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RESUMO

USO DE MICROALGAS PARA ADSORCAO DO CORANTE RODAMINA B
EMPREGADO NA INDUSTRIA DE TINGIMENTO DE AGATA

AUTORA: ANA LUCIA DENARDIN DA ROSA
ORIENTADOR: ELVIS CARISSIMI
CO-ORIENTADORA: LILIANA AMARAL FERIS

A rodamina B (RhB) tem sido amplamente utilizada no tingimento de pedras semipreciosas
(Agata), que sdo exportadas do sul do Brasil e, nesse processo de tingimento, sdo gerados
efluentes coloridos. Assim, o objetivo deste trabalho foi realizar estudo em batelada utilizando
a microalga verde Chlorella pyrenoidosa (CP) e carvao ativo comercial (CA) e tambem
estudo de leito fixo utilizando a microalga suportada em areia para a remoc¢do do corante
rodamina B. Inicialmente os adsorventes foram caracterizados por espectrometria de
infravermelho por transformada de Fourier (FTIR), microscopia eletrnica de varredura
(MEV), espectroscopia dispersiva de raios X (EDX). Para a microalga também foi realizado
ensaio para determinacdo da composicao centencimal e para o carvao ativo comercial foi feita
a difracdo de raios X (DRX), além disso, para ambos os adsorventes foi realizado o teste de
pH de carga zero. Nos estudos em batelada foi avaliado os efeitos da massa dos adsorventes o
pH, tempo de contato e temperatura. A cinética de adsorcdo foi estudada para a faixa de
concentracdo de corante de 20 a 500 mg L™, utilizando modelos de pseudo-primeira ordem,
pseudo-segunda ordem e Elovich. As isotermas de equilibrio foram analisadas pelos modelos
de Langmuir, Freundlich, Sips e Temkin. Nos estudos de leito fixo a Chlorella pyrenoidosa
foi suportada em areia e utilizada como material biossorvente, os efeitos da taxa de fluxo (Q =
1,6-18,4 mL min™), concentracdo inicial de corante (Co = 32-368 mg L™) e massa de
microalgas (M = 1,64-8,36 g) no leito fixo foram avaliadas em curvas de ruptura de
biossorcdo. Os parametros foram otimizados por metodologia de superficie de resposta
(RSM) e funcédo de desejabilidade. A compatibilidade dos dados experimentais com modelos
dinamicos como BDST, Thomas e Yoon-Nelson foi investigada. Além disso, a regeneracao
do leito foi estudada. Nos ensaios de batelada os resultados mostraram que em concentracdo
inicial de corante de 100 mg L™, a biomassa de microalgas e o carvo ativado apresentaram a
maior capacidade de adsorcdo, em pH 8,0 e temperatura de 25 °C. O tempo necessario para
atingir o equilibrio foi de 120 minutos quando utilizada a microlaga e 90 minutos quando
utilizada o carvao ativado. O modelo cinético que melhor ajustou os dados experimentais para
os dois adsorventes foi pseudo-segunda ordem, com erro relativo médio menor que 2,4% e
5,3% para CP e CA respectivamente. A isoterma Sips apresentou o melhor desempenho, para
os dois adsorventes sendo os valores calculados das capacidades de biossorcdo de 63,14,
53,46 e 54,19 mg g para as temperaturas de 25, 35 e 45 °C, respectivamente quando
utilizado a microlaga e 147,58, 140,01 e 137,27 mg g ™ para as temperaturas de 25, 35 e 45
°C quando utilizado o carvdo ativado demonstrando, assim, que um aumento de temperatura
afeta negativamente a capacidade de adsorgcdo. Nos estudos de leito fixo, os resultados
mostraram que nas condicdes 6timas a capacidade méaxima da coluna foi de 48,7 mgg * e a
porcentagem de remocéao foi de 61,7% quando a vazdo foi de 1,6 mL min™, a concentracéo
inicial de RhB de 368,0 mg L™ e quantidade de 5g microalgas. Os modelos dinamicos
mostraram ajustes nos dados experimentais (R? = 0,9919), e poderiam ser aplicados para a
predicdo das propriedades da coluna e curvas de avanco. A regeneracdo da coluna foi



realizada para cinco ciclos de adsorc¢do-eluicdo usando solugédo de HCI (0,5 M) como eluente
Os resultados indicaram que a adsor¢do com Chlorella pyrenoidosa e carvéo ativo tem grande
potencial para remocéo de rodamina B dos efluentes de tingimento, além disso os estudos de
leito fixo fornecem uma base importante para o futuro aumento de escala da biossor¢do de
RhB em microalgas suportadas em areia.

Palavras-chave: Chlorella pyrenoidosa, Rodamina B, coluna de leito fixo.



ABSTRACT

USE OF MICROALGAE FOR ADSORPTION OF RHODAMINE B DYE
EMPLOYED IN THE AGATE DYEING INDUSTRY

AUTHOR: ANA LUCIA DENARDIN DA ROSA
ADVISOR: ELVIS CARISSIMI
CO- ADVISOR: LILIANA AMARAL FERIS

Rhodamine B (RhB) has been widely used in dyeing of semiprecious stones (agate), which
are exported from the Southern Brazil, and in this dyeing process, colored effluents are
generated. Then, the objective of this work was to carry out batch study use green microalgae
Chlorella pyrenoidosa (CP) and commercial activated carbon (AC) and fixed bed study using
the CP supported in sand for the removal of the rhodamine B dye. Initially the materials were
characterized by Fourier Transform Infrared Spectrometry (FTIR), scanning electron
microscopy (SEM), X-ray dispersive spectroscopy (EDX). For the microalgae was also
carried out a test to verify biomass composition and for the commercial activated carbon.was
made the X-ray diffraction (XRD), besides for both adsorbents the the point of zero charge
was carried out. In the batch studies the effects of pH, contact time and temperature were
evaluated. Adsorption kinetics were studied for the dye concentration range of 20 to 500 mg
L™, using pseudo-first-order, pseudo-second order and Elovich models. The equilibrium
isotherms were analyzed by the Langmuir, Freundlich, Sips and Temkin models. In the fixed
bed studies Chlorella pyrenoidosa was supported in sand and used as biosorbent material the
effects of flow rate (Q = 1.6-18.4 mL min™), initial concentration of dye (CO = 32-368 mg L’
!y and microalgae mass (M = 1.64-8.36 g) in the fixed bed column were evaluated in
biosorption rupture curves, and these parameters were optimized by surface response (RSM)
and desirability function. The compatibility of experimental data with dynamic models such
as BDST, Thomas and Yoon-Nelson was investigated. In addition, bed regeneration was
studied. In the batch tests the results show that in the initial concentration of dye was 100 mg
L™, the microalgae biomass and the activated carbon had the highest adsorption capacity, at
pH 8.0 and 25 °C temperature. The time required to achieve equilibrium time was 120
minutes when the CP was used and 90 minutes when the activated carbon was used. The
kinetic model that better fitted the experimental data, for the two adsorbents, was pseudo-
second order, with an average relative error lesser than 2.4% and 5.3% for CP and CA
respectively. The Sips isotherm presented the best performance, for the two adsorbents being
the calculated values of the biosorption capacities of 63.14, 53.46 and 54.19 mg g™ for the
temperatures of 25, 35 and 45 °C, respectively when using the microlagae and 147.58, 140.01
and 137.27 mg g™ for the temperatures of 25, 35 and 45 °C when the activated carbon was
used, thus demonstrating that a temperature increase has a negative effect on the biosorption
capacity. In the fixed bed studies the results showed that under optimal conditions the
maximum column capacity was 48.7 mg g™ and the removal percentage was 61.7% when the
flow rate was 1.6 mL min™, the initial concentration of RhB of 368.0 mg L™ and amount of
5g microalgae. The dynamic models showed adjustments in the experimental data (R? =



0.9919), and could be applied to the prediction of column properties and breakthrough curves.
Column regeneration was performed for five cycles of adsorption-elution using HCI solution
(0.5 M) as the eluent. The results indicated that the adsorption with Chlorella pyrenoidosa
and commercial activated carbon (AC) has great potential for the removal of rhodamine B
from the dye effluents, in addition the fixed bed studies provide an important basis for future
scale-up of fixed bed biosorption of RhB on microalgae supported on sand.

Key words: Chlorella pyrenoidosa, Rhodamine B, Fixed bed column.
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1 INTRODUCAO

Os corantes sdo subténcias com elevado potencial de aplicacdo nas mais diversas
areas, utilizados para colorir os produtos finais de industriais téxteis, de pedras preciosas,
couro, papeis, plasticos e alimentos. Estima-se que sdo mais de 100.000 corantes sintéticos
no mercado, com uma producdo anual de mais de 700.000 toneladas em todo o mundo (AL-
FAWWAZ e ABDULLAH, 2016).

No Rio Grande do Sul, mais especificamente em Soledade, o corante organico,
rodamina B ¢ utilizado para o tingimento da agata, uma vez que o municipio é o maior
produtor e exportador mundial desse material, ganhando o titulo de Capital das Pedras
Preciosas, conforme Lei Estadual n® 12.874 de 20/12/2007.

Para preparar 0 geodo para exportacdo sdo utilizados diversos processos de
beneficiamento, dentre eles o tingimento. O processo de tingimento € feito por imersdo das
agatas em uma solucéo alcodlica contendo os corantes.

Os geodos sdo imersos nesta solucdo por aproximadamente 8 dias, apds sao
removidos desta solucdo e lavados para remover o excesso de corante (VILASBOAS;
SANTOS; SCHNEIDER, 2017). Os efluentes das aguas de lavagem apresentam alta carga
organica, solidos em suspensao, demanda bioquimica de oxigénio (DBO) e cor rosa intenso
com concentracBes de rodamina B variando de 20 a 500 mg L' (HARTMANN e SILVA,
2010).

Segundo Aksu e Tezer (2005), os efluentes coloridos, constituem um dos mais
problematicos a ser tratados, ndo s6 por suas propriedades, mas pela cor, que é o primeiro
contaminante a ser reconhecido pelo ser humano. Além disso, os autores comentam que 0S
corantes podem afetar significativamente a atividade fotossintética na vida aquatica,
reduzindo a penetracdo da luz e, podem ser tdxicos, devido a presenca de compostos
aromaticos complexos dificultando sua biodegradacao.

Dessa forma, Silva e Schneider (2015) e Machado et al., (2012) destacam que
técnicas de tratamento destes efluentes coloridos, como degradacdo fotoquimica, oxidagédo
quimica, processos oxidativos avancados e Ozonizacao (O3), ja foram testadas para mitigar os
problemas causados pelo tingimento de agata. Entretanto, estes geraram subprodutos téo ou
mais prejudiciais a salde humana, que os préoprios corantes (PIZZOLATO et al., 2002 e
BARROS et al., 2006).
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Nesse sentido, a adsor¢do utilizando o carvdo ativado é uma técnica mundialmente
aceitdvel para tratamento de efluentes coloridos, pois apresenta alta eficiéncia e facil
operacao, porem de alto custo. Crini (2006) destaca que diversos adsorventes altrnativos vém
sendo estudados, a fim de diminuir o custo da operagdo, dentre eles 0s materiais residuais
provenientes da agricultura e da indistria como: carvles ativados a partir de residuos de
madeiras, serragens, casca de arroz, cinzas volantes, além de materiais naturais como: argilas,
zeolitas, quitosanas, biomassas de microalgas, bactérias e fungos.

Dentre estes adsorventes alternativos, a biomassa proveniente de microalgas verdes e
azuis vem se destacando, uma vez que as microalgas sdo abundantes no meio ambiente e
facilmente encontradas em muitos paises nos ecossistemas aquaticos lénticos com excesso de
nutrientes. Além de alguns géneros, como Chlorella e Spirulina, serem produzidas para fins
alimenticios sendo facilmente adquiridas no mercado.

A biossorcdo, como € chamada a adsorcdo quando utilizado materiais bioldgicos,
como as microalgas, vem apresentando excelentes resultados para remocdo de corantes
provenientes da industria téxtil, como o apresentado por Pathak et al., (2015), entretanto
ainda ndo ¢ aplicado em escala industrial, mostrando que faltam muitos estudos sobre este
tema.

Nesse sentido, pretende-se utilizar de forma inédita, a microalga verde Chlorella
pyrenoidosa, como biossorvente para a remogdo do corante rodamina B, que € utilizado no
tingimento da &gata, em sistema de batelada e leito fixo, além da utilizacdo de carvéo ativo

comercial em sistema de batelada.

1.1  OBJETIVO GERAL

O presente trabalho tem como objetivo avaliar a remocdo do corante organico,
rodamina B, utilizado em tingimento de agata, por meio de microalgas verdes e carvao

ativado em ensaios de batelada e leito fixo.

1.2 OBJETIVOS ESPECIFICOS

- Caracterizar o biossorvente (Chlorella pyrenoidosa) e o adsorvente comercial

(carvéo ativado) morfologicamente (MEV), estruturalmente (FTIR) e (DRX);
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- Estudar da adsor¢do em escala de bancada para determinar 0s parametros
operacionais mais adequados (pH, temperatura, relacdo dosagem de adsorvente-corante) em
efluente sintético, utilizando os dois adsorventes.

- Ajustar modelos matematicos (cinéticos e de isoterma) para avaliar o
comportamento da adsorcao.

- Realizar ensaio de adsorgdo em coluna de leito fixo utilizando a microalga como
biossorvente, otimizando os parametros da coluna (vazéo, concentragdo de RhB e massa de
biosorvente).

- Ajustar modelos dindmicos.

- Realizar ensaios de regeneracdo do biossorvente.

1.3  REFERENCIAL TEORICO

1.3.1 Beneficiamento da Agata

O Brasil € um pais internacionalmente reconhecido pela quantidade e variedade de
“pedras preciosas”, produz aproximadamente um ter¢co do volume de gemas do mundo, sendo
0 Unico a produzir &gata, ametista, citrino, turmalina, topazio, entre outros, além de ser o
principal produtor de esmeralda (DNPM, 2015). No estado do Rio Grande do Sul, mais
especificamente nas cidades de Soledade e Ametista do Sul estdo localizados os maiores
sitios de exploracdo dos geodos de &gata e ametista, conforme Figura 1.

Em Soledade sdo encontradas mais de 180 micro e pequenas empresas trabalhando no
setor de gemas e joias. No caso da &gata, para obtencdo do produto final, sdo necessarios
diversos processos de beneficiamento, conforme as Figuras 2 e 3, dentre eles o tingimento,
que aumenta o valor agregado a peca (HARTMANN e SILVA, 2010).

Zanatta (2014) realizou um diagnético com empresas situadas nos municipios de
Soledade e Ametista do Sul, assim o autor comenta que entre 2005 e 2012 houve a
diminuicdo tanto no nimero de estabelecimentos formais do setor quanto no ndmero de
vinculos a eles associados. Entretanto, ha que se considerar que a presenca da informalidade
pressupde uma ampliacdo nessa representatividade, principalmente quando se tem presente o
processo de terceirizacdo evidenciado pelas empresas locais ha décadas, que acabou por

transferir o 6nus de tratar os residuos gerados das grandes para as pequenas empresas.



Figura 1- Municipios onde ha exploracio de Agata e Ametista
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Figura 2- Etapas do beneficiamento das Agatas.
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Figura 3- Processo de extracédo, coloracdo e comercializagdo da agata.

e e
N AREREL e N

i '(~é) Ext'f'agéo de ‘éga'ta—

(d) Tingimento com corantes organicos (e) Comercializacgéo.

Fonte: Autor

Zanatta (2014) informa que das 104 empresas estudadas, no municipio de Soledade,
sendo estas afiliadas & Associacdo dos Pequenos Pedristas de Soledade (APPESOL), e ao
Sindicato das Industrias de Joalheria, Mineracdo Lapidacdo, Beneficiamento e
Transformacdo de Pedras Preciosas do RS (Sindipedras) e cadastradas na Prefeitura
Municipal de Soledade, 81 trabalham com o tingimento das pedras, demostrando assim que
esse processo é muito utilizado.
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Segundo Pizzolato et al., (2002) e Vilashdas et al., (2017) o processo para a coloracéo
das 4gatas € realizado em recipientes plastico onde as pedras sdo colocadas em solucéo
alcodlica de corantes organicos e, apos 8 dias sdo removidas da solucéo e lavadas com agua,
na Tabela 1, sdo apresentados os processos de tingimento mais utilizados pelas industrias do
Rio Grande do Sul com corantes organicos e inorganicos.

Esta agua de lavagem pode causar impactos ao meio ambiente devido aos volumes de
efluente gerados (30 a 50 m? dia™) e elevada quantidade residual de corantes organicos (20 a
500 mg L™), além de conter metais, 6leos e surfactantes, oriundos dos outros processos de
beneficiamento da agata (CARISSIMI et al., 2000). Netse sentido, Hartmann e Silva, (2010)
e Pizzolato et al., (2002) desenvolveram estudos no qual uma das etapas foi a caracterizagéo
do efluente de uma fabrica de beneficiamento de &gata, em que o pH ficou entre 6 e 11,
s6lidos sedimentaveis variou de 0,5 a 2 mg L™, sélidos em suspensdo entre 50 e 300 mg L™,
turbidez entre 7,4 e 18,6 NTU, surfactantes de 1 a 5 mg L™, tensdo superficial de 35 a 50 mN
m™ e a demanda quimica de oxigénio (DQO) entre 190 e 300 mgO, L™, comprovando assim
a necessidade de tratamento, visto que estavam fora dos parametros da legislacdo ambiental
(CONAMA n° 357 de 17 de marco de 2005).

Tabela 1- Processos de tingimento de agata.

Coloracéo Processo

Imersdo das &gatas em solucéo aquosa de &cido crémico e cloreto de
amonia. Apds, procede-se a queima em temperatura de 150 a 300 °C.
Imersdo das &gatas em solucdo aquosa de acido nitrico, perclorato de
Vermelho | ferro e sucata de ferro. Apds, procede-se a queima em temperatura de
150 a 240 °C.

Imersdo das agatas em solucdo aquosa contendo ferrocianeto de
Azul potassio. Posteriormente, coloca-se em um banho de acido sulfurico
comercial fervente.

Imersdo das agatas em calda aquecida de acucar. Apés, coloca-se em
Preto um banho de acido sulfurico comercial fervente, depois levam-se as
pecas a mufla para queima em temperaturas entre 150 a 200 °C

Verde

Processos Classicos
(corantes inorganicos)

Verde Imersdo das agatas em solucéo alcodlica do corante Verde Brilhante.

[%2] A -
2 g Imersdo das agatas em solucdo alcodlica de uma mistura de corantes
c .= | Vermelho . oA
GEJ = de Rodamina B e Laranja Béasico.
S < Rosa Imersdo das &gatas em solucdo alcodlica de corante de Rodamina B.
£ £ Imersdo das agatas em solucdo alcodlica do corante de Rodamina B e
9 Roxo - .

© Violeta Cristal.

Fonte: SILVA et al. (2007)
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1.3.2 Corantes

Os corantes sdo compostos organicos ou inorganicos capazes de conferir cor a
diversos materiais, sendo utlizados por industrias alimenticias, téxteis, producdo de tintas e
tingimento de “pedras preciosas”. Dessa forma, a Associagdo Americana de Tintureiros e
Coloristas (SDC) e a Associacdo Americana de Quimicos e Coloristas Téxteis (AATCC)
criaram uma lista com corantes e pigmentos, que servem como um banco de dados, para 0s
fabricantes de produtos coloridos, que contem mais de 34.500 corantes e pigmentos em
11.570 cddigos Colour Index (CI) de nomes genéricos (COLOUR INDEX, 2016).

A classificacdo geral separa os corantes em dois grandes grupos, o grupo dos
inorgénicos que sao representados principalmente por complexos de metais de transi¢do, que
apresentam alta estabilidade quimica e alto poder de tingimento, porém ha limitacdo de
tonalidades, j& o grupo dos corantes organicos apresenta grande diversidade de tons com
cores vibrantes sendo bastante utilizados (SARON e FELISBERT], 2006).

Além disso, os corantes organicos sdo estruturalmente divididos em: croméforos
responsaveis pela cor e os grupos auxiliares responsaveis pela fixagdo da mesma, bem como
podem ser classificados quanto a carga liquida: 1) os anidnicos (corantes diretos, acido e
reativos) apresentam cargas liquidas negativas, por isso sdo sollveis em meios acidos; 1) os
catibnico (corantes basicos) soliveis em meio basico e com carga liquida positivas; e I11) os
ndo idnico (corantes dispersos) que nao possuem cargas predominates (GURR, 1971).

Carissimi et al., (2000) destacam que dentre o0s diversos corantes organicos existentes,
0s mais utilizados para o tingimento das agatas sdo: rodamina B, violeta cristal, verde
brilhante, sendo a RhB o mais dificil de ser removido devido sua formulacdo quimica, Figura
4.

Figura 4- Férmula do corante rodamina B

Fonte: GURR (1971)
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A rodamina B, identificada pelo indice de cor 45170, é um corante catidnico organico
altamente sol(vel em é4gua, tem massa molar de 479,02 g mol™ e pertence & classe dos
xantenos. Em sua constituicdo quimica apresenta os grupos croméforos (-C-C- /-C-N-/ Anel
quinddes) e férmula quimica (CzsH31N,O3Cl), seu contato com o ser humano pode causar
irritacdes na pele, nas vias respiratorias e olhos, além de apresentar carcinogenicidade e
neurotoxicidade (GUPTA e SUHAS, 2009; SHIMADA et al., 1994).

1.3.3 Tratamento dos efluentes provenientes de tingimento

Segundo Gupta e Suhas (2009), a crescente preocupacdo sobre salde e as maiores
informacdes sobre as consequéncias ambientais, que os residuos contendo corantes podem
causar, estimularam os fabricantes e usuarios de corantes, aléem do préprio governo, a tomar
medidas substanciais para tratar essas aguas residuarias. No Brasil existem legislacdes
proprias para prevenir que o lancamento de efluentes contendo corantes seja destinado sem
tratamento nos recursos hidricos.

