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RESUMO

Neste trabalho foi investigado o potencial de residuos da industria de vinho como alternativa
para remover os corantes Azul Brilhante (AB) e Vermelho Amaranto (VA) como também
ions de prata em meio aquoso; todos experimentos foram realizados em batelada. Os residuos
foram triturados e peneirados até as particulas ficarem na faixa de 80 a 110 um e nomeados
de casca de uva, semente de uva, e engaco de uva. Estes materiais foram caracterizados de
acordo com o ponto de carga zero (pHzec), titulagdo de Boehm, espectroscopia de
infravermelho de transformada de Fourier (FTIR), microscopia eletronica de varredura
(MEV), espectroscopia de energia dispersiva de raio-x (EDS) e mapeamento de raio-x. Nos
experimentos com a semente de uva e corantes, a biossorcdo foi favorecida em pH 1 usando
dosagem de 0.500 g L%, alcancando a remogédo de 85%. Os modelos cinéticos de pseudo —
segunda ordem e Elovich foram capazes de representar a cinética, e o equilibrio foi
representado pelos modelos de Langmuir e Sips. As maximas capacidades de biossorcao
foram de 599.5 e 94.2 mg g* para 0 AB e VA respectivamente, com processo espontaneo,
favoravel e endotérmico. Nos experimentos com o0s trés biossorventes e ions de prata, a
biossorcao foi favorecida em pH 7 e dosagem de biossorvente de 3.0 g L™X. A cinética foi bem
representada pelo modelo de pseudo—primeira ordem e o equilibrio pelo modelo de Sips. As
maximas capacidades de biossor¢do encontradas em temperatura de 298 K foram: 41.7, 61.4,
e 46.4 mg g* para casca, semente, e engaco respectivamente. A operacdo foi espontanea,
favoravel, exotérmica e controlada pela entalpia, configurando sorcéo fisica. Estes resultados
demonstraram que os residuos da industria de vinho podem ser considerados uma alternativa
eficiente de biossorventes de baixo custo, e ambientalmente ecolégicos para remogdo dos

corantes AB e VA como também de ions de prata em meio aquoso.

Palavras—chave: Biossorventes, Residuos de vinho, Corantes, fons prata.



ABSTRACT

In this work, the potential of wine industry wastes as alternative biosorbents to remove
Brilliant Blue (BB) and Amaranth Red (AR) dyes as also Ag ions from aqueous media
was investigated; all experiments were performed in batch systems. The wastes were
pulverized and sieved until the discrete particles size ranging from 80 to 110 um and
named grape peel (GPE), grape seeds (GSE), and grape stem (GST). These materials
were characterized according to the point of zero charge (pHzec), Boehm titration,
Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM),
energy X-ray dispersive spectroscopy (EDS), and X-ray mapping. In experiments with
GSE and dyes, the biosorption was favored at pH 1.0 using biosorbent dosage of 0.500
g L, reaching 85% of removal percentage. The pseudo—second order and Elovich
models were able to represent the kinetic data, and the Langmuir and Sips models
represented the equilibrium. The maximum biosorption capacities were 599.5 and 94.2
mg g for BB and AR, respectively, with spontaneous, favorable and endothermic
process. In the experiments with the three biosorbents and silver ions, the biosorption
was favored at pH 7.0 using biosorbent dosage of 3.0 g L. The kinetic data were well
represented by the pseudo—first order model and the equilibrium by the Sips model. The
maximum biosorption capacities, found at 298 K, were: 41.7, 61.4, and 46.4 mg g™* for
GPE, GSE, and GST, respectively. The process was spontaneous, favorable,
exothermic, and enthalpy—controlled, configuring physical sorption. These results
showed that the wine industry wastes can be considered alternative efficient, low—cost,
and eco—friendly biosorbents to remove the BB and AR dyes as also Ag ions from

aqueous media.

Keywords: Biosorbents, Wine wastes, Dyes, Silver ions.
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1 INTRODUCAO

Em décadas recentes a atividade industrial cresceu, aumentando o uso de agua
em todo o mundo, liberando varios poluentes para o meio ambiente, como metais
pesados, corantes, entre outros (ABDOLALI et al., 2014). Inddstrias que utilizam
corantes em seus processos constituem um dos maiores problemas de tratamento de
efluentes devido a alta demanda quimica e bioldgica de oxigénio, solidos suspensos e
componentes toxicos (aromaticos, metais, cloretos). Estes efluentes diminuem
significantemente a atividade fotoquimica da vida aquética, devido ao impedimento da
penetracdo da luz (AKSU, 2005). A contaminacdo por metais pesados tornou-se um
problema global devido a sua toxicidade elevada, maior bioacumulacdo na cadeia
alimentar e natureza ndo—biodegradavel, além de serem cancerigenos aos seres humanos
(HE; CHEN, 2014).

Muitas técnicas de remediacdo para remover ions metalicos vém sendo
empregadas, desde processos fisico—quimicos (precipitacdo quimica, osmose reversa,
oxidacdo/reducdo, tratamento eletroquimico e filtracdo) a métodos de bioremediacao
(bioacumulagéo, biossorgéo e fitoremediagéo) (VJAYARAGHAVAN,;
BALASUBRAMANIAN, 2015). Para efluentes contendo corantes sao usados processos
gue combinam a floculacdo com flotacdo, eletrofloculacdo, filtracdo por membrana,
destruicdo eletroquimica, precipitacdo, resina de troca ibnica, biossorcéo, entre outros
(SRINIVASAN; VIRARAGHAVAN, 2010). Entretanto, estas técnicas ndo sdo efetivas
para remocdo economicamente viavel de metais pesados e corantes com concentracdes
de 500mg L! ou menos, desta forma o uso da biossor¢éo ganhou atengdo por se tratar
de uma operacdo simples e viavel, onde o uso de carvdo ativado na opera¢do alcanca a
remocdo de 99% de ions metélicos. O carvdo ativado é o biossorvente mais usado,
também possibilitando tratar efluentes contendo corantes (ABDOLALI et al., 2014,
DOTTO et al., 2015; FAROOQ et al., 2010).

Na busca por materiais de baixo custo, a biossor¢do vem emergindo como uma
tecnologia alternativa ambientalmente amigavel para remocgdo de corantes e ions
metalicos com algumas vantagens (biossorvente de baixo custo, processo rapido, facil
operacdo do processo, alta remocdo de contaminantes e insensibilidade a substancias
toxicas) (DOTTO; LIMA; PINTO, 2012; FAROOQ et al.,, 2010). Assim varios
materiais veem sendo investigados para serem usados como biossorventes de baixo

custo como materiais naturais (madeira, turfa, carvao, quitina, etc) e residuos ou



subprodutos industrial/agricola (argilas, cinzas, bagaco) (GUPTA; SUHAS, 2009).
Nesse contexto, residuos da uva tem grande potencial para serem usados como
biossorventes (FARINELLA; MATOS; ARRUDA, 2007). A produgéo de vinhos e suco
de uva no Brasil esta concentrada no Rio Grande do Sul com producdo média anual de
300 milhdes de litros. Os residuos (bagago e sementes) da uva usada para vitificacdo
equivalem a aproximadamente 20% em peso da uva e 0s residuos usados para
elaboracdo de sucos de uva equivalem a 25% em peso de uva (MELLO; SILVA, 2014).
Com base nestas informagdes, este trabalho busca usar os residuos da uva que séo o
engaco, casca e semente para reaproveitamento como biossorventes na operagdo de
biossor¢do, visando a diminuicdo da quantidade de prata e corantes em solucbes

sintéticas.



2 OBJETIVOS

2.1 OBJETIVOS GERAIS
Este trabalho teve como objetivo geral verificar o desempenho de residuos do
processamento de uva (engago, casca e semente) como biossorventes na operacdo de

biossor¢do de ions de prata e corantes (azul brilhante e vermelho amaranto).

2.2 OBJETIVOS ESPECIFICOS

e Obter e caracterizar os residuos (engaco, casca e semente) do processamento de
uva;

e Estudar o efeito da massa e do pH na biossorcdo da prata e corantes (azul
brilhante e vermelho amaranto) pelos residuos do processamento da uva;

e Estudar a cinética de biossorcao;

e Estudar o equilibrio de biossorcao;

e Estudar a termodinamica de biossor¢ao;

e Verificar interacGes fisico—quimicas dos biossorventes com a prata e corantes;

e Simular efluentes e tratar nas melhores condices.



3 REVISAO BIBLIOGRAFICA

3.1 PROBLEMATICAS DOS EFLUENTES

Com o crescimento da humanidade, sociedade, ciéncia, tecnologia nosso mundo
estd caminhando para novos horizontes, mas o custo disso ja esta tendo consequéncias
de desordem ambiental como um grande problema de poluicdo (GUPTA; SUHAS,
2009). Segundo a UNESCO, o uso de &gua pela agricultura, industria e setores
domeésticos tem aumentado muito, cerca de 70, 22 e 8% respectivamente (THE
UNITED NATIONS, 2003). Alguns poluentes como metais pesados ou compostos
organicos clorados contaminam fontes aquaticas e afetam a cadeia alimentar podendo se
acumular no organismo animal, afetando principalmente o topo da cadeia alimentar. Os
principais poluentes da agua incluem uma variedade de quimicos orgénicos (corantes),
inorganicos (metais pesados) e compostos industriais, afetando a salde humana e
interferindo no uso industrial ou na agricultura (CES Technical Report 113)

E relatado que existem cerca de 100,000 corantes disponiveis comercialmente
com a producdo de cerca de 7x10° toneladas por ano (AKSU, 2005). As moléculas de
corantes compreendem dois componentes principais: os cromaforos, responsaveis pela
cor e 0s auxocromos que produzem cor e tornam a molécula solivel em &gua,
produzindo maior afinidade com fibras (HUNGER; WILEY-VCH, 2003). Muitas
indUstrias, especialmente de alimentos e téxtil, frequentemente usam corantes e
pigmentos em seus produtos, perdendo 10-20% dos corantes durante a fabricacao, e
consequentemente, produzindo uma grande quantidade de efluentes coloridos (DOTTO;
LIMA; PINTO, 2012). Ndo menos importante € a contaminagdo por metais pesados,
que podem vir a serem lancados para 0 meio ambiente em processos naturais ou
atividades antropogénicas, mais comumente por industrias de galvanoplastia, fundicédo
de metais e industrias quimicas (CHOWDHURY et al., 2016).

Corantes sdo usados em varios ramos da indudstria incluindo borracha, téxtil,
cosméticos, plastico, couro, alimentos e papel. Uma variabilidade de corantes é vista
nos efluentes descarregados pelas industrias. Geralmente corantes sdo estaveis a luz,
calor e agentes oxidantes, normalmente tem origem sintética e estrutura molecular
aromatica complexa, o que torna mais estavel e dificil sua biodegradagdo (KONO,
2015). O principal problema no tratamento de efluentes contendo corantes e seus
metabolitos é que alguns podem ser mutagénicos e cancerigenos além de também serem

xenobidticos na natureza e recalcitrantes (GUPTA et al., 2013).



Corantes podem ser classificados de acordo com seus derivados, podem ser de
origem natural ou sintética. Corantes naturais sdo extraidos de fontes incluindo plantas,
animais e minerais, estes corantes foram usados largamente durante o inicio da industria
téxtil (DAWOOD; SEN, 2014). Corantes sintéticos tém substituido corantes naturais e
incluem corantes basicos, acidos, reativos, diretos, vat e dispersos (CHEN et al., 2011).

Os cromdforos em corantes anidnicos e catibnicos sdo na maioria grupos azo ou
compostos do tipo antraquinona; a reducdo da clivagem nas ligagcdes azo é responsavel
pela formacdo de aminas toxicas nos efluentes. Os corantes baseados em antraquinona
sdo mais resistentes a degradacdo devido as suas estruturas aromaticas fundidas e assim
fornecem cor por um longo periodo de tempo nos efluentes (AKSU, 2005).

Corantes reativos sao tipicamente cromdforos azo combinados com diferentes
tipos de grupos reativos  (vinilsulfona, clorotriazina, tricloropiridina,
difluorocloropirinida), sendo diferentes de todas as outras classes de corantes na sua
ligagdo com fibras téxteis como algodao através de ligagcdes covalentes, conferindo
caracteristicas de cor brilhante e rapida diluicdo, porém corantes reativos e acidos sdo o0s
mais problematicos, uma vez que, tendem a passar pelo sistema convencional de
tratamento sem efetividade de remocdo (ROBINSON et al., 2001).

Corantes basicos tém alto brilho e intensidade de cor (sdo altamente visiveis em
pequenas concentracdes), ja corantes com complexos metélicos sdo na maioria baseados
em cromo (elemento cancerigeno) (PRASAD; SINGH, 1990)(BANAT et al., 1997).
Quando se trata de corantes dispersivos, ha a tendéncia de bioacumulagdo, uma vez que
ndo ionizam em meio aquoso (BANAT et al., 1997).

