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Resumo

Resumo

Os efluentes téxteis, quando lancados nos corpos hidricos, reduzem a
penetracédo da luz solar prejudicando os processos de fotossintese. Além disso, os
corantes tém sido apontados como substancias potencialmente téxicas.

Em geral, os processos de remogao estdo fundamentados em sistemas fisico-
quimicos seguidos de tratamento biolégico. O processo de adsorgédo, além de
apresentar alta eficiéncia de remogao, ainda apresenta como vantagem a facilidade
de operacao e a possibilidade de utilizacdo de adsorventes de baixo custo.

Neste trabalho foram utilizados quatro novos adsorventes alternativos para
remocdo dos corantes téxteis presentes em solugdes aquosas ou efluentes
sintéticos. O estudo foi segmentado em trés etapas de trabalho. Para a remogéo dos
corantes RR-194 e DB-53, RB-5 e RO-16 de solugdes aquosas, foram testados
como adsorventes o0s seguintes materiais: casca de cupuagu (CS), talo do agai (AS)
e talo do agai acidificado (AAS), respectivamente. Para a remog¢ao do corante RR-
120 do efluente sintético, foi avaliada a capacidade adsorvente da microalga verde
azulada S. platensis (SP). Com o intuito de comparar a eficiéncia de remogao da
microalga, os testes também foram realizados com carvao ativo comercial. A
dessorgao do corante RR-120 e a reutilizagdo da microalga foi analisada.

Os biossorventes foram caracterizados por espectroscopia FTIR, MEV e
curvas de adsorgao e dessorgao de nitrogénio. Foram realizados estudos cinéticos e
de equilibrio para os sistemas. Para avaliar a capacidade de remog¢ao do corante
RR-120 da microalga S. platensis e do carvéo ativo comercial, foram analisados os
aspectos termodinamicos do processo.

Os estudos utilizando a casca do cupuacgu, o talo do acai, o talo do acai
acidificado e a microalga S. platensis mostraram que 0s novos adsorventes séo
6timas alternativas de baixo custo para remoc¢ao dos corantes téxteis RR-194 e DB-
53, RB-5 e RO-16, e RR-120.

Todos os adsorventes apresentaram elevada eficiéncia de remogdo. Os
experimentos de dessorcéo utilizando solucdo de NaOH 0,50 mol.L""demonstraram
que a microalga S. platensis pode ser reutilizada, com pouca perda de eficiéncia de

remocao, diferentemente do carvao ativo, que, apesar de apresentar uma boa
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Resumo

eficiéncia de remogao, forneceu uma porcentagem de dessorgao de cerca de 13%,
impossibilitando sua reutilizagao.

A caracterizagao dos biossorventes mostrou que os grupos hidroxila
presentes nos compostos fendlicos e alcodlicos e os carboxilatos devem participar
efetivamente do mecanismo de biossorcéo.

Os resultados obtidos com os biossorventes CS, AS e AAS foram mais bem
representados pelo modelo de ordem fracionaria de Avrami, enquanto que o
biossorvente SP foi adequadamente ajustado pelo modelo de ordem geral. O
modelo de difusdo intra-particula sugere que a biossorgdo ocorreu em multiplas
etapas.

O equilibrio foi atingido apds 10 e 4 horas de contato dos biossorventes AS e
AAS, respectivamente, com os corantes RB-5 e RO-16. O tempo necessario para
atingir o equilibrio entre os corantes RR-194 e DB-53 e o biossorvente CS foi de 8 e
18 horas, respectivamente, enquanto que, para remocg¢ao do corante RR-120 com o
adsorvente SP e AC, foram necessarias 3 horas.

O modelo de isoterma de Sips foi 0 que melhor representou os sistemas de
adsorcao utilizando CS, AS e AAS como biossorventes. Para o carvao ativo e para o
biossorvente SP, o modelo que melhor se ajustou aos dados experimentais foi o de
Liu.

A capacidade maxima de adsor¢ao dos corantes RB-5 e RO-16 foi de 52,3
mg.g”" e 61,3 mg.g", respectivamente, utilizando AS como biossorvente e 72,3
mg.g” e 156 mg.g™", respectivamente, utilizando AAS como biossorvente.

A capacidade maxima de adsor¢do de RR-194 e DB-53 foi de 64,1 mg.g™” e
37,5 mg.g'1, respectivamente, utilizando CS como biossorvente, enquanto que a
capacidade maxima de adsorgdo do corante RR-120 foi de 482,2 mg.g”' e 267,2

mg.g”, respectivamente, utilizando SP e AC como adsorvente.
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Abstract

Abstract

The textile effluents when launched into water bodies reduce the penetration
of sun light harming the photosynthesis processes. Besides this, the dyes have been
pointed out as potentially toxic substances.

In general, the removal processes are based on physicochemical systems
followed by biological treatment. The sorption process, besides presenting high
removal efficiency, it still has the advantage of easy operation and the possibility of
usage of low cost adsorbents.

In this work, four new alternative adsorbents were used for the removal of
textile dye found in aqueous solutions or synthetic effluents. The study was divided in
three working steps. For the removal of the dyes RR-194 and DB-53, RB-5 and RO-
16 of aqueous solutions, the following materials were tested as adsorbents:
cupuassu shell (CS), agai stalk (AS) and acidified agai stalk (AAS), respectively. For
the removal of the dye RR-120 of the synthetic effluent the adsorbing capacity of the
blue-green microalgae S. platensis (SP) was evaluated. In order to compare the
efficiency of microalgae removal, the tests were also performed using commercial
activated carbon (AC). The desorption of the dye RR-120 e reusage of the
microalgae was analyzed.

The biosorbents were characterized through spectroscopy FTIR, MEV and
nitrogen adsorption and desorption curves. Kinetic and balance studies for the
systems were developed. To evaluate the removal capacity of the dye RR-120 of S.
platensis microalgae and the commercial activated carbon, the thermodynamic
aspects of the process were analyzed.

The studies using the cupuassu shell, aqai stalk, acidified agai stalk and the S.
platensis microalgae showed that the new adsorbents are excelent low cost
alternatives for the removal of textile dyes RR-194 and DB-53, RB-5 and RO-16, and
RR-120.

All adsorbents presented high removal efficiency. The desorption experiments
using NaOH 0.50 mol.L™ solution demonstrated that the S. platensis microalgae may

be reused, with a small loss of removal efficiency, different from the activated carbon,
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Abstract

which, despite presenting a good removal efficiency, provided a desorption rate of
about 13%, preventing its reuse.

The characterization of biosorbents showed that the hydroxyl groups found in
phenolic and alcoholic compounds and the carboxylates shall effectively participate
in the biosorption mechanism.

The results obtained with the CS, AS and AAS biosorbents were better
represented by the Avrami fractional order model, while the SP biosorbent was
properly adjusted by the general order model. The intra-particle diffusion model
suggests that the biosorption occurred in multiple stages.

The balance was reached after 10 and 4 hours of contact with the biosorbents
RB-5 and RO-16 and AS and AAS, respectively. The time needed to reach the
balance between the dyes RR-194 and DB-53 and the biosorbent CS was of 8 and
18 hours, respectively, whereas for the removal of the dye RR-120 with the
adsorbent SP and AC, 3 hours were needed.

The Sips isotherm model was the one which better represented the adsorption
systems using CS, AS and AAS as biosorbents. For the activated carbon and the
biosorbent SP the model which best suited the experimental data was the Liu’s.

The adsorption maximum capacity of the dyes RB-5 and RO-16 were of 52.3
mg.g”" and 61.3 mg.g”' using AS as biosorbent, respectively, and 72.3 mg.g™ and
156 mg.g'1 using AAS as biosorbent, respectively.

The adsorption maximum capacity of RR-194 and DB-53 was of 64.1 mg.g™
and 37.5mg.g" using CS as biosorbent, respectively, whereas the adsorption
maximum capacity of the dye RR-120 was of 482.2 mg.g” and 267.2 mg.g™' using SP

and AC as adsorbent.

XVI
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1. INTRODUGCAO

As cores exercem grande fascinio sobre a humanidade. Corantes e
pigmentos tém sido cada vez mais utilizados para dar cor ao produto final de
diferentes industrias e, mesmo que muitos ndo conhegam sua composi¢gao quimica,
eles fazem parte da vida de qualquer consumidor moderno. Os pigmentos s&o
responsaveis pela cor de tintas e vernizes utilizados em grande escala,
principalmente, por industrias automotivas e de construgdo civil. Os pimentos podem
ser substancias organicas ou inorganicas e se diferenciam dos corantes por serem
insollveis em agua "2

Os corantes sao aplicados em varios segmentos industriais, dentre eles o
setor alimenticio, que os utiliza para colorir molhos, geleias, biscoitos, sorvetes,
temperos e alimentos em geral, a industria cosmética, para colorir produtos de
higiene pessoal, cosméticos e perfumes, e a industria téxtil, que os utiliza para
colorir fibras e tecidos '3,

As industrias téxteis geram grandes quantidades de efluentes contaminados
com corantes. Os processos de tinturaria e lavagem s&o as principais fontes de
poluicdo da agua, produzindo 45 a 65 litros de efluente por quilograma de tecido
processado °°.

A composicao média dos efluentes téxteis é dada por: sdlidos totais na faixa
de 1000 mg.L-' a 1600 mg.L-"; DBO de 200 mg.L-" a 600 mg.L-', pH alcalino e
alcalinidade total de 300 mg.L-1 a 900 mg.L-1. Esses valores s&o superiores aos
estabelecidos pelas resolugcbes CONAMA n° 357/2005 e n° 397/2008, que séo: 500
mg.L™" de sdlidos totais, DBO de até 3 mg.L"' de O,, pH neutro, e 250 mg.L™" de
alcalinidade”®. Os efluentes téxteis também apresentam uma forte coloragdo, uma
vez que cerca de 20% do corante inicial ndo é fixada a fibra durante o processo de
tingimento *>°®. Os corantes sdo visiveis em concentragdes muito baixas, como 1
mg.L'1. Os efluentes téxteis possuem concentragdes que variam de 10 a 200 mg.L'1
dependendo do tipo de corante e fibra utilizados ° A presenca dessas espécies na
agua reduz a penetragédo da luz, interferindo nos processos de fotossintese da flora
aquosa, além de causar um impacto visual e organoléptico 10,

Nos seres humanos, pesquisas tém mostrado que algumas classes de

corantes podem causar irritagao na pele, nas vias aéreas e, se ingeridos, podem

1
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gerar substancias com propriedades carcinogénicas e mutagénicas, como, por
exemplo, toluidinas, benzidinas, radicais livres, entre outros. Alguns casos de cancer
em orgaos como rins, bexiga e figado foram relatados em trabalhadores de
industrias de corantes '"2"®, Por essas razdes, o tratamento de efluentes industriais
contaminados com corantes tem recebido uma atencdo consideravel em estudos
ambientais .

Os corantes sao classes de compostos organicos que apresentam estruturas
moleculares aromaticas complexas tornando-os térmica e quimicamente estaveis,
dificultando sua degradagao por reagentes quimicos oxidantes, tratamento térmico,

1516 Esses

radiagcdo eletromagnética e decomposigdo por microrganismos
procedimentos de remogdo sao propensos a gerar espécies incolores com
toxicidade muitas vezes superior a do seu precursor, em meio anaerobio,
necessitando de tratamento bioldgico aerdbio posterior *'.

Alguns procedimentos para o tratamento de efluentes contaminados com
corantes s&0: coagulagao e floculacgo '8, ozonizagao '°, decomposicdo por oxidagdo

*2) 2021 decomposigdo assistida por luz 2%

pelo processo Fenton (H,O./Fe
degradacéo eletroquimica %, filtracdo por membranas ?* e adsorcdo em carvao ativo
24 ¢ silicatos 2°.

O processo de adsorgao tem se mostrado uma boa alternativa de tratamento,
alcangando altos indices de eficiéncia de remogdo, j4 que os adsorvatos séo
transferidos da fase aquosa para a fase solida, reduzindo consideravelmente a

2% O efluente

disponibilidade dos corantes para o0s organismos Vivos
descontaminado pode ser descartado no ambiente ou utilizado em processos
industriais que necessitam de dgua com um menor grau de pureza %O adsorvente
pode ser regenerado ou estocado em um local seco apds seu uso, sem contato
direto com o ambiente 2%,

O carvao ativo € o adsorvente mais empregado para a remogéo de corantes
de efluentes devido a sua elevada area superficial 2*?%%. Contudo, seu uso para a
remogao de corantes ainda é muito dispendioso, fato que limita a sua larga
aplicacdo em tratamento de efluentes téxteis *'. Para contornar essa limitagcéo, ha
um crescente interesse na utilizacdo de adsorventes alternativos de baixo custo, que
apresentem capacidade de adsorcdo semelhante a do carvdo ativo.
Preferencialmente,

esses adsorventes devem necessitar de pouco processamento e estar amplamente

2
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disponiveis nas proximidades do local onde ser&o aplicados.

32 25

Entre os adsorventes alternativos, podemos citar: argilas °; silicatos °;

zedlitas naturais >*; bagaco de frutas *'; restos de folhas de cha 3'; casca de pinhao
242634 nele de maracuja >°*% pele de tangerina *; casca da castanha do Para *’;
casca de arvore % coroa de abacaxi *°; mesocarpo do coco de babacu “°; residuo
de grama *'; borra de cha *?; residuos de plantas de algodao **, microrganismos *.

A casca do cupuagu e o talo do agai sao oriundos de frutos amazonicos,
muito consumidos na forma de sucos, sorvetes, doces e geleias. Estima-se que
2000 toneladas de casca de cupuagu e 32000 toneladas de talo de agai sejam
produzidos anualmente no Brasil >,

A microalga verde azulada Spirulina platensis tem sido amplamente cultivada
em todo o mundo. Calcula-se que a produg¢ao anual mundial seja de 2000 toneladas.
Essa microalga tem sido empregada com sucesso na remogao de metais pesados e
corantes alimenticios de solugdes aquosas. Apesar disso, ndo existiam estudos
sobre a sua utilizagdo na remocao de corantes téxteis 472,

Neste trabalho, os residuos da casca de cupuacgu, do talo do acai e a
microalga S. platensis foram pioneiramente empregados como adsorventes para a

remocao de corantes téxteis de solugao aquosa ou de efluente sintético.
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2. OBJETIVO

O objetivo desse trabalho foi testar a aplicagdo da casca de cupuagu, do talo
do acai, do talo do agai acidificado e da microalga S. platensis como biossorvente
para remogao de corantes reativos, muito utilizados nas industrias téxteis, bem como
avaliar o desempenho cinético e as isotermas de adsorgao para o equilibrio desse

tipo de sistema.
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3. REVISAO DA LITERATURA

3.1. CORANTES E A INDUSTRIA TEXTIL

O uso de corantes pela humanidade é bastante antigo, existindo relatos de
habitos de colorir tecidos no Egito ha cerca de 3200 a.C e na india ha 2000 anos
a.C. Nessa época, os corantes naturais, provenientes de plantas, predominavam e

os processos de tingimento eram bastante rudimentares °.

Até o século XIX, todos os corantes provinham de origem natural, ou seja,
eram obtidos através da extragdo de vegetais, minerais, insetos e moluscos. Muitos
dos corantes naturais utilizados ao longo da historia sGdo empregados até hoje, como
por exemplo, o indigo, descoberto pelos egipcios e que era extraido das plantas
Isatis tinctoria e a Indigofera tinctoria. O emprego de corantes artificiais teve inicio
em 1856, com William Henry Perkin, um quimico inglés, que sintetizou a Mauveina,
considerada, entdo, como o primeiro corante sintético produzido. Os corantes
comegaram a ser sintetizados em larga escala, a produg¢ao de indigo, por exemplo,

utilizava anilina como precursor %0

A industria téxtil produz fibras, fios e tecidos para, posteriormente, serem
transformados em artefatos de vestuario, artigos domésticos e bens industriais. As
empresas téxteis recebem e preparam as fibras, convertem os fios em tecidos e
os tingem *°.

O segmento da cadeia de produtividade de uma industria téxtil se divide em:
fiacdo, retorcdo, tinturaria, estamparia, gomagem, malharia e confecgcdo. A
formacgao do fio e do tecido pouco contribui para a geragao dos efluentes liquidos,
quando comparados aos processos de tingimento e de lavagem do vestuario %0,

A tecnologia de tingimento consiste de varias etapas que s&o definidas de
acordo com a natureza da fibra téxtil, com as caracteristicas estruturais, com fatores
econdmicos, com a classificacédo e com a disponibilidade do corante para aplicagéo.
Devido as exigéncias do mercado consumidor em relagdo a diversidade de cores e
tonalidades, bem como a resisténcia da cor a exposigdo a luz, a lavagem e a
transpiracédo, estima-se que, somente na industria téxtil, j4 estejam catalogados

cerca de 8000 corantes sintéticos %°"%2,



Revisao da Literatura

3.2. FIXAGAO DOS CORANTES

Os corantes sao compostos organicos utilizados para dar cor as fibras téxteis.
Apresentam dois componentes principais em sua estrutura: um grupo cromoforo,
responsavel pela cor, e um grupo funcional, que promove a sua fixagdo aos tecidos
%354 A fixagdo da molécula do corante as fibras, geralmente, é feita em solugéo
aquosa e pode envolver, basicamente, quatro tipos de interacdes: interacdes
idnicas, ligagdes de hidrogénio, forcas de van der Walls e ligagdes covalentes °'.

3.2.1. INTERAGOES IONICAS

Esta baseada na interagdo entre o centro positivo ou negativo presente na
fibra e a carga oposta do corante. Exemplos caracteristicos desse tipo de interagéo

sao encontrados na tintura da 18, seda e poliamida 50,51,

3.2.2. LIGAGOES DE HIDROGENIO

As ligagcbes de hidrogénio sao oriundas da interagcdo entre os atomos de
hidrogénio, ligados covalentemente ao corante, e os pares de elétrons livres de
atomos doadores presentes na fibra. Esse tipo de interacdo é encontrado na tintura

da 13, seda e de fibras sintéticas como acetato de celulose 50,51

3.2.3. FORCAS DE VAN DER WAALS

Sao provenientes da aproximagao maxima dos orbitais = do corante e da
molécula da fibra. Essa atragdo € especialmente efetiva quando a molécula do
corante € linear/longa e/ou achatada, podendo, assim, aproximar-se 0 maximo
possivel da molécula da fibra. Esse tipo de interacdo pode ser encontrado na tintura

de 1a e de poliéster com corantes com alta afinidade por celulose ety

3.2.4. LIGAGOES COVALENTES

E baseada na formacdo de uma ligacdo covalente entre a molécula do

corante contendo um grupo reativo (grupo eletrofilico) e um grupo nucleofilico da

6
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fibora. Exemplos caracteristicos desse tipo de interacdo sao tinturas de fibra de

algodao ',

3.3. CLASSIFICAGAO DOS CORANTES

Os corantes podem ser classificados pela estrutura quimica ou pela forma
com que sao fixados a fibra téxtil. A classificagcdo baseada na estrutura quimica,

apresentada na Tabela 1, é o principal sistema adotado pelo Colour Index (Cl) >°2.
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Tabela 1 - Classificacdo de corantes conforme a constituicdo quimica do

Colour Index.

Classe quimica

N° de constituigao (Cl)

Nitroso

Nitro
Monoazo
Diazo

Triazo

Pliazo
Azdico
Estilbenno
Carotendide
Difenilmetano
Triariimetano
Xanteno
Acridina
Quinolina
Metina
Triazol
Indamina
Indofenol
Azina
Oxazina
Triazina
Sulfuroso
Lactona
Aminocetona
Hidroxicetona

Antraquinona

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
49400 — 49699
49700 — 49999
50000 — 50999
51000 — 51999
52000 — 52999
53000 — 54999
55000 — 55999
56000 — 56999
57000 — 57999
58000 — 72999

indigo 73000 — 73999
Ftalocianina 74000 — 74999
Natural 75000 — 75999
Base de oxidacéao 76000 — 76999
Pigmento inorganico 77000 — 77999

A tabela 2 apresenta a classificagdo dos corantes quanto a forma de fixagéo a

fibra téxtil %%,
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Tabela 2 - Classificagdo de corantes segundo a forma de fixag&o a fibra téxtil.

Classificagao Caracteristica Fibras de aplicagdo Porcentagem
do corante nao fixada
Acido Anibnico, altamente Fibras proteicas e 5-20 %
soluvel e pouco poliamidas
resistente a lavagem.
Pré-metalico Anibnico, baixa Fibras proteicas e 2-10%
solubilidade e bem poliamidas
resistente a lavagem.
Direto Anibnico, altamente Fibras celuldsicas e 5-30%
soluvel e pouco viscose
resistente a lavagem.
Basico Catibnico e altamente Fibras acrilicas 0-5%
soluvel.
Disperso Dispersao coloidal, muito Fibras sintéticas 0-10%
pouco soluvel e bem como: poliéster,
resistente a lavagem. nylon, fibras acrilicas
e acetato de celulose.
Reativo Anibnico, altamente Fibras celuldsicas, 10-50%
soluvel e bem resistente  proteicas e poliamida.
a lavagem.
Enxofre Coloidal apés reagéao Fibras celuldsicas. 10-40%

Vat ou a Cuba

Azdico

com a fibra. Insoluvel.
Coloidal apés reacéo Fibras celuldsicas 5-20%
com a fibra. Insoluvel.
Coloidal apés reacéao Fibras celuldsicas, 2-3%
com a fibra. Insoluvel. seda, viscose e

poliamida.
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3.4. AGREGAGAO DE CORANTES

As moléculas dos corantes tém uma tendéncia a se auto associarem
(agregar) em solugdes aquosas *°. Os corantes iniciam a formacdo de dimeros em
concentragbes muito baixas. A aglomeragcdo s6 se completa quando nao existe
mais possibilidade de ligagdes entre as moléculas A formagdo de dimeros é
afetada pela concentragédo do corante, temperatura e pelo tipo de solvente utilizado.
A agregacado dos corantes se da, principalmente, pela inversao das ligagdes de
hidrogénio intramoleculares, existentes no corante quando ainda estdo na forma
de monbmeros, para ligagdes intermoleculares, existentes quando estdo na forma

de dimeros. Um esquema dessas ligagdes € mostrado nas Figuras 1 e 2 %8

O-H_
"N. .CHjs
I A N
H-_OAN,
|O3N
NO,
N’ VOH[I‘
| i N S
————— / SO;
CH;;/[ Sy _

FIGURA 1. Representagdo esquematica exemplificando um corante HNAP em solugéo diluida na

forma de mondémero.
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, 0O H
N N
| 7 SO3”

FIGURA 2. Representagdo esquematica exemplificando Corante HNAP em solugdo concentrada na
forma de dimero 58.

Experimentalmente, a agregagao pode ser detectada através de varreduras
na regiao UV-Vis. O comprimento de onda no qual se da o maximo de absorgao
de radiacdo é deslocado pelo aumento da concentragdo. A Tabela 3 mostra um

exemplo desse fenémeno *°.

Tabela 3 — Comprimento de onda no UV-Vis que identifica monémeros e
dimeros para diferentes corantes.

Corante Amax Amax AN (nm)
mondmero (nm) dimero (nm)

HNAP 480 400 80

HCAP 440 412 28

MNAP 412 395 17

HCAN 527 495 32

A formacao de dimeros influenciara principalmente nos processos de sorgao
das moléculas do corante no adsorvente, uma vez que o adsorvato pode encontrar

resisténcias até atingir o sitio adsorvente 2.

11
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3.5. USO DE CORANTES E A GERAGAO DE EFLUENTES

O consumo mundial de corantes é estimado em 200 mil toneladas por ano,
dividido em diversos segmentos. Cerca de 60 mil toneladas sédo destinadas a
indUstria téxtil 2.

No Brasil, a utilizagcdo de corantes, pigmentos e branqueadores 6pticos por
diferentes industrias vem crescendo, como pode ser observado pelos dados de

importagdes e exportagdes, apresentados na figura 3 2,

1000 I

200

700

m IMPORTACOES 432 515 658 584 843 936
2 EXPORTACOES 145 144 170 127 17 225

FIGURA 3 - Importagbes e Exportagbes brasileiras de corantes, pigmentos e branqueadores

opticos.

Essas industrias geram elevado volume de efluentes contaminados com
diferentes tipos de corantes. Todos esses efluentes precisam ser tratados antes de
serem despejados nos ambientes aquiferos e no solo %

As industrias téxteis consomem 45 a 60 litros de agua por kg de tecido
tingido. Estima-se que até 50% dos corantes utilizados n&do sao fixados as fibras. Os
corantes e demais produtos quimicos que nao sao incorporados ao produto final
passam a fazer parte das aguas residuais >°°.

Os corantes sao visiveis na agua em concentragdes muito baixas como 1
mg.L‘1. Os efluentes téxteis, normalmente, possuem corantes em concentracdes que
variam de 10 a 200 mg.L™, portanto, altamente coloridos **°.