Dentre essas legislacGes destacam-se a resolugdo CONAMA n° 23 de 12 de dezembro
de 1996, que define os corantes como residuos perigosos pertencentes a Classe I, a resolucao
CONAMA n° 357 de 17 de marco de 2005, que dispde sobre a classificacdo dos corpos
hidricos e que em seus artigos 14, 15 e 16 trata sobre a ndo permissdo da presenca de corantes
provenientes de fontes antrdpicas. Ja a resolucgio CONAMA n° 430 de 13 de maio de 2011
dispde sobre as condicdes e padrdes de lancamento de efluentes, complementando e alterando
parcialmente a resolucdo CONAMA n° 357.

Dentre as legislacGes estaduais, destaca-se a Resolucdo CONSEMA n° 355/2017, que
dispde sobre a fixacdo de padrbes de emissdo de efluentes liquidos, para fontes de emissao
que lancem seus efluentes em aguas superficiais no Estado do Rio Grande do Sul, em que nao
se deve conferir mudanca de coloracdo (cor verdadeira) ao corpo hidrico receptor.

Nesse sentido, a remocdo dos corantes dos efluentes vem sendo alcancada,
basicamente, por trés processos: fisicos, quimicos e bioldgicos, ou por uma combinacao
destes, com um ou mais dos seguintes métodos: adsor¢do, degradacdo quimica,
fotodegradacdo, biodegradacdo, micro/nanofiltracdo e, em alguns casos, a precipitacao
(CRINI, 2006; GUPTA e SUHAS, 2009; SRINIVASAN e VIRARAGHAVAN, 2010).

No quadro 1 sdo apresentados 0s principais processos convencionais, estabelecidos e

emergentes para remogéo dos corantes, bem como suas vantagens e desvantagens.



22

As técnicas de remocao de corantes que envolvem tratamento por processos quimicos,
sdo bastante eficientes na remoc¢éo, porém geralmente apresentam custo elevado, existindo a
questdo associada a disposicdo do lodo criado, além das possiveis poluigdes secundarias
devido a utilizacdo de muitos produtos quimicos (CRINI, 2006; GUPTA e SUHAS, 2009).

Quadro 1- Principais processos existentes e emergentes para a remogéo de corantes.

Técnica de
Vantagens Desvantagens
tratamento
x Grande produgdo de lodos e
Coagulacéo . I P ¢ .
N Simples e econdmica. problemas no manuseio e
Floculacéo

descarte.

Biodegradacéo

Economicamente
atraente, tratamento
publicamente aceitavel.

Processo lento, sendo
necessario criar um ambiente
6timo favoravel e que
necessita de muita
manutencao.

Adsorcdo com
carvoes ativados

Adsorvente mais eficaz
com grande capacidade
de tratamento do efluente.

Ineficazes para remocéo de
corantes dispersos e de cuba, a
regeneracao é cara e resulta em

perda do adsorvente.

Filtracdo por

Remove todos os tipos de
corantes, produzem

Processo caro, utiliza altas
pressdes, entupimento das

efeito tdxico sobre os
microrganismaos.

membranas um efluente tratado de membranas, incapaz de
alta qualidade. tratamento de grandes
volumes.
Custo muito elevado de
N . . energia, necessidade de
Oxidacdo Processo rapido e eficaz. L3 .
utlizacdo de muito produtos
quimicos
Sem a producéo de lodos,
pouco ou auséncia de Economicamente inviavel,
Processos ~
oxidativos consumo de produtos formacdo de subprodutos,
quimicos, eficiéncia na limitagBes técnicas.
avancados N
remogao de corantes
recalcitrantes.
Baixo custo operacional ,
boa eficiéncia e Processo lento, o desempenho
Biomassa selectividade, nenhum depende em alguns fatores

externos (pH, sais ).

Fonte: Modificado de CRINI (2006).

Segundo Verma;

Dash e Bhunia (2012),

a coagulacdo/floculacdo ocorre
tradicionalmente pela adicdo de coagulantes inorganicos, como sulfato de aluminio ou cloreto
férrico, a fim de promover agregacédo de particulas dissolvidas e coloide em flocos maiores,
sendo removidos por sedimentacdo ou flotagcdo. Entretanto, a fim de minimizar a poluicdo
trabalhos tém sido

secundaria oriunda da utilizacdo de coagulantes inorganicos,
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desenvolvidos com diferentes coagulantes, como lodo de estacdo de tratamento de agua,
quitosana, entre outros, e vem apresentando bons resultados em termos de remocgédo de
corantes (MOGHADDAM; MOGHADDAM; ARAMI, 2010; SZYGULA et al., 2009).

Outra técnica é a oxidacdo quimica, que utiliza hipoclorito de sédio (NaClO), essa é a
técnica mais utilizada pelas industrias de beneficiamento de agata de Soledade, pois apresenta
a vantagem de ser simples, barata e ndo exige gestdo de residuos sélidos. O tratamento é
realizado em regime descontinuo, com doses NaClO na ordem de 80 mg L™ e apresenta bons
resultados, chegando a remocdo total da cor, principalmente para o verde brilhante e violeta
cristal, entretanto o0s corantes ndo sdo completamente oxidados e subprodutos
organoclorados, que apresentam potenciais cancerigenos, foram encontrados no efluente
tratado (CARISSIMI et al., 2000 e PIZZOLATO et al., 2002).

Ja os processos fisicos sdo baseados na transferéncia dos corantes presentes nos
efluentes para uma nova fase, assim os corantes ndo sdo degradados ou eliminados. Dentre os
processos fisicos de tratamento de efluentes contendo corantes, a filtracdo e a adsorc¢do séo os
mais utilizados.

A técnica de filtracdo por membranas pode ocorrer por: microfiltracdo, ultrafiltracéo,
nanofiltracdo e osmose inversa. Dessas, a microfiltracdo ndo é muito utilizada devido ao
elevado tamanho dos poros sendo assim ndo eficaz, a temperatura e a composi¢do quimica
das aguas residuarias determinam o tipo e a porosidade do filtro a ser aplicado.

Segundo Verma; Dash e Bhunia (2012), para a utilizacdo da filtracdo por membrana,
unidades de pré-tratamento para remocdo de solidos suspensos (SS) sdo quase obrigatdrias
para aumentar o tempo de vida das membranas, entretanto o processo ainda fica dispendioso
e limita a aplicacdo desta tecnologia a pequenos volumes de efluentes. Ja na osmose inversa,
o efluente, sob pressdo, é forcado através de uma membrana que é impermeavel a maioria dos
contaminantes, esse € um tratamento caro, uma vez que utiliza uma elevada presséo, e
consequentemente apresenta um alto gasto energético, porém bastante eficaz (GUPTA e
SUHAS, 2009).

Segundo Aksu e Tezer (2005), a adsorcdo tem-se mostrado o processo de tratamento
mais promissor para a remoc¢do de corantes ndo biodegradaveis em meio aquoso, sendo o
carvao ativado o adsorvente mais comum para esta operacdo devido a sua eficacia e
versatilidade, este é geralmente obtido a partir de materiais com alto teor de carbono e
estrutura porosa. Na tentativa de diminuir 0os gastos no processo de tratamento, novos

materiais adsorventes alternativos vém sendo estudados.
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J& o tratamento bioldgico para descoloracdo e degradacdo de efluentes, segundo Crini
(2006), podem ser aerdbios e anaerdbios, ou uma combinagdo de ambos, sendo muitas vezes
mais econdémico, quando comparado com os tratamentos que envolvem os processos fisicos e
quimicos, e baseiam-se na utilizacdo dos efluentes contendo corantes como substrato para o
crescimento e a manutencdo de micro-organismos.

Os processos oxidativos avancados (POAS) sdo processos quimicos de tratamento de
efluentes que vém sendo estudados para remocdo de corantes. S&o baseados no poder
oxidante dos radicais hidroxila (*OH), altamente reativos em contato com compostos
organicos. O radical *OH ¢é geralmente formado através de reacBes que resultam da
combinacdo de uma fonte luminosa, a radiagdo visivel (Vis) ou ultravioleta (UV), com
oxidantes, peroxido de hidrogénio (H.0,) ou 0z6nio (Os) e catalizadores como ions metalicos
ou semicondutores (NOGUEIRA et al., 2007).

Barros et al., (2006) estudaram o efluente de tingimento de agata e a eficiéncia na
remocao dos corantes organicos quando utilizado POAs. Os autores verificaram a remocéo de
100% do corante, entretanto valores residuais de carbono organico total (COT) foram
encontrados no efluente tratado, que pode ser explicado pela geracdo de diferentes
subprodutos, desconhecidos pelos autores, mas que podem ser prejudiciais a saide humana.

Nesse sentido, Srinivasan e Viraraghavan (2010) descatam que recentemente, diversos
estudos vém utilizando biomateriais para biosorver e biodegradar os corantes dos efluentes,
sendo as turfas, quitosana, leveduras, fungos e biomassa de bactérias, 0os materias mais
utilizados. As microoalgas sdo micro-organismos que também estdo sendo estudadas,
podendo ser utilizadas de diversas formas (vivas, biomassa seca e imobilizadas).

Daneshvar et al., (2007), destacam que o processo de remocdo de corantes sintéticos
por meio de alguns micro-organismos é relativamente barato e os produtos finais, da
completa mineralizacdo, ndo sdo tdéxicos. Dellamatrice (2005) também constatou que a
biodegradacao do corante indigo pela cianobactéria Phormidium utilizando um biorreator, no
qual a cianobactéria foi capaz de produzir a completa remocéo do corante sem formacéo de
compostos toxicos.

Sinha et al., (2016) utilizaram células vivas de Chlorella pyrenoidosa em um
fotobiorreator, os resultados mostraram que ndo s6 houve a biodegradacdo de Vermelho
direto- 31, mas também foi constatado melhora na qualidade do efluente de uma industria
téxtil. Em que houve uma remocdo de demanda quimica de oxigénio (DQO - 82,73%),
demanda bioquimica de oxigénio (DBO - 56,44%), sulfato (54,54%), fosfato (19,88%) e
solidos totais dissolvidos (STD - 84.18%).
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Além disso, os autores, supra citados, realizaram a avaliacdo do crescimento C.
pyrenoidosa a diferentes concentracdes do corante (10, 30, 50, 70 e 90 mg L %), em que foi
observado um crescimento méximo com 50 mg L™ de corante, no oitavo dia, sendo esse, 1,3
vezes mais elevado do que o crescimento do controle, possivelmente devido a utilizagdo de
nitrogenio gerado durante a biodegradagdo do corante diazo, entretanto as concentragfes de
70 e 90 mg L * de corante provocaram a diminuig&o do crescimento das células.

Porém, a desvantagem em se utilizar biomassa viva, deve-se a tolerancia dos corantes
pelas algas, além da necessidade do processo ser realizado no ambiente de crescimento das
algas e a utilizagdo de meios destrutivos para recuperagdo dos corantes absorvidos
intracelularmente. Nesse sentido, Aksu e Tezer (2005) afirmam que a utilizagdo biomassa
seca de microalgas como biossorventes € mais vantajoso, pois 0s organismos mortos ndo sao
afetados pelos residuos toxicos, ndo exigem um continuo fornecimento de nutrientes e que
podem ser regenerados e reutilizados durante muitos ciclos.

As células mortas podem ser armazenadas ou utilizadas por longos periodos, a
temperatura ambiente sem putrefagdo. Além da biomassa seca, outra forma de se utilizar as
algas é por meio da imobilizacdo das mesmas. Ergene et al., (2009) destacam que a utilizacéo
de biomassa de algas imobilizada em alginato de sddio, oferece vantagens, como a melhor
reutilizacdo, elevada carga de biomassa e minimo entupimento em sistemas de fluxo
continuo, sendo possivel utilizar varios meios de imobilizagdo, tais como, alginatos,
poliacrilamidas, silica gel, polissulfonas e alcool polivinilico, aléem de poder utlizar tanto
células vivas quanto biomassa seca para imobilizacéo.

Chia; Odoh e Ladan (2014), imobilizaram algas Scenedesmus quadricauda para
remocdo indigo azul, os autores comentam que a imobilizacdo proporcionou importantes
vantagens, tais como a exposicdo a concentracdes mais elevadas de corantes sem perda de
viabilidade celular do microorganismo, um melhor ambiente para a remocdo de corante, e
protecdo dos micro-organismos contra mudancas de temperatura, pH e outros compostos
toxicos de aguas residuais.

Também é possivel realizar a modificacdo da superficie celular das algas por meio de
tensoativos catidnicos, como Brometo de hexadeciltrimetilaménio (HDTMA), esses ndo sdo
incorporados nas paredes celulares simplesmente cobrem a superficie, fornecendo
adsorventes com potencial de carregamento positivo das particulas (GULER et al., 2016). O
mesmo autor utilizou HDTMA em Spirulina sp. removendo 75% do corante violeta cristal e

88% de safranina em trés horas de contato.
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O uso de microalgas para tratamento de efluentes representa uma boa alternativa, uma
vez que alguns géneros sdo bastante cosmopolita, facilmente encontrados, pois proliferam
intensamente devido ao langamento de compostos ricos em nutrientes em ambientes |énticos
eutroficos, como barragens e lagos.

O género Chlorella também faz parte das algas cloroficeas, apresentam rapido
crescimento em meio de cultura, sendo facilmente cultivadas em laboratdrio
(FRANCESCHINI et al., 2010). Por serem encontradas em diversas partes do mundo séo
muito estudadas e vém sendo utilizadas para os mais diversos fins, desde consumo humano a
producdo de biodiesel. No Brasil ha relatos da presenca desse género como descrevem
Nogueira (1999). Soldatelli e Schwarzbold (2010) encontraram esse género na cidade de
Caxias do Sul/RS.

Ja o carvao ativado € um adsorvente carbonaceo de natureza porosa e elevada area
superficial, que pode ser produzido pela carbonizacdo e ativacdo de diversas substancias
organicas. Tradicionalmente esse material é produzido de madeira, turfa (carvao fossil) e
carvao de pedra (brasa), que e ativado fisicamente, quando reage com gases contendo
oxigénio combinado (geralmente H,O e CO, ou mistura de ambos) e quimicamente quando
utilizados reagentes ativantes, sendo o mais utilizado o cloreto de zinco (DEMIRBAS, 2009).

Esse adsorvente € comumente utilizado e pode ser muito eficaz para remocao de
muitos corantes, no entanto, a eficiéncia é diretamente dependente do tipo de materiais
carbonaceo utilizado e das caracteristicas das aguas residuais, sendo que a maior limitacao
esta relacionada ao custo desse material (SRINIVASAN e VIRARAGHAVAN, 2010).

1.3.4 Biossorc¢ao

Segundo Dogar et al., (2010), a biossorcdo é definida como a acumulacdo e
concentracdo de poluentes a partir de solucdes aquosas através da utilizacdo de materiais
biolégicos, permitindo assim a recuperacdo e/ou eliminacdo dos poluentes de forma
ambientalmente aceitaveis, o processo envolve a integracdo de mecanismos de transporte
ativo e passivo comecando com a difusdo do componente adsorvido para a superficie da
célula, uma vez que o componente se difundiu para a superficie celular, ira ligar-se a locais
na superficie celular, que apresentem uma certa afinidade quimica.

Dessa forma, a biossor¢do assemelha-se a adsor¢do convencional, em que 0s corantes

sdo ligados a superficie da parede celular, a diferenca reside na natureza do adsorvente, que
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neste caso é o material de origem bioldgica (CHOIJNACKA, 2010). Os biossorventes sao
mais seletivos do que os carvdes ativados comerciais, podendo reduzir a concentracdo de
corante a niveis de parte por bilhdo (ppb), sendo uma nova abordagem, competitiva, eficaz e
barata (AKSU e TEZER, 2005).

Na biossorgdo, assim como na adsor¢do convencional, a adsorgdo pode ocorrer
fisicamente (fisissor¢do) ou quimicamente (quimissor¢do), conforme as forcas envolvidas. Na
adsorcdo fisica as forcas envolvidas entre as moléculas do adsorvato e os aomos, que
compbe a superficie do absorvente sdo as forcas de Van der Waals, assim as moléculas
encontram-se fracamente ligadas a superficie e entalpia de adsorcdo da ordem de 20 a 40 kJ
mol™, é um fendmeno reversivel onde se observa normalmente a deposicdo de multiplas
camadas de adsorvato sobre a superficie adsorvente, atingido rapidamente o equilibrio
(ATKINS e PAULA, 2013).

A adsorcdo quimica, segundo 0S mesmos autores, € um processo irreversivel que
envolve interagdes quimicas entre o fluido adsorvido e o s6lido adsorvente, com efetiva troca
de elétrons entre eles, formando uma Unica camada sobre a superficie solida, em que ha
liberacdo de uma quantidade de energia consideravel (da ordem de uma reacdo quimica) e
entalpia na ordem de 40 - 400 kJ mol™.

No caso da biossorcdo de corantes por meio de microalgas as trocas ibnicas ocorrem,
pois as paredes das células das algas sdo constituidas principalmente de polissacéaridos,
proteinas e lipidios que oferecem muitos grupos funcionais incluindo grupos amino,
carboxilo, sulfatos, fosfatos, e imidazois que irdo se associar aos corantes (ERGENE et al.,
2009; AKSU e TEZER, 2005 e MONA; KAUCHIK; KAUCHIK, 2011b).

Nesse sentido, segundo Crini e Badot (2008) para o correto dimensionamento e
compreensdo de um sistema de adsorcdo utiliza-se a modelagem matematica como uma
ferramenta que permite a obtencdo de parametros de transferéncia de massa e de equilibrio,
auxilia na interpretacdo e analise dos dados experimentais, na identificacdo dos mecanismos
envolvidos no processo de biossorcao, na predicdao de respostas a mudancas de condicoes de
operacdo, além de auxiliar na otimizagédo dos processos.

Para tanto, sdo realizados estudos misturando quantidades conhecida de adsorvente a
um volume fixo de solucdo, controlando (pH, temperatura, tempo de contato e taxa de
agitacdo) medindo a concentracdo residual do corante em solucdo, em tempos preé-

determinados.
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1.3.5 Isotermas de adsorcéo

Os estudos dos mecanismos de adsorc¢do sdo realizados pelas isotermas, uma vez que,
essas representam a relagdo entre a quantidade adsorvida por unidade de massa de sorvente e
a quantidade de soluto que permanece na solucdo em equilibrio. Sendo possivel determinar,
em condicOes especificas, a quantidade maxima que o adsorvente pode remover de poluente,
além de estimar a dosagem minima de sorvente para se obter o objetivo do tratamento. Nesse
sentido, faz-se necessario analisar os dados experimentais e estabelecer uma correlacdo como
modelos existentes, para descrever o equilibrio de adsorcéo.

Dentre os diversos modelos de isotermas utilizados para descrever dados
experimentais de adsorcdo, destacam os modelos Langmuir, Freundlich, Sips e Temkin, que
sdo mais utilizados para remocéo de corantes para biossorventes (SAEED; SHARIF; IQBAL,
2010; SINHA et al., 2016; CRINI e BADOT, 2008; ERGENE et al. , 2009; FOO e
HAMEED, 2010).

O modelo de isoterma de adsorcdo de Langmuir, Equacdo 1, € geralmente adotado
para adsor¢do homogénea, e ocorre em sitios especificos, que sdo energeticamente idénticos,
quando uma molécula atinge determinado sitio nenhuma adsorcdo adicional pode ocorrer
naquele local, pois foi formada uma camada monomolecular na superficie do adsorvente
(LANGMUIR, 1918).

qm'k!'cs (1)

™ T1k.cC,

Em que: ge representa a quantidade de corante adsorvido, sendo a massa de adsorvato
por unidade de massa do adsorvente, expressa em (mg g ); qn é a méxima capacidade de
adsorcdo na monocamada (mg g™ ), k. é a constante de Langmuir (L mg™ ) e C. representa a
concentracdo de equilibrio (mg L™).

A isoterma de Freundlich € um modelo empirico que ndo assumem sitios homogéneos
e energeticamente idénticos nem a saturacdo dos mesmos com criacdo da monocamada,
assim sdo utilizadas para descrever sistemas de superficies heterogéneas que sdo formadas
multicamadas, em que a energia de adsorcdo diminui exponencialmente com o aumento da
superficie coberta pelo soluto, entretanto este modelo ndo converge em baixa cobertura da
superficie do adsorvente (FREUNDLICH, 1906). A heterogeneidade do modelo ¢€

caracterizada pelo fator 1/n da Equacéo 2.
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L 2
q, =kg.C] @

Em que: ke é a constante de Freundlich (mg g™) (L mg™ )"

) e quando n assume
valores maiores que 1, representa condi¢cdes de adsorcao favoravel.
O modelo de Sips € um hibrido, ou seja, uma combina¢do matematica dos modelos de

Langmuir e Freundlich e, pode ser expresso na forma da Equacéo 3 (SIPS, 1948):

mr
Tzl Kz Cg )
9= e ®)

Em que onde, gms & a méaxima capacidade de biossorcdo de Sips (mg g7), Ks a
constante de Sips (L mg™) e mr o expoente fracionério relacionado com o mecanismo de
biossorgdo. Para baixas concentracdes de corante, 0 modelo de Sips assume a forma do
modelo de Freundlich para altas concentra¢Ges assume a forma de Langmuir.

Conforme, 0 modelo de isoterma de Temkin ha um fator que mostra como acontecem
as interacOes entre o adsorvato e o adsorvente, sendo a adsorcdo caracterizada por uma
distribuicdo de energia uniforme, até um valor maximo e a isoterma assume que o calor de
adsorcdo de todas as moléculas que recobrem o adsorvente diminui linearmente em funcéo do
recobrimento (aumento em cobertura da superficie do adsorvente), representada pela Equacao
4 (PICCIN; DOTTO; PINTO, 2011).

R.T
b

0. = ~Lin(x,.c.) )

Sendo, R a constante universal dos gases (8,31x10° kJ K™' mol™); T a temperatura
(K); b o calor de adsorcdo e kr a constante de equilibrio correspondente a maxima energia de

ligacdo (L mg™).