Tem sido reportado que metais pesados afetam as organelas celulares e
componentes, e algumas enzimas envolvidas no metabolismo, intoxicam e provocam
danos irreparaveis, além disso, eles tém bioacumulacdo natural em sistemas bidticos e
provocam danos a seres humanos e animais mesmo em concentragdes pequenas
(STAWINSKI et al., 2017). Considerando o impacto ao meio ambiente por metais, 0S
trés mais problematicos sdo o mercurio, chumbo e cddmio. O menos problematico
destes é o mercudrio que vem sendo substituido por novas tecnologias na induastria; ja o
chumbo que tinha como principal fonte a gasolina, como fonte de contaminagdo bem
definida, vem sendo fornecida sem chumbo. Enquanto o mercdrio € o chumbo séo
limitados e ndo estdo em uma tendéncia de aumentar o seu consumo, cadmio é toxico e

seu uso vem aumentando estando presente em muitos processos por todo o mundo



apresentando potencial perigo aos seres humanos e ao meio ambiente (HOLANT,
1995).

3.2 METODOS DE TRATAMENTO

Efluentes contendo corantes sintéticos ou metais pesados podem causar danos
potencialmente perigosos ao meio ambiente. Devido ao impacto ambiental e as
preocupacOes de salde associadas a estes efluentes, uma série de técnicas tem sido
usada para remover corantes ou metais pesados de solu¢Bes aquosas, em que podem ser
divididos em fisicos, quimicos e bioldgicos. Cada método de separacdo tem suas
proprias limitacbes em termos de design, eficiéncia de remocdo e custo total
(DAWOOD; SEN, 2014).

Devido ao alto custo e problemas de disposi¢do final, muitas dessas técnicas de
tratamento ndo tém sido aplicadas em larga escala (CES Technical Report 113). Na
Tabela 1 estdo apresentadas as técnicas e suas respectivas vantagens e desvantagens
(DAWOOD; SEN, 2014; YAGUB et al., 2014):

A biossorcdo tem sido usada para remocdo de cor e tem boa aplicabilidade em
tratamento de efluentes (GUPTA; SUHAS, 2009). O termo biossorcdo refere—se a
acumulacdo de substancias na interface entre duas fases (sélido—liquido ou s6lido—gas)
(DABROWSKI, 2001). Resinas de troca iénica (membranas sélidas, folha solida,
solucdo de solvente organico) sdo materiais sélidos ou solugdes liquidas que sdo
capazes de absorver ions carregados positivamente ou negativamente de solucdes
aquosas eletrélitas e ao mesmo tempo descarregam outros ions na mesma quantidade
para a solucéo aquosa (DAWOOD; SEN, 2014).

A tecnologia de filtracdo inclui a microfiltracdo, ultrafiltracdo, nanofiltracdo e
osmose reversa. Dentre a filtracdo as técnicas mais efetivas para remocdo de corantes
sdo a ultrafiltracdo e nanofiltracdo, pelo seu tamanho de poro, sdo usadas em tratamento
de efluentes téxtis, porém seus pontos fracos sdo a alta pressdo de trabalho, alto
consumo de energia, e alto custo da membrana que tem pequeno tempo de uso
(CHEREMISINOFF, 2002).



Tabela 1 — Técnicas de remocéo de corantes e metais.

Técnicas Vantagens Desvantagens
Tratamentos fisicos
Alta capacidade de
Biossorcao biossorgdo para diferentes Baixo custo

Resina de troca ibnica

Filtracdo por membrana

Coagulacdo eletrocinética

corantes
Sem perda de biossorventes

Remocao de todos os tipos
de corantes

Economicamente praticavel

Né&o é efetivo para corantes
dispersos
Producéo de lodo. Para
baixos volumes

Alta producdo de lodo

Tratamentos quimicos

Reacéo Fenton

Destruicéo eletroguimica

Fotogquimico

Processos oxidativos

Aplicado conforme a
caracteristica quimica
Sem consumo de agentes
quimicos e de formacédo de
lodo
Reducéo dos odores e sem
geracdo de lodo

Simplicidade de aplicacéo

Geracdo de lodo

Altas vazdes causam a a
reducdo na remocéo dos
corantes
Formacdo de produtos
indesejaveis

Agente precisa de ativacdo

Tratamentos bioldgicos

Descolorizacdo por fungos

Mistura de culturas

microbianas

Alguns fungos sdo capazes
de decompor corantes

utilizando enzimas

Tempo de descolorizacédo de

24 a 30 horas

Ja foi demonstrado quer a
producdo de enzimas é
inviavel.

Sob condicdes aerdbias o0s
azo corantes ndo estao
prontos para serem

metabolizados

Uso de biomassa de Afinidade relativa ao tipo de  Nao é efetivo para todos 0s

microrganismos corante e microrganismos tipos de corantes

) ) o Permite a descolorizagéo de L
Sistema de bioremediacao A quebra anaerobica gera
o azo corantes e corantes o
anaerobica téxtil-corante metano e sulfito hidrogenado

solGveis em agua




Adaptado de: DAWOOD; SEN, 2014, p. 1-11, Yagub et al, 2014, p. 175.

Na coagulacdo eletrocinética é usado um metal (aluminio ou ferro) como
eletrodo imersso no efluente para causar dissolucdo desse metal, formando ions que
coagulam para flocular particulas formando hidroxidos que precipitam e quimicamente
adsorvem contaminantes quimicos (CHEN, 2004). E um processo simples que se
comparado com técnicas concencionais como coagulacdo quimica ndo gera poluicdo
secundaria, além de ser um equipamento compacto (DAWOOD; SEN, 2014).

A efetividade dos métodos quimicos depende da interacdo entre 0s
contaminantes presentes no efluente e a natureza do produto quimico usado, podendo
ter a funcdo de separar ou modificar e neutralisar os efeitos nocivos ao meio ambiente.
Estas técnicas sdo boas para descolorir a agua porém ao mesmo tempo sdo de alto custo
e inferiores porque produzem uma grande quantidade de lodo, e portanto ha um
problema de descarte de lodo (NGULUBE et al., 2017).

Os processos oxidativos sdo tradicionalmente usado para remover subtancias
inorganicas e organicas de efluentes. Oxidantes quimicos sdao muito efetivos mas sua
eficacia é fortemente influenciada pelo tipo de oxidante que pode incluir cloreto,
ozbnio, Fenton e dioxido de cloro (DAWOOD; SEN, 2014)

3.3  BIOSSORCAO

Biossorcdo € um processo de sorcdo, onde uma biomassa é usada como
biossorvente. O fendmeno da biossor¢do foi observado no inicio dos anos 1970 quando
elementos radioativos (incluindo metais pesados) nos efluentes liberados de uma
estacdo de forca nuclear foram encontrados concentrados em algas (HE; CHEN, 2014).
Os principais pontos fortes da biossorcéo sao a alta seletividade e eficiéncia, baixo custo
de operacdo, altas taxas de remocgdo e uso de materiais naturais que sdo abundantes
(AKSU, 2005).

O mecanismo de remocdo de metais geralmente inclui biossorcéo fisica, troca
ibnica, quelacdo, complexacdo e micro—precipitacdo (VEGLIO; BEOLCHINI, 1997). A
biossorcdo envolve uma variedade de mecanismos independentes no processo que tem
como responsavel essencialmente a parede celular da biomassa, devido a altas forcas
atrativas capazes de captar diferentes metais de acordo com o tipo de biomassa usada,

que incluem algas, fungos, bactérias, residuos industriais, residuos da agricultura e



outros  materiais a base de  polissacarideos  (VIJAYARAGHAVAN;
BALASUBRAMANIAN, 2015). Foram encontrados uma variedade de grupos
funcionais presentes na parede celular que oferecem certas forgcas de atracdo (para
compostos, ions metalicos, etc.) e promovem o aumento da eficiéncia de remocéo
(FAROOQ et al., 2010).

Ao se tratar de remocdo de corantes, recentemente uma série de estudos focaram
nas biomassas que sdo capazes de biodegradar ou biossorver corantes de efluentes,
como turfa, quitosana, leveduras, fungos e biomassa bacteriana (SRINIVASAN;
VIRARAGHAVAN, 2010). As variacfes de corantes e sua quimica resultam em
diversas interacOes entre o corante e 0 biossorvente (CRINI, 2006). A biossorcéo de
corantes é dependente das propriedades do corante como estrutura molecular e tipo,
nimero e posicdo dos substituintes das moléculas do corante (REIFE; FREEMAN,
1996).

3.4 ESTUDOS UTILIZANDO BIOSSORVENTES PARA REMOCAO DE
METAIS E CORANTES

Na procura por alternativas para substituir o carvéo ativado por biossorventes
sustentaveis, pesquisadores veem usando materiais diversos encontrados em estado
natural ou residuos industriais que podem vir a serem modificados para melhorar sua
eficiéncia. Visto que existem inumeros trabalhos publicados a respeito do uso de
biossorventes para remocdo de corantes e metais, serdo comentados alguns casos
estudados para remocdo especificamente dos corantes Azul Brilhante e Vermelho
Amaranto como também estudos para remogdo de ions de prata.

Dotto e Pinto (2011) realizaram o estudo de biossorcdo do corante Azul
Brilhante com quitosana a partir de residuos de camardo. Os autores otimizaram as
condi¢des do processo com pH 3, agitacdo de 150 rpm e tempo de 60 minutos em
temperatura de 25°C obtendo capacidade de biossor¢do de 210 mg g com o uso do
modelo cinético Elovich.

Rajeshkannan et al. (2011) conduziram o estudo da remogéo do corante Azul
Brilhante a partir de biomassa marinha. A biomassa usada foi a Hydrilla Verticillata e
as condicdes Otimas do processo foram: concentracao inicial de corante em meio aquoso
de 100 mg L™, temperatura de 30°C, pH 3, quantidade de biossorvente 2.88 g L™ com

tamanho de particula de 0.124 mm, tempo de contato de 180 min e velocidade de
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agitacdo de 237 rpm. Com essas condi¢des foi possivel obter a capacidade de biossor¢édo
de 38.46 mgg™t.

Ho e Chiang (2001) estudaram a sor¢éo do corante Azul Brilhante (Acid Blue 9)
com uma mistura de argila ativada e carvao ativado. O estudo revelou que a isoterma de
Langmuir é a que melhor se ajusta ao processo com condi¢bes Otimas de pH 3,
temperatura de 30°C foi possivel a obtencio da capacidade de biossor¢do de 53.6 mg g~
1.

Cadaval Jr. et al. (2015) fizeram o estudo da remocdo do corante Vermelho
Amaranto (Acid Red 27) com filmes de quitosana. O melhor modelo para representar o
equilibrio da reacdo foi o de Langmuir. Neste estudo foram usados os seguintes
parametros: pH 2, concentracdo inicial de corante na solucio de 100 mg L e
temperatura de 25°C alcancando a capacidade de biossorcdo de 494.13 mg gt com um
processo de biossorcao exotérmico, espontaneo e favoravel.

Guerrero—Coronilla et al. (2015) realizaram o estudo da biossor¢do do corante
Vermelho Amaranto por folhas de Jacinto aquéticas. Neste estudo os autores notaram
que a biossor¢gdo aumentava com o aumento do tempo de contato e com a concentracao
inicial do corante e, também com a diminuicdo do tamanho de particulas das folhas e
pH da solugdo. As condigBes Gtimas para o processo foram pH 2, temperatura de 25°C
alcancando a capacidade de biossorcdo de 70 mg g e revelando que o processo foi
endotérmico e ndo espontaneo.

Ahalya et al. (2013) conduziram o estudo de biossor¢do do corante Vermelho
Amaranto usando como biossorvente cascas de tamarindo. O melhor modelo que se
ajustou para a cinética do processo foi o de pseudo primeira ordem sob pH 2 alcangando
a capacidade de biossorgdo de 65 mg g*. A partir da técnica de anélise FTIR foi
possivel constatar os seguintes grupos funcionais sob a superficie do biossorvente: —
OH, -COOH, C=0¢e C-O.

Jeon (2015) estudou 0 comportamento da biossorcdo de ions de prata em solugédo
usando um biossorvente feito de cascas de caranguejo em po. O biossorvente foi
imobilizado em forma de pérola por um método de aprisionamento utilizando alcool
polivinilico e &cido bérico, obtendo diametro de 2 mm e area superficial de 11.124 m?
gt estavel até 45°C e pH 10. O pesquisador obteve remogdo de 83% de ions de prata da
solugdo com 4 g de biossorvente e capacidade de biossor¢do de 2.951 mg g de prata

em pH 6.
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Cantuaria et al (2015) realizaram 0 estudo da biossor¢do de ions de prata em
meio aquoso usando sistema batelada com um biossorvente de argila bentonita
termicamente modificado. A partir de um modelo de transferéncia de massa 0s
pesquisadores concluiram que o processo era principalmente controlado por transporte
externo e 0 melhor modelo de equilibrio foi o de Langmuir. A méxima capacidade e
biossorcao para o biossorvente foi de 61.48 mg gt em 283 K e 55.55 mg gt em 293 K,
além disso a tendéncia de aumento da capacidade de biossor¢éo para temperaturas mais
elevadas indica que o processo é exotérmico; esses fatos foram verificados pelos
parametros termodinamicos o que conclui que o processo € espontaneo e governado por
biossorc¢ao fisica.