Os processos de tingimento industrial langam, mundialmente nos corpos

receptores, cerca de 100.000 toneladas de corantes por ano, e alguns tipos de

12
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corantes s&o toxicos e cancerigenos. Por isso, o tratamento de efluentes industriais
contaminados com corantes tem recebido uma atencdo consideravel em estudos

ambientais 1121462,

3.6. METODOS DE REMOGAO DE CORANTES DE EFLUENTES
TEXTEIS

No tratamento de aguas residuais, técnicas tradicionais ou isoladas sdo
ineficazes na remocédo de corantes sintéticos, pois a maioria destes compostos é
altamente resistente a luz e a agentes oxidantes moderados. O uso de métodos
acoplados e de novas técnicas tem sido testado. Portanto, uma ampla gama de

métodos vem sendo desenvolvida, incluindo processos fisico-quimicos e biolégicos
63

3.6.1. TRATAMENTO BIOLOGICO

O tratamento biolégico € um meétodo que utiliza microrganismos como
bactérias e fungos para degradar as moléculas do corante. A principal vantagem
desse tipo de tratamento € o custo, tendo como desvantagem o tempo. O processo
pode ser aerdbio, em presenga de oxigénio, anaerdbio, na auséncia de oxigénio, ou
combinado aerébio-anaerdbio "¢’

Em condicbes aerdbias, as enzimas secretadas por bactérias podem quebrar
0s compostos organicos corados. Uma série de corantes, como a magenta, o violeta
cristal, o verde brilhante, o verde malaquita e o violeta etilico apresentaram
porcentagens de descoloragdo proximas de 92%, com redugcdo da matéria organica
superior a 70% utilizando-se o microrganismo Kurthia sp 4,

Dentre os varios fungos comumente empregados, o tratamento aerébio com
Phanerochaete chrysosporium tem sido extensivamente investigado devido a
capacidade de descoloragdo de uma ampla gama de corantes. Outros
microrganismos, tais como Rhyzopus oryzae, Cyathus bulleri, Coriolus versicolour,
Funalia trogii, Laetiporous sulphureus, Streptomyces sp e Trametes versicolour
31,63

foram testados, obtendo-se bons resultados na remogao de corantes

Estudos apontam que corantes azodicos ndo sdo degradados por bactérias

13
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aerdbias, mas podem ser descoloridos por tratamento anaerdbio. Esse tratamento
resulta na clivagem da dupla ligacdo azo e, dentre os fragmentos resultantes,
encontram-se as aminas aromaticas, que sao comprovadamente cancerigenas. No
entanto, a toxicidade desse residuo pode ser reduzida significativamente com o uso
posterior de um tratamento aerdbio, que converte esses compostos em produtos
menos nocivos 731,

A utilizacdo de bactérias, como Pseudomonas sp e Sphingomonas sp, tem
sido reportada na degradacdo de corantes. Essas espécies sdo particularmente
uteis na decomposicdo de azocorantes, pois apresentam a capacidade de
realizarem clivagem redutiva das ligagbes azo, fato este que, geralmente, esta
associado a enzima azoredutase. Embora os resultados sejam satisfatorios, o tempo
necessario para o tratamento com esses microrganismos ainda tem limitado seu

uso ™.

3.6.2. TRATAMENTO FiSICO-QUIMICO

A tecnologia de filtragdo € um componente importante no tratamento de agua
potavel e residual. O tratamento envolve microfiltracdes, ultrafiltracdes,
nanofiltragbes e osmose reversa. Essas técnicas vém sendo amplamente
investigadas para a remogado de coloragdo de efluentes e, durante seu
desenvolvimento, o tipo de membrana a ser utilizado deve ser selecionado
previamente, dependendo do objetivo do tratamento de aguas. A microfiltragdo, a
ultrafiltracdo e a nanofiltragdo s&o técnicas eficazes para a remogédo de todas as
classes de corantes. Entretanto, alguns inconvenientes, como o entupimento da
membrana e o elevado custo, limitam sua aplicagdo no tratamento de efluentes
industriais .

Outro processo adotado para a remocéo de poluentes € a osmose reversa.
Nesse tratamento, a fase aquosa € forgcada a passar, com auxilio de uma
membrana impermeavel a maioria dos contaminantes, para o lado mais diluido do
efluente, reduzindo dessa forma a concentragéo de contaminantes na fase aquosa.
Essa técnica é relativamente bem sucedida para tratamentos de efluentes que nao
requerem o solvente com um elevado grau de pureza. As principais desvantagens

desse processo sdo as altas pressdes de trabalho; o significativo consumo de

14



Revisao da Literatura

energia; o alto custo, a saturagdo da membrana e o tempo de vida relativamente
curto da membrana "',

A aplicagdo da fotocatdlise no tratamento de efluentes téxteis tem sido
estudada para a degradacédo de algumas classes de corantes. Embora a elevada
eficiéncia da fotocatalise heterogénea permita uma rapida mineralizacdo de
inUmeras espécies quimicas de relevancia ambiental, existem varios inconvenientes
de ordem pratica que tém dificultado bastante a sua consolidagédo como alternativa

de tratamento em grande escala .

Dentre as limitagdes, destacam-se a
necessidade de fontes artificiais de radiacdo, uma vez que grande parte dos
fotocatalisadores apresenta uma “band gap” com energia correspondente a da
regido ultravioleta; a dificuldade na penetracdo da radiagdo no meio reacional e a
dificuldade na separacao dos fotocatalisadores, ja que esses sdao empregados na
forma de suspensoes ™.

O tratamento com agentes coaguladores e floculantes é outra forma de
remover corantes de efluentes industriais. O processo envolve a adigdo de agentes,
tais como os ions aluminio (AP*), calcio (Ca®*") ou ferro (Fe**), no efluente para
induzir a floculagdo. Para baixas concentragdes e volumes diminutos de efluente, o
processo € economicamente viavel, mas, para grandes volumes de efluentes ou
altas concentragbes, 0 processo se torna oneroso, devido ao custo dos produtos
quimicos. Com esse tipo de tratamento, sdo alcangados indices satisfatérios de
remocgao de corantes dispersos. Essa técnica ndo é conveniente para o tratamento
de efluentes contendo corantes altamente soluveis, tais como os corantes azo,
reativos, acidos e basicos *'.

O termo “POA” é usado para descrever os processos oxidativos em que os
radicais hidroxila (*OH), altamente reativos, atuam como oxidantes principais.
Geralmente, s&o empregados de duas formas: oxidagdo quimica e oxidagao
assistida por radiagao ultravioleta. A oxidagdo quimica normalmente utiliza cloro,
agua oxigenada, reagente de Fenton ou ozénio como agente oxidante e

O tratamento por oxidacdo € mais comumente utilizado para a descoloragao
de efluentes, uma vez que exigem baixa quantidade de reagente e sao relativamente
rapidos. Esse tipo de processo é usado para degradar parcialmente ou
completamente os corantes de menor peso molecular "7,

A combinacdo de processos oxidativos avangados (POAs), utilizando

peréxido de hidrogénio, ozénio e luz ultravioleta, tem sido verificada como alternativa
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aos processos de tratamento estabelecidos atualmente, com resultados
promissores. Processos fisicos utilizando tecnologias de membranas combinadas,
principalmente, com ozbnio, também tém recebido atengdo especial, devido a

possibilidade de reuso da agua ">,

3.7. ADSORGAO

A adsorcao em fase solida explora a capacidade que certos sélidos tém de
agrupar em sua superficie substancias especificas que estejam presentes em
solugdes aquosas. O fendbmeno de adsorcao sélido/liquido consiste na transferéncia
de massa de um soluto, presente em uma fase liquida, para a superficie porosa de
uma fase sdlida. A adsor¢ao € um processo de interfaces no qual se cria um filme do
adsorvato na superficie do material adsorvente .

A natureza da interagdo adsorvente - adsorvato depende das espécies
envolvidas. O processo de adsorgao é classificado em: adsorgéo fisica (fisissorgao)
e adsorgao quimica (quimissorgao) 0 Na quimissorcdo, as forcas de atracio
quimicas, geralmente ligacbes covalentes, agem entre a superficie do adsorvente e
do adsorvato. Por outro lado, na fisissor¢éo, as forgas fisicas como forgas de van der
Waals ou eletrostaticas atuam entre a superficie do adsorvente e do adsorvato.
Embora essa distincdo seja conceitualmente Gtil, existem muitos casos
intermediarios em que nem sempre € possivel classificar um determinado sistema de
forma inequivoca "2, As caracteristicas gerais que distinguem a quimissorcéo da

fisissorcdo sdo demonstradas na Tabela 4 &
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Tabela 4 - Caracteristicas que distinguem fisissorgdo e quimissorgao.

Fisissorgao

Quimissorgao

Baixo calor de adsor¢do (< 2 ou 3
vezes o calor latente de evaporagéao).
Nao especifica.

Monocamada ou multicamadas.

Nao ocorre dissociacao das espécies
adsorvidas.

Significativa apenas em temperaturas

relativamente baixas.

Rapida, nao ativada e reversivel.

Nao compartiihamento ou transferéncia
de elétrons e o adsorvato retém sua
identidade, embora possa ser deformado
pela presenca dos campos de forca da

superficie.

Alto calor de adsorgédo (> 2 ou 3 vezes o
calor latente de evaporacéo)

Especifica.

Preferencialmente monocamada.

Pode envolver dissociagao.

Possivel através de uma ampla faixa de

temperatura.

Pode ser lenta, ativada e irreversivel.

Ocorre uma combinagdo quimica entre
as superficies do material adsorvente e
do adsorvato, onde os elétrons sao
compartilhados e/ou transferidos e
novas configuragdes eletrbnicas podem

se formar através desse processo.

A remocéo da cor de efluente é resultante dos mecanismos de adsorg¢ao e de

troca idnica (sitios com cargas no adsorvente) e é influenciada por uma série de
fatores, tais como o tipo de interacdo entre o adsorvato e o adsorvente, area
superficial do adsorvente, tamanho dos poros do adsorvente, tamanho de particula,
temperatura em que ocorre o processo, acidez do meio (solugdo do adsorvato) e o
tempo de contato entre as fases. Para a selecdo adequada do adsorvente a ser
empregado para um determinado adsorvato, faz-se necessario ter conhecimento dos

dados de equilibrio e da cinética de adsorcéo ™.

3.7.1. ADSORVENTES

Dentre os diversos adsorventes utilizados industrialmente no processo de

adsorcao, destacam-se a alumina ativada, a silica gel, as peneiras moleculares,
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algumas argilas ativadas e o carvao ativo ’".

O carvao ativo € o adsorvente mais utilizado para a remog¢ao de corantes de
solugdo aquosa, devido a sua alta capacidade de adsorgao e elevada eficiéncia de
remogao % Essa capacidade se deve principalmente a sua caracteristica estrutural
que lhe concede uma grande area superficial e a distribuicdo de tamanho de poros
apropriada. Aliada a isso, sua natureza quimica permite que a superficie do carvao
ativo seja facilmente modificada por tratamento quimico .

Por outro lado, o carvao ativo apresenta varias desvantagens tais como: alto
custo, ineficiéncia com alguns corantes e dificuldade no processo de regeneragéo
877 Nos ultimos anos, devido aos inconvenientes encontrados no uso do carvéo
ativo, existe um grande interesse em produzir adsorventes alternativos para
substitui-lo. A atencédo tem sido direcionada para varios materiais soélidos naturais
que sao capazes de remover poluentes de agua contaminada a um custo razoavel.
Um adsorvente pode ser considerado de baixo custo, se requerer pouco
processamento para ser empregado, estiver disponivel em abundancia na natureza
ou apresentar-se como um subproduto industrial 3,

Como alternativa ao carvao ativo, materiais carbonizados nao ativados se
mostraram eficientes para a remocdo de corantes de solugdes aquosas. Cabe
salientar que esses materiais ndo exigem um processo de ativagdo em altas
temperaturas, na presenga de gases especiais 37 diminuindo o consumo energético.

Residuos de origem vegetal também podem ser usados como adsorventes de
baixo custo. O termo biossorvente é utilizado para definir um adsorvente que seja
oriundo de biomassa inativa (sem atividade metabdlica) °.

Os biossorventes apresentam em sua parede celular uma grande variedade
de grupos organicos, tais como acidos carboxilicos, ésteres, fendis, aminas e
amidas, que podem reter corantes por troca i6nica e atragdo eletrostatica. Os
biossorventes também sido materiais ricos em celulose, hemicelulose e pectina,
servindo para a adsorgao de corantes por processos fisicos (interagdo hidrofébica,
ligacdes de hidrogénio, forcas de van der Waals) > .

Dentre os biossorventes que podem ser utilizados na remocao de corantes
de efluentes aquosos contaminados, pode-se citar: casca de coco %, grao de milho
% bambu *°, gergelim #!, caroco de cereja *2, carogo de azeitona **, fibra da casca
de coco **, bagaco de cana de agticar *°, farelo de trigo ®°, serragem de madeira ",

casca de eucalipto ®', pele de maracuja %, bagaco de maca '?, raizes de plantas
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aquaticas '°, casca de laranja '*, casca de banana *’, casca de amendoim “®, algas
49 quitosana ®, borra de café *.

O cupuagu é oriundo de uma arvore amazonica (Theobroma grandiflorum). O
fruto possui forma esférica ou ovéide, costuma alcangar 20 cm de comprimento e
pesar de 1 a 2 kg. Possui casca dura e lisa, de coloragao castanho-escura 45.

A polpa € muito apreciada por seu sabor agradavel, sendo consumida in
natura ou processada, principalmente na forma de sucos, sorvetes, doces e geleias.
Além disso, as sementes podem ser usadas para fazer chocolate. A producao anual
de sementes de cupuagu na Amazoénia brasileira € de cerca de 5.200 toneladas.
Cerca de 40% do peso do cupuagu é a sua casca, que € um residuo que nao
apresenta valor econémico agregado .

O acai € um fruto preto — roxeado que cresce em cachos na palmeira
conhecida como agaizeiro, cujo nome cientifico € Euterpe oleracea. O agai é muito
consumido como suco, doce, geleias e sorvete. A polpa do agai, quando batida com
xarope de guarana, origina uma pasta parecida com sorvete muito apreciada e
conhecida como agai na tigela. A produgdo anual brasileira de agai é de
aproximadamente 160.000 toneladas. Cerca de 20% do peso do acgai é proveniente
do talo, que, assim como a casca de cupuagu, ndo apresenta valor econébmico
agregado “°.

A microalga verde azulada Spirulina platensis abrange as microalgas
eucariéticas e as cianobactérias e é amplamente cultivada em todo o mundo.
Estima-se que a produ¢cdo mundial seja de 2.000 toneladas por ano. Essa microalga
tem sido empregada com sucesso na remogao de metais pesados e corantes
alimenticios de solugbes aquosas, pois apresenta em sua superficie grupos
funcionais como as carboxilas, as hidroxila, os sulfatos e os fosfatos, capazes de

formar ligagdo quimica com o poluente 4%

3.7.2. ISOTERMAS DE ADSORGAO

Enquanto o processo de adsorgao se desenvolve, ocorre uma distribuicao de
soluto entre as duas fases (fluida e sdélida), que pode ser mensurada a partir da
concentracéo e da natureza do soluto .

As isotermas de adsorgcdo s&o requisitos basicos para o planejamento de

qualquer sistema de adsorgdo, ja que expressam a relagdo existente entre a
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quantidade de adsorvato removido da fase aquosa e a quantidade de adsorvato
remanescente na solugdo a uma temperatura constante 7478

As isotermas em batelada s&o obtidas colocando em contato um volume
fixo da solugdo com uma determinada quantidade de adsorvente, variando-se a
concentragdo de cada solugdo. O sistema assim formado permanece em agitagcéo
até o equilibrio, para entao ser obtida a quantidade adsorvida e a concentragao que
permanece em solugdo. Com esses dados, € possivel construir o grafico que
relaciona a quantidade de material retido, q, em funcéo da concentragéo da solugéo
em equilibrio C. Na maioria dos casos, observam-se isotermas favoraveis de
adsorgao de corantes em adsorventes, tais como os carvdes ativos, cujos dados de
equilibrio sdo comumente ajustados aos modelos de Langmuir e Freundlich 4

As formas mais comuns de isotermas estdo apresentadas na Figura 4, em
que a concentragdo de equilibrio em solugdo (C’) € dada em mg.L'1 e a

quantidade de material retido (q) é presentada em mg.g” .

Irreversivel

avoravel

Extremamente
favoravel

Linear

q (g adsorvidal/g sélido)

Nao favoravel

C’ (ppm)

FIGURA 4 - Tipos de isotermas: q é quantidade méaxima de soluto retida no adsorvente no equilibrio

e C’ é a concentrago de equilibrio.

A isoterma linear que sai da origem indica que a quantidade adsorvida &
proporcional a concentragao do fluido, ndo indicando uma capacidade maxima para
adsorgao. As isotermas concavas sao chamadas favoraveis por extrair quantidades
relativamente altas, mesmo em baixos niveis de concentragcdo de adsorvato no
fluido. As isotermas convexas s&o chamadas desfavoraveis ou nao favoraveis

devido a sua baixa capacidade de remocdo em baixas concentracdes. Isotermas
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desfavoraveis sdo raras, mas muito importantes para entender o processo de
regeneracgao, isto é, transferéncia de massa do soélido de volta para a fase fluida,
quando a isoterma é favoravel "+,

As isotermas derivadas tedrica ou empiricamente podem, frequentemente,
ser representadas por equacdes simples que relacionam diretamente o volume
adsorvido em funcdo da pressdo e/ou concentracdo do adsorvato. As isotermas
mais utilizadas em estudos da adsor¢gao sao as seguintes: Langmuir, Freundlich,
Brunauer, Emmett, Teller (B.E.T.), T6th, Redlich-Peterson, Radke Prausnitz, Sips,
Liu, entre outras "%,

A descricdo matematica precisa da capacidade de adsor¢cdo no equilibrio &
indispensavel para previsdes fidedignas de parametros e comparagdes quantitativas
do comportamento de adsor¢cdo para diferentes sistemas. Esses parametros de
isotermas frequentemente podem fornecer informacbes sobre mecanismos de

adsorcao, propriedades da superficie e afinidades do adsorvente "%,

3.7.2.1. Modelos de isotermas

Modelo de isoterma de Langmuir

O modelo de isoterma de Langmuir € baseado nos seguintes pressupostos 81,
e 0s adsorvatos sao quimicamente adsorvidos em um numero fixo bem
definido de sitios;
e um sitio ativo somente interage com uma espécie de adsorvato;
e todos os sitios sdo energeticamente equivalentes;
e nao ocorrem interacdes entre as espécies de adsorvatos.

A isoterma de Langmuir € dada pela equacéo:

_ Qmax .KL.Ce
~ 1+KLCe

Na qual C. (mg.L™") é a concentracdo do sobrenadante apés o sistema ter
entrado em equilibrio, K| é a constante de equilibrio do processo de adsor¢ao (L.mg’
') € Qmax € a capacidade maxima de adsorgdo do adsorvente (mg.g™') assumindo a
formagao de uma monocamada de adsorvato sobre o adsorvente ®'.
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Modelo de isoterma de Freundlich

O modelo de isoterma de Freundlich ® assume que a concentragcdo do
adsorvato na superficie do adsorvente aumenta infinitamente com a concentragéo
do adsorvato. Teoricamente, esse comportamento é amplamente aplicado a
sistemas heterogéneos.

Esse modelo segue um comportamento exponencial dado pela equacao:

ge = Kr.Ce'™ 2)

Na qual Kr é a constante relacionada com a capacidade de adsorgdo [mg.g’

'(mg.L")™"" e ne é o expoente de Freundlich (adimensional) &.

Modelo de isotermas de Sips

Outro modelo de isotermas de adsorcdo é o empirico de Sips %, que é uma
combinagdo matematica dos modelos de isotermas de Langmuir e Freundlich. O

modelo de Sips segue a equagao:

1/ns
= QmaX.KS.Ce

']-i—KS.Ce”nS 3)

Na qual Ks é a constante de equilibrio de adsorgdo de Sips (mg.L™"y™"

) Qmax é
a capacidade maxima de adsorgdo (mg.g'), e ns é o expoente de Sips
(adimensional). Em baixas concentragdes de adsorvato, esse modelo assume a
forma de Freundlich, enquanto que, em altas concentragdes, assume a forma de

adsorgao de Langmuir em monocamadas.

Modelo de isoterma de Radke e Prausnitz

A relagdo empirica proposta por Radke e Prausnitz (1972)%* foi baseada no
modelo de Langmuir. O modelo apresenta a introdugdo de um novo termo na

isoterma de Langmuir e é representado pela seguinte equagao 3*:
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Qmax.Kre.Ce
(7 +Ke. Ce) 1/nRp 4)

Na qual Krp € a constante de Radke e Prausnitz (L.g") e ngp, Um nuimero
adimensional cujo valor deve ser entre 0 e 1. Em baixas concentragdes, a equagéo
se reduz a forma linear. Em altas concentragdes de soluto, adquire a forma da
isoterma de Freundlich e, no caso especial de ngp = 1, representa a isoterma de

Langmuir.

Modelo de Liu

Outra proposigéao para descrever o comportamento de isotermas foi sugerido
por Liu et al 8 Esse modelo corresponde a combinagcao dos modelos de isotermas

de Langmuir, Freundlich e Hill e & expresso segundo a equagao:

_ Qmax (Kg Ce)m
1+ (Ko.C)"

5)

Onde ky € a constante de equilibrio de adsor¢gdo de Liu (L.mg"), n. é o
expoente de Liu (adimencional) € Qmax € a capacidade maxima de adsorgéo (mg.g™).
Ao contrario do modelo de Sips, 0 modelo de Liu n&o prevé restricdo quanto ao valor

do expoente, o que ndo o torna limitado %°.

3.7.3. MODELOS DE CINETICA DE ADSORGAO

A cinética de adsorcdo descreve a velocidade com que as moléculas do
adsorvato sao adsorvidas pelo adsorvente. Esta velocidade depende das
caracteristicas fisico-quimicas do adsorvato (natureza do adsorvato, peso
molecular, solubilidade e etc.), do adsorvente (natureza, estrutura dos poros) e da
solugdo (pH, temperatura e concentragdo). Essa cinética de adsorgdo é de
fundamental importancia para o projeto de sistemas de tratamento de efluentes em
batelada, pois assim podemos determinar o tempo de equilibrio e a velocidade em
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que ocorre a adsorgao °°.
O mecanismo da adsor¢do de corantes sobre adsorventes porosos pode
envolver as seguintes etapas °:
e difusdo das moléculas de corante em solugdo para a superficie
externa do solido (adsorvente);
e adsorgao nos sitios da superficie externa;
e difusdo das moléculas da superficie para o interior do sélido até o
sitio de adsorgao (poros);
e adsorgcdo das moléculas nos sitios ativos disponiveis na superficie

interna.

A primeira etapa da adsorcdo pode ser afetada pela concentracdo do
corante. Portanto, um aumento da concentracao inicial do corante pode acelerar a
difusdo dos corantes da solugcédo para a superficie do solido. Por outro lado, com
concentragcbes iniciais superiores, teremos concentragcbes de adsorvato no
equilibrio também superiores, para uma mesma quantidade de adsorvente. A
segunda etapa da adsorgao € dependente da natureza das moléculas do corante, e
a terceira etapa é geralmente considerada a etapa determinante, especialmente no
caso de adsorventes microporosos >%.

Varios modelos foram desenvolvidos para encontrar as constantes intrinsecas
das taxas cinéticas de adsorcdo. Tradicionalmente, as cinéticas de adsorg¢des dos
adsorvatos sdo descritas pelas expressdes originalmente desenvolvidas por
Lagergren 87 Uma cinética de adsorcdo simples é a equagdo de pseudo-primeira

ordem, dada abaixo:

dg _
i kr(a,- a,) 6)

Na qual qg; € a quantidade de adsorvato adsorvida em qualquer tempo t (mg.g’
"), ge € a quantidade adsorvida no equilibrio (mg.g™'), ki € a constante da taxa de
pseudo-primeira ordem (min™"), e t é o tempo de contato (min) entre o adsorvente e o
adsorvato. A integragdo da equacéo (6) nas condigdes de contorno, gt =0emt=0, e

gt= gt em t=t origina:
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Ln (qe‘qt) = Ln(Qe) - kf-t 7)

ApOs rearranjar essa equagao numa forma nao linear, a equagéao cinética de

pseudo-primeira ordem torna-se:

Gt= Je-[1- exp(-ks.t)] 8)

A cinética de adsorgao de pseudo-segunda ordem baseia-se em 8.

dqt 2
— 1t = ks- - 9
p (9,9, )

Na qual ks é a constante da taxa de pseudo-segunda ordem (g.mg”'.min™"). A
integracédo da equagao (9) com as condi¢des de contorno, ;= 0emt=0, e gqt= qt em
t=t da origem a:

Ks.q 2.t
1+q, k.t

= 10)

A taxa inicial de adsorg¢ao (h,, expressa em mg.g'1.min'1) pode ser obtida

quando t aproxima-se a zero.
ho = Ks.0e> 11)

A equagdo de Elovich é aplicada para cinética de quimissorcdo %°. Essa
equacgao tem sido utilizada satisfatoriamente em alguns processos de quimissorgéo
e tem sido empregada com sucesso em processos de cinética de adsorgao lenta i
A equacgao cinética é valida para sistemas nos quais a superficie do adsorvente é

heterogénea e é formulada como:

d
?(:t = a.exp(-p,) 12)

Integrando essa equacdo nas condigdes de contorno, qt= 0 em t=0 e qt = gt
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para t=t, origina-se:

q= %Ln (t+ to) - %Ln(to) 13)

Na qual t, = 1/0B, o é a taxa inicial de adsor¢do (mg.g'.min™") e B é uma
constante relacionada ao grau de cobertura e a energia de ativagdo envolvida no
processo de quimissorgao (g.mg™).

