or 1073—1373 K using steam and/or carbon dioxide (Marsh
and Reinoso, 2006; Li et al., 2008).

In recent years, a considerable number of studies have focused
on low cost alternative materials for the production of activated
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carbons from agricultural wastes such as, coconut shell (Albero
et al., 2009; Mohan et al., 2005; Mohan et al., 2008; Vieira et al.,
2006; Tan et al., 2008), coffee beans (Nunes et al., 2009), corn
grain (Balathanigaimani et al., 2009), bamboo (Ip et al., 2008; Chan
et al,, 2008), gingelly (sesame), cotton, seed shells (Thinakaran
et al., 2008), cherry stones (Olivares-Marin et al., 2006), apricot
stones (Demirbas et al., 2008), nutshell (Guo and Rockstraw, 2007),
oil-palm fiber (Hameed et al., 2008), vine shoots (Corcho-Corral
et al, 2006), rice husk (Mohan et al., 2008), and coir pitch
(Kavitha and Namasivayam, 2008).

Alternatively to activated carbon, non-activated carbonized
materials also present some ability for the removal of dyes from
aqueous solutions (Elizalde-Gonzdlez et al, 2007; Elizalde-
Gonzalez and Hernandez-Montoya, 2009; Royer et al., 2009a).
Besides, these materials do not require an activation process at
higher temperatures in the presence of special gases.

In a previous paper (Calvete et al., 2009) it was proposed, the
use of Brazilian-pine fruit shell (Araucaria angustifolia syn.
Araucaria brasiliensis) as a precursor for the preparation of non-
activated carbonaceous materials (C-PW) as well as the activated
carbonaceous materials (AC-PW). These adsorbents were effi-
cient to remove the Procion Red MX 3B reactive dye from
aqueous solutions. Continuing the application of these adsor-
bents, in the present work, C-PW and AC-PW were employed for
the removal of reactive orange 16 (RO-16) from aqueous
effluents.

2. Materials and methods
2.1. Solutions and reagents

De-ionized water was used throughout the experiments for all
solution preparations. Reactive orange 16 (RO-16) (CIl. 17757;
C20H17N3010S3Nay, 601.54 gmol~!, see Scheme 1), was obtained
from Sigma Chemical Co., USA, (50% dye content) and used
without further purification. The stock solution was prepared by
dissolving dye in distilled water to the concentration of 5.00 gL~
Working solutions were obtained by diluting the dye stock
solution to the required concentrations. To adjust the pH solu-
tions, 0.10 molL~! sodium hydroxide or hydrochloric acid solu-
tions was used. The pH of the solutions was measured using
a Hanna (HI 255) pH meter.

2.2. Adsorbents preparation and characterization

The Brazilian-pine fruit (pifion) shell was dried and milled as
previously reported (Brasil et al., 2006; Lima et al., 2007). The
carbonization of the Brazilian-pine fruit shells was achieved by
the procedure already reported in the literature (Royer et al.,
2009a), obtaining the non-activated carbonaceous material
designed as C-PW.

To prepare the activated carbon adsorbent, an amount of
previously non-activated carbonized material (C-PW) was activated
as reported in the literature (Calvete et al., 2009). The activated
carbon obtained was assigned as AC-PW.

The adsorbents C-PW and AC-PW were characterized by FTIR
using a Nicolet FTIR, model 6700. Spectra were obtained with
a resolution of 4 cm~! over 100 cumulative scans (Passos et al.,
2006).

Adsorbent samples were also analyzed by scanning electron
microscopy (SEM) in a Jeol microscope, model JEOL JSM 6060, using
an acceleration voltage of 20 kV and magnification ranging from
100 to 20,000-fold (Lima et al., 2008).

Scheme 1. (A) Structural formulae of reactive orange 16. (B) Optimized three-
dimensional structural formulae of RO-16. The dimensions of the chemical molecule
were calculated using ChemBio 3D Ultra version 11.0.

Thermogravimetric (TGA) and derivative thermogravimetric
(DTG) curves were obtained on a TA Instruments model TGA
Q5000, with a heating rate of 10 °C min~, under 100 mL min~! of
an nitrogen flow, varying from room temperature to 700 °C, with an
initial mass of approximately 3.00—20.00 mg of solid (Royer et al.,
2009Db).

2.3. Adsorption studies

Adsorption studies for the evaluation of the C-PW and AC-
PW adsorbents for the removal of RO-16 dye from aqueous
solutions were carried out in triplicate using the batch contact
adsorption. For these experiments, fixed amounts of adsorbents
(20.0—200.0 mg) were placed in a 50 mL glass Erlenmeyer flasks
containing 20.0mL of dye solutions (20.00—1500.0 mgL™"),
which were agitated for a suitable time (0.25—8 h) from 298 to
323 K. The pH of the dye solutions ranged from 2.0 to 10.0.
Subsequently, in order to separate the adsorbents from the

Table 1
Kinetic adsorption models.

Kinetic model Nonlinear equation

e = ge{1 — exp[—(kavt) I"AV}
e = e[ 1 — exp(—kit)]

_ kit
At = Tig.kt

ho = ksqg
initial sorption rate
qr = ln(a x B) +%ln(t)

qct = kid\/f+c

Avrami
Pseudo-first-order

Pseudo-second-order

Elovich

Intra-particle diffusion
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Table 2
Isotherm models.
Isotherm model Equation
i ki Ce
Langmuir Qe = QﬂKiLLCe
Freundlich e = KeCe/™"
f _ QuaKsC/™
Sips Qe = HTsc'e"_
Redlich—Peterson Ge = 1 f’;:fecg where 0<g<1

aqueous solutions, the flasks were centrifuged at 3600 rpm for
10 min, and aliquots of 1—10 mL of the supernatant were prop-
erly diluted with water. The final concentrations of the dye
remaining in the solutions were determined by visible spectro-
photometry, using a Femto spectrophotometer provided with
optical-glass cells. Absorbance measurements were made at the
maximum wavelength of RO-16 which was 493 nm. The RO-16
detection limit using the spectrophotometric method, deter-
mined according to IUPAC (Lima et al, 1998), was 0.12 mgL™.
The amount of the dye uptake and percentage of the removal of
dye by the adsorbents was calculated by applying the Egs. (1)
and (2), respectively:

(©-q),

1= m

(1)

(Go-c)
% Removal = mOT (2)

where q is the amount of dye taken up by the adsorbents (mgg~');
Co is the initial RO-16 concentration put in contact with the
adsorbent (mgL~"), Gt is the dye concentration (mgL~!) after the
batch adsorption procedure, V is the volume of dye solution (L) put
in contact with the adsorbent, and m is the mass (g) of the
adsorbent.

2.4. Kinetic and equilibrium models

Avrami, pseudo-first-order, pseudo-second-order, Elovich and
intra-particle diffusion model kinetic equations are given in Table 1
(Vaghetti et al., 2009a).

Langmuir, Freundlich, Sips and Redlich—Peterson isotherm
equations are given in Table 2 (Vaghetti et al., 2009a).

2.5. Statistical evaluation of the kinetic and isotherm parameters

Kinetic and equilibrium models were fit employing the nonlinear
fitting method using the nonlinear fitting facilities of the software
Microcal Origin 7.0. In addition, models were also evaluated by an
error function (Vaghetti et al., 2009b) that measures the differences
in the amount of dye taken up by the adsorbent predicted by the
models and the actual q measured experimentally.

Table 3
FTIR bands (cm™') of the adsorbents C-PW and AC-PW before and after the
adsorption of RO-16 dye.

C-PW AC-PW

Before After Before After

3432 3408 3432 3420

1707 1701 1641-1400 1634—-1395
1165—-1034 1161—-1031 1094 1051
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2
Ferror = J zp: (‘L’,model - qi,experimental) (p 1 1) 3)
i qi,experimental —
where imodel is the value of g predicted by the fitted model and

irexperimental 1S the value of ¢ measured experimentally, and p is the
number of experiments performed.

3. Results and discussion
3.1. Characterization of the adsorbents

FTIR technique was used to examine the surface groups of
adsorbents (C-PW and AC-PW) and to identify the groups respon-
sible for dye adsorption. Infrared spectra of the adsorbents and dye-
loaded adsorbent samples, before and after the adsorption process,
were recorded in the range 4000—400 cm~' (Table 3). As previ-
ously observed for a fly ash adsorbent (Kara et al., 2007) after the
adsorption procedure, the functional groups that interacted with
the dye suffered a shift to lower wavenumbers.

Table 3 presents the significant changes of FTIR vibrational
spectra of C-PW and AC-PW before the adsorption and loaded
with the dye RO-16 after the adsorption. For C-PW, the intense
absorption bands at 3432 and 3408 cm™! are assigned to O—H
bond stretching, before and after adsorption, respectively (Smith,
1999; Vaghetti et al., 2008; Pavan et al., 2006). Small bands at
1707 and 1701 cm™ ), before and after absorption, respectively, are
assigned to carbonyl groups of carboxylic acid. Small bands
ranging from 1165 to 1034 cm~! and 1161 to 1031 cm ™' before and
after adsorption, respectively, are assigned to C—O stretching
vibrations of lignin (Smith, 1999). FTIR results indicate that the

dehydration of the Brazilian-pine fruit shell with sulfuric acid
producing a carbonized material (C-PW) does not completely
destroy all the chemical functions of the original biomaterial
without chemical treatment, as previously reported (Lima et al.,
2007; Vaghetti et al.,, 2008). Besides, the interaction of the dye
with the C-PW adsorbent should occur with the O—H bonds of
phenols and carboxylate groups.