Beigzadeh e Moeinpour (2016) estudaram o comportamento do biossorvente de
cinzas de aloe vera suportado em nanoparticulas de Ni0.5Zn0.5Fe,0a. Os pesquisadores
fizeram testes em diferentes pH (2-7), doses de biossorvente (0.01-0.5 g) e obtiveram
um alto valor de remocéo (98%) e a maxima capacidade de biossorcio de 243.9 mg g*
para 0 ion de prata nas condicbes de 30 min de contato e pH 5, além disso o
biossorvente produzido possui grande area superficial ( 814.23 m? g* ) e volume de
poros (0.726 cm® gb).

Em geral, os estudos acima mencionados mostram a importancia da busca de
novos materias, cada vez com menor custo, melhores caracteristicas e maior eficiéncia,

para a remocdo de contaminantes de meios aquosos por biossorcéo.

35 ISOTERMAS DE BIOSSORCAO

Modelos de equilibrio tém sido extensivamente usados para investigar a
quantidade de ions de metélicos ou corantes adsorvidos por diversos biossorventes
(FAROOQ et al., 2010). Estes modelos de equilibrio sdo denominados de isotermas e
tem grande importancia para explicar como ocorre a interagdo do biossorvente com o
adsorbato, fornecendo também a capacidade méaxima de biossor¢cdo (YAGUB et al.,
2014).

A distribuicdo dos ions de determinada substancia entre a solucdo e o
biossorvente pode ser calculada por estas isotermas, onde a fase na superficie do
biossorvente pode ser considerada como monocamada ou multicamada dependendo do
modelo usado para explicar o processo (YAGUB et al., 2014). Os modelos mais usados

em estudos aplicados a biossorcéo sdo o0 modelo de Langmuir e 0 modelo de Freundlich,
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também podem vir a serem usados os modelos de Langmuir—Freundlich, Redlich—
Peterson, Brunaur—Emmer—Teller (BET) e Sips (AKSU, 2005; LIU; LIU, 2008).

De acordo com o modelo de Langmuir (1918), a sorcéo ocorre na superficie do
biossorvente de maneira homogénea e os atomos/ions formam uma monocamada, com
sitios energeticamente iguais, na superficie do biossorvente. Apesar de ndo dar
informagdes sobre o mecanismo, ele ainda é usado para mensurar a capacidade de

biossorventes, conforme a equagéo 1 (Langmuir, 1918):

— quLCe 1

% 1+ K, C, @)

onde, ge € a capacidade de biossor¢do no equilibrio (mg g), Ce é a concentragio do

adsorbato no equilibrio (mg L), qm é a capacidade méaxima de biossorcdo (mg g 1) e K.

é a constante de Langmuir (L mg?). Outro importante aspecto no modelo de Langmuir
é o fator de equilibrio, R, , conforme a equacéo (2):

1

R =——— 2
" 1+K.C, @)

Para R, =1, a isoterma é linear, 0<R, <1 indica que o processo é favoravel e,
R, =0 indica que o processo € irreversivel (HAMDAOUI; NAFFRECHOUX, 2007).
Ao contrério da isoterma de Langmuir, Freundlich (1906) descreve as

caracteristicas de biossor¢do com camada heterogénea na superficie do biossorvente
(NGULUBE et al., 2017), conforme a equa¢do matematica (3):

1
Q. = KfCe N (3)

onde, ge é a capacidade de biossorcdo no equilibrio (mg g1), Ce é a concentracdo do
adsorbato no equilibrio (mg L), 1/Nf ¢ o fator de heterogeneidade e Kr é a constante de
Freundlich (mg gY)(mg L™Y)— /nr.

Outro modelo de isoterma foi proposto por Sips (1948), também nomeado de
Langmuir—Freundlich é essencialmente a isoterma de Freundlich que se aproxima da
méaxima biossor¢do em altas concentracfes de adsorbato. Este modelo pode ser obtido
assumindo que a biossor¢do acontece em monocamada na superficie, mas que a
biossorcdo € um processo cooperativo devido a interagdes biossorvente—adsorbato
(AKSU, 2005). A isoterma de Sips esta na equagéo (4):
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— qS(KSCe)m

*T1H(K.C,)" )

onde, gs é a capacidade méaxima de biossorcdo (mg g1), Ksé a constante de Sips (mg L~
1Y e m é o expoente de Sips.

Similar a isoterma de Sips, Redlich—Peterson propds uma isoterma que possui as
caracteristicas de Langmuir e de Freundlich, apresentada na equacgédo geral que segue
(5):

K,C

q _ m=e
e 1. a P
1+a,C,

()

sendo, Kp (L g1) e ap (L mg?) de sdo constantes de Redlich—Peterson e g é o
expoente do modelo. A equacdo (5) reduz a isoterma de Langmuir quando o exponente
é igual a um e resulta na equacédo da lei de Henry se B for igual a zero (CES Technical
Report 113).

3.6 TERMODINAMICA DE BIOSSORCAO

Através da isoterma de biossorcdo € possivel calcular os parametros
termodinamicos da biossorgdo (4S5, 4H", AG"). Estes pardmetros servem para indicar a
espontaneidade da biossorgéo, o tipo de biossorcdo e o mecanismo do processo, bem
como a influéncia da temperatura na biossor¢do. Geralmente, a determinacdo dos
parametros termodinamicos é realizada pela equacdo de Van't Hoff (6) (GHOSAL,
GUPTA, 2016):

As’  aH®
In(pKe) = — — — (6)

onde AG" ¢ a variagdo da energia livre de Gibbs padrdo (kJ mol™?), 4H" ¢ a variagdo da
entalpia padrdo (kJ mol™), 45° é a variagio da entropia padrdo (kJ mol™ K1), Ke € a
constante de equilibrio (L g™!) e p é massa especifica da solucgéo (g L ™).

O parametro AG" pode ser obtido pelas equacdes (7) e (8):
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AG® =—RTIn(pK,) 7

AG® = AH® —TAS® (8)

Valores positivos e negativos de AH representam reagdo endotérmica e
exotérmica, respectivamente. Valores positivos de A4S  refletem a afinidade do
biossorvente com o adsorbato; o aumento da aleatoriedade na interface sélido—liquido
aumenta o grau de liberdade do adsorbato e condigdes mais favordveis para ocorréncia
do processo de biossorcdo. No entanto, valores de A4S° negativos implicam na reducéo
da biossor¢do. Valores negativos de AG° refletem em um processo de biossorcéo
esponténea, ja valores positivos implicam em processo ndo espontaneo (GHOSAL;
GUPTA, 2016).

3.7 CINETICA DA BIOSSORCAO

Com o passar dos anos uma grande variedade de modelos cinéticos (pseudo
primeira ordem, pseudo segunda ordem, ordem geral, Elovich, Crank, Boyd, Bangham,

Weber e Morris, etc) de biossorcéo foram formulados.

Ha trés etapas em um processo de biossorcdo, em primeiro lugar hd a
transferéncia de massa da solucdo para a superficie externa do biossorvente, seguindo—
se de difusdo interna do adsorbato para os sitios de sorcdo e finalmente a prdpria sorcéo.
Alguns modelos sdo baseados no fato de a sor¢do ser o passo limitante da velocidade na
biossorcdo, outros supdem que a difusdo é o passo limitante da taxa, assim a adaptacao
aos modelos permite a elucidagdo do mecanismo de biossorcdo (LARGITTE;
PASQUIER, 2016).

Os modelos cinéticos de pseudo—primeira ordem e pseudo-segunda ordem sdo
baseados na capacidade de biossor¢do. O modelo de pseudo—primeira ordem (equacao
9) é geralmente aplicavel apds os primeiros 20-30 min do processo de sor¢éo, enquanto
0 modelo de pseudo segunda ordem (equacgdo 10) é adequado para todo o intervalo de
tempo de contato (DOTTO; COSTA; PINTO, 2013).
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A equacdo cinética de pseudo—primeira ordem ou também chamada de equacéo
de Lagergren é dada por (HE; CHEN, 2014):

qr = q1(1 — exp(—k;t)) (9)

onde g é a quantidade de adsorbato adsorvido no tempo t (mg g ), g1 € o valor tedrico
da capacidade de biossor¢do (mg g?), ki é a constante de pseudo primeira ordem (min -

1Y et é o tempo (min).

A equacdo cinética de pseudo—segunda ordem é dada por (HE; CHEN, 2014):

t
go=—t 10

t (1/k2q%)+(t/‘h) ( )
onde q: é a quantidade de adsorbato adsorvido no tempo t (mg g™), g2 é o valor tedrico
da capacidade de biossorcdo (mg g ), k2 é a constante de pseudo-segunda ordem (min -

Y et é otempo (min).

A equacdo cinética de Elovich primeiramente foi proposta por Roginsky e
Zeldovich em 1934, e agora é conhecida geralmente como equacéo de Elovich, tem sido
extensivamente aplicada a dados de biossorcéo, e é expressada pela equacgdo (11) (LIU;
LIU, 2008):

qc = 3 In(1 + abt) (11)

onde g: é a quantidade de adsorbato adsorvido no tempo t (mg g1), a é a velocidade
inicial devido a dg/dt com g: = 0 (mg g~* min™!), b é a constante de desorcéo de Elovich

e t é o tempo (min).

3.8 RESIDUOS DE UVA

A uva é fonte natural de compostos fendlicos e esta relacionada com importantes
beneficios a saude, devido as suas propriedades anti—inflamatorias, anti—carcinogénicas
e por sua protecdo contra doencas cardiovasculares. No Brasil as variedades de uvas
americanas Vitis labrusca L. sdo amplamente cultivadas, principalmente para a
elaboracdo de sucos (FRANKEL et al., 1998).
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Durante o processo de elaboracdo do suco de uva ocorre a geracdo do residuo
denominado bagaco e do residuo da centrifugacdo do suco. O bagaco (cascas e semente)
é obtido na etapa de prensagem, e é fonte de compostos fendlicos e antioxidantes,
promovendo o interesse da industria de alimentos em sua utilizacdo como matéria
prima. Estes residuos obtidos no processamento da uva apresentam elevado teor de
umidade, sendo que a secagem destes residuos é uma alternativa para prolongar sua vida
uatil e reduzir possiveis alteragdes quimicas (SANTANA, 2015). A estabilidade dos
compostos fendlicos durante a secagem do alimento esta relacionada com a temperatura

utilizada e com o tempo de exposicao ao calor (ERBAY;; ICIER, 2009).

A viticultura no Brasil é desenvolvida tradicionalmente nas regides Sul, Sudeste
e Nordeste, sendo uma atividade consolidada e com grande importancia
socioeconémica. O estado do Rio Grande do Sul é responsavel por cerca de 90% da
producdo nacional de vinhos, sucos e derivados do pais. O Brasil em 2012 produziu
830,92 milhdes de kg (57,07%) de uvas destinadas a elaboracdo de derivados, o restante
da producdo 624,89 milhGes de kg (42,93%) foi destinada ao consumo in natura. A
producdo total de uvas no Brasil neste mesmo ano foi de 1.455.809 milhdes de kg,
sendo o estado do Rio Grande do Sul o maior produtor com 840.251 milhdes de kg. A
producdo de suco de uva em 2012 apresentou aumento de 75,55% em relacdo ao ano
anterior incluindo suco concentrado transformado em suco simples e em suco de uva
integral (SANTANA, 2015).

A tabela 2 apresenta uma estimativa da quantidade de bagaco de uva
disponibilizado no ano de 2011, categorizada pelos dois grandes grupos (americanas e
hibridas), e pela cor da pelicula (tinta, branca e rosada). O grande volume € de uvas
tintas (81,37%), sendo que as americanas e hibridas sdo as de maior volume e
representam 75,08% do total deste tipo de residuo (MARIA; MELLO, 2014).

Tabela 2 — Disponibilidade de bagago de uva por tipo, em kg — Rio Grande do Sul —
2011.

Descriminacdo Americanas e Hibridas Viniferas  Total (%)
Tintas 106.569.139 8.938.090 115.507.228 81,37
Rosadas 3.060.564 69.878 3.130.442 2,21
Brancas 15.760.289 7.548.464 23.308.753 16,42

Todas 125.389.992 16.556.432 141.946.424 100.00




17

Fonte: MARIA, L.; MELLO, R. DE. Comunicado155 Técnico. p. 1-6, 2014.

Em 2011, as 50 maiores vinicolas geraram cerca de 130 mil toneladas de bagaco
e sementes de uvas. Destaca—se que a maior empresa processadora de uvas foca sua
atividade na producdo de suco de uvas, e, portanto, utiliza cultivares americanas e
hibridas, em especial, as tintas. Os residuos dessa empresa sdo encaminhados para uma
empresa de compostagem. Essa empresa gerou, em 2011, cerca de 37 milhdes de quilos
de residuos, sendo 7 milhdes de quilos de engaco e 30 milhdes de bagaco (casca e
sementes) (MARIA; MELLO, 2014). Os residuos de uva obtidos da etapa de prensagem
sdo denominados de bagacgo e séo constituidos de cascas e sementes, representando de
12 a 15 % do peso da matéria—prima inicial. Os residuos obtidos da etapa de
centrifugacdo do suco de uva sdo constituidos pelos solidos suspensos do suco e
representam aproximadamente 4 a 8 % do volume inicial (SANTANA, 2015).