Se t for muito maior que t,, a equagao cinética pode ser simplificada como:
qt—an(a B) + 1Ln(t) 14)
B B

Apesar dos modelos cinéticos de pseudo-primeira ordem e pseudo-segunda
ordem serem os modelos cinéticos de adsor¢gdo mais comumente empregados nos
trabalhos de cinética de adsorgao, a determinacdo de alguns parametros cinéticos,
tais como as possiveis mudancas das taxas de adsor¢cdo em funcdo da
concentragao inicial do adsorvato e do tempo de contato entre adsorvente e
adsorvato, como também a determinagdo de modelos cinéticos de ordem fracionaria
ainda precisam ser mais bem explorados na literatura. Dessa forma, uma equacéao
cinética alternativa de ordem fracionaria foi proposta inicialmente por Lopes e
colaboradores %, na qual se fez uma adaptagdo a funcdo exponencial de Avrami,

utilizada para estudar cinética de decomposigao térmica 8

a =1—exp|:—(kAV.t)]”AV 15)

Na qual a é a fragdo de adsorgao (qi/qe) no tempo t, e kay € a constante
cinética de Avrami (min'1), e n a ordem fracionaria do processo de adsor¢cao que esta
associada as mudancas de ordem de adsor¢cdo de acordo com o tempo de contato
entre o adsorvente e o adsorvato *°.

Inserindo-se a na equacado 15, a equacao cinética de adsor¢cao de Avrami

pode ser descrita como:
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q, =qe.{1—exp[(kAV.t)"""}} 16)

No entanto, em uma reagdo quimica ou processo, os expoentes da lei da
velocidade da reagao néo apresentam relagdo com os coeficientes estequiométricos
da equagao quimica. Quando isso ocorre, € uma mera coincidéncia. Ou seja, n&o
existe uma forma de predizer a ordem da reagdo, sem a obtencdo de dados
experimentais de sua cinética. A fim de estabelecer uma equacgao de lei geral para a
taxa de adsorgao, o processo de adsorcao na superficie do adsorvente é assumido
como a etapa determinante (lenta) da taxa de adsor¢do. Neste caso, foca-se na
concentracdo de adsorvato na solucdo e na mudanga de numeros efetivos de sitios
ativos na superficie do adsorvente durante o processo de adsorgao %

Se a lei da velocidade de adsorcéo € aplicada a equagao 17, a expressao da
taxa inicial de adsorcado de pode ser obtida *;

dq

A —f -q;)"
= v(a.-9:) 17)

Na qual Ky é a constante da taxa de adsorcéo [h™'(g.mg™)""]; n é a ordem da
adsorcao com relagdo a concentragao efetiva dos sitios de adsorgéo disponiveis na
superficie do adsorvente; g, € a quantidade adsorvida no equilibrio [mg.g'1] eqg:éa
quantidade adsorvida a qualquer tempo ¢ [mg.g'1]. A equacgao 17 é o resultado da
aplicagao da lei da taxa de reagao ao processo de adsorgao e pode ser utilizada
sem qualquer outro pressuposto adicional. Teoricamente, o expoente n na equagao
17 pode ser um valor inteiro ou um numero fracionario.

O numero de sitios ativos (6;) disponiveis na superficie do adsorvente pode

ser definido pela equacgao 18.

01.‘: —2

18
e :

A equacédo 19 descreve a taxa de adsorgcdo em funcéo da variavel 6.
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do, ;
—=-k.0, 19)

dt
Onde por definicao K é:

k=ky(q,)" 20)

Para um adsorvente puro 6; = 1, tendendo a diminuir durante o processo de
adsorcédo. Quando o processo de biossor¢ao atinge o equilibrio, 6;tende a um valor

fixo. Se ocorrer a saturacido do biossorvente, 6;= 0.

Integrando-se a equagao 19:

do, t
J-Ia . :'k.[o dt 21)
Leva-se a:
I )i
E.[e, 1=kt 22)

Que resulta em:
L [0/ 71k 23)
I-n'L .

Aplicando-se as equagdes 18 e 20 na equacgao 23, obtém-se:

g,
|k (g.)" t.(n-1)+1 ]

A equacao 24 é a equacao cinética de ordem geral que é valida para n #

q9:9,.- 1/n-1) 24)

19,

A possibilidade da resisténcia da difusdo intra-particula afetar a cinética do
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processo de adsorgao é geralmente avaliada pelo modelo de difusdo intra-particula
91.

of :kid.\/t_‘l'C 25)

Na qual kiy é a taxa de difusdo intra-particula (mg.g”'.min®°), e C é a
constante relacionada com a espessura da camada de difusao (mg.g'1).

Quando se constroi um grafico de g versus +/t , espera-se um comportamento
linear. Entretanto, as vezes, o processo é regido por multiplas retas, indicando que a

cinética de adsorgdo apresenta multiplas taxas de adsorcéo *'.

3.7.4. FATORES QUE INFLUENCIAM O PROCESSO DE ADSORGAO

3.7.4.1. Propriedades Morfolégicas
O fator determinante para um processo de adsorgao eficiente € a escolha

adequada de um adsorvente. Para isso, deve-se levar em consideragcdo a
capacidade de adsorcdo e seletividade do adsorvente, bem como a sua
disponibilidade e o seu custo.

As propriedades texturais dos adsorventes tais como: area superficial, area
especifica, volume de poros e tamanho dos poros ou distribuicdo de volume de
poros sao fatores extremamente importantes no processo de adsor¢do, uma vez que
esse é um fendmeno de superficie ™.

A eficiéncia da adsor¢ao depende do tamanho dos poros do adsorvente, pois
0 adsorvato pode ser retido somente na superficie do adsorvente ou pode também
se difundir pelos poros do adsorvente (difusdo intra-particula). Nesse segundo
mecanismo, o tamanho dos poros do adsorvente esta diretamente relacionado com
a velocidade que as espécies se difundem e ainda, com a quantidade que pode ser
adsorvida nos poros do material &

De acordo com a IUPAC, a porosidade total pode ser classificada de
acordo com o diametro dos poros, sendo estes: microporos, mesoporos e
macroporos. Os microporos apresentam diametros inferiores a 2 nm, os mesoporos
possuem didmetro entre 2 e 50 nm, e 0os macroporos representam 0s poros com
diametros superiores a 50 nm *.

Tem sido observado que o tamanho de poros que fornece a maior
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capacidade de adsorcdo esta relacionado com as dimensdes da molécula do
adsorvato, ou seja, a adsorgcdo de pequenas moléculas esta arrolada a fragcéo
microporosa, e a adsor¢cao de grandes moléculas, como as moléculas de corantes,
esta diretamente relacionada com o volume de mesoporos ”°.

A area superficial especifica é frequentemente maior para materiais
microporosos. Portanto, quanto menor a granulometria do adsorvente e mais poroso
for o material, maior sera a disponibilidade de sitios para a adsor¢ao de moléculas
do adsorvato (no caso de moléculas pequenas). Para particulas maiores, a
resisténcia de difusdo € maior e parte da superficie interna da particula ndo é
disponibilizada para a adsorcao. O acesso aos sitios de adsorgao é facilitado quanto
menor for a particula do adsorvente, o que acarreta niveis mais altos de adsorg¢ao i
No entanto, ndo é sé a escolha do adsorvente que interfere no processo de
adsorcao, pois a descoloracdo do efluente € resultado de dois mecanismos, a
adsorcao e a troca ibnica (sitios com cargas no adsorvente), e € influenciada por
fatores fisico-quimicos, tais como a acidez da solu¢ao do adsorvato (pH), a interagao
entre o adsorvato e o adsorvente, o tamanho de poros do adsorvente, o tempo de
contato entre o adsorvente e o adsorvato, a concentragao inicial de adsorvato e a

temperatura 3%,

3.7.4.2. Acidez da solugcao de adsorvato (pH)

O pH da solugdo é o fator mais importante para o processo de adsorcgao,
particularmente, em relagdo a capacidade de adsorgdo, ja que as espécies
apresentarao intervalos diferentes de pH adequado a adsor¢do, dependendo do
adsorvente utilizado "%,

Um parametro util que indica se a superficie se tornara parcialmente
carregada negativamente ou positivamente em fun¢cdo do pH € o potencial de carga
zero (pHzpc), valor de pH na qual a carga liquida da superficie € zero. Um valor de
pH menor que o pHzpc indica que a carga superficial € positiva
e, portanto, a adsorgdo dos anions sera favorecida. Para valores de pH superiores

aos pHzpc, a carga superficial € negativa e a adsorgdo dos cations sera favorecida
91,96
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3.7.4.3. Concentragdo inicial de adsorvato.

O aumento de concentragao inicial disponibiliza uma maior quantidade do
adsorvato para os sitios ativos do adsorvente, fornecendo uma importante forga
motriz para superar toda a resisténcia de transferéncia de massa de corante entre a
fase aquosa e a fase solida, possibilitando uma maior quantidade adsorvida (q).
Entretanto, quando os sitios ativos do adsorvente forem saturados, a percentagem
de remogao pode diminuir.

Dessa forma, em adsorventes com baixa capacidade de adsorg¢édo, o aumento
de concentragdo inicial leva a um aumento da quantidade adsorvida (q) e a uma

diminuicdo na percentagem de remocao "%,

3.7.4.4. Efeito da Temperatura na Cinética de Adsorgao

A temperatura € um parametro muito significativo em sistemas de adsorgéo,
ja que a velocidade de diversos processos € drasticamente afetada por suas
variagbes. O aumento da temperatura pode provocar um aumento da energia
cinética e da mobilidade das moléculas do corante e, ainda, elevar a taxa de difuséo
intra-particula do adsorvato *. Logo, a alteragdo na temperatura de um processo de
adsorcao conduz a uma mudang¢a na capacidade de adsorcéo.

Em processos de adsorgdo, o efeito da temperatura sobre o sistema é
refletido na constante de taxa de adsorgdao. Ao se realizar estudos em diversas
faixas de temperaturas, obtém-se o valor das respectivas constantes de velocidade
que permitem calcular a energia de ativagdo do processo através da Eq. (26),

denominada equacao de Arrhenius "%,

lnkzlnA—E” 26)
RT

Onde k representa a constante de velocidade da reagdo, A a constante de

Arrhenius, Eg a energia de ativacdo de Arrhenius (kJ.moI'1) do processo de

adsorcao, T € a temperatura absoluta (Kelvin) e R é a constante universal dos gases
(8,314 Jmol" T K™1). Um grafico de In k versus 1/T deve mostrar uma relagao linear
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com coeficiente angular de —Ea/R, permitindo o calculo da Eg do processo '%.

Outros parametros de ativagdo, tais como a variagdo da entalpia de
ativagdo (AH') e a variagdo de entropia de ativacdo (AS’) podem ser obtidos através
da equacéo de Eyring:

m(ﬁjzln[k_sj+£_£.l 27)

Onde K, (1,381 x 102 J.mol™) e i (6,626 x 10™* J.s) sdo as constantes de
Boltzmann e Planck, respectivamente. A relagéo linear In K/IT versus 1/T fornece
como coeficiente angular o termo — AHR, a partir do qual a entalpia de ativacéao
pode ser derivada. A entropia de ativagao pode ser derivada a partir do coeficiente
linear, representado pelo termo: In (K, /h) + AS/R.

A partir dos parametros de ativagdo AH e AS’, a energia livre de ativacéo

(AG) pode ser calculada pela equagao 28.

AG =AH" —TAS" 28)

3.7.4.5. Estudo Termodinamico

Os parametros termodinamicos relacionados com o processo de adsorgao, ou
seja, a variacdo da energia livre de adsorgao (AG°.s, KJ.mol), variacdo de entalpia
de adsorcéo (AH s, KJ.moI'1) e variagdo de entropia de adsorgédo (AS°.gs, KJ.mofl
1.K'1) sdo de extrema importancia. O calculo destes parametros permite avaliar se o
processo € favoravel ou ndo do ponto de vista termodinamico, bem como a
espontaneidade do sistema e se a adsorgao ocorre com absorcao ou liberacdo de
energia. O calor de adsorgcao (AH®,4s) pode ser obtido através da relagao linearizada

de van't Hoff '%%:

an — _AHads .l_+_ ASads 29)

Onde K. é a constante de equilibrio em temperaturas determinadas,

32



Revisao da Literatura

provenientes da isoterma de adsorg¢ado utilizada no ajuste dos dados experimentais
de equilibrio de adsor¢do. Os valores de AH®ys € AS°,4s podem ser calculados a
partir da inclinacdo e do coeficiente linear, respectivamente, da reta da relagéo In K,
versus 1/T.

O aumento no valor de K, com aumento da temperatura caracteriza um
processo de natureza endotérmica '®. Quando o valor da entalpia ou calor de
adsorcao (AH®4s) € conhecido, calcula-se a variagdo da entropia (AS°,s) € da

energia livre (AG°,4s) através das seguintes relagdes termodinamicas '%:

AG., =AH, —TAS’, 30)

a

AG’, =—RTIn(K,) 31)

Combinando as equacdes 30 e 31 tem-se :

In(K,)= 2 a1 32)

Valores positivos para AH®,4s indicam um processo endotérmico, que ocorre
com absorgao de energia. Por outro lado, valores negativos para AH®,4s denotam um
processo exotérmico, ou seja, com liberagdo de energia. Valores negativos para
AG°,q4s indicam claramente que o processo € espontaneo, termodinamicamente
favoravel e que o adsorvato apresenta alta afinidade com o adsorvente. Por isso,
valores negativos para AG°,4s implicam em uma maior forga motriz do processo de
adsorcao, resultando em altas capacidades de adsorgdo. Valores negativos para
AS°.4s indicam a diminuicdo da aleatoriedade na interface adsorvato — solucao

devido as intencbes existentes entre adsorvente e adsorvato %%1%
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4. PARTE EXPERIMENTAL

4.1. PREPARO DAS SOLUGOES

As solugdes estoque foram preparadas pela dissolugdo dos corantes em agua
destilada numa concentracdo de 5,00 g.L'1. As solugdes de trabalho foram obtidas
pela diluicdo das solugbes estoque para a concentragao necessaria. Para ajustar o
pH, solucdes de hidroxido de sodio e de acido cloridrico, 0,10 mol L™, foram
preparadas. O pH das solugdes foi medido com um pH metro Schott Lab modelo

850. Os corantes foram utilizados sem processos de purificagao adicional.

4.2. PREPARO DO EFLUENTE

Dois efluentes sintéticos, contendo quatro corantes reativos, um corante direto
e substancias quimicas auxiliares, foram preparados em pH 2,0. A concentragéo de

cada componente no efluente é apresentada na Tabela 5 %4101,
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Tabela 5 — Composicao dos efluentes sintéticos.

Concentragdo (mg.L™")

A(nm) Efluente A Efluente B
Corante Reativo
Vermelho reativo 120 534 20,0 60,0
Laranja reativo 16 493 5,0 15,0
Preto Reativo 5 598 50 15,0
Amarelo Brilhante 3G-P 402 5,0 15,0
Corante direto
Azul direto 53 607 50 15,0
Auxiliar Quimico
NaSO4 100,00 100,00
NaCl 100,00 100,00
NayCOs 150,00 150,00
CH3;COONa 150,00 150,00
CH3;COOH 600,0 600,0
pH 2,0* 2,0*

*O pH da solucso foi ajustado com solugdo HCl e NaOH 0,10 mol.L™".

4.3. CORANTES UTILIZADOS

O corante Laranja Reativo 16 (RO-16) (C.I. 17757; C2H17N3010S3Nay, 601,54
g mol™, Figura 5) foi fornecido pela Sigma-Aldrich (St. Louis, M.O. EUA) e utilizado
nos experimentos, a 50% de pureza.
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Na' O

CHg
Figura 5. Férmula estrutural plana do corante Laranja Reativo 16 (RO-16)

O Corante Preto Reativo 6 (RB-5) (C.l. 20505; CysH21N5019SsNas, 991,82 g
mol™, Figura 6), foi fornecido pela Sigma-Aldrich (St. Louis, M.O. EUA) e utilizados
no experimentos, a 55% de pureza.
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Figura 6. Férmula estrutural plana do corante Preto Reativo 5 (RB-5)

@) Corante Vermelho Reativo 194 (RR-194) (C.I. 18214;
C27H1sN7016S5CINay; 984,21 g mol”', Figura 7) foi fornecido pela Bosche Cientifica
(New Brunswick, EUA) e utilizado nos experimentos, a 80% de pureza.
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Figura 7. Férmula estrutural plana do corante Vermelho Reativo 194 (RR-194)

O Corante Azul Direto 53 (DB-53) (C.1. 23860;
Cs4H24Ns014S4Nas; 960,81 g mol™, Figura 8) foi fornecido pela Vetec (Rio de Janeiro,
Brasil) e utilizados nos experimentos, a 85% de pureza.

NH, OH
o, P 9O

g N.

*Na'O N
CHs
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ONa* Cl)‘Na+
‘ 0=S=0
N. “ P
N S

7~ "O'Na*
OH NH©O

HsC

Figura 8. Férmula estrutural plana do corante Azul Direto 53 (DB-53)

O Corante Vermelho Reativo 120 (RR-120) (C.1. 25810;
CasH24N14020S6ClsNag; 1469,98 g mol™”, Figura 9) foi fornecido pela Sigma-Aldrich

Switzerland) e utilizado nos experimentos, a 80% de pureza.
( p P
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Figura 9. Férmula estrutural plana do corante Vermelho Reativo 120 (RR-120)

4.4. PREPARO DOS ADSORVENTES

4.4.1. TALO DO AGAI (AS) E CASCA DE CUPUAGU (CS)

O talo do agai foi fornecido por uma industria de sorvetes de Belém-PA,
Brasil. A casca de cupuacu foi fornecida por uma industria de gelatina de Belém-PA,
Brasil. Ambos os materiais foram cedidos pelas industrias por se tratarem de um
material residual e foram lavados com agua da torneira para remover a poeira e,
posteriormente, com agua deionizada. Em seguida, foram secos a 70 °C em um
forno com provimento de ar por 8h. Apds, foram triturados em moinho de disco e

peneirados. As particulas de biossorvente com didametro < 250 nm foram utilizadas.

4.4.2. TALO DO AGAI ACIDIFICADO

A fim de aumentar a quantidade de corante adsorvida, o talo do acgai (AS)
foi protonado. Para esse processo, foram adicionados 200,0 mL de HCI 3 mol.L™" a
50 g de AS. Asuspensdo foideixada em agitagdo por 24 horas a
70°C. Posteriormente, o adsorvente foi filtrado e a fase sélida lavada com agua até
que o pH da agua de lavagem estivesse em torno de 5,5. O material foi seco a

70°C em umforno com provimento de ar por 8 h, produzindo o talo do acai
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acidificado, denominado AAS.

4.4.3. MICROALGA VERDE-AZULADA S. PLATENSIS (SP).

O cultivo da microalga ocorreu sob condigdes ndo controladas no sul do Brasil
sendo dividido em trés etapas. Inicialmente, a cepa Strain LEB-52 foi colocada em

Erlenmeyers em meio 20% Zarrouk, "%’

cuja composigao é apresentada na tabela 6.
Apds o periodo de adaptagcédo de cerca de um dia, o conteudo dos Erlenmeyers foi
transposto para foto-biorreatores abertos de 4L, onde permaneceu por
aproximadamente 15 dias, até que a concentracdo de alga chegasse a 0,15 g.L'1.
Para ultima etapa do cultivo, o conteudo do reator de 4L foi transposto para um foto-
biorreator de 450 L. Nesse reator a microalga foi cultivada por um periodo de 30 a
45 dias ou até que a concentragdo da microalga fosse igual a 1,5 g.L'1. ApOs essa
etapa, a biomassa foi recuperada por filtragdo, lavada com agua destilada e
prensada para alcancar o teor de umidade de 76%. A biomassa umida foi seca em
tabuleiros perfurados que utilizam fluxo de ar perpendicular sob as seguintes
condigdes: temperatura do ar de 60°C, velocidade de 1,5 m.s”, umidade relativa
entre 7 e 10% e capacidade de carga do tabuleiro de 4 Kg.m?. A biomassa seca foi
moida em um moinho de disco e peneirada. As particulas com diametro entre 68 e

75 um foram utilizadas *'.

39



Parte Experimental

Tabela 6 - Composigao do meio Zarrouk.

Concentragio g.L™

NaHCO; 16,8
NaNO; 2,5
KoHPO, 0,5
K2oSOy 1,0
NaCl 1,0
MgSO4.7H,0 0,2
CaCl, 0,04
FeS04.7H,0 0,01
EDTA 0,08

Micronutrientes -

4.4.4. CARVAO ATIVO (AC)

O carvao ativo comercial utilizado para comparagdo com a microalga verde
azulada S. platensis apresentava particulas com diametro inferior a 90 uym e foi

fornecido pela Merck.

4.5. CARACTERIZAGAO DOS ADSORVENTES

4.5.1. ANALISE ESTRUTURAL.

Para identificar os sitios ativos dos adsorventes, as amostras foram
caracterizadas por espectroscopia vibracional na regido do infravermelho. Para
caracterizar a casca do cupuagu, o talo do acai e o talo do acai acidificado foi
utilizado um espectrémetro vibracional Shimadzu modelo 8300 (Kyoto, Japao). A
caracterizagdo do carvao ativo e da microalga verde azulada S. platensis foi
realizada em um espectrémetro Varian, modelo 640-IR, utilizando-se o0 método KBr.
Os espectros foram obtidos com resolugdo de 4 cm”, com 100 varreduras

cumulativas '8,
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4.5.2. ANALISE TEXTURAL

A area superficial especifica dos adsorventes foi determinada pela técnica de

multipontos BET (Brunauer, Emmett e Teller) '®

, utilizando uma aparelhagem
volumétrica apropriada para nitrogénio liquido a 77 K. As isotermas de adsorgéo e
dessorgao de nitrogénio foram empregadas para se obter a distribuicdo do tamanho
de poros a 77 K (ponto de ebuligdo do nitrogénio liquido), usando o método de BJH
(Barret, Joyner, e Halenda) %1%

As amostras foram pré-tratadas a 473 K durante 24 h em atmosfera de
nitrogénio, a fim de eliminar a umidade absorvida na superficie da amostra solida.
Os adsorventes foram entdo submetidos a 298 K num vacuo, atingindo uma pressao
residual de 10 Pa.

Para caracterizagdo dos adsorventes CS, AS e AAS, um analisador de
adsorcao volumeétrica, ASAP 2020, fornecido pela Micromeritrics, foi utilizado. Ja
para os adsorventes AC e SP foi utilizado um analisador de adsorg¢ao volumétrica,

Nova 1000, fornecido pela Quantachrome Instruments %10,

4.5.3 ANALISE MORFOLOGICA

Os adsorventes foram analisados por microscopia de varredura eletrénica
(MEV) utilizando um microscopio eletrdbnico marca Jeol, modelo JSM 6060, com uma

tensdo de 5 a 20 KV e amplificagbes das imagens variando de 500 a 10.000 vezes
110

4.5.4 POTENCIAL DE CARGA ZERO.

Para a determinacdo do potencial de carga zero (pHp.) dos adsorventes,
foram adicionados 20,00 mL de solucdo de NaCl 0,050 mol.L™" com pH inicial (pH;)
previamente ajustado (o pH; foi ajustado de 2 a 10 pela adigao de HCI 0,1 mol.L™" ou
NaOH) a varios frascos, cilindricos, com volume de 50,0 mL. Os valores do pH; das
solugdes foram medidos sem que a solugao tivesse contato com o adsorvente. Em

cada um dos frascos foram acrescentados 50,0 mg dos adsorventes e,
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imediatamente, os mesmos foram tampados. As suspensdes foram deixadas sob
agitacdo constante em um agitador Tecnal, modelo TE-240, a 150 rpm e 298 K, por
48 horas, para que atingissem o equilibrio. As suspensbdes foram, entao,
centrifugadas a 3600 rpm por 10 minutos e os valores de pH final das solugdes (pHs)
sobrenadantes foram registrados. O valor de pH,,c € o ponto em que a curva de ApH
(pH¢— pH;) em fungao do pH;cruza a linha de zero #*.

4.6. ESTUDOS DE ADSORGAO

Os estudos de adsorcao foram realizados em ftriplicata. 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 solugéo do corante (10,00 mg.L™" a 1200,0 mg.L™). Os
tubos foram deixados sob agitacdo por um periodo adequado de tempo (de 5
minutos a 24 horas), sob temperaturas que variaram de 298 K e 323 K. O pH das
solucdes de corante variaram de 2,0 a 10,0.

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 em baldo volumétrico. A concentragao
final do corante remanescente na solugédo, apdés a adsorcao, foi determinada por
espectrofotometria de absor¢gdo molecular na regido do visivel, utilizando um
espectrofotometro UV-Vis T90+ fornecido pela PG Instruments, utilizando-se cubetas
de vidro optico.

Foram feitas medigdes de absorbancia no comprimento de onda maximo dos
corantes RB-5, RO-16, RR-194 e DB-53, RR-120 em 590nm, 493 nm, 505 nm, 607 e
534 nm, respectivamente.

A quantidade do corante adsorvido e a porcentagem de remogao de corante
pelos adsorventes foram calculadas mediante aplicacdo das Equacgdes 33 e 34,

respectivamente:

(Co - Cf)

q-(C=Cly 33)
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%Remogéo=100.@ 34)

[o]

Onde q ¢€é a quantidade de corante adsorvido pelos adsorventes
(mg.g"); C, é a concentragdo inicial da solugdo de corante em contato com o
adsorvente (mg.L™"); C; é a concentracdo do corante (mg.L™") apés o processo de
adsorgao; V é o volume de solugéo de corante (L) em contato com o adsorvente e m

€ a massa (g) do adsorvente.

