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Abstract
First work

The 2-aminomethylpyridine anchored silica gel (AMPSG) was successfully
employed as a sorbent in a flow system for Cu®* preconcentration in real water
samples. Copper (llI) containing sample solutions merged with acetate buffer
solution at pH 6.0 were percolated through a mini-column placed in the central
part of proportional injector-commutator to preconcentrate. The column was
inserted in the eluent channel in HNO3 0.60 mol dm™ and the retained analyte
was counterflow eluted from the column. In first confluence point, the analyte
sample zone merged with an acetate buffer solution at pH 6.0 and in the second
confluence point the buffered sample zone merged with 8.7x10° mol dm™ of
sodium diethyldithiocarbamate, to form copper-DDTC in 1:2 complex proportion
and subsequently directed to a flow-cell (460 nm) of a spectrophotometer
placed downstream. The system was optimized in order to determine the
analyte in the water samples such as those from river, tape, stream, spring,
well, waste, synthetic brackish water and in a water reference material (NIST-
1640). The better conditions used were: 120 s loading, 60 s elution, 30 s
regeneration of the column, loading flow rate 5.0 mL min™, buffer solution for
the preconcentration and regeneration of the column-acetate buffer pH 6.0,
elution flow rate 2.3 ml min'1, time of elution 60 s, eluent composition,
0.60 mol dm™ HNOs;. Under these conditions, the preconcentration factor
obtained was 54.4, and the detection limit achieved was 8.0 ng mL". The

recovery of spiked water samples ranged from 95.2 to 104.7%.

Second work

In order to reduce the total number of experiments for achieving the best
conditions for Cr(VI) uptake using Araucaria angustifolia (hamed pinhdo) wastes
as a biosorbent, three statistical design of experiments were carried-out. A full
2* factorial design with two blocks and two central points (20 experiments) was
experimented (pH, initial metallic ion concentration- Co, biosorbent
concentration- X, time of contact- t), showing that all the factors were significant

besides of several interaction among the factors were also significant. These



results leaded to the performance of a Box-Behnken surface analysis design
with three factors (X, Co, t) and three central points and just one block (15
experiments). The performance of these two statistical designs of experiments
leaded to the best conditions for Cr(VI) biosorption on the pinhdo wastes using
a batch system, which where: pH=2.0; Co= 1200 mg L™ Cr(VI); X= 1.5 g L™ of
biosorbent; t= 8 h. The maximum Cr(VI) uptake in these conditions was 125 mg
g'. After evaluating the best Cr(V1) biosorption conditions on pinhao wastes, a
new Box-Behnken surface analysis design was employed in order to verify the
effects of three concomitant ions (CI, NOs and PO4*) on the biosorption of
Cr(Vl) as a dichromate on the biosorbent (15 experiments). These results
showed that the tested anions did not show any significant effect on the Cr(VI)
uptake by pinhdo wastes. In order to evaluate the pinhdo wastes as a
biosorbent in dynamic system, a glass column was fulfilled with pinhdo wastes
(4.00 g) as biosorbent, and it was feed with 25.0 mg I" Cr(VI) at pH 2.0 and 2.5
ml min”. The breakpoint was attained at concentrations of effluent of the
column attained the value of 0.05 mg I"* Cr(VI) using 5550 ml of the metallic ion
solution. In these conditions, the biosorbent was able to remove completely
Cr(VI) from aqueous solution with a ratio of Cr(VI) effluent volume /biosorbent
volume of 252.3.

Third Work

In order to reduce the total number of experiments for achieving the highest
amount adsorbed (gmax) of Cu®* using pecd nutshell (Carya illinoensis) as
biosorbent, a full 2* factorial design with two central points was carried-out
(mass of biosorbent- m, pH, initial metallic ion concentration- Co, time of
contact- t). In order to continue the optimization of the system, a central
composite surface analysis design with two factors and five central points were
carried-out. The maximum amount of Cu?* uptaken by the peca nutshell was 20
mg g . These results were confirmed by performing a Cu?* isotherm using the

best conditions attained by the statistical design of experiments.
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Resumo

Primeiro Trabalho

A 2-aminometilpiridina ancorada em silica gel (AMPSG) foi utilizada com
sucesso como um adsorvente em um sistema de fluxo simples
espectrofotométrico para pré-concentracdo de Cu®* em amostras de agua
natural, utilizando dietilditiocarbamato de s6dio como agente cromogénico
(460 nm). O sistema foi otimizado utilizando um modelo fatorial completo 2°,
com a finalidade de encontrar as melhores condicbes para a determinacao
analitica de cobre, em amostras de agua natural e de uma agua certificada
(NIST-1640) para validar o procedimento. As melhores condigbes utilizadas
foram: 180 s para pré-concentracdo; 30 s para eluicdo; 30 s para regeneracgao
da coluna; vazdo para pré-concentracdo das amostras de 6.6 mL min™;
concentracdo do eluente igual a 0,20 mol L' em HNO3, vazao de eluigdo igual
a 1.6 mL min™ e solugdo tampao acetato (pH 5,75) para a pré-concentragdo e
regeneragao da coluna. Sob estas condi¢gdes, o fator de pré-concentragao
obtido foi de 77 e o |limite de deteccdo alcangado foi de
3,0 ng mL™. Os percentuais de recuperagao da agua enriquecida nas amostras
variam de 95,2 a 104,7%.

Segundo Trabalho

A fim de reduzir o numero total de experimentos para alcangar as melhores
condigdes para adsor¢cao de Cr(VI) em residuos de Araucaria angustifolia
(casca de pinhdo), utilizada como biossorvente, trés planejamentos
experimentais foram realizados. Um planejamento fatorial completo 2* com dois
blocos e 4 pontos centrais (20 experimentos) foi realizado, sendo o pH,
concentragao inicial do ion metalico (Co), dosagem de biossorvente (X) e
tempo de contato (t) os fatores principais. O planejamento demonstrou que
todos esses fatores foram significativos e que algumas interagdes entre esses
fatores também foram significativas. Esses resultados conduziram para uma
analise de superficie resposta do tipo Box-Behnken com trés fatores (X, Co, t) e
trés pontos centrais e apenas um bloco conduzindo a um total de 15

experimentos. O desempenho desses dois modelos estatisticos de
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experimentos permitiram a obtencdo das melhores condicbes para a
biossorcdo de Cr(VI), sobre residuos de casca de pinhdo utilizando-se um
sistema de batelada, as quais foram pH = 2,0; Co = 1200 mg L™ de Cr(VI),
X =15 mg L"; t = 8 h. A quantidade maxima de Cr(Vl) adsorvido nestas
condigdes foi de 125 mg g'. Depois de avaliar as melhores condicdes de
biossorgcéo de Cr(VI) sobre residuos de pinhdo, uma nova analise de superficie
foi empregada, a fim de verificar os efeitos concomitantes de trés ions
(CI, NO* e PO4*) sobre a biossorcéo de Cr (V1) na forma de dicromato sob o
biossorvente (15 experimentos). Esses resultados indicaram que os anions
testados ndo mostraram nenhum efeito significativo sobre a biossorgdo de
Cr(VI) em residuos de pinhdo. Para avaliar o emprego de residuos de casca de
pinhdo como um biossorvente em sistema dindmico, uma coluna de vidro foi
construida com residuos de casca de pinhdao (4,00 g) como biossorvente,
sendo alimentada com uma solugdo de concentragdo igual a 25,0 mg L™ de
Cr(Vl) em pH 2,0 e vazéo de 2,5 mL min™'. A interrupcéo foi realizada, quando
atingiu-se a concentragdo de 0,05 mg L no efluente percolado através da
coluna. O limite permitido de Cr(VI) nas aliquotas recolhidas foi atingido com
5.550 ml da solugao de Cr(VI) percolados através da coluna. Nestas condi¢des,
o biossorvente foi capaz de remover o Cr(VIl) da solu¢do aquosa com uma

razao volume de efluente de Cr(VI) / volume de biossorvente igual a 252,3.

Terceiro Trabalho

Para reduzir o numero total de experimentos para se obter a maxima
quantidade adsorvida de Cu®* wusando a casca de noz pecd
(Carya illinoensis) como biossorvente, um planejamento fatorial completo 2*
com dois pontos centrais foi realizado, sendo o pH, massa de biossorvente (m),
concentragao inicial do ion metalico (Co) e tempo de contato (t) os fatores a
serem avaliados. Para continuar a otimizagdo do sistema, uma analise de
superficie de resposta com composto central foi executada, utilizando dois
fatores e cinco pontos centrais.

Apos essa otimizagdo, foi realizada uma isoterma de adsorcdo de Cu*
empregando a casca de noz pecd como biossorvente utilizando-se as
condigdes otimizadas obtidas dos planejamentos estatisticos de experimentos.

A quantidade maxima adsorvida de Cu®* foi igual a 20 mg g’ .



1 - Planejamento Fatorial

O planejamento fatorial [1] de experimentos é estruturado por um conjunto
de técnicas estatisticas que proporcionam um método estruturado para
planejar, executar e analisar experimentos. Por intermédio de um planejamento
experimental, pode-se determinar as variaveis que exercem efeito sobre a
resposta.

O planejamento de experimentos € empregado na determinagdo da
combinacgao ideal de variaveis, para que se obtenha a melhor resposta possivel
para um determinado experimento. A resposta € a variavel dependente,
enquanto que as variaveis que a influenciam, sao as variaveis independentes,
denominadas de fatores.

A combinacdo dos fatores somente pode ser avaliada empregando um
planejamento fatorial, visto que um enfoque univariado, o qual é amplamente
empregado na pratica, ndo permite avaliar o conjunto dos fatores ao mesmo
tempo.

O planejamento fatorial de experimentos permite estimar os efeitos de diversos
fatores, bem como as suas interagdes sobre a variavel resposta. Para isto,
deve-se selecionar os niveis em que cada fator ira atuar.