A baga geralmente é constituida de 6 a 12% de casca, 2 a 5% de semente e 85 a
92% de polpa. A polpa é constituida majoritariamente por 65 a 85% de agua, 12 a 25%
de acUcares redutores, 0,6 a 1,4% de &cidos organicos, 0,25 a 0,5% de substancias
minerais, 0,05 a 0,1% de compostos nitrogenados e diversas vitaminas hidrossollveis e
lipossoliveis (SANTANA, 2005). As sementes das uvas Sd80 compostas
aproximadamente por 40% de fibra, 16% de 6leo, 11% de proteinas, 7% de compostos
fenolicos complexos (taninos), agucares, sais minerais, etc. Possuem grande quantidade
de compostos fenolicos monomeéricos, tais como (+)—catequina, (—)—epicatequina e (—)—
epicatequina—3—-O—galato, e diméricos, triméricos e tetraméricos procianidinas, estes
atuam como agentes antimutagénicos e antivirais (JAYAPRAKASHA; SELVI;
SAKARIAH, 2003).
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ABSTRACT

An alternative, low—cost and efficient biosorbent, powdered grape seeds (PGS), was
prepared from wastes of a wine industry, and used to remove Brilliant Blue (BB) and
Amaranth Red (AR) dyes from aqueous solutions. The biosorbent was properly
characterized before and after the biosorption operation. The potential of PGS to
remove BB and AR dyes was investigated thought kinetic, isotherm and thermodynamic
studies. The biosorption of BB and AR was favored at pH 1.0 using biosorbent dosage
of 0.500 g L™, being attained more than 85% of removal percentage. For BB and AR
dyes, pseudo—second order and Elovich models were able to explain the biosorption
kinetic. The biosorption equilibrium of BB on PGS was well represented by the
Langmuir model, while for AR, the Sips model was the most adequate. The maximum
biosorption capacities were 599.5 and 94.2 mg g* for BB and AR, respectively. The
biosorption of BB and AR on PGS was a spontaneous, favorable and endothermic
process. These findings indicated that PGS is a low—cost and efficient biosorbent, which

can be used to treat dye containing waters.

Keywords Biosorbent; grape seeds; kinetic; pharmaceutical dyes; thermodynamic
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INTRODUCTION

Dyes are commonly employed in pharmaceutical formulations to enhance the aesthetic
appearance and reduce errors in medication (Pérez—lbarbia et al. 2016). During the
pharmaceutical manufacturing, some of these dyes are lost, and consequently, discarded
in effluents (Ferndndez et al. 2010). The incorrect disposal of dye—containing effluents
is a well know problem, which can cause several damages to the environment and
human health (Gupta & Suhas 2009). In this way, some countries created severe
restrictions for the discharge of colored effluents (Hessel et al. 2007), and consequently,
many studies have been focused to search treatments able to remove dyes from aqueous
effluents (Crini & Badot 2008; Alvarez et al. 2013; Yagub et al. 2014; Dotto et al.
2015a; Khandare & Govindwar 2015).

Several treatments are used to remove dyes from industrial effluents, including,
chemical precipitation, ion flotation, ion exchange, membrane filtration, AOP's,
adsorption, biosorption and electrochemical methods (Yagub et al. 2014; Ahmed et al.
2017). Among these, biosorption, which is defined as, "the removal of contaminants
from aqueous media by inactive or non-living biomass”, has gained attention due
advantages like low cost, ease of operation, fast kinetics and use of diverse types of
biomasses as biosorbents (Dotto et al. 2015a). In this sense, several biosorbents have
been used to remove dyes from aqueous media, for example, papaya seeds (Weber et al.
2014), lotus seedpod (He et al. 2016), spent bleaching earth (Belhaine et al. 2016) and
oricuri fiber (Meili et al. 2017). The use of grape wastes has been studied in the last
years. Torab—Mostaedi et al. (2013) verified the potential of grape peels to remove
cadmium and nickel from aqueous media. Al Bsoul et al. (2014) studied the potential of
grape seeds as biosorbent for cooper ions. In spite of these efforts, the use of grape
seeds as biosorbent for dye removal is scarce.

Currently, there is a great interest in the exploitation of the residues generated by
the wine industry (Spiridon et al. 2016; Al-Hamamre et al. 2017). During wine
production, it is estimated that approximately 25% of the grape weight results in by—
product/waste (termed ‘pomace’ which is comprised of skins and seeds) (Dwyer et al.
2014). Grape seeds contain oil, lignin, cellulose and hemicellulose (Yedro et al. 2015).
These compounds in turn, contain several functional groups that can act as biosorption

sites. Based on these information's, we believe that grape seeds can be an available, low
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cost and efficient material, which can be used as biosorbent to remove dyes from
aqueous media.

In this research, an alternative low—cost and efficient biosorbent named
powdered grape seeds (PGS) was prepared from wastes of a wine industry, and used to
treat synthetic solutions containing the pharmaceutical dyes Brilliant Blue (BB) and
Amaranth Red (AR). The biosorbent was characterized according to the point of zero
charge (pHzc), Boehm titration, Fourier transform infrared spectroscopy (FT-IR),
scanning electron microscopy (SEM) and energy X—ray dispersive spectroscopy (EDS).
The effects of initial pH of the solution and biosorbent dosage on the biosorption were
studied. The biosorption kinetic data were evaluated by the pseudo—first order, pseudo—
second order and Elovich models. Langmuir, Freundlich and Sips models were used to
fit the biosorption equilibrium data. Thermodynamic parameters such as, standard
Gibbs free energy change (4G°), standard enthalpy change (4H°) and standard entropy
change (45°) were also estimated.

MATERIALS AND METHODS

Preparation of powdered grape seeds (PGS) biosorbent

Powdered grape seeds (PGS) biosorbent was prepared from wastes of a wine industry
located in Mendoza, Argentina. Vitis vinifera L. grapes were collected from vineyards
located in Mendoza province, Argentina (33°04°S, 68°19"W). The grapevine bunches
(red cultivar of the Bonarda variety) were subjected to the wine processing. During the
wine processing, a pomace containing husks, stems and seeds was generated. This
pomace was refrigerated and carried to the laboratory. The grape seeds were manually
separated from the pomace, washed with drinking water and then rinsed with Milli—Q
water. The seeds were lyophilized for 48 h (Virtis freeze mobile, model 6, USA),
pulverized with a mill (Ultracomb, MO-8100A, Argentina) and sieved until the discrete
particle size ranging from 80 to 110 um. The resulting material was named powdered

grape seeds (PGS) biosorbent.
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Characterization techniques

The PGS biosorbent was characterized according to several important aspects regarding
biosorption. The point of zero charge (pHzc) was determined using the eleven points
experiment (Park & Regalbuto 1995), in order to assess the surface charge of the
biosorbent as a function of the pH. The total acidity and basicity of the biosorbent was
verified by the Boehm titration method (Goertzen et al. 2010). Fourier transform
infrared spectroscopy (FT—IR) (Shimadzu, Prestige 21, Japan) was used to identify the
main functional groups of the biosorbent (Silverstein et al. 2007). The textural
characteristics of the biosorbent and the main elements on the surface were vizualized
by scanning electron microscopy (SEM) coupled to energy X-ray dispersive
spectroscopy (EDS) (Jeol, JSM-6610LV, Japan) (Goldstein et al. 1992). FT-IR and
SEM were also performed after the biosorption process (optimum condition) in order to

verify possible modifications on the biosorbent surface.

Pharmaceutical dyes

Two dyes commonly found in pharmaceutical effluents were selected to perform the
study: Brilliant Blue (BB) and Amaranth Red (AR), both with industrial grade and
purity higher than 85%. Brilliant Blue (BB) (Triphenylmethane dye, molecular weight
792.8 g mol™%; C.I. 42090; Amax = 408 nm) and Amaranth Red (AR) (azo dye, molecular
weight 604.5 g mol™*; C.I1. 16185; Amax = 521 nm) were supplied by a local manufacturer
(Duas Rodas Ind. Jaragua do Sul, Brazil) and were used without further purification.
The three dimensional structural formulae of the dyes are shown in Figure 1. The

solutions were prepared with distilled water and the reagents were of analytical grade.
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Figure 1 Three dimensional structural formulae of the dyes: (a) Brilliant Blue (BB) and
(b) Amaranth Red (AR).

Biosorption experiments

The biosorption experiments were realized in batch mode at 200 rpm using a
thermostated agitator (Marconi, MA 093, Brazil) in order to verify the effects of initial
pH, PGS dosage and also to obtain the kinetic and isotherm curves. Four experimental
steps were performed:

o The effect of initial pH was studied (from 1.0 to 8.0) (adjusted with HNO3 and
NaOH) under the following conditions: initial dye concentration of 50 mg L™, contact
time of 1 h, volume of solution of 25 mL, PGS dosage of 2.00 g L™* and temperature of
25 °C (PGS was put directly in contact with the solutions);

o I1) The effect of PGS dosage (from 0.25 to 5.00 g L) was investigated under
the same conditions, using the optimum pH defined elsewhere;

o [11) Kinetic experiments were performed using the optimum pH and PGS dosage
defined above. The initial dye concentration was 50 mg L. The experiments were
performed at 25 °C with contact time varying from 0 to 120 min and the volume of
solution was 25 mL;

o IV) Isotherm curves were constructed at 25, 35, 45 and 55 °C, using the

optimum pH and PGS dosage defined above. The initial dye concentration ranged from



25

25 to 300 mg L and the volume of solution was 25 mL, being the aliquots stirred until
the equilibrium (maximum 6 h).

After all the experiments, the solid phase was separated by centrifugation (Centribio,
80-2B, Brazil) at 4000 rpm for 20 min (Dotto et al. 2017) and, the remaining dyes
concentration in the liquid phase was measured by spectrophotometry at the maximum
wavelength for each dye (Biospectro SP-22, Brazil). To guarantee the experimental
accuracy, the experiments were realized in replicate (n=3) using closed vessels and,
blanks were performed. The dye removal percentage (R, %), mass of dye biosorbed per
gram of biosorbent at any time (q: (mg g*)) and at equilibrium (ge (mg g%)) were
calculated as follows (Crini & Badot 2008):

r= (G =C)ygg 0
_ (Co _Ct)

Q=" \ 2
_ (CO - Ce)

q. = TV 3)

where, Co, Ci, Ce (mg L) are the dye concentrations at t=0, at any time and at
equilibrium, respectively, W (g) is the biosorbent amount and V (L) is the volume of the

solution.

Biosorption kinetics, isotherms and thermodynamics

The biosorption Kinetics, isotherms and thermodynamics are fundamental investigations
which should be performed in order to evaluate an alternative biosorbent material (Liu
& Liu 2008). From the kinetic viewpoint, the biosorption of BB and AR pharmaceutical
dyes on PGS was evaluated by the pseudo first-order (Lagergren 1898), pseudo
second-order (Ho & Mckay 1998) and Elovich models (Zeldowitsch 1934), as follows:

Q. = ql(l —€exp ('klt)) (4)
t
= 5
%= Wiod)+ g, ) ©)
g = % In(1+ abt) (6)

where, ki and k> are the rate constants of pseudo first—order and pseudo second—order

models, respectively in (min-t) and (g mg* min™!), g1 and g are the theoretical values
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for the biosorption capacity (mg g2), a is the initial velocity due to dg/dt with =0 (mg
gt min), b is the desorption constant of the Elovich model (g mg™) and, t is the time
(min).