4.7. ESTUDOS DE DESSORGAO

Para os experimentos de dessorcao 50,0 mg.L'1 de corante RR-120 foi
agitado com 50,0 mg de SP ou AC ou durante 1 h. Apds o processo de adsorgéo, os
adsorventes foram filtrados em membranas de acetato de celulose 0,2 ym, e lavados
com agua para remogao do corante ndo adsorvido. Para dessor¢cédo do corante RR-
120, os adsorventes carregados foram agitados em 20,0 mL de solugdo adequada
durante um periodo de tempo que variou de 15 a 60 minutos. As solucgdes utilizadas
foram: NaCl (0,05 a 0,50 mol.L™"), NaOH (0,05 a 0,50 mol.L™') ou uma mistura de
NaCl (0,05 a 0,50 mol.L™") + NaOH 0,10 mol.L™". O corante dessorvido foi separado e

quantificado como no processo de adsorgéo.

4.8. AVALIAGAO ESTATISTICA DOS PARAMETROS CINETICOS E
DAS ISOTERMAS DE ADSORGAO

Para estabelecer precisdo, confiabilidade e reprodutibilidade dos dados
coletados, todas as medidas de adsorcdo em batelada foram realizadas em
triplicata. Todos os corantes foram armazenados em frascos de vidro, que foram
limpos por imersdo em HNO3; 1,4 mol.L™' por 24h, lavados cinco vezes com agua
deionizada, secos e armazenados em um local adequado.

Para a calibragdo analitica, as solu¢gdes padrao com concentragdes variando

entre 5,00 e 150,0 mg.L'1 dos corantes que serdo empregados, juntamente com
um branco de agua padrdo com pH ajustado em 2,0. A calibragdo analitica linear

das curvas foi fornecida pelo software UVWin do T90 + espectrofotbmetro PG
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Instruments.

Os modelos cinéticos e de equilibrio foram ajustados empregando um
método n&o-linear, com interagdes sucessivas, calculadas pelo método de
Levenberg-Marquardt. Também foram calculadas, a partir do software Microcal
Origin 7.0, as interagbes nao-lineares pelo método Simplex. Além disso, os modelos
também foram avaliados pelo coeficiente de determinagdo (R?), coeficiente de
determinaco ajustado (R® adj), bem como por uma funcdo objetiva (Feror), que mede
as diferencas na quantidade de corante adsorvido pelo adsorvente previsto pelos
modelos e a quantidade de corante adsorvido, medido experimentalmente. R?, Rzadj

e Ferror S80 representados, nas equacoes. 36, 37 e 38, respectivamente:

R = Z?(qllexz? _q_i,exp)2 _Z:l(qi,exp - qi,model)z

n 36
Zi (qi,exp - qi,exp )2 )

-1
Rjdjzl—(]—Rz).(:_pj -

] n
F;rror = \/( J'Z(Qi,exp B qi,model)z 38)

n-p)=<

Onde gimodel representa a capacidade de adsor¢gdo do adsorvato pelo
adsorvente fornecida pelo modelo pre-definido e ajustado, gjexp € a

capacidade de adsorgdo experimental, p € o numero de parametros do modelo e

n é o nimero de pontos experimentais realizados e gq,,, representa a média de

. 80
todos os valores de 9i,exp. -
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Conclusao

5. CONCLUSAO

A capacidade maxima de adsor¢cédo de RB-5 e RO-16 foi de 52,3 e 61,3 mg.g’
' respectivamente, utilizando AS como biossorvente e 72,3e 156 mg.g’,
respectivamente, utilizando AAS como biossorvente.

A capacidade maxima de adsor¢do de RR-194 e DB-53 foi de 64,1e
37,5 mg.g'1, respectivamente, utilizando CS como biossorvente.

A capacidade maxima de adsorgdo de RR-120 foi de 482,2 e 267,2 mg.g~
utilizando SP e AC como adsorvente, respectivamente.

O talo do agai na forma natural (AS) e acidificada (AAS) e a casca do
cupuacu (CS) podem ser considerados excelentes biossorvente, para remover os
corantes téxteis Preto Reativo 5 (RB-5), Laranja Reativo 16 (RO-16), Vermelho
Reativo 194 (RR-194) e Azul Direto 53 (DB-53) de solugbes aquosas.

A microalga verde azulada S. platensis se mostrou uma o6tima alternativa para
a remocao do corante Vermelho Reativo 120 (RR-120) de efluente sintético. Além de
apresentar alta eficiéncia de remocgao, 97,1%, os estudos de dessorcao utilizando
solucdo 0,50 mol.L™' de NaOH demonstraram que a microalga pode ser reutilizada
com minima reducao da eficiéncia de remocao do corante RR-120, diferentemente
do carvao ativo, que, apesar de apresentar uma boa eficiéncia de remocéo,
apresentou um indice de dessorcao baixo, de cerca de 13%, impossibilitando sua
reutilizacdo como adsorvente.

Os biossorventes foram caracterizados por espectroscopia FTIR, MEV e
curvas de adsorcao e dessorgao de nitrogénio. Foi demonstrado que a posi¢cao dos
grupos OH de fendis e alcoois e os grupos carboxilatos no espectro foi deslocada
para menores numeros de ondas apos o contato com os corantes, indicando que
esses grupos devem participar do mecanismo de biossorgéo.

O modelo de ordem fracionaria de Avrami foi o que melhor se ajustou aos
resultados obtidos para os biossorventes CS, AS E AAS. Para o biossorvente SP, o
modelo de pseudo-primeira ordem foi o que obteve um melhor ajuste. O modelo de
difus&o intra-particula sugere que a biossorgéo ocorre em varias etapas.

O equilibrio foi atingido ap6s 10 e 4 h de contato entre RB-5 e RO-16 e
os biossorventes AS e AAS, respectivamente. O menor tempo de contato para AAS

foi atribuido aos macroporos gerados na fibra apds o tratamento acido.
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Conclusao

O tempo de equilibrio para os corantes RR-194 e DB-53 foi de 8 e 18 h,
respectivamente, utilizando CS como biossorvente. O maior tempo de contato de
DB-53 foi atribuido a maior resisténcia a transferéncia de massa.

O equilibrio para remogéao do corante RR-120 foi atingido apds 2h para ambos
os adsorventes. O tempo de contato fixado para o biossorvente SP é para o carvao
ativo foi de 3h, a fim de garantir o equilibrio para concentragbes superiores de
adsorvato.

O modelo de isoterma de Sips foi 0 que melhor se ajustou para os sistemas
de adsorcao utilizando CS, AS e AAS como biossorvente. Para o carvao ativo e para

o biossorvente SP, o modelo de Liu foi o que obteve um melhor ajuste.
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The cupuassu shell (Theobroma grandiflorum) which is a food residue was used in its natural form as
biosorbent for the removal of C.I. Reactive Red 194 and C.I. Direct Blue 53 dyes from aqueous solutions.
This biosorbent was characterized by infrared spectroscopy, scanning electron microscopy, and nitrogen
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Blue 53, respectively. The Avrami fractionary-order kinetic model provided the best fit to experimental
data compared with pseudo-first-order, pseudo-second-order and chemisorption kinetic adsorption
models. The equilibrium data were fitted to Langmuir, Freundlich, Sips and Radke—Prausnitz isotherm
models. For both dyes the equilibrium data were best fitted to the Sips isotherm model.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Dyes are one of the most hazardous chemical compound class
found in industrial effluents which need to be treated since their
presence in water bodies reduces light penetration, precluding the
photosynthesis of aqueous flora (Pavan et al., 2008; Royer et al.,
2009a, 2009b, 2010a). They are also aesthetically objectionable for
drinking and other purposes. Dyes can also cause allergy, dermatitis,
skin irritation and also provoke cancer and mutation in humans
(Brookstein, 2009; de Lima et al., 2007; Rosenkranz et al., 2007).

Dyes are a kind of organic compound with a complex aromatic
molecular structure that can bring bright and firm color to other
materials. However, the complex aromatic molecular structures of
dyes make them more stable and more difficult to biodegrade
(Calvete et al., 2010; Royer et al., 2010b). The most efficient method
for the removal of synthetic dyes from aqueous effluents is the
adsorption procedure (Al-Degs et al., 2008; Cestari et al., 2009;
Mittal et al., 2010; Rosa et al., 2008). This process transfers the
dyes from the water effluent to a solid phase thereby keeping the
effluent volume to a minimum (Al-Degs et al., 2008; Calvete et al.,
2010). Subsequently, the adsorbent can be regenerated or stored in

* 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.2010.12.010

a dry place without direct contact with the environment (Calvete
et al.,, 2009, 2010).

Activated carbon is the most employed adsorbent for dye
removal from aqueous solution because of its excellent adsorption
properties (Calvete et al.,, 2009, 2010; Orfio et al., 2006; Olivares-
Marin et al, 2009). However, the extensive use of activated
carbon for dye removal from industrial effluents is expensive,
limiting its large application for wastewater treatment (Crini, 2006;
Gupta and Suhas, 2009). Therefore, there is a growing interest in
finding alternative low cost adsorbents for dye removal from
aqueous solution. Among these alternative adsorbents, it can be
cited: hazelnut shell, saw dust, walnut, saw dust cherry, saw dust
oak, saw dust pitch pine, saw dust pine, cane pitch, soy meal hull,
banana pitch (Gupta and Suhas, 2009); sugar cane bagasse, cotton
waste, chitin and chitosan, peat, microorganisms such as fungus
and yeasts (Crini, 2006); maize cob (Crini, 2006; Gupta and Suhas,
2009); Brazilian pine-fruit shell (Lima et al., 2008; Royer et al.,
2009b, 2010c); mandarin peel, yellow passion fruit peel (Pavan
et al., 2007); tree leaves (Deniz and Saygideger, 2010); wood
shavings (Janos et al., 2009); coffee bean (Baek et al., 2010); babassu
(Vieira et al., 2009); marine algae (Bekgi et al., 2009) etc.

Cupuassu (Theobroma grandiflorum), is a tropical rainforest tree
related to cacao (Gondim et al., 2001), native in the Brazilian
Amazon. Cupuassu trees usually range from 5 to 15 m in height
(Gondim et al., 2001), and cupuassu fruits are oblong, brown, and
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fuzzy. They are 20 cm long, 1-2 kg in weight, and covered with
a thick (4—7 mm) hard exocarp (Gondim et al., 2001). The pulp is
greatly appreciated for its pleasant acidic taste, being consumed
fresh or processed, mainly as juice, ice cream, candy and jellies. In
addition, the seeds can be used to make chocolate. The annual
production of cupuassu in the Brazilian Amazon is about 5200
tonnes (Gondim et al., 2001). About 42% of weight of cupuassu is
its shell, which is a waste material that presents no aggregate
economic value (Gondim et al., 2001). The disposal of large
amounts of cupuassu shell (CS) directly in the soil and/or in natural
waters may contaminate the environment in an uncontrolled way
because the decomposition of this waste material leads to the
generation of various chemical compounds and microorganisms. In
this context, combining the need to reduce costs with commercial
adsorbents and by using CS as biosorbent for the removal of dyes
from industrial effluents, it is a good economical and environ-
mental advantage to in developing countries such as Brazil.

The present work aimed to use CS in natural form as biosorbent
for the successful removal of C.I. Direct Blue 53 (DB-53) and C.I.
Reactive Red 194 (RR-194) dyes from aqueous solutions. These dyes
are largely used for textile dying in the Brazilian cloth industries.

2. Materials and methods
2.1. Solutions and reagents

De-ionized water was used throughout the experiments for
solution preparations.

The textile dyes, C.I. Reactive Red 194 (RR-194; C.I. 18214; CAS
23354-52-1; C27H18N7016S5CINay; 984.21 g mol~")was furnished by
Bosche Scientific (New Brunswick, USA) at 80% of purity and C.I.
Direct Blue 53 (DB-53; C.I. 23860; CAS 314-13-6; C34H24Ng014S4Nay;
960.81 g mol~—")was furnished by Vetec (Rio de Janeiro, Brazil) at 85%
of purity (see Supplementary Fig. 1). The dyes were used without
further purification. It should be pointed out that no color changes of
the dyes were observed when these were immersed in aqueous
solution ranging from pH 2.0 to 9.0. The RR-194 dye has three
sulfonate groups and one sulfato-ethyl-sulfone group, and the
DB-53 has four sulfonate groups. These groups present negative
charges even in highly acidic solutions due to their pKa values lower
than zero (Lima et al.,, 2008). The stock solution was prepared by
dissolving the dyes in distilled water to the concentration of
5.00 g L~1. Working solutions were obtained by diluting the dye
stock solutions to the required concentrations. To adjust the pH
solutions, 0.10 mol L~! sodium hydroxide or hydrochloric acid
solutions were used. The pH of the solutions was measured using
a Schott Lab 850 set pHmeter.

2.2. Adsorbent preparation and characterization

CS was furnished by jelly industry in Belém-PA, Brazil, as
a residual material. CS was washed with tap water to remove dust
and with de-ionized water. Then, it was dried at 343 K in an air-
supplied oven for 8 h. After that, CS was grounded in a disk-mill and
subsequently sieved. The part of biosorbent which presented
diameter of particles < 250 um was used.

The CS biosorbent was characterized by FTIR using a Shimadzu
FTIR, model 8300 (Kyoto, Japan). The spectra were obtained with
a resolution of 4 cm ™, with 100 cumulative scans.

The surface analyses and porosity were carried out with
a volumetric adsorption analyzer, ASAP 2020, from Micromeritrics,
at 77 K (boiling point of nitrogen). The samples were pre-treated at
373 K for 24 h under a nitrogen atmosphere in order to eliminate
the moisture adsorbed on the solid sample surface. After, the
samples were submitted to 298 K in vacuum, reaching the residual

pressure of 10~ Pa. For area and pore calculations, the DBET and
BJH (Arenas et al., 2007; Jacques et al., 2007) methods were used.

The biosorbent sample was also analyzed by scanning electron
microscopy (SEM) in Jeol microscope, model JSM 6060, using an
acceleration voltage of 20 kV and magnification ranging from 100
to 5000 fold (Vaghetti et al., 2008).

The point of zero charge (pHp,) of the adsorbent was deter-
mined by adding 20.00 mL of 0.050 mol L~' NaCl to several
Erlenmeyer flasks. A range of initial pH (pH;) values of the NaCl
solutions were adjusted from 2.0 to 10.0 by adding 0.1 mol L~! of
HCI 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 CS was added to each flask, which was
securely capped immediately. The suspensions were shaken in
a shaker at 298 K and allowed to equilibrate for 48 h. The
suspensions were then centrifuged at 3600 rpm for 10 min and the
final pH (pHs) values of the supernatant liquid were recorded. The
value of pHp, is the point where the curve of ApH (pHg~pH;) versus
pH; crosses the line equal to zero (Calvete et al., 2009).

2.3. Biosorption studies

The biosorption studies for evaluation of the CS biosorbent for
the removal of the RR-194 and DB-53 dyes from aqueous solutions
were carried out in triplicate using the batch contact biosorption
method. For these experiments, fixed amounts of biosorbent
(20.0—200.0 mg) were placed in 50.0 mL cylindrical high-density
polystyrene flasks (height 117 mm and diameter 30 mm) containing
20.0 mL of dye solutions (10.00—250.0 mg L), which were agitated
for a suitable time (0.25—48 h) at 298 K. Blanks without adsorbents
were carried out in order to verify the possibility of the dye being
adsorbed at the flask. It was not observed any adsorption of the dye
at the high-density polystyrene flask after 48 h of contact. The pH of
the dye solutions ranged from 2.0 to 9.0. Subsequently, in order to
separate the biosorbents from the aqueous solutions, the flasks
were centrifuged at 3600 rpm for 10 min, and aliquots of 1—-10 mL of
supernatant were properly diluted with water.

The final concentrations of the dyes remained in the solution
were determined by visible spectrophotometry by visible spectro-
photometry using a T90+ UV—VIS spectrophotometer furnished by
PG Instruments (London-England) provided with optical quartz
cells. Absorbance measurements were made at the maximum
wavelength of RR-194 and DB-53 which were 505 and 607 nm.

The amount of dyes uptaken and the percentage of removal of
the dyes by the biosorbent were calculated by applying the Eqgs. (1)
and (2), respectively:

q:@,)—(cf) (1)

%Removal = 100-@
G

where q is the amount of dyes taken up by the biosorbent (mg g~ 1);
C, is the initial dye concentration put in contact with the adsorbent
(mg L1), G is the dye concentration (mg L™!) after the batch
adsorption procedure, and X is biosorbent dosage (g L™1).

(2)

2.4. Kinetic and equilibrium models

Avrami fractionary-order (Lopes et al., 2003), pseudo-first-order
(Largegren, 1898), pseudo-second-order (Blanachard et al., 1984),
Elovich-chemisorption (Vaghetti et al., 2009) and intra-particle
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Table 1
Kinetic adsorption models.

Kinetic model Nonlinear equation

qc = ge-{1 — exp[—(kay £)]""}
qc = ge-[1 — exp(—kg-t)]

Fractionary-order
Pseudo-first order

Pseudo-second-order ks-q2-t
I = T geks t
ho = ks-q2
initial sorption rate
Chemisorption 1 1
P G = glaB) + 50
Intra-particle diffusion qr = kig-VE+C

diffusion model (Weber and Morris, 1963.) kinetic equations are
given in Table 1.

Langmuir (Langmuir, 1918), Freundlich (Freundlich, 1906), Sips
(Sips, 1948) and Radke—Prausnitz (Radke and Prausnitz, 1972.)
isotherm equations are given in Table 2.

2.5. Quality assurance and statistical evaluation of the kinetic and
isotherm parameters

To establish the accuracy, reliability and reproducibility of the
collected data, all the batch adsorption measurements were per-
formed in triplicate. Blanks were run in parallel and they were
corrected when necessary (Vaghetti et al., 2008).

All dye solutions were stored in glass flasks, which were cleaned
by soaking in 1.4 mol L~! HNO3 for 24 h (Lima et al., 2002), rinsing
five times with de-ionized water, dried, and stored in a flow hood.

For analytical calibration, standard solutions with concentra-
tions ranging from 5.00 to 50.0 mg L~ of RR-194 and DB-53 dyes
were employed, running against a blank solution of water adjusted
in a suitable pH. The linear analytical calibrations of the curves
were furnished by the software UVWin of the T90 + PG Instru-
ments spectrophotometer. The detection limits of the method,
obtained with signal/noise ratio of 3 (Lima et al., 1998), were 0.12
and 016 mg L, for RR-194 and DB-53, respectively. All the
analytical measurements were performed in triplicate, and the
precision of the standards was better than 3% (n = 3). For checking
the accuracy of the RR-194 and DB-53 dye sample solutions during
the spectrophotometric measurements, standards containing dyes
at 20.00 mg L~! were employed as quality control at each five
determinations (Lima et al., 2003).

The kinetic and equilibrium models were fitted by employing
a nonlinear method, with successive interactions calculated by the
method of Levenberg—Marquardt and also interactions calculated
by the Simplex method, using the nonlinear fitting facilities of the
software Microcal Origin 7.0. In addition, the models were also
evaluated by adjusted determination factor (Rﬁdj), as well as by an
error function (Ferror) (Lima et al, 2007), which measures the
differences in the amount of dye taken up by the adsorbent pre-
dicted by the models and the actual g measured experimentally.
Rgdj and Fepror are given below, respectively:

Table 2
Isotherm models.
Isotherm model Equation
Langmuir _ Qmax'K;-Ce
9= 71K.-C,
Freundllch Ge = KF-C;/"*
Sips Qunax - (K- Ce) /™
Qe = = o e s
1+ (Ks-Ce)
Radke—Prausnitz G — Qmax - Kgp - Ce
e = —MaX'RP'e

(1 + Kgp-Ce) /™
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Fig. 1. FTIR vibrational spectra. A) CS before the adsorption; B) CS + RR-194 after the
adsorption; C) CS + DB-53 after the adsorption. The number indicated for the bands

correspond to wavenumbers that are expressed in cm .

n

2 Z(Qi.exp - Qmodel>2

i n-1
Rad] - - ,n ~ 2 : (Tl — p) (3)
Z(Qi,exp - qexp)

i

1 1 2
Ferror = (n — P) : Z(%’,exp - Qimodel) (4)

1

where gj model is the value of g predicted by the fitted model, g; exp. is
the value of ¢ measured experimentally, Gy, is the average of q
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experimentally measured, n is the number of experiments per-
formed, and p is the number of parameter of the fitted model.

3. Results and discussion
3.1. Characterization of biosorbents

FTIR technique was used to examine the surface groups of CS
biosorbent and to identify the groups responsible for the dyes
adsorption. Infrared spectra of the adsorbent and dye-loaded
adsorbent samples, before and after the adsorption process, were
recorded in the range 4000—400 cm~". Fig. 1A—C shows the FTIR
vibrational spectra of the CS before the adsorption (CS; Fig. 1A) and
loaded with the RR-194 dye (CS + RR-194; Fig. 1B) and with DB-53
(CS + DB-53, Fig. 1C). The intense absorption bands at 3429, 3413,
and 3417 cm™! are assigned to O—H bond stretching for CS,
CS + RR-194 and CS + DB-53, respectively (Smith, 1999; Vaghetti
et al, 2009; Lima et al, 2008). The CH; stretching band at
2918 cm~! is assigned to asymmetric stretching of CH, groups
(Smith, 1999; Vaghetti et al., 2008; Lima et al., 2008) which present
the same wavenumber before and after the adsorption with two
different dyes, indicating that this group did not participate in the
biosorption process. Bands at 1740, 1735 and 1736 cm™!, for CS,
CS + RR-194 and CS + DB-53, respectively are assigned to carbonyl
groups of carboxylic acid (Smith, 1999; Vaghetti et al., 2009).
Several bands in the range of 1633-1321 are assigned to ring modes
of the aromatic rings (Smith, 1999). The wavenumbers of these
bands were practically the same before and after the biosorption
using RR-194 and DB-53 dyes, indicating that aromatic groups do
not participate on the biosorption mechanism. A sharp band at
1254, 1239 and 1240 cm ™! as well as the intense bands at 1057,

1049 and 1050 cm~! are assigned to C—O stretch of phenolic
compounds found in lignin (Smith, 1999; Vaghetti et al., 2009) and
C—O stretching vibration of alcohols (Smith, 1999), for CS, CS + RR-
194 and CS + DB-53, respectively. The FTIR results indicate that the
interaction of RR-194 and DB-53 dyes with the CS biosorbent
should occur with the O—H bonds of phenols and alcohols present
in the lignin structure as well as the interactions with the carbox-
ylate group because these groups suffered a shift to lower wave-
numbers after the biosorption procedure. Similar results were
previously observed for adsorption of dyes on fly ash (Kara et al.,
2007) and activated carbon adsorbent (Calvete et al., 2010).

The textural properties of CS obtained by nitrogen adsorption/
desorption curves were: superficial area (Sger) 1.2 m? g~ 1; average
pore diameter (BJH) 20.02 nm; and average pore volume
0.0073 cm® gL The superficial area of agricultural residues is
usually a low value (Kumari et al., 2006; Yurtsever and Sengil,
2009). On the other hand, the average pore diameter of CS
biomaterial is relatively large, even when compared with activated
carbons (Calvete et al., 2009; 2010) or silicates (Royer et al., 2010a,
2010b). The maximum diagonal lengths of the RR-194 and DB-53
(see supplementary Fig. 2. The dimensions of the chemical
moleculae were calculated using ChemBio 3D® Ultra version 11.0.)
are 2.05 and 1.47 nm, respectively. The ratios of average pore
diameter of the biosorbent to the maximum diagonal length of each
dye are 9.77 and 13.62, for RR-194 and DB-53, respectively.
Therefore, the mesopores of CS could accommodate up to 9 and 13
molecules of RR-194 and DB-53, respectively. This number of
molecules, which could be accommodated in each pore of the
biosorbent, is considered large when compared with other adsor-
bents reported in the literature (Calvete et al., 2009, 2010; Lima
et al., 2008; Royer et al., 2009b).

Fig. 2. SEM of CS. A) without contact with dye solution, magnification 1,000x; B) without contact with dye solution, magnification 2,000x; C) after contact with RR-194 dye
solution (pH 2.0) for 12 h, magnification 1000x; D) after contact with RR-194 dye solution (pH 2.0) for 12 h, magnification 2000x.
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Scanning electron microscopies (SEM) of the biosorbent in
natural form without contact with dye solution (Fig. 2A and B) and
after contact with RR-194 dye solution at pH 2.0 (Fig. 2C and D) are
shown in Fig. 2. As can be seen, CS biosorbent without contact with
dye solution is a more compact fibrous material presenting some
macroporous (porous with diameter > 50 nm; see Fig. 2A and B).
On the other hand, after the CS biosorbent being submitted to an
RR-194 dye solution at pH 2.0, the cavities of the fibrous materials
were expanded, which should allow the diffusion of dye molecules
through the macroporous of the CS biosorbent. Similar results
were also obtained with DB-53 after the contact with CS bio-
sorbent (data not shown). It is important to focus that using SEM
technique it is not possible to verify the presence of dye on the
biosorbent surface, since the scale of the micrograph is microme-
ters and the dimension of the dyes are in nanometer scale. The
changes provoked at cupuassu shell (cavities) should be attributed
to the acidic solution at pH 2.0.

Taking into account that CS biosorbent presents a low superficial
area (Sper) and some macroporous (see Fig. 2), it could be inferred
that CS predominates a mixture of mesoporous (porous with
diameter ranging from 2 to 50 nm, see textural results described
above) and macroporous (porous with diameter > 50 nm). On the
other hand, the number of microporous (porous with a diame-
ter < 2 nm) should be a minimum (Gay et al., 2010; Jacques et al.,
2007). Usually, the microporous structure is responsible for
higher superficial area (Sger) of the materials (Gay et al., 2010;
Kumari et al, 2006; Yurtsever and Sengil, 2009), since the
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nitrogen probe molecule utilized in the measurements is retained
basically at the microporous structure (Arenas et al., 2007; Jacques
et al., 2007). This explains the low superficial area (Sggr) of CS
biosorbent.