1.3.6 Cinética de adsorcao

A adsorcdo é uma operacdo dependente do tempo, assim por meio de um modelo
cinético é possivel conhecer as resisténcias a transferéncia de massa na particula do
adsorvente, descrevendo a velocidade com que as moléculas de adsorvato sdo adsorvidas,
além desses modelos fornecerem informacgdo sobre os fatores que afetam essas reacdo (HO e
MCKAY, 2000).
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Segundo Choong et al., (2006), a dindmica de adsorcdo sdlido-liquido pode ser
descrita por trés etapas consecutivas, uma referente a fase liquida e as outras duas referente a
fase sdlida. Na primeira etapa a resisténcia a transferéncia de massa esté na fase liquida e ha
transferéncia de massa externa, ou seja, transporte de soluto da solucdo através do filme
liquido para a superficie externa do adsorvente (difusdo na camada limite), a segunda é a
difusdo intraparticula, caraterizada pela difusdo do soluto no poros e superficie do adsorvente,
assim a resisténcia a transferéncia de massa esta na fase sélida e a Gltima etapa € aquela que
as moléculas de adsorvato sdo efetivamente adsorvidas sobre a superficie, no interior dos
poros do adsorvente, devido a interacdes quimicas ou fisicas.

Segundo Aksu e Tezer (2005) e Solener et al., (2008), tanto os modelos cinéticos de
pseudo-primeira ordem e pseudo-segunda ordem tém sido aplicados para os dados
experimentais para prever a cinetica de adsorcao de biossorventes, em que a adsor¢do € uma
pseudo-reacdo quimica. Esses modelos assumem que a for¢a motriz da adsorcéo é a diferenca
entre a concentracdo da fase solida a qualquer tempo e a concentragdo da fase sélida no
equilibrio, e a taxa de adsorcdo global é proporcional a forca motriz, para 0 modelo de
pseudo-primeiro ordem, e para 0 modelo de pseudo-segunda ordem é proporcional ao
quadrado da forca motriz (HO e MCKAY, 2000).

Na maior parte dos casos a equacdes para descrever a adsor¢ao em superficies solidas
em um sistema de adsorcdo solido/liquido segue a equacéo de velocidade de pseudo-primeira

ordem de Lagergren, que é expressa pela Equacéo 5 (LAGERGREN, 1898).

q. = q,(1— e” %) (5)

Sendo, g; o valor teérico da capacidade de biossorcdo (mg g*), q: a capacidade de no
momento t (mg g™) e K; a constante de velocidade de adsorgdo de pseudo primeira ordem
(min™).

A equacdo de primeira ordem de Lagergren ndo se encaixa bem para toda a gama de
tempo de contato e é geralmente aplicavel para os primeiros 20-30 min da operacdo de
adsorcdo (HO e MCKAY, 1998).

Dessa forma, pode-se utilizar a equacdo de pseudo-segunda ordem, que prediz o
comportamento ao longo de toda a gama de adsorcdo, além disso, a aplicabilidade desse
modelo sugere que a quimiossor¢do controla a velocidade dos mecanismos de adsorcdo,
sendo expresso pela Equacdo 6 (AKSU e TEZER , 2005).
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t
s = 71T 1 (6)

+_
Kz.g3 dz

Em que, g2 é o valor tedrico da capacidade de biossorcéo (mg g), K (g mg™ min™) é
a constante de velocidade de pseudo-segunda ordem. Além disso, € possivel calcular a partir
da constante k.

Outro modelo que descreve a biossor¢do envolvendo a quimiosor¢do em superficie
solida é o modelo de Elovich (ELOVICH, 1957). Nesse modelo a taxa de biossor¢do decresce

com o tempo devido a cobertura da camada superficial, e é representado pela Equacgéo 7.
q. = -.In(1+ a.b.t) )

Sendo a taxa de adsorcdo inicial (mg g min™) e b é a constante de dessorcdo do
modelo de Elovich (g. mg™) que indica e extensio da cobertura da superficie.

1.3.7 Fatores que influenciam na adsorgéo

O pH da solucdo de corante desempenha um importante papel em toda operacao de
adsorcdo, ele interfere na carga de superficie do adsorvente, no grau de ionizacdo do material
presente na solucao e na dissociacéo de grupos funcionais sobre os sitios ativos do adsorvente
e também na solucdo quimica do corante (CRINI e BADOT, 2008).

Dessa forma, espera-se que experimentos que utilizem adsorventes como algas, que
possuam grupos reativos em sua estrutura (aminas, carboxilas e hidroxilas) sejam
influenciados pelo pH, como demostrado por diversos autores (ERGENE et al., 2009;
CHOJNACKA, 2010; MONA; KAUCHIK; KAUCHIK, 2011a e GULER et al., 2016).
Diferente do carvéo ativo comercial, que ndo € influenciado pelo pH, uma vez que possuem
estrutura inerte com auséncia de grupos reativos (CRINI, 2006; CRINI e BADOT, 2008 e
GUPTA e SUHAS, 2009).

Assim para indicar se a superficie do adsorvente ir4 se tornar carregada positiva ou
negativamente em funcdo do pH é utilizado o ensaio do potencial de carga zero (pHpcz), que
representa o valor no qual a carga de superficie do adsorvente assume valor nulo. Em valores
de pH maiores que pHpcz, a adsorcdo de cations é favorecida, pois a carga de superficie é
negativa, quando o pH é menor que pHpcz, a carga de superficie € positiva, e assim
favorecida a adsorcéo de anidnios (CARDOSO et al., 2012).
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Segundo Chen et al., (2011) e Danquah et al., (2009) a maioria das algas apresentam
cargas de superficie carregadas negativamente, isso devido aos grupos funcionais que
formam a parede celular das algas. Tal afirmacdo pode ser comprovada no trabalho de Dotto;
Lima; Pinto, (2012) que encontraram potencial de carga zero igual a 7 para Spirulina
platensis, Goncalves et al., (2015), que encontraram potencial zeta variando de (—35,4+0,4
a —48,1+£0,9mV) para as algas Chlorella vulgaris, Pseudokirchneriella subcapitata;
Synechocystis salina e Microcystis aeruginosa e Hornik et al., (2013) encontraram para
Chlorella Pyrenoidosa um potencial de carga zero de 6,79.

Outro fator que influencia na adsor¢do é a concentracdo inicial de corante, que
segundo Mona; Kauchik; Kauchik, (2011b) fornece uma importante for¢ca motriz para superar
toda resisténcia de transferéncia de massa de corante entre as fases aquosa e sélida. O
aumento da concentragdo inicial de corante, aumenta o nimero de colisbes entre corantes e
adsorventes, 0 que aumenta a adsor¢do, com uma maior quantidade adsorvida, porém quando
0s sitios ativos do adsorvente forem saturados a percentagem de remocéo tende a diminuir,
como demostrado por Khataee et al., (2011) e Tsai e Chen (2010) que removeram melaquita
verde utilizando biomassa seca de algas de Vaucheria sp. e Chlorella sp., respectivamente.

Segundo Bhatnagar e Jain, (2005), as propriedades texturais dos adsorventes como:
area de superficie, que € representada pela area por unidade de massa, 0 volume e tamanho
dos poros, também sdo importantes na operacdo de adsor¢do, uma vez que a adsor¢do € um
fendmeno de superficie.

Além disso, Bhatnagar e Jain (2005) comentam que a temperatura também pode
alterar a operacdo de adsorcdo. O aumento da temperatura pode promover aumento a
solubilidade do corante, e assim as forcas de interacdo entre a 4gua e 0 corante tornam-se
mais forte do que as forcas entre o corante e o biossorvente e consequentemente, € mais
dificil que o corante seja adsorvido (FENG; XIONG; SHANG, 2013; SALLEH et al., 2011).

1.3.8 Adsorcdo em leito fixo

Essa técnica, diferentemente da técnica de adsorcdo em regime descontinuo, é
utilizada quando se deseja tratar grandes volumes de efluente, refletindo melhor o
comportamento real da operacdo, em que é possivel a partir dos ensaios de laboratoério,
realiza-los em escala industrial (CHERN e CHIEN, 2002). Entretanto os estudos preliminares

em regime descontinuo se fazem necessarios, uma vez que as isotermas de adsor¢do indicam
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a eficacia de adsor¢do para remogao dos corantes, bem como a quantidade maxima que pode
ser adsorvido por uma unidade adsorvente.

A adsorcdo em leito fixo consiste em fazer o efluente colorido passar por uma coluna
contendo uma quantidade fixa de adsorvente, em que os corantes sdo removidos do efluente a
medida que passam pela coluna. Inicialmente, a concentracdo do corante efluente a coluna é
baixa, uma vez que o adsorvente pode, efetivamente, reter os compostos (adsorvatos) que
entram na coluna. A concentracdo da solucdo efluente a coluna aumenta, a medida que o
adsorvente retém o corante, até que, no ponto de saturacdo deste adsorvente, a concentracdo
efluente se iguala a do afluente a coluna (NASCIMENTO et al., 2014).

O tempo util de utilizacdo dessa coluna é influenciado pela capacidade de adsorver o
corante, no qual o tempo de trabalho pode ser melhor definido pela analise da curva de
ruptura. Assim, no interior da coluna, segundo Aksu e Gonen (2006), e formada uma zona de
transicdo que se movimenta com o tempo, esse movimento pode ser graficado e €
denominado Curva de Ruptura, que é expressa em termos da concentragcdo a jusante/a
montante (C/C,) versus tempo ou volume de liquido tratado.

Segundo Kundu e Gupta (2005), o tempo que se forma a curva de ruptura sao
influenciados pelas condicdes de operacdo de leito fixo, alem de ser influenciada pela
isoterma de adsorcdo e pela difusdo no interior das particulas adsorventes. Numa curva de
ruptura ideal pressupde-se que a remocdo do corante € completa nos estagios iniciais de
operacao.

Segundo Nascimento et al., (2014) o ponto de ruptura, designado por Cy, € escolhido
como sendo o ponto em que a concentracdo do corante efluente a coluna é de 5 % de Cp e
iSso acontece no tempo te ruptura (t,). Da mesma forma, no tempo de exaustdo (t.), é
escolhida o ponto de exaustdo (Ce), que é quando a concentracdo efluente é 95%.

Em escala laboratorial esses experimentos sdo realizados geralmente em colunas de
vidro no qual a suposicdo de uma zona de adsor¢do, ou zona de transferéncia de massa
(ZTM), fornece a base para realizar aumento de escala (scale-up).

A ZTM é considerada como uma regido dentro da coluna em que a concentracdo do
corante varia de 95% a 5% do seu valor inicial (LIN et al., 2017; ZANG et al., 2017) No
inicio, o adsorvente é atingido com uma alta concentragédo de corante, levando um tempo para
que a ZTM se estabeleca, divido a resisténcia a transferéncia de massa existente, ao filme
liquido situado nas vizinhangas da particula, a vaz&o do liquido, a temperatura, dentre outros
fatores (GUPTA et al., 1997)
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Esta zona de saturagdo parcial se move através da coluna na diregdo do fluxo e
quando a ZTM atinge o final da coluna, a concentracdo de corante no efluente comeca a
aumentar gradualmente. A coluna opera até que a ZTM chega ao final da coluna e o efluente
é praticamente corante livre e no final a curva de ruptura reflete a forma da ZTM.

Assim, o desempenho da adsor¢do na coluna é baseado nas EquacBes 8 a 11,
conforme (GUPTA et al., 1997; KUNDU e GUPTA, 2005; ZHENG et al., 2016).

Vet = Qttotal (8)
%
Z, =2 1-t— 9)
€
()T (8]
1000 ) o Co
Ooq = v (10)
Yotal C
186
R% = 100 (11)
Yiotal

Sendo Ve 0 volume efluente (mL), Q é a vazdo (mL min™") e tiw € 0 tempo total de
operacgdo (min), o comprimento da ZTM é Z, (cm), Z é a altura da coluna (cm), e M é a massa
de adsorvente (g).

A capacidade méxima da coluna é geq (Mg g ) e R% € a porcentagem de remogao do
corante. A area acima da curva de ruptura € calculada pela integral nas Equac6es 10 e 11 para
Ci/Co= 0 até C/Co= 1.

As curvas de ruptura podem ser modeladas, assim muitos modelos matematicos
empiricos e semi-empiricos simples, foram desenvolvidos e utilizados para remocdo de
corantes, dentre eles destacam-se: 0 modelo de Thomas, o tempo de servico versus
profundidade do leito (BDST) e o modelo de Yoon & Nelson (SADAF et al., 2015;
SIMSEK; BEKER; SENKAL, 2014; MAGDALENA, 2015 e ZHENG et al., 2016).

O modelo BDST proposto por Bohart e Adams e modificado por (HUTCHINS, 1973)
foi originalmente aplicado a um sistema solido a gas, mas agora € usado com sucesso em

outros sistemas. Esse modelo fornece uma relagdo linear entre o tempo de operagdo, ou seja,



35

0 tempo necessario para alcancar a concentracdo de avanco desejada e a profundidade do
leito, e pode ser expresso como Equagéo 12

Co KNgh (12)
0 _1texp| —2 —KCyt
o u

Sendo K a constante de velocidade no modelo (mL mg™ min®), Ny a capacidade
méxima de adsorcdo (mg L™), h é a altura do leito (cm), u a velocidade (cm min™'), C, é a
concentracdo do corante inicial (mg L™) e t é o tempo de operacéo (min).

Segundo Thomas (1944), seu modelo calcula a concentragdo méaxima da fase sélida
do soluto no adsorvente (geq) € a taxa de adsorcdo constante para uma coluna de adsorgéo. O
modelo assume a cinética de Langmuir de adsorcdo/dessorcao sem dispersdo axial de modo
que a forca motriz para a adsorcdo obedece a cinética de reacdo de segunda ordem, sendo

expressa em sua forma linearizada pelas Equagdes 13.

(M ) KThCOtJ
(13)

Em que, C, é concentracdo inicial da solucdo (mg L™), C; a concentracéo da solucio
na saida da coluna (mg L™), K, é a constante de velocidade de Thomas (mL mg™min™), geq €
a capacidade méaxima de adsorcdo do modelo (mg g™), m é a quantidade de adsorvente na
coluna (g), Q é vazdo (mL min™) e t é o tempo (min).

Segundo Simsek et al., (2014) e Zheng et al., (2016) o modelo de Yoon e Nelson nédo
requer dados detalhados sobre as caracteristicas do soluto, tipo de adsorvente e as

propriedades fisicas do leito, sendo expresso pela Equacéo (14).
C
0
a =1+ eXp(KYNz' — KYNt) (14)

Em que, Kyy (min™) representa a constante da taxa de velocidade, z (min) é o tempo

necessario para reduzir a concentracao inicial de corante a 50%.
1.3.9 Dessorc¢ao

A dessorcdo é uma das vertentes da regeneracdo importante de ser estudada, pois
consiste em remover os poluentes adsorvidos, a fim de recuperar a capacidade de adsorgéo
original do adsorvente, sem destrui-los, seu principal objetivo estd relacionado com a

facilidade e com a rapidez no processo, além da eficiéncia de recuperacdo da capacidade de
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adsorcdo dos adsorventes e a recuperagdo de compostos de interesse (ZANELLA, 2014).
Segundo Ansari e Mosayebzadeh (2010), a dessorcédo elucida a possibilidade de regeneracao
do adsorvente ap0s seu uso, buscando-se uma operacdo de adsorcdo eficiente e econbmica
com possibilidade de reutilizacdo do mesmo, além de ajudar a identificar a natureza da
adsorcao.

Conforme Mall et al., (2006), dependendo do agente regenerante utilizado para
realizacdo da dessorcdo, é possivel obter informacGes sobre a ligacdo absorvato/adsorvente,
por exemplo, quando utiliza-se 4gua como eluente, a ligacdo adsorvato/adsorvente é fraca,
entretanto se for &cido ou base forte, tais como &cido cloridrico (HCI), acido nitrico (HNO3)
ou hidroxido de sodio (NaOH), a ligacdo é por troca idnica, caso seja utilizado &cidos
organicos como o &cido acético (CH3COOH), pode-se dizer que a adsorcdo do corante sobre
0 adsorvente é por quimissorcao.

Além do eluente o pH ¢ outro fator que influencia na dessorcdo, como descrito por
Cardoso et al., (2012), que estudou a adsorcdo/dessorcdo do corante vermelho reativo 120
(RR-120) utilizando a cianobactéria Spirulina platensis e carvéo ativo comercial. Os autores
citam que a dessor¢cdo do carvao ativo comercial foi menor do que 13 % para todos o0s
eluentes testados (NaCl, NaOH e mistura dos dois), indicando que o adsorvente ndo poderia
ser reutilizado, ja a microalga em um pH 2,0 eluida com 0,50 mol de NaOH L™ foi reutilizada
para a adsor¢do de RR-120, atingindo uma eficiéncia de sorcao de cerca de 93 % no segundo
ciclo, 90 % no terceiro ciclo e 88 %, no quarto ciclo de adsorcdo/dessor¢do quando

comparado com o primeiro ciclo de adsorcéo/dessorcao.

1.4  MATERIAIS E METODOS

A metodologia apresentada descreve o que foi realizado nos 3 artigos cientificos e a
investigacdo experimental procedeu nas seguintes etapas: avaliacdo da remoc¢do do corante
rodamina B de efluente sintético por meio de ensaios em regime descontinuo utilizando
microalga e carvdo ativado, e ensaios de regime de leito fixo utilizando a microalga.

Os experimentos foram realizados na Universidade Federal de Santa Maria nos
Laboratorios de Engenharia e Meio Ambiente (LEMA/UFSM), Laboratério de Processos
Ambientais - Departamento de Engenharia Quimica — (LAPAM/UFSM) e Laboratério de
Fisico-Quimica do Departamento de Tecnologia e Ciéncia dos Alimentos (TCA/UFSM). No
Laboratorio de Separacdo e Operacdes Unitarias (LASOP), que faz parte do Departamento de
Engenharia Quimica (DEQUI) da Universidade Federal do Rio Grande do Sul (UFRGS).
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1.4.1 Preparacéo e caracteriza¢do dos sorventes

A biomassa de Chlorella pyrenoidosa em p6 é produzida pela empresa Green Gen e 0
carvdo ativo comercial é fabricado pela empresa AlphaCarbo®. A biomassa de Chlorella
pyrenoidosa foi caracterizada em relacdo a sua composicdo centencimal ou (umidade, cinzas,
proteina e lipidios), conforme as normas da A.O.A.C. (2005).

A umidade e o contetdo de cinzas foram determinados pelo método gravimétrico
(A.0.A.C. 950.46 e A.0.A.C. 920.153), o contetdo de carboidratos foi obtido por diferenca,
0 percentual de proteina foi obtido através do método de Kjeldhal utilizando fator de
conversdo 6,25 (A.O.A.C. 928.08) e foi quantificado o extrato etéreo que € um método
aplicavel na determinacdo do teor de lipidios, utilizando o metodo de Soxhlet (A.O.A.C.
960.39), esses ensaios foram desenvolvidos no Laboratério de Fisico-Quimica do
Departamento de Engenharia de Alimentos da UFSM.

As andlises de espectroscopia na regido do infravermelho com Transformada de
Fourier (FTIR), microscopia eletronica de varredura (MEV), espectroscopia dispersiva de
raios X (EDX) e difracdo de raios X, foram realizadas no Laboratorio de Processos
Ambientais - Departamento de Engenharia Quimica — (LAPAM/ UFSM),

A técnica de espectroscopia na regido do infravermelho com transformada de Fourier
(FTIR) (Shimadzu, IR Prestige 21) foi utilizada para obter as informacgdes sobre 0s grupos
funcionais presentes nos adsorventes e para avaliar o mecanismo de remocéo dos corantes. A
avaliacdo foi realizada para o intervalo de 450 a 4000 cm™, sendo analisadas as amostras
antes e ap0s a saturacdo com 0s corantes para verificar a interacdo adsorvente/adsorvato.

Para caracterizagdo morfoldgica das algas e do carvédo ativo comercial foi utilizada a
microscopia eletrénica de varredura (MEV) no microscopio eletronico (VEGA 3, Tescan),
antes e apds a operacdo de adsorc¢do, na condicao 6tima de adsor¢do do corante, para verificar
se ocorreram mudancas na superficie dos adsorventes. As amostras foram metalizadas com
ouro e utilizada aceleracdo de voltagem de 5 kV e ampliacdo de 100 a 1500 vezes com
detector de elétrons secundarios (SE).

Para determinar a composicao elementar na superficie dos adsorventes foi usado o
detector de dispersdo de energia de raios-X (EDX-Oxford). Para verificar a cristalinidade dos
adsorventes foram utilizados a analise de difracdo de raios-X (DRX) com um difratdmetro de
raios-X (Rigaku, Miniflex 300), o angulo de varredura (20) foi mantido entre 5 e 100 ° e uma
corrente de 10 mA e tensdo de 30 kV.
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A érea de superficie especifica foi determinada pela aplicacdo da equacdo BET
(BRUNAUER; EMMETT; TELLER, 1938) a adsorcdo/dessorcdo de N, a 77 K, o ensaio foi
realizado no Laboratorio de Separacdo e Operagdes Unitarias (LASOP), que faz parte do
Departamento de Engenharia Quimica (DEQUI) da Universidade Federal do Rio Grande do
Sul (UFRGS).

O ensaio o potencial de carga zero (pHpcz) foi determinado pelo o Método de Park e
Regalbuto (1995), ja utilizado por (Dotto et al., 2012). Nesse método onze frascos com 50 mli
de uma solugdo aquosa contendo 25 mg de adsorvente com valores iniciais de pH no
intervalo 1,0-12,0 (estes ajustados com HCI e NaOH) foram agitados até que o equilibrio
(cerca de 24 h).

Os valores de pH foram medidos antes e depois da agitacdo. O pHpcz das triplicatas é
obtido por meio da média dos valores de pH final, na faixa onde se observa o efeito

“tampao”, ou seja, onde o pH nao varia.