From the equilibrium viewpoint, the BB and AR biosorption on PGS was
studied using the Langmuir (Langmuir, 1918), Freundlich (Freundlich 1906) and Sips
(Sips 1948) isotherm models, as follows:

quLCe
Q=1 ~ (7
1+(K.C,)
g = KeC"™ ®)
_ 05 (KsC,)" 9
Tk ®)

being, g is the maximum biosorption capacity (mg g '), Kz is the Langmuir constant (L
mg '), Kr is the Freundlich constant (mg g')(mg L)', I/nr is the heterogeneity
factor, ¢s the maximum biosorption capacity from Sips model (mg g!), Ks the Sips
constant (L mg ') and m the Sips exponent. Another important aspect of the Langmuir
model is the equilibrium factor, R;:

R = ; (10)
1+(K,.C,)
For R;=1, the isotherm is linear, O<R;<lindicates a favorable process and, R;=0
indicates an irreversible process (Hamdaoui & Naffrechoux 2007).
From the thermodynamic viewpoint, the biosorption of BB and AR was
evaluated according to the standard values of Gibbs free energy change (AGY, k] mol ™),
enthalpy change (AH’, kJ mol™") and entropy change (AS’, kJ mol™' K™!), which were

estimated by the combination of the following equations (Zhou et al. 2012;

Anastopoulos & Kyzas 2016):

AG® =-RTIn(pK,) (11)

AG® = AH? —TAS? (12)
AS®  AH°

In(pK )=="

(oK,) T (13)

where, K. is the equilibrium constant (L g™!) (based in the parameters of the best fit
isotherm model), T is the temperature (K), R is 8.31x107> kJ mol ! K™! and is the
solution density (g L™).
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Parameters estimation

The kinetic and equilibrium parameters were estimated through nonlinear regression,
minimizing the least squares function and using the Quasi—Newton estimation method.
The Statistic 9.1 software (Statsoft, USA) was used to perform the calculations (El-
Khaiary & Malash, 2011). The fit quality was measured through determination
coefficient (R?), adjusted determination coefficient (R%,;) and average relative error

(ARE) (Dotto et al. 2013), as follows:

RZ _ Zin(qi,exp _C_Ii,exp)z _Zin(qi,exp _qi,model)z

n _ 2
Zi (qi,exp - qi ,exp) (14)
Rzadj=1—(1—R2{:__]r;J (15)
ARE — 100 & qi,model - qi,EXP
n i:l‘ qi,exp ‘ (16)

where, ¢imodel 18 €ach value of ¢ predicted by the fitted model, g; .y, is each value of ¢

measured experimentally, di’exp is the average of g experimentally measured, n is the

number of experimental points and p is the number of parameters.
RESULTS AND DISCUSSION
Characteristics of powdered grape seeds (PGS) biosorbent

PGS biosorbent was characterized according to the point of zero charge (pHzpc), total
acidity and basicity, FT-IR, SEM and EDS. The pHz. of the biosorbent was 6.85 (see
supplementary material). This shows that at pH values lower than 6.85 the biosorbent is
positively charged, while at pH values higher than 6.85, PGS is negatively charged. The
values of carboxylic, lactonic and phenolic groups were, respectively, 0.05, 0.28 and
2.98 meq g*. Consequently, the total acidity on the PGS surface was 3.31 meq g~*. The
total basicity was 0.01 meq g=.
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The FT-IR spectra of PGS biosorbent before (PGS) and after the biosorption
process (PGS loaded BB and PGS loaded AR are depicted in Figure 2.
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Figure 2 FT-IR spectra of PGS biosorbent before (PGS) and after the biosorption
process (PGS loaded BB and PGS loaded AR).

The PGS spectrum (before biosorption) in Figure 2 shows the main intense
bands around 3400, 2900, 2800, 1750, 1650, 1510, 1400 and from 1300 to 1000 cm™.
The broad band centered at 3400 cm™ is the —OH stretching. The stretchings of C—H
and CH: can be vizualized at 2900 and 2800 cm2, respectively. The band at 1750 cm™?
could be assigned to the carbonyl groups (C=0). The C=0 link of the acetyl groups can
be seen at 1650 cm™. The C=C link of aromatic ring is vizualized at 1510 cm™. The CH
deformation can be seen at 1400 cm™. The vibrational bands in the region 1300-1000
cm! can be assigned to -CO, C—-O—C and carboxylic acids. These bands reveal that the
PGS biosorbent is composed by several functional groups that are able to bind with the
pharmaceutical dyes AR and BB. In the spectra after biosorption (PGS loaded BB and
PGS loaded AR) (Figure 2), no significant changes were observed. This shows that no
links were formed or broken during the biosorption process, indicating that a physical
biosorption occurred.
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Figure 3 SEM images of PGS biosorbent.

The SEM images of PGS biosorbent are presented in Figure 3. It can be seen
that PGS is composed by irregular particles with a rough surface (Figure 3(a)). Figure
3(a) also confirms the mean diameter of the particles obtained by sieving (from 80 to
110 um). Several cavities and protuberances can be also visualized in the PGS surface
(Figure 3(b)). These characteristics are favorable to accommodate the large dye
molecules on the biosorbent surface.

The EDS spectra of PGS biosorbent before (PGS) and after the biosorption
process (PGS loaded BB and PGS loaded AR) are shown in Figure 4. It was found that
the main elements on the PGS surface before the biosorption process were C, O, P and

Mg. These elements are common for biosorbents. However, after the biosorption
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process, the element S appeared. This is an indicative that BB and AR dyes (se Figure
1) were biosorbed on the PGS surface. To confirm the EDS results, PGS samples
(before and after biosorption) were analyzed in an elemental analyzer (Vario E1-
CHNS). The results showed that PGS before biosorption presented traces of S.
However, after biosorption, the S percentage was increased. This also confirms the

attachment of the dyes on the PGS surface.
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Figure 4 EDS spectra of PGS biosorbent before (PGS) and after the biosorption process
(PGS loaded BB and PGS loaded AR).

Effects of initial pH and biosorbent dosage

The effect of initial pH on the biosorption of BB and AR by PGS is presented in Figure
5.
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Figure 5 Effect of initial pH on the biosorption of BB and AR dyes by PGS (C,=50 mg
L, T=25 °C, t=1 h, V=25 mL, biosorbent dosage=2.00 g L! and stirring rate=200
rpm).

It can be seen clearly in Figure 5 that the dye removal percentage increased with
the pH decrease from 8.0 to 1.0. For both dyes, no biosorption occurred from pH 8.0 to
6.0, while that, the dye removal percentage was higher than 80% at pH 1.0. This shows
that the biosorption of BB and AR dyes by PGS is strongly pH dependent. This
behavior can be explained on the basis in the characteristics of the PGS and dye
molecules. BB and AR are anionic dyes (Figure 1) and its sulphonated groups are
negatively charged independent of the pH (since that the pKa of these groups are
negative). In parallel, the PGS biosorbent is positively charged at pH values lower than
6.85 (pHzc Of the biosorbent is 6.85). In this way, at pH of 1.0, the negatively charged
dye molecules are attracted by the positively charged surface of the PGS biosorbent,
leading to high values of removal percentage. Similar trends were found using other
materials to remove BB, like chitosan (Dotto & Pinto 2011), flower wastes (Alvarez &
Anaguano 2014) and Hydrilla verticillata (Rajeshkannan et al. 2011). Also for the
removal of AR using chitosan films (Cadaval Jr. et al. 2015), water hyacinth leaves
(Guerrero—Coronilla et al. 2015) and tamarind pod shells (Ahalya et al. 2012). Based on
these results, the subsequent biosorption tests were performed at pH of 1.0.
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The effect of biosorbent dosage on the biosorption of (a) BB and (b) AR dyes by

PGS is presented in Figure 6.
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Figure 6 Effect of biosorbent dosage on the biosorption of (a) BB and (b) AR dyes by
PGS (Co=50 mg L, T=25 °C, t=1 h, V=25 mL, pH=1.0 and stirring rate=200 rpm).

For BB dye (Figure 6(a)), the increase in biosorbent dosage from 0.25 g L™ to
1.00 g Lt caused an increase from 56 to 87% in the dye removal percentage (R).
However, the biosorption capacity (q) decreased from 120 to 40 mg g~X. A new increase
from 1.00 g L ™! to 5.00 g L caused no significant effect on the dye removal percentage
but, the biosorption capacity continued to decrease. In the case of AR dye (Figure 6(b)),
the increase in biosorbent dosage from 0.25 g L™ to 1.50 g L™ caused an increase from
32 to 85% in the dye removal percentage (R). However, the biosorption capacity (q)
decreased from 58 to 18 mg g*. A new increase from 1.50 g L™! to 5.00 g L! caused no
significant effect on the dye removal percentage but, the biosorption capacity continued
to decrease. This behavior is common, since, the increase in biosorbent dosage provides
more biosorption sites, and consequently, more dye is removed from the solution. On
the other hand, the biosorption capacity decreases, since these additional sites can block
one each other. Aiming to obtain suitable values of R and q for both dyes, 0.50 g L™

was selected as the optimum biosorbent dosage to be used in further studies.
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Biosorption kinetics

The kinetic curves for the biosorption of BB and AR dyes by PGS were constructed at

pH=1.0 with biosorbent dosage of 0.50 g L. These curves are depicted in Figure 7.
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Figure 7 Kinetic curves for the biosorption of BB and AR dyes by PGS (C,=50 mg L,
T=25 °C, V=25 mL, pH=1.0, biosorbent dosage=0.50 g L and stirring rate=200 rpm).

A typical kinetic behavior was observed for both dyes, where, the biosorption
capacity presented a strong increase in the first 5 min, followed by a gradual increase
until 90 min. After, the biosorption rate decreased strongly, being that and the
equilibrium was attained within 6 h. Also, Figure 6 shows that the biosorption capacity
was higher for BB than for AR dye. This can be occurred because that the BB molecule
is higher than the AR molecule (see Figure 1), increasing the probability of this
molecule be docked in an active site. This behavior was proved in other work, using
physical statistics approaches (Dotto et al. 2015b).

Pseudo—first order (PFO), pseudo—second order (PSO) and Elovich models were
fitted with the experimental data, in order to find an adequate and mathematically easy
model to represent the experimental kinetic data. The results are presented in Table 1.

The high R? and low ARE values presented in Table 1 show that the pseudo—second
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order (PSO) and Elovich models were adequate to explain the experimental kinetic data.
The g2 value for BB was higher than the g> value for AR, confirming its higher
biosorption capacity. This behavior is corroborated by the b parameter of the Elovich
model, which was lower for BB. The k. values were similar for both dyes, indicating
that the biosorption rate was also similar, during the entire biosorption period. However,
the ho value was higher for BB, indicating that, at the initial stages, the BB biosorption
was faster. Finally, Table 2 show that for both dyes, g. closely very well with the
experimental value ge(exp) confirming that the PSO model can be used to predict the

experimental values of biosorption capacity.

Table 1 Kinetic parameters for the biosorption of BB and AR dyes on PGS.

Models Dyes

BB AR
PFO model
q(mgg™) 74.4 41.0
ke (MinY) 0.207 0.113
R? 0.9721 0.9092
ARE (%) 4.37 8.62
PSO model
g2(mgg?) 79.6 45.2
kz (g mgt minY) 0.0040 0.0038
ho (mg g~! min™) 25.3 6.15
R? 0.9959 0.9689
ARE (%) 173 5.66
Elovich model
b (gmg ) 0.122 0.146
a(mgg?*min?) 1533.13 46.69
R? 0.9959 0.9853
ARE (%) 1.63 3.43

ge(exp) (mg g?) 80.2 43.9
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Biosorption isotherms

Figure 8 present the equilibrium isotherms for the biosorption of (a) BB and (b) AR
dyes by PGS. For both dyes a type | isotherm (Thommes et al. 2015) was observed,
with an initial curved portion at lower concentrations, tending to a plateau at higher
concentrations. The plateau was most pronounced for AR dye. This behavior indicates a
high affinity between the BB and AR molecules with the PGS surface. Furthermore, it
can be seen for both dyes that the biosorption capacity increased with the temperature.
This can have occurred because that the temperature increase caused an expansion of
the biopolymeric matrix of the biosorbent providing more available biosorption sites.
Similar trend was found by Guerrero—Coronilla et al. (2015) in the AR adsorption onto
water hyacinth leaves, using temperature range from 18 to 50 °C.

In order to find an adequate representation for the equilibrium experimental data,
the models named Langmuir, Freundlich and Sips were used. The fitting results are
presented in Table 2 (for BB) and Table 3 (for AR). The higher values of R? and R?j
and the lower values of ARE (Table 2) indicates that the Langmuir model was the best
to represent the biosorption equilibrium for the BB dye. However, for the AR dye, the

Sips model was the more adequate.
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Figure 8 Equilibrium isotherms for the biosorption of (a) BB and (b) AR dyes by PGS
(pH=1.0 and biosorbent dosage=0.50 g L™1).

The RL values of the Langmuir model (Table 2) ranged between 0 and 1,
indicating that the BB biosorption was a favorable process. The K (Table 2) increased
with the temperature, suggesting that the biosorbent—-BB affinity was higher at 328 K.
The same trend was found for Ks (Table 3). The gm (BB dye in Table 2) and gs (AR dye
in Table 3) parameters increased with the temperature, corroborating that the
biosorption capacity is favored at 328 K.

The maximum biosorption capacities were found at 328 K (55 °C) and were
599.5 and 94.2 mg g for BB and AR, respectively. A comparison between the
maximum biosorption capacities (gmax) of several materials used to remove BB and AR
dyes from aqueous solutions is presented in Table 4. Based on this table, it can be stated
that PGS is an excellent biosorbent to remove BB, since presented a very high
biosorption capacity. Also, PGS is a suitable biosorbent for AR, since its biosorption
capacity was comparable with the other materials. Furthermore, PGS has low cost, since

is obtained from wastes, using a simple processing.



Table 2 Isotherm parameters for BB biosorption onto PGS.
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Models Temperature (K)

298 308 318 328
Langmuir
gm(mg g?) 324.4 381.6 537.3 599.5
Ki (L mg™?) 0.020 0.021 0.022 0.038
RL (Co=300 mg L) 0.131 0.142 0.136 0.080
R? 0.9790 0.9979 0.9939 0.9985
R%adj 0.9736 0.9967 0.9918 0.9888
ARE (%) 5.91 4.18 5.76 5.54
Freundlich
Ke ((mg g H)(mg L) Fy  28.1 26.2 30.1 50.9
1/ne 2.26 2.03 1.83 1.94
R? 0.9424 0.9717 0.9757 0.9868
R%qj 0.9303 0.9656 0.9708 0.9834
ARE (%) 16.15 16.15 16.69 13.77
Sips
gs(mggl) 311.8 353.1 515.11 830.1
Ks (L mg™) 0.025 0.024 0.023 0.017
m 1.066 1.111 1.044 0.776
R? 0.9790 0.9970 0.9930 0.9925
R%qj 0.9676 0.9950 0.9890 0.9885
ARE (%) 7.42 5.11 5.40 6.96




Table 3 Isotherm parameters for AR biosorption onto PGS.