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 (Lima et al., 2007, 2008; Royer
et al., 2009a, 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 RR-194 and DB-
53 dyes using CS biosorbent were evaluated within the pH range
between 2 and 9 (Fig. 3A and B, respectively). For both dyes, the
percentage of dye removal was remarkably decreased from pH
2.0, attaining practically less than 1% of dye removal at pH 6.5.
Similar behavior for dye removal utilizing lignocellulosic adsor-
bents was also observed (Akar et al., 2008; Deniz and Saygideger,
2010).

The pHpzc value determined for CS is 5.92. For pH values lower
than pHp, the adsorbent presents a positive surface charge
(Calvete et al., 2009; Lima et al., 2008). The dissolved RR-194 and
DB-53 dyes are negatively charged in water solutions. The
adsorption of these dyes takes place when the biosorbent presents
a positive surface charge. For CS, the electrostatic interaction occurs
for pH < 5.92. However, the lower the pH value from the pHp,, the
more positive the surface of the biosorbent (Calvete et al., 2009).
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Fig. 3. Optimization of biosorption conditions. Effect of pH on the biosorption of RR-194 (A) and DB-53 (B). Effect of the biosorbent dosage on the percentage of removal and in the
amount adsorbed of RR-194 (C) and DB-53 (D). Conditions: A) and B) C, = 50.0 mg L™' and mass of biosorbent of 30.0 mg for both dyes. C) and D) C, = 50.0 mg L™, pH 2.0 for both
dyes. The temperature was fixed at 298 K.
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This behavior explains the high sorption capacity of CS for both RR-
194 and DB-53 at pH 2. In order to continue the biosorption studies,
the initial pH was fixed at 2.0.

3.3. Adsorbent dosage

The study of biosorbent dosages for the removal of RR-194 and
DB-53 dyes from aqueous solution was carried out using bio-
sorbent dosages ranging from 1.0 to 10.0 g L~! and fixing the
initial dye concentration at 50.0 mg L. For both dyes, the highest
amount of dye removal was attained for biosorbent doses of at
least 2.5 g L~ (Fig. 3C and D, for RR-194 and DB-53, respectively).
For biosorbent dosages higher than this value, the removal of the
dyes remained almost constant. Increases in the percentage of the
dye removal with biosorbent dosages could be attributed to
increases in the biosorbent surface areas, augmenting the number
of adsorption sites available for adsorption, as already reported in
several papers (Lima et al., 2008; Royer et al.,, 2009b, 2010b;
Vaghetti et al., 2008, 2009). On the other hand, the increase in
the biosorbent doses promotes a remarkable decrease in the
amount of dye uptake per gram of adsorbent (q), (Fig. 3C and D),
an effect that can be mathematically explained by combining the
Egs. (1) and (2):

%Removal-C,

9= 100X (5)

As observed in the Eq. (5), the amount of dye uptaken (q) and the
biosorbent dosage (X) is inversely proportional. For a fixed dye
percentage removal (after doses of 2.5 g L™1), the increase of bio-
sorbent doses leads to a decrease in q values, since the initial dye
concentration (C,) is always fixed. These results clearly indicate
that the biosorbent dosages must be fixed at 2.5 g L~!, which is the
biosorbent dosage that corresponds to the minimum amount of
adsorbent that leads to constant dye removal. Biosorbent dosages
were therefore fixed at 2.5 g L~ for both dyes.

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 (Calvete et al., 2009,
2010; Vaghetti et al., 2009).

In attempting to describe the biosorption kinetics of RR-194 and
DB-53 dyes by CS biosorbent, four diffusion kinetic models were
tested, as shown in Fig. 4A and B (RR-194); 4C, 4F (DB-53). The
kinetic parameters for the kinetic models are listed in Table 3. Based
on the Ferror Values, it was observed that the Avrami model provides
the best fit to the data for using RR-194 and DB-53 dye, because its
Ferror Values were at least 3.18 and 3.11 times lower, for RR-194 and
DB-53, respectively than the values obtained for pseudo-first-order,
pseudo-second-order and Elovich-chemisorption kinetic models.
The lower the error function, the lower the difference of the g
calculated by the model from the experimentally measured g (Lima
et al., 2007, 2008; Calvete et al., 2009, 2010). It should be pointed
out that the Feror utilized in this work takes into account the
number of the fitted parameter (p term of Eq. (4)), since it is
reported in the literature (Gunay, 2007) that depending on the
number of parameters one nonlinear equation presents, it has the
best fitting of the results (Gunay, 2007). For this reason, the number
of fitted parameter should be considered in the calculation of Feror.
Also, 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
RR-194 and DB-53 using CS biosorbent.

The Avrami kinetic equation has been successfully employed to
explain several kinetic processes of different adsorbents and
adsorbates (Calvete et al., 2009, 2010; Cestari et al., 2005; Lopes
et al., 2003; Lima et al., 2008; Royer et al., 2009a, 2009b, 2010a,
2010b; Vaghetti et al., 2009). The Avrami exponent (nay) is a frac-
tionary number related with the possible changes of the adsorption
mechanism that takes place during the adsorption process (Calvete
et al,, 2009, 2010; Lima et al., 2008). 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 (Calvete et al., 2009, 2010; Lima et al.,
2008). The nay exponent 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 RR-194 and DB-53 dyes using CS as bio-
sorbent (Table 3 and Fig. 4), the intra-particle diffusion model
(Vaghetti et al., 2009) was used to verify the influence of mass
transfer resistance on the binding of RR-194 and DB-53 dyes to the
biosorbent (Table 3 and Fig. 4C,D,G and H). The intra-particle
diffusion constant, kiq (mg g~ ! h~%°), can be obtained from the
slope of the plot of g; (uptaken at any time, mg g~ ') versus the
square root of time. Fig. 4C and D (RR-194); 4G, 4H (DB-53) shows
the plots of g; versus t'/2, with multi-linearity for the RR-194 and
DB-53 dyes using CS biosorbent. These results imply that the
adsorption processes involve more than one single kinetic stage (or
adsorption rate) (Vaghetti et al., 2009). For the DB-53 dye, the
adsorption process exhibits three stages, which can be attributed to
each linear portion of the Fig. 4G and H. The first linear portion was
attributed to the diffusional process of the dye to the CS biosorbent
surface (Vaghetti et al., 2009); hence, it was the fastest sorption
stage. The second portion, ascribed to intra-particle diffusion, was
a delayed process. The third stage may be regarded as the diffusion
through smaller pores, which is followed by the establishment of
equilibrium. For RR-194 dye, the adsorption process exhibits only
two stages, being the first linear part attributed to intra-particle
diffusion, and the second stage the diffusion through smaller pores,
which is followed by the establishment of equilibrium (Vaghetti
et al., 2009).

It was observed in Fig. 4 that the minimum contact time of RR-
194 and DB-53 with the CS biosorbent to reach equilibrium was
about 8 and 18 h, respectively. This great difference in the
minimum contact time to reach the equilibrium is associated with
the difference in the mechanism of adsorption. The Avrami
constant rate (kay) for RR-194 was 29.4% higher than the kay for DB-
53 dye, which implies that the diffusion from the film could not
explain completely the remarkable differences on the kinetics of
adsorption of RR-194 in relation to DB-53. On the other hand, the
intra-particle diffusion constant (kjq) for RR-194 was more than 9-
fold higher than the kiq for DB-53, indicating that the resistance to
the mass transfer is much lower for RR-194 dye. This could explain
the difference of 10 h to reach the equilibrium for RR-194 in relation
to DB-53. Probably DB-53 molecules should be more aggregated,
forming dimers in aqueous solution, which would increase the
resistance to the mass transfer inside the porous of CS biosorbent
(Murakami, 2002).

In order to continue this work, the contact time between the
biosorbent and biosorbates was fixed at 10.0 and 20.0 h using RR-
194 and DB-53 dyes as biosorbates, respectively and CS as bio-
sorbent to guarantee that for both dyes the equilibrium would be
attained even in higher biosorbate concentrations.

3.5. Equilibrium studies and mechanism of adsorption

An adsorption isotherm describes the relationship between
the amount of adsorbate taken up by the adsorbent (qge) and the
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Fig. 4. Kinetic biosorption curves. A) RR-194, C, 20.0 mg L~'; B) RR-194, C, 60.0 mg L~'; C) RR-194, C, 20.0 mg L~ '; D) RR-194, C, 60.0 mg L~ '; E) DB-53, C, 20.0 mg L~'; F) DB-53, C,
60.0mgL~"; G) DB-53, C, 20.0 mg L~'; H) DB-53, C, 60.0 mg L~ . Conditions: pH was fixed at 2.0; the biosorbent dosage was fixed at 2.5 g L~'; and the temperature was fixed at 298 K.
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Table 3
Kinetic parameters for RR-194 and DB-53 removal using CS as biosorbent. Condi-
tions: temperature was fixed at 298 K; pH 2.0 biosorbent dosage of 2.5 g L™

RR-194 DB-53
200mgLl' 600mgL! 200mglL' 60.0mgL!

Fractionary-order

kav (h™1) 2.25 2.20 1.71 1.73

ge (mg g~ 1) 7.79 229 8.04 24.1

Nay 0.652 0.685 0.367 0.334

R2; 0.9996 0.9995 0.9991 0.9997

Ferror 0.0312 0.0977 0.0513 0.0866

Pseudo-first order

ke(h™) 1.96 1.95 1.52 1.58

ge (mgg™) 7.76 229 7.71 22.8

R2i 0.9940 0.9951 0.9502 0.9438

Ferror 0.129 0.343 0.384 1.202

Pseudo-second order

ks(gmg 'h™) 0.518 0.176 0.331 0.115

ge (mgg™1) 7.91 233 7.95 235

ho (mgg 'h1) 324 95.4 20.9 63.1

RZ; 0.9965 0.9954 0.9914 0.9886

Ferror 0.0992 0.332 0.160 0.541

Chemisorption

a(mgg'h) 216 x 105  7.03 x10°  6.06 x 10>  1.78 x 10*

B(gmg ") 238 0.811 1.57 0.530

RZy; 0.9538 0.9509 0.9840 0.9889

Ferror 0.358 1.09 0.217 0.535

Intra-particle diffusion

kiq (mg g 'h %% 292° 8.90° 0.271° 0.962°

@ First stage.
b Second stage.

adsorbate concentration remaining in the solution after the
system attained the equilibrium (Ce). There are several equations
to analyze experimental adsorption equilibrium data. The equa-
tion parameters of these equilibrium models often provide some

Table 4

Isotherm parameters for RR-194 and DB-53 biosorption, using CS as biosorbent.
Conditions: temperature was fixed at 298 K; contact time was fixed at 10 and 20 h
for RR-194 and DB-53, respectively; pH was fixed at 2.0; biosorbent dosage was fixed
at25gL L

RR-194 DB-53
Langmuir

Qmax (Mg g~ 1) 66.0 38.8
K. (Lmg™) 0.203 1.66
RZy; 0.9978 0.9475
Ferror 0.735 1.99
Freudlich

Ke (mg-g~1-(mg-L~1)~1/™) 23.1 24.8
ng 4.15 8.54
RZy; 0.8669 06480
Ferror 5.67 5.15
Sips

Qmax (Mg g™ 1) 64.1 37.5
Ks (L mg™1) 0.214 1.56
ns 0.890 0.549
RZy; 0.9998 0.9998
Ferror 0218 0.125
Radke—Prausnitz

Qmax (Mg g™ 1) 75.4 485
Kgp (Lg™ ") 0.165 1.10
Ngp 0.952 0.943
R2; 0.9995 0.9696
Ferror 0.345 1.51

insight into the adsorption mechanism, the surface properties
and affinity of the adsorbent. In this work, the Langmuir, the
Freundlich, the Sips and the Radke—Prausnitz isotherm models
were tested.

The isotherms of adsorption of RR-194 and DB-53 were
carried out at 298 K on the CS biosorbent, using the best exper-
imental conditions described previously (Table 4 and Fig. 5).
Based on the Fe(or, the Sips model is the best isotherm model for
both dyes. The Sips model showed in Table 4 presents the lowest
Ferror Values, which means that the q fit by this isotherm model
was close to the g measured experimentally when compared
with other isotherm models. For RR-194 the Langmuir and the
Freundlich isotherm models were not suitably fitted, presenting
Ferror Values ranging from 3.37 to 26.0-fold higher than the Fepor
values obtained by the Sips isotherm model. For DB-53, the
Langmuir, the Freundlich and the Radke-Praunsnitz presented
Ferror Values ranging from 12.1 to 41.1-fold higher than the Ferror
values obtained by the Sips isotherm model. Therefore, all these
models mentioned above for RR-194 and DB-53 dyes, using CS as
biosorbent, have no physical value. Only for RR-194, the Rad-
ke—Prausnitz presented a Ferror vValue 1.58-fold higher than the
Ferror Value obtained by the Sips isotherm model. Taking into
account that the Sips isotherm model presented the lowest Ferror
value for both dyes, this isotherm model was chosen as the best
for describing the equilibrium of adsorption of RR-194 and DB-53

A 70
60 1
50 4
g 40 = Experimental points
£ Langmuir
= —— Freundlich
o’ 30 1 —— Sips
------ Radke-Prausnitz
20 1
10 =7 T T T T
0 20 40 60 80 100
4
C,(mgL")
B

-.—'; 25 - e Experimental points
- Langmuir
g y
£ 5 F.reundllch
& —— Sips
------ Radke-Prausnitz
15 1
10 4

0 10 20 30 40 50 60 70 80
El
C.(mgL")
Fig. 5. Isotherm curves. A) RR-194; B) DB-53. Conditions: pH was fixed at 2.0; the

biosorbent dosage was fixed at 2.5 g L™'; and the temperature was fixed at 298 K. The
contact time were fixed at 10 and 20 h for RR-194 and DB-53, respectively.
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using CS as biosorbent. Therefore, based on the Sips isotherm
model, the maximum amounts of RR-194 and DB-53 uptaken
were 64.1 and 375 mg g~ ! for both dyes, respectively. These
values indicate that CS is a fair good biosorbent for the removal of
these dyes from aqueous solutions.

It should be highlighted that the maximum amount adsorbed
of RR-194 by CS biosorbent was 70.9% higher than the value
obtained for the adsorption of DB-53. Considering that the kinetics
of adsorption of RR-194 was faster than the kinetics of adsorption
of DB-53 as well as considering the pH studies showed above, it is
possible to propose a mechanism of adsorption for RR-194 and
DB-53, which is depicted in Fig. 6. In the first step, the CS is
immersed in a solution with pH 2.0, being the functional groups
(OH, carboxylates, please see Fig. 1) of the biosorbent protonated
(see Fig. 3A and B). This step is fast for both dyes. The second step
is the separation of the agglomerates of dyes in the aqueous
solution. Dyes are in an organized state in the aqueous solution,
besides being hydrated (Murakami, 2002). These self-associations
of dyes in aqueous solutions should be dissociated before these
dyes being adsorbed. Furthermore, the dyes should be dehydrated
before being adsorbed. For RR-194 dye, this step is relatively fast.
On the other hand, this stage is relatively slower for DB-53
(Murakami, 2002). This explains the differences of the minimum
contact time for RR-194 and DB-53 to attain the equilibrium (see
section 3.4). The third stage is the electrostatic attraction of the

Fig. 6. Mechanism of biosorption of RR-194 and DB-53 dyes by the CS biosorbent. The
circle stands for the dyes with four negative charges.

negatively charged dyes by the positively surface charged CS
biosorbent at pH 2 (see Fig. 1). This stage should be the rate
controlling step for RR-194. For DB-53, this is also the rate
controlling step, however, the stage 2 presents some significance
to overall mechanism of adsorption.

4. Conclusion

The cupuassu shell (CS; T. grandiflorum) is a good alternative
biosorbent to remove C.I. Reactive Red 194 (RR-194) and C.I. Direct
Blue 53 (DB-53) textile dyes from aqueous solutions. The CS was
characterized by FTIR spectroscopy, SEM and nitrogen adsorption/
desorption curves. It was demonstrated that the OH groups of
phenols and alcohols and the carboxylate groups presented shift
to lower wavenumber after contact with both dyes, indicating that
these groups should participate of the biosorption mecha-
nism.Both dyes interact with the biosorbent 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 multiple linear regions, which sug-
gested that the biosorption may also be followed by multiple
adsorption rates. The equilibration time for RR-194 and DB-53 dye
were obtained after 8 and 18 h, respectively of contact between
the dyes and the biosorbent. The equilibrium isotherm of these
dyes was obtained, being these data better fitted to the Sips
isotherm model. The maximum adsorption capacities were 64.1
and 375 mg g ! for RR-194 and DB-53, respectively, using CS
biosorbent.
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Nomenclature

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

Ce dye concentration at the equilibrium (mg L™1).

Cr dye concentration at ending of the adsorption (mg L™1).

GCo initial dye concentration put in contact with the
adsorbent (mg L~ 1).

he the initial sorption rate (mg g~! h™1) of pseudo-second
order equation.

kav is the Avrami kinetic constant [(h—1)™"]

Kg the Freundlich equilibrium constant
[mg-g~!-(mg-L~")~/™|

ks the pseudo-first order rate constant (h™ ).

kiq the intra-particle diffusion rate constant (mg g~! h=%>),

KL the Langmuir equilibrium constant (L mg™1).

Kgrp the Radke—Prausnitz equilibrium constant (L mg~!)

Ks the Sips equilibrium constant (L mg~!)

ks the pseudo-second order rate constant (g mg~—' h™1).

nay is a fractionary reaction order (Avrami) which can be

related, to the adsorption mechanism
ng dimensionless exponent of the Freundlich equation
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NRp dimensionless exponent of the Radke—Prausnitz equation

ng dimensionless exponent of the Sips equation

q amount adsorbed of the dye by the adsorbent (mg g~ 1).

Qe amount adsorbate adsorbed at the equilibrium (mg g~ 1).

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

qr amount of adsorbate adsorbed at time (mg g~ 1).

t time of contact (h).

X biosorbent dosage (g L™ 1).

Greek letters

o the initial adsorption rate (mg g~' h™') of the Elovich
Equation
I’} Elovich constant related to the extent of surface coverage

and also to the activation energy involved in
chemisorption (g mg™1).

Appendix. Supplementary material

Supplementary data related to this article can be found online at
doi:10.1016/j.jenvman.2010.12.010.
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ABSTRACT: The aqai palm stalk (Euterpe oleracea) is a food residue used in its natural form (AS) and also protonated (AAS) as
biosorbents for the removal of the textile dyes C.I. Reactive Black § and C.I. Reactive Orange 16 from aqueous solutions. This
biosorbent was characterized by infrared spectroscopy, scanning electron microscopy, and nitrogen adsorption/desorption curves.
The effects of pH, biosorbent dosage, and shaking time on the biosorption capacities were studied. In the acidic pH region (pH 2.0),
the biosorption of the dyes was favorable. The contact time to obtain the equilibrium at 298 K was fixed at (10 and 4) h for the AS
and AAS biosorbents, respectively, using both dyes. The Avrami fractionary-order kinetic model provided the best fit to the
experimental data compared with the pseudofirst-order and pseudosecond-order kinetic adsorption models. The equilibrium data
were fitted to the Langmuir, Freundlich, and Sips isotherm models. For both dyes the equilibrium data were best fitted to the Sips

isotherm model.

B INTRODUCTION

Dyes are one of the most hazardous chemical compound
classes found in industrial effluents which need to be treated
since their presence in water bodies reduces light penetration,
precluding the photosynthesis of aqueous flora."” They are also
aesthetically objectionable for drinking and other purposes.’
Dyes can also cause allergy, dermatitis, and skin irritation* and
also provoke cancer and cell mutations in humans.>®

There are some methods that are used for treating waters
containing dyes, such as, coagulation and flocculation,’ degrada-
tion by visible light assisted by photocatalytic ozonation,® photo-
catalytic oxidation,” oxidative decomposition using the Fenton
process,'° catalytic wet air oxidation,"" electrochemical degradation,"
biological treatment with microorganisms.13 However, all these
processes lead to the formation of other byproducts that require
continuous monitoring and identification, besides of most of
them are expensive for treatment on a large scale.'* One of the
most employed methods for the removal of synthetic dyes from
aqueous effluents is the adsorption procedure.'>'® This process
transfers the dyes from the water effluent to a solid phase,
decreasing remarkably the dye bioavailability to live organisms.
The decontaminated effluent could then be released to the
environment or the water could be reutilized in the industrial
process. Subsequently, the adsorbent can be regenerated or stored
in a dry place without direct contact with the environment.">"¢

Activated carbon is the most employed adsorbent for dye
removal from aqueous solution because of its excellent adsorp-
tion properties. 71 However, the extensive use of activated
carbon for dye removal from industrial effluents is expensive,
limiting its large application for wastewater treatment.’**'
Therefore, there is growing interest in finding alternative low
cost adsorbents for dye removal from aqueous solution. These

v ACS Publications ©2011 American chemical Society

alternative adsorbents, include: helzenet shell,** saw dust wallnut,**
saw dust cherry,”" saw dust oak,”' saw dust pitch pine,”" saw dust
pine,”" cane pitch,*! soy meal hull,”' banana pitch,”' sugar cane
bagasse,20 cotton waste,”" chitin and chitosan,* peat,20 microorgan-
isms such as fungus and yeasts,”® maize cob,”>*' and Brazilian pine-
fruit shell.'>*>?*

Aqai palm (Euterpe oleracea) is native to the Brazilian Amazon;
however, it has already been cultivated in the United States.”*
The palms of E. oleracea are multistemmed, monoecious, and
may reach heights of > 25 m. The fruit, a small, round, black-
purple drupe about 25 mm in circumference, is produced in
branched panicles of (500 to 900) fruits.*>*® Aqai pulp is utilized
in the manufacture of a variety of foods and beverages.”**° The
Brazilian annual production of aqai is about 160000 tons.”’”
About 20% of the weight of the aqai is the stalk (AS) that held its
fruits, which is a waste material that presents no aggregate economic
value.””

The disposal of large amounts of AS directly in the soil and/or
in natural waters may contaminate the environment in an
uncontrolled way because the decomposition of this waste
material leads to the generation of various chemical compounds
and microorganisms. In this context, combining the need to
reduce costs with commercial adsorbents and by using AS as a
biosorbent for the removal of dyes from industrial effluents, is a
good economical and environmental advantage to developing
countries such as Brazil.

The present work aimed to use aqai stalk in natural (AS) and
protonated (AAS) forms as biosorbents for the successful removal
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of the dyes C.I. Reactive Black S (RB-S) and C.I Reactive Orange
16 (RO-16) from aqueous solutions. These dyes are largely used
for textile dying in the Brazilian cloth industries.

B MATERIALS AND METHODS

Solutions and Reagents. Deionized water was used through-
out the experiments for solution preparations.

The textile dyes, C.I. Reactive Black 5 (C.I. 2050S; CAS
12225-25-1; CyH, NsO0SeNa,, 991.82 g-mol ', . =
590 nm, see Supporting Information, Figure 1) at 55% purity
and C.I. Reactive Orange 16 (C.I 17757; CAS 20262-58-2;
CyoH7N;30,,S3Na,, 617.54 g- mol ™%, A, = 493 nm, see
Supporting Information, Figure 1) at 50 % purity, both were
furnished by Sigma-Aldrich (St. Louis, MO). The dyes were used
without further purification. The RB-S dye has two sulfonate
groups and two sulfato-ethyl-sulfone groups, and the RO-16 has
one sulfato-ethyl-sulfone group and one sulfonate group. These
groups present negative charges even in highly acidic solutions
due to their pK, values that are lower than zero.'¥?% A stock
solution was prepared by dissolving the dyes in distilled water to
the concentration of 5.00 g-L™'. Working solutions were
obtained by diluting the dye stock solutions to the required
concentrations. To adjust the pH solutions, 0.10 mol-L "'
sodium hydroxide or hydrochloric acid solutions were used.
The pH of the solutions was measured using a Schott Lab 850
set pH meter.

Adsorbent Preparation and Characterization. AS was
furnished by the ice cream industry in Belém-PA, Brazil, as a
residual material. AS was washed with tap water to remove dust
and with deionized water. Then, it was dried at 70 °C in an air-
supplied oven for 8 h. After that, AS was grounded in a disk-mill
and subsequently sieved. The part of the biosorbent which
presented a diameter of particles < 250 um was used. This
unmodified aqai stalk was assigned as AS.

In order to increase the amount adsorbed of RB-5 and RO-16
dyes by the AS biosorbent the biomaterial was protonated as
described below.”” An amount of 5.0 g of AS was added to
200.0 mL of 3 mol-L™" of HCl, and the slurry was magnetically
stirred for 24 h at 70 °C. Subsequently, the slurry was filtered in a
sintered glass funnel, and the solid phase was thoroughly washed
with water, until the filtrate reached the pH of distilled water.
Subsequently, the material was dried at 70 °C in an air supplied
oven for 8 h, yielding the acidified aqai stalk (AAS).