The activation process to produce activated carbon from Bra-
zilian-pine fruit shell (AC-PW) decreased the amount and intensity
of vibrational bands when compared to C-PW adsorbent. This
indicates that the oxidation and activation processes for the
production of AC-PW were efficient and lead to the oxidation of the
functional groups of the starting material, as already observed by
the FTIR spectra of cherry stones activated by KOH (Olivares-Marin
et al., 2006). Absorption bands at 3432 and 3420 cm ™! are assigned
to O—H bond stretching, before and after adsorption, respectively
(Smith, 1999), indicating that this group plays a role on the
adsorption of the RO-16 dye. Bands ranging from 1641 to
1400 cm™! and 1634 to 1395 cm™! before and after absorption,
respectively are assigned to C=C of aromatic rings. The shifts of
these bands to lower wavenumbers after the adsorption of the dye
indicate that the mechanism of interaction of the RO-16 dye with
the activated carbon AC-PW should also occur by the ®=— inter-
action of the dye with the aromatic rings of the activated carbon
(Zhang et al., 2008), besides the interaction with its functional
groups (carboxylate, OH). In addition, strong bands of 1094 and
1051 cm ™!, before and after adsorption, respectively, confirm the
presence of C—0O bond (Fig 1B) (Smith, 1999) reinforcing the
interaction of the dye with carboxylate groups.

Figure 1 shows the thermogravimetric (TGA) and derivative
thermogravimetric (DTG) curves of RO-16 (Fig 1A), C-PW (Fig 1B),
C-PW + RO-16 (Fig 1C), AC-PW (Fig 1D) and AC-PW + RO-16 (Fig 1E).

Fig. 2. (A) SEM for C-PW with magnification of 1.000x. (B) SEM for C-PW with magnification of 2.500x. (C) SEM for AC-PW with magnification of 1.000x. (D) SEM for AC-PW with

magnification of 2.500x.
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The DTG curve of RO-16 (Fig 1A) shows basically three peaks
with several shoulders. These shoulders should correspond to the
isomers of RO-16, since their purity is about 50%. The first mass
loss region (45—148 °C) is consistent with the elimination of
moisture (5.7%). From 148 to 241 °C the small mass loss (1.9%) is
consistent with the elimination of hydration water bound to the
solid dye. There is a mass loss of 14.2% and 19.7% from 241 to
380°C and from 380 to 675°C, respectively, leading to the
carbonization of the product. There is no further decomposition
above this temperature and the total mass losses were 43.8%.
Similar results of decomposition of dyes were reported in the
literature (Ma and Sun, 2004).

The DTG curve of C-PW (Fig 1B) shows basically three main
decomposition steps 87.1, 270.3 and 427.4°C and above this
temperature a gradual mass loss is observed up to 700 °C. The first
mass loss corresponds to the elimination of the moisture of the
material. The second and third decompositions of C-PW are
consistent with the degradation of partially carbonized leg-
ninocellulosic materials, as already reported by Macedo et al.
(2008). In general, the pyrolysis of lignocellulosics start with the
decomposition of hemicellulose (200—260 °C), followed by the
decomposition of cellulose and lignin in the ranges 240—350 °C and
280—500 °C, respectively (Macedo et al., 2008). Therefore, the
second mass loss of C-PW may be the elimination of hemicellulose
plus cellulose and the third mass loss may be the elimination of
lignin.

The thermal curves of C-PW + RO-16 (Fig 1C) are very similar to
C-PW curves; however, due to the presence of RO-16 adsorbed, the
second DTG peak that corresponds to the elimination of hemi-
cellulose plus cellulose is mixed with the thermal decomposition of
the dye, shifting the peak from 270.3 to 292.7 °C. The elimination of
the second part of lignin plus the remaining decomposed dye
occurs at 412.9 °C. At 700 °C, practically all the organic compounds
of C-PW plus of RO-16 dye were carbonized, leading to a residue
that corresponds to 49.1% of the original sample mass.

Thermal curves of AC-PW (Fig 1D) associated with the
previous results of FTIR depicted above (Table 3) show clearly
the difference between the activated carbon AC-PW and the
partially oxidized C-PW material, which keep its ligninocellulosic
structure of the starting material. From 45 to 197 °C the mass
loss corresponds to only 4.4%, which may be associated with
moisture losses. From 197 to 435°C the AC-PW presents
a remarkable thermal stability (mass loss 1.9%), and above this
temperature, the activated carbon is destroyed. AC-PW + RO-16
thermal curves (Fig 1E) show clearly that the adsorbed dye is

decomposed at 305.6 °C, which should be associated with the
thermal decomposition DTG peak of the dye that appears at
313.2 °C (Fig 1A).

Scanning electron micrographs of C-PW (Fig. 2A and B) and
AC-PW (Fig. 2C and D) show the drastic differences of these
materials. C-PW is a more compact material presenting numerous
cavities (macropororous) that were originated from the treatment
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of the biomaterial with sulfuric acid; however, it also presents
similarities with the natural Brazilian-pine fruit shell fiber (Lima
et al., 2008). On the other hand, AC-PW is a material that seems
to have a high surface area (subdivided pieces of carbon) that
could lead to an increase in the maximum amount adsorbed of
the RO-16 dye.

3.2. Effects of acidity on adsorption

One of the most important factors in adsorption studies is the
effect of the acidity of the medium (Royer et al., 2009b). Different
species may present divergent ranges of suitable pH depending on
which adsorbent is used. Effects of initial pH on percentage of
removal of RO-16 dye using C-PW and AC-PW were evaluated
within the pH range between 2 and 10 (Fig. 3A and B, respectively).
For C-PW as adsorbent, the percentage of removal of RO-16 dye was
kept constant in the pH range of 2.0—3.0. When the pH was
increased from 3.5 to 10.0 the percentage of dye removal decreased
by 54%. For AC-PW, the percentage of dye removal was constant for
pH solutions ranging from 2.0 up to 7.1. In the pH interval between
8.0 and 10.0, a 13% decrease in the percentage of adsorption was
observed. AC-PW adsorbent shows a larger optimal pH interval for
adsorption of RO-16 when compared with C-PW, which could be
associated with the remaining functional groups of C-PW materials
that present similarities with the unmodified natural material
(Lima et al., 2008).

The pHpzc values for C-PW and AC-PW, were determined in
a previous paper (Calvete et al., 2009), being these values 3.86 and
7.86, respectively. These values confirm the ranges of optimal pH
values for RO-16 removal from aqueous solutions (Fig 3). For pH
values lower than pHpzc, the adsorbent presents a positive surface
charge (Lima et al., 2008). The dissolved RO-16 dye is negatively
charged in water solutions (Roberts and Caserio, 1977). The
adsorption of the RO-16 dye takes place when the adsorbent
presents a positive surface charge. For C-PW, the electrostatic
interaction occurs for pH < 3.86, and for AC-PW this interaction
occurs for pH < 7.86. The initial pH values of the dye solutions were
fixed at 2.5 and 6.0, for C-PW and AC-PW, respectively.

3.3. Adsorbent dosage

The study of adsorbent dosages for the removal of the dye
from aqueous solution was carried out using quantities of C-PW
and AC-PW adsorbents ranging from 20.0 to 200.0 mg and fixing
the volume and initial dye concentration at 20.0 mL and
300.0 mgL~!, respectively. For these experiments, the contact
time was fixed at 4.0 h. The highest amount of dye removal was
attained for adsorbent masses of at least 50.0 mg of each adsor-
bent (Fig 4A and B, on the left). For adsorbent quantities higher
than these values, the dye removal remained almost constant.
Increases in the percentage of the dye removal with adsorbent
masses could be attributed to increases in the adsorbent surface
areas, augmenting the number of adsorption sites available for
adsorption, as already reported in several papers (Lima et al,
2008; Royer et al., 2009a, b; Vaghetti et al., 2008, 2009a, b). On
the other hand, the increase in the adsorbent mass promotes
a remarkable decrease in the amount of dye uptake per gram of
adsorbent (q), (Fig. 4, on the right), an effect that can be math-
ematically explained by combining Eqs. (1) and (2):

% Removal x C, x V
1= 100 x m )

As observed in Eq. (4), the amount of dye uptake (q) and the mass of
adsorbent (m) are inversely proportional. For a fixed dye

percentage removal, the increase of adsorbent mass leads to
a decrease in q values, since the volume (V) and initial dye
concentrations (C,) are always fixed. These values clearly indicate
that the adsorbent mass must be fixed at 50.0 mg, which is the
mass that corresponds to the minimum amount of adsorbent that
leads to constant dye removal. Adsorbent masses were therefore
fixed at 50.0 mg for both C-PW and AC-PW.

3.4. Kinetic studies

Adsorption kinetic studies are important in the treatment of
aqueous effluents because they provide valuable information on
the mechanism of the adsorption process (Lima et al., 2008).

It is important to point out that the initial RO-16 concentra-
tions employed during the kinetic studies are relatively high
(300.0 and 600.0 mgL™') when compared with other studies
reported in the literature (Pavan et al., 2007, 2008b; Royer et al.,
2009b). AC-PW has a very high adsorption capacity and adsorbs
practically all RO-16 when initial adsorbent concentrations are
lower than 200 mgL~". In order to study the mechanism of dye
adsorption, kinetic data were fit using the four kinetic models
depicted in Table 1 (Fig. 5)A—D.