Em qualquer ramo da atividade humana, sempre é de interesse que se
conhecga, quais s&o as variaveis importantes, para que se execute com
exceléncia determinado processo, assim sao importantes os limites inferiores e
superiores dos valores aplicados as variaveis em investigacao.

Desta forma é necessario a escolha de um valor maximo e um minimo para
as variaveis e a execugao de corridas experimentais com a finalidade de obter
dados para otimizagao experimental.

O planejamento fatorial de experimentos € uma técnica estatistica robusta
que vem sendo utilizada amplamente na atualidade. O seu emprego possibilita,
aos mais variados ramos da atividade cientifica, que se determine os fatores e
as combinagdes de fatores que exercem a maior influéncia no desempenho de
um determinado processo experimental. Desta forma, resultando em uma
reducdo de tempo e custo operacional e de uma melhora no rendimento de um
determinado processo a partir das respostas obtidas através do planejamento

fatorial.



Os métodos de otimizagdo surgiram em fungdo da necessidade de
aprimoramento de desempenho dos mais diversos sistemas. Literalmente,
otimizagao corresponde a tornar algo "téo perfeito, efetivo ou funcional quanto
for possivel". Desta forma, podemos definir otimizacdo como sendo um
processo baseado em instru¢gées que permitam obter o melhor resultado de
uma dada situagéao.

Cientificamente estas instru¢cdes sao freqientemente expressas através de
métodos matematicos que procuram maximizar ou minimizar alguma
propriedade especifica do sistema em estudo. E na escolha desta propriedade
a ser otimizada e das condi¢des de controle que se encontra grande parte das
discussbes sobre qual a melhor indicacdo para um desempenho ideal do
sistema. Em diversas circunstancias, esta propriedade, a ser otimizada, é
denominada de fungao objetiva ou resposta.

O planejamento fatorial tem sido muito aplicado em pesquisas basicas e
tecnolégicas e é classificado como um método do tipo simultadneo, onde as
variaveis de interesse que realmente apresentam influéncias significativas na
resposta sdo avaliadas ao mesmo tempo. Para realizar um planejamento
fatorial, escolhem-se as variaveis a serem investigadas e efetuam-se
experimentos em diferentes valores dos fatores de interesse.

De um modo geral, o planejamento fatorial pode ser representado por &
onde "a" é o numero de fatores e "b" € o numero de niveis escolhidos para
cada fator.

Nos planejamentos experimentais onde as variaveis sdo exploradas em 2
niveis € comum codifica-los usando os sinais (+) e (-). A atribuicdo destes
sinais aos niveis superiores ou inferiores é feita de forma arbitraria e néo
interfere na realizagcdo dos experimentos ou interpretacao dos resultados, além
de permitir esquematizar o planejamento na forma de matrizes de
planejamento [1].

Esta codificagcdo de variaveis, embora pareca desnecessaria, € de grande
utilidade, quando se realizam os calculos para determinar qual a influéncia das

variaveis estudadas e das suas interacdes no sistema em estudo.



2 - Planejamento Fatorial para a Otimizagcdo do Procedimento de
Pré-concentracao por Injecdo de Fluxo para Determinagcdo de Cobre
(I) em [Aguas Naturais Utilizando 2-Aminometilpiridina Enxertada
em Silica Gel como Adsorvente Empregando Deteccéo

Espectrofotométrica

A determinagdo de elementos potencialmente tdxicos em amostras
ambientais tem sido uma preocupacdo comum em toda sociedade.
Normalmente, os niveis desses elementos encontrados em amostras
ambientais sdo muito baixos, exigindo o uso de técnicas com alto poder de
deteccéo, tais como a espectrometria de absorgdo atdémica em forno de grafite
(GFAAS) [2-4] e a espectrometria de massa com plasma indutivamente
acoplado (ICP-MS) [5, 6].

Nos paises em desenvolvimento, essas técnicas analiticas nao séao
largamente empregadas devido ao seu elevado custo de implementacao e de
manutencgao [2-6]. Uma alternativa interessante para a determinag&o de baixos
niveis de elementos potencialmente téxicos em amostras ambientais € a
utilizacdo de um procedimento de pré-concentracdo. Dentre os varios tipos de
métodos de pré-concentracao, a extragao em fase sélida, o uso de adsorventes
quelantes [7-13] e de colunas de troca idnica [14-16] sdo os métodos mais
valiosos, ja que nao exigem a utilizagdo de solventes orgéanicos tdxicos, o que
geraria grandes quantidades de residuos que precisam ser tratados
posteriormente, além de serem procedimentos de alto tempo de analise,
conduzindo a um numero reduzido de amostras por dia de trabalho [15-17].

A silica modificada com diferentes grupos orgénicos é um dos mais bem
sucedidos adsorventes utilizados em laboratérios de analise, porque a silica
nao incha ou encolhe como resinas poliméricas [14] e ndo modifica materiais
de ocorréncia natural [18]; isto significa que o adsorvente de silica modificada
pode ser utilizado para varios ciclos de pré-concentragao, porque, a retencao

por processos de adsor¢ao, quelagao e troca idnica sao geralmente reversiveis



[13, 19]. A silica modificada é util para aplicagbes em solvente aquoso e
organico [13, 19], devido a sua boa estabilidade térmica, mecénica, quimica
[13, 19] e adequada acessibilidade dos ions para o ataque de grupos
quelantes, o que permite niveis elevados de pré-concentracdao [13, 19].
Sistemas de analise por injecdo em fluxo, usando mini-colunas empacotadas
com um adsorvente adequado para pré-concentracdo de diversos analitos em
muitos tipos diferentes de amostras, tém sido utilizados com sucesso [15-17].

Estes procedimentos apresentam varias vantagens em relagdo aos
processos de pré-concentragcdo em coluna convencionais. Como exemplo, o
tempo total de pré-concentragcdo pode ser reduzido de varias horas ou para
apenas um ciclo [15, 16], de apenas alguns minutos, aumentando assim,
notavelmente o numero de amostras analisadas por ciclo de trabalho. Além
disso, existe uma maior repetibilidade das medi¢cdes obtidas com sistemas de
analise por injegdo em fluxo [17], os riscos de contaminagdo s&o reduzidos,
porque existem menos operagdes manuais [15-17] e ha um menor consumo de
amostras e de reagentes [15-17].

Sistemas de pré-concentracdo por analise em fluxo apresentam varias
vantagens, principalmente, quando comparados com a espectrometria de
absorcao atbmica com chama (FAAS) [20-32] e a espectrometria de emisséo
atbmica com plasma indutivamente acoplado (ICP-AES) [32-37]. Por outro
lado, as aplicagdes em que sistemas de pré-concentragao por injecao em fluxo
estdo acoplados a espectrofotometria para a determinacdo de ions metalicos
sdo raras [38, 39]. Também, o emprego de silica gel organofuncionalizada
como um adsorvente para determinacgdo de Cu®*, usando sistemas por andlise
de injecao em fluxo, tem sido raramente utilizado [25, 39], existindo, desse
modo, uma necessidade de explorar isso mais amplamente.

O desempenho de um sistema de pré-concentracao em fluxo requer a
otimizagcdo de varias variaveis. Convencionalmente, na otimizacdo de um
sistema, cada parametro é variado com o tempo, e os outros sao fixos. Ao usar
o modo convencional, ou seja, univariavel, ndo é possivel avaliar as interagdes
entre diferentes variaveis [40], o que limita a otimizagéo global do sistema [33,
40, 41]. A fim de superar essas dificuldades, um planejamento fatorial pode ser
utilizado, onde todas as variaveis sao alteradas simultaneamente [40] e a

otimizagdo maxima do sistema pode ser alcangada, com um numero minimo de



experimentos [33, 40, 41]. Nesta investigacdo cientifica, o adsorvente
2-aminometilpiridina enxertada em silica gel [42] (AMPSG) foi utilizado com
sucesso para a pré-concentragao de cobre (lI) em amostras de agua natural.
Um sistema de pré-concentracdo com fluxo em linha do analito foi
empregado, estando este acoplado a um detector espectrofotométrico ajustado
em 460 nm, sendo utilizado dietilditiocarbamato de sédio (DDTC) como agente
cromogénico. O sistema foi otimizado, empregando um planejamento fatorial
completo 2° (32 experimentos), a fim de encontrar as melhores condigdes
analiticas para pré-concentracdo de cobre e a redugdo do numero total de

experimentos para atingir esse objetivo.

2.1 Experimental

2.1.1 SISTEMA DE FLUXO

Para determinacdo de Cu?* em amostras de agua, foi utilizado um
injetor-comutador proporcional [43] confeccionado em acrilico, contendo uma
seccgao 2:3:2 para adaptacao da alca de amostragem e uma seccédo 0:1:2 para
introdugédo do agente cromogénico intermitentemente. A parte central do injetor
€ movel e suas laterais sao fixas.

Uma mini-coluna foi colocado na posigao central do injetor sendo utilizada
para pré-concentracdo do analito. Além disso, duas bombas peristalticas
(Milan, Colombo-PR), linhas de transmissao de polietileno de 0,8 milimetros de
didmetro interno, conectores em acrilico, célula em fluxo (150 pL) e um
espectrofotometro ( Femto 600S, Sao Paulo-SP ) foram empregados e
montados conforme representado na figura 1. Na posi¢cao de pré-concentragao
(posigao I, figura 1A), a solugdo de amostra e a solugdo-tampéo B4 (tampao
acetato 2,0 mol L, pH 5,75) foram misturadas no ponto de confluéncia X,
entdo estas solugbes foram misturadas na bobina C4 (100 uL) e direcionadas
para a mini-coluna, para sorgédo do analito presente na solugdo de amostra, e a
solucao aquosa foi direcionada para o descarte Ws.