38

Models Temperature (K)
298 308 318 328

Langmuir
gm(mg gd) 59.8 65.6 85.6 94.4
KL (L mg™) 0.041 0.040 0.031 0.045
RL (Co=300 mg L™?) 0.075 0.076 0.097 0.068
R? 0.8687 0.9218 0.9681 0.9981
R%adj 0.8415 0.9053 0.9613 0.9972
ARE (%) 22.77 16.04 9.29 1.16
Freundlich
Ke ((mg g H)(mg L) Fy 143 14.7 13.4 20.2
1/ne 4.03 3.84 3.07 3.62
R? 0.8100 0.8611 0.9493 0.9686
R%adj 0.7720 0.8332 0.9384 0.9613
ARE (%) 28.59 22.44 12.89 8.32
Sips

gs(mgg?) 50.9 55.4 83.9 94.2
Ks(L mg?) 0.045 0.047 0.033 0.048
m 7.994 4.686 1.047 1.006
R? 0.9999 0.9957 0.9682 0.9989
R%adj 0.9988 0.9922 0.9522 0.9975
ARE (%) 0.69 1.68 9.24 1.12

Table 4 Comparison between the maximum biosorption capacities (gmax) of several

materials used to remove BB and AR dyes from aqueous solutions.

. Dye (max

Biosorbent pH T (°C) ) Reference
(mgg™)

PGS BB 1.0 55 599.5 This work
Chitosan BB 3.0 25 210.0 Dotto & Pinto (2011)
Flower wastes BB 2.0 54 40.16 Alvarez & Anaguano (2014)
Hydrilla verticillata BB 3.0 30 38.46 Rajeshkannan et al. (2011)
Mixed sorbents BB 3.0 30 53.6 Ho & Chiang (2001)
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PGS
Chitosan films

Water hyacinth leaves

Tamarind pod shells

Alumina reinforced polystyrene

Activated carbono

AR
AR
AR
AR
AR
AR

1.0 55
2.0 25
2.0 18
2.0 —
2.0 50
1.0 30

94.2
494.13
70.0
65.04
20.23
166.67

This work

Cadaval Jr. et al. (2015)
Guerrero—Coronilla et al. (2015)
Ahalya et al. (2012)

Ahmad & Kumar (2011)
Al-Aoh et al. (2013)

Biosorption thermodynamics and interaction mechanism

The biosorption thermodynamic of BB and AR was evaluated according to the standard

values of Gibbs free energy change (AGP, kJ mol™), enthalpy change (AHC, kJ mol™)

and entropy change (AS°, kJ mol™ K™). The results \are presented in Table 5.

Table 5 Thermodynamic parameters for the biosorption of BB and AR dyes on PGS.

T (K) BB dye* AR dye*
AG® AH° ASP AG? AH? AS?
(kImol™Y)  (kImol?) (kI molt K- (kImolY)  (kJmol?)  (kJ mol™ K-
D) D)
298 —-22.0+0.1 -19.1+0.1
308 —22.9+0.1 -20.1+0.1
30.2+0.5 0.17+0.02 15.0+0.4 0.11+0.01
318 —24.6+0.2 -20.9+0.1
328 —-27.3+0.2 —-22.7+0.3

* meanzstandard error

For both dyes, negative AG° values were obtained, demonstrating that the BB

and AR biosorption onto PGS was a spontaneous and favorable process. The

temperature increase provided more negative AG° values, corroborating that the

biosorption was favored at 328 K. The positive AH® values indicated that the biosorption

was endothermic in nature. The endothermic nature was also observed in the malachite

green adsorption by Moroccan clay (Elmoubarki et al. 2015) (AH%=14.7 kJ mol™) and

reactive blue 19 adsorption on coconut shell activated carbon (Isah et al. 2015)
(AH°=7.771 kJ mol™). For both dyes, the magnitude of AH° values suggests that

physical electrostatic interactions occurred. The positive AS® values indicated some

rearrangements on the biosorbent surface during the biosorption.
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Based on the FTIR, pHzpc, Boehm titration, pH studies, thermodynamic
parameters and dye properties, a possible main biosorption mechanism was proposed: It
is know that at pH lower than 6.85 the PGS surface is positively charged. At pH 1.0, the
majority of the PGS groups are protonated (basic groups, carboxylic and hydroxyl
groups). In parallel, the sulphonated groups of the dye molecules are negatively charged
(negative pKa). Then a physical electrostatic interaction occurs between the dyes and the
PGS biosorbent. This mechanism is corroborated by the FTIR spectra, which were not

modified after the biosorption and also by the magnitude of AHC values.

CONCLUSION

In this work, powdered grape seeds (PGS) biosorbent was developed using wastes of a
wine industry, and then, applied as an alternative, low cost and efficient material to
remove Brilliant Blue (BB) and Amaranth Red (AR) dyes from aqueous solutions. The
material characterization revealed that PGS has potential features for biosorption, like
functional groups on the surface, cavities and protuberances. The biosorption of BB and
AR was favored at pH of 1.0 and biosorbent dosage of 0.50 g L™, where, the dye
removal percentage was higher than 80%. Pseudo—second order and Elovich models
were adequate to represent the biosorption kinetic. The biosorption equilibrium of BB
on PGS was well represented by the Langmuir model, while for AR, the Sips model was
the most adequate. The maximum biosorption capacities were 599.5 and 94.2 mg g for
BB and AR, respectively, attained at 328 K. The biosorption was a spontaneous,
favorable and endothermic process. The biosorption occurred by physical electrostatic
interaction between the dyes and the PGS biosorbent. These findings show that PGS is a
potential candidate for biosorption purposes, since has low cost, availability, high

biosorption capacity and high efficiency.
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Abstract

The potential of wine industry wastes (grape peel, seed and stem) as alternative
biosorbents to remove Ag from aqueous media was investigated in this work. Wine
industry wastes were washed, lyophilized and pulverized to obtain the biosorbents. The
powdered biosorbents were characterized in detail and several batch experiments were
performed to found the most suitable conditions for Ag biosorption. Kinetic,
equilibrium, and thermodynamic studies were also carried out. The interactions Ag—
biosorbent were elucidated by analyses before and after the biosorption. For all wastes,
the maximum removal percentages were found using a biosorbent dosage of 3.0 g L at
pH of 7.0. The kinetic data were well represented by the pseudo—first order model. The
equilibrium was satisfactorily represented by the Sips model. The maximum biosorption
capacities, found at 298 K, were: 41.7, 61.4, and 46.4 mg g* for grape peel, seed, and
stem, respectively. Thermodynamically, the biosorption was a spontaneous, favorable,
exothermic, and enthalpy—controlled process. The magnitude of AH® indicated a
physical sorption. These results showed that the wine industry wastes can be considered
alternative efficient, low—cost, and eco—friendly biosorbents to remove Ag from

aqueous media.

Keywords Biosorption; eco—friendly biosorbent; grape; silver; wine wastes.



Nomenclature and units

1/n Heterogeneity factor, dimensionless

%R Ag removal percentage, %

a Desorption constant of the Elovich model, g mg™.

ARE Average relative error, %.

b Initial velocity due to dg/dt with g=0, mg g min.

Co Initial Ag concentration in liquid phase, mg L.

Ct Ag concentration in liquid phase at any time, mg L.

Ce Equilibrium Ag concentration in liquid phase, mg L.

EDS Energy X-ray dispersive spectroscopy.

FTIR Fourier transform infrared spectroscopy.

GPE Grape peel.

GSE Grape seeds.

GST Grape stem.

k1 Pseudo—first order kinetic constant, min2.

() Pseudo—second order kinetic constant, g mg* minL,

Kb Equilibrium constant, L g ™.

kr Freundlich constant, (mg g~t)(mg L) -,

KL Langmuir constant, L mg2.

S Sips constant, L mg ™.

m Mass of biosorbent, g.

ms Sips exponent, dimensionless.

PFO Pseudo—first order.

PSO Pseudo—second order.

pHzpc Point of zero charge.

01 Biosorption capacity from the pseudo—first order model, mg g*.
02 Biosorption capacity from the pseudo—second order model, mg g 2.
Ot Mass of Ag biosorbed per gram of biosorbent at any time, mg g*.
Qe Mass of Ag biosorbed at equilibrium, mg g*.

Om Maximum biosorption capacity from Langmuir model, mg g2
s Maximum biosorption capacity from Sips model, mg g2

R Universal gas constant, J mol™* K.
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R? Coefficient of determination, dimensionless.
RZadj Adjusted determination coefficient, dimensionless.
SEM Scanning electron microscopy.

SSE Sum of squared error, mg? g=2.

t Time, min.

T Temperature, K

\Y VVolume of solution, L.

Greek Symbols

AG® Standard Gibbs free energy change, kJ mol-2.
AH® Standard enthalpy change, kJ mol-.

AS°® Standard entropy change, kJ mol-* K1,

pw Solution density, g L1,
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Introduction

Silver (Ag) is a precious metal which has been used in several industries like
photographic, electroplating, batteries, and some others (Sari and Tizen, 2013). As a
result of these activities, amounts of Ag are released into the effluents of these
industries (Wajima, 2016). It is estimated that around 6% of the Ag present in industrial
effluents is directly released into the environment (Mufioz et al., 2017). According to
the World Health Organization and the US Environmental Protection Agency, soluble
Ag ions are classified as hazardous substances in aqueous media. In addition to the
environmental aspects, the economic aspects are also important in this case, since Ag is
a precious metal and should be recovered for reuse purposes. In this sense, the removal—
recovery of Ag from aqueous media is a first order concern (Tappin et al., 2010;
Cantuaria et al., 2016).

Different operations have been used to remove Ag from aqueous media, like
separation membrane, chemical precipitation, ion exchange, oxidation, adsorption, and
biosorption (Wu et al., 2014; Jeon, 2015; Zhang et al., 2015; Cantuaria et al., 2016). It is
clear that each operation has advantages and drawbacks. However, adsorption has
gained attention in the last few years, and removal/recovery of Ag has been a very
relevant topic (Jeon, 2015). Adsorption is preferred due to some characteristics,
including ease of operation, low energetic requirements, and high efficiency (Franco et
al., 2017; Dotto et al., 2016a). Activated carbon is the most used adsorbent, but efforts
have been performed to test other materials, aiming to make the adsorption operation
more attractive and cost—effective. When the adsorbent material is derived from a
biomass, adsorption is named biosorption (Dotto et al., 2015). In this sense, the removal
of Ag from aqueous media has been studied using macrofungus of Pleurotus platypus
(Das et al., 2010), activated carbon nanospheres (Song et al., 2011), Saccharomyces
cerevisiae (Chen et al., 2014), crab shell beads (Jeon, 2015), chitosan gel beads (Zhang
et al., 2015), pre-treated bentonite (Cantuaria et al., 2016), and Klebsiella sp. 3S1
(Murioz et al., 2017). The above studies demonstrated the importance of the search and
applications of alternative and cheaper materials to remove Ag from aqueous media.

It should be highlighted that, for an effective application of biosorption, the
biosorbent should contain the normal characteristics of adsorbents as well as high
availability (Dotto et al., 2016b). Wine industry wastes, for example, is an available

residue in the Brazil southern and also in Argentina. During the wine production,
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around 25% of the grape is discarded as wastes (termed ‘pomace’ which is comprised of
skins and seeds) (Dwyer et al., 2014). The management of these wastes is problematic
for the industries. Otherwise, pomace contains lignin, cellulose and hemicellulose
(Yedro et al., 2015), which can be potential biosorption sites for Ag. In this way, the use
of wine industry wastes as alternative biosorbents to remove Ag from aqueous solutions
has a synergistic effect, contributing not only for the solid wastes management but also
for the treatment of liquid effluents.

This work aimed to verify the applicability of three different wastes from wine
industry, including grape peel, grape seeds and grape stem, as alternative biosorbents to
remove Ag as Ag(l) from agueous media. The wastes were obtained from a wine
industry located in Mendoza (Argentina), pre—treated, and characterized according to
the point of zero charge (pHzec), Boehm titration, Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy (SEM), energy X-ray dispersive
spectroscopy (EDS), and X-ray mapping. For all wastes, the effects of biosorbent
dosage and pH were studied. Biosorption Kinetic, equilibrium, and thermodynamic
studies were performed. The Ag-biosorbents interactions were also investigated.

Materials and methods

Wine industry wastes: preparation and characterization

The wine industry wastes (peels, seeds, and stems) were collected from a wine industry
located in Mendoza province, Argentina. The three materials were manually separated
and processed according our previous work (Vanni et al., 2017). In brief, the materials
were washed with drinking water and rinsed with Milli-Q water. Then, lyophilization
(Virtis freeze mobile, model 6, USA) was performed for 48 h. The dried samples were
then pulverized using a mill (Ultracomb, MO-8100A, Argentina) and sieved until the
discrete particle size ranging from 80 to 110 um. The obtained biosorbents were named
grape peel (GPE), grape seeds (GSE), and grape stem (GST).