1.4.2 Estudo de adsorcéo

Os estudos de adsorcdo foram realizados conforme metodologia descrita por Ozer;
Akkaya; Turabik, (2005); Aksu e Tezer (2005) e Dogar et al., (2010). Em frascos bequeres de
250 ml contendo 100 ml de solucdo sintética de corante misturado a quantidades conhecida
de adsorvente, controlando (pH, temperatura, tempo de contato) medindo a concentracao
residual do corante em solugdo, em tempos pré-determinados.

Inicialmente, foram realizados testes para determinar qual o filtro seria mais adequado
para ser utilizado nos estudos. Esses deveriam reter os adsorventes e ndo poderiam modificar
a concentracao do corante na solucéo filtrada.

Também foi realizada a varredura para determinar o comprimento de onda de maxima
absor¢do (Amax) do corante rodamina B. Em seguida foram feitas as curvas de calibra¢éo ou
curva padrdo do corante, seguindo a lei de Lambert-Beer, em que foi contruido um grafico da
concentracdo conhecida da solucdo corante versus a sua absorbancia medida em
espectrofotobmetro (V-1600 Spectrophotometer) para a RhB, no comprimento de onda
previamente determinado.

Para avaliar os efeitos da operacdo sobre a eficiéncia de remocdo de cor o0s
experimentos foram realizados, em regime descontinuo, com as concentragcdes de biomassa

de algas e carvao ativo comercial (0,1 — 2,0 g), em solucdes com pH (2, 4, 6, 8, 10 e 12),
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sendo ajustado utilizando solu¢gdes NaOH e HCI. Além disso, anélises foram realizadas nas
temperaturas (25, 35 e 45 °C), concentracdes de corante (20, 100, 200, 300, 400 e 500 mg L™)
e tempo de contato (5, 15, 30, 45, 60, 75, 90, 120, 150, 180 e 240 min)

Aliguotas (5 mL) foram tomadas para verificagdo da concentracdo do corante residual
na solucdo, entretanto, antes da analise, as amostras foram filtradas em papel filtro sem
interacdo com o corante e a determinacdo da concentragdo do corante foi determinada por
espectrofotometria através de curva padrdo, previamente realizada. Todas as experiéncias
foram realizadas em triplicata, sendo utilizada a Equacdo 15 e 16 para determinacdo da
eficiéncia de remocéo (R%) e da capacidade de adsorcéo de corante (q:)

C,-C
R (%)= o= (15)
Co
V(G -Cp)
oo (16)

Em que Cy é a concentracéo inicial do corante (mg L™), C, concentrac&o do corante no

tempo t em (mg L™), V é o volume da solugdo (L) e m é a massa de adsorvente (mg).

1.4.2.1 Estudo da quantidade de material adsorvente e pH

Os ensaios para determinar a influéncia da quantidade de adsorventes utilizados na
adsorcdo foram realizados variando a quantidades de adsorvente de 0,1- 2,0 g. A alga e o
carvéo foram colocados em contato com uma soluc&o de 100 mg L™ de rodamina B mantidos
em agitacdo com temperatura ambiente e o pH natural da mistura (4,5). O procedimento foi
realizado com velocidade constante e apds 4 horas, as amostras foram filtradas e determinada
a absorbancia das solucoes.

De posse das melhores dosagens da quantidade de adsorvente foi estudado o efeito do
pH sobre a quantidade de corante adsorvido. Em solugées de RhB de 100 mg L™ o pH foi
ajustados com de HCI e NaOH para 2, 4, 6, 8 10 e 12, o ensaio de adsorcdo foi realizado

durante 4 horas em temperatura ambiente (25 °C) e com agitacdo constante.
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1.4.2.2 Experimentos cinéticos e de isotermas

Os experimentos cinéticos e de isoterma foram realizados em regime descontinuo na
melhor condigdo da operacgdo, em relacdo ao pH e a quantidade de adsorvente, mantendo-se
constantes a velocidade e variando os valores de concentracdo de rodamina B (20-500 mg L
') e a temperatura (25, 35 45 °C). Para os estudos da cinética em diferentes concentracoes
aliquotas foram retiradas em tempos pré-estabelecidos até que fosse atingido o equilibrio.

J& para os estudos das isotermas, em cada temperatura testada foi variada a
concentracdo de RhB, apds 4 horas de ensaio, as misturas de solucdo de corante e adsorvente
foram filtradas e submetidas a analise espectrofotométrica para a determinagdo da capacidade
de adsorcao.

As analises da cinética das reagdes sao importantes para determinacdo do tempo no
qual as amostras atingirdo o equilibrio de adsorcédo e por meio dos experimentos de isotermas
de adsorcéo, é possivel obter a capacidade méaxima de adsorcéo.

Os modelos cinéticos testados foram o de pseudo-primeira e pseudo-segunda ordem,
alem do modelo de Elovich, descritos anteriormente e as isotermas de Langmuir, Freundlich,
Temkin e Sips. Todos os parametros cinéticos e isotérmicos foram determinados por
regressdo ndo-linear usando o software Statistic 10.0, no qual a qualidade do ajuste foi
medida de acordo com o coeficiente de determinagdo (R?), coeficiente de determinago

ajustado (Radj) e erro relativo médio (ARE), Equacdes 17, 18 e 19 respectivamente.

R2 _ Z(lep _pr)z _Z(qexp _qcal)2

— 17)
Z (qexp - qexp)
N-1
Rey=1-(1- Rz)(ﬁj (18)
100 qex _qcal
ARE === (19)
N < O |

Em que gexp S80 0s valores experimentais da capacidade de adsor¢éo (mg gY), [
o valor médio experimental da capacidade de adsorcdo (mg g ), gea € 0 valor predito da
capacidade de adsorcao pelos modelos (mg g ™), N é o tamanho da amostra e P é o nimero de

parametros do modelo.
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1.4.3 Estudos de coluna de leito fixo em escala de bancada

Os experimentos foram realizados em escala de bancada, utilizando uma coluna de
vidro de 2,5 cm de diametro e 25 cm de comprimento, Figura 5, pela qual em fluxo
ascendente era tratado o efluente sintético contendo rodamina B. Foi utilizada como
adsorvente a microalga Chlorella pyrenoidosa suportada em areia, que tem sido utilizada,
como meio de suporte de adsorvente, por outros pesquisadores como Dotto et al., (2015) e
Wan et al.,, (2010), pois esses consideram a areia como material de suporte para a
imobilizacdo econdmico e pratico.

As areias utilizadas nessa pesquisa foram doadas por uma empresa local (Santa
Maria/RS) e foram lavadas por diversas vezes com agua da torneira e posteriormente com
agua destilada e seca em estufa por 24 horas a 60 °C. Foram utilizadas duas areias, tipo | e Il,
com granulometrias diferentes, devido a disponibilidade por parte da empresa, as mesmas
apresentavam densidade de 2620 kgm™ e didmetro maximo de grdo de 1,2 e 2,4 mm,
respectivamente.

Também foram utilizadas esferas de vidro (didmetro médio de 2 mm e densidade de
2300 kg m™) para impedir que mistura de as areias e microalga fossem arrastadas da coluna.

Para estudo do leito fixo e a construgcdo das curvas de ruptura, solu¢cbes de RhB em
diferentes concentracdes (32, 100, 200, 300 e 368 mg L™) foram bombeadas através do leito
em diferentes vazdes (1,6; 5,0; 10,0; 15,0 e 18,4 min L™) com uma bomba peristéltica
(BT1002J, Longer). A coluna foi preenchida com (1,64; 3,0; 5,0; 7,0; 8,36 g) de microalgas,
101,0 g de areia tipo | e 101,0 g de areia tipo Il e 8,0 g de esferas de vidro no topo e 8,0 g no
fundo de coluna, essas condi¢cdes foram selecionadas ap0Os varios testes preliminares. As

microalgas e areia foram misturadas manualmente para garantir a homogeneidade.
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Figura 5- Esquema do sistema de tratamento

1 - Reservatoério de efluente
2 - Mangueira de Silicone
3- Bomba peristaltica

4 - Suporte do reservitorio
5 - Conexdes de PVC 32mm
6 - Coluna de Vidro

7 - Conexdes de PVC 32mm
8- Suporte da Coluna

Malha - Tyler mesh 115

Contas de vidro - 8g =

Microalga suportada em g
areia

Malha - Tyler mesh 115 _ T

Contas de vidro -8g - - -
Esferas de vidro — 8g

Fonte: Autor.

O estudo de biossorc¢éo foi realizado em temperatura ambiente (25 £ 2 °C) e pH inicial
de 8,0. As amostras foram coletadas em intervalos regulares até a saturacdo do leito, ou seja,
quando a concentracdo de saida de rodamina B era a mesma que a do inicio da operacao.

A concentracdo do corante foi determinada por um espectrofotbmetro
(espectrofotdmetro V1600) no comprimento de onda de 554 nm. Os ensaios dos brancos
foram realizados utilizando a contas de vidro e areias sem microalgas e ndo foi observado
adsorcao significativa quando se utilizou areia e esferas de vidro sem o biossorvente.

O desempenho da biossor¢do na coluna é baseado na curva de ruptura e as Equacoes 8
— 11 (secdo 1.3.8) foram utilizadas para avaliar os parametros da coluna de leito fixo.
Considerou-se o tempo de ruptura (tp, min) quando C/C, = 0,05, ou seja, a concentracdo de
RhB na saida atingiu 5% da concentracdo inicial e o tempo de exaustdo (te, min) foi
considerado quando C./Cy = 0,95 (Lin et al., 2017; Zang et al., 2017). A area acima da curva
de ruptura foi estimada pelo software Origin® 6.0 e calculada pela integral nas Equac6es 10
e 11 de C;/Cyp= 0 para C;/Co= 1.

O processo de otimizacdo dos pardmetros (vazdo, concentracdo inicial e massa de

microalga) foi analisado empregando-se a metodologia do delineamento do composto central
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rotacional DCCR, superficie de resposta, bem como a funcdo de desejabilidade (DF),
utilizando o software Statistic versdo 10.0 (StatSoft Inc., USA).

A funcéo de desejabilidade (DF) é uma técnica amplamente utilizada para descobrir as
condi¢des Otimas globais (ASFARAM et al., 2015; ROOSTA et al., 2014). A resposta (y) é
convertida em uma funcéo de conveniéncia especifica (ds) no intervalo de 0-1.

Entre muitos fatores que afetam o processo de biossor¢cdo, com base em testes
preliminares e na literatura, trés fatores e niveis foram selecionados: vazao inicial (1,6; 5; 10;
15 e 18,4 mL min™), concentragdo inicial de RhB (32, 100, 200, 300 e 368 mg L™) e
dosagem de biossorvente (1,64; 3,0; 5,0; 7,0; 8,36 g) cujos efeitos foram investigados e as
respostas consideradas foram: capacidade méxima da coluna e porcentagem de remocao.

O DCCR contém um conjunto de 17 experimentos cujos valores de cada fator séo
codificados para valores padrdo (-1,68; -1; 0; 1; +1,68) na faixa apropriada de parametros,
conforme a Tabela 2. Posteriormente, as respostas (geq € R%) foram representadas em fungéo
de variaveis independentes, Q (valor codificado), Co (valor codificado) e M (valor
codificado), de acordo com um modelo polinomial quadratico dado pela Equagao 20.

Y=y+o¢Q+ﬂQ2+;/CO+6Cg+gM+p|\/|2+zQC0+§QM+6C0M (20)

Em que Y é a resposta (geq OU R%), i, @, B, v, o, & p, 7, £ e 6 sdo os coeficientes de
regressdo, que sao apresentados para capacidade maxima da coluna e porcentagem de
remocao.

O teste de Student foi utilizado para verificar a significancia estatistica da regressao
ndo linear, a predicdo e a significancia do modelo estatistico, dado pela Equacdo 20, foram
avaliadas por analise de variancia (ANOVA), para um nivel de confianca de 95% (valor de p
<0,05) e teste F de Fischer. O coeficiente de determinagdo, R? foi utilizado para verificar a
proporcao de variancia explicada pelo modelo.

Escolhido o ponto 6timo foi realizada, também, analise da curva de ruptura com 0s
modelos matematicos dindmicos, tempo de servico versus profundidade do leito (BDST) e o
modelo de Yoon & Nelson, descrito na se¢do 1.3.8. Esses modelos podem prever a taxa de
biossorcdo e a capacidade maxima do leito.

O software Statistic 10.0 (StatSoft Inc., EUA) foi aplicado para determinar os
parametros dindmicos dos modelos por regressdao nao linear, utilizando Quasi-Newton como
funcdo objetivo e a qualidade do ajuste foi medida de acordo com o coeficiente de
determinagéo (R?) e o erro quadratico médio (CAVAS et al., 2011; CHOWDHURY e SAHA,
2013).
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Tabela 2: Matriz do desenho experimental (pH 8; temperatura 25 °C).

Experimento Q (mL mim™) Co(mg L™ Massa (g)
1 105 -1 (100) 1(3)
2 1(15) -1 (100) 1(3)
3 1(5) 1 (300) 103)
4 1(15) 1 (300) 1(3)
5 1 (5) -1 (100) 1(7)
6 1(15) -1 (100) 1(7)
7 1(5) 1 (300) 1(7)
8 1(15) 1 (300) 1(7)
9 -1,68 (1.6) 0 (200) 0(5)
10 1,68 (18.4) 0 (200) 0(5)
11 0 (10) 11,68 (32) 0(5)
12 0 (10) 1,68 (368) 0(5)
13 0 (10) 0 (200) 11,68 (1.64)
14 0 (10) 0 (200) 1,68 (8.36)
15 0(10) 0 (200) 0(5)
16 0 (10) 0 (200) 0 (5)
17 0 (10) 0 (200) 0 (5)

1.4.3.1 Ensaios de regeneragédo

Regeneracdo do biossorvente e recuperacdo dos corantes adsorvidos foram realizadas
para verificar a reutilizacdo em ciclos consecutivos do leito. Apds o ciclo de biossorcao (nas
condicdes otimas de acordo com a Secdo 1.4.3) o ciclo de dessorcdo foi realizado com
solucdo de HCI 0,5 M a vazdo de 5 mL min™, estas condicBes foram selecionadas por varios
testes preliminares, utilizando o sistema de laboratorio representado na Figura 5.

Além disso, a escolha do eluente foi ratificada com base na literatura Hornik et al.,
(2013) que confirmam que o HCI é indicado para a dessorcdo de corantes catibnicos quando
se utiliza microalgas como biossorvente.

Este ciclo de biossorcdo-eluicdo foi realizado cinco vezes. Todas as experiéncias
foram realizadas a temperatura ambiente e a concentracdo de RhB no topo da coluna foi
determinada de acordo com a secdo 1.4.3.

A massa de corante dessorvido (Mges) foi determinada a partir da &rea abaixo da curva
de eluicdo, C; versus t, estimada pelo software Origin® 6.0, multiplicada pela taxa de fluxo

(5 mL min™"). A eficiéncia de eluicio (E%) foi calculada de acordo com a Equagdo 21.



Eges % = ( Mes JxlOO
Mads

Em que My € a quantidade total de corante adsorvido no leito fixo (mg).
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Rhodamine B has been widely used in dyeing of semiprecious stones (agate), which are exported from
the Southern Brazil, and in this dyeing process, colored effluents are generated. So, the objective of this
study was the use green microalgae Chlorella pyrenoidosa for the removal of rhodamine B dye from
dyeing stones effluents. Biosorption was carried out in order to evaluate effects of pH, contact time and
temperature. Biosorption kinetics was studied for the dye concentration range of 20—-500 mg L~! using
pseudo—first order, pseudo—second order and Elovich models. Equilibrium isotherms were analyzed by
the Langmuir, Freundlich, Sips and Temkin models. Results showed that when the initial dye concen-

K ds: : : 2 B 3 . 3
Di,};u;irmzm tration was 100 mg L', the microalgae biomass presented the highest biosorption capacity, at pH 8.0 and
Biosorption temperature of 25 °C. The time required to reach the equilibrium was 120 min. The kinetic model that

Dye better fitted the experimental data was pseudo—second order, with an average relative error lesser than
Rhodamine B 2.4%. The Sips isotherm presented the best performance, being the calculated values of biosorption ca-
Chlorella pyrenoidosa pacities of 63.14; 53.46 and 54.20mgg ' for the temperatures of 25, 35 and 45°C respectively,
demonstrating that a temperature increase has a negative effect on the biosorption capacity. Results
indicated that the biosorption using Chlorella pyrenoidosa has a great potential for rhodamine B removal

from dyeing stones effluents.
© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Dyes are substances with high potential for application in the
most diverse areas. These compounds are used to color final
products of textile, precious stones, leather, paper, plastics and food
industries. It is estimated that there are more than 100,000 syn-
thetic dyes on the market, with an annual output of more than
700,000 tons worldwide (Al-Fawwaz and Abdullah, 2016).
Rhodamine B (RhB) is a water soluble dye of the xanthene class and
is widely used in biological, analytical, optical sciences (Hou et al.,
2011). In Brazil, more specifically in the state of Rio Grande do

* Corresponding author.
E-mail address: eng.analucia@yahoo.com.br (A.L.D. da Rosa).

https://doi.org/10.1016/j.jclepro.2018.07.128
0959-6526/© 2018 Elsevier Ltd. All rights reserved.

Sul, organic rhodamine B dye is used for dyeing agate, since the
state is the largest producer and exporter of this material world-
wide. To prepare the geode for export, several processing proced-
ures are used, among them dyeing, which are performed to obtain
different shades of products, making them more attractive to the
market. However, colored effluents are generated, with concen-
trations of dyes ranging from 20 to 500mgL ™! (Carissimi et al.,
2000).

It is known that colored effluents are one of the most prob-
lematic ones to be treated, not only because of their high
amounts of chemical and biochemical oxygen demand or
amounts of suspended solids and toxic compounds, but also
because of the color, which is the first parameter to be recog-
nized by human beings, causing aesthetic repugnance. In addi-
tion, these dyes can significantly affect photosynthetic activity in
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aquatic life, reduce light penetration and may also be toxic due to
the presence of complex aromatic compounds, making their
biodegradation difficult (Aksu and Tezer, 2005). Barros et al.
(2006) and Pizzolato et al. (2002) emphasize that techniques
such as photochemical degradation, chemical oxidation and
advanced oxidative treatment processes have already been
tested to mitigate the problems caused by agate dyeing. How-
ever, they have generated byproducts that are as harmful to
human health as the dyes themselves.

Some authors (Crini, 2006; Gupta and Suhas, 2009; Srinivasan
and Viraraghavan, 2010; Sharma et al., 2011; Solis et al., 2012)
point out that adsorption is an acceptable technique for treatment
of colored effluents and that several adsorbents have been studied
in order to reduce the process cost, among them residual materials
from agriculture and industry such as carbons activated from
residues of wood, sawdust, rice husks, fly ash, as well as natural
materials such as clays, zeolites, chitosan, microalgae biomass,
bacteria and fungi. Biosorption, as the adsorption is called when
using biological materials such as microalgae, has presented
excellent results for dye removal (Dogar et al., 2010; Ergene et al.,
2009; Kousha et al., 2014, 2015; Pathak et al., 2015; Tsai and Chen,
2010). Therefore, the main goal of this work was to use the
microalgal species Chlorella pyrenoidosa belonging to the Chlor-
ophyta divison as a biosorbent for the removal of rhodamine B
from dyeing stones effluents. The species was used because it is
widely cultivated worldwide (Pathak et al., 2015) and has been
successfully employed to remove heavy metals (Zhou et al., 2012)
and food dyes (Hornik et al., 2013; Sinha et al., 2016) from aqueous
solutions.

2. Methodology
2.1. Materials

The Chlorella pyrenoidosa powder biomass was produced by
Green Gen company, UK; the rhodamine B dye was supplied by
MERCK™; the AP40 0.45—um fiberglass filters were produced by
Milipore™and the NaOH and HCl solution used for pH adjustment
were from Vetec™.,

2.2. Characterization

The biomass of Chlorella pyrenoidosa was characterized in rela-
tion to moisture, ashes, protein and lipids, according to standards
by (AOAC, 2005). Moisture and ash content were determined by the
gravimetric method (AOAC 950.46 and AOAC 920.153). Carbohy-
drate content was obtained by difference. Protein percentage was
obtained by the Kjeldhal method using 6.25 (AOAC 928.08) con-
version factor. Ethereal extract was quantified, which is a method
applicable in lipid content determination using the Soxhlet method
(AOAC 960.39). The point of zero charge was also performed (pHp,c)
according to the methodology presented by Park and Regalbuto
(1995).

The materials were also analyzed before and after biosorption
by Fourier transform infrared spectrometry (FTIR), and the
morphology was verified by scanning electron microscopy (SEM).
FTIR analyzes were (Shimadzu, IR Prestige 21) in the range of
4504000 cm ™" to identify the surface functional groups. SEM was
carried out with an electron microscope (VEGA 3, Tescan), in which
the samples were metalized with gold and used voltage accelera-
tion of 5 kV and magnification range from 250 to 1000 times when
using secondary electron detector (SE). In order to determine the
elemental composition on the biosorbent surface, X—ray energy
dispersion detector (EDX—Oxford) was used. All the analyses were
carried out in triplicates.

2.3. Biosorption experiments

The discontinuous experiments were carried out in triplicates
using 250 mL glass beakers with 100 mL of rhodamine B solution, in
which, to maintain stirring uniformity, the DBO BODTRAK II
equipment agitator table was used at a speed of 100 rpm. After the
biosorption operation, samples were filtered using an AP40 filter,
which did not show iteration with the dye, and the dye concen-
tration was determined by a spectrophotometer (V1600 Spectro-
photometer) at a 554 nm wavelength.

Dye removal percentage (R%) and biosorption capacity of the
biosorbent (q;) were determined by Eqs. (1) and (2), respectively.

R(%):Mwo (1)
Co
= (CO —mC[)VOl (2)

where, Cp is the initial dye concentration (mg L™'); C; is the dye
concentration at time t in (mg L™'); vol represents the solution
volume (L); m is the mass of biosorbent used (g).