O reagente cromogénico (8,7x10° mol L™ DDTC) R1 foi bombeado para o

frasco de regeneragédo Reg+. No segundo canal, a solugao eluente E (HNO3) foi



bombeada para limpeza do sistema, onde no ponto de confluéncia Y se fundiu
com a solugdo tampao B, (2,0 mol L' acetato tamp3o, pH 5,75) sendo
misturadas na bobina C, (200 uL). Em seguida, no ponto de confluéncia Z é
adicionado o reagente cromogénico a zona da amostra tamponada,
posteriormente a mistura chega a bobina Cz; (200 uL); esta zona de
amostragem passa ao longo da célula de fluxo (150 pl) do espectrofotémetro
(460 nm), produzindo a linha de base, sendo posteriormente, esta solugdo
direcionada para os residuos (W).

Apos o periodo de pré-concentragcado, a parte central do injetor-comutador
foi deslizado para a posigéo Il (figura 1B), e a mini-coluna foi inserida na linha
do eluente para eluicdo do analito retido. No ponto de confluéncia Y, a zona de
amostra entra em contato com a solucdo tampao B, ocorrendo a mistura na
bobina C,; entdo, a zona de amostragem tamponada atinge o ponto de
confluéncia Z em que se funde com o reagente cromogénico, sendo ambos
misturadas na bobina de reacdo Cs (200 yL) onde se forma o complexo de
[Cu®*(DDTC),] [44,45]. Esta zona é posteriormente direcionada para a célula de
fluxo do espectrofotbmetro (460 nm), produzindo um sinal transiente e,

finalmente, esta zona é direcionada para o frasco de residuo (W).
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Fig 1- Diagrama esquematico do sistema de preconcentragdo em fluxo.

Esquema empregado para a determinagao de Cu®* em amostras da agua.
(A) posicdo de amostragem utilizando o sistema de pré-concentragéo. (B)
posicdo de eluicdo do sistema de pré-concentracdo. Bi: solugdo tampéao
acetato 2,0 mol L™ para pré-concentragéo (pH 5,75) 4.5 mL min™'; S: amostra
de solucdo (pH 1) 5.0 mL min™"; C1: bobina reatora (100 pL) para a mistura de
amostra e solugao tampao B¢; WS: descarte da solugao da amostra e tampao
B+; E: 0,60 mol L™ HNO3. 2.6 mL min™; R4 8, 7x10° mol L™ DDTC 2.2 mL min™";
Regs: regeneragdo de DDTC; By 2,0 mol L' solugdo tampado acetato



(pH 5,75) para reacdo de complexagdo e ajuste de pH (cor) 2.6 mL min™; Cy:
bobina reatora (100 yL) para ajuste final de pH de amostra; Cs: bobina reatora
(200 pL) para desenvolvimento de formacado do complexo; Det: célula de fluxo

espectrofotométrico. 150 pL. A= 460 nm. X, Y, Z: pontos de confluéncia.



3 - Planejamento Fatorial de Experimentos como uma Ferramenta
para Otimizar as Condi¢cdes de Biossorcédo de Cr(VI) em Casca de

Pinhao

O cromo (VI) é largamente empregado na industria quimica para
eletrogalvanizacao, fabricagao de corantes e pigmentos, em curtume de couro,
na preservagdo de madeira, na confeccdo de baterias, como inibidor de
ferrugem e corrosdo, em téxteis, borrachas, toner para maquinas copiadoras e
em plantas produtoras de cimento [46]. Fluxos de residuos a partir de todas
essas industrias podem descartar Cr(Vl) em vias aquosas [46] causando
graves impactos ao ambiente [47]. Além disso, o cromo (VI) tem sido relatado
como cancerigeno para o0s seres humanos [46]. A quantidade maxima
permitida de Cr(VI) em &guas naturais é de apenas 0,05 mg L™ [46].

Desta forma, o Cr(VI) deve ser removido de efluentes industriais, antes dos
mesmos serem descartados no meio ambiente. Os procedimentos comuns
para eliminagdo de Cr(VI) proveniente de efluentes industriais incluem
precipitacdo quimica [48], utilizacdo de resinas de troca idnica [49], grupos
organicos enxertados sobre téxteis [50] e a separagdo por membranas
especificas [51]. A precipitacdo quimica € normalmente empregada no inicio do
tratamento de efluentes, porém para atingir a concentragao residual da espécie
téxica no efluente em nivel aceitdvel de acordo com a legislagdo, outras
operagdes sao necessarias.

Nao obstante o emprego de resinas de troca idnica, de téxteis modificados
ou uso de membranas especificas sdo adequados para proporcionar a
remocdo de concentragcdes residuais de elementos toxicos de efluentes
industriais, contudo, estes procedimentos sdo muito caros, dificultando a sua
ampla aplicagao em tratamentos de efluentes industriais [49-51].

Carvao ativado tem sido amplamente utilizado como o mais popular
adsorvente para o tratamento de efluentes [52, 53]. Porém a ampla utilizacéo
de carvao ativado de alta qualidade continua onerosa [52,53]. Além disso, o
carvao ativado requer o uso de agentes quelantes para a remogao de espécies
inorganicas, tornando-se esse procedimento ainda mais caro. Devido ao alto

custo dos adsorventes comerciais, a biossorcdo € uma forma viavel
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economicamente para a realizacao do tratamento de efluentes contendo
espécies potencialmente toxicas. As paredes celulares da biomassa contém
acidos carboxilicos, fendis, aminas, amidas e outros grupos que sao capazes
de complexar e permitir troca ibnica de metais pesados.

Os biossorventes mais estudados para remocao de Cr(VI) de solugcbes
aquosas foram os microrganismos [47,54-58]. No entanto, a limitagdo desses
biossorventes para tratamento de efluentes industriais € a sua baixa biomassa
disponivel. Por outro lado, os residuos agro-industriais, botanicos e marinhos
estdo, geralmente, disponiveis em grandes quantidades, permitindo a sua
aplicagdo como biossorventes no tratamento de efluentes industriais. Esses
biossorventes tais como, casca de avela [59], cone de arvores [60], polpa de
beterraba [61], casca de arroz [62,63], fibra de coco [62], serragem [62,63],
casca de noz [63], turfa, musgo [63,64], os residuos de cha e café [63],
quitosana [63-65], residuos de casca de carangueijo [66], baga¢o de cinzas
[64], sementes mucilaginosas [67], caules de uvas [68], cortica [68], carogos
[68], casca de arvore [63,68] e carvao [62, 69] tém sido empregados para
remover Cr(VI) proveniente de solugdes aquosas.

A Araucaria angustifolia ou Araucaria brasiliensis € uma arvore alta
(30-52 m), do género Araucaria [70], que ocupa grandes areas do sul e sudeste
do Brasil e leste da Argentina [70]. O florescimento da Araucaria Angustifolia
produz um punhado de sementes, que tém o nome de pinha. Cada uma dessas
apresenta um diametro de 10 a 25 cm e contém cerca de 700 a 1200 pinhas
com cerca de 150 sementes que podem pesar até 4,7 kg [70]. As sementes
sao denominadas pinhao e contém uma resistente casca ao seu redor [71]. O
pinhdo € cozido em agua e € amplamente consumido no Brasil. As cascas do
pinh&o consumido sdo normalmente descartadas no lixo e tém um tempo longo
de decomposicdo. Outros produtos alimentares a partir de pinhdo foram
desenvolvidos no Brasil e geram cerca de 10 toneladas de residuo de casca de
pinhdo. Devido a necessidade de encontrar novos e baratos adsorventes para
remocado de metais, e também para diminuir as grandes quantidades de
residuos de pinhdo, neste trabalho € apresentado o primeiro estudo de
utilizacdo de residuos de casca de pinhdo como biossorvente com sucesso

para remoc¢ao de cromo (VI) de amostras aquosas.
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3.1 — Experimental

3.1.1 — PREPARACAO DO BIOSSORVENTE

O biossorvente foi adquirido no mercado local, em Porto Alegre-RS, Brasil.
O peso de cada semente variou entre 7 a 9 g. As cascas do pinh&o
correspondem a aproximadamente 22% do peso das sementes. Cerca de 2 kg
de casca de pinhdo foram cozidas em um béquer de 10 L durante 2 h, e, em
seguida, as sementes foram separadas da casca. A solugao aquosa marrom
resultante do cozimento do pinhdo, contendo fendis oxidados [71], foi
descartada. Em seguida, a casca de pinhdo foi novamente aquecida a
ebulicdo, durante mais 2 horas, a fim de remover compostos fendlicos soluveis
na agua [71], evitando a liberagdo desses compostos para as solugdes
aquosas. Posteriormente, os residuos de pinhdo foram lavados com agua
destilada e secos a 70 ° C em um forno com fluxo de ar quente por 8 h.

Depois disso, os residuos de casca de pinhdo foram moidos em moinho e
posteriormente peneirados. A fracdo de particulas de biossorvente com
diametro inferior a 250 um foi utilizada nos experimentos. A densidade
aparente dos residuos de p6 de pinhdo foi de 0,18 g cm™, apresentando uma
intensa coloragao marrom, que foi atribuida a polifendis [71], que devem ser os

principais compostos organicos responsaveis pela biossorgao de cromo (VI).

3.1.2 PROCEDIMENTO DE BIOSSORCAO EM BATELADA DE CROMO (V).

Uma aliquota de 20,00 ml de solugbes de concentragdao entre
5,00 a 1.200,0 mg L™ de Cr(VI) foi adicionada a um tubo cdnico de plastico
(117 milimetros de altura, 30 mm de didmetro), contendo uma massa entre
30,0 mg e 150,0 mg de casca de pinhdo. Os frascos foram tampados,
colocados em um agitador horizontal e agitados de 5 minutos a 12 h.
Posteriormente, os frascos foram abertos e a fase liquida foi separada por
filtrac&o, utilizando-se filtro de papel Whartman, a fim de separar o biossorvente

da solugdo aquosa, em seguida aliquotas de 1 a 5 ml da fase liquida foram
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diluidas adequadamente em baldes volumétricos de 50 ml e 100 ml com agua.
Finalizado o procedimento de biossor¢cdo, as concentracdes finais de cromo
foram determinadas espectrofotometricamente (540 nm), utilizando DPC [72]
como agente cromogénico, apds multiplicar o valor encontrado da medida da
concentracdo na solugdo pelo fator de diluicdo apropriado. A remocao de
Cr(VI), a partir da solugdo aquosa, € determinado pela equagdo 1, e o da
quantidade de Cr(VI) adsorvido pelo biossorvente é dado pela equagao 2.