GPE, GSE, and GST biosorbents were characterized according to the point of
zero charge (pHzrc), Boehm titration, Fourier transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM), energy X—ray dispersive spectroscopy (EDS), and
X-ray mapping. FTIR, SEM, EDS, and X-ray mapping were performed before and
after the biosorption operation, aiming to confirm the biosorption mechanism. The point
of zero charge (pHzec) was obtained by the eleven points experiment (Park and

Regalbuto, 1995). The acidity and basicity was verified by the Boehm titration
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(Goertzen et al., 2010). FTIR (Shimadzu, Prestige 21, Japan) was employed to verify
the functional groups of the biosorbents (Silverstein et al., 2007). The characteristics
and the main elements of the biosorbents surface were assessed by scanning electron
microscopy (SEM) coupled to energy X-ray dispersive spectroscopy (EDS) and X-ray
mapping (Jeol, JISM-6610LV, Japan) (Goldstein et al., 1992).

Biosorption assays

Batch biosorption experiments were performed in order to verify the effects of initial
pH and biosorbent dosage on the biosorption. Initially, pH values between 1-8 (adjusted
with 0.1 mol L! HNOs/NaOH solutions) were evaluated, using the following
conditions: initial Ag concentration of 50 mg L, volume of solution of 50 mL,
biosorbent dosage of 3.00 g L2, contact time of 4 h, agitation speed of 200 rpm at a
temperature of 298 K, using a thermostated agitator (Marconi, MA 093, Brazil).

The effect of GPE, GSE, and GST dosage (from 0.25 g L™* to 3.00 g L) was
investigated under the same conditions, using the most adequate pH value defined
elsewhere. At the more suitable conditions, kinetic experiments were performed. Thus,
50 ml of 25 and 50 mg L ! of Ag were put in contact with 3 g L™* of each biosorbent
and pH was adjusted to 7.0. Then, a contact time of 4 h with an agitation speed of 200
rpm at room temperature was necessary.

The equilibrium experiments were assayed in a thermostatic agitator at 298, 308,
318, and 328 K. Erlenmeyer flasks containing 50 mL of Ag solutions with initial
concentrations from 25 to 300 mg L™ were prepared and the pH of each solution was
also adjusted to 7.0. The flasks were placed in the thermostatic agitator to reach the
suitable temperature. Then, 0.15 g of the biosorbent was added to each flask. The flasks
were stirred at 200 rpm until the equilibrium.

After all the experiments, the solid phase was separated by centrifugation
(Centribio, 80-2B, Brazil) at 4000 rpm for 20 min and the remaining Ag concentration
in the liquid phase was measured by flame atomic absorption spectroscopy (AAS Vario
6, Analytik Jena AG). The experiments were realized in replicate (n=3) using closed
vessels and blanks were performed. The Ag removal percentage (%R), mass of Ag
biosorbed per gram of biosorbent at any time (q: (mg g™*)) and at equilibrium (ge (Mg g
1) were calculated by the Egs. (1), (2) and (3), respectively:

%R = (Cf’c;ct)loo 1)

0
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Kinetic models

Information about the biosorption kinetics of Ag onto biosorbents (GPE, GSE, and
GST) was found by fitting the following models: pseudo—first order (PFO), pseudo
second order (PSO), and Elovich. The kinetic models of PFO and PSO are based on the
biosorption capacity (Lagergren, 1898; Ho and McKay, 1998) The PFO model (Eg. (4))
is generally applicable over the initial 20-30 min of sorption process, while the PSO

model (Eg. (5)) is suitable for the whole range of contact time.

q. = ql(l' eXp('klt)) 4)
q, = t
t (1/k2q§) + (t/qz) (5)

The Elovich equation (Eqg. (6)) is one of the most useful models for describing
such activated chemical sorption and is suitable for heterogeneous systems (Liu and
Liu, 2008).

q, = % In(1 + abt) (6)

Equilibrium models

The biosorption equilibrium curves of Ag ions on the biosorbents were modeled by the
Langmuir (Eq. (7) (Langmuir, 1918), Freundlich (Eg. (8) (Freundlich, 1906), and Sips
(EQ. (9) (Sips, 1948) isotherms.

_ quLCe
° 1+k.C, )
g, =k:C,'" ®)
ds(ksC.)™

de Zm )
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Thermodynamic parameters

The biosorption thermodynamic parameters like Standard Gibb’s free energy change
(AG®) (kJ mol?), standard enthalpy change (AH?) (kJ mol™?) and standard entropy
change (AS?) (kJ mol-* K-1) were estimated by the Eqgs. (10) and (11) (Milonjic, 2007;
Liu, 2009):

AG®=-RTIn(p,K,) (10)

AS°  AH°
In (prD ) = -
R RT (11)
where, Kp is the equilibrium constant (L g1), pw is the solution density (g L), T is the
temperature (K), and R is the universal gas constant (8.314 J mol* K™%). The Kp values

were estimated from the isotherm model that provided the best fit (Saucier et al., 2015).

Parameters estimation

The parameters of the above models (equilibrium, kinetics, and thermodynamics) were
estimated by fitting of the models with the experimental data, using nonlinear
regression. The quasi—Newton estimation method was employed and the calculations
were performed using Statistica 9.1 software (Statsoft, USA). The determination
coefficient (R?), adjusted determination coefficient (R%q;), average relative error (ARE),

and sum of squared errors (SSE) were used to verify the fit quality (Dotto et al., 2013).
Results and discussion

Characteristics of grape peel, seed and stem biosorbents

All biosorbents were initially characterized according to the point of zero charge
(pHzpc). The pHzpc values were 4.30, 6.50, and 4.45 for GPE, GSE, and GST,
respectively. This shows that at pH values lower than 4.30, 6.50, and 4.45, the surface
of GPE, GSE and GST is positively charged, while it is negatively charged at pH values
higher than the pHzpc of each biosorbent. The results of Boehm titrations indicated that
all biosorbents were mainly acidic. Table | shows that the amounts of oxygenated
groups (carboxylic, lactonic, and phenolic) were 20-30 times higher than the basic

groups. This is in accordance with the pHzpc values.
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Table 1 Surface chemistry analysis of the biosorbents by Boehm's titration

Acidic groups (meq g %) Basic groups (meq g}
Biosorbent
Carboxylic Lactonic Phenolic
GPE 0.025 £ 0.001 0.96 + 0.045 3.16 +£0.13 0.08 + 0.004
GSE 0.05 +£0.003 0.28 £0.014 2.98+0.14 0.01 £ 0.0005
GST 0.48 +0.016 0.36 + 0.015 3.40+0.13 0.16 + 0.0075

The FTIR spectrum is carried out as a qualitative analysis to determine the main
functional groups that are involved in the biosorption process (Torab—Mostaedi et al.,
2013). Figure 1 shows the FTIR spectra of GPE (a), GSE (b), and GST (c) before and
after the biosorption process. From all figures, it is possible verify the major intense
bands at 3400 cm™, which is mainly due to stretching vibration of hydroxyl groups, and
at 2900 and 2800 cm?, which are assigned to C-H and CH; stretching vibration of
aliphatic groups. In Figure 1(a), it can be also observed bands localized at 1625, 1375,
and 1100 cm?, which can be attributed to alkene group (C=C stretching vibration), C—H
stretching vibration of alkane groups, and C—O stretching vibration of alcohol groups,
respectively. From GSE (Figure 1(b)), it can be visualized signals at 1750 (C=0
stretching vibration), 1650 cm™ (C=0 stretching vibration), 1510 cm™* (C=C stretching
vibration of aromatic groups), 1400 cm™ (—C—H stretching vibration of alkane groups)
and the vibrational bands in the region 1300-1000 cm™* that can be assigned to —-CO, C—
OC, and carboxylic acids. FTIR spectra of GST in Figure 1(c) shows a band at 1625cm™
1 (C=0 stretching vibration), and at 1060 cm™, which can be are attributed to C-O
stretching vibration. After the biosorption process, slight differences in the spectra can
be observed, indicating that no significant chemical modifications occurred during the
biosorption. According to these data, we can suggest that no links were formed or
broken during the biosorption process, indicating that a physical biosorption occurred.
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Figure 1: FTIR spectra of GPE and Ag loaded GPE (a), GSE and Ag loaded GSE (b)
and GST and Ag loaded GST (c).

Figure 2 shows the energy dispersive X-ray spectra (EDS) of the three
biosorbents before and after the biosorption process. Results of the EDS analysis from
an average of scanned points showed that the main surface elements of GPE are C, O,
and Al (Figure 2(a)). Regarding GSE, the main surface elements are C, O, Mg, P and S
(Figure2 (b)). For GST, it can be observed the presence of C, O, and CI (Figure 2(c)).
After biosorption process (Figure 2(d), (e) and (f)), the appearance of Ag can be
observed, confirming the effectiveness of Ag ion biosorption onto the oenological
wastes.
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Figure 2: EDS spectra of GPE (a), GSE (b), GST (c), Ag loaded GPE (d), Ag loaded
GSE (e) and Ag loaded GST (f).

Scanning electron micrographs were obtained on biosorbents before and after

biosorption of Ag ions (Figure 3). Regarding GPE biosorbent, it can be observed a

wrinkled and uneven surface before biosorption (Figure 3(a)). After the biosorption

process, it could be seen a filling and smoothing surface (Figure 3(d)). This shows that

Ag ions covered the external biosorbent surface. On the other hand, the GSE reveals the

presence of irregularly placed cavities before biosorption process (Figure3 (b)). After,

the biosorbent reveals that the Ag ions had been densely and homogeneously adhered in

the surface (Figure 3(e)). The GST biosorbent shows a heterogeneous surface with some

cavities and protuberances (Figure 3(c)). After the biosorption, the GST presented the

filling of some cavities and apart from that, the surface remained heterogeneous (Figure
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3(f)). According to SEM, we can conclude that all the assayed biosorbents obtained

good capture of Ag ions on their surfaces.
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Figure 3: SEM images of GPE (a), GSE (b), GST (c), Ag loaded GPE (d), Ag loaded

GSE (e) and Ag loaded GST (f).
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The X-ray mapping was performed after the biosorption process of Ag ions onto
GPE (a), GSE (b) and GST (c) biosorbents (Figure 4). In Figure 4, the violet dots
represent Ag ions. It was possible to observe a uniform distribution of Ag ions over the

entire surface area of the aforementioned grape—derived materials.
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Figure 4: X-ray mappings of Ag loaded GPE (a), Ag loaded GSE (b) and Ag loaded
GST (c).

Initial pH and biosorbent dosage effects
The effect of pH on biosorption of Ag ions onto GPE, GSE, and GST is shown in
Figure 5 (a), (b), and (c), respectively. Studies beyond pH 8 were not attempted because
precipitation of the ions as hydroxides would be likely (Apiratikul and Pavasant, 2006).
Figure 5(a) shows that the Ag ion removal percentage was increased at the pH
from 1 to 7, reaching a maximum value at pH 7. At pH 8, it was observed a slight
decrease of Ag removal. The maximum Ag ion removal percentage was almost 50%,
with a biosorption capacity of GPE higher than 12 mg g*. For the GSE biosorbent, it
could be observed that Ag ion removal percentage increase at the pH from 3 to 6 until it
reaches maximum value at pH 7, and a slight decrease of Ag removal was also observed
at higher pH values. For this biosorbent, no biosorption occurred from pH 1 and 2 while
that, the Ag ion removal percentage was attained almost 50% at pH 7, with a

biosorption capacity higher than 13 mg g!. Regarding GST biosorbent, the Ag ion
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removal percentage increases at the pH from 1 to 7, reaching Ag removal higher than
50% at pH 7, with a biosorption capacity of almost 15 mg gX. According to the pHzpc
values previously reported, it can be deduced that at pH of work (pH 7.0), the surface of
all biosorbents was negatively charged. In this way, the positive charges of the Ag ions
could be attracted by the negatively charged surface of the biosorbents, reaching the
high values of metal removal percentage. This behavior can be explained by possible
electrostatic interactions between the negative surface of the biosorbents and the
positively charge of Ag ions. Similar trend regarding to the pH was found by Wajima
(2016), studying the Ag(l) biosorption on a zeolitic material, where the best pH was 6.0.
Also at pH 6.0, Jeon (2015) obtained best results for Ag(l) adsorption on immobilized
crab shell beads (2.951 mg g). In our study, pH 7.0 was selected for the subsequent

studies.
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Figure 5: pH effect on the Ag(l) biosorption: GPE (a), GSE (b) and GST (c) (Co=50
mg L, V =50 mL, biosorbent dosage of 3.00 g L™, t =4 h, 200 rpm, T = 298 K).