As can be seen, only the Avrami fractionary kinetic model
showed the best fit, presenting low error function values and also
high R? values, for the two initial concentration levels of the dye
with both adsorbents. Table 4 shows the Avrami fractionary kinetic
order in separate, since the other kinetic models presented Feror
values at least 8.6 times higher than the Avrami fractionary kinetic
model. The lower the error function, the lower the difference of the
q calculated by the model from the experimentally measured g
(Vaghetti et al., 2009b). Additionally, it was verified that the ge
values found in the fractionary-order were closer to the experi-
mental g. values, when compared with all other kinetic models.
These results indicate that the fractionary-order kinetic model
should explain the adsorption process of RO-16 taken up by the C-
PW and AC-PW adsorbents.

The Avrami kinetic equation has been successfully employed to
explain several kinetic processes of different adsorbents and
adsorbates (Cestari et al., 2004; Lopes et al., 2003; Vieira et al.,
2007). The Avrami exponent (nay) is a fractionary number
related with the possible changes of the adsorption mechanism
that takes place during the adsorption process (Cestari et al., 2004;
Lopes et al,, 2003). Instead of following only an integer-kinetic
order, the mechanism adsorption could follow multiple kinetic
orders that are changed during the contact of the adsorbate with
the adsorbent (Cestari et al., 2004; Lopes et al.,, 2003). nay is
a resultant of the multiple kinetic order of the adsorption
procedure.

Table 4

Kinetic parameters for RO-16 removal using C-PW and AC-PW as adsorbents.
Conditions: temperature was fixed at 298 K; pH 2.5 for C-PW and pH 6.0 for AC-PW;
adsorbent mass 50.0 mg.

C-PW AC-PW
300.0mgL~' 600.0mgL~! 300.0mgL! 600.0mgL!

Fractionary-order

kav (h™1) 0.457 0.485 0.601 0.600

ge (mgg™") 117 229 120 239

Nav 1.63 1.65 1.32 1.31

R? 0.9999 0.9999 0.9999 0.9999
Ferror 367x10> 1.10x102 261x103 255x10°°

Intra-particle diffusion

ki1 (mgg 'h=%%)? 765 155 7946.1 157

2 First stage.



Table 5

Isotherm parameters for RO-16 adsorption, using C-PW and AC-PW as adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW, respectively; and using a contact time of 6 and 5 h for C-PW

and AC-PW, respectively.

C-PW AC-PW
298 K 303K 308K 313K 318K 323K 298 K 303K 308K 313K 318K 323K

Langmuir

Qmax 258 272 283 288 302 314 425 426 427 448 445 456

(mgg™)

K. (Lg™) 0.844 0.874 0.943 1.04 1.11 1.20 0.986 1.20 1.46 1.36 1.74 1.81

R? 0.9895 0.9915 0.9960 0.9992 0.9981 0.9947 0.9910 0.9841 0.9728 0.9915 0.9770 0.9868

Ferror 498 x 102 497 x 1072 2.63 x 1072 1.19x 1072 2.34x 1072 1.96 x 1072 3.89x10? 5.16 x 102 522x 1072 3.77 x 1072 6.68 x 102 3.3x1072
Freudlich

K (mgg! 151 156 164 174 179 202 242 250 260 271 278 294

(mgL™") ~1g)

ng 10.0 9.52 9.73 10.6 9.71 11.5 8.80 8.99 9.76 9.71 9.80 104

R? 0.6849 0.6850 0.7425 0.7380 0.7529 0.8106 0.8345 0.8370 0.8893 0.8276 0.8238 0.8438

Ferror 0.280 0.311 0.219 0.217 0.272 0.119 0.183 0.168 0.110 0.166 0.187 0.118
Sips

Qmax 253 267 279 287 305 320 436 443 450 458 465 472

(mgg)

Ks (gL~ 1)~1m) 0.801 0.862 0.942 1.03 1.09 1.20 0.963 1.09 1.23 1.29 1.45 1.57

ns 0.786 0.793 0.843 0.944 1.10 1.21 1.25 1.37 1.58 1.23 1.40 1.36

R? 0.9999 0.9999 0.9999 0.9999 0.9999 0.9999 0.9994 0.9999 1.000 0.9999 0.9999 1.000

Ferror 421x1073 573 x 1073 479 x 1073 391x10°3 2.85%x 1073 2.01x103 963 x 107> 3.05%x 103 2.01x103 3.06 x 10> 2.65%x 1073 172 x 1073
Redlich—Peterson

Krp (Lg™ ") 218 238 265 299 358 418 496 625 845 715 1015 992

agp (mgL~1)8 0.844 0.874 0.935 1.04 1.24 1.41 1.30 1.66 233 1.75 2.60 2.39

g 1.00 1.00 1.00 1.00 0.991 0.987 0.976 0.972 0.964 0.980 0.969 0.977

R? 0.9898 0.9918 0.9962 0.9993 0.9994 0.9989 0.9988 0.9968 0.9970 0.9980 0.9957 0.9981

Ferror 496 x 1072 4.96 x 1072 2.56 x 1072 1.19x 1072 1.20 x 1072 9.11 x1073 1.41x 1072 2.32x1072 1.74 x 1072 1.67 x 1072 271 x1072 129 x 1072

2oLl
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Since kinetic results fit very well to the fractionary kinetic
model (Avrami model) for the RO-16 dye using C-PW and AC-PW
adsorbents (Table 4, Fig. 5), the intra-particle diffusion model
(Vaghetti et al., 2009a) was used to verify the influence of mass
transfer resistance on the binding of RO-16 to both adsorbents
(Table 4 and Fig 5E—H). The intra-particle diffusion constant, Kig
(mgg~'h~%>) (Table 1), can be obtained from the slope of the plot
of q; (uptake at any time, mgg~!) versus the square root of time.
Fig. 5SE—H shows the plots of g; versus t'/2, with multi-linearity for
the RO-16 dye using C-PW and AC-PW adsorbents. These results
imply that the adsorption processes involve more than one single
kinetic stage (or adsorption rate) (Vaghetti et al., 2009a). For
instance, the adsorption process exhibits two stages, which can be
attributed to two linear parts (Fig. 5SE—H). The first linear part can
be attributed to intra-particle diffusion, which causes a delay in
the process (Vaghetti et al, 2009a). The second stage is the
diffusion through smaller pores, which is followed by the estab-
lishment of equilibrium (Vaghetti et al., 2009aA—D).

It was observed in Fig. 5 that the minimum contact time of
RO-16 with the adsorbents to reach the equilibration was about 5
and 4h, using C-PW and AC-PW as adsorbents, respectively
(Fig. 5A—D). The longer required contact time to reach the
equilibrium for C-PW, in comparison with AC-PW, could be
attributed to the textural characteristics of the non-activated
carbon such as lower average pore volume and average pore
diameter, as already reported (Calvete et al., 2009). Extreme
distances between the atoms of RO-16 dye are 1.68 and 1.42 nm
(see Scheme 1B) while BJH average pore diameters of the
adsorbents are 3.65 and 5.32 nm for C-PW and AC-PW, respec-
tively (Calvete et al., 2009). Ratios of average pore diameter of the
adsorbents to the maximum distance among the atoms of the
molecule of RO-16 dye are 2.17 and 3.17, for C-PW and AC-PW,
respectively. Therefore, the diffusion of RO-16 dye from the bulk
adsorbate solution to the pores of C-PW adsorbent may have
been limited, thereby delaying the adsorption process. The
average pore diameter of the C-PW adsorbent could accommo-
date only two RO-16 molecules which were diffused from the
bulk of the adsorbate solution to the pores of the adsorbent.
When the AC-PW adsorbent was used, up to three RO-16 mole-
cules could be accommodated by each adsorbent pore. This
interpretation is also corroborated by the intra-particle diffusion
constant (kiq) reported in Table 4, where the obtained values of
kig for C-PW were slightly lower than those obtained with AC-PW
(Lima et al., 2008).

3.5. Equilibrium studies

An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent and the adsorbate
concentration remaining in solution. There are several equations
for analyzing experimental adsorption equilibrium data. The
equation parameters of these equilibrium models often provide
some insight into the adsorption mechanism, the surface properties
and affinity of the adsorbent. In this work, the Langmuir, Freund-
lich, Sips and Redlich—Peterson isotherm models were tested
(Vaghetti et al., 2009a)

The isotherms of adsorption carried out from 298 to 323 K, of
RO-16 on the two adsorbents were performed using the best
experimental conditions described previously (Table 5, Fig 6).
Based on the Ferrop, the Sips model is the best isotherm model for
both adsorbents at all the six temperatures studied. The Sips model
showed (Fig 6) the lowest Ferror Values, which means that the g fit
by the isotherm model was close to the ¢ measured experimentally.
Although the Langmuir and the Redlich—Peterson isotherm models
presented simulated the data very well for some adsorbents at
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Fig. 6. The Sips isotherm for RO-16 adsorption on C-PW and AC-PW adsorbents, using
batch contact adsorption procedure. Conditions adsorbent mass of 50.0 mg; pH fixed at
2.5 and 6.0 for C-PW and AC-PW, respectively; and using a contact time of 6 and 5 h for
C-PW and AC-PW, respectively.

some temperatures, these models did not present a regular pattern
of suitable fitting at all the temperatures for both adsorbents.
Similar results using different activated carbons for the adsorption
of RO-16 simulated by the Sips isotherm model have been reported

Table 6
Comparison of maxima adsorption capacities for RO-16 taken up. The values were
obtained at the best experimental conditions of each work.