Co-Cr

(o}

Co—Ci
q=( - J @)

% remogéo=( ]x1 00% (1)

Onde q é a quantidade de ion metalico adsorvido pelo biossorvente (mg g™);
Co ¢é a concentracao inicial de Cr(VI) colocada em contato com o biossorvente
(mg L"), Cf é a concentracdo final de Cr(VI) (mg L") apés o procedimento de

biossorgdo em batelada e X é a dosagem de biossorvente (g L™).
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4 - Planejamento Estatistico de Experimentos como Uma
Ferramenta para Otimizacdo das Condi¢cfes de Biossorcao de Cu(ll)
em Batelada Utilizando-se Casca de Nozes Peca como

Biossorvente.

A atividade industrial € responsavel por gerar um volume muito grande de
residuos contendo diversas espécies nocivas a saude humana [73]. Estes
residuos toxicos necessitam ser tratados, antes de serem despejados em
aguas naturais. Entre as espécies de maior relevancia toxicologica presentes
nos residuos industriais estdo os metais pesados e ametais, que nao se
biodegradam pela agao do tempo, sendo bioacumulativos’®. Os procedimentos
de tratamento de efluentes industriais, visando a remocéao de metais pesados,
sdo baseados em processos quimicos e fisicos [73-75].

Processos quimicos s&o geralmente variados e dependem da natureza do
efluente. A principal desvantagem destes procedimentos € que esses séo
dispendiosos, requerem uso de reagente quimico adicional e podem propiciar a
formagao de outra espécie toxica no efluente tratado. Os procedimentos mais
empregados s&o:

e neutralizacdo acido-base, cloragao, precipitagdo quimica, complexagao

com agentes quelantes, eletrolise e métodos oxidativos com oxigénio e

ozébnio [73,74].

Processos fisicos, geralmente, sdo procedimentos mais simples, que aplicam

uma determinada operagao unitaria, tais como [73,75]:

e Separacado de fases para a remogao do material sélido (decantagéo,
sedimentacao, filtragcao, centrifugacgao, flotagao) [73,76];

e Transicdo de uma forma fisica para outra (destilagdo, evaporagéo,
precipitagao fisica, cristalizagdo) [73];

o Utilizacdo de membranas seletivas as espécies toxicas, para hiperfiltracao,
ultrafiltracao, osmose reversa e dialise [77];

e Extracdo em fase sodlida, utiizando adsorventes capazes de reter

seletivamente as espécies de maior toxicidade [78]. Esse procedimento
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geralmente é utilizado no final do tratamento de efluentes industriais,

permitindo reduzir a um valor minimo o nivel da espécie toxica presente.
Esse procedimento envolve desde a simples passagem de um efluente por um
meio granular como areia [73] e carvao ativado [78] que retém as espécies
téxicas por fisiossorgdo ou até o emprego de adsorventes sintéticos, tais como
resinas poliméricas de troca ibnica [79]; tecidos modificados quimicamente com
grupamentos organicos [80,81] ou silica gel modificada [11,82-85], os quais séo
capazes de reter seletivamente metais pesados por quelagao, troca iénica ou
microprecipitacao na superficie do adsorvente [11,82-85].

Dentre todos os processos de tratamento de efluentes industriais citados
acima, a extracdo em fase solida é um dos procedimentos ecologicamente
mais corretos, porque os ions metéalicos sao removidos dos efluentes por uma
fase solida. Este adsorvente pode ser regenerado posteriormente ou mantido
num local seco sem contato direto com o ambiente. Entretanto, os adsorventes
sintéticos (resinas poliméricas, silicas organofuncionalizadas, tecidos
modificados com grupamentos organicos) sdo de alto custo, fato que
impossibilita sua aplicagdo em larga escala no tratamento de efluentes [79-85].

Devido ao alto custo dos adsorventes, ha um crescente interesse na
producdo de materiais de baixo custo, com capacidade de remocao de metais
pesados de aguas. Estes adsorventes devem ser disponiveis em grandes
quantidades (pelo menos nas proximidades do local a ser aplicado) e devem
apresentar reduzido custo. Entre tais adsorventes se destacam: quitosana
[64,86-87]; argilas [64]; zeolitas [64,88]; certos subprodutos industriais tais
como, cinzas [64,89]; oOxidos metdlicos e la de aco [64,90]; residuos
manufaturados de 6leos comestiveis [91-93]; carvao vegetal e mineral [64,94];
solos contendo grandes quantidades de matéria orgénica oriundas da
decomposicédo de vegetais [64,95,96]; residuos agricolas, tais como: casca de
arroz [64, 96-98], casca de coco [64,98], residuos de café e cha [99], farelo
[100] e casca de trigo [101], sementes mucilaginosas [102]; como também
serragem de madeira [96,103]; cascas e copas de arvore [64,96,103,104];
materiais ricos em taninos [96]; cortiga [105]; gramineas [106]; xantato [96];
cactus [107]; musgos [108]; algas marinhas [109] e seus derivados [110].

Na regidao sul e sudeste do Brasil, encontram-se extensas plantagdes da

nogueira-peca, a qual foi introduzida pelos imigrantes norte-americanos. A
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nogueira-peca (Carya illinoensis) pertence a familia Junglandaceae [111]. E
uma arvore de folhas caducas, que pode atingir grande porte, superando os 40
metros de altura, 40 metros de didmetro de copa e 20 metros de circunferéncia
de tronco [111]. A longevidade pode superar os 200 anos [111].

A casca da noz peca € um subproduto de cor avermelhado intenso, de
dificil degradagédo. Dessa forma, torna-se necessario encontrar uma utilidade
para esse subproduto, que nesse trabalho foi explorado como biossorvente
para remogao de ions Cu(ll) de solugbes aquosas, utilizando-se planejamento
estatistico de experimentos, para otimizar as condicbes de biossorgcdao em

batelada.

4.1 Experimental

4.1.1 PREPARACAO DO BIOSSORVENTE

Nozes pecéd (Carya illinoensis) foram adquiridas em mercado local em
Porto Alegre-RS. O peso de cada semente variou entre 7 a 11 g. A casca
corresponde a aproximadamente 49% de toda a castanha. Aproximadamente
500 g de casca de noz peca foram lavadas com agua destilada e fervida com
6,0 L de agua por um periodo de 2 h para se eliminar a maior parte dos
compostos soluveis em agua. Posteriormente as cascas foram secas a 70°C
por 8 h, numa estufa provida de ar quente. Apds, a casca de noz foi moida num
moinho de disco e subsequentemente peneirada. A fracdo com didametro de
particulas inferior a 250 ym foi utilizada no procedimento de biossor¢do. A

densidade aparente da casca de noz peca encontrada foi de 1,30 g cm™.

4.1.2 REAGENTES E SOLUCOES

Agua deionizada foi empregada em todo o trabalho.
A solugdo estoque de 5000,0 mg L™ Cu?®" foi preparada dissolvendo-se
9,8228 g of CuS04.5H,0 (Vetec, Rio de Janeiro-RJ) em agua e completando o

volume final a 500,0 mL. Solugdes de trabalho de Cu®" com concentracdes
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variando de 5,00 a 1000,0 mg L™ foram preparadas por diluicdo serial da
solugao estoque. O ajuste de pH das solugdes foi feito com aliquotas de
solucdes de HNO3; e NaOH 1,0 mol L™, utilizando um pHmetro portatil handylab
1 Schott (Mainz, Alemanha) provido de eletrodo combinado de vidro, modelo
Blue-Line 23.

A solugdo do agente cromogénico 0,15% m/v de dietilditiocarbamato de
sédio (DDTC; Merck, Darmstadt-Alemanha) foi preparada diariamente
dissolvendo-se 0,375 g de DDTC em 5 mL de etanol, apds esta solugao foi
misturada com 150 mL de agua quente (=70-80°C) e entdo filtrada e
completado o seu volume com agua deionizada a 250,0 mL em balado
volumétrico.

Para o preparo da solugdo tampao foi empregado tetraborato de sodio

decaidratado (Vetec, Rio de Janeiro-RJ, Brasil).

4.1.3 PROCEDIMENTO DE BIOSSORCAO EM BATELADA DE CU*,

Aliquotas de 20,00 mL de solucdo de Cu?* com concentragdes variando-se
entre 5,00 a 1000,0 mg L' foram adicionadas em frascos plasticos conicos
(117 mm altura, 30 mm diametro) contendo 30,0 — 50,0 mg de casca de noz
peca moida. Os frascos foram tampados e colocados num agitador horizontal e
agitados por 1 a 4 h. Apds, os frascos foram destampados e a fase liquida foi
separada por filtragao utilizando filtro de papel Whartman. Quando necessario,
aliquotas de 1-10 mL das solugbes do sobrenadante foram propriamente
diluidas entre 50-100 mL em baldes volumétricos utilizando-se agua. As
solugdes finais de Cu®* foram determinadas espectrofotométricamente
utiizando DDTC a 460 nm [84], num sistema de analise em fluxo, apds
multiplicar o valor da concentracdo da solugdo medida, depois do procedimento
de biossorc¢ao, pelo fator de diluigdo apropriado.