2.3.1. Effect of biosorbent amount

Initially, a test was carried out to evaluate biomass amount ef-
fect on color removal efficiency and biosorption capacity. Thus the
amount of microalgae dry biomass ranged from 0.5 to 2.0 g, in the
normal pH of the dye solution (pH 4.5) at room temperature
(25+2°C) and dye concentration of 100 mgL~". After 4 h aliquots
were removed to measure the final concentration of the dye
solution.

2.3.2. pH effect

The pH evaluated were 2, 4, 6, 8 and 10, using NaOH or HCI
(0.5mol L") solutions in a solution of 100 mgL~" of dye, keeping
the temperature at 25 °C where at the end of the 4-h test the dye
concentration was measured by means of previous filtration of the
microalgae.

2.3.3. Contact time — biosorption kinetics

Upon obtaining optimum mass (0.1g) and pH (8), found in
previous studies, tests were carried out to determine the kinetic
profile. At room temperature, dye concentration ranged from 20 to
500 mgL ™", that are the same range concentrations found in the
effluents of the agate dyeing industries according to Pizzolato et al.
(2002). Aliquots were taken at times of 5, 15, 30, 45, 60, 75, 90, 120,
150, 180 and 240 min.

The experimental data were fitted to the models of pseudo—first
order (Eq. (3)) (Lagergren, 1898), pseudo—second order (Eq. (4))
(Ho and Mckay, 1998) and Elovich (Eq. (5)) (Elovich, 1957) models.

at=qi(1-et) 3)
t
qt = 1 i (4)
_+_
kg3 " Q2
1
qr = aln(l + abt) (5)

where q; and gpare the theoretical values of the biosorption ca-
pacity (mg g~') determined by the models of pseudo—first and
pseudo—second orders, respectively; k; is the biosorption rate
constant (min~") of pseudo—first order; k; is the rate constant (g
mg~'min") of pseudo—second order; b the initial biosorption rate
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(mg g 'min~!) and a the desorption constant of the Elovich model
(gmg ).

2.34. Biosorption isotherms

Using the same optimum values of mass and pH, at tempera-
tures of 25, 35 and 45 °C, the aliquots were sampled for determi-
nation of isotherms after 4 h of test at initial dye concentrations of
20,100, 200, 300, 400 and 500 mg L~". With the experimental data
obtained, the Langmuir (Eq. (6)) (Langmuir, 1918), Freundlich (Eq.
(7)) (Freundlich, 1906), Sips (Eq. (8)) (Sips, 1948) and Temkin (Eq.
(9)) (Piccin et al., 2011) models were adjusted which are frequently
used in modeling dye removal when using biosorbents (Crini and
Badot, 2008; Ergene et al., 2009; Foo and Hameed, 2010; Saeed
et al,, 2010; Sinha et al., 2016).

e (©
Ge = ke C3 (7)
&= In(lrC) (9)

where g, represents the amount of dye adsorbed (mg g~'); g, the
maximum biosorption capacity in the monolayer (mg g~'); qms the
maximum biosorption capacity of Sips (mg g~'); k; the Langmuir
constant (L mg'); kr the Freundlich constant (mg g~) (L mg™")"/
"); ks the Sips constant (L mg™'); ky the equilibrium constant cor-
responding to the maximum binding energy (L mg™'); C, repre-
sents the equilibrium concentration (mg L™'); when n presumes
values higher than 1, it represents favorable biosorption conditions,
my the fractional exponent related to the biosorption mechanism, R
the universal gas constant (8.31 x 10> kJ K 'mol™'); T the tem-
perature (K) and b the biosorption heat.

2.4. Adjustment of kinetic and isotherm models

The kinetic and isotherms parameters were determined by
nonlinear regression using the Statistic 10.0 software, in which
adjustment quality was measured according to the coefficient of
determination (R?) (Eq. (10)), adjusted coefficient of determination
(R%qj) (Eq. (11)) and average relative error (ARE) (Eq. (12)).

R = Z(lep = qe_)(p>2 =23 (qexp = qcal)2

i (10)
Z(‘Iexp - Qexp)
N-1
Reg=1-(1-F) (N_— P> W)
100 <~ (qexp — Geal
ARE=—) |——= 12
N Z Qexp (2)

where qexp are the experimental data (mg g1y Texp is the mean of
the experimental data (mg g'); qcq are values predicted by the
models (mg g~'); N is the sample size and P is the number of the
model parameters.

3. Results and discussion
3.1. Microalgae characterization

The microalgae biomass composition is shown in Table 1. The
composition obtained for the Chlorella pyrenoidosa biomass
(Table 1) was similar to the one obtained by (Um and Kim, 2009) in
which the dry biomass consisted on average of 57% of proteins, 26%
of carbohydrates and 2% of lipids. The biomass is composed mainly
by proteins and carbohydrates. The biomolecules contains a series
of functional groups that can be potential binding sites for the
rhodamine B dye.

The FT—IR spectra of biomass before and after dye biosorption
are shown in Fig. 1. Both show a similar pattern, in which no abrupt
changes or new bands were observed after dye biosorption. It
suggests little likelihood of any biodegradation of the dye during
the biosorption process, also indicating that the interaction of the
dye with the biosorbent is physical and presented low energy.
However some changes in some peaks were observed, the broad
peak at 3410.29 shifting to 3425.72 cm™!, suggests overlap of 0—H
and N—H stretching vibrations, indicating the presence hydroxyl
groups (Mona et al., 2011a; Wang et al., 2017). The bands of 2960.17
and 2927.10cm ™! were intensified after biosorption, indicating a
stretching of the methylene (—CH;) and methyl (—CH3) groups. A
(=0 stretching of amines was observed in 172444 to
1643.42 cm ™. At 1547.94 to 1454.39 cm ™! were attributed to C=C
stretching of aromatic rings (Cardoso et al., 2012; Dotto et al., 2012).
The bands 1401.00 to 1245.10 cm ™" were assigned to the aromatic
ethers C—O stretching, and the bands observed at 1079.22 to
1057.04 cm™! represented the P—O stretching (Daneshvar et al.,
2017; Li et al.,, 2015; Marzbali et al., 2017). In addition it can be
seen that the transmittance values were lower for the algae when
there was no presence of the dye, consequently, more energy was
required to generate the bands, this confirms that microalgae prior
to biosorption had more available sites for dye binding. This
composition shows the potential of using microalgae as a bio-
sorbent, since they contain many functional groups such as amino,
carboxyl, hydroxyl, sulfates, phosphates that shall associate with
dyes (Aksu and Tezer, 2005; Ergene et al., 2009; Mona et al., 2011b).

As shown in Fig. 2 (a, b and c), the microalgae are of the cocoid
type, a typical form of Chlorella (Tsai and Chen, 2010), with different
particle sizes, thus being unformed, presenting a rigid and homo-
geneous morphological structure, besides a rough and irregular
surface with the presence of some grooves and protuberances. The
SEM images after biosorption are shown in Fig. 2 (d, e and f). The
microalgae were grouped into large agglomerates; however, it was
clear that there was a persistence of the cocoid form and integrity of
the cell walls.

The elemental composition of the microalgae has been exam-
ined by SEM—EDX analysis in which it was possible to verify ele-
ments present on the surface. The microalga was composed by
carbon 67.77%, oxygen 30.48%, phosphorus 0.69%, potassium 0.36%
and sulfur 0.28%. Magnesium, calcium, iron and copper present in
the analysis were less than 0.15% each. This composition of Chlor-
ella is similar to those found other studies of (Shen et al., 2013;

Table 1
Composition of Chlorella pyrenoidosa powder biomass.

Composition Average values (%) Standard deviation
Moisture 3.758 0.0372
Ash 6.274 0.0263
Protein 58.463 03278
Ethereal extract 0.694 0.0850
Carbohydrates 29.837 0.3536
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Fig. 1. FTIR spectra of the microalgae before and after biosorption.

Singhal et al,, 2013). The elemental composition is in agreement
with the composition presented in Table 1.

The point of zero charge is important information to understand
the biosorption mechanism, since it is possible to verify the bio-
sorbent samples surface charges. In Fig. 3, the final pH

v
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values—initial pH is presented in relation to initial pH of the bio-
sorbent suspension. As shown in Fig. 3, point of zero charge (pHpzc)
of the microalga was 6.94 (+0.03), which is consistent with the
study of Hornik et al. (2013), who found pHy, of 6.79 for Chlorella
pyrenoidosa. Thus, it can be stated that at pH values lower than 6.94,
the microalgae are positively charged, whereas at pH values higher
than 6.94 the adsorbent has a negative surface charge (Hao et al.,
2004).

3.2. Effect of biosorbent amount

Fig. 4 shows the biosorbent amount effect on the biosorption of
rhodamine B in the dye initial concentration of 100mg L™, tem-
perature 25 + 2 °C, solution pH of 4.5, 100 rpm and contact time of
4 h. It was possible to verify that the biosorbent amount increase
caused a decrease in biosorption capacity from around 20.0 to
3.6mgg". This occurred because some biosorption sites can be
overlapped, decreasing the amount biosorbed per unit of mass. The
removal percentage in turn increased with the biosorbent dosage,

| 4
-
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Fig. 2. SEM images of the microalgae: (a) before biosorption and magnification 250x; (b) before biosorption and magnification 500x; (c) before biosorption and magnification
1000x; (d) after biosorption and magnification 250x; (e) after biosorption and magnification 500x; (f) after biosorption and magnification 1000x.
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Fig. 3. Point of zero charge of the microalgae (n=3 repetitions). Conditions: Tem-
perature 25 °C; adsorbent mass 0.25 g; agitation 100 rpm; time 24 h,

attaining 89.0%. Thus, it was chosen to use the mass of 0.1 g of
microalgae for the next tests, since provides high biosorption

capacity.

3.3. Influence of pH and biosorption mechanism

Fig. 5 shows the pH effect on the biosorption of rhodamine B at
the initial concentration of 100 mg L', using 0.1 g of the biosorbent
under temperature conditions of 25 + 2 °C and 4 h. It was observed
that, when the pH increased from 2 to 8, an increase in the dye
biosorption capacity from 9.41 to 26.29mgg ™! occurred. A new
increase from 8 to 10 led to a decrease in biosorption capacity.
Evidently, the best values were found at pH of 8. The biosorption
behavior shown in Fig. 5 can be explained by the point of zero
charge of the biosorbent as well as by the molecular nature of the
rhodamine B dye. Thus, when the dye solution pH is lower than the
biosorbent pHp,, i.e., less than 6.94, the biosorbent surface is
positively charged. Therefore, the rhodamine B biosorption, which
is a cationic dye, tended to be smaller due to the repulsive forces
between the biosorbent surface and the cationic molecule. In
addition, at low pH values, the H™ ions compete with the cationic
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Fig. 4. Effect of microalgae biosorbent mass on the biosorption of rhodamine B dye
(n=3 repetitions). Conditions: Temperature 25°C; pH normal of the dye solution;
agitation 100 rpm; time 4 h.

pH

Fig. 5. Effect of pH of the dye solution on the biosorption of rhodamine B dye (n=3
repetitions). Conditions: Temperature 25 °C; adsorbent mass 0.1 g; agitation 100 rpm;
time 4 h.

dye and there is a decrease in the amount biosorbed. The presence
of excess ions H* in pH lower than pHpzc can decrease the car-
boxylic group ionization by decreasing the biosorption capacity of
rhodamine B. On the other hand, when the solution pH is increased,
the surface becomes negatively charged due to OH™ biosorption
and there is deprotonation, thus improving biosorption by elec-
trostatic attraction (Ahmad and Kumar, 2010). However, according
to Lacerda et al. (2015), biosorption reduction when the solution pH
was higher than 8 may be due to formation of hydrated ions of
rhodamine B, which leads to a larger molecular structure (dimer)
that hinders dye entry into the biosorbent pores. This same
behavior was reported by (Fernandez et al., 2014), who studied the
removal of rhodamine B dye by activated carbons developed from
orange peels, and in a study by (Santhi et al.,, 2011) who analyzed
the removal of the same dye, but using activated carbon produced
by the leaves of Acacia nilotica. Based on these results, pH 8 was
chosen for the development of the other tests.

3.4. Influence of time and dye concentration — biosorption kinetics

Biosorption is a time dependent operation. Therefore, by means
of a kinetic model it is possible to know the mass transfer resistance
in the biosorbent particle, describing the speed with which the dye
molecules are biosorbed. In addition, from these models it is
possible obtain information about factors that affect these reactions
(Ho and Mckay, 1998). Thus, biosorption kinetics was analyzed by
using the pseudo—first and pseudo—second orders models and
Elovich. In Fig. 6 the models studied and the experimental data are
plotted.

Results on Fig. 6 show that the initial dye concentration is an
important factor in the biosorption operation. The increase in initial
dye concentration led to an increase in biosorption capacity. This is
due to the fact that the increase of the initial dye concentration
increases the likelihood of contact between dye molecules and the
biosorbent (Yagub et al., 2014). In addition, it was observed that for
all concentrations studied, biosorption was a fast operation. It was
verified that 82—95% of saturation was attained within the first
30 min. After 30 min, the biosorption rate gradually decreases until
reaching equilibrium. This fact can be explained because, initially,
all active sites on the biosorbent surface are free, resulting in a fast
biosorption. As they are being occupied by rhodamine B, free sites
tend to decrease, leading to the process equilibrium point. It was
also possible to identify in Fig. 6 that equilibrium was reached at
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Fig. 6. Biosorption kinetics (n=3 repetitions). Conditions: Temperature 25°C;
adsorbent mass 0.1 g; pH of 8; agitation 100 rpm; time 4 h.

Table 2
Analysis of variance (ANOVA) applied for the biosorption capacities at times of
120 min, 150 min and 180 min for all studied concentrations.

Initial dye concentration (mg L") ANOVA p-value

20 0.772
100 0.051
200 0.708
300 0912
400 0.807
500 0.553

120 min of the test for all concentrations, when applying the
ANOVA test with a significance level of 5% for three consecutive
times, 120 min, 150 min and 180 min, and no difference was found,
as shown in Table 2.

Table 3 shows the kinetic parameter values for each model,
coefficient of determination (R?) values, adjusted coefficient of
determination (Rzadj) and average relative errors (ARE) values for all
concentrations studied. Comparing with all the models tested, the
pseudo—first order was the one that obtained the lowest values of
R? and R%; and the highest values for ARE (%). This result was
already expected, since the model typically only fits the initial

51

1307

70

qe(mg.g™")

s & 2 2
po B
Y

o
(=]

S

&

0
0 50 100 150 200 250 300 350 400 450 500

Ce (mgL™"
m25°c W35°C A45°C

Fig. 7. Biosorption equilibrium isotherms (n=3 repetitions). Conditions: adsorbent
mass 0.1g; pH of 8; agitation 100 rpm; time 4 h.

minutes of the biosorption process (Ho and Mckay, 2000). In gen-
eral, this model does not satisfactorily describe the biosorption
kinetics of rhodamine B dye as shown by authors (Khamparia and
Jaspal, 2016; Lacerda et al., 2015; Wang et al., 2017). The model
that best simulated the biosorption kinetics was the
pseudo—second order model, since the values of R? and Rzadj were
above 0.98 in all concentrations studied and the ARE values were
below 2.4%. In addition, the equilibrium biosorption capacity
calculated by the pseudo—second order model for concentrations
of 20, 100, 200, 300, 400 and 500 mg L~" were 7.52, 25.54, 36.62,
48.07, 51.94 and 55.89. These values were very close with the
experimental data (exp), confirming the good fit of this model. The
g2 values increased with the initial rhodamine concentration,
confirming that the biosorption capacity is favored at higher dye
concentrations. The h values presented the same trend, indicating
that at the initial stages, biosorption was faster at higher dye
concentrations.

3.5. Biosorption isotherm

By plotting the concentration in solid phase (ge, mg g~ ') against
the concentration of the liquid phase (C., mg L™') under the

Kinetic parameters for the biosorption of rhodamine B dye on the microalga (pH = 8; temperature 25 °C; adsorbent mass 0.1 g; agitation 100 rpm).

Table 3
Co(mgL™) 20 100
Gexp (Mg g™") 7.59 26.79
Pseudo—first order
k; (min~") 0.284 0.284
q;(mgg™) 7.38 24.75
R? 0.9964 0.9799
R 0.9956 09754
ARE (%) 1.12 3.12
Pseudo—second order
ky (g:mg "' min~') 0.125 0.022
q2(mgg™") 7.52 25.54
h(mgg' min~") 7.07 14.06
R? 0.9995 0.9935
Rui 0.9993 0.9921
ARE (%) 0.44 1.70
Elovich
a(mgg ' min~") 3.37 0.58
b(gmg™") 217x108 3.77x10*
R? 0.9940 0.9963
Raq 0.9927 0.9955
ARE (%) 1.74 1.40

200 300 400 500
37.02 4889 52.02 57.79
0.227 0.182 0.254 0.448
35.24 45.00 50.14 55.00
0.9844 0.9624 0.9835 0.9862
0.9809 0.9540 0.9799 0.9832
292 5.03 3.06 273
0011 0.005 0.009 0.023
36.62 48.07 51.94 55.89
1491 11.53 2442 7221
0.9922 0.9906 0.9971 0.9925
0.9904 0.9885 0.9965 0.9908
1.99 231 1.26 049

035 0.21 0.27 045
7.34x10° 6.65x10? 3.47x10* 1.71x10°
0.9826 0.9931 0.9919 0.9989
09787 09916 0.9901 0.9987
2.66 227 2.16 0.70
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Table 4
Equilibrium parameters for the biosorption of rhodamine B dye on the microalga
(pH = 8; biosorbent mass 0.1 g; agitation 100 rpm).

Temperature 25°C 35°C 45°C
Langmuir

qm(mgg™) 74.83 55.02 50.78
k (Lmg™") 0.0070 0.0110 0.0104
R 0.9905 0.9984 0.9947
R 0.9841 0.9973 0.9912
ARE (%) 6.78 1.59 3.17
Freundlich

ke (mg g ') (Lmg ")'M) 335 414 363

n 212 248 2.44
R 0.9836 0.9497 0.9658
R4 0.9727 0.9161 0.9431
ARE (%) 1032 17.13 14.04
Sips

Qs (mgg ") 63.13 53.46 54.19
ks(Lmg™") 0.0122 0.0117 0.0089
mr 1.08 1.05 0.90
R? 0.9692 0.9986 0.9956
R 0.9230 0.9966 0.9890
ARE (%) 6.39 1.35 2.97
Tenkim

kr(Lmg™") 0.1167 0.1330 0.1351
B 0.1775 0.2264 0.2579
R 09754 0.9942 0.9947
Rug 0.9590 0.9903 0.9912
ARE (%) 10.62 291 3.33

equilibrium conditions, graphically it is possible to describe equi-
librium biosorption isotherms, which are fundamentally important
in the design of the sorption system. There are many models that
are used to analyze experimental biosorption data at equilibrium
and these models equation parameters generally suggest the bio-
sorption mechanics and biosorbent surface properties (Cardoso
et al,, 2011).
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Fig. 7 shows the equilibrium isotherms for the considered bio-
sorption system, at temperatures of 25, 35 and 45 °C. Table 4 shows
the values of the isotherm parameters and of the statistical ana-
lyzes. Observing the shape of the isotherms obtained with the
experimental data of Fig. 7 and according to Blazquez et al. (2010),
these are associated to formation of a monomolecular layer on the
biosorbent surface. In addition, they indicate that the biosorption
operation is favorable, that is, it is possible to obtain a relatively
high biosorption capacity, even under conditions of low dye con-
centration in the solution. It is also concluded that the most suitable
temperature for biosorption of rhodamine B is 25°C, since the
biosorption capacity decreased with increasing temperature. Such
behavior may be related both to changes in the dye and those in the
biosorbent due to increase in temperature. Authors (Crini and
Badot, 2008; Feng et al., 2013; Salleh et al.,, 2011) explain that,
with increasing temperature, dye solubility also increases, and thus
the interaction forces between the water and the dye become
stronger than the forces between the dye and the biosorbent and
consequently it is more difficult for the dye to be adsorbed. Another
explanation is the fact that temperatures above 35 °C can damage
the microalgae cell wall, thus affecting the biosorption sites and
consequently reducing biosorption capacity, (Aksu and Tezer, 2005;
Cardoso et al., 2012; Dotto et al., 2012). Another observation, which
can be carried out with the inverse relationship between the
microalgae biosorption capacity and the increase in temperature, is
that this is indicative of the exothermic nature of the rhodamine B
biosorption operation by microalgae. Other authors (Aravindhan
et al,, 2007; Guler et al., 2016; Ozer and Turabik, 2005) have also
observed this behavior in removal of dyes using green and blue
microalgae.