Adsorbent Qmax Reference
(mgg™")

Powdered activated carbon 628 Lee et al., 2006a
Activated carbon from wood 367.5 Lee et al., 2006b
Activated carbon from coal 3264 Lee et al., 2006b
Activated carbon from coconut 509.0 Lee et al., 2006b
Waterworks sludge 86.8 Won et al., 2006
Sewage sludge 47.0 Won et al., 2006
Digested sludge 159 Won et al., 2006
Landfill sludge 114.7 Won et al., 2006
Polysulfone-immobilized protonated C. 944 Vijayaraghavan and

glutamicum biomass Yun, 2008
Quaternary chitosan salt cross-linked 1060 Rosa et al., 2008
Chitosan cross-linked (beads) 30 Kimura et al., 2002
Chitosan cross-linked (beads) 5.6 Kimura et al., 2002
Corynebacterium glutamicum 156.6 Won et al., 2009
Chitosan 304 Crini and Badot, 2008
Carbonized Brazilian-pine fruit shell (C-PW) 320 This work
Activated carbon from Brazilian-pine fruit 472 This work

shell (AC-PW)
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Thermodynamic parameters of the adsorption of RO-16 on C-PW and AC-PW adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 2.5 and 6.0 for C-PW and AC-PW,
respectively; and using a contact time of 6 and 5 h for C-PW and AC-PW, respectively.

Temperature (K)

298 303 308 313 318 323
Langmuir
C-PW
Kt (Lmol™") 5.08 x 10° 5.26 x 10° 5.67 x 10° 6.23 x 10° 6.68 x 10° 7.20 x 10°
AG (K mol 1) -32.5 —33.2 -33.9 —34.7 -355 —-36.2
AH° (k] mol~) 11.7 - - - - -
AS° (JK~' mol~1) 148 = = = = =
R? 0.9860 - — — - —
AC-PW
K¢ (Lmol™") 5.93 x 10° 7.20 x 10° 8.78 x 10° 821 x 10° 1.05 x 106 1.09 x 106
AG (K mol 1) -32.9 —34.0 -35.0 —-354 -36.6 -37.3
AH° (k] mol~) 18.7 - - - - -
AS° (JK~' mol~) 174 = = = = =
R? 0.9137 = = = = =
Sips
C-PW
Ks ((mol L~1)~1/n) 482 x10° 5.19 x 10° 5.67 x 10° 6.21 x 10° 6.58 x 10° 7.22 x 10°
AG (k] mol—) —-324 —-33.1 -33.9 —34.7 —354 -36.2
AH° (k] mol~1) 12.9 = = = = =
AS° JK"mol 1) 152 - - - - -
R? 0.9973 = = = = =
AC-PW
Ks ((mol L)~/ 5.79 x 10° 6.54 x 10° 7.41 x 10° 7.75 x 10° 8.72 x 10° 9.42 x 10°
AG (k] mol~) -32.9 —33.7 -346 -35.3 —36.2 -36.9
AH° (k] mol~1) 15.3 = = = = =
AS° (JK~"mol~) 162 - - - - -
R? 0.9899 = = = = =

in the literature (Lee et al., 2006a, b). The worst isotherm model
was the Freundlich, which presented higher Feiror values, besides
presenting the lowest R? values.

The maximum amounts of RO-16 uptake were 320 and
472 mgg~! for C-PW and AC-PW, respectively. These values indi-
cate that these adsorbents are good adsorbents for RO-16 removal
from aqueous solutions. As can be seen in Table 6, C-PW and AC-PW
adsorbents showed higher absorption when compared with several
adsorbents. Out of sixteen different adsorbents, only six presented
higher adsorption capacity than C-PW and just three presented
higher adsorption capacity than AC-PW. These outstanding
adsorption capacities for RO-16 place AC-PW as one of the best
adsorbents for the RO-16 removal from aqueous solutions.

3.6. Thermodynamic studies

Thermodynamic parameters related to the adsorption process, i.
e., Gibb's free energy change (AG®, k] mol~1), enthalpy change (AH®,
k] mol~1), and entropy change (AS°J mol~! K~') are determined by
the following equations:

AG® = AH® — TAS® (5)
AG® = —RTIn(K) (6)
The combination of Egs. (5) and (6) gives:
AS® AH° 1
In(K) = R R T (7)

where R is the universal gas constant (8.314 J K~ mol~1), T is the
absolute temperature (Kelvin) and K represents the equilibrium
adsorption constants of the isotherm fits (K, Langmuir equilib-
rium constant and Ks, Sips equilibrium constant, which must be

converted to SI units, by using the molecular mass of the dye)
obtained from the isotherm plots. AH° and AS° values can be
calculated from the slope and intercept of the linear plot of In(K)
versus 1/T.

Thermodynamic results are depicted in Table 7. As can be seen for
both adsorbents, the enthalpy and entropy of adsorption values were
in fair agreement using both Langmuir (K1) and Sips (Ks) equilibrium
constants, although results were slightly better fit using the Sips
equilibrium constants (based on R? values), confirming the equilib-
rium studies described above. In addition, the magnitude of enthalpy
is consistent with a physical interaction of an adsorbent with an
adsorbate as already reported in the literature (Leechart et al., 2009;
Asouhidou et al., 2009). Enthalpy changes (AH°) indicate that
adsorption followed endothermic processes. Negative values of AG
indicate that the RO-16 reactive dye adsorption by C-PW and AC-PW
adsorbents is spontaneous and favorable processes for all studied
temperatures. The positive values of AS® confirm a high preference of
RO-16 molecules for the carbon surface of C-PW and AC-PW and also
suggest the possibility of some structural changes or readjustments
in the dye-carbon adsorption complex (Asouhidou et al., 2009).
Besides, it is consistent with the dehydration of dye molecule before
its adsorption to carbon surface, and the releases of these water
molecules to the bulk solution.

The increase in the adsorption capacities of C-PW and AC-PW at
higher temperatures may be attributed to the enhanced mobility
and penetration of dye molecules within the adsorbent porous
structures by overcoming the activation energy barrier and
enhancing the rate of intra-particle diffusion (Leechart et al., 2009;
Asouhidou et al., 2009).

4. Conclusion

The carbonized Brazilian-pine fruit shell (C-PW) and the acti-
vated carbon prepared from Brazilian-pine fruit shell (AC-PW) are
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good alternative adsorbents to remove reactive orange 16 (RO-16)
from aqueous solutions. Both adsorbents interact with the dye at
the solid/liquid interface when suspended in water. The best
conditions were established with respect to pH and contact time to
saturate the available sites located on the adsorbent surface. Five
kinetic models were used to adjust the adsorption and the best fit
was the Avrami (fractionary-order) kinetic model; however, the
intra-particle diffusion model gave two linear regions, which sug-
gested that the adsorption can also be followed by multiple
adsorption rates. The maximum adsorption capacities were 320
and 472 mgg~! for C-PW and AC-PW, respectively. The increased
adsorption capacity of AC-PW could be related to the improvement
on the textural characteristics (specific surface area, average pore
volume, average pore diameter) of the material after the activation
process with CO,. AC-PW is an activated carbon prepared from the
Brazilian-pine fruit shell. On the other hand, the carbonized
material C-PW presents some similarities with the unmodified
shell material, which was verified by the FTIR spectra, thermal
gravimetric curves and SEM images. These textural properties
explain the difference of maximum adsorption capacity of AC-PW
being much higher than C-PW adsorbent.

Thermodynamic parameters of adsorption (AH®, AS° and AG)
were calculated. Increases in the adsorption temperature lead to
increases in the amount adsorbed, indicating that the adsorption of
RO-16 on C-PW and AC-PW follows endothermic processes.
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Notations

agp: the Redlich—Peterson constants (mgL~')"8

C: constant related with the thickness of boundary layer (mgg ™).

Cy: dye concentration at ending of the adsorption (mg L.

Ce: dye concentration at the equilibrium (mgL~1).

C,: initial dye concentration put in contact with the adsorbent (mgL~1).

dq: differential of q.

g: dimensionless exponent of Redlich—Peterson equation.

ho: the initial sorption rate (mgg~! h™!) of pseudo-second-order equation.

kav: is the Avrami kinetic constant (h~1)

ks the pseudo-first-order rate constant (h7 1.

K: the Freundlich equilibrium constant [mgg~! (mgL ™)

kig: the intra-particle diffusion rate constant (mgg~! h~%%),

Ky: the Langmuir equilibrium constant (Lmg™1).

Kgp: the Redlich—Peterson equilibrium constant (Lg™!)

Ks: the Sips equilibrium constant (mgL~1)~1/s

k: the pseudo-second-order rate constant (gmg~'h™1).

m: mass of adsorbent (g).

nay: a fractionary reaction order (Avrami) which can be related, to the adsorption
mechanism

ng: dimensionless exponent of the Freundlich equation

ns: dimensionless exponent of the Sips equation

q: amount adsorbed of the dye by the adsorbent (mgg ™).

ge: amount adsorbate adsorbed at the equilibrium (mgg™?).

Qmax: the maximum adsorption capacity of the adsorbent (mgg™1).

q: amount of adsorbate adsorbed at time (mgg™1).

t: time of contact (h).