A quantidade de Cu?* biossorvida pela casca de noz peca é dada pela

equacéao abaixo.
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g (Co-CheV
m

Na qual, g é a quantidade biossorvida do ion metalico pelo biossorvente
(mg g); Co é a concentragéo inicial de Cu®* colocada em contato com o
biossorvente (mg L"), Cf é a concentragdo final de Cu* (mg L) apés o
procedimento de biossor¢ao em batelada, m € a massa do biossorvente (g) e V
€ o volume da solugcdo do ion metalico colocada em contato com o

biossorvente (L).
4.1.4 DETERMINACAO DE Cu?

Para a determinacdo de Cu?* nas amostras, um injetor-comutador
proporcional feito em acrilico contendo uma secg¢éo 2:3:2 para adaptacédo da
alca de amostragem e uma secgao 0:1:2 para introdugdo do agente
cromogénico intermitentemente foi empregado [72] durante todo o trabalho. A
parte central do injetor € mével e suas laterais sdo fixas [72]. Também foram
utilizadas, duas bombas peristalticas (Milan, Colombo-PR), linhas de
transmissao de 0,8 mm de didametro interno, conectores em acrilico, célula em
fluxo (150 pl) e um espectrofotdémetro (Femto 600S, Sao Paulo-SP), os quais
estdo apresentados na Figura 1.

Na posicdo de amostragem (Figura 1A), a solugdo da amostra S
(5-30 mg L™ Cu®*; 4,0 mL min™) preenche a alca de amostragem Ls (125 pL) e
seu excesso € direcionado ao descarte da solugdao da amostra (Ws); o
reagente cromogénico (0,15% m/v DDTC; 2,5 mL min") R, estd sendo
bombeado para seu frasco de regeneracdo Regs. Num segundo canal, a
solugdo transportadora Cs (0,1 mol L' HNOs; 2,6 mL min") estd sendo
bombeada para o sistema, onde no ponto de confluéncia Y essa se mistura
com a solugao tampéao B, (0,5 mol L™ tampao acetato, pH 5,5; a 2,6 mL min'1) e
a mistura ocorre na bobina de reagdo C, (100 pl), entdo a zona da amostra
tamponada alcanga o ponto de confluéncia Z e subsequentemente esta zona
alcanca a bobina de mistura C3 (200 uL) e entdo a zona da amostra passa pela

célula em fluxo (150 pL) do espectrofotébmetro (460 nm) produzindo a linha de
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base, sendo subsequentemente direcionada ao descarte (W). Na posicéo de
injecédo (Figura 1B), a alca de amostragem Ls é inserida no fluxo da solugéao
transportadora Cs que direciona a zona da amostra para o ponto de
confluéncia Y onde essa se mistura com a solugao tampao B, passando ambas
pela bobina misturadora C,, entdo a zona da amostra tamponada alcanca o
ponto de confluéncia Z onde se mistura com o reagente cromogénico e entao a
zona da reacdo € misturada na bobina C; (200 pL) formando o complexo
Cu(DDTC), [84]. Esta zona é subsequentemente direcionada a célula em fluxo
do espectrofotdbmetro (460 nm), produzindo um sinal transiente, e finalmente é

direcionada ao descarte (W).
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Fig 1 (A e B) Diagrama de fluxo para determinagdo de Cu?* usando DDTC.
S-solugdo da amostra; Ls - alga de amostragem (375 pL); Ws- descarte da
solugdo da amostra; E - solugdo transportadora - 0,5 mol L’ HNO3;
R1-0,15% m/v DDTC, Reg - frasco de regeneragao do agente cromogénico,
B, — solucdo tampao borato pH 9,0, C, e C3z bobinas de reacdo com 100 e
200 L, respectivamente; Y e Z — pontos de confluéncia; Det - célula em fluxo

colocada no espectrofotdmetro; W — descarte.
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5- Conclusodes
5.1- Primeiro Trabalho

Um sistema simples de pré-concentragao em fluxo para a determinagao do
Cu?* utilizando DDTC como agente cromogénico e AMPSG como um
adsorvente foi usado com sucesso para a determinacdo do analito em
amostras naturais e de agua salobra. Um planejamento fatorial completo 2°
para a otimizacdo das condigdes analiticas para pré-concentragdo de Cu?*
mostrou que sé o tempo de pré-concentracdo e a vazdo do analito e a
respectiva interacdo entre esses fatores sado significativas. Utilizando as
melhores condi¢des, o fator de pré-concentragdo para cobre obtido com o
AMPSG foi de 77, utilizando um periodo de pré-concentragdo de apenas
3 minutos, além disso, um limite de detecgdo de 3,0 ng mL™" também foi

atingido nesse trabalho.

5.2- Segundo Trabalho

Para se obter as melhores condigbes de adsorgdo em batelada de Cr(VI)
utiizando casca de pinhdo como biossorvente, um planejamento fatorial
completo 2* foi empregado para fazer uma triagem dos fatores que teriam
influéncia nessa otimizacdo. Essa otimizacdo estatistica de experimentos
mostrou que as melhores condi¢gdes iniciais seriam: pH 2,0, concentracao
inicial de Cr(V1) (Co) pelo menos em 600.0 mg L™, dosagem do biossorvente
(X) de pelo menos 2,50 g L' e tempo de contato (t) de pelo menos 8,0 h.
Baseado nesses resultados, uma analise de superficie de resposta do tipo
Box-Behnken foi realizada, investigando-se além dos limites obtidos na triagem
prévia, obtida pelo planejamento fatorial. As melhores condi¢des obtidas foram:
pH 2,0, Co 1200,0 mg L™, X 1,50 g L' e t = 8 h. Para verificar que anions tais
como: CI, NOs", PO4* poderiam interferir no processo de adsorcdo de Cr(VI)
utilizando casca de pinh&o, uma nova analise de superficie de resposta de Box-
Behnken foi realizada, usando as melhores condicbes para a adsor¢ao de

Cr(Vl) pela casca de pinhdo. Os resultados mostraram que nao existe
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interferéncia de nenhum desses ions na biossorcgao.

Para se regenerar o Cr(VI) carregado nas cascas de pinh&o, experimentos
de dessorgdo foram inicialmente realizados utilizando-se solugdes de NaCl
(pH 8,0) como eluente. Esse meio foi impréprio para a remogao de Cr(VI) do
biossorvente carregado com o ion metalico. Uma nova tentativa foi realizada
com solucdo de H,O, + NaOH, a qual é um meio conhecido para oxidar Cr** a
CrO4%. Esse experimento confirmou que o Cr(VI) foi reduzido a Cr(lll) pelo

biossorvente.

5.3- Terceiro Trabalho

Casca de noz peca foi utilizada como biossorvente para a remogao de ions
Cu(ll) de solugbes aquosas. A otimizagdo das condigdes de biossorgdo em
batelada foi realizada utilizando-se dois planejamentos estatisticos de
experimentos, o planejamento fatorial completo 2* com dois pontos centrais
(n= 18 experimentos) e para continuar a otimizagédo do sistema foi empregado
uma analise de superficie de resposta empregando planejamento com
composto central e com dois fatores (n=13 experimentos). Toda a otimizagao
do sistema foi realizada com apenas 31 experimentos.

Apods a otimizagdo das condi¢cdes de biossorgdo em batelada, foi obtida a
isoterma de biossorcdo de Cu(ll) em casca de pinhdo, resultando numa

quantidade maxima adsorvida igual a 20.0 mg g™ do ion metalico.
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Anexos

E importante salientar, que estes trabalhos foram publicados em revistas
indexadas, e que a seguir seguem os trés artigos na sua versao original,
incluindo os resultados e discussbes. O primeiro artigo intitulado,
‘Planejamento Fatorial para a Otimizacgdo do Procedimento de Preé-
concentracéo por Injecéo de Fluxo para Determinacéo de Cobre (Il) em Aguas
Naturais Utilizando 2-Aminometilpiridina Enxertada em Silica Gel como
Adsorvente Empregando Deteccdo Espectrofotométrica”, visa a pré-
concentragcdo de cobre em silica gel enxertada com Aminometilpiridina e
posteriormente a melhoria do sinal analitico.

O segundo artigo e o terceiro artigo intitulados, “Planejamento Fatorial de
Experimentos como uma Ferramenta para Otimizar as Condigbes de

X "

Biossor¢do de Cr(VI) em Casca de Pinhdo” e “Planejamento Estatistico de
Experimentos como Uma Ferramenta para Otimizacdo das Condicbes de
Biossorcdo de Cu(ll) em Batelada Utilizando-se Casca de Nozes Peca como
Biossorvente”, enfocam a utilizacdo de adsorventes de baixo custo, oriundos da
biomassa, ou seja biossorventes, que sdo a casca de pinhdo e a de noz peci,

ambas utilizadas para biossorgao de cromo e de cobre respectivamente.
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Factorial design for optimization of flow-injection
preconcentration procedure for copper(Il) determination
in natural waters, using 2-aminomethylpyridine grafted
silica gel as adsorbent and spectrophotometric detection
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The 2-aminomethylpyridine anchored silica gel (AMPSG) was successfully used as a sorbent
in a simple spectrophotometric flow system for Cu>* preconcentration in natural water samples,
using sodium diethyldithiocarbamate as chromogenic agent (460nm). The system was
optimized using a full factorial design 2° to determine better analytical conditions to determine
copper in the natural water samples such as those from river, tap, stream, spring, well, waste,
synthetic brackish water and a water reference material (NIST-1640). The better conditions
used were: 180s loading; 30s elution; 30s regeneration of the column; loading flow rate
6.6 mL min~"; buffer solution for the preconcentration and regeneration of the column-acetate
buffer pH 5.75; elution flow rate 1.6 mL min~!; eluent composition 0.20 mol L~' HNO;. Under
these conditions, the preconcentration factor obtained was 77, and the detection limit achieved
was 3.0ngmL~". The recovery of spiked water samples ranged from 95.2 to 104.7%.