The AS and AAS biosorbents were characterized by FTIR
using a Shimadzu FTIR, model 8300 (Kyoto, Japan). The spectra
were obtained with a resolution of 4 cm ™', with 100 cumulative
scans.”®

The surface analyses and porosity were carried out with a
volumetric adsorption analyzer, ASAP 2020, from Micrometrics,
at 77 K (boiling point of nitrogen). The samples were pretreated
at 373 K for 24 h under a nitrogen atmosphere in order to
eliminate the moisture adsorbed on the solid sample surface.
After, the samples were submitted to 298 K in a vacuum, reaching
the residual pressure of 10~ * Pa. For area and pore size distribution
calculations, the BET and BJH methods were used.*”*

The AS and AAS biosorbent samples were also analyzed by
scanning electron microscopy (SEM) in a Jeol microscope, model
JSM 6060, using an acceleration voltage of 20 kV and magnifica-
tion ranging from 100 to 5000 fold.*"

Biosorption Studies. The biosorption studies for evaluation
of the AS and AAS biosorbents for the removal of the RB-5 and

Table 1. Kinetic Adsorption Models

kinetic model equation

nAV}

g = qe{1 — exp[—(kavt)]
ho = ke

initial sorption rate

g = qe[1 — exp(—ki)]
ho = kqe

initial sorption rate

3= (kq’t)/ (1 + gekit)
ho = kg’

initial sorption rate

qe = kig(t 24 ¢

fractionary-order

pseudofirst order

pseudosecond order

intraparticle diffusion

Table 2. Equilibrium Models

isotherm model equation

Langmuir ge = (QuasKi C)/(1 + K;.C.)
Freundlich de = KFCel/nF
Sips ge = (Qunax(KsC)"™)/(1 + (KsC)'™)

RO-16 dyes from aqueous solutions were carried out in triplicate
using the batch contact biosorption method. For these experi-
ments, fixed amounts of biosorbent [(20.0 to 200.0) mg] were
placed in SO mL cylindrical high-density polystyrene flasks (117
mm height and 30 mm diameter) containing 20.0 mL of dye
solutions [(10.00 to 300.0) mg-L~ '], which were agitated for a
suitable time [(0.5 to 48) h] at 298 K. The pH of the dye
solutions ranged from 2.0 to 10.0. Subsequently, in order to
separate the biosorbents from the aqueous solutions, the flasks
were centrifuged at 3600 rpm for 10 min, and aliquots of (1 to
10) mL of supernatant were properly diluted with water.

The final concentrations of the dyes remaining in the solution
were determined by visible spectrophotometry using a T90+
UV—vis spectrophotometer furnished by PG Instruments
(London-England) provided with quartz optical cells. Absorbance
measurements were made at the maximum wavelength of RB-5
and RO-16 which were (590 and 493) nm, respectively.

The amount of dyes adsorbed and the percentage of removal
of the dyes by the biosorbent were calculated by applying the
eqs 1 and 2, respectively:

(Co - Cf)
X

q= (1)

(Co - Cf)

o

% removal = 100- (2)
where g is the amount of dyes adsorbed by the biosorbent
(mg-g "), C, is the initial dye concentration put in contact with
the adsorbent (mg-Lfl) , C¢is the dye concentration (mg-Lfl)
after thle batch adsorption procedure, and X is biosorbent dosage
(g:L7).
gKinet)ic and Equilibrium Models. The Avrami fractionary-
order,** pseudoﬁrst-order,33 pseudosecond—order,34 and intra-
particle diffusion model®® kinetic equations are given in Table 1.
The Langmuir,*® Freundlich,”” and Sips*® isotherm equations
are given in Table 2.
Quality Assurance and Statistical Evaluation of the Kinetic
and Isotherm Parameters. To establish the accuracy, reliability,
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Table 3. FTIR Bands (cm ™ ') of the Adsorbents AS and AAS before and after the Adsorption of RB-5 and RO-16 Dyes

wavenumber (cm ™)

AS AS+RB-§ AS+RO-16 AAS AAS+RB-5
3433 3427 3426 3431 3425
1735 1730 1730 1734 1730
1252 1245 1246 1252 1241
1045 1033 1030 1057 1044

AAS+RO-16 assignments
3419 O—H bond stretching***
1730 stretching of carbonyl groups of carboxylic acid*
1241 C—O stretch of phenolic compounds found in lignin****
1046 C—O stretch of phenolic compounds found in lignin****

and reproducibility of the collected data, all of the batch adsorp-
tion measurements were performed in triplicate. Blanks were run
in parallel and they were corrected when necessary.>

All dye solutions were stored in glass flasks, which were cleaned
by soaking in 1.4 mol-L ™' HNO; for 24 h,*° rinsing five times
with deionized water, dried, and stored in a flow hood.

For analytical calibration, standard solutions with concentra-
tions ranging from (5.00 to 50.0) mg- L~ of the dyes were
employed, running against a blank solution of water adjusted to
pH 2.0. The linear analytical calibration of the curve was furnished
by the UVWin software of the T90+ PG Instruments spectro-
photometer. The detection limits of the method, obtained with a
signal/noise ratio of 3,*" were (0.18 and 0.11) mg-L™ ", for RB-5
and RO-16, respectively. All of the analytical measurements were
performed in triplicate, and the precision of the standards was
better than 3 % (n = 3). For checking the accuracy of the RB-$
and RO-16 dye sample solutions during the spectrophotometric
measurements, standards containing dyes at 5.00 mg-L_1 were
employed as a quality control every five determinations.**

The kinetic and equilibrium models were fitted by employing a
nonlinear method, with successive interactions calculated by the
method of Levenberg—Marquardt and also interactions calcu-
lated by the Simplex method, using the nonlinear fitting facilities
of the software Microcal Origin 7.0. In addition, the models were
also evaluated by adjusted determination factor (Radj2 ), as well as
by an error function (Feyor) ,*3 which measures the differences in
the amount of dye taken up by the adsorbent predicted by the
models and the actual g measured experimentally. Radj2 and F.,.o,
are given below, in eqs 3 and 4, respectively

n

Z (93, exp — 4, model)” n—1
ey

n - n—p
2 (qi) exp qi, exp)z

i

RadjZ =1-

1 \y )
Ferror - < ) 2 (%‘, exp — 9, model) (4)

n—p) i

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

B RESULTS AND DISCUSSION

Characterization of Biosorbents. The FTIR technique was
used to examine the surface groups of the AS and AAS biosor-
bents and to identify the groups responsible for the dyes adsorption.
Infrared spectra of the adsorbents and dye-loaded adsorbent samples,

before and after the adsorption process, were recorded in the range
(4000 t0 400) cm ™" (see the Supporting Information, Figure 2A-F).
Table 3 presents the significant changes of FTIR vibrational
spectra of AS and AAS adsorbents before the adsorption and
loaded with the RB-S and RO-16 dyes after the adsorption. The
FTIR band assignments are based on the literature.**** As
previously observed for an activated carbon'®'? and a fly ash
adsorbent™ after the adsorption procedure, the functional
groups that interact with the dye suffered a shift to lower
wavenumbers when the adsorbate withdrew electrons of the
adsorbent group. These FTIR results indicate that the interaction
of RB-5 and RO-16 dyes with the AS and AAS biosorbents
should occur with the O—H bonds of phenols and alcohols
present in the lignin structure as well as interactions with the
carboxylate group because these groups suffered a shift to lower
wavenumbers after the biosorption procedure.

The textural properties of AS and AAS obtained by nitrogen
adsorption/ desorPtion curves were: superficial area (Spgr) (1.6
and 2.0) m?>- g ; average pore diameter (BJH) (10.77 and
11.80) nm; and total pore volume (0.0050 and
0.0077) cm®-g~ " for AS and AAS, respectively. The superficial
area of agricultural residues is usually a low value.*”** On the
other hand, the average pore diameter of AS and AAS biomater-
ials are relatively large, even when compared with activated
carbons'”"® or silicates.”*'® The maximum diagonal lengths of
the RB-S and RO-16 (see the Supporting Information, Figure 1)
are (2.55 and 1.68) nm, respectively. The ratios of average pore
diameter of the biosorbents to the maximum diagonal length of
each dye are 4.22 (JAS/DRB-5); 4.63 (JAAS/DRB-S); 6.41
(DAS/DRO-16); and 7.02 (BAAS/DRO-16). Therefore, the
mesopores of the biosorbents could accommodate up to 4
molecules of RB-5 for AS and AAS and up to 6 molecules of
RO-16 for AS and up to 7 molecules of RO-16 for AAS. This
number of molecules, which could be accommodated in each
pore of the biosorbent, is considered large when compared with
other adsorbents reported in the literature.'”"®

Scanning electron microscope (SEM) analysis results of the
AS and AAS biosorbents without contact with the dye solution
(Figure 1A,C for AS and AAS, respectively) and after contact
with the RO-16 dye solution at pH 2.0 (Figure 1B,D for AS and
AAS, respectively) are shown in Figure 1. As can be seen, for the
AS biosorbent without contact with the dye solution is a more
compact fibrous material (see Figure 1A). On the other hand,
after the AS biosorbent has been in contact with an RO-16 dye
solution at pH 2.0 for 4 h, some cavities of the fibrous materials
appeared, which should allow the diffusion of dye molecules
through the macropore (pore with @ > 50 nm)**° of the AS
biosorbent. For the AAS biosorbent, the material already
presents several macropore structures (see Figure 1C) and
after the contact with RO-16 dye solution at pH 2.0 for 8 h, no
significant differences were observed. Therefore, the acid
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Figure 1. SEM of (A) AS without contact with dye solution, (B) AS after contact with RO-16 dye solution, (C) AAS without contact with dye solution,
and (D) AAS after contact with RO-16 dye solution. Magnification 1500 x; accelerating voltage 20 kV.
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Figure 2. Effect of pH on the biosorption of (A) RB-5 on AS biosorbent, (B) RB-S on AAS biosorbent, (C) RO-16 on AS biosorbent, and (D) RO-
16 on AAS biosorbent. Conditions: C,= 40.0 mg-L ™" of dye solution and mass of biosorbent of 30.0 mg for both dyes. The temperature was fixed

at 298 K.

treatment of aqai fiber with 3.0 mol- L™ " HCI generated several
macropores on the biomaterial fiber, which allowed the diffu-
sion of the dyes by the pore of the biosorbent. By these results it
is expected that the AAS biosorbent should present higher
sorption capacity than the AS biosorbent, as already reported in

the literature.*® The macropores facilitate the diffusion of the
dye molecules inside the fiber pores of the biosorbents
(increasing the intraparticle diffusion). As the adsorbate dif-
fuses through the pores of the biosorbent, the dye could be
adsorbed at the internal sites of the biomaterial. On the other
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hand, the biosorbent with a lower number of macropore
structures, the adsorption is limited to the external surface of
the biosorbent, decreasing the total amount adsorbed.*® Similar
results were also obtained with RB-$ after the contact with AS

and AAS biosorbents (data not shown).

Taking into account that AS and AAS biosorbents present
low superficial areas (Spgr) and some macropores (see
Figure 1), it could be inferred that AS and AAS predominate
a mixture of mesopores (pores with diameters ranging from
(2 to 50) nm, see textural results described above) and
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Table 4. Kinetic Parameters for RB-S and RO-16 Removal Using AS and AAS as Biosorbents”

AAS
RB-5 RO-16 RB-5 RO-16
20 mg-L71 60 mg-L7l 20 mg-L7l 60 mg~L71 20 mg-L71 60 mg-L7l 20 mg Lt 60 mg L!
Fractionary-Order
kav (h 1) 3.57 344 3.84 3.79 2.41 2.36 6.84 6.72
e (mg-g~") 7.50 20.6 823 212 7.28 223 9.15 23.8
Ay 0.461 0.422 0.523 0.498 1.40 1.44 0.618 0.637
ho (mg-g~'-h™") 26.8 70.9 316 80.5 17.6 52.8 62.5 159.8
Ry 1.000 0.9999 0.9999 1.000 1.000 0.9998 1.000 0.9999
Ferror 0.00459 0.0414 0.0188 0.0132 0.00972 0.0686 0.00786 0.0649
Pseudofirst-Order
ke(h ™) 2.37 2.26 2.61 2.53 2.72 2.67 421 4.27
ge (mg-g™") 7.40 20.2 8.17 21.0 7.29 224 9.13 23.7
h, (mg-g '-h7") 17.6 45.6 213 533 19.9 59.8 38.5 101
Ry 0.9861 0.9799 0.9928 0.9908 0.9985 0.9981 0.9994 0.9994
Ferror 0.205 0.677 0.1615 0.4715 0.0663 0231 0.0524 0.135
Pseudosecond-Order
ki (g-mg '-h™") 0.674 0.222 0.741 0.270 0.992 0.313 1.79 0.715
e (mg-g™") 7.57 20.7 833 215 7.40 227 9.21 239
hy (mg-g '-h7") 386 95.3 51.4 124 543 161 152 409
Ry 0.9997 0.9993 0.9989 0.9994 0.9839 0.9826 0.9988 0.9986
Fevvor 0.0327 0.124 0.0631 0.1233 0216 0.691 0.0741 0.200
Intraparticle Diffusion
kg (mg-g~'-h™%%) 0.751° 2.13° 0.965° 2.60° 7.13% 21.8° 9.28" 24.2°

“ Conditions: temperature was fixed at 298 K; pH 2.0 biosorbent dosage of 2.5 g-L ™. ® First stage. “ Second stage.

macropores (pores with diameters > S0 nm). On the other
hand, the number of micropores (pores with a diameter
< 2 nm) should be a minimum.*®~

3% Usually, the micropore
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materials,

30,47,48

structure is responsible for higher superficial area (Sggr) of the
since the nitrogen probe molecule utilized in the
measurements is retained basically at the micropore structure.
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Table 5. Isotherm Parameters for RB-5 and RO-16 Biosorp-
tion, Using AS and AAS as Biosorbents”

AS AAS

RB-5 RO-16 RB-S RO-16

Langmuir
Qunax (mg-g™ ) 47.6 35.8 55.3 62.9
Ky (L-mg™ ") 0.0870  0.0513 0219 0.0618
Ry 0.9933 09830 09407  0.9707
Foror 0968 113 3.08 2.87
Freudlich
Kg (mg-g '+ (mg-LH)""™) 118 497 215 103
ng 3.59 242 4.90 2.63
Ry 0.9465 09937 09713 0.9971
Forror 2.74 0.687 215 0.900
Sips
Qunax (mg-g ™) 523 61.3 723 156
Ks (L-mg™ ") 0.0684  0.0115 0.0957  0.00345
ng 128 1.63 2.06 2.02
Royf” 0.9999 09998 09998  0.9995
Forror 0.0903 0114  0.169 0.376

“ Conditions: temperature was fixed at 298 K; contact time was fixed at
(10 and 4) h for AS and AAS, respectively; pH was fixed at 2.0;
biosorbent dosage was fixed at 2.5 g-L™".

This explains the low superficial areas (Spgr) of the AS and AAS
biosorbents.

Effects of Acidity on Adsorption. One of the most important
factors in adsorption studies is the effect of the acidity of the
medium.">'*?* Different species may present divergent ranges
of suitable pH depending on which adsorbent is used. Effects of
initial pH on removal percentage of RB-5 and RO-16 dyes using
AS and AAS biosorbents were evaluated within the pH range
between (2 and 10) (Figure 2A—D). For both dyes, the
percentage of dye removal decreased remarkably from pH 2.0,
attaining practically less than 3.2 % and 5.0 % of dye removal at
pH 7.5 for AS and AAS, respectively. Similar behavior for dye
removal utilizing lignocellulose adsorbents has also been observed.”>*’

The dissolved RB-5 and RO-16 dyes are negatively charged in water
solutions, because they present sulfonate and sulfato-ethyl-sulfone
groups.'®** The adsorption of these dyes takes place when the
biosorbent presents a positive surface charge. At pH 2.0, these
lignocellulosic materials presents positive surface charge.”*
This behavior explains the high sorption capacity of AS and
AAS biosorbents for both RB-5 and RO-16 at pH 2. In order to
continue the biosorption studies, the initial pH was fixed at 2.0
for both biosorbents.

Adsorbent Dosage. The study of biosorbent dosages for the
removal of RB-5 and RO-16 dyes from aqueous solution was
carried out using biosorbent dosages ranging from (1.0 to 10.0) g
L' of AS and AAS, and fixing the initial dye concentration at
40.0 mg L 'and using a time of contact between the adsorbents
and adsorbates of 12 h. For both dyes and biosorbents, the
highest amount of dye removal was attained for biosorbent doses
of at least 2.5 g- L™ " (Figure 3A,B for RB-5 and Figure 3C,D for
RO-16). For biosorbent dosages higher than this value, the
percentage of dye removal remained almost constant. Increases
in the percentage of the dye removal with biosorbent dosages up

to 2.5 g-L ™' could be attributed to increases in the biosorbent
surface areas, augmenting the number of adsorption sites available
for adsorption, as already reported in several papers.>>' 161931340
On the other hand, the increase in the biosorbent doses
promotes a remarkable decrease in the amount of dye uptake
per gram of adsorbent (g; Figure 3).

An effect that can be mathematically explained by combining
eqs 1 and 2

. % removal C, (s)
1= "1oox

As observed from eq S, the amount of dye uptake (g) and the
biosorbent dosage (X) are inversely proportional. For a fixed dye
percentage removal, the increase of adsorbent dosage leads to a
decrease in q values, since the volume (V) and initial dye
concentrations (C,) are always fixed. These values clearl?r
indicate that the biosorbent dosage must be fixed at 2.5 g-L™,
which is the biosorbent dosage that corresponds to the minimum
amount of adsorbent that leads to constant dye removal."*°

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.”">®

In attempting to describe the biosorption kinetics of RB-5 and
RO-16 dyes by using the AS and AAS biosorbents, four kinetic
models were tested, as shown in Figures 4 and S for RB-5 and
RO-16, respectively. The kinetic parameters for the kinetic
models are listed in Table 4. The pseudosecond-order kinetic
model presented F., values ranging from 3.00 to 22.3 (RB-5)
and from 3.08 to 9.43 (RO-16) times higher the values obtained
for the Avrami-fractionary kinetic adsorption model, using both
biosorbents. Also, for the pseudofirst-order model, the F.,,
values ranged from 3.36 to 44.7 (RB-5) and from 2.07 to 35.7
(RO-16) times higher than the F.,, values obtained for the
Avrami-fractionary kinetic adsorption model using both biosor-
bents. The lower the error function, the lower the difference of
the q calculated by the model from the experimentally measured
q.l’1 1944 1t should be pointed out that the F,,,,, utilized in this
work takes into account the number of fitted Iparameters (p term
of eq 4), since it is reported in the literature®" that depending on
the number of parameters a nonlinear equation presents, it has
the best fitting of the results. For this reason, the number of fitted
parameter should be considered in the calculation of F,,,. Also,
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 Avrami
fractionary-order kinetic model should explain the adsorption
process of RB-5 and RO-16 dyes using the AS and AAS biosorbents.

The Avrami kinetic equation has been successfully employed
to explain several kinetic processes of different adsorbents and
adsorbates,! ~ 31671923307 324452757 The Ayrami exponent (11,y)
is a fractionary number related with the possible changes of the
adsorption mechanism that takes place during the adsorption
process.’®** Instead of following only an integer-kinetic order,
the mechanism adsorption could follow multiple kinetic orders
that are chan§ed during the contact of the adsorbate with the
adsorbent.’* > The n,y exponent is a result of the multiple
kinetic order of the adsorption procedure.' >

Since kinetic results fit very well to the Avrami-fractionary
kinetic model for the RB-5 and RO-16 dyes using AS and AAS as
biosorbents (Table 4 and Figures 4 and S), the intraparticle
diffusion model*® was used to verify the influence of mass transfer
resistance on the binding of RB-S and RO-16 dyes to the
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Figure 6. Isotherm curves. (A) RB-S on AS biosorbent; (B) RB-S on AAS biosorbent; (C) RO-16 on AS biosorbent; (D) RO-16 on AAS biosorbent.
Conditions: pH was fixed at 2.0; the biosorbent dosage was fixed at 2.5 g+ L '; and the temperature was fixed at 298 K. The contact time were fixed at (10

and 4) h for AS and AAS, respectively.

biosorbent (Table 4 and Figure 4B,D,F,H and SB,D,F,H). The
intraparticle diffusion constant, kjy (mg- g71 -h™%%), can be
obtained from the slope of the plot of g, (uptaken at any time,
mg-g ') versus the square root of time. These figures show the
plots of g versus t'/2, with multilinearity for the RB-5 and RO-16
dyes using the AS and AAS biosorbents. These results imply that
the adsorption processes involve more than one single kinetic
stage (or adsorption rate).>® For the AS biosorbent, the adsorp-
tion process exhibits three stages, which can be attributed to each
linear portion of the figure (Figures 4B,D and SB,D). The first
linear portion was attributed to the diffusional process of the dye
to the CS biosorbent surface;>> hence, it was the fastest sorption
stage. The second portion, ascribed to intraparticle diffusion, was
a delayed process. The third stage may be regarded as the
diffusion through smaller pores, which is followed by the estab-
lishment of equilibrium. For the AAS biosorbent, the adsorption
process exhibits only two stages, being the first linear part
attributed to intraparticle diffusion, and the second stage the
diftusion through smaller pores, which is followed by the estab-
lishment of equilibrium.*®

It was observed in Figures 4 and S that the minimum contact
time of RB-5 and RO-16 dyes with the AS biosorbent to reach
equilibrium was about (8 and 6) h, respectively. For the AAS
biosorbent the minimum contact time to attain equilibrium was 2
h for both dyes. This great difference in the minimum contact
time to reach equilibrium is associated with the difference in the
mechanism of adsorption. These results imply that the diffusion
of the dyes from the film could not explain completely the
remarkable differences on the kinetics of adsorption of the dyes.
As observed in Figures 4 and S, for the AS biosorbent, three

regions were observed in the intraparticle diffusion kinetic graph,
on the other hand for the AAS biosorbent, only two linear regions
were presented. For the AS biosorbent the film and intraparticle
diffusion are rate controlling steps. On the other hand, for the
AAS biosorbent, only the intraparticle diffusion is a rate controlling
step. This could be confirmed by the intraparticle diffusion constants
(kig). The kiq for RB-S and RO-16 were at least 9.5 and 9.6 times,
respectively, higher for the AAS biosorbent, when compared with
the AS biosorbent. This could explain the difference of (6 and 4)
h to reach the equilibrium for RB-5 and RO-16, respectively. This
difference in the kinetic behavior is related to differences in the
textural properties of the biosorbents after the treatment with
acid, as already reported in the literature,'”*®**** and also in
agreement with the results discussed above in the characteriza-
tion of the biosorbents.

In order to continue this work, the contact time between the
biosorbents and biosorbates were fixed at (10.0 and 4.0) h using
the AS and AAS biosorbents, respectively, for both dyes as
biosorbates. This increase in the contact time utilized in this
work was to guarantee that for both dyes equilibrium would be
attained even at higher biosorbate concentrations.

Equilibrium Studies. An adsorption isotherm describes the
relationship between the amount of adsorbate taken up by the
adsorbent (q.) and the adsorbate concentration remaining in the
solution after the system attained the equilibrium (C,). There are
several equations to analyze 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,*®
the Freundlich,”” and the Sips®® isotherm models were tested.
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Table 6. Comparison of Maxima Adsorption Capacities for RB-5 and RO-16 Adsorbed”

Qunax (mg-g ")
adsorbent RB-5 RO-16 ref
carbonized Brazilian pine-fruit shell (C-PW) 320 15
activated carbon from Brazilian pine-fruit shell (AC-PW) 472 15
waterworks sludge 86.8 58
sewage sludge 47.0 58
landfill sludge 114.7 S8
polysulfone-immobilized protonated C. glutamicum biomass 94.4 59
chitosan cross-linked (beads) 30 60
chitosan cross-linked (beads) 5.6 60
chitosan 30.4 61
chitosan hydrogel beads 709.3 62
chitosan hydrogel beads 4132 62
high lime fly ash 7.18 63
cetyltrimethylammonium bromide modified zeolite 12.9 64
powdered activated carbon 58.52 65
fly ash 7.93 65
bone char 157 66
brown seaweed, Laminaria sp 101.5 67
aqai stalk (AS) 52.3 61.3 this work
acidified aqai stalk (AAS) 72.3 156 this work

“The values were obtained at the best experimental conditions of each work.

Table 7. Molecular Properties of RB-5 and RO-16 Calculated
by the Software ChemBio 3D Ultra Version 11.0

properties RB-5 RO-16 ratio RB-5/RO-16
Connolly accessible area/ nm” 11.36 7.71 1.47
Connolly molecular area/nm” 642 420 1.53
Connolly solvent excluded volume/nm®  5.86  3.70 1.58

The isotherms of adsorption of RB-5 and RO-16 were carried
out at 298 K on the AS and AAS biosorbents, using the best
experimental conditions described previously (see Table S and
Figure 6). Based on the F..,, the Sips model is the best isotherm
model for both dyes and biosorbents. The maximum amounts of
RB-5 and RO-16 adsorbed were (52.3 and 61.3) mg-gfl,
respectively, using AS as the biosorbent and (72.3 and 156)
mg-g ', respectively using AAS as the biosorbent.

These values indicate that AS and AAS are fairly good
biosorbents for the removal of these dyes from aqueous solutions
(see Table 6)."%7% For the RB-§ dye, out of ten different
adsorbents, AAS presents an adsorption capacity higher than 5,
and for RO-16 dye, out of eleven different adsorbents, AAS
presents an adsorption capacity higher than eight.