V: volume of dye solution put in contact with the adsorbent (L)
Greek letters

«: the initial adsorption rate (mgg~'h~!) of the Elovich equation

8: Elovich constant related to the extent of surface coverage and also to the acti-
vation energy involved in chemisorption (g mg~).
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Removal of Brilliant Green Dye from Aqueous
Solutions Using Home Made Activated Carbons

Activated carbon materials were prepared from the Brazilian pine-fruit shell (Araucaria
angustifolia) by chemically activated carbon (CAC) and chemically and physically acti-
vated carbon (CPAC), and tested as adsorbents for the removal of brilliant green (BG) dye
from aqueous effluents. The mixed activation process leads to increases in the specific
surface area, average porous volume, and average porous diameter of the adsorbent
CPAC when compared to CAC. The effects of shaking time, adsorbent dosage and pH on
the adsorption capacity were studied. BG uptake was favorable at pH values ranging
from 2.0 to 10.0 for both CAC and CPAC. The contact time required to obtain the
equilibrium using CAC and CPAC as adsorbents was 4 h at 298 K, respectively. The
fractionary-order kinetic model provided the best fit to experimental data compared
with other models. Equilibrium data were better fit to the Sips and Redlich-Peterson
isotherm models using CAC and CPAC as adsorbents. The enthalpy and entropy of
adsorption of BG were obtained from adsorption experiments ranging from 298 to

323 K.
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1 Introduction

Dyes are a kind of organic compound with a complex aromatic
molecular structure that can bring bright and firm color to other
substances. However, the complex aromatic molecular structures of
dyes make them more stable and more difficult to biodegrade [1, 2].
The extensive use of dyes in different kinds of industries often poses
pollution problems in the form of colored wastewater discharged
into environmental water bodies [3].

The most efficient method for the removal of synthetic dyes from
aqueous effluents is the adsorption procedure [4-6]. This process
transfers the dye species from the water effluent to a solid phase
thereby keeping the effluent volume to a minimum [7-9].
Subsequently, the adsorbent can be regenerated or stored in a dry
place without direct contact with the environment [5-9].

Activated carbon is the most employed adsorbent for toxic species
removal from aqueous effluents because of well-developed pore
structures and a high internal surface area that leads to its excellent
adsorption properties [10, 11]. Besides these physical characteristics,
the adsorption capacity is also dependent on the source of organic
material employed for the production of the activated carbon [10-
13], as well as the experimental conditions employed in the acti-
vation processes [11].
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Activated carbon can be prepared using a variety of chemical [14]
and physical [15] activation methods and in some cases using a
combination of both types of methods [16]. Chemical activation is
the process where the carbon precursor material is firstly treated
with aqueous solutions of dehydrating agents such as HzPO,,
ZnCl,, H,SO,4, and KOH. Afterward, the carbon material is dried at
373-393 K to eliminate the water. In a subsequent step, the chemi-
cally treated carbon material is heated between 673 and 1073 K
under nitrogen atmosphere [11, 17]. The physical activation consists
of a thermal treatment of previously carbonized material with
suitable oxidizing gases, such as air at temperatures in the range
of 623-823 or 1073-1373 K using steam and/or carbon dioxide
[11, 15].

In recent years, a considerable number of studies have focused on
low cost alternative materials for the production of activated car-
bons from agricultural wastes such as, cherry stones [12], coconut
shell [13, 16, 18-20], rice husk [19], coffee beans [21], corn grain [22],
bamboo [23, 24], gingelly (sesame) [25], cotton [25], seed shells [25],
apricot stones [26], nutshell [27], oil-palm fiber [28], and vine shoots
[29].

In the present work, the use of Brazilian pine-fruit shell (Araucaria
angustifolia syn. A. brasiliensis) is proposed as a precursor for the
preparation of activated carbon materials by chemical (CAC) and
the combination of chemical and physical activation method (CPAC).
These adsorbents were successfully used to remove the brilliant
green (BG) dye from aqueous solutions. BG is an organic dye belong-
ing to the triphenylmethane family. It has extensively been used to
dye silk and wool. Due to its large application for coloring special
textile fibers, there is a constant interest in removing it from aque-
ous solutions (Uses of brilliant green: www.britannica.com/
EBchecked/topic/79627/brilliant-green, accessed March 11th, 2010).
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Equilibrium, kinetic, and thermodynamic data of the adsorption
process of the dye onto the adsorbents were investigated.

2 Materials and Methods
2.1 Solutions and Reagents

De-ionized water was used throughout the experiments for all
solution preparations. BG, also known as Basic Green 1 (C.IL
42040; C,7H34N,40,4S, 48 263 g/mol, see Scheme 1), was obtained from
Vetec, Rio de Janeiro, Brazil (75% dye content) and used without
further purification. The stock solution was prepared by dissolving
dye in distilled water to the concentration of 5.00 g/L. Working
solutions were obtained by diluting the dye stock solution to the
required concentrations. To adjust the pH solutions, 0.10 mol/L
sodium hydroxide or hydrochloric acid solutions was used.
The pH of the solutions was measured using a Hanna (HI 255) pH
meter.

2.2 Adsorbents Preparation

The Brazilian pine-fruit (pifion) shell was dried and milled as pre-
viously reported [30, 31]. The carbonization of the Brazilian pine-
fruit shells was achieved by adding 20.0 g of milled shell and 50.0 mL
of concentrated sulfuric acid (98% weight, 1.98 g/mL) in a 1 L glass
beaker to produce a black carbonaceous residue. This solid material
was magnetically stirred for 15 min and combined with 350 mL of
water. The system was then heated to 373 K and kept at this tempera-
ture for 2 h, under magnetic agitation. Afterward, the non-activated
carbonized Brazilian pine-fruit shell was filtered and washed with
water, 1.0 mol/L of K,CO; solution, followed by extensive washing
with water until the washing liquids reached pH 6.0. C-PW was then
dried at 423 K for 2 h and kept in desiccator [3]. The yield of this
carbonization step was 70%.

To activate the carbon material, 10.0 g of previously non-activated
carbonized material was placed in a quartz reactor provided with a
gas inlet and outlet, which was then placed in a vertical cylindrical
furnace. Firstly, the sample was heated from room temperature to
873 K, at a heating rate of 7 K/min under N, atmosphere (flow rate:
100 mL/min). Secondly, the temperature was kept isothermal for
1.0 h under N, atmosphere. Afterward, the system was cooled down
to room temperature under N, atmosphere. This cool-down step last
2 h. The chemically activated carbon obtained was further grinded
in a disk mill, followed by sieving, obtaining an adsorbent with size
particle lower than 75 pm (200 mesh). The activated carbon chemi-
cally activated with sulfuric acid was assigned as CAC. The yield of
this activation process was 60%. Considering the earlier

/\N+/\
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Scheme 1. Structural formulae of BG.
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carbonization step carried-out with sulfuric acid, the total yield
for CAC adsorbent was 42%.

The chemical and physical activation method was made in a
similar way, where the previously non-activated carbonized material
was heated from room temperature to 1123 K, at a heating rate of
7 K/min under N, atmosphere (flow rate: 100 mL/min). Secondly, the
temperature was kept isothermal for 1.5 h and the gas flow was
switched to CO, (flow rate: 150 mL/min). Afterward, the system was
cooled down to room temperature for 2 h and the gas was again
switched to N,. The chemically and physically activated carbon
obtained was further grinded in a disk mill, followed by sieving,
obtaining an adsorbent with size particle lower than 75 pm
(200 mesh). The chemically and physically activated carbon obtained
was assigned as CPAC. The yield of this activation process was 45%.
Considering the earlier carbonization step carried-out with sulfuric
acid, the total yield for CPAC adsorbent was 32%.

2.3 Adsorbent Characterization

The adsorbents CAC and CPAC were characterized by FTIR using a
Nicolet FTIR, model 6700. Spectra were obtained with a resolution of
4 cm ™' over 100 cumulative scans [32].

Nitrogen adsorption/desorption isotherms of the adsorbents were
obtained at the liquid nitrogen boiling point in a homemade volu-
metric apparatus [33] with a vacuum line system employing a turbo
molecular Edwards vacuum pump. Pressure measurements were
made using a capillary Hg barometer. The apparatus was frequently
checked with an alumina (Aldrich) standard reference (150 mesh,
5.8 nm, and 155 m?/g). Prior to the measurements, the adsorbent
samples were degassed at 250°C, in vacuum, for 3 h. Specific surface
areas were determined using the Brunauer, Emmett, and Teller (BET)
[34] multipoint method and pore size distribution were obtained
using Barret, Joyner, and Halenda (BJH) method [35].

Adsorbent samples were also analyzed by scanning electron
microscopy (SEM) in a Jeol microscope, model JEOL JSM 6060, using
an acceleration voltage of 20 kV and magnification ranging from
100 to 20 000-fold.

2.4 Adsorption Studies

Adsorption studies for the evaluation of the CAC and CPAC adsor-
bents for the removal of BG dye from aqueous solutions were carried
out in triplicate using the batch contact adsorption. For optimi-
zation of the adsorption conditions (effect of pH, mass of adsorbent)
as well as for the kinetic experiments, fixed amounts of adsorbents
varying from 20.0 to 200.0 mg were suspended in a series 0f 20.0 mL
of dye solution with concentrations that varied from 2.00 to
1500.0 mg/L using 50 mL glass Erlenmeyer flasks. The pH of the
dye solutions ranged from 2.0 to 10.5. These suspensions were stirred
in a reciprocating shaker (Tecnal, Piracicaba, Brazil), placed inside a
controlled-temperature chamber (Oxylab, Sao Leopoldo, Brazil) at
298 K, for suitable times from 0.25 to 6 h, during the experiments.