Keywords: Copper preconcentration; 2-Aminomethylpyridine grafted silica gel; Flow injection;
Spectrophotometry; Factorial design; Water samples

1. Introduction

The determination of potentially toxic elements in environmental samples has been
a common concern everywhere. Usually, these element levels found in environmental
samples are very low, requiring the use of high-detection-power techniques such as
graphite furnace atomic absorption spectrometry (GFAAS) [1-4] and inductively
coupled plasma mass spectrometry (ICP-MS) [5, 6]. In underdeveloped countries,
these analytical techniques are not extensively used due to their high implementation
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and maintenance costs [1-6]. An interesting alternative for the determination of low
levels of potentially toxic elements in environmental samples is the use of a preconcen-
tration procedure. Among several kinds of preconcentration methods, solid-phase
extraction using chelating sorbents [7—13] and also ion exchangers [14-16] is the most
valuable method, since it does not require the use of toxic organic solvents, which
generates large volumes of waste that need to be treated subsequently, besides being
a time-consuming procedure that leads to a decrease in sampling throughput [15-17].

Modified silica with different organic groups is one of the most successful sorbents
used in the analytical laboratories, because the silica supports do not swell or shrink
like polymeric resins [14] and unmodified natural occurrence materials [18]; this
means that the modified silica sorbent can be used for several cycles of preconcentra-
tion, because retention processes such as adsorption, chelation, and ion exchange are
reversible [13, 19]. The modified silica is useful to employ in aqueous and organic
solvents media [13, 19] due to the good thermal stability [13, 19] and appropriate
accessibility of ions to the attached chelating groups, which allows its high
preconcentration factors [13, 19].

Flow-injection preconcentration systems using minicolumns packed with a suitable
sorbent for the preconcentration of several analytes in many different kinds of
sample have been used successfully [15-17]. These procedures present several
advantages over conventional column-preconcentration procedures. For example, the
total time of preconcentration can be reduced from several hours to carry out just
one cycle [15, 16] to just a few minutes, thus increasing the sampling throughput
remarkably; there is a higher repeatability of measurements acquired with flow systems
[17]; the contamination risk is reduced because there are fewer manual operations
[15-17]; and there is a lower consumption of samples and reagents [15-17]. Flow-
injection preconcentration systems present several advantages when coupled mainly
with flame atomic absorption spectrometry (FAAS) [20-32] and inductively coupled
plasma atomic emission spectrometry (ICP-AES) [32-37]. On, the other hand, the
applications in which flow-injection preconcentration systems are coupled to
spectrophotometry for the determination of metallic ions are rare [38, 39]. Also, the
use of organofunctionalized silica gel used as a sorbent in flow systems for Cu*"
determination has also rarely been used [25, 39], so there is a need to explore these
more extensively.

The performance of a flow-preconcentration system requires the optimization of
several variables. Conventionally in the optimization of the system, each parameter is
varied at the time, and the others are fixed. By using the conventional univariate
mode, it is not possible to evaluate the interactions among different variables [40],
which limit the overall optimization of the system [33, 40, 41]. In order to overcome
these difficulties, a factorial design can be used, where all the variables are changed
simultaneously [40], and the maximum optimization of the system can be achieved
with a minimum number of experiments [33, 40, 41].

In this investigation, the sorbent 2-aminomethylpyridine grafted silica gel (AMPSG)
was successfully used for the preconcentration of copper (II) in natural water samples.
A flow system for online preconcentration of the analyte was used with a spectro-
photometric detection at 460 nm, by using sodium diethyldithiocarbamate (DDTC)
as a chromogenic agent. The system was optimized, employing a full factorial design
2° (32 experiments) in order to find the best analytical conditions for copper precon-
centration and reducing the total number of the experiments to attain this goal.
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2. Experimental

2.1 Instruments

A 600 S Femto spectrophotometer (Sao Paulo-SP, Brazil) provided with a 150 puL flow
cell (Femto) and a serial port RS232C connected to an AMD Ko6II 350 MHz personal
computer for data acquisition were used throughout for the analytical measurements.
Two four-channel Milam bp-200 peristaltic pumps (Colombo-PR, Brazil) provided
with Tygon® and silicone tubes of different diameters were used for the propulsion
of solutions in the flow system. For the pH measurements, a handylab 1 Schott
hand-held pH/mV meter (Mainz, Germany) was used with a combined glass electrode
model Blue-Line 23 pH.

2.2 Reagents, solutions, and samples

Double-distilled water was used throughout. Solutions containing 0.10-1.0 mol L™
of nitric acid (Merck, Rio de Janeiro-RJ, Brazil) were used as eluent. A 1.00gL™"
copper (II) stock solution was prepared, dissolving 0.5000g of metallic copper
(Merck, Rio de Janeiro-RJ, Brazil) in 10mL of 7.0mol L™" of nitric acid; this solution
was quantitatively transferred to a 500.0 mL calibrated flask, and the volume was made
up to the mark with water. The calibration solutions within 50-300 ngmL~" (precon-
centration) and 2000-8000ngmL~" (without preconcentration) of the Cu’* range
were prepared by suitable serial dilution of the stock solution with water and adjusting
the final acidity to pH 1.0 with HNO;.

Sodium  diethyldithiocarbamate @ (DDTC;  Merck,  Darmstadt-Germany)
8.7x 10 molL™" solution was prepared daily by dissolving 0.375g of DDTC
in 5mL of ethanol; afterwards, this solution was mixed with 150mL of hot water
(70-80°C), filtered into a 250.0 mL volumetric flask, and the volume made up to the
mark with water.

For the buffer preparations, glacial acetic acid (Merck, Rio de Janeiro, Brazil),
sodium acetate (Merck), ammonium acetate (Merck), boric acid (Merck), sodium
tetraborate decahydrate (Vetec), potassium hydroxide (Reagen), and nitric acid
(Merck) were used.

For the interference studies and synthetic water samples, the following salts of
elements were used: NaCl (Merck), KCl (Merck), MgSO,-7H,O (Merck),
CaSO4-2H,O0 (Merck), AICl;-6H,O (Merck), CoSO4-7H,O (Vetec), Ba(NOj),
(Reagen), CrCly-6H,O (Vetec), FeSO,4-NH4SO4-6H,O (Merck), MnSO4-H,O
(Reagen), ZnSO,4- 7TH,O (Nuclear), and NiSO,4 - 6H,O (Reagen).

The 2-aminomethylpyridine anchored silica gel (AMPSG) sorbent was prepared
as reported elsewhere [42], obtaining a material with a specific surface area of
121.44+8.6m?g~" and a coverage of silica surface of 0.76 +0.04 mmol of 2-amino-
methylpyridine groups per gram of sorbent.

The ordinary water samples (river, stream, spring, tap, waste, well) were filtered with
Whatman paper, and the pH was adjusted to 1.0 with HNOj5. The samples were then
analysed using the procedure of preconcentration. The reference material, Trace
Elements in Natural Water (NIST-1640), from the National Institute of Standards
and Technology (NIST, Gaithersburg, USA) was used to achieve the required accuracy
of the method.
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2.3 Flow system

For Cu”" determination in the water samples, a manually operated manifold made of
a Perspex proportional injector-commutator [43] containing a 2:3:2 section for
adapting the sampling loop and/or preconcentration column and a 0:1:2 section for
delivering the chromogenic agent intermittently were used. The central part of the
injector-commutator was movable and the edge portions were fixed. The PVC mini-
column was placed in the central position of the injector-commutator and was used
for the analyte preconcentration. Also, two peristaltic pumps, 0.8 mm ID polyethylene
transmission lines, Perspex connectors, flow cell and spectrophotometer were mounted
as depicted in figure 1. In the preconcentration position (position I, figure 1A), the

B
C, T
Wsl WS
E X
B,
Cg 7 C3
Det W.
Y
A =460 nm
A
R, Reg;
B
c, P
W 1
S WS
E X
» —
BZ
M l C, Csy
VA Det W
Y
A A =460 nm
v
Re
* o]

Figure 1. Manifold employed for the determination of Cu>* in water samples. (A) Sampling position using
the preconcentration system. (B) Eluting position of the preconcentration system. Bj: 2.0mol L™" acetate
buffer solution for the preconcentration (pH 5.75). 4.5mL min~"; S: sample solution (pH 1), 5.0mLmin"';
C;: coil reactor (100 uL) for mixing sample solution and buffer B,; Wg: waste of sample solution and buffer
Bi; E: eluent 0.60molL™" HNO;. 2.6mLmin~'; R; 8.7x 10 molL™! DDTC. 22mLmin"'; Reg;:
regeneration vessel of DDTC; B,: 2.0mol L™ acetate buffer solution (pH 5.75) for colour-forming reaction.
2.6mLmin~"; C,: coil reactor (100 uL) for buffering the sample zone; Cj: coil reactor (200 uL) for colour
developing; Det: spectrophotometric flow cell. 150 uL. A =460nm. X, Y, Z: confluence points.
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sample solution and the buffer solution B, (2.0molL™' acetate buffer, pH 5.75)
were merged in the confluence point X; then, these solutions were mixed in the coil
C; (100 uL) and directed to the minicolumn, for sorbing the analyte present in the
sample solution, and the aqueous solution was directed to the waste Wg. The chromo-
genic reagent (8.7 x 10>mol L™ DDTC) R, was pumped to the regeneration vessel
Reg;. In the second channel, the carrier solution E (HNOs) was pumped to the
system where, at confluence point Y, it merged with B, buffer solution (2.0mol L™
acetate buffer, pH 5.75) and mixed in the coil mixer C, (200 uL). Then, the buffered
sample zone reached the confluence point Z and subsequently reached the mixture
coil C5 (200 pL); this sampling zone passed along the flow-cell (150 uL) of the spectro-
photometer (460 nm) producing the baseline, and subsequently this solution was
directed to the waste (W). After the preconcentration period, the central part of the
injector-commutator was slid to the position II (figure 1B), and the minicolumn was
inserted in the eluent line, eluting the retained analyte. At the confluence point Y,
the sample zone merged with B, buffer solution and mixed in the coil mixer Cs;
then, the buffered sample zone reached the confluence point Z where it merged with
the chromogenic reagent and then mixed in the coil mixer C; (200 uL) forming the
Cu(DDTC), complex [44]. This zone was subsequently directed to the flow cell of
the spectrophotometer (460 nm), producing a transient signal, and finally this zone
was directed to the waste (W).