It should be highlighted that the maximum amount adsorbed
(Qumax) of the RB-5 and RO-16 dyes by the biosorbents was 1.38
and 2.54-fold respectively, higher for the AAS biosorbent when
compared with the AS biosorbent. Considering that the kinetics
of adsorption of both dyes were also faster using the AAS
biosorbent (see Table 4), it can be concluded that the acid
treatment of aqai stalk promoted the increase of macropore
structure on the biomaterial (see Figure 1), contributing to a
faster diffusion of the dyes through the pores of the biosorbent,
and also allowing higher amounts of the dyes to be adsorbed by
the AAS biosorbent. This effect was more pronounced for the

RO-16 dye than for RB-5, since the maximum longitudinal length
of RB-5 is 2.55 nm, whereas this value for RO-16 is only 1.68 nm
(see the Supporting Information, Figure 1). In Table 7 are
presented molecular properties of RB-5 and RO-16 dyes calcu-
lated by the Sofware ChemBio 3D Ultra version 11.0. According
to these values, the Connolly solvent excluded volume of RB-S is
58% higher than the RO-16 dye, and also the Connolly molecular
area and accessible area of the RB-5 dye is higher when compared
with the RO-16 dye. The lower is the volume of the dye molecule,
the faster is the kinetics of adsorption (see Table 4) and also
easier is the arrangement of the dye molecules on the external
and internal part of the biosorbent, because lower will be the
steric hindrance caused by the adsorbed dye molecule.® There-
fore, it is expected that smaller dye molecules will allow higher
adsorption capacity.

B CONCLUSION

The aqai palm stalk (Euterpe oleracea) in natural form (AS) as
well as a protonated form (AAS) are good alternative biosorbents
to remove the textile dyes C.L Reactive Black 5 (RB-5) and C.L.
Reactive Orange 16 (RO-16) from aqueous solutions. The AS
and AAS were characterized by FTIR spectroscopy, SEM, and
nitrogen adsorption/desorption curves. It was demonstrated that
the OH groups of phenols and alcohols and carboxylate groups
presented a shift to lower wavenumbers after contact with both
dyes, indicating that these groups should participate in the
biosorption mechanism. Both dyes interact with the biosorbents
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.
Four kinetic models were used to adjust the adsorption and the
best fit was obtained with the Avrami (fractionary-order) kinetic
model. However, the intraparticle diffusion model gave multiple
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linear regions, which suggested that the biosorption may also be
followed by multiple adsorption rates. The equilibration time of
both dyes were obtained after (10 and 4) h of contact between
the dyes and the AS and AAS biosorbents, respectively. The
shorter time of contact for AAS biosorbent was attributed to the
macropores generated at the aqai fiber after acid treatement. The
equilibrium isotherm of these dyes was obtained, that were best
fitted to the Sips isotherm model. The maximum amounts of RB-
5 and RO-16 adsorbed were (52.3 and 61.3) mg-g~ ', respec-
tively, using AS as biosorbent and (72.3 and 156) mg- gfl,
respectively using AAS as biosorbent.

B ASSOCIATED CONTENT

© Ssupporting Information.  Structural formulae of RB-S
and RO-16 and additional FTIR spectra. This material is available
free of charge via the Internet at http://pubs.acs.org.
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B NOMENCLATURE

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

C. dye concentration at the equilibrium (mg-L™")

C¢ dye concentration at ending of the adsorption (mg-L ")

C, initial dye concentration put in contact with the adsorbent
(mg-L™")

h,, the initial sorption rate (mg-g7l -hh)

kay is the Avrami kinetic constant [(h™")]

Kg the Freundlich equilibrium constant [mg- g~ ' (mg-L™

ke the pseudofirst order rate constant (h™ ")

kiq the intraparticle diffusion rate constant (mg- 1g71 -h™

K;, the Langmuir equilibrium constant (L-mg ™ )

Kg the Sips equilibrium constant (L+mg ")

k, the pseudosecond order rate constant (g-mg ™ '-h™")

ny 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 (mg-g ")

g amount adsorbate adsorbed at the equilibrium (mg-g~")

Qunax the maximum adsorption capacity of the adsorbent (mg-g ™)

g amount of adsorbate adsorbed at time (mg-g ")

t time of contact (h)

X biosorbent dosage (g-Lfl)

1)71/nF]

0.5)
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HIGHLIGHTS

» Spirulina platensis (SP) and activated carbon (AC) were used to remove RR-120 dye.

» The maximum adsorption capacities were found at pH 2 and 298 K.
» The values were 482.2 and 267.2 mgg~! for SP and AC, respectively.
» Adsorption was exothermic, spontaneous and favorable.

» SP and AC were effective to treat a simulated dye-house effluent.
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ABSTRACT

Spirulina platensis microalgae (SP) and commercial activated carbon (AC) were compared as adsorbents to
remove Reactive Red 120 (RR-120) textile dye from aqueous effluents. The batch adsorption system was
evaluated in relation to the initial pH, contact time, initial dye concentration and temperature. An alter-
native kinetic model (general order kinetic model) was compared with the traditional pseudo-first order
and pseudo-second order kinetic models. The equilibrium data were fitted to the Langmuir, Freundlich
and Liu isotherm models, and the thermodynamic parameters were also estimated. Finally, the adsor-
bents were employed to treat a simulated dye-house effluent. The general order kinetic model was more
appropriate to explain RR-120 adsorption by SP and AC. The equilibrium data were best fitted to the Liu
isotherm model. The maximum adsorption capacities of RR-120 dye were found at pH 2 and 298 K, and
the values were 482.2 and 267.2mgg~" for the SP and AC adsorbents, respectively. The thermodynamic
study showed that the adsorption was exothermic, spontaneous and favourable. The SP and AC adsor-
bents presented good performance for the treatment of simulated industrial textile effluents, removing

94.4-99.0% and 93.6-97.7%, respectively, of the dye mixtures containing high saline concentrations.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Population growth increases the demand for industrial prod-
ucts. Dyes are used to colour the final products of different
industries, such as textiles, paper and pulp mills, cosmetics, food,
leather, rubber, etc. The generation of these products leads to
the formation of wastewater contaminated with dyes. The textile
industry is responsible for the use of 30% of synthetic dyes [1]. Of
all dyed textile fibres, cotton occupies the number one position,
and more than 50% of its production is dyed with reactive dyes [2].
It is estimated that about 10-60% of reactive dyes are lost during

* 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).

0304-3894/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.jhazmat.2012.09.026

textile dyeing, producing large amounts of coloured wastewater
[1]. The dye-containing wastewater discharged from these indus-
tries can adversely affect the aquatic environment by impeding
light penetration and, as a consequence, precluding the photosyn-
thesis of aqueous flora [3,4]. Moreover, most of these dyes can
cause allergy, dermatitis, skin irritation [5] and also provoke can-
cer [6] and mutation in humans [6,7]. It is rather difficult to treat
reactive dye effluents because the complex aromatic molecular
structure of these compounds. The molecular structures of reac-
tive dyes make them more stable and biologically non-degradable
[8-10]. Since global regulations have grown more stringent [1],
the effluents of the textile industry have to be treated carefully
before discharge [11,12]. This has resulted in increased demand for
eco-friendly technologies to remove dyes from aqueous effluents
[8,11,12].
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Adsorption is one of the most commonly employed methods for
the removal of synthetic dyes from aqueous effluents [13,14], due
its simplicity and high efficiency, as well as the availability of a wide
range of adsorbents that can be applied [11-16]. This process trans-
fers the dyes from the aqueous effluent to a solid phase, remarkably
decreasing dye bioavailability to live organisms [11,12]. The decon-
taminated effluent can then be released to the environment or the
water can be reutilised in the industrial process [15]. Subsequently,
the adsorbent can be regenerated or stored in a dry place without
direct contact with the environment [16]. Different kinds of adsor-
bents to remove dyes from aqueous solutions have been reported in
the literature, such as agricultural wastes (cupuassu shell [3], aqai
stalk [4], jujuba seeds [13], Brazilian pine fruit shell [15]), chem-
ically modified lignin [16], chitosan [17], algae [18,19], inorganic
silicates [20-22], activated carbons [12,23,24], carbon nanotubes
[11,25,26] and others.

The blue-green algae Spirulina platensis is available in large
quantities, as it is widely cultivated worldwide; its annual produc-
tion is about 2000 tons [27,28]. Its biomass contains a variety of
functional groups such as carboxyl, hydroxyl, sulphate, phosphate
and other charged groups which can be mediate pollutant bind-
ing [29-31]. This microalgae has been successfully employed to
remove heavy metals [28-30] and food dyes [31,32] from aqueous
solutions. In spite of this, there are no studies currently available
on the use of S. platensis biomass for the removal of textile dyes. In
addition, it is important to compare S. platensis with commercial
activated carbon (the main adsorbent used in dye removal [23]) in
order to verify the potential of its application.

In this work, a comparison of the adsorbents S. platensis microal-
gae (SP) and commercial activated carbon (AC) for the removal of
Reactive Red 120 textile dye (RR-120) from aqueous solutions was
performed. This dye is widely used for textile dyeing in the Brazilian
cloth industry. An alternative kinetic adsorption model was used
to study the adsorption of the dye onto the SP and AC adsorbents.
The equilibrium isotherms, determination of the thermodynamic
parameters and utilisation of the adsorbents to treat a simulated
dye-house effluent were performed for both adsorbents.

2. Material and methods
2.1. Solutions and reagents

The solutions were prepared with deionised water. Reac-
tive Red 120 dye (RR—120) (CI 25810; C44H24C12N1402056N36,
1469.98 gmol~1, see Supplementary Fig. 1) was obtained from
Sigma-Aldrich (Switzerland) as a commercially available textile
dye, with 80% dye content, and was used without further purifi-
cation. RR-120 has six sulphonate groups. These groups present
negative charges evenin highly acidic solutions due to their pKj, val-
ues being lower than zero [24]. The main characteristic structural
features of a typical reactive dye molecule are [33]:

e the reactive system, enabling the dye to form covalent bonds
between the dye and the cotton fibre;

¢ the chromophoric group, contributing to the colour and much to
the substantively for cellulose;

e a bridging group that links the reactive system to the chro-
mophore;

e solubilising groups that make the dye soluble in water.

The stock solution (5.00gL~1) was prepared by dissolving the
dye in deionised water. The working solutions were obtained by
diluting the dye stock solution to the required concentrations. To
adjust the pH of the solutions, 0.50 mol L~! sodium hydroxide or

hydrochloric acid were used. The pH of the solutions was measured
using a Schott Lab 850 set pH meter (Germany).

2.2. Adsorbents preparation and characterisation

In this research, S. platensis microalgae and commercial acti-
vated carbon were employed as adsorbents. The commercial
activated carbon (Merck, Germany) with a particle size of <90 wm
was used for comparison with S. platensis.

S. platensis (strain LEB-52) was cultivated in a 450L open out-
door photo-bioreactor, under uncontrolled conditions, in the south
of Brazil. During these cultivations, water was supplemented with
20% Zarrouk synthetic medium [34]. At the end of cultivation, the
biomass was recovered by filtration, washed with distilled water
and pressed to recover the biomass with a moisture content of 76%
(wetbasis). The wet biomass (in cylindrical pellet form with a diam-
eter of 3 mm) was dried in perforated trays using perpendicular air
flow. The drying conditions were: air temperature 60 °C, air veloc-
ity 1.5ms~!, relative humidity between 7% and 10% and load in
the tray of 4kg m~2 [35]. The dried biomass was ground by a mill
(Wiley Mill Standard, No. 03, USA) and sieved until the discrete par-
ticle size ranged from 68 to 75 m. S. platensis was characterised
according to the centesimal chemical composition [36] and energy
dispersive X-ray spectroscopy (EDS) (Pioneer).

The SP and AC adsorbents were characterised by vibrational
spectroscopy in the infrared region with Fourier transform (FTIR)
using a Varian spectrometer, model 640-IR. The spectra were
obtained with a resolution of 4cm~! with 100 cumulative scans.
The surface analyses and porosity were carried out with a volumet-
ric adsorption analyser (Nova 1000, Quantachrome Instruments) at
77 K. The samples were pre-treated at 473 K for 24 h under a nitro-
gen atmosphere in order to eliminate the moisture adsorbed on the
solid sample surface. The samples were then submitted to 298 K in
avacuum, reaching a residual pressure of 10~ Pa. For area and pore
calculations, the multi-point BET and BJH [37] methods were used.

2.3. Adsorption studies

Batch contact adsorption experiments were carried out in order
to evaluate the SP and AC adsorbents for the removal RR-120
dye from aqueous solutions. For these experiments, 50.0 mg of
adsorbent were placed in 50 mL cylindrical polypropylene flasks
containing 20.0mL of the dye solutions (50.00-1200.0mgL"1),
which were agitated for a suitable period of time (0.0833-6.00 h)
using an acclimatised shaker at temperatures ranging from 298 to
323 K. The pH of the dye solutions ranged from 2.0 to 10.0. Sub-
sequently, in order to separate the adsorbent from the aqueous
solutions, the contents of the flasks were transferred to centrifuge
tubes and then centrifuged at 10,000 rpm for 10 min. Aliquots of
1-10mL of the supernatant were properly diluted with an aqueous
solution fixed at pH 2.0.

The final dye concentration remaining in the liquid phase was
determined by visible spectrophotometry at 534 nm. The adsorp-
tion capacity and the percentage dye removal were calculated by
Egs. (1) and (2), respectively:

(Co—Cr)
q= "5 (1)
(Co—Cy)

%R 1=
emova G

x 100 (2)

where q is the amount of dye adsorbed by the adsorbent (mgg=1),
Cop is the initial dye concentration (mgL-1), C is the dye concen-
tration (mgL~1) after the batch adsorption procedure and X is the
adsorbent dosage (gL~1).

Please cite this article in press as: N.F. Cardoso, et al., Comparison of Spirulina platensis microalgae and commercial activated carbon as adsorbents
for the removal of Reactive Red 120 dye from aqueous effluents, J. Hazard. Mater. (2012), http://dx.doi.org/10.1016/j.jhazmat.2012.09.026



dx.doi.org/10.1016/j.jhazmat.2012.09.026

G Model
HAZMAT-14576; No.of Pages8

N.F. Cardoso et al. / Journal of Hazardous Materials xxx (2012) XxX—XXX 3

The desorption experiments were carried out as follows:
50.0mgL-! of RR-120 dye was shaken with 50.0 mg of either SP
or AC for 1h. Then, the loaded adsorbents were filtered through
0.2 wm cellulose acetate, then washed with water to remove the
non-adsorbed dye. Then, the dye adsorbed on the adsorbents
were agitated in 20.0 mL of an NaCl solution (0.05-0.50 molL-1)
an NaOH solution (0.05-0.50molL~1) or a mixture of NaCl
(0.05-0.50mol L-1)+0.10mol L~ NaOH for 15-60 min. The des-
orbed dye was separated and quantified as described above.

2.4. Kinetic adsorption models

Please see the Supplementary material [38-41].
2.5. Equilibrium models

Please see the Supplementary material [42-44].

2.6. Quality assurance and statistical evaluation of the kinetic
and isotherm parameters

Please see the Supplementary material [45-49].
2.7. Simulated dye-house effluent

Two synthetic dye-house effluents containing four representa-
tive reactive dyes and one direct dye used for colouring fibres and
their corresponding auxiliary chemicals were prepared at pH 2.0,
using a mixture of different dyes most often applied in the textile
fibre industry. According to the practical information obtained from
a dye-house, typically 10-50% [1] of reactive dyes and 100% of the
dye bath auxiliaries remain in the spent dye bath, and its composi-
tion undergoes a 5-30-fold dilution during the subsequent washing
and rinsing stages [11,50]. The concentrations of the dyes and aux-
iliary chemicals selected to imitate an exhausted dye bath are given
in Supplementary Table 1.

3. Results and discussion

3.1. S. platensis and commercial activated carbon
characterisation

The FTIR spectrum of S. platensis (Fig. 1A) shows O—H bond
stretching mixed with the NH, group at 3370cm~! (intense and
broad band) [12,24]. The bands at 2920 and 2859 cm~! are related
to asymmetric and symmetric stretching of CH, groups, respec-
tively [12,24]. Scissor bending of the NH, group can be observed at
1659 and 1535 cm™! (sharp and intense bands) [27,30]. The bands
at 1224, 1149, 1021 cm~! can be assigned to the C—N stretch of
amide or amine groups [28,31]. The adsorption bands in the region
750-900cm~! can be attributed to P—O, S—O and aromatic C—H
stretching vibrations [28]. Fig. 1B shows the FTIR vibrational spectra
of the commercial activated carbon. The intense absorption band at
3437 cm~!is assigned to O—H bond stretching [ 12,24]. The two CH,
stretching bands at 2924 and 2854 cm~! are assigned to asymmet-
ric and symmetric stretching of CH, groups [12,24]. The sharp band
at 1736 cm~! is assigned to the carbonyl group of carboxylic acid
[12]. The sharp intense peak observed at 1631 cm~! is assigned to
aromatic C=C ring stretching [12,24]. In addition, there are several
small bands and shoulders in the range of 1460-1250cm~! that
are assigned to ring modes of the aromatic rings [12,24]. The bands
at 1160 and 1098 cm~! are assigned to C—O stretching vibrations.
Based on these FTIR results, it is expected that the interaction of RR-
120 dye with the SP biosorbent should occur with the OH, NH;, (=0
and COO groups and at the aromatic group present in the biomass,
as previously reported in the literature [12,24,28,31]. In addition,
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Fig. 1. FTIR spectra for: (A) SP; (B) AC.

FTIR spectra were obtained after the adsorption of RR-120 dye on
the SP and AC adsorbents. However, the wavenumbers of the vibra-
tional bands were practically the same as seen in the adsorbents
without contact with the adsorbate, indicating that the interac-
tion of the dye with the adsorbents presented low energy [24].
This result is consistent with the changes in adsorption enthalpy
discussed in Section 3.5.

Supplementary Table 2 shows the proximal and centesimal
(obtained from EDS analysis) compositions of S. platensis microal-
gae. As can be seen in Supplementary Table 2, S. platensis is
composed of a variety of biomolecules, and the major elements on
its surface are C, N, O, P and S. The point of zero charge (pHzpc) of
S. platensis microalgae is 7.0, as demonstrated in our recent study
[31].

Based on the results of FTIR and EDS analysis, it can be stated
that the S. platensis adsorbent contains functional groups, such
as, carboxyl, hydroxyl, sulphate, phosphate, aldehyde and ketone
[27-32].On the other hand, the commercial activated carbon adsor-
bent presents OH, COOH and aromatic groups [11,12,23,24]. These
chemical groups can mediate the interaction between the RR-120
textile dye and the adsorbent in aqueous solution.

The textural properties of the SP and AC adsorbents are pre-
sented in Supplementary Table 3. As expected, the superficial area
and total pore volume of the AC adsorbent were much higher
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3.2. Effects of acidity on adsorption

One of the most important factors that influences the adsorption
of adye on a solid adsorbent is pH [3,4]. Different dyes will present
different ranges of suitable pH depending on which adsorbent is
used. The effects of initial pH on the percentage of removal of RR-
120 dye in solution (50mgL-1) using the SP and AC adsorbents
were evaluated within the pH range between 2 and 10 (Fig. 2).

For the SP adsorbent, in the range of pH from 2.0 to 3.0,
the percentage of dye removal was practically unchanged. In the
range from pH 7.0 to 10.0, the decrease in the percentage of dye
removal was only 0.1%, and the percentage of dye removal was
also decreased by 18.2% in the range of pH 2.0-10.0. This may
have occurred because, under acidic conditions (pH 2.0-3.0), the
OH, NH,, C=0 and COO groups are protonated [3,4,24]. As conse-
quence, the SP surface was positively charged (pHpzc 7.0). Coupled
to this, the RR-120 sulphonate groups (D-SOsNa) were converted

4 N.F. Cardoso et al. / Journal of Hazardous Materials xxx (2012) XxX—XXX
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Fig. 2. Effect of pH on the adsorption of RR-120 dye on SP and AC adsorbents.

than those of the SP biomass [12]. The activated carbon adsor-
bent presents several micropore structures that are responsible for
its higher superficial area and the greater volume of N, adsorbed.
On the other hand, biomass materials present lower superficial
area and lower total pore volume when compared with acti-
vated carbons [3,4]. However, biomass adsorbents usually present
a larger average pore diameter when compared with activated
carbons [3,4,11,12]. This fact could facilitate the accommodation
of more dye molecules in the pores of the biomass when com-
pared with activated carbon, as previously reported in the literature
[3,4,11,12].
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to anionic dye ions (D-SO3™). It should be stated that the RR-120
dye did not present any colour changes in the pH range of 2.0-10.0,
since it is a dye that belongs to the reactive dye class. Moreover,
RR-120 dye possesses six sulphonate groups that make it readily
soluble in water, even in extremely acidic medium, since its pKj is
lower than zero [24]. In this manner, electrostatic attraction occurs
between the dye’s sulphonate groups and the functional groups on
the surface of S. platensis.

For the AC adsorbent, the percentage of dye removal decreased
by less than 0.1% in the pH interval from 2.0 to 7.0. From pH 7.0
to 10.0, the decrease in the percentage of RR-120 dye removal was
44.3%.Theseresults indicate that the activated carbon could be used
within the pH range of 2.0-7.0 without presenting a remarkable dif-
ference on the percentage of dye removal, as previously observed in
the literature [12,23,24]. On the other hand, the maximum removal
of RR-120 dye took place in the pH interval of 2.0-3.0. The decrease
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Fig. 3. Kinetic adsorption curves for RR-120 uptake at 298 K on SP and AC adsorbents. (A and B) SP; (C and D) AC.
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in the percentage of dye removal with an increase in the pH of the
dye solution was also previously observed using the alga Stoechos-
permum marginatum with acid orange II dye [19], the adsorption
of Reactive Red 120 by the alga Chara contraria [51], the removal
of Remazol Brilliant Blue R from aqueous solution using the green
algae Scenedesmus quadricauda immobilised in alginate gel beads
[52] and the removal of Lanaset Red G dye from aqueous solution
using the alga C. contraria [53].

In order to continue this work, the initial pH of the RR-120 dye
solution was fixed at pH 2.0 for the SP adsorbent and pH 6.0 for the
AC adsorbent.

3.3. Kinetic studies

Adsorption kinetic studies are important in the treatment of
dye-containing aqueous effluents because they provide valuable
information on the mechanism of the adsorption process [50,54].

To evaluate the kinetics of adsorption of RR-120 dye using the
SP and AC adsorbents, the non-linear pseudo-first order, pseudo-
second order and general order kinetic adsorption models were
tested, as shown in Fig. 3. The kinetic parameters for the three
kinetic models are listed in Supplementary Table 4. Taking into
account that the experimental data were fitted to non-linear kinetic
models, an error function (Ferror) Was used to evaluate the fitting of
the experimental data. A lower Ferror indicates a smaller difference
in the q calculated by the model and the experimentally measured
q [21-25,49] (see Supplementary Material, Eq. (20)). It should be
pointed out that the Ferror utilised in this work takes into account
the number of fitted parameters (see Supplementary Material, p
term of Eq. (20)), since it is reported in the literature [54,55] that
the best fit of the results depends on the number of parameters con-
tained in a non-linear equation. For this reason, the number of fitted
parameters should be considered in the calculation of Ferror. In addi-
tion, the Ferror values are in agreement with the adjusted R? values.
However R? values are limited to the range from 0 to 1, so verifying
the difference in the experimentally measured g compared to the
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value of q given by the model is biased [55].

In order to compare the different kinetic models, the Ferror Of
each individual model was divided by the Ferror of the minimum
value (Ferror ratio). It was found that the minimum Feror values were
obtained with the general order kinetic model. The pseudo-first
order kinetic model presented Ferror ratio values ranging from 3.52
to4.71 (SP)and 6.34 to 7.33 (AC). Also, for the pseudo-second order
model, the Feror ratio values ranged from 5.12 to 5.30 (SP) and 4.63
to 4.58 (AC). These results clearly indicate that the general order
kinetic model better explains the adsorption process of RR-120 dye
using the SP and AC adsorbents.

Taking into account that the general order kinetic equation
presents different orders (n) when the concentration of the adsor-
bate is changed (see Supplementary Table 4), it is difficult to
compare the kinetic parameters of the model. Therefore, it is useful
to use the initial sorption rate hg [56] to evaluate the kinetics of a
given model, using Eq. (3):

ho = knqg (3)

where hg is the initial sorption rate (mgg-1h-1), k, is the rate
constant (h~1(gmg~1)""1), qe is the amount adsorbed at equilib-
rium (mgg-1) and n is the order of the kinetic model. It should
be stressed that when n =2, this equation provides the same ini-
tial sorption rate first introduced by Ho and McKay [56]. It was
observed that the initial sorption rate increased when increasing
the initial dye concentration for all kinetic models, as expected,
indicating that there is coherence within the experimental data.
Taking into account that the kinetic data were better fitted to the
general order kinetic model, since the order of an adsorption pro-
cess should follow the same logic of a chemical reaction where the

Fig. 4. Isotherms of adsorption of RR-120 dye at 298 K. (A) SP; (B) AC.

order is experimentally measured [57] instead of being previously
stipulated by a given model, more confident initial sorption rates
(hg) were obtained by the general order kinetic model.

The intra-particle diffusion model [41] was also used to verify
the influence of mass transfer resistance on the binding of RR-120
dye to the SP and AC adsorbents (Supplementary Table 4 and Fig. 3B
and D). The intra-particle diffusion constant, kig (mgg~1 h=9°), can
be obtained from the slope of the plot of q; versus the square root of
time. These figures show the plots of q; versus t!/2, with three lin-
ear sections for the RR-120 dye using the SP and AC adsorbents.
These results imply that the adsorption processes involve more
than one sorption rate [50]. For both adsorbents, the adsorption
process exhibited three stages, which can be attributed to each lin-
ear section of the plots in Fig. 3B and D. The first linear section was
attributed to the diffusional process of the dye to the adsorbent
surface [50]; hence, it was the fastest sorption stage. The second
section, ascribed to intra-particle diffusion, was a delayed process
[50]. The third stage may be regarded as diffusion through smaller
pores, which is followed by the establishment of equilibrium [50].