Among the isotherms models adjusted, it was possible to verify,
from Table 4, that the Sips model was the best fit to the experi-
mental data, since it presented values of R higher than 0.96 and the
lowest values of ARE for all temperatures tested. Other authors,

Table 5

Comparison between the Chlorella pyrenoidosa and other materials used for the removal of rhodamine B dye from aqueous solutions.
Adsorbent/biosorbent pH T(°C) Gmax (Mg g7 ')? Reference
Chlorella pyrenoidosa 8.0 25 63.14 This work
Beta zeolites (Si0,/Al;03) 3.0 22 27.97 Cheng et al. (2018)
Activated carbon 5.0 - 1624 Tuzen et al. (2018)
Activated carbon/Fe 5.0 - 225.2 Tuzen et al. (2018)
Activated carbon/Fe/Ce 5.0 = 3246 Tuzen et al. (2018)
Xanthium strumarium L. seed 20 50 10.39 Khamparia and Jaspal (2017)
Earth worm manure derived biochar—400 - - 14.79 Wang et al. (2017)
Earthworm manure derived Biochar—500 - - 17.39 Wang et al. (2017)
Earthworm manure derived Biochar 600 - - 21.60 Wang et al. (2017)
Argemone mexicana seed 3.0 50 17.29 Khamparia and Jaspal (2016)
Activated carbon (Carnauba—H3PO4) 7.0 45 35.99 Lacerda et al. (2015)
Activated carbon (Carnauba— CaCl,) 7.0 45 39.98 Lacerda et al. (2015)
Activated carbon (Macauba—H3P0,) 7.0 45 33.69 Lacerda et al. (2015)
Activated carbon (Macauba—CaCl,) 7.0 45 3422 Lacerda et al. (2015)
Activated carbon (Pine nut shell-H3P0s) 7.0 45 33.08 Lacerda et al. (2015)
Activated carbon (Pine nut shell— CaCl,) 7.0 45 3397 Lacerda et al. (2015)
Kaolinite 6.9 30 21.65 Bhattacharyya et al. (2014)
Kaolinite (0.25 M H,S04) 6.9 30 23.15 Bhattacharyya et al. (2014)
Kaolinite (0.50 M H;504) 6.9 30 23.70 Bhattacharyya et al. (2014)
Montmorillonite 6.9 30 181.81 Bhattacharyya et al. (2014)
Montmorillonite (0.25 M H;S04) 6.9 30 185.18 Bhattacharyya et al. (2014)
Montmorillonite (0.25 M H3S04) 6.9 30 188.67 Bhattacharyya et al. (2014)
Acacia nilotica (Microwave treated) 7.0 27 2439 Santhi et al. (2014)
Acacia nilética (Chemically—treated) 7.0 27 2237 Santhi et al. (2014)
Milled sugarcane bagasse - - 51.50 Zhang et al. (2013)
Kaolinite 7.0 30 46.08 Khan et al. (2012)
Iron—pillared bentonite 5.0 25 98.62 Hou et al. (2011)
Fly ash - - 10.00 Chang et al. (2009)
Rice husk 2.1 60 42.05 Jain et al. (2007)
Activated carbon (Industrial solid) 5.7 30 16.12 Kadirvelu et al. (2005)

2 Maximum adsorption capacity.
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such as (Cardoso et al., 2012; Dotto et al., 2012; Paska et al., 2014)
have also obtained Sips as the best fit model of the experimental
data in dye removal using biosorbents. From the mr parameter
values of the Sips model, which was very close to 1.0 (0.9 < mr *
1.09), one can conclude that biosorption was closer to the mono-
layer theory, which corroborates the isotherms shape obtained
with the experimental data. The g values increased with the
temperature decrease, confirming that the biosorption capacity
was favored at 25°C. The same behavior was observed for the ks
parameter, indicating that the affinity dye/biosorbent is higher at
25°9C

In order to verify the suitability of the Chlorella pyrenoidosa as
biosorbent, a comparison with other materials was performed and
the results are presented in Table 5. Among the 30 adsorbents used
to remove rhodamine B (Table 5), the Chlorella pyrenoidosa used in
this work presented the seventh maximum biosorption capacity,
and as can be seen the microalgae is a promising biosorbent for
rhodamine B dye biosorption from wastewater.

4. Conclusion

The ability of Chlorella pyrenoidosa microalgae to remove
rhodamine B dye from dyeing stones effluents was examined by
means of evaluation of the parameters: initial microalgae dosage,
pH of the dye solution and temperature. In addition, biosorption
kinetics and equilibrium studies have also been developed. Results
showed that the best pH for biosorption of cationic rhodamine B
dye was 8. The biosorption operation reached the equilibrium
around 120 min for all the concentrations evaluated. Temperature
increase had a negative influence. The biosorption kinetics followed
the pseudo—second order model with average relative error values
lower than 2.4%. The isotherm model that best fits the experimental
data was Sips, in which maximum calculated capacities of 63.14,
53.46 and 54.20mg g~ were obtained for temperatures of 25, 35
and 45 °C respectively, which indicates that rhodamine B dye bio-
sorption by the microalgae is exothermic.

Although the literature contains many studies on the removal of
rhodamine B dye through biosorption with biosorbent materials,
no study had been conducted using the microalga Chlorella pyr-
enoidosa. Thus, this study shows that Chlorella pyrenoidosa deserves
attention as a biomass that can be used in the treatment of
wastewater containing dyes and it may be considered as an alter-
native to more costly materials such as activated carbon. Chlorella
pyrenoidosa was an efficient and eco—friendly biosorbent to be
used in the removal of rhodamine B from aqueous media,
contributing with the treatment of liquid effluents.
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Abstract

The optimum conditions for removal of rhodamine B (RhB) in waste, using commercial
activated carbon (AC) was tested. The adsorption was carried out in order to evaluate the
effects of the pH, contact time and temperature, the Kinetics was studied for the dye
concentration range of 20-500 mg L™ using pseudo—first order and pseudo-second order
models. Equilibrium isotherms were analyzed by the Langmuir, Freundlich and Sips models.
Results showed that the AC presented the highest adsorption capacity at pH 8.0 and
temperature of 25 °C. The kinetic model that better fitted the experimental data was pseudo—
second order. The Sips isotherm presented the best performance, the adsorption capacities
values were 147.58, 140.01, and 137.27 mg g* for the temperatures of 25, 35 and 45 °C
respectively. Results indicated that the adsorption using the tested activated carbon has a

great potential for rhodamine B removal from dyeing stones effluents.

Keywords: Adsorption, Dye removal, Rhodamine B.
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1. Introduction

Population growth has generated problems such as a deterioration of water quality.
One of the most abundant sources of pollutants are sewage, this includes microorganisms and
chemical substances (e.g. artificial fertilizers, pesticides, dyes).

Dyes are substances with high potential for application in the most diverse areas and
are used to color final products of textile, precious stones, leather, paper, plastics and food
industries. In Brazil, more specifically in the state of Rio Grande do Sul, organic dye RhB is
used for dyeing agate since the state is the largest producer and exporter of these gems
worldwide.

To prepare the geode for export, several processing procedures are used, such as
tinting, which is performed to obtain different shades of products, making them more
attractive to the market. However, after dyeing the gems are washed with tap water and,
colored effluents are generated, with concentrations of dyes ranging from 20 to 500 mg L™
(Carissimi et al., 2000).

Thus, the problem of organic dye removal from the wastewater before releasing it to
the environment is of top importance. It is known that colored effluents are one of the most
problematic ones to be treated, due to high amounts of chemical, toxic compounds,
suspended solids, biochemical oxygen demand and aesthetic repugnance aspect caused by the
color.

Moreover, dyes can significantly affect the photosynthetic activity in aquatic life,
reducing light penetration and to be toxic due to the presence of complex aromatic
compounds, enhancing the resistance for natural degradation (Aksu and Tezer, 2005). So
many methods (e.g. chemical, biological and physical) have been proposed for removal dye.

Barros et al. (2006) and Pizzolato et al. (2002) emphasize that techniques such as

photochemical degradation, chemical oxidation, and advanced oxidative treatment processes
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have already been tested to treat the problems caused by agate dyeing. However, they have
generated by-products that are as harmful to human health as the dyes themselves.

The most suitable technique for the removal of dye is the application of adsorption.
Some authors (Crini, 2006; Gupta and Suhas, 2009; Srinivasan and Viraraghavan, 2010;
Sharma et al., 2011; Solis et al., 2012) point out that adsorption is an acceptable technique for
treatment of colored effluents because of the high efficiency and wide availability of
adsorbents makes it very attractive for dye removal from water environment.

Therefore, the work aims to use a commercial activated carbon for the removal of
rhodamine B from dyeing stones effluents. In order to establish the optimum conditions of
adsorption, the effects of RhB concentration, contact time of the adsorbate with the
adsorbent, pH of the rhodamine B solution and temperature of the process on the
effectiveness of adsorption were studied. The dye selected for the study was RhB (chemical
formulaC,sH3:N,03Cl and molecular mass 479.01 g.mol™), it is one of the most important

xanthene dyes characterized by high stability.

2. Experimental

2.1. Materials

The activated carbon (AC) was produced by AlphaCarbo® company; the RhB dye
was supplied by MERCK™; the AP40 0.45-um fiberglass filters were produced by

Milipore™and the NaOH and HCI solution used for pH adjustment were from Vetec™.
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2.2. Characterization

The AC was characterized in relation to specific surface area and that was determined
by applying the BET equation to the adsorption-desorption of N, at 77 K (Brunauer et al.,
1938). The point of zero charge was also performed (pHy.) according to the methodology
presented by (Park and Regalbuto, 1995),

The X-ray diffraction (XRD) analysis was performed with an X-ray diffractometer
(Rigaku, Miniflex 300) with the scanning angle (20) was kept between 5-100° use a current
of 10 mA and voltage of 30 kV. The intensity peaks indicate the values of 20, where Bragg’s
law is applicable and compounds were identified by using the International Center for
Diffraction Data (ICDD) library.

The materials were also analyzed before and after adsorption by Fourier transform
infrared spectrometry (FTIR), and the morphology was verified by scanning electron
microscopy (SEM). FTIR analyzes were (Shimadzu, IR Prestige 21) in the range of 450-
4000 cm™ to identify the functional surface groups. SEM was carried out with an electron
microscope (VEGA 3, Tescan), in which the samples were metalized with gold and used
voltage acceleration of 5 kV and magnification range from 250 to 1000 times when using
secondary electron detector (SE). In order to determine the elemental composition on the AC

surface, X-ray energy dispersion detector (EDX—-Oxford) was used.

2.3. Adsorption experiments

All experiments were carried out in triplicates using 250 mL glass beakers with 100
mL of rhodamine B solution, in which, to maintain stirring uniformity, the DBO BODTRAK
Il equipment agitator table was used at a speed of 100 rpm. After the adsorption operation,

samples were filtered using an AP40 filter, which did not show iteration with the dye, and the
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dye concentration was determined by a spectrophotometer (V1600 Spectrophotometer) at a
554 nm wavelength.

The effects of the variable parameters such as the amount of activated carbon, contact
time, pH and temperature were studied. Initially, to analyze the effect of adsorbent dose on
percentage removal of dye and adsorption capacity, the experiment was carried out using 100
mg L™ of the dye solution and varying the adsorbent mass from 0.1 to 2 g at the pH of the
dye solution (pH 4.5)

In the same concentration of RhB (100 mg.L™), the effect of pH was studied, the
initial pH values ranging from 2 to 12, and was controlled by the addition HCI or NaOH (0.5
mol L) solutions. The experiments were carried out at room temperature (25 + 2 °C), and
after 4 h aliquots were removed to measure the final concentration of the dye solution.

Dye removal percentage (R%) and adsorption capacity of the AC (q;) were determined

by Egs. (1) and (2), respectively.

R (%)= Lo 00 (1)
Co
V(Cn —Cp)
q = B e 4 (2
m

where Cy is the initial dye concentration (mg L™); C; is the dye concentration at time t in (mg
L™Y): V represents the solution volume (L); m is the mass of AC used (g).

Kinetic experiments were performed, in optimum conditions of mass and pH, and
samples were withdrawn at appropriate time intervals (5-240 min) and absorbance in the
supernatant was measured. So was agitated 0.1g at pH 8 in room temperature and dye
concentration ranged from 20 to 500 mg L%, the same range concentrations found in the

effluents of the agate dyeing industries according to Pizzolato et al. (2002).
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The experimental data were fitted to the models of pseudo-first order (Eq. (3))

(Lagergren, 1898) and pseudo—second order (Eq. (4)) Ho and Mckay, 1998)

gt =g, (1—e“Y) (3)
t
qt= 1—+i (4)
k.9 a,

where g and gare the theoretical values of the adsorption capacity (mg g) determined by
the models of pseudo-first and pseudo—second orders, respectively; k; is the adsorption rate
constant (min™") of pseudo—first order and k; is the rate constant (g mg 'min™) of pseudo-
second order.

The adsorption isotherms were determined using the same optimum values of mass
and pH, at temperatures of 25, 35 and 45 °C, samples were withdrawn for determination of
isotherms after 4 hours of experiment, for each different initial dye concentrations (20 - 500
mg L ™).

With the experimental data obtained, the Langmuir (Eq. (5)) (Langmuir, 1918),

Freundlich (Eq. (6)) (Freundlich, 1906) and Sips (Eq. (7)) (Sips, 1948) models were adjusted.

quLCe
— dmPLe 5
% 1+k.C, ®)
1
qe = kFCen (6)
O (K,Ce) ™
Qe = (7)

1+ (kC,)™
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where g represents the amount of dye adsorbed (mg g); gm the maximum adsorption
capacity in the monolayer (mg g™); gms the maximum adsorption capacity of Sips (mg g™); k.
the Langmuir constant (L mg™); ke the Freundlich constant (mg g *)(L mg™ )*™); ks the Sips
constant (L mg™) ; Ce represents the equilibrium concentration (mg L™); when n presumes
values higher than 1, it represents favorable adsorption conditions and mr the fractional
exponent related to the adsorption mechanism.

The kinetic and isotherms parameters were determined by nonlinear regression using
the Statistic 10.0 software, in which adjustment quality was measured according to the
coefficient of determination (R?) (Eq. (8)), adjusted coefficient of determination (Rzadj) (Eq.

(9)) and average relative error (ARE) (Eq. (10)).

RZ _ Z(qexp _axp)2 _Z(qexp _qcal)2

— (8)
Z (qexp - qexp)
N -1
Rjdj :1—(1— RZ)(W) (9)
100 Uexp — eal
ARE = === (10)
N <ty |

where Qeyp are the experimental data (mg gl G.xp1S the mean of the experimental data (mg

g%); qea are values predicted by the models (mg g*); N is the sample size and P is the

number of the model parameters.

3. Results and Discussion

3.1. Activated carbon characterization
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The surface area calculated was 547.74 m2.g™, and adsorption capacity of AC depends
on various factors, such as surface area, the most widely used activated carbons have a high
surface area (> 500 m? g). and as a consequence, show high efficiency for the adsorption
(SHARMA et al., 2011).The pHy,c evaluation is presented in Figure 1, where the difference

between the initial and final pH values are plotted against the initial pH values.

Final pH - Initial pH
o
»>
»>
>
| g

1 2 3 4 5 6 7 8 9 10 11 12
Initial pH

Figure 1: Point of zero charge of the activated carbon (n = 3 repetitions). Conditions:
Temperature 25 °C; adsorbent mass 0.25g; agitation 100 rpm; time 24 hours.

From the Figure 1, it was found that the pHp, is 7.41(x 0.01), a similar value was
found by (Kodama and Sekiguchi, 2006). When the values of the pH>pH ;. the surface of the
AC is negatively charged, and it is suitable for adsorption of cationic molecules, however for
the values of pH<pH,,. the surface is positively charged being more adequate for anionic

molecules (Islam et al., 2017; Zhang et al., 2013).
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Therefore, it can be inferred that when the pH of the rhodamine B solution is greater
than 7.41 (x 0.01) due to the negatively charged surface of the AC and the adsorption of dye
will be higher.

The data of the diffractogram of the AC, Figure 2, show that the sample has a
typically amorphous character, in which this amorphous characteristic is related to the fact
that the samples are of AC, but some diffraction peaks emerge from the baseline, indicating
the presence of a small amount of crystalline material, referring to 26 = 26,39 ° and 43,07 °

that can be related to carbon and graphite (Saini et al., 2017; Shrestha, 2016).
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Figure 2: X-ray diffraction of activated carbon.

Figure 3 shows the vibrational spectroscopy of the infrared region of activated carbon,
before and after dye adsorption, where it is possible to observe characteristic bands of organic
materials from plant biomass, however it is clear that the peaks are not accentuated, there is

little intensity of the bands of the functional groups existing in the AC, which is linked to the
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pyrolysis process in the organic base material. The band around 3431 cm™ is attributed to the
stretching of the -OH group, indicating the presence of hydroxyl groups, and the band in
1581 cm™ evidences the presence of carbonyl groups C = O, existing in carboxylic acids,
ketones and in the cellulose itself, the peak at 1075 cm™ represents C-O bonds of alcohols,
functional groups present also in the works of (DANISH et al., 2018; LACERDA et al.,

2015).

T T T T T T T T 22
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Figure 3: FTIR spectra of the activated carbon before and after adsorption.

In addition it can be seen that the wavenumbers of the vibrational bands were
practically the same after adsorption of RhB, indicating the interaction between the dye with
the adsorbent presented low energy, but the weak and broad bands do not provide any
authentic information about the nature of the adsorption (CARDOSO et al., 2012;

KUSHWAHA et al., 2010).
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The images obtained by SEM for the activated carbon are shown in Figure 4 (a, b, and
c), in which it is possible to observe the fibrous structure of the material, as well as flattened
walls. It is also noticeable that the surface was rough and has an undulating and depressed
appearance, consistent with the loss of water from the fresh tissue (FERNANDEZ et al.,

2014a).

Figure 4: SEM images of the activated carbon: (a) before adsorption and
magnification 250x%; (b) before adsorption and magnification 500x; (c) before adsorption and
magnification 1500x; (d) after adsorption and magnification 250x; (e) after biosorption and
magnification 500x%; (f) after adsorption and magnification 1500x%.

The images are shown in Figure 4 (d-f) show that there was no apparent change in the
surface of the AC after the adsorption process of the dye. The elemental composition of the
activated carbon has been examined by SEM—-EDX analysis in which it was possible to verify

elements present on the surface. As expected, the main elements were carbon (90.02%) and
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oxygen (9.54%), however, less than 0.1% were calcium, silicon, potassium, aluminum, iron,

and magnesium, similar to those found in (KUSHWAHA et al., 2010).

3.2.  Effect of sorbent amount and pH on adsorption

The effect of the adsorbent mass is showed in Figure 5, the initial concentration was

100 mg L™, pH solution of 4.5, the temperature of 25 + 2°C, 100 rpm, and 4 hours of contact

time. As the AC amount increased the removal percentage increases from 73.72 £ 1.35 % to

99.96 + 0.007, nevertheless the rate of the removal percentage stays statistically the same,

thus leading that the removal is independent of the dosage.
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Figure 5: Effect activated carbon mass on the adsorption of rhodamine B dye (n =3
repetitions). Conditions: Temperature 25 °C; pH normal of the dye solution; agitation 100
rpm; time 4 hours.
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For the adsorption capacity, it was found that the values tend to decrease (from 73.72
+ 1.35to 5 + 0.007) with the increment of the adsorbent mass, from a physical point of view
this can be explained by the saturation of active sities that can occur. Thus, it was chosen to
use 0.1 g of AC for the remaining experiments, since it provides the best values for
adsorption capacity and satisfactory removal percentage.

The pH effect into de adsorption RhB was studied using an initial concentration of
100 mg L?, 0.1 g of AC, at temperature conditions of 25 + 2°C and 100 rpm. Figure 6
represents the experimental data for the pH effect, it was possible to observed a slight
increase of the adsorption capacity of 5% from the pH 2 to 8, therefore from pH 8 to 10 a

decrease of 2.58% was found.
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Figure 6: Effect of pH of the dye solution on the adsorption of rhodamine B dye (n =
3 repetitions). Conditions: Temperature 25 °C; adsorbent mass 0.1g; agitation 100 rpm; time
4 hours.
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This effects can be correlated to the surface charges and repulsive forces that are
acting between the RhB and the AC for the pH<pH,... When the pH is above the 8 an effect
happens due to the formation of hydrated ions of RhB, which leads to a larger molecular
structure (dimer) that hinders dye entry into the AC pores (Lacerda, 2015).

Other reports corroborate with observations in this study, Fernandez (2014b) found
similar behavior for the adsorption of RhB on AC from orange peels, furthermore, Santhi
(2011) has identified the same pattern for the pH influences when using AC from leaves of
Acacia nitolica. Taking into account the effect of the pH and the other reports the pH 8 was

chosen for further experiments.

3.3.  Adsorption kinetics

The adsorption kinetics of RhB onto AC are related through the curves of adsorption
capacity is a function of time. The initial concentration of RhB ranged from 20 to 500 mg L,
pH 8, the mass of 0.1 g of AC, and a temperature of 25 + 2°C, here presented in Figure 7.

Results showed, for all concentrations studied, that adsorption was a fast operation
and more than 82% of saturation was attained at about 30 minutes, and more than 91% was
attained at about 60 minutes. After 60 minutes the adsorption rate decreased considerably,
and the equilibrium reached at 75 min, this pattern repeats for every concentration in
exception of 500 mg L™ that equilibrium reached at 90 min.

The initial concentration of the dye is a major factor for the adsorption process, as
shown in Figure 7 for the 500 mg L™ of RhB the rate of adsorption tends to be higher in
comparison with the other initial concentrations. This can explain by the higher gradient of
concentration due to the presence of more cations of RhB per activated sities of the AC

(Bhattacharyya et al., 2014; Zimmermann et al., 2016).
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Figure 7: Adsorption kinetics (n = 3 repetitions). Conditions: Temperature 25 °C; adsorbent
mass 0.1 g; pH of 8; agitation 100 rpm; time 4 hours.

Further, the ANOVA test with 5% significance was applied to the experimental data,
from the 75 min to the 120 min for the initial concentration of 20,100,200,300 and 400 mg L~
! For the initial concentration of 500 mg L™ it as used the times from 90 to 150 min due to
higher adsorption rate. The results are presented in Table 1.

The experimental data can be evaluated in terms of kinetic models, from these models
it is possible to obtain information about factors that affect these reactions (Ho and Mckay,
1998). In this study, two Kkinetic models were fitted to the experimental data, namely the
pseudo-first order and pseudo-second order model, plotted in Figure 7.

The kinetic parameters, the coefficient of determination (R?) and average relative
errors (ARE) values for all concentrations studied and for each model fitted are shown in
Table 2. The comparison of the R? and the ARE (%) between the twos model indicate that the
pseudo-second order is more suitable to describe the adsorption Kinetic process of RhB onto

AC.
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Table 1: Analysis of variance (ANOVA) applied for the adsorption capacities at times of 75
min, 90 min and 120 min for the concentration (20,100,200,300 and 400 mg.L ™) and 90min,
120 and 150 min for the 500mg.L™

Initial dye concentration ANOVA
(mg L™ p-value

20 0.119

100 0.053

200 0.975

300 0.956

400 0.867

500 0.585

Table 2: Kinetic parameters for the adsorption of rhodamine B dye on the activated carbon
(pH = 8; temperature 25 °C; adsorbent mass 0.1g; agitation 100 rpm).