2.4 Full factorial design

One of the simplest types of factorial designs used in chemistry is one having two levels.
The design determines which factors have important effects on a response as well as
how the effect of one factor varies with the level of the other factors. Effects are
differential quantities expressing how a response changes as the levels of one or more
factors are changed. The determination of factor interactions can be important for
successful system optimization. In this investigation of copper preconcentration, the
analytical signal could depend on mass of the AMPSG sorbent present in the mini-
column, the time of preconcentration, eluent flow rate, analyte flow rate for the precon-
centration, and composition of the eluent. Other variables such as coil volumes (C;, C,
and C;) were optimized previously to the full factorial design, in order to obtain
undistorted peak profiles, and also the optimum pH for preconcentration was also
previously optimized in univariate mode, because it is known that at some pH
values, the adsorption of any analyte does not occur; if this were used incorrectly
in the full factorial design, it could lead to a misinterpretation of the results.
In addition, it is important to keep some parameters constant in order to diminish
the total number of experiments of the full factorial design.

The effects of these factors and their interactions were measured by performing 32
experiments forming the 2° full factorial designs given in table 1. For convenience,
each factor level was coded as —1 (low) or +1 (high), and the effect values were
calculated using the following equation [27, 28]:

Efi = R — R,
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Table 1. Optimization of flow system for Cu®>" preconcentration using AMPSG as sorbent.?

Experiment A B C D E Analytical signal/lO’3
1 — - — - - 38.7
2 + - - — - 64.0
3 - + — - - 205.7
4 + + - - - 182.0
5 — — + - — 34.0
6 + - + - - 61.3
7 - + + - - 181.3
8 + + + - — 183.0
9 — - — + - 141.3

10 + - - + - 142.3

11 — + - + — 453.3

12 + + - + — 420.7

13 - - + + — 158.3

14 + - + + — 115.7

15 - + + + — 421.7

16 + + + + — 422.3

17 — - - - + 46.7

18 + — - — + 28.3

19 - + - - + 251.3

20 + + - — + 182.0

21 - — + - + 37.7

22 + - + - + 66.3

23 — + + - + 196.7

24 + + + - + 305.7

25 - — — + + 270.7

26 + - - + + 134.3

27 — + - + + 468.0

28 + + - + + 441.0

29 - - + + + 145.0

30 + - + + + 132.7

31 - + + + + 436.7

32 + + + + + 447.1

Levels

Variables - +

A Column mass (g) 0.1002 0.1512

B Preconcentration time (s) 60 180

C Eluent flow rate (mL min~") 1.6 4.0

D Cu?* flow rate (mL min~") 2.5 6.6

E Eluent concentration (HNO;; mol L") 0.2 0.6

2 Factorial design 2° (32 experiments) aiming the maximum analytical signal. Fixed conditions: 100 ngmL ™" Cu®** (pH 1);
2.0mol L™" acetate buffer pH 6 (buffer B, and B,); chromogenic agent 8.7 x 10~>mol L~' DDTC, 2.2mL min~".

where R™” and R\ are the averages of results when the ith factor is at its high (+) or
low (—) level independent of the signs of the other effects. Sixteen experimental values
make up each average because each column in table 1 has 16 positive and 16 negative
signs. The 32 experiments were performed in random order. This complete factorial
design is particularly efficient for the evaluation of the main effects of each factor
and of the interactions of two or more factors on the Cu®" preconcentration.
Univariate methods are unable to measure these interactive effects [33, 40, 41]. The
definitions of the factors and levels used in the full factorial design and the analytical
signal achieved for Cu®" preconcentration are also presented in table 1. These listed
numbers represent the mean value for three independent determinations.
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3. Results and discussion

3.1 Preliminary experiments

The best performance of a factorial design depends on some knowledge about the
system to being optimized [40]. If the effects of all system parameters to be studied
are unknown, the projection of the results obtained with the factorial design could
not attain the maximum optimization of the overall system [40]; besides, the total
number of experiments required will be excessively increased, making the factorial
design very complex [40]. Based on this, preliminary experiments on the optimization
of flow-injection preconcentration were carried out replacing the minicolumn with
a sample loop of 375uL (75c¢m, 0.8 mm i.d.), and the buffer solution B; was not
necessary in these experiments. The first variable investigated for the optimization
of the reaction between Cu?t and DDTC was the pH (buffer solution B,). Several
0.8-2.0mol L™" buffer solutions, to support higher acidic concentrations of real
samples, with pHs ranging from 4.5 to 10.5, were tested. The pH interval that gave a
higher analytical signal ranged from 5.0 to 6.5. The 2.0mol L™" acetate buffer, with
pH adjusted to 5.75, was chosen for the colour-forming reaction (buffer solution B,).
The flow rate of the B, buffer solution was also investigated from 2.0 to
5.0mL min~". It was observed that the best sensitivity associated with higher reproduc-
tivity of the results occurred at flow rates of 2.5mLmin~"'. For flow rates higher than
3.5mL min"", the RSD for five measurements was worse than 12%.

The concentration of DDTC was fixed at 8.7 x 107> mol L' because of the limited
solubility of this reagent however the chromogenic agent flow rate was investigated.
It was observed that DDTC flow rates ranging from 2.0 to 4.0mLmin~"' did not
present significant changes in the analytical signals. A flow rate of 2.2mL min~"
DDTC was used throughout this work. It is important to point out that the colour-
forming reagent was introduced intermittently in the flow system, thus saving this
reagent [45]. Considering a time of 60s for a colour-developing reaction, a mass of
3.30mg of DDTC was used for each determination. The introduction of the chromo-
genic agent intermittently was only possible because this reagent solution is colourless
and does not cause any changes in the baseline [45].

The dimensions of coil reaction C, and C; were also investigated, and the dimen-
sions that promoted the highest and sharpest analytical signal were 100 and 200 puL,
respectively. The C, reaction coil served to buffer the sample zone prior to the addition
of the chromogenic agent. After adding the DDTC to the buffered sample zone, this
reaction zone was mixed in the reaction coil Cs. It should be stressed that higher
volumes of reaction coils (C, and Cj) led to broad peak profiles that lasted more
than 20s to return to the baseline after the appearance of the maximum of the peak.
The conditions optimized above were used in the flow-injection preconcentration
procedure.

3.2 Optimization of the copper flow-injection preconcentration
system and figures of merit

The AMPSG sorbent presents two chelating sites to the metal ion, as depicted in
scheme 1. The formation of five- and six-member-ring chelates is thermodynamically
favourable, leading to high complex formation constants (Ky); however, the conditional
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Scheme 1. Sorption of Cu®>* on AMPSG.
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Figure 2. Effect of the acidity on the sorption of Cu>* on AMPSG. Chromogenic agent 8.7 x 10> mol L™
DDTC, 2.2mLmin""; buffer for colour-forming reaction: 2.0mol L™" acetate buffer solution (pH 5.75);
2.6mLmin~'; 250 ngmL’l Ccut; sample flow rate 50mLmin~"; time of preconcentration 120s;
buffer flow rate 3.6mLmin""; eluent 0.40molL™! HNO;, 2.0mLmin~; time of elution 30s; time of
regeneration 30s.

complex formation constant depends strongly on the pH of the reaction [46]. Figure 2
shows the effect of the pH, of the buffer solution in the entrance of the minicolumn, on
the sorption of Cu®" on the AMPSG. As can be seen, the maximum signal was obtained
when the pH of the buffer solution in the entrance of the minicolumn was fixed at
5.5-6.5. Based on these results, the buffer solution used for the preconcentration of
Cu?* in acidic water samples (pH 1) was 2.0mol L™ acetate buffer pH adjusted to
5.75. Tt should be stressed that the pH measured at the exit of the minicolumn was 5.4.

Statistical methods of experimental design and systematic optimization such as
factorial design have been applied to different systems [33, 40, 41], because of their
abilities to extract relevant information from systems while requiring a minimum
number of experiments. In this context, a full factorial design (2°, n =32 experiments)
was carried out [33, 40, 41] to optimize the flow system for Cu®" preconcentration using
AMPSG as sorbent. The aim of this factorial design was to obtain the maximum
analytical signal, which means a high preconcentration of the system allowing the
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Cu?* determination in low concentrations. The definitions of the factors and levels used
in the complete design are presented in table 1.

The estimated effects and the coefficients of the model were calculated using Minitab
Statistical Software Release 13.20 TM for calculating all the statistical parameters, and
the results are presented in table 2. As can be seen, the variables time of preconcentra-
tion (B) and analyte flow rate (D) (sampling loading), as well as their interaction (BD),
had more significant effects on the overall preconcentration system. The statistical
significance of all the effects can be determined by plotting the effect values on a
cumulative probability graph [40] (see figure 3A). The effect values are graphed on
the abscissa, whereas the expected normal score values for a normal distribution are
graphed on the ordinate. Points corresponding to a normal distribution are expected
to be located on a vertical line centred about the origin. The effects these points

Table 2. Main, interaction effect, coefficients of the model,
and standard deviation of each effect and coefficient for the
full 2° factorial design.