The equilibrium studies were carried out using the same appa-
ratus described above, utilizing the previous optimized conditions,
such as: pH of the dye solution fixed at 5.5; mass of adsorbent of
50.0 mg, contact time of 5 h, and temperature ranging from 298 to
323 K.

Subsequently to the batch adsorption, in order to separate the
adsorbents from the aqueous solutions, the flasks were centrifuged
at 3600 rpm for 10 min, and aliquots of 1-10 mL of the supernatant
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were properly diluted with water. The final concentrations of the dye
remaining in the solutions were determined by visible spectropho-
tometry, using a Femto spectrophotometer provided with optical-
glass cells. Absorbance measurements were made at the maximum
wavelength of BG which was 621 nm. The BG detection limit using
the spectrophotometric method, determined according to IUPAC
[36], was 0.18 mg/L. The amount of the dye uptake and percentage
of the removal of dye by the adsorbents was calculated by applying
the Egs. (1) and (2), respectively:
(Co —Cr)

q=—"—Cv M
(Co —Cr )

%Removal = 100 c
0

(2)
where q is the amount of dye taken up by the adsorbents (mg/g); C,
the initial BG concentration put in contact with the adsorbent
(mg/L), C¢ the dye concentration (mg/L) after the batch adsorption
procedure, V the volume of dye solution (L) put in contact with the
adsorbent, and m is the mass (g) of the adsorbent.

2.5 Kinetic and Equilibrium Models

2.5.1 Equilibrium Isotherms

Avrami, pseudo first-order, pseudo second-order, Elovich and intra-
particle diffusion model kinetic equations are given in Tab. 1 [37].

Langmuir, Freundlich, Sips, and Redlich-Peterson isotherm
equations are given in Tab. 2 [38].

2.6 Statistical Evaluation of the Kinetic and
Isotherm Parameters

Kinetic and equilibrium models were fit employing the nonlinear
fitting method using the nonlinear fitting facilities of the software
Microcal Origin 7.0. In addition, models were also evaluated by an
error function [39] that measures the differences in the amount of
dye taken up by the adsorbent predicted by the models and the
actual ¢ measured experimentally.

F, =100 x zn: Giexp — Gimoder\* (1 @)
error(%) - Ji.exp n-p

where g; model 18 the value of g predicted by the fitted model and g; exp
is the value of q measured experimentally, and n is the number of
experiments performed and p is the number of fitted parameters.

Table 1. Kinetic adsorption models.

Kinetic model Non-linear equation

Avrami Qe = qe{1 — exp[—(kay t)]"AV}
Pseudo-first order Qe = qe[1 — exp(—ket)]
2
Pseudo second order qe = ﬂ
1+ gekst
ho = ks ¢2

initial sorption rate

g = %ln(aﬂ) n %ln(t)

qe = kiaVt+C

Elovich

Intra-particle diffusion

© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Isotherm models.

Isotherm model Equation
. Ki.C,
Langmuir Qe = %m:x—KLLc:
Freundlich de = KeCL/™
KsCa/™
SIPS Qe = Qmax S le/n
1+ KsCe'
KgpC
Redlich-Peterson de RP™e __ where 0 <g<1

- 1+ aRpC§

3 Results and Discussion
3.1 Characterization of the Adsorbents

FTIR technique was used to examine the surface groups of adsor-
bents (CAC and CPAC and to identify the groups responsible for dye
adsorption. Infrared spectra of the adsorbents and dye-loaded
adsorbent samples, before and after the adsorption process, were
recorded in the range 4000-400 cm ' (Fig. 1). As previously observed
for a fly ash adsorbent [40] after the adsorption procedure, the
functional groups that interacted with the dye suffered a shift to
lower wavenumbers.

A)
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CAC + BG

1626 1576 T
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Figure 1. (A) FTIR for CAC; (B) FTIR for CPAC.
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Figure 1A) shows the FTIR vibrational spectra of the activated
carbon prepared from Brazilian pine-fruit shell chemically activated
with sulfuric acid (CAC) before the adsorption and loaded with the
dye BG (CAC + BG) after the adsorption. The intense absorption
bands at 3434 and 3430 cm ™' are assigned to O-H bond stretching,
before and after adsorption, respectively [39, 41, 42]. The two CH,
stretching bands at 2922 and 2852 cm ' are assigned to asymmetric
and symmetric stretching of CH, groups [41] which present the
same wavenumbers before and after the adsorption, indicating that
these groups did not participate in the adsorption process. Sharp
intense peaks observed at 1629 and 1626 cm ™', before and after
absorption, respectively, are assigned to the aromatic C=C ring
stretch [41, 42]. In addition, there are several small bands and
shoulders in the range of 1600-1400 cm ™' that are assigned to ring
modes of the aromatic rings [41]. The wavenumbers of these
bands were not different before and after the adsorption procedure.
Bands ranging from 1122 to 1036 and 1111 to 1023 cm™* before
and after adsorption, respectively, are assigned to C-O stretching
vibrations of lignin [42]. FTIR results indicate that the CAC
activated carbon does not completely destroy all the chemical
functions of the original biomaterial without chemical treatment,
as previously reported [3, 39|. Besides, the interaction of the dye
with the CAC adsorbent should occur with the O-H bonds of
lignin groups as well as by interaction with the aromatic rings of
the CAC.

The activated carbon prepared from Brazilian pine fruit-shell
activated by the mixture of chemical and physical activation pro-
cesses (CPAC) presents absorption bands at 3434 and 3430 cm ™' are
assigned to O-H bond stretching, before and after adsorption,
respectively [41], indicating that this group plays a role on the
adsorption of the BG dye. The two CH, stretching bands at 2925
and 2854 cm ™' are assigned to asymmetric and symmetric stretch-
ing of CH, groups, respectively [41], which present the same wave-
numbers before and after the adsorption, indicating that these
groups did not participate of the adsorption process, as also observed
for CAC adsorbent. Small bands at 1730 and 1722 cm ', before and
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after absorption, respectively, are assigned to carbonyl groups of
carboxylic acid, which are usually found in lignin materials [41, 42].
Bands ranging from 1620 to 1400 and 1689 to 1395 cm ' before and
after absorption, respectively are assigned to C=C of aromatic rings.
The shifts of these bands to lower wavenumbers after the adsorption
of the dye indicate that the mechanism of interaction of the BG
dye with the activated carbon CPAC should also occur by the w1
interaction of the dye with the aromatic rings of the activated carbon
[43], besides the interaction with its functional groups (carboxylate,
OH). In addition, strong bands of 1105 and 1098 cm ', before and
after adsorption, respectively, confirm the presence of C-O bond
(Fig. 1B)) [41] reinforcing the interaction of the dye with carboxylate
groups.

Scanning electron micrographs of CAC (Figs. 2A) and B)) and CPAC
(Figs. 2C) and D)) show the some differences of these materials. Both
CAC and CPAC materials seem to have high surface areas, presenting
subdivided pieces of carbon. Although both CAC and CPAC adsor-
bents were milled and sieved after their activation process, the
pieces of carbon seem to have large size for the CAC adsorbent
material when compared to CPAC material. Probably the treatment
to higher temperatures and also submitting the carbon material to
CO, atmosphere is responsible for originating smaller carbon pieces
of CPAC material. Therefore, it would be expected that CPAC adsor-
bent would be more effective as adsorbent for BG removal from
aqueous solutions.

Physical and chemical properties of CAC and CPAC are presented in
Tab.3.The combination of chemical and physical activation process for
preparation of CPAC adsorbent, lead to best textural properties when
compared with CAC which was activated only by chemical activation.
The specific surface area of CPAC increased by 37.7%, the average pore
volume increased by 16.3% and the average pore diameter increased by
18.4%, when compared to CAC material. These textural parameters
suggest that CPAC could present a better performance compared with
CAC as adsorbent to remove dyes from aqueous solutions, as reported
previously [3, 9, 44]. In addition these textural properties are in agree-
ment with the SEM data discussed above.

Figure 2. (A) SEM for CAC with magnification of 1000x; (B) SEM for CAC with magnification of 2000x; (C) SEM for CPAC with magnification of 1000x;

(D) SEM for CPAC with magnification of 2000 x.
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Table 3. Physical properties of the adsorbents.