Co(mg L™ 20 100 200 300 400 500
Jexe (Mg g7 19.94  79.38  86.36 9239  10.11 108.98
Pseudo—first order
ks (min™) 0860  0.272  0.363 0418  0.383  0.373
g (mgg™) 19.90 7122  80.80 86.49 100.07 103.93
R2 1.0000 0.9424 0.9780 0.9788  0.9454  0.9605
R24j 0.9999 0.9295 0.9741 09741 09333 0.9517
ARE (%) 0.13 5.56 2.86 3.02 5.51 4.61
Pseudo—second order
k2 (g.mg " min) 0.629  0.006  0.009 0.011 0013  0.011
G2(Mg g™) 19.93 7434  83.10 88.31 98,59 10553
R? 1.0000 0.9757 0.9911  0.9892 0.9527  0.9745
R24j 1.0000 0.9703 0.9891  0.9868 0.9422  0.9689
ARE (%) 0.05 3.85 2.15 2.27 5.28 3.84

The equilibrium adsorption capacity calculated by the pseudo-—second order model
were very close with the experimental data (Qexp), confirming the good fit of this model. The
values of (gexp) for concentrations of 20, 100, 200, 300, 400 and 500 mg L were 19.93;
74.34; 83.10; 88.31; 98.59 and 105.53 mg g™*. The g, values increased with the initial RhB
concentration, confirming that the adsorption capacity is favored at higher dye

concentrations.
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3.4.  Effect of temperature and Equilibrium isotherms

As shown in Figure 8 adsorption capacity of AC was observed to decrease with rising
of temperature. This result ratifies the affirmation that the most of the reported dye sorption
processes are exothermic, so it was expected that an increase in temperature of the sorbate-
sorbent system would result in a reduction of sorption capacity (Aksu and Tezer, 2005).

The decrease in the quantity of RhB adsorbed at high temperature can be related to the
fact that increase in temperature may have resulted in a reduction in binding force between
the AC and RhB (Inyinbor et al., 2016). Other authors have also observed this behavior in the
removal of RhB (Chen et al., 2011; Li et al., 2015; Maneerung et al., 2016; Zhang et al.,
2013), so the best temperature to perform absorption of RhB by activated carbon is 25°C.

The shape of the isotherms obtained with the experimental data of Figure 8 indicate
adsorption operation is favorable, and it is possible to obtain a relatively high adsorption

capacity, even under conditions of low dye concentration in the solution.
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Figure 8: Adsorption equilibrium isotherms (n = 3 repetitions). Conditions: adsorbent
mass 0.1 g; pH of 8; agitation 100 rpm; time 4 hours.
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The experimental data was tested on Langmuir, Freundlich, and Sips isotherms to
attain the in-depth mechanism for uptake of dye during adsorption process, at 25, 35 and 45
°C and Table 3 shows the values of each isotherms parameters and the statistical analyzes.

The values of n (6.24, 5.96, and 5.90, at 25, 35 and 45 °C respectively) on the
Freundlich isotherm, shown in Table 3, corroborate with what has been said previously of the
isotherms being favorable, because in general, a favorable adsorption tends to have a value of
n between 1 and 10, and the higher the value of n the stronger the interaction between the
adsorbate and the adsorbent (Goswami and Phukan, 2017).

Table 3 shows that among the tested isotherms Freundlich and Sips were better
adjusted to the data. Values of R? were greater than 92% for both isotherms at the three
temperatures, however, it can be seen that the adsorption isotherm of RhB fits Sips isotherm
model much better than Freundlich isotherm model, due Sips lowest ARE (%) values for all
the temperatures tested.

Other authors, such as (Cardoso et al., 2012; Dotto et al., 2012; PasKa et al., 2014)
have also obtained Sips as the best fit model of the experimental data in dye removal. The Qms
values (147.58, 140.01 and 137.37 mg g™) decrease with the temperature increased (25, 35
and 45 °C), confirming that the adsorption capacity was favored at 25 °C.

The same behavior was observed for the ks parameter, indicating that the affinity
RhB/AC is higher at 25 °C.

Table 4 shows the comparison the capacities of maximum adsorption of RhB using
the AC in this work and other adsorbents reported in the literature. It is found that the among
the 44 adsorbents used to remove RhB the commercial activated carbon used in this paper

presented the ninth maximum adsorption capacity.
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Table 3: Equilibrium parameters for the adsorption of rhodamine B dye on the activated
carbon (pH = 8; adsorbent mass 0.1g; agitation 100 rpm; 4 hours).

Temperature 25 °C 35 °C 45 °C
Langmuir
gm (Mg g™t 9525 9221  89.59
k(L mg™t) 39379 23233 2.0554
R2 0.8815 0.8941 0.8972
R2y; 0.8024 0.8235 0.8286
ARE (%) 10.18 9.56 9.32
Freundlich
ke (mgg ) (Lmg ™)™ 4191 3875  37.15
n 6.24 5.96 5.90
R2 0.9565 0.9693 0.9742
R2,q 0.9274 0.9489 0.9570
ARE (%) 10.36 8.38 8.02
Sips

Oms (Mg g7) 14758  140.01  137.27
ks (Lmg™) 0.0491 0.0483 0.0428
mr 0.31 0.33 0.33
R? 0.9711 0.9869  0.9921
R2yj 0.9277 0.9672  0.9803
ARE (%) 6.079 4.04 3.01

Table 4: Comparison between the activated carbon and other materials used for the
removal of rhodamine B dye from aqueous solutions.

Adsorbent/biosorbent pH T gma(mg g H* Reference
°C)
Commercial Activated Carbon 8.0 25 147.58 This work
Carbon xerogel modified with - - 132.00 Ptaszkowska-koniarz et al.
ethylenediamine (2018)
Carbon xerogel modified with - - 124.00 Ptaszkowska-koniarz et al.
copper (2018)
Carbon xerogel 100.00 - - 100.00 Ptaszkowska-koniarz et al.
(2018)
Beta zeolites (SiO,/Al,03) 30 22 27.97 Cheng et al. (2018)
Activated carbon 50 - 162.4 Tuzen et al. (2018)
Activated carbon/Fe 50 - 225.2 Tuzen et al. (2018)
Activated carbon/Fe/Ce 50 - 324.60 Tuzen et al. (2018)
Gelatin/activated carbon 4.0 30 256.41 Hayeeye et al. (2017)
Xanthium strumarium L. seed 20 50 10.39 Khamparia and Jaspal (2017)
Activated carbon — 30 196.00 Danish et al., (2017)

(Phoenix dactylifera)
Activated carbon 70 - 128.20 Saini et al. (2017)



(zinc oxide)

Earth worm manure derived
biochar — 400
Earthworm manure derived
Biochar —-500
Earthworm manure derived
Biochar 600
Castor bean residue carbons
(Activated - ZnCly,)
Castor bean residue carbons
(Activated — KCI)
Castor bean residue carbons
(Activated — KCI + ZnCly)
Castor bean residue carbons
(Activated - MgCl, + ZnCly)
Castor bean residue carbons
(Activated - FeCl; + ZnCly)
Argemone mexicana seed
Brazilian natural bentonite
Ag@AgBr/SBA-15
Activated carbon
(Carnauba—H3PO,)
Activated carbon
(Carnauba— CacCl,)
Activated carbon
(Macauba—H3POy)
Activated carbon
(Macauba—CacCl,)
Activated carbon
(Pine nut shell-H3PQO,)
Activated carbon
(Pine nut shell- CaCly)
Magnetic bentonite material
(Fe304/Al-B) Fe304
Kaolinite
Kaolinite (0.25 M H,SO,)
Kaolinite (0.50 M H,SO,)
Montmorillonite
Montmorillonite (0.25 M H,S0O,)
Montmorillonite (0.25 M H,S0O,)
Acacia nilética
(Microwave treated)
Acacia nilética
(Chemically—treated)
Milled sugarcane bagasse

Kaolinite
Iron—pillared bentonite
Fly ash

4.1

4.1

4.1

4.1

4.1

3.0
4.5
4.3
7.0

7.0

7.0

7.0

7.0

7.0

6.9
6.9
6.9
6.9
6.9
6.9
7.0

7.0

7.0
5.0

50
25
20
45

45

45

45

45

45

25

30
30
30
30
30
30
27

27

30
25

14.79

17.39

21.60

175.00

12.00

6.61

113.00

115.00

17.29
77.30
66.67
35.99

39.98

33.69

34.22

33.08

33.97

62.15

21.65
23.15
23.70
181.81
185.18
188.67
24.39

22.37

51.50
46.08
98.62
10.00

75

Wang et al (2017)

Wang et al. (2017)

Wang et al. (2017)
Zhi and Zaini (2017)
Zhi and Zaini (2017)
Zhi and Zaini (2017)
Zhi and Zaini (2017)
Zhi and Zaini (2017)

Khamparia and Jaspal (2016)
Zimmermann et al. (2016)
Hu et al. (2015)
Lacerda et al. (2015)

Lacerda et al. (2015)
Lacerda et al. (2015)
Lacerda et al. (2015)
Lacerda et al. (2015)
Lacerda et al. (2015)
Wan et al., (2015)

Bhattacharyya et al. (2014)
Bhattacharyya et al. (2014)
Bhattacharyya et al. (2014)
Bhattacharyya et al. (2014)
Bhattacharyya et al. (2014)
Bhattacharyya et al. (2014)
Santhi et al. (2014)

Santhi et al. (2014)

Zhang et al. (2013)
Khan et al. (2012)
Hou et al. (2011)

Chang et al. (2009)
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Rice husk 21 60 42.05 Jain et al. (2007)
Activated carbon (Industrial solid) 5.7 30 16.12 Kadirvelu et al. (2005)

*maximum adsorption capacity

4. Conclusion

According to the results, the commercially activated carbon testes obtained good
results to the removal of RhB from dyeing stones effluents. The ability of AC was examined
by means of evaluation of the parameters: initial dosage, pH of the dye solution and
temperature, and adsorption kinetics and equilibrium studies have also been developed.

Results showed that the best pH for adsorption of cationic RhB dye was 8. It was
observed that with increasing starting dye concentration in the solution, the sorption capacity
of the samples studied increases.

Their sorption capacity also depends to a high degree on the time of contact between
the AC and the RhB. The adsorption operation reached the equilibrium around 120 minutes
for all the concentrations evaluated.

The adsorption kinetics followed the pseudo-second order model with average
relative error values lower than 5.28%. The isotherm model that best fit the experimental data
was Sips, in which maximum calculated capacities of 147.58, 140.01 and 137.27 mg g were
obtained for temperatures of 25, 35 and 45 °C respectively, which indicates that temperature
increase had a negative influence and the RhB dye adsorption is exothermic.

As illustrated by the comparison with sorption abilities of other adsorbents, the AC
tested are effective in removal of rhodamine B from water environment as their sorption

capacities are at a sufficiently high level.
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Abstract

In this study the microalgae Chlorella pyrenoidosa (CP) was supported on sand and was
effectively used in a fixed bed as a biosorbent material for the removal of Rhodamine B
(RhB) dye from aqueous solutions. Fourier transform infrared spectroscopy (FTIR), scanning
electron microscopy (SEM) and X-ray energy dispersion (EDX) were employed to
characterize the microalgae biomass. In the fixed bed adsorption, the effects of flow rate (Q =
1.6-18.4 mL min "), initial dye concentration (Co, = 32-368 mg L") and microalgae mass
(M=1.64-8.36 g) were optimized by response surface methodology (RSM). The compatibility
of the experimental data with dynamic models such as BDST, Thomas and Yoon—Nelson
were investigated. Furthermore, the bed regeneration was studied. The optimal conditions for

the fixed bed operation were flow rate of 1.6 mL min™'

, initial RhB concentration of 368.0 mg
L' and 5 g of microalgae. The maximum capacity of the column was 48.7 mg g~ and the
removal percentage was 61.7%. The dynamic models showed fit to the experimental data
(R= 0.9919), and could be applied for the prediction of the column properties and
breakthrough curves. The column regeneration was performed for five adsorption—elution

cycles using HCI as eluent. These results provide an important basis for future scale—up of

fixed bed biosorption of RhB on microalgae/sand.

Keywords: Dye removal; Breakthrough curves; Scale—-up; microalgae.
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1. Introduction

Rhodamine B is a cationic dye most consumed as dyeing agent in paper, textile and
leather industries, as a fluorescent tracer for the water molecules (Khamparia and Jaspal,
2017; Wang et al., 2017). Moreover in Rio Grande do Sul state (Brazil), this dye is used in the
agate stone processing to make it more attractive for exportation.

This process is done by immersion of agates in an alcoholic solution of rhodamine B
in order to color them into pink. The geodes are immersed in this solution for approximately 8
days, then are removed from this solution and washed to remove the excess of dye (Vilasb6as
etal., 2017).

Thus, the effluents from the washing waters feature a high organic load, suspended
solids, biochemical oxygen demand, and intense pink color with concentrations of rhodamine
B ranging from 20 to 500 mg L (Aksu and Tezer, 2005; Carissimi et al., 2000). An exposure
of these untreated or inadequately treated effluents, can cause severe skin and eye allergies,
along with gastrointestinal disorders and is implicated in causing carcinogenicity, chronic
toxicity towards humans and animals and affect photosynthetic activity in aquatic life,
reducing sun light penetration (Bhattacharyya et al., 2014; Khamparia and Jaspal, 2017).

Many techniques like ozonation, ultraviolet irradiation (UV), O3/UV methods,
chemical oxidation and advanced oxidative processes have already been tested to remove
dyes used into the agate processing (Barros et al., 2006; Machado et al., 2012; Pizzolato et al.,
2002). However, they have generated by—products that are as harmful to human health as the
dye itself.

Among these methods biosorption has become an effective and promising alternative
for removal of dyes, as well as other organic and inorganic contaminants from effluents (Ning

et al., 2018; Salleh et al., 2011; Solis et al., 2012). Biosorption of dye using microalgae as
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biosorbent was tested by some authors, presenting several advantages (Cardoso et al., 2012;
Chu et al., 2009; Ergene et al., 2009; Hornik et al., 2013).

Chlorella pyrenoidosa is a microalgae found in several parts of the world (Pathak et
al., 2015) and has been successfully employed to remove RhB from aqueous solutions in
batch study (Rosa et al., 2018). However, no studies are performed in fixed bed, in order to
verify the technical viability of this microalgae under industrial conditions.

Biosorption in fixed—bed column is more efficient for industrial applications, so it is
crucial to improve process efficiency, which can be achieved by applying the optimization
techniques such as response surface methodology (RSM). Also, the fixed bed adsorption
study is fundamental for scale up purposes (Podstawczyk et al., 2015; Sener et al., 2014).

Therefore, the aim of this paper was to use the Chlorella pyrenoidosa supported on
sand in a fixed bed column for biosorption of Rhodamine B, thus aiming future scale—up
purposes. RSM based on central composite rotatable design (CCRD) was used to optimize the
fixed bed biosorption. In the optimal conditions, dynamic models were fitted to the

experimental data, as well as bed regeneration was tested.

2. Methodology

2.1. Materials and reagents

Rhodamine B dye (C2sH3:N2O3Cl, color index 45170, molecular weight of 479.02 ¢
mol™, Amax= 554 nm) was supplied by MERCK™. The Chlorella pyrenoidosa powder
biomass was produced by Green Gen company, UK and the NaOH and HCI solution used for
pH adjustment and as eluent solution were from Vetec™.

To keep the microalgae in the column, glass beads were used (mean diameter of 2 mm

and density of 2300 kg m®). Two types of sands (both density of 2620 kg m~3, and maximum
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grain size 1.2 and 2.4 mm) were obtained from a local industry (Santa Maria-RS, Brazil) and
used mixed for the microalgae in the column. Before use in fixed bed column the sands were

washed several times with tap water and distilled water and oven dried for 24 h at 60 °C.

2.2. Characterization

To identify the surface functional groups, the biomass of Chlorella pyrenoidosa was
analyzed by Fourier transform infrared spectrometry (FTIR) in the range of 450— 4000 cm*
(Shimadzu, IR Prestige 21). The morphology was verified by scanning electron microscopy
(SEM) (VEGA 3, Tescan). The samples were metalized with gold and the analysis was
carried out using voltage acceleration of 5 kV and magnification range from 100 to 1500
times. The elemental composition on the biosorbent surface was verified by a X-ray energy
dispersion detector (EDX—Oxford). The point of zero charged was determined by the eleven

points experiment according to the methodology presented by (Park and Regalbuto, 1995).

2.3. Fixed bed biosorption

The biosorption experiments were carried out in a fixed glass column, with internal
diameter of 2.5 cm and 25.0 cm in length, as presented in Fig. 1. The cylindrical column was
filled with (1.64, 3.0, 5.0, 7.0, 8.36) g of microalgae, 101.0 g of sand type | and 101.0 g of
sand type II.

The microalgae and sand were manually mixed to guarantee the homogeneity. To
support the column, 8.0 g of glass beads were used in the top and in the bottom. The
biosorption study was performed at room temperature (25+2 °C) and pH of dye solution of

8.0.
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To construct the breakthrough curves, a dye solution of a known influent
concentration of RhB (32, 100, 200, 300 and 368 mg L ™) was pumped upward through the
bed at different flow rates (1.6, 5.0; 10.0, 15.0 and 18.4 min L™) with a peristaltic pump
(BT1002J, Longer). Samples were collected at regular intervals (10 min) from the column
top, and the dye concentration was determined by a spectrophotometer (V1600
Spectrophotometer) at a 554 nm wavelength.

Operation of the column was stopped when saturation was achieved, that is when the
outlet RhB concentration was the same that the initial concentration. The assays were carried
out and blanks were performed using glass beads and sands without microalgae (any
significant biosorption occurred when sand without biosorbent was used). These conditions

were selected by several preliminary tests.

2.4. Analysis experimental data

The performance of the column biosorption processes is based on the breakthrough
curves which are obtained by plotting Ci/C, versus time (t), where C;and C, are effluent dye
concentration and influent dye concentration in mg L™ respectively. Eqgs. (1-4) were used to
evaluate the fixed—bed column parameters (Gupta et al., 1997; Kundu and Gupta, 2005;

Zheng et al., 2016).

Veff = Qttotal (1)
I
Zp=71-" )
e
QCq total C
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total

R% — 100 (4)

where Ve is the effluent volume (mL), Q is the flow rate (mL min™') and ti is the total
operation time (min). The metric length of mass transfer zone is Z, (cm), Z is the bed length
(25 cm), and M is the microalgae mass (g).

The breakthrough time (t,, min) was considered when Ci/Cy=0.05, that is, the outlet
RhB concentration attained 5% of the initial concentration and, the exhaustion time (te, min)
was considered when Cy/Cy=0.95 (Lin et al., 2017; Zang et al., 2017). The maximum capacity
of the column is geq (Mg g ') and R% is removal percentage of the rhodamine B. The area
above the breakthrough curve was estimated by Origin® 6.0 software and was calculated by
the integral in Eqs. 3 and 4 from Ci/Cy= 0 to C/Co= 1.

The optimization process was analyzed by employing a central composite rotatable
design (CCRD) coupled with response surface methodology. The calculations were performed
using Statistic version 10.0 (StatSoft Inc., USA) software.

Among many factors affecting the biosorption process, based on preliminary tests and
literature, three factors and levels were selected: Flow rate (1.6, 5, 10, 15 and 18.4 mL min™");
initial RhB concentration (32, 100, 200, 300 and 368 mg L) and biosorbent mass (1.64, 3.0,
5.0, 7.0, 8.36 g). The considered responses were maximum capacity of the column and
removal percentage.

CCRD contains a set of 17 experiment runs whose values of each factor is coded to
standard values (-1.68, -1, 0, 1, +1.68) in the appropriate range of parameters. Subsequently
the responses (geq and R%) were represented as a function of independent variables, Q (coded
value), Cy (coded value) and M (coded value), according to a quadratic polynomial model

given by Eq. (5):
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where Y is the response (Qeq Or R%), 1, @, B, v, 9, &, p, 7, £ and 6 are the regression coefficients.

The Student’s test was used to verify the statistical significance of non-linear
regression, the prediction and significance of the statistical model Eq. (5) were evaluated by
analysis of variance (ANOVA), for a confidence level of 95% (p—value <0.05), and Fischer’s
F test. The coefficient of determination, R?, was used to verify the proportion of variance

explained by the model.

2.5. Dynamic biosorption models

The analysis of breakthrough curves with several mathematical dynamic models is
important to the practical applicability of a column biosorption describing and analyzing the
lab—scale column studies for the purpose of industrial applications. These models can predict
the biosorption rate and the maximum sorption bed capacity.

The software Statistic 10 (StatSoft Inc., USA) was applied to determine the dynamic
parameters of the models by nonlinear regression using Quasi—Newton as the objective
function and the adjustment quality was measured according to the coefficient of
determination (R?) and Mean Square Error (MSE) (Cavas et al., 2011; Chowdhury and Saha,
2013).

The dynamic biosorption models used to represent the experimental breakthrough
curves in the optimal conditions were Bed-depth-service time (BDST) (Hutchins, 1973),
Thomas (Thomas, 1944) and Yoon-Nelson (Yoon and Nelson, 1984).

The BDST model proposed by Bohart and Adams and modified by Hutchins was
originally applied to a gas—solid system but now is successfully used in other systems. This

model can be expressed as Eq. (6).



93

(6)

where K is the adsorption constant rate (mL mg~" min™'), N is the adsorption capacity (mg
L ™), h is the bed depth of fixed—bed (cm), u is the linear flow rate (cm min~'),and t is the
operating time (min).

The Thomas model, Eq. (7), is widely used in predicting fixed—bed column
performance modeling. This model assumes a flow bed behavior continuous and uses the
Langmuir isotherm for the equilibrium and second—order reversible reaction kinetics, then it
used to determine the maximum adsorption capacity of an adsorbent in continuous system

(Zang et al., 2017).

C KThdeg™
C—(t) =1+ exp( o 4 _ KtnCot @)

where krp, is the constant rate of Thomas model (ML mg™ min™), ge is the equilibrium
adsorption capacity from the Thomas model (mg g*) and m is the amount of adsorbent in
column (g).