It was observed in Fig. 4 that the minimum contact time
required for RR-120 dye to reach equilibrium with the SP and AC
adsorbents was about 2 h for both adsorbents. In order to continue
this work, the contact time between the SP and AC adsorbents
with RR-120 dye was fixed at 3.0h using both adsorbents. The
increased contact time utilised in this work was used to guarantee
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that RR-120 dye equilibrium would be attained even at higher
adsorbate concentrations [11,12].

3.4. Equilibrium studies

An adsorption isotherm describes the relationship between the
amount of adsorbate adsorbed by the adsorbent (g ) and the adsor-
bate concentration remaining in the solution after the system
attains equilibrium (Ce), keeping the temperature of the process
constant [15,16]. The adsorption parameters of equilibrium mod-
els often provide some insight into the adsorption mechanism, the
surface properties and affinity of the adsorbent by the adsorbate.
In this study, the Langmuir [42], Freundlich [43] and Liu et al. [44]
isotherm models were tested.

The adsorption isotherms were carried out from 298 to 323K
with RR-120 dye on the two adsorbents (SP and AC), and were
performed using the best experimental conditions described above
(see Supplementary Table 5, and Fig. 4). Fig. 4 shows the adsorp-
tion isotherms of RR-120 dye using SP and AC adsorbents at 298 K.
Based on the Ferror (see Supplementary Table 5), the Liu model was
the best isotherm model for both adsorbents at all six temperatures
studied. The Liu model showed (Supplementary Table 5) the lowest
Ferror Values, which means that the q fit by the isotherm model was
close to the ¢ measured experimentally.

In order to compare the different equilibrium isotherm mod-
els, the Ferror Of each individual model was divided by the Fepror of
minimum value (Ferror ratio). The Freundlich isotherm presented
Ferror ratio values ranging from 5.50 to 8.82 (SP) and from 13.17
to 23.80 (AC). The Langmuir isotherm model presented Ferror ratio
from 7.01 to 9.01 (SP) and from 4.77 to 12.73 (AC). These results of
the Ferror ratio analysis clearly indicate that the Liu isotherm model
best explain the equilibrium of adsorption of RR-120 dye on the SP
and AC adsorbents in the temperature range of 298 to 323 K.

The Langmuir isotherm model is based on the following princi-
ples [42]: adsorbates are chemically adsorbed at a fixed number of
well-defined sites; each site can only hold one adsorbate species;
all sites are energetically equivalent; there are no interactions
between the adsorbate species. The Freundlich isotherm model
assumes that the concentration of the adsorbate on the adsorbent
surface increases with the adsorbate concentration. Theoretically,
using this expression, an infinite amount of adsorption can occur
[43]. The Liu isotherm model is a combination of the Langmuir and
Freundlich isotherm models; therefore, the monolayer assumption
of Langmuir model is ruled out and the infinite adsorption assump-
tion that originates from the Freundlich model is also discarded. The
Liu model [44] predicts that the active sites of the adsorbent can-
not present the same energy. Therefore, the adsorbent may present
active sites preferred by the adsorbate molecules for occupation
[44]; however, saturation of the active sites should occur unlike in
the Freundlich isotherm model. Taking into account that the adsor-
bents presented in this study have different functional groups (see
Section 3.1), it is expected that the activate sites of the adsorbent
will not have the same energy.

The maximum amount of the RR-120 dye adsorbed
(Qmax=482.2mgg-1) by the SP adsorbent was higher than
the maximum amount by the adsorbed commercial activated
carbon (Qmax =267.2mgg~!). This may be attributed to a higher
number of activated sites available in the microalgae when com-
pared with the activated carbon. In the FTIR results (see Fig. 1), it
can be noted that the amount of organic functional groups in SP
(Fig. 1A) is greater than the residual organic groups present in the
AC adsorbent (Fig. 1B). In addition, it was possible to verify that SP
possessed protein (65.7%), lipids (7%) and carbohydrates (11.3%);
see Supplementary Table 2.

When compared with other adsorbents presented in the lit-
erature [3,4,11,13,15,16,20,21,26,32] (see detailed a comparison

in Supplementary Table 6), SP presented satisfactory adsorption
capacity, and can be alternatively considered for the removal of
reactive dyes from aqueous effluents.

3.5. Thermodynamics of adsorption

As reported in the literature [11,12,24,25,29,31], the thermody-
namic parameters related to the adsorption process, i.e. changes
in Gibb’s free energy (AG, kj mol~1), enthalpy (AH°, kjmol~1) and
entropy (AS°,Jmol~! K-1) can be estimated by the following equa-
tions:

AG® = AH° — TAS°® (4)
AG° = —RT In(K) (5)
The combination of Egs. (4) and (5), gives:

AS°  AH° 1

X = (6)

In(K) = R R T

where R is the universal gas constant (8.314]JK-1mol-1), T is
the absolute temperature (Kelvin) and K represents the equi-
librium adsorption constants of the fitted isotherm. It has been
reported in the literature that different adsorption equilib-
rium constants (K) are obtained with different isotherm models
[11,12,23,24,26,39,50,58-61]. The thermodynamic parameters of
adsorption can be estimated from K (the Liu equilibrium constant),
as previously reported in the literature [11,26]. The values of AH®
and AS° can be calculated from the slope and intercept of the linear
plot of In (K) versus 1/T.

The thermodynamic results are shown in Supplementary Table
7. The R? values of the linear fit were at least 0.99, indicating that
the values of enthalpy and entropy calculated for both adsorbents
were confident. In addition, the magnitude of enthalpy was con-
sistent with physical sorption for both adsorbents [62]. The type of
interaction can be classified, to a certain extent, by the magnitude of
the change in enthalpy. Physical sorption such as hydrogen bond-
ing usually proves values <30 k] mol~! [62]. Other physical sorption
mechanisms such as van der Waals forces are usually 4-10 k] mol~1,
hydrophobic bond forces about 5 k] mol~!, coordination exchange
about 40k mol-! and dipole bond forces 2-29kJ mol~! [63]. On
the other hand, chemical bond forces are usually >80 k] mol~! [63].
The values of adsorption (AH®) obtained in this study (<20 k] mol~1)
are consistent with hydrogen bond and dipole bond forces for both
adsorbents.

Enthalpy changes (AH°) indicate that adsorption followed an
exothermic process. Negative values of AG indicate that RR-120
dye adsorption by the SP and AC adsorbents was a spontaneous
and favourable process at all the studied temperatures. The positive
values of AS° confirmed a high preference of RR-120 molecules
for the surface of the SP and AC adsorbents, and also suggested
the possibility of some structural changes or readjustments in the
dye-carbon adsorption complex occurring during the adsorption
process [64].

3.6. Treatment of a simulated dye-house effluent

In order to verify the efficiency of SP and AC as adsorbents for
the removal of dyes from textile effluents, two simulated dye-house
effluents were prepared (see Supplementary Table 1) with differ-
ent contents of dyes. The UV-vis spectra of the untreated effluents
and effluents treated with SP and AC were recorded from 350 to
800 nm (Fig. 5). The area under the absorption bands from 350 to
800 nm were utilised to monitor the percentage of the dye mix-
ture removed from the simulated dye effluents. The SP adsorbent
removed 94.4 and 99.0% (Fig. 5) and the AC adsorbent removed
93.6 and 97.7% (Fig. 5) of the dye mixture in effluents A and B,
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Fig. 5. UV-vis spectra of simulated dye effluents before and after adsorption treat-
ment with SP and AC. For composition of effluents, see Supplementary Table 1.

respectively. The efficiency of the SP adsorbent for treating a sim-
ulated dye-house effluent presented slightly better performance
when compared with the AC adsorbent. This result is in agreement
with the previous results obtained in this study (please see Sec-
tion 3.4). However, although the AC adsorbent presented slightly
lower performance for treating a simulated dye-house effluent, it
can be used as well as SP for real textile wastewater treatment (see
Fig. 5). Based on these simulated effluent data, it is possible to infer
that both the SP and AC adsorbents present good efficiency for the
treatment of real wastewater effluents.

3.7. Desorption experiments

In order to evaluate the reuse of the SP and AC
adsorbents, desorption experiments were carried out. Sev-
eral eluents such as NaCl solutions (0.05-0.50molL1),
NaOH solutions (0.05-0.50molL~!') and a mixture of NaCl
(0.05-0.50molL-1)+0.50molL~! NaOH were tested for the
regeneration of the loaded adsorbent (see Supplementary Table
8). For SP, it should be mentioned that 0.30-0.50 molL~! NaOH
immediately desorbed the dye taken up by the adsorbent. On
the other hand, the recoveries of the adsorbent by aqueous NaCl
at different concentrations as the regenerating solution did not
occur efficiently even after 1h of agitation (recoveries <3%). The
mixture containing NaCl (0.05-0.50 molL~1)+0.10 molL~! NaOH
presented fairly good desorption of the dye from SP (recoveries

70.15-74.36%). The best elution efficiency was obtained with
0.50molL~!1 NaOH. This result confirms the thermodynamic
parameters presented in Section 3.5 and the pH studies described
above. RR-120 dye at pH 2.0 is electrostatically attracted to SP.
This interaction was inhibited by the NaOH solution. For the AC
adsorbent, the elution efficiency was lower than 13% for all the
eluents tested, indicating that activated carbons could not be
reutilised for adsorption purposes. On the other hand, SP eluted
with 0.50molL-! NaOH was reutilised for the adsorption of
RR-120 dye, attaining a sorption efficiency of about 93% in the
second cycle, 90% in the third cycle and 88% in the fourth cycle
of adsorption/desorption when compared with the first cycle of
adsorption/desorption. Therefore, the use of SP for dye adsorption
could be economically viable since regeneration of the adsorbent
is feasible.

4. Conclusions

S. platensis and activated carbon were good adsorbents for the
removal of Reactive Red 120 (RR-120) textile dye from aqueous
solutions. The adsorbent materials were characterised by FTIR spec-
troscopy, SEM and N, adsorption/desorption curves.

The most appropriate conditions were established with respect
to pH and contact time to saturate the available sites located on
the adsorbent surface. Four kinetic models were used to adjust the
adsorption, and the best fit was the general order kinetic model. The
equilibrium isotherm of the RR-120 dye was obtained, and these
data fit best to the Liu isotherm model. The maximum adsorption
capacities were 482.2 and 267.2 mg g~ for SP and AC, respectively.
The thermodynamic parameters of adsorption (AH°, AS° and AG)
were calculated. The magnitude of the enthalpy of adsorption was
compatible with a physical interaction of the RR-120 dye with both
the SP and AC adsorbents. For the treatment of simulated industrial
textile effluents, the SP and AC adsorbents presented good perfor-
mance, removing 97.1 and 96.5%, respectively, of a dye mixture in
media containing high saline concentrations.
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2.4. Kinetic adsorption models

As reported previously [38,39], in the sense of a chemical reaction or process, a rate
law’s exponents are generally unrelated to the chemical equation’s coefficients, but they
sometimes are the same by coincidence. This means that there is no way to predict the
reaction order without experimental data. In order to establish a general rate law equation for
adsorption, the adsorption process on the surface of adsorbent is assumed to be rate
controlling step. In this case, attention is turned from adsorbate concentration in bulk solution
to change in the effective number of adsorption sites at the surface of adsorbent during
adsorption. If the reaction rate law is applied to Eq. 1, following rate expression for

adsorption can be obtained:

dq n
" v(9.-q:)

in which ky is the rate constant and n is the adsorption reaction order with regard to the
effective concentration of the adsorption sites available on the surface of adsorbent, g is the
amount adsorbed at the equilibrium and qg; is the amount adsorbed at any time. Eq. 1 is the
result of application of the universal rate law to an adsorption process, and can be used
without any further assumption [38,39]. Theoretically, the exponent n in Eq. 1 can be integral
or rational non-integral numbers [38,39].

The effective number of the available adsorption sites (6;) on the adsorbent surface is

defined by following equation:



(9[:]-&
de

By definition of k:

k =Ky(qe)" ™"

The Eqg.4 describes the rate of adsorption in function of variable (6).

LUNPY.
dt
Where:

3)

For a virgin adsorbent 4 equals 1, and it tends to decrease during adsorption. When

adsorption process reaches its equilibrium, 0, tends to a fixed value. If the saturation of the

adsorbent occurs, 0; would become zero.

Making the integration of Eq. 4,

_[0 do,

1o =_kI;dt

It leads to:

1 o
E.[e/ -l]z-k.z

This results in:

0= 1-k(1-n).t]""

(6)



Applying the Eq 2 and Eq. 3 on Eq.7, it is obtained:

9. (8)

N 1/(n-1)
[k (g.)" t(n-1)+1 ]

Eq. 8 is the General kinetic adsorption equation that is valid for n=1.

The pseudo-first order kinetic model is a special case of Eq. 4, when n=1 [38,39].

do, 9)

dt

='k. 0[ !

Integrating Eq. 9, it gives:

9t=exp(—k.t) (10)

Substituting Eq. 2 and Eq.3 on Eq. 10, it is obtained the pseudo-first order kinetic model

9,79, []—exp(-kl.t)] (11)

Therefore, the pseudo-first order kinetic equation is a special case of general kinetic
adsorption.
The pseudo-second order kinetic model [40] is a special case of Eq. 8 (General order

kinetic equation), when n=2. Therefore:

—g o4 _ (12)
T (g,) 041



Rearranging this equation it leads to:

@kt (13)
=
[kz (qe).t+]]

The Intra-particle diffusion equation was early defined [41] as:

=kt +C (14)

Where ki is the intra-particle diffusion rate constant (mg g™ h™®®); C is a constant related with
the thickness of boundary layer (mg g™).

In this work the pseudo-first order (Eq. 11), pseudo-second order (Eq.13), general
order equation (Eq. 8) and intra-particle diffusion (Eqg. 14) models were utilized for evaluation

of the dye adsorption kinetics.
2.5. Equilibrium models
The adsorption equilibrium was evaluated by using the following isotherm models.

Langmuir Isotherm model [42]:

qe: Qmax.KL. Ce (1 5)
] +KL. Ce

Where q. is amount adsorbate adsorbed at the equilibrium (mg g'1); Qmax is the maximum
adsorption capacity of the adsorbent (mg g'); K_ is the Langmuir equilibrium constant

(L mg™); C. is dye concentration at the equilibrium (mg L™).

Freundlich isotherm model [43]:



qe:KF.Cel/nF (16)

1/nF:

Where K is the Freundlich equilibrium constant [mg g (mg L™"Y"]: ng is dimensionless

exponent of the Freundlich equation.

Liu isotherm model [44]:

_ O (Ke.C)" (17)
© 1+ (K C)"

Where Kj is the Liu equilibrium constant (L mg™); n_ is dimensionless exponent of the Liu

equation, Qmax is the maximum adsorption capacity of the adsorbent (mg g™').
2.6. Quality assurance and statistical evaluation of the kinetic and isotherm parameters

To establish the accuracy, reliability and reproducibility of the collected data, all the
batch adsorption measurements were performed in triplicate. Blanks were run in parallel and
they were corrected when necessary [45].

All dye solutions were stored in glass flasks, which were cleaned by soaking in 1.4
mol L' HNO; for 24 h [46], rinsing five times with de-ionized water, dried, and stored in a flow
hood.

For analytical calibration, standard solutions with concentrations ranging from (5.00 to
150.0) mg L™ of the dyes were employed, running against a blank solution of water adjusted
to pH 2.0. The linear analytical calibration of the curve was furnished by the UVWin software
of the T90+ PG Instruments spectrophotometer (England). The detection limit of the method,
obtained with a signal/noise ratio of 3 [47], was 0.20 mg L of RR-120. All the analytical
measurements were performed in triplicate, and the precision of the standards was better

than 3 % (n=3). For checking the accuracy of the RR-120 dye sample solutions during the



spectrophotometric measurements, standards containing dyes at 50.0 mg L™ were employed
as a quality control every five determinations [48].

The kinetic and equilibrium models were fitted by employing a nonlinear method, with
successive interactions calculated by the method of Levenberg-Marquardt and also
interactions calculated by the Simplex method, using the nonlinear fitting facilities of the
software Microcal Origin 7.0. In addition, the models were also evaluated by determination
coefficient (R?); adjusted determination coefficient (R? adj), as well as by an error function
(Ferror) [49], which measures the differences in the amount of dye taken up by the adsorbent
predicted by the models and the actual g measured experimentally. R?, Rzadj and Feyor are

given below, in Egs. 18, 19 and 20 respectively:

R’ = Z:l(qi,exp _qi,exp )2 _Z?(%,exp —(],-,m,)de,)z (18)
n _ 2
Zi (qi,exp - Qi_exp)

Rjdizl—(]_Rz)_(n—l)

n—p

F;rror = \/( ] J i (qi,exp - qi,model )2

i

(19)

(20)

where @ model iS €ach value of q predicted by the fitted model, @ <, is each value of q

measured experimentally, aexp is the average of g experimentally measured, n is the number

of experiments performed, and p is the number of parameters of the fitted model [49].



Supplementary Table 1. Chemical composition of the simulated dyehouse effluent.

Concentration (mg L™

Dye A (nm) Effluent A Effluent B

Reactive Dyes

Reactive Red 120 534 20.0 60.0
Reactive Orange 16 493 5.00 15.0
Reactive Black 5 598 5.00 15.0
Cibacron Brilliant Yellow 3G-P 402 5.00 15.0
Direct dye

Direct Blue 53 607 5.00 15.0

Auxiliary chemical

Na,SO, 100.0 100.0
NaCl 100.0 100.0
Na,CO3 150.0 150.0
CH3;COONa 150.0 150.0
CH;COOH 600.0 600.0
pH 2.0* 2.0*

* pH of the solution adjusted with 0.10 mol L™ HCI and NaOH



Supplementary Table 2. Centesimal chemical composition and elemental composition of

Spirulina platensis.

Centesimal composition (%, wet basis)?
Moisture content 10.0+0.7
Ash 6.0£0.4
Protein 65.7 £ 0.5
Lipids 7.0+0.1
Carbohydrate ° 11.3+0.5
Elemental composition (%)°

C 56.3+0.4
N 31.7+0.6
O 8.0+£0.2
P 231041
S 1.7+0.1

? mean # standard error in triplicate. ® by difference. ‘values + standard error obtained from

EDS analysis of five surfaces.



Supplementary Table 3. Textural properties of SP and AC adsorbents.

Adsorbents Surface Area Total pore Volume Average pore diameter
(m?/g) (cm®/g) (nm)
SP 3.51 0.00395 4.51

PAC 728.7 0.641 3.52
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Supplementary Table 4. Kinetic parameters for RR-120 removal using SP and AC

adsorbent. Conditions: temperature of 298 K; pH 2.0 for SP and pH 6.0 for AC; mass of

adsorbent 50.0 mg.

Pseudo-first order
ki (W)

de (Mg g™

ho (mg g h™)

R? adj

Ferror

Pseudo-second order
ke (@ mg™ h™)

ge (Mg g™)

ho (mg g™ h™")

R? adj

Ferror

General order
Kn [h™.(g mg™)™"]

de (Mg g™)

N

ho (mg g™ h™")
R2 adj

I:error

Intraparticle
ki (mg g™ h0°)*
R2

200.0 mg L™

4.054
77.51

314.2
0.9961
1.366

0.07815
82.42
530.9

0.9911
2.056

1.236
78.41
1.312
3771
0.9997
0.3881

15.54
0.9864

400.0 mg L™

4.100
154.6
634.0
0.9942
3.311

0.03970
164.4
1073.3
0.9931
3.597

0.7168
157.1
1.386
793.4

0.9997

0.7028

33.09
0.9854

200.0 mg L™

4.103
76.97
315.8
0.9905
2.095

0.07965
81.88
534.0

0.9962
1.325

0.5575
78.82
1.591
424.3

0.9998

0.2860

24.82
0.9856

400.00 mg L™

4.109
152.3
625.9
0.9916
3.899

0.04030
162.0
1058.2
0.9956
2.814

0.4521
1565.7
1.488
827.2

0.9998

0.6151

33.83
0.9875

" second stage
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Supplementary Table 5. Isotherm parameters for RR-120 adsorption, using SP and AC adsorbents. Conditions: adsorbent mass 50.0 mg; pH

fixed at 2.0 for SP and 6.0 for AC, contact time 3 h.

SP AC

298 K 303K 308K 313K 318K 323K [298K 303K 308K 313K 318K 323K
Langmuir
Qumax (Mg g™ 390.7 364.7 3414 3149 2935 2584 |293.1 287.7 280.8 2755 2744 2741
K. (L mg™ 0.3085 0.2710 0.2332 0.2201 0.1992 0.2190 [0.1101 0.1025 0.09023 0.08087 0.07140 0.06229
R? . 0.9815 0.9826 0.9834 0.9809 0.9821 0.9735 |0.9896 0.9803 0.9773 0.9752 0.9637 0.9476
Ferror 1511 1361 1234 1238 1117 1192 (9122 1117 1217 1254 1493 17.57
Freudlich
Ke(mgg'(mgL")"F) |171.7 1542 1385 1212 1082 101.0 |7253 7551 67.09 6045 5449 50.66
Ne 5362 5157 4977 4656 4490 4716 |3.325 3485 3.329 3.156 2973  2.892
R? . 0.9886 0.9880 0.9867 0.9833 0.9830 0.9848 |0.9011 0.8899 0.8853 0.8828 0.8716 0.8515
Ferror 11.85 1129 1103 1155 1089 9.029 |28.15 2643 2737 2725 28.08 29.58
Liu
Qumax (Mg g™ 4822 4476 4139 386.1 359.4 3332 [267.2 2553 2474 2395 2306 223.9
Ky (L mg™) 0.1698 0.1539 0.1412 0.1257 0.1142 0.1048 |0.1313 0.1201 0.1095 0.1001 0.09239 0.08364
n. 0.5235 0.5424 0.5658 0.5781 0.5890 0.5313 |1.412 1605 1.661 1.712 1.9535 2.196
R? . 0.9996 0.9997 0.9998 0.9996 0.9998 0.9996 |0.9995 0.9994 0.9993 0.9997 0.9998 0.9997
Ferror 2154 1684 1369 1.892 1234 1450 (1911 2.007 2140 1359 1.180 1.380
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Supplementary Table 6. Maximum sorption capacities of different adsorbents used to

remove dyes.

Adsorbent Adsorbate Qmax (Mg g')  Reference

S. platensis Reactive red 120 482.2 This work

Commercial activated carbon Reactive red 120 267.2 This work
Cupuassu shell Reactive red 194 64.1 [3]
Akai stalks Reactive black 5 52.3 [4]
Multi-walled carbon nanotubes Reactive red M-2BE 335.7 [11]
Jujuba seeds Congo red 55.56 [13]
Brazilian-pine fruit shell Methylene blue 252.0 [15]
modified sugarcane bagasse Brilliant Red 2BE 73.6 [16]
Organofunctionalized kenyaite Sumifix Brilliant Orange 3R 70.7 [20]
octosilicate Na-RUB-18 Reactive Black 5 76.8 [21]
Single-wall carbon nanotubes Reactive Blue 4 567.7 [26
S. platensis FD&C red n°40 400.3 [32]
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Supplementary Table 7. Thermodynamic parameters of the adsorption of RR-120 dye on

SP and AC adsorbents. Conditions: mass of adsorbent 50.0 mg, pH fixed at 2.0 for SP and

6.0 for AC; contact time of 3 h.

Temperature (K)

298 303 308 313 318 323
SP
Ky (L mol™) 2.496.10° 2.259.10° 2.076.10° 1.848.10° 1.679.10° 1.540.10°
AG (kJ mol™) -30.79 -31.06 -31.35 -31.56 -31.81 -32.08
AH° (kJ mol™) -15.64 - - - - -
AS°® (J K" mol™ 50.89 - - - - -
R? 0.9982 - - - - -
AC
Kq (L mol™) 1.930.10° 1.765.10° 1.610.10° 1.472.10° 1.358.10° 1.230.10°
AG (kJ mol™) -30.15 -30.43 -30.70 -30.97 -31.25 -31.47
AH® (kJ mol™) -14.31 - - - - -

AS® (J K" mol™) 53.20
R2 0.9989
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Supplementary Table 8. Desorption of RR-120 dye loaded on SP and AC adsorbents.
Conditions for adsorption: initial RR-120 concentration 50 mg L™'; mass of adsorbent 50.0

mg, pH 2.0; time of contact 1 h.

% Desorption

Conditions for desorption (mol L'1) SP AC
0.05 NaCl 1.25 0.94
0.10 NaCl 1.34 1.24
0.20 NaCl 1.95 1.37
0.30 NaCl 2.36 1.98
0.40 NaCl 2.64 2.02
0.50 NaCl 2.85 2.16
0.05 NaOH 44 .32 7.36
0.10 NaOH 65.36 9.56
0.20 NaOH 78.36 11.35
0.30 NaOH 95.42 12.34
0.40 NaOH 94.34 11.52
0.50 NaOH 98.36 12.01
0.05 NaCl + 0.10 NaOH 70.15 9.85
0.10 NaCl + 0.10 NaOH 71.14 9.45
0.20 NaCl + 0.10 NaOH 70.87 10.15
0.30 NaCl + 0.10 NaOH 72.35 10.33

0.40 NaCl + 0.10 NaOH 74.36 10.25




Supplementary Fig 1. A) Structural formulae of RR-120

B) Optimized three-dimensional structural formulae of RR-120.
The dimensions of the chemical molecule were calculated using
ChemBio 3D Ultra version 11.0.
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