Specific surface area - BET (m?/g)

CAC 1035
CPAC 1425
Average pore volume (cm®/g)

CAC 0.43
CPAC 0.50
BJH Average pore diameter (nm)

CAC 4.90
CPAC 5.80

3.2 Effects of Acidity on Adsorption

Effects of initial pH on percentage of removal of BG dye using CAC
and CPAC adsorbents were evaluated within the pH range between 2
and 10.5 (see Fig 3). On the contrary of several already published
results using activated carbon [10] the dye amount adsorbed per unit
of mass was practically constant, with differences lower than 1.3 and
1.4%, for CAC and CPAC adsorbents, respectively, for pH values
ranging from 2.0 to 10.5. This behavior is in agreement with the
FTIR results discussed above, suggesting that the adsorption
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X
90 4
85 T T T T T
2 4 6 8 10 12
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Figure 3. Effect of initial pH on the adsorption of BG dye using: CAC (A) and

CPAC (B) as adsorbents. Conditions: mass of adsorbent 40.0 mg; time of
contact 4 h; T 298 K; initial dye concentration 250 mg/L.
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mechanism should not be electrostatic, as usually reported in the
literature for several dyes using different adsorbents [3, 5, 7, 10, 44].
Otherwise, the adsorption should takes place by the interaction of
the dye with the aromatic rings of the activated carbon [43]. This
behavior is very important from the removal point of view, since
there is no need for pH adjustments for removing the BG dye using
CAC and CPAC adsorbents. In addition, to confirm that the adsorp-
tion does not depends on the electrostatic attraction of the dye by
the adsorbent, the final pH of the solutions, after the adsorption was
measured. The variation of pH was lower than 0.05, which are not
significant. These experiments reinforce the hypothesis that the
mechanism of adsorption of BG using CAC and CPAC as adsorbent
is not electrostatic attraction.

Taking into account that the pH of contaminated industrial efflu-
entis near to 5.5-6.0 values, in the further experiments, the pH value
was fixed at 5.5.

3.3 Adsorbent Dosage

The study of adsorbent dosages for the removal of the dye from
aqueous solution was carried out using quantities of CAC and CPAC
adsorbents ranging from 20.0 to 200.0 mg and fixing the volume and
initial dye concentration at 20.0 mL and 300.0 mg/L, respectively.
The highest amount of dye removal was attained for adsorbent
masses of at least 50.0 mg of each adsorbent (Fig. 4). For adsorbent
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Figure 4. Adsorbent dosage. ll, % BG removal; @, amount adsorbed per
gram (q). CAC (A); and CPAC (B). Conditions: Initial dye concentration
300 mg/L; time of contact 4 h; pH 5.5; temperature 298 K.
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quantities higher than these values, the dye removal remained of adsorption sites available for adsorption, as already reported in
almost constant (see Fig. 4). Increases in the percentage of the several papers [3, 9, 10, 44, 45]. On the other hand, the increase in
dye removal with adsorbent masses could be attributed to  the adsorbent mass promotes a remarkable decrease in the
increases in the adsorbent surface areas, augmenting the number amount of dye uptake per gram of adsorbent (q) (see Fig. 4), an
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Figure 5. Kinetic models for the adsorption of BG. ll, CAC; @, CPAC. (A) CAC 300 mg/L; (B) CAC 600 mg/L; (C) CPAC 300 mg/L; (D) CPAC 600 mg/
L; (E) CAC 300 mg/L; (F) CAC 600 mg/L; (G) CPAC 300 mg/L; (H) CPAC 600 mg/L. Conditions: mass of adsorbent 50.0 mg; pH 5.5; temperature

298 K.
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Table 4. Kinetic parameters for BG removal using CAC and CPAC as adsorbents. Conditions: temperature was fixed at 298 K; pH 5.5; adsorbent mass

50.0 mg.

CAC CPAC

300.0 mg/L 600.0 mg/L 300.0 mg/L 600.0 mg/L
Fractionary order
kav (1) 0.5216 0.5413 0.7225 0.7307
e (mg/g) 100.8 214.3 112.8 234.2
Nav 1.775 1.750 1.462 1.476
Adjusted R? 1.000 1.000 1.000 1.000
Ferror 1.13 1.71 1.04 0.197
Pseudo-first order
ke(h™Y) 0.4623 0.4861 0.6944 0.7042
e (mg/g) 108.8 229.8 116.4 241.6
Adjusted R? 0.9661 0.9671 0.9830 0.9822
Ferror 91.5 85.4 32.2 31.6
Pseudo-second order
ks (g/mg/h) 0.00281 0.00145 0.00521 0.00257
e (mglg) 144.1 300.8 141.6 293.1
h, (mg/g/h) 58.34 131.2 104.5 220.8
Adjusted R? 0.9470 0.9468 0.9578 0.9561
Ferror 105 99.0 436 429
Elovich
o (mg/g/h) 116.6 256.7 196.2 4134
B (g/mg) 0.02975 0.01415 0.03072 0.01486
Adjusted R? 0.9494 0.9494 0.9434 0.9405
Ferror 74.7 60.3 22.2 22.7
Intra-particle diffusion
ki1 (mg/g/h°>) 71.1 158.5 85.9 190.8

a)

First stage.

effect that can be mathematically explained by combining the
Egs. (1) and (2):

_ %Removal C,V

100m @

As observed in the Eq. (4), the amount of dye uptake (q) and the
mass of adsorbent (m) are inversely proportional. For a fixed dye

percentage removal, the increase in adsorbent mass leads to a
decrease in q values, since the volume (V) and initial dye concen-
trations (C,) are always fixed. These values clearly indicate that the
adsorbent mass must be fixed at 50.0 mg, which is the mass that
corresponds to the minimum amount of adsorbent that leads to
constant dye removal. Adsorbent masses were, therefore, fixed at
50.0 mg for both CAC and CPAC.

Table 5. Isotherm parameters for BG adsorption, using CAC and CPAC as adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 5.5; and using a

contact time of 5 h.

CAC CPAC

298 K 303 K 308 K 313 K 318 K 323 K 298 K 303 K 308 K 313 K 318 K 323 K
Langmuir
Qmax (Mg[g) 219.1 216.1 217.5 212.8 212.0 211.7 263.4 284.3 283.6 292.7 295.5 298.5
K (L/g) 0.4766 0.6665 0.6662 0.9252 1.017 1.103 8.717 7.121 23.91 19.97 29.21 37.85
Adjusted R? 0.9534 09318 09343 0.8912 0.8304 0.7519 0.8347 0.8765 0.8951 0.8820 0.8684 0.8728
Ferror 5.96 11.0 23.0 21.9 24.4 25.6 10.95 9.62 6.11 4.97 4.42 3.25
Freundlich
Kg ((mg/g(mg/L)’l/“F) 112.8 110.7 111.2 116.2 123.1 128.9 190.6 202.0 208.9 225.7 237.5 251.3
Np 6.452 6.239 6.224 6.754 7.542 8.253 11.29 10.57 11.79 14.72 17.25 22.09
Adjusted R? 0.9435 0.9439 0.9447 0.9525 0.9575 0.9599 0.9519 0.9519 0.8929 0.9172 0.9370 0.9534
Ferror 6.94 10.2 19.5 12.7 10.1 8.22 6.19 12.60 9.64 5.23 3.62 217
Sips
Qmax (mg/g) 250.7 255.4 259.8 263.9 270.4 273.9 307.3 313.0 3174 323.9 331.8 335.8
Ks((g /L)~ /"5) 0.5601 0.6213 0.6850 0.7575 0.8372 09131 1.851 2.100 2.384 2.715 2.905 3.320
Ns 1.755 1.932 2111 2.409 2.809 3.125 2.874 2.091 2.600 2.869 3.433 4131
Adjusted R? 0.9999 1.000 1.000 1.000 0.9999 1.000 0.9999 0.9999 1.000 1.000 0.9999 1.000
Ferror 0.21 0.13 0.21 0.12 0.22 0.11 0.30 0.15 0.04 0.08 0.13 0.04
Redlich-Peterson
Kgp (L/g) 190.8 333.1 825.7 1271 2451 3677 6486 3863 10015 9854 16249 23980
agp (mg/L)~% 1.226 2.290 6.134 9.275 17.40 25.08 30.93 16.42 41.58 39.10 62.97 89.83
g 09189 0.9041 0.8860 0.8927 09010 09112 09362 09456 0.9529 0.9598 0.9631 0.9701
Adjusted R* 0.9980 0.9962 09919 0.9939 0.9956 0.9979 0.9927 0.9922 0.9964 0.9967 0.9977 0.9984
Ferror 1.15 2.26 4.24 2.57 1.71 1.01 2.00 191 1.08 0.80 0.56 0.35
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3.4 Kinetic Studies

Adsorption kinetic studies are important in the treatment of aque-
ous effluents because they provide valuable information on the
mechanism of the adsorption process [44].

It is important to point out that the initial BG concentrations
employed during the kinetic studies are relatively high (300.0 and
600.0 mg/L) when compared with other studies reported in the
literature [1, 5, 7, 9]. Both CAC and CPAC have very high adsorption
capacities and adsorb practically all BG when initial adsorbate con-
centrations are lower than 200 mg/L. In order to study the mecha-
nism of dye adsorption, kinetic data were fit using the four kinetic
models depicted in Tab. 1 (Figs. SA-D).

CLEAN - Soil, Air, Water 2010, 38 (5-6), 521-532

As can be seen, only the Avrami fractionary kinetic model showed
the best fit, presenting low error function values and also high
adjusted R* values, for the two initial concentration levels of the
dye with both adsorbents. The lower the error function is, the lower
will be the difference of the q calculated by the model from the
experimentally measured q [39]. Additionally, it was verified that the
de values found in the fractionary-order were closer to the exper-
imental g, values, when compared with all other kinetic models.
These results indicate that the fractionary-order kinetic model
should explain the adsorption process of BG taken up by the CAC
and CPAC adsorbents.