The Yoon-Nelson model, Eq. (8) requires no detailed data concerning physical
properties of adsorption bed, the type of biosorbent and characteristics of dye, so is judged as
the less complicated column model. It is based on the premise that the decrease rate of
biosorption for each dye molecule is proportional to the of dye biosorption and the of dye

breakthrough on the biosorbent (Vieira et al., 2014).

C
C_(t) =1+ eXp(KYNT— KYNt) (8)
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where kyy is the constant rate of Yoon—Nelson model (min™) and 7 is the time required for

50% adsorbate breakthrough from Yoon—Nelson model (min).

2.6. Regeneration tests

Regeneration of the biosorbent and recovery of the adsorbed dyes were performed to
verify the reuse in consecutive cycles of the bed. After the cycle of biosorption (in the optimal
conditions according Section 2.4) the cycle of desorption was performed using HCI solution
0.5 mol L™ at a flow rate of 5 mL min'. These conditions were selected by several
preliminary tests, using a laboratory system (Fig. 1). In addition, the choice of eluent was
ratified based on the literature (Hornik et al., 2013) which confirm that HCI is indicated for
desorption of cationic dyes when using microalgae as biosorbent.

This cycle of biosorption—elution was realized five times. All experiments were
carried out at room temperature and the RhB concentration at the column top was determined
according to Section 2.4. The desorbed dye mass (Mges) Was determined from the area below
the elution curve, C;against t, estimated by Origin® 6.0 software, multiplied by the flow rate

(5 mL min™). The elution efficiency (Eges %) was calculated according Eq. (9):
£, % = (M}oo

M ads (9)
where Mggs is the total amount of dye adsorbed on the bed (mg).

3. Results and Discussion

3.1. Microalgae characteristics
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In general, green algae biomass mainly contain functional groups such as amino,
carboxyl, hydroxyl, sulfates, phosphates that shall associate with dyes (Aksu and Tezer, 2005;
Sinha et al., 2016). These functional groups on the surface of microalgae and its respective
assighments were elucidated by the analysis of FTIR spectrum, which is shown in Table 1. It
was found that the microalgae biomass was composed by typical functional groups able to
interact with dye molecules.

The surface texture is as an important factor that affects biosorption. To evaluate the
particle properties of the CP, scanning electron microscope (SEM) was used and the images
can be seen in Fig. 2. In the SEM image with a magnification of 100x (Fig.2 (A)), it is
possible to observe that the microalgae is unicellular and presentes different particle sizes but
all are cocoid type. As shown in Fig. 2 (C), with a magnification of 1500%, microalgae
displays rough and corrugated textures and irregular surface and the presence of some grooves
and protuberances on the surface (Tsai et al., 2010; Tsai and Chen, 2010).

The elements present on the surface of the microalgae were determined by SEM-EDX
analyzes, and were similar to those found by Han et al., (2006), Lalhmunsiama et al., (2017)
and Singhal et al., (2013). The microalgae was composed basically by carbon (68%) and
oxygen (30%), however other compounds such as calcium, copper, iron, magnesium,
phosphorus, potassium and sulfur were present in the analysis totalizing a percentage of 2%.

The plot of pH initial versus pH final of the Chlorella pyrenoidosa was showed in Fig.
3. This figure shows that the point of zero charge of the CP was 6.9. When the pH of the
suspension is lower than 6.9 (+ 0.03), the surface of the microalgae gets positively charged so
the biosorption of anion is favored.

When the surface of the CP is negatively charged at pH values higher than 6.9 the
biosorption of cationic species is favored. So the pHp. is important information because it is

possible to verify the biosorbent samples surface charges understanding the biosorption
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mechanism. With the value obtained in the pHy,c and with the preliminary tests it was defined
that pH 8 would be the pH of the dye solution used in the column tests, since pH 8 is higher
than pH,,c the microalgae gets negatively charged thus favoring the biosorption of the cationic

dye rhodamine B.

3.2. Fixed bed data interpretation

The effects of flow rate (Q (mL min™)), initial dye concentration (Co (mg L ™)) and
biosorbent mass (M (g)) on the breakthrough curves are shown in Fig. 4 and in the Table 2. It
is possible observe the results of total operation time (tww (mMin), breakthrough time (t, (min)),
exhaustion time (t. (min)), length of mass transfer zone (Z, (cm)), effluent volume (Vs (ML)),
maximum capacity of the column (geq( mg g™')) and removal percentage (R%).

Considering the same biosorbent amount and the same influent dye concentration, the
breakthrough and exhaustion time decreased with the increase in flow rate, which resulted the
biosorbent gets saturated faster (Fig. 4 (A) (C) and (C) ant Table 2). However, the fast
saturation should be coupled with a high sorption capacity. A faster biosorption can lead to
insufficient residence time at higher flow rate, due the lower contact time between rhodamine
B and biosorbent (Jafari et al., 2017; Su et al., 2013).

The values of ty, te, to and geq Were also affected by influent dye concentration.
Considering the same biosorbent dosage and the same flow rate, the increase in influent dye
concentration decreased the breakthrough, exhaustion and total operation time. This can be
explained by the fact that a lower influent concentration caused a slower transport of RhB
molecules due to a decreased diffusion coefficient or decreased mass transfer coefficient,
increasing the residence time in the bed, allowing the interaction between CP and rhodamine

B (Albroomi et al., 2017; Mohammed et al., 2016).
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The increase in the influent RhB concentration provided an increase in the maximum
capacity of the column. This can be attributed to the fact that more biosorption sites are being
occupied as the rhodamnie B concentration increases. Therefore, the high influent RhB
concentration in the solution causes an increased driving force for the mass transfer, because
the driving force for the biosorption arises from the difference in the rhodamine B quantity
between the surface of the CP and the solution (Ataei-germi and Nematollahzadeh, 2016;
Messaoudi et al., 2016).

The t, values were from 164.6 to 117.7 min and maximum capacity of the column
varies from 27.05 to 51.11 mg L™ when the RhB concentration changes to 100 from 300 mg
L considering the flow rate is 5 mL mim ™ and the amount of microalgae is 7g.

Results showed that the RhB removal capacity of the column was greater at increased
biosorbent amounts, when the flow rate and initial dye concentration were kept constant. This
is due to the fact a to higher service area available for biosorption and increase in the active

biosorbent sites (Jafari et al., 2017; Messaoudi et al., 2016; Mohammed et al., 2016).

3.3.  Optimization of the fixed bed biosorption conditions

A central composite rotatable design with three variables, (Q, Co and M) was used to
optimize the fixed bed biosorption conditions. The responses, maximum capacity of the
column and removal percentage can be seen in Table 2.

The Pareto analysis, Fig. 5, was carried out to check the significance of each factor
(linear, quadratic and interaction) of flow rate, initial RhB concentration and microalgae mass
on the responses at the 95% of confidence level. In Fig. 5 (A) shows that the largest main
effect observed in geq Was the Co at linear level, followed by Q (quadratic). For the R% the

two most important independent variables were Q (linear) and M (quadratic), with negative
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effect for both on the response variable. The non significant terms were excluded to assemble
a statistical model based on Eq. 5.

Table 3 shows the regression coefficients and statistical parameters of the quadratic
models for each response variable. According to Table 3 the models were predictive since that
the calculated F values (Fca) were higher than the standard F value. As shown in Fig. 6 and
the values of R?, presented in Table 3, correlation between the experimental values of the
response variable and predicted values were adequate indicating the adequacy of the model.

The response surface methodology (Fig. 7), quadratic model (Eq. 5) and desirability
function (DF) were used to predict the optimal conditions for the fixed bed biosorption of
rhodamine B on microalgae supported on sand. The maximum responses presented in Table 2
were found to be geq 51.20 mg g and R% 58.05% while their corresponding minima of 10.63
mg g and 26.24% were observed.

Desirability function indicates the most desired conditions and the corresponding
responses, thus for (dfi= 1) the optimum conditions, was determined by software Statistic 10
(StatSoft Inc., USA) as: flow rate (Q = 1.6 mL mim™), initial dye concentration (Co =368mg
L) and microalgae dosage (M = 5g). Under these conditions, the maximum capacity of the

column was 48.7 mg g * and the removal percentage was 61.7%.

3.4.  Dynamic biosorption models

The three models applied (BDST, Thomas and Yoon-Nelson) in the optimal
conditions presented a good fit and this can be visualized in Fig. 8 and Table 4. The values R?
and MSE were the same for all dynamic models tested, since the models are mathematically
equal (Dotto et al., 2015). The modeled parameters were physically consistent and were in

agreement with the experimental curves. The experimental (Qegexp) and theorical (geq) values
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were similar and all three models were found suitable for describing the dynamic behavior of

the column.

3.5.  Regeneration tests

The study of the regeneration and subsequent reuse of the biosorbent is very important
to the industrial applications and costs of the biosorption process. Therefore, these cycle of
biosorption—elution process were carried out 5 times in the in optimal conditions of
biosorption (flow rate Q= 1.6 mL min", Co = 368 mg L™ and M = 5 g) and for desorption
(Q=5mL min " and 0.5 mol L™ HCI).

The elution efficiency (E%) was calculated according to Eq. (9) and the values are in
Table 5. It can be shown from Table 5 that the elution efficiency (E %) increased. In the first
cycle 57.16% of loaded RhB was eluted when 3650 mL of HCI was percolated through the
column, which lasted for around 730 min and in the fifth cycle 83.20% of loaded rhodamine
B was eluted with 5150 mL of 0.5 HCI which lasted for around 1030 min.

One possible reason for this is the fact of the saturated biosorbent has not been washed
with distilled water for removal the unadsorbed dye. Also the increase in biosorption might be
due to the introduction of some functionalities over the biosorbent surface when comes in

contact with acid (Khan et al., 2012).

4. Conclusion

This study explored that Chlorella pyrenoidosa microalgae supported on sand on sand
can efficiently remove rhodamine B dye in the fixed bed column. The process was dependent
on flow rate, initial concentration of RhB and amount of microalgae. The optimal bed

performance was attained with the response surface methodology and desirability function
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when flow rate was 1.6 mL min ™%, the influent RhB concentration 368 mg L ‘and biosorbent
amount was 5 g.

In these conditions the maximum capacity of the column was 48.7 mg g ‘and the
removal percentage was 61.7%. Biosorption process can be described by dynamic models,
BDST, Thomas and Yoon—Nelson which provide predictions of the breakthrough curves and
the bed parameters.

After five cycles of the adsorption—desorption process, the regeneration efficiency was
83.20%. Results showed that fixed bed biosorption of rhodamine B on Chlorella pyrenoidosa
supported on sand on sand is a promising way to remove dye from aqueous solutions,

suggesting technical viability important for future scale—up and industrial applications.
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Figure captions

Figure 1: Laboratory system of fixed bed experiments.

Figure 2: SEM images of the microalgae: (A) magnification 100x; (B) magnification 500x;
(C) magnification 1500x.

Figure 3: Point of zero charge of the microalgae (n = 3 repetitions). Conditions: Temperature
25 °C; biosorbent mass 0.25g; agitation 100 rpm; time 24 hours.

Figure 4: Breakthrough curves for the biosorption of RhB by microalgae supported on sand.
Conditions: Temperature 25 °C.

Figure 5: Pareto charts for the responses: (A) maximum capacity of the column and (B)
removal percentage.

Figure 6: Correlation between the experimental and predicted values for (A) gegand (B) R%.
Figure 7: Response surfaces for effect of geq (A) Co — Flow rate; (B) Co — Mass and (C) Flow
rate — Mass, and R% (D) Mass — Flow rate; (E) Co— Flow rate and (F) Mass — Flow rate.

Figure 8: Experimental and predicted breakthrough curve (in the optimal condition).



105

Table captions

Table 1: FTIR Bands (cm™) of the CP powder biomass.

Table 2: Experimental conditions and results for the biosorption of RhB (pH = 8; temperature
25 °C).

Table 3: Regression coefficients and statistical parameters of the quadratic models which
represent the maximum capacity of the column (geq) and removal percentage (R %).

Table 4: Parameters of dynamic models (Q = 1.6 mLmin™; C, = 368 mgL " and M =5g).

Table 5: Elution efficiency (E %) of the fixed bed in the optimal conditions.
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2 - Silicone hose

3 - Peristaltic pump
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5 - PVC junction 32mm
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Glass beads - 8g P
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Figure 1: Laboratory system used for the fixed bed experiments.
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Figure 3: Point of zero charge of the microalgae (n = 3 repetitions). Conditions:

Temperature 25 °C; biosorbent mass 0.25g; agitation 100 rpm; time 24 h.
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Figure 5: Pareto charts for the responses: (A) maximum capacity of the column and

(B) removal percentage.
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Table 1: FTIR Bands (cm™) of the CP powder biomass.

Wavenumber (cm ) Assignments Reference
3410 Overlap of O—H and N—H stretching Mona et al., (2011); Wang et al., (2017)
Stretching of the methylene (—CHy) L
2960 and methyl (_CH) Daneshvar et al., (2017); Tsai et al., (2010)
1724 C=0 stretching of amines Cardoso et al., (2012); Dotto et al., (2012)
1401 Aromatic ethers C—O stretching Ergene et al., (2009)

1079 P—O stretching Kulkarni et al., (2014); Marzbali et al., (2017)
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Table 2: Experimental conditions and results for the biosorption of RhB according to the CCRD (pH = 8; temperature 25 °C).’

C t t t  Zn V.
B mLmin)  (mgL) MO miny  (min) (min) (em) (mL) (mge&l) R (%)
1 1(5) 11000 -1(3) 350 795 2947 16.06 1750 24.11 4134
2 1(15) 1101000  -1(3) 130 304 107.3 1576 1950 27.15 41.77
3 _1(5) 1 (300) 1(3) 210  49.6 190.1 16.25 1050 5120 48.76
4 1 (15) 1 (300) 1(3) 80 124 643 17.76 1200 4843  40.36
5 _1(5) _1 (100) 1(7) 860 164.6 7413 17.11 4300 27.05 44.04
6 1 (15) _1 (100) 1(7) 240 593 1954 1532 3600 2432 47.28
7 _1(5) 1 (300) 1(7) 480 117.7 4151 1576 2400 5111  49.69
8 1(15) 1 (300) 1(7) 170 324 1400 16.91 2550 47.35 43.32
9 _168(16)  0(200) 0 (5) 020 4321 887.1 11.28 1472 3418 58.05
10 1.68(184) 0 (200) 0 (5) 150 137 99.3 18.97 2760 39.04 3536
11 0(10)  -1.68(32)  0(5) 380  79.9 351.8 17.00 3800 10.63  43.73
12 0 (10) 168 (368)  0(5) 130 319 112.9 1578 1300 4511 47.15
13 0 (10) 0(200) -168(164) 100 161 59.3 16.05 1000 32.00 26.24
14 0 (10) 0(200) 1.68(8.36) 420 588 3431 18.23 4200 3613 35.95
15 0 (10) 0 (200) 0 (5) 200 399 1621 16.58 2000 34.76 4345
16 0 (10) 0 (200) 0 (5) 200 396 1565 16.44 2000 3411  42.63

17 0 (10) 0 (200) 0 (5) 200 40.8 162.0 16.45 2000 35.25  44.06




Table 3: Regression coefficients and statistical parameters of the quadratic models which represent the maximum capacity of the

column (geq) and removal percentage (R %).

Statistical

Response Regression coefficients parameters
1 a B Y 5 € p T & 0 R2 Fa  Fuab
Qg (Mgg™') 3438 1.76 11.24 -1.34 0.86 0.9354 43.45 3.26
R% 43.14 -361 199 099 154 208 -354 -231 0.7982 5.08 3.29

* Significance level of 95% (p < 0.05);
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Table 4: Parameters of dynamic models (Q=1.6 mL min*; C,;=368 mg L * and M =5g)

BDST model Values
K (L mg'min™) 3.11x10°°
N (mg L™ 2231.80
R’ 0.9919
MSE 0.0010
Thomas model Values
K (ML mg'min™)  0.0311
Geq (Mg g ) 48.20
Gegexp (MY g ) 48.67
R’ 0.9919
MSE 0.0010
Yoon Nelson model Values
Kyn (L min™) 0.01144
Teal (MiN) 409.53
Texp (MiN) 398.01
R’ 0.9919

MSE 0.0010




Table 5: Elution efficiency (E%) of the fixed bed in the optimal conditions.

EXp. Q(mLmin™") Mags (Mg) Maes (Mg) E%
o Bisorofi _
e W,
0 Risornti _

0 Risornti _
go ElllSJ?iropr:Ion 156 - age07  OHO
0 Risornti _
30 E;S?igpr?on 156 565!25 159 08
0 Bisornti _
:0 E;Z?igpr?on 156 582;91 sg5.00 3320

*Mean values for three experiments (the maximum error for all values was 4.2%.)
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5 DISCUSSOES

Diversos casos tém sido relatados no municipio de Soledade sobre o langamento
inadequado de efluentes coloridos sem o devido tratamento, como mostra a reportagem de
Markus (2016). Assim a geracdo desses efluentes coloridos, por parte das empresas de
beneficiamento de &gatas, e o lancamento inadequado desses nos recursos hidricos, € um
problema ambiental que deve ser sanado.

Como demostrado nos artigos apresentados nas sec¢des 2, 3 e 4 a literatura apresenta
muitos estudos sobre a remocdo do corante rodamina B, um dos corantes utilizados no
processo de beneficiamento das agatas, por meio da operacdo de adsorcdo, em que sdo
utilizados diversos adsorventes. Entretanto nenhum estudo havia sido realizado utilizando a
microalga Chlorella pyrenoidosa.

Desta forma essa tese de doutorado propds estudos inovadores para utilizar a
microalga Chlorella pyrenoidosa com o objetivo de remocdo de rodamina B. Inicialmente
foram realizados testes em batelada utilizando como adsorventes a microalga e carvéo ativado
comercial.

Muito embora o carvdo tenha apresentando resultados melhores para remocdo do
corante, sabe-se que este apresenta problemas em relacdo ao custo conforme Crini (2006),
bem como apresenta indices de dessorcdo baixos, como comprovado por Afroze e Kanti,
(2016), Cardoso et al., (2012) e Gad; EI-Sayed (2009) assim a microalga € uma alternativa
para ser utilizada.

Nesse sentido, a caracterizacdo da microalga comprovou a presenca de carboidratos,
proteinas e lipidos que oferecem os grupos funcionais como amino, carboxilo, sulfatos,
fosfatos que se associaram a rodamina B. A avaliacdo do potencial de carga zero da microalga
embasou a escolha do pH da solucéo de corante, juntamente com os teste de bancada.

Uma vez que pHpcz da microalga foi de 6,94, em solucGes de RhB com pH maior que
esse valor a biossorcdo do corante catibnico foi favorecida. Os testes com diferetens
temperaturas comprovaram que a biossorcao diminuiu com o aumento da temperatura.

Isso pode estar relacionado as forcas de interacdo entre a dgua e corante e corante
biossorvente. Com 0 aumento da temperatura as forgas entre 4gua e corante torna-se mais
forte dificultando a biossor¢do do corante (FENG; XIONG; SHANG, 2013; SALLEH et al.,
2011).
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Além disso, temperatura acima de 35 °C podem danificar as paredes celulares das
microalgas e consequentemente reduzir a capacidade de biossorgdo, (Aksu e Tezer, 2005;
Cardoso et al., 2012; Dotto et al., 2012).

Esses testes foram fundamentais para compreensdo dos mecanismos de biossorcéo e
para a realizacdo dos testes em coluna de leito fixo. Assim os ensaios em leito fixo
comprovaram que a Chlorella pyrenoidosa suportada em areia pode ser utilizada como
material biossorvente, e os resultados encontrados fornecem uma base importante para o

futuro aumento de escala do leito, tdo importante para as empresas de tingimento das agatas.
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6 CONCLUSOES

A capacidade da microalga Chlorella pyrenoidosa e do carvédo ativo comercial para
remover o corante rodamina B foi testada por meio da avaliacdo dos parametros: dosagem
inicial de microalgas, pH da solucéo de corante e temperatura. Alem disso, estudos de cinética
e equilibrio de adsorcdo também foram desenvolvidos.

Os resultados mostraram que quando utilizado 0,1g dos adsorventes obte-se a maior
capacidade de adsorcdo, além disso, 0 melhor pH para adsorcéo do corante catidnico RhB foi
8, quando utilizado ambos os adsorventes. A operacdo de adsorcao atingiu o equilibrio em
torno de 120 minutos quando utilizada CP e 90 minutos quando utilizado CA.

O aumento da temperatura teve uma influéncia negativa na capacidade de adsorcéo
para ambos adsorventes A cinética de adsorgdo, tanto para Chlorella pyrenoidosa, quanto
para o carvao ativado, seguiram o modelo de pseudo-segunda ordem com valores de erro
relativo médio inferiores a 2,4% e 5,3% respectivamente.

O modelo de isoterma que melhor se ajustou aos dados experimentais foi o Sips, para
os dois materiais estudados, sendo que CP apresentou as capacidades maximas calculadas de
63,14; 53,46 e 54,20 mg g™ nas temperaturas de 25, 35 e 45 °C, respectivamente, e para 0
carvéo os valores 147,58; 140,01 e 137,27 mg g * nas mesmas temperaturas (25,35 e 45 °C).
Indicando que a adsorc¢do do corante pelos adsorventes é exotérmica.

Assim, a mesma foi empregada em estudo de leito fixo, para tanto a microalga foi
suportada em areia e efetivamente utilizada como material biossorvente para remoc¢do RhB.
Os resultados mostram que nas condicdes 6timas a capacidade maxima da coluna foi de 48,7
mg g™ e a porcentagem de remocdo foi de 61,7 % quando a vazdo foi de 1,6 mL min™, a
concentracdo inicial de RhB de 368,0 mg L™ e quantidade de 5g microalgas.

Os modelos dindmicos como BDST, Thomas e Yoon-Nelson mostraram ajustes nos
dados experimentais (R? = 0,9919) e poderiam ser aplicados para a predicéo das propriedades
da coluna e curvas de avango. A regeneracdo da coluna foi realizada para cinco ciclos de

adsorcao-eluicdo usando solucdo de HCI (0,5 M) como eluente e obteve eficiéncia de 83,20%.
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