The effect of biosorbent dosage is shown in Figure 6. It is possible to note that
the increase in biosorbent dosage from 0.25 g L™* to 3.00 g L ™! caused an increase in the
Ag ion removal percentage (R). However, for the biosorbent (GPE) (Figure 6(a)), the
biosorption capacity (q) decreased from 49.4 mg g+ to 12.7 mg g when the
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biosorption dosage increased from 0.25 g L™ to 1.0 g L™}, after that, the biosorption
capacity had a slight decrease from 12.7 mg g* to 8.4 mg g! when the biosorbent
dosage increased from 1 g L™ to 3 g L%, where it was reached a maximum value in
removal percentage of 51%. For GSE biosorbent (Figure 6(b)), the increase of
biosorbent dosage from 0.25 g L™ to 1.5 g L™* caused an increase from 17.3% to 29.7%
in the dye removal percentage (R) and the decrease from 29 mg g to 9.3 mg g in
biosorption capacity. Nevertheless, for biosorbent dosage from 1.5 g L™ to 3g L%, it
could be observed an increase in Ag ion removal percentage, reaching a removal of Ag
of 49%. For GST biosorbent (Figure 6(c)), it was observed a similar behavior than the
previous biosorbents. Taking into account the previous data, the more adequate
conditions for all biosorbents were pH 7.0 and biosorbent dosage of 3 g L
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Figure 6: Biosorbent dosage effect on the Ag(l) biosorption: GPE (a), GSE (b) and
GST (c) (Co=50mg L%, V=50mL, pH =7.0,t=4h, 200 rpm, T = 298 K).

Biosorption kinetic results
Figure 7 shows the kinetic curves obtained for initial Ag ion concentrations of 25 mg L~
L and 50 mg L for the three biosorbents. From GPE (Figure 7(a)), it was verified a fast

uptake rate in the first stages, reaching biosorption capacities of 7 mg g* and 2 mg g*
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at 120 min, for initial Ag concentrations of 50 mg L~* and 25 mg L2, respectively. After
this time, the biosorption rate decreased and the biosorption capacity keeps practically
constant, reaching maximum values of 8.1 mg g* and 3 mg g*. For GSE biosorbent
(Figure 7(b)), the curves for the two concentrations followed the same trend until the
first 25 min, and then the curve of concentration of 50 mg L™ continued to increase
until reaches the equilibrium at 240 min, with a maximum biosorption capacity at 8.2
mg g*. Regarding GST biosorbent (Figure 7(c)), the trend is similar to the GSE
biosorbent during the first 25 min, and then the curves reach almost the maximum
biosorption capacities (8.6 mg g* and 6.9 mg g* for 50 mg L™* and 25 mg L of Ag,

respectively).
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Figure 7: Kinetic curves of the Ag(l) biosorption on GPE (a), GSE (b) and GST (c) (V
=50 mL, pH = 7.0, biosorbent dosage of 3.00 g L%, 200 rpm, T = 298 K).

The parameters of the kinetic models are given in Table Il. Based on the
coefficient of determination (R? > 0.95) and sum of squares errors (SSE < 5.2%), it can
be concluded that the pseudo-first order model (PFO) was the most adequate to
represent the experimental data and could be used to predict the biosorption kinetic of

Ag ions by the wine wastes biosorbents. Comparing the initial concentrations for each
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biosorbent, it can be seen that the higher values of g: and ki were found at 50 mg L.
For all biosorbents, this confirms that the higher biosorption rate and biosorption

capacity were found at 50 mg L. Comparing now the biosorbents, it was verified that

Table 2 Kinetic parameters for the Ag(l) biosorption on GPE, GSE, and GST.

Kinetic model Grape peel Grape seeds Grape Stem
25 50 25 50 25 50
mg L1 mg L1 mg L mg L mg L1 mg L-?
Pseudo—first

order

ki (min't) 0.007 0.013 0.004 0.005 0.008 0.008

g (mg g h) 3.475 8.704 5.487 12.21 2.952 10.455

R? 0.992 0.992 0.985 0.966 0.961 0.959

SSE 0.177 0.799 0.235 3.760 0.365 5.112

Pseudo—second

order

ko (@ mg*min?t)  0.0009 0.0009 0.0004 0.0002 0.001 0.0004

g2 (mg g h) 5.297 11.856 7.888 16.55 4.566 15.226

ho (mgg*mint)  0.025 0.126 0.003 0.036 0.020 0.092

R? 0.990 0.984 0.983 0.959 0.955 0.951

SSE 0.223 1.654 0.280 4574 0.428 6.124
Elovich

a(gmg?) 0.714 0.383 0.364 0.168 0.825 0.239

b (mg gt min™?) 0.020 0.105 0.017 0.046 0.017 0.067

R? 0.988 0.973 0.983 0.960 0.949 0.944

SSE 0.270 2.763 0.275 4.444 0.488 6.970

Jexp (Mg g 1) 2.812 8.119 3.433 8.268 6.848 8.501

grape seeds presented the high biosorption capacity, while grape peels presented the
high biosorption rate. It is important to highlight that the experimentally determined

biosorption capacities (Qexp) are similar to those predicted (q.) by the PFO model.
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Biosorption isotherm results

Figure 8 shows the equilibrium isotherms for the biosorption of Ag ion onto (a) GPE,
(b) GSE and (c) GST, obtained at 298, 308, 318, and 328 K. Overall, the isotherms of
the three biosorbents presented the same favorable behavior, which is characterized by
an initial step of increase in biosorption capacity, followed by a convex shape of the
curve. All curves can be classified as type “L” normal isotherms. The initial step
indicates a great biosorbents—Ag ions affinity and the convex shape suggests the
saturation of the biosorption sites by the Ag ions (Giles et al., 1960). Furthermore, it can
be seen for the three biosorbents that the biosorption capacity decreased with the
temperature increase, indicating an exothermic process. This can be attributed to the fact
that at temperatures above 318 K, some damages of sites on the biomasses surface can
be occurred and, consequently a decrease in the surface activity is manifested (Aksu,
2005).
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Figure 8: Isotherm curves of the Ag(l) biosorption on GPE (a), GSE (b) and GST (c)
(V =50 mL, pH = 7.0, biosorbent dosage of 3.00 g L) (Sips model, m 298 K, @ 308 K,
¢ 318K, A 328K).

All isotherms were adjusted by Langmuir, Freundlich, and Sips models. The

parameters are shown in Table 1 for all the studied temperaturres.
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Table 3 Isotherm parameters for the Ag(l) biosorption on GPE, GSE, and GST.

Isotherm Grape peel Grape seeds Grape stem
model 298 308K 318 328 298 308 318 328 298 308 318 328
K K K K K K K K K K K

Langmuir
am (Mg g?) 485 458 325 201 870 679 715 677 828 764 369 338
ke (L mg?) 0.006 0.003 0.003 0.005 0.004 0.003 0.002 0.002 0.005 0.003 0.005 0.005
R? 0.982 0994 0976 0.974 0.994 0.992 0.987 0.982 0978 0.986 0.977 0.951
RZ%i 0.978 0.992 0971 0.968 0.992 0.990 0.984 0.978 0973 0.983 0.972 0.941
ARE (%) 20.70 10.059 26.58 19.63 11.49 1481 1753 23.34 3268 2153 23.03 38.10
SSE 1117 125 414 296 6.66 337 474 566 2792 6.85 658 11.99
Freundlich
?&é“[‘gl)gﬁ) 0938 0275 0278 0.367 0796 0402 0307 0269 0962 0442 0512 0.405
1/n 156 1267 134 155 1345 1232 1.193 1.187 1.384 1.213 0.696 1.405
R? 0.972 0986 0.957 0.943 0.985 0.984 0.979 0.973 0960 0.978 0.953 0.921
RZ%i 0.966 0.983 0.948 0.931 0.982 0.980 0.974 0.967 0.952 0.973 0.943 0.905
ARE (%) 2643 1551 3234 27.80 1648 18.90 20.79 26.53 40.36 2555 30.35 44.26
SSE 0.61 3.23 126 130 1593 6.87 799 871 5210 11.19 13.78 19.40
Sips
gs (mg g?) 417 254 168 126 614 338 300 259 464 339 210 173
ks (L mg™) 0.008 0.008 0.012 0.013 0.007 0.011 0.010 0.011 0.014 0.013 0.015 0.015
ms 1.115 1.138 1.779 1.753 1.206 1.454 1598 1.770 1638 1555 1.787 2.297
R? 0.983 0.999 0.996 0.995 0.995 0.998 0.998 0.999 0993 0.996 0.999 0.997
R2uj 0.974 0998 0.994 0.992 0.992 0.997 0.997 0.998 0997 0.994 0.998 0.995
ARE (%) 194 2.14 746 440 889 460 316 459 1757 804 363 381
SSE 10.7 0.08 058 055 464 043 049 022 857 189 020 0.65

A comparison of the R?, ARE (%), and SSE values was performed for the three
models. According to data presented in Table Il1, it can be observed that the Sips model

showed the best adjustment for the three biosorbents. It is important to mention that gs
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parameter decreased with the temperature, corroborating that the biosorption capacity
was favored at 298 K. This behavior is attractive from the economic viewpoint, since no
requirements of temperature and extra time are required for reaching the maximum
biosorption capacity. The maximum biosorption capacities (qs) reported at 298 K from
the Sips model were 41.7 mgg™, 61.4 mgg™ and 46.4 mg g for GPE, GSE, and GST,
respectively. Jeon (2015) obtained 2.951 mg g for Ag(l) adsorption on immobilized
crab shell beads. In the study of Zhang et al. (2015), the maximum uptake of Ag by
ion—imprinted chitosan beads was 89.20 mg g. Das et al. (2010) obtained biosorption
capacity of 46.7 mg g* using the macrofungus Pleurotus platypus as biosorbent. Song
et al. (2011) obtained adsorption capacity of 152 mg g using surface activated carbon
nanospheres as Ag adsorbent. Cantuaria et al. (2016) obtained maximum adsorption
capacities of 61.48 mg g~* using Verde—lodo clay for Ag removal. These results indicate
that the wine industry wastes (GPE, GSE, and GST) are competitive materials to uptake
silver from aqueous media, in terms of biosorption capacity. Other advantages of these
biosorbents are low—cost and availability. Furthermore, the use of GPE, GSE, and GST

as biosorbents contributes for the solid wastes management in wine industries.

Table 4 Thermodynamic parameters for the Ag(l) biosorption on GPE, GSE, and GST.

T AG? (kJ mol™) AH? (kJ mol?) AS? (kJ molt K1)
(K)

GPE GSE GST GPE GSE GST GPE GSE GST

298 -14.38 -15.00 -16.08 -1785 2548 -28.60 -0.01 0.01 -0.03
308 -13.58 -15.13 -15.56
318 -13.99 -15.04 -15.17
328 -13.85 -1536 -15.11

Biosorption thermodynamics

Thermodynamic parameters such as AG®, AH? and AS° were calculated and are shown
in Table V. For all biosorbents, it was found that the biosorption was a spontaneous
and favorable process, since the AG® values were negative. In general, more negative

AG? values were found at 298 K, indicating that the biosorption was favored in this
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temperature. The negative values of AHC confirm that the Ag biosorption on GPE, GSE,
and GST was an exothermic process. The magnitude of AHC is in agreement with
physisorption (Crini and Badot, 2008). Specifically, AH® values closes with physical
electrostatic interactions between the biosorbent and adsorbate, which the magnitude
ranges from 20 to 80 kJ mol~ (Bergmann and Machado, 2015). Comparing the values
of AH? with TAS?, it can be seen than AH? contributes more than TAS® to reach negative
values of AG®. This behavior shows that the Ag biosorption was an enthalpy controlled

process.

Interaction mechanism

An interaction mechanism between Ag and the biosorbents was proposed on the basis in
the following aspects: FTIR, pHzpc, Boehm titration, Ag speciation, pH effect and
thermodynamic results. At pH of 7.0, the biosorbents are negatively charged, since the
pHzpc values were 4.30, 6.50, and 4.45 for GPE, GSE, and GST, respectively. In
parallel, Ag is monovalent cationic specie in the form of Ag®. Then, electrostatic
interaction between the acidic groups contained in the biosorbents surface and the Ag*
explains the biosorption. This interaction mechanism is corroborated by the FTIR study,
which reveals that no links were formed or broken during the biosorption process,
indicating that a physical biosorption occurred. Also, the AH° values closed with

physical electrostatic interactions between the biosorbent and adsorbate.

Conclusion

This work demonstrates the potential of wine industry wastes (grape peel, seed and
stem) as biosorbents to remove Ag from aqueous solutions, in order to contribute with
the solid wastes management in wine industries. It was found that the wine industry
wastes contain acidic character and pHzpc lower than 6.5, being more adequate to
uptake cationic species. The more adequate conditions for Ag biosorption were pH 7.0
and biosorbent dosage of 3 g L™X. The biosorption kinetic profile can be represented by
the pseudo-first order model. The Sips model was suitable to represent the biosorption
isotherms, being the maximum biosorption capacities of 41.7, 61.4, and 46.4 mg g™* for
grape peel, seed, and stem, respectively; obtained at 298 K. Biosorption was
spontaneous, favorable and exothermic. It is reasonable infer that electrostatic

interactions between the negatively charged surface of the wine wastes and Ag"™ was the
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main biosorption interaction mechanism. These results show that a possible application
for the wine industry wastes, in order to contribute with the solid wastes management in

the wine industries, is the Ag(l) uptake from aqueous media.
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