The Avrami kinetic equation has been successfully employed to
explain several kinetic processes of different adsorbents and
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Figure 6. Isotherm models for BG adsorption on CAC and CPAC adsorbents, using batch contact adsorption procedure. Conditions: adsorbent mass of

50.0 mg; pH fixed at 5.5; and using a contact time 5 h.
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adsorbates [1, 3,9, 10, 37, 38, 44, 46, 47]. The Avrami exponent (1,y) is
a fractionary number related with the possible changes of the
adsorption mechanism that takes place during the adsorption pro-
cess [46, 47]. Instead of following only an integer-kinetic order, the
mechanism adsorption could follow multiple kinetic orders that are
changed during the contact of the adsorbate with the adsorbent
(47, 48). nay is a resultant of the multiple kinetic order of the
adsorption procedure.

Since kinetic results fit very well to the fractionary kinetic model
(Avrami model) for the BG dye using CAC and CPAC adsorbents
(Tab. 4 and Fig. 5), the intra-particle diffusion model (38) was used
to verify the influence of mass transfer resistance on the binding of
BG to both adsorbents (Tab. 4 and Figs. 5E-H). The intra-particle
diffusion constant, kiy (mgf/g h®®) (Tab. 1), can be obtained from
the slope of the plot of g, (uptake at any time, mg/g) versus the
square root of time. Figures 5E-H show the plots of g, versus t/%, with
multi-linearity for the BG dye using CAC and CPAC adsorbents. These
results imply that the adsorption processes involve more than one
single kinetic stage (or adsorption rate) [37]. For instance, the adsor-
ption process exhibits two stages, which can be attributed to two
linear parts (Figs. 5SE-H). The first linear part can be attributed to
intra-particle diffusion, which causes a delay in the process (38). The
second stage is the diffusion through smaller pores, which is fol-
lowed by the establishment of equilibrium [37].

It was observed in Figs. 5A-D that the minimum contact time of BG
with the adsorbents to reach the equilibration was about 4.0 h, using
CAC and CPAC as adsorbents, respectively (Figs. 5A-D).

3.5 Equilibrium Studies

An adsorption isotherm describes the relationship between the
amount of adsorbate taken up by the adsorbent and the adsorbate
concentration remaining in solution. There are several equations for
analyzing experimental adsorption equilibrium data. The equation
parameters of these equilibrium models often provide some insight
into the adsorption mechanism, the surface properties and affinity
of the adsorbent. In this work, the Langmuir, Freundlich, Sips, and
Redlich-Peterson isotherm models were tested [38|

The isotherms of adsorption of BG on the two adsorbents were
carried out from 298 to 323 K, using the best experimental con-
ditions described previously (Tab. 5 and Fig. 6). Considering that for a
good fitting of a nonlinear model, the F..,, values should be <3.0%
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[38, 39]. Based on this confident limit value for Fe.,, for both
adsorbents, the isotherm parameters obtained for Langmuir, and
Freundlich have no physical meaning, because the amount adsorbed
(q) fitted by the models present an average difference higher than
3.0% of the actual g measured. Based on the F.,, values analysis the
isotherm models that were well fitted for all temperatures (298-
323 K) and both adsorbents were the Sips and the Redlich-Peterson
isotherm models, being the F.; values of Sips model lower than the
Ferror Values of Redlich-Peterson isotherm model.

Based on the Sips isotherm model, the maximum amounts of BG
uptake were 273.9 and 335.8 mg/g for CAC and CPAC, respectively.
These values indicate that these adsorbents are good adsorbents for
BG removal from aqueous solutions.

3.6 Thermodynamic Studies

Thermodynamic parameters related to the adsorption process, i.e.,
Gibb’s free energy change (AG®, kJ/mol), enthalpy change (AH®, kJ/mol),
and entropy change (AS°, J/mol/K) are determined by the following
equations:

AG® = AH® — TAS® (5)
AG® = —RTIn(K) (6)

The combination of Egs. (5) and (6) gives:

R RT

In(K) = AS°  AH° 1

(7)
where R is the universal gas constant (8.314 J/K mol), T the absolute
temperature (Kelvin), and K represents the equilibrium adsorption
constants of the isotherm fits (K - Sips equilibrium constant, which
must be converted to SI units, by using the molecular mass of the
dye) obtained from the isotherm plots. AH® and AS° values can be
calculated from the slope and intercept of the linear plot of InK
versus 1/T.

The thermodynamic results are depicted on Tab. 6. Taking into
account that the Langmuir isotherm parameters were not confident
at 3% level for temperature range (298-323 K) using both the adsor-
bents (CAC and CPAC), the thermodynamic parameters were only
obtained using the values of Sips equilibrium constant (Ks). The
adjusted R? values of the linear fit were at least 0.99, indicating that
the values of enthalpy and entropy calculated for both adsorbents

Table 6. Thermodynamic parameters of the adsorption of BG on CAC and CPAC adsorbents. Conditions: adsorbent mass of 50.0 mg; pH fixed at 5.5; and

using a contact time of 5 h.

Temperature (K)

298 303 308 313 318 323
CAC
Ky, (L/mol) 2.703-10° 2.999-10° 3.306:10° 3.656-10° 4.040-10° 4.407-10°
AG (kJjmol) —30.99 —-31.77 —32.54 —33.33 —34.13 —34.90
AH® (kJ/mol) 15.73 - - - - -
AS” (KJ/K mol) 0.157 - - - - -
Adjusted R? 0.9998 - - - - -
CPAC
Ky, (Ljmol) 8.935-10° 1.013-10° 1.151-10° 1.311-10° 1.442-10° 1.602:10°
AG (kJ/mol) —33.95 —34.84 —35.74 —36.66 —37.49 —38.37
AH°® (kJ/mol) 18.80 - - - - -
AS® (KJ/K mol) 0.177 - - - - -
Adjusted R* 0.9983 - - - - -
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are fairly confident. In addition, the magnitude of enthalpy is con-
sistent with a physical interaction of an adsorbent with an adsorbate
as already reported in the literature [48, 49]. Enthalpy changes (AH®)
indicate that adsorption followed endothermic processes. Negative
values of AG indicate that the BG reactive dye adsorption by CAC and
CPAC adsorbents is a spontaneous and favorable process for all
studied temperatures. The positive values of AS° confirm a high
preference of BG molecules for the carbon surface of CAC and
CPAC and also suggest the possibility of some structural changes
or readjustments in the dye-carbon adsorption complex [49]. Besides,
it is consistent with the dehydration of dye molecule before its
adsorption to carbon surface, and the releases of these water mol-
ecules to the bulk solution.

The increase in the adsorption capacities of CAC and CPAC at
higher temperatures may be attributed to the enhanced mobility
and penetration of dye molecules within the adsorbent porous
structures by overcoming the activation energy barrier and enhanc-
ing the rate of intra-particle diffusion [48, 49|.

4 Conclusions

Activated carbon materials prepared from the Brazilian pine-fruit
shell (A. angustifolia) by chemical (CAC) and by the combination of
chemical and physical activation (CPAC) are good alternative adsor-
bents to remove BG dye from aqueous solutions. Both adsorbents
interact with the dye at the solid/liquid interface when suspended in
water. The best conditions were established with respect to pH and
contact time to saturate the available sites located on the adsorbent
surface. Five kinetic models were used to adjust the adsorption and
the best fit was the Avrami (fractionary-order) kinetic model; how-
ever, the intra-particle diffusion model gave two linear regions,
which suggested that the adsorption can also be followed by
multiple adsorption rates. The maximum adsorption capacities
were 273.9 and 335.8 mg/g for CAC and CPAC, respectively. The
increased adsorption capacity of CPAC could be related to the
improvement on the textural characteristics (specific surface area,
average pore volume, average pore diameter) of the material after
the combination of chemical and physical activation process. On the
other hand CAC is activated carbon prepared only by chemical
activation.

Thermodynamic parameters of adsorption (AH®; AS® and AG®) were
calculated. Increases in the adsorption temperature lead to increases
in the amount adsorbed, indicating that the adsorption of BG on CAC
and CPAC follows endothermic processes.

5 Nomenclatures

agp  the Redlich-Peterson constants (mg/L) "

C constant related with the thickness of boundary layer (mg/g)

Ce dye concentration at ending of the adsorption (mg/L)

Ce dye concentration at the equilibrium (mg/L)

Co initial dye concentration put in contact with the adsorbent
(mg/L)

dq differential of q

g dimensionless exponent of Redlich-Peterson equation

ho the initial sorption rate (mg/g/h) of pseudo-second order
equation

kay  is the Avrami kinetic constant (h )

ke the pseudo-first order rate constant (h™?)

K the Freundlich equilibrium constant (mg/g (mg/L)~"/"F)
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kia  the intra-particle diffusion rate constant (mg/g/h°)

Ky the Langmuir equilibrium constant (L/mg)

Kgp  the Redlich-Peterson equilibrium constant (L/g)
Ks  the Sips equilibrium constant (mgfL) /™

ks the pseudo-second order rate constant (g/mg h)
m mass of adsorbent (g)

nay i a fractionary reaction order (Avrami) which can be related
to the adsorption mechanism

ng dimensionless exponent of the Freundlich equation

ng dimensionless exponent of the Sips equation

q amount adsorbed of the dye by the adsorbent (mg/g)

e amount adsorbate adsorbed at the equilibrium (mg/g)

Qmax the maximum adsorption capacity of the adsorbent (mg/g)

qe amount of adsorbate adsorbed at time (mg/g)

t time of contact (h)

\%4 volume of dye solution put in contact with the adsorbent (L)
o the initial adsorption rate (mg/g/h) of the Elovich Equation
B Elovich constant related to the extent of surface coverage and

also to the activation energy involved in chemisorption (g/mg)
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