Effects/10~* Coefficients/10™>
Average
I - 213.0+6.2
Main effects
a -9.9+12.3 4.93+6.2
b 223.94+12.3 111.94+6.2
c -78+£12.3 —3.88+6.2
d 167.9+12.3 83.9+6.2
e 22.84+12.3 11.4+6.2
Interaction of two factors
ab 6.1+£12.3 3.0+6.2
ac 252+12.3 12.6 £6.2
ad —-19.9412.3 9.9+6.2
ae —-45+12.3 —22+6.2
bc 6.7+12.3 3.3+6.2
bd 60.0+12.3 30.0+6.2
be 9.6+12.3 4.8+6.2
cd —16.2+12.3 —8.1+6.2
ce 1.0£12.3 0.5+£6.2
de 22+12.3 1.1+£6.2
Interaction of three factors
abc 9.1£12.3 4.5+6.2
abd 11.7+£12.3 59462
abe 14.2+12.3 7.1+6.2
acd —6.3+12.3 —3.24+6.2
ace 23.14+12.3 11.6+6.2
ade —6.9+12.3 —3.5+6.2
bed 3.6+12.3 1.84+6.2
bce 11.24+12.3 5.6+6.2
bde —15.8+12.3 —-7.9+6.2
cde —15.1+12.3 —7.54+6.2
Interaction of four factors
abcd —-10.34+12.3 —5.146.2
abce -34+123 —1.7+£6.2
acde 1.2+12.3 0.6+6.2
abde —-1.64+12.3 —0.84+6.2
bede 424123 2.1+6.2

Interaction of five factors
abcde —-16.9+12.3 —8.44+6.2
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Figure 3. (A) Cumulative probability graph for the effect values of the 2° factorial design of table 2.
(B) Pareto plot of the effects on the Cu®" preconcentration, at 5% probability.

represent are not significant and only provide estimates of effect errors. Only three
points are clearly removed from the line in the centre of the graph, and have statistically
significant effect values: the variables time of preconcentration (B), analyte flow rate or
sampling loading (D) and its interaction (BD). The variables mass of sorbent present in
the minicolumn (A4), eluent flow rate (C), and eluent composition (E) did not have any
significant effects on the overall preconcentration. As a confirmation of these results,
figure 3B shows the Pareto plot of all estimated effects. As can be seen at 5%
probability, only the variables B and D and their interaction (BD) are significant,
and all other effects could be eliminated from the model. Therefore, the full 2° factorial
design (32 experiments) could be reduced to a full 2> factorial design with eight
replicates, by just deleting the columns of the variables 4, C and E of the factorial
design in table 2, without the need to carry out new experiments. Reintroducing
these eight values for a 22 factorial design, the calculated standard deviation of each
effect was 12.3 and for each coefficient 6.2, respectively (table 2).
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Figure 4. (A) Variation of analytical signal with all variables, mass of adsorbent present in the column, time
of preconcentration, eluent flow rate, sampling loading, eluent concentration. (B) Analytical signal in the
function of sampling loading at two different times of preconcentration. The analytical signal values
are multiplied by 1000.

Figure 4A shows the variation in analytical signal in function of all tested factors.
The slope of the lines when the levels of the variables changed from this lower level (—)
to its higher level (+) indicates the significance of each individual variable on the overall
process. As can be seen, the slope of the mass of adsorbent present in the column (4)
and eluent concentration (C) are slightly negative, and the slope of eluent concentration
is slightly positive, indicating that these variables are not significant in the overall
optimization of copper preconcentration. On the other hand, the slopes of the variables’
time of preconcentration (B) as well as analyte loading (D) are significantly positive.
This graph shows only the individual variables on the overall optimization of the
system. Figure 4B shows the change in analytical signal with sampling loading for
two different times of preconcentration (1 and 3min). As can be seen at 3min, the
slope of the line for the variation of the analytical signal with the sampling loading is
higher than at 1 min, indicating that there is an interaction between the sampling
loading (D) and the time of preconcentration (B). It should be stressed that this
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Figure 5. Graphical interpretation of simplified 2> factorial design for Cu®' preconcentration.
The analytical signal values have been multiplied by 1000.

interaction between the variables B and D could only be evaluated using the factorial
design. In a univariate study of these variables, this interaction would never be noted
[33, 40, 41].

The amount of sorbent in the minicolumn (A4) was not significant because the
AMPSG shows a high adsorption capacity 0.84 mmol g~' [42], and the total amount
of Cu?" that percolated the minicolumn did not surpass the total capacity of the
minicolumn. This conclusion was also confirmed by the time of preconcentration (B),
when the time of preconcentration was varied from 60 (level —) to 180s (level +),
the analytical signal augmented by 4.5 times (47.1 x 107> to 211.0 x 10~) when the
analyte flow rate (D) was kept at its minimum value and 2.8 times (155.0 x 1073
to 438.9 x 107%) when the analyte flow rate was kept at its maximum value (see
figure 5). If the adsorption capacity of the column were surpassed, the increase in
the preconcentration time would not promote an increase in the analytical signal.
In addition, to confirm the high adsorption capacity of the adsorbent to Cu”", the
analyte flow rate also reinforces to this statement. When the Cu®" flow rate was
increased from 2.5 (level —) to 6.5mLmin~" (level +), the analytical signal increased
by a factor of 3.3 (47.1 x 107> to 155.0 x 107°) when the preconcentration time was
kept at this minimum value, and the analytical signal increased by 2.1 factor
(211.0x 107 to 438.9 x 107%) when the preconcentration time was kept at this
maximum value (figure 5). The more analyte percolates the column, the higher the
analytical signal obtained, until the sorbent is saturated with the analyte. As the adsorp-
tion capacity of the minicolumn was not surpassed, the analytical signal increased by
increasing both the Cu’* flow rate as well as the loading time. By changing both the
preconcentration time and the analyte flow rate from these respective low levels
(——) to their high levels (4 +), the analytical signal increased 9.3-fold (47.1 x 107°
to 438.9 x 107°) (see figure 5). This interpretation shows the effect of interaction of
the preconcentration time factor (B) with the Cu”* flow-rate factor (D).

The eluent composition (£) and its flow rate (C) did not have any significant effects
on the overall optimization of the preconcentration system, and their values were kept
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at the minimum level (0.2molL~" of HNO; and 1.6mL min~"', respectively) so that
they could be used in the flow-injection preconcentration system.

Using all the optimized conditions of the preconcentration of Cu*" on the AMPSG
sorbent, the analytical curve obtained for Cu®" solution ranging from 50 to
300ngmL~" was linear according to the equation 4=9.12x1072+2.97 x107°
[Cu™], r=0.99913, where Cu”?" concentrations are expressed in ngmL ™",

The preconcentration factor obtained was 77, and it was calculated by the relation
of the slope of preconcentration curve divided by the slope of the curve without
preconcentration.

For determining the detection limit of the method, 20 measurements of the blank
solution (0.2% HNO;, pH 1) were performed (average absorbance of the blank,
0.053, RSD% 5.55%). The detection limit of the method defined as 3S/slope analytical
curve, where S is the standard deviation of determination n =20, was 3.0 ng mL~!. The
quantification limit (10S/slope analytical curve) was 9.9 ngmL ™" (n=20). The detec-
tion limit of the method could be improved if ultra-pure buffer reagents were used,
although this did not preclude the copper determination in the water samples.

The sample throughput obtained was 15 determinations per hour (180s preconcen-
tration time, 30s elution time, 30s regeneration of the column).

3.3 Interference studies

The effect of several elements on the sorption of 250 ngmL~" Cu®" on the AMPSG sor-
bent (0.1002 g) was investigated. The recovery value is defined as 100 times the relation-
ship between the signal of Cu®" plus concomitants divided by the signal of Cu®" alone.
The tolerance level was established at 100 & 5% as a reference. The Nat and K™ ions
could be tolerated up to 5000 mg L~", Mg®* up to 500mg L~", Ca>* up to 1000mgL ",
Fe’™ up 50mgL~", to Mn?" up to 20mgL~", Ni*" up to 10mgL~", Zn®>" up to
10mgL~", A** up to 20mgL~", Ba®" up to 20mgL~", Co®>" up to 20mgL~", and
Cr** up to 20mgL~". Based on these results, it can be concluded that the method
could be successfully applied to the determination of Cu”" in natural waters and
brackish waters, since the concentrations of the concomitant species in these kinds of
sample are usually lower than the proposed preconcentration method can tolerate [47].

3.4 Determination of Cu’" in water samples using
the proposed preconcentration system

The proposed preconcentration system using AMPSG as a sorbent was used for
the determination of Cu®*t (n=5) in four synthetic brackish waters (table 3). The
percentages of Cu®" recovery ranged from 95.8 to 103.3%, and these values are
supported by the individual interference studies presented in the previous section.

In addition, the system was also used for copper determination in 14 ordinary natural
water samples, and one water reference material was used (table 4), in order to achieve
the accuracy of the preconcentration procedure. In addition, a recovery study was also
carried out by spiking the water samples with 50 ngmL~' Cu?*. The recoveries ranged
from 95.4 to 104.7%.

Based on the results of tables 3 and 4, it can be inferred that Cu?* can be successfully
determined in natural and brackish waters with a good accuracy, employing a simple
preconcentration system using AMPSG as a sorbent and spectrophotometric detection.
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Table 3. Deternination of loaded and found values: Cu>* recovery percentage
in brackish water samples (n=5) and several cationic species detected (M"")
during the sorption process.

[Cu**]/ngmL"~" water sample

I I1 I11 10Y

Cu2+
Loaded 60.0 100.0 200.0 250.0
Found 62.0 98.2 195.0 239.6
Recovery (%) 103.3 98.2 97.5 95.8

M"+/mg L—l
Na* 20.0 14.0 40.0 1000
K* 11.0 22.0 16.0 500
Ca** 7.0 7.60 17.0 1000
M%H 6.0 30.0 8.40 300
AP 1.50 0.70 0.40 1.20
Ba2* 3.00 2.50 1.50 2.00
Co** 0.40 0.50 0.67 0.08
crit 0.24 0.24 0.50 0.50
Fe?* 1.70 1.80 2.50 2.00
Mn** 0.22 1.00 1.20 1.00
Ni2* 0.09 0.24 0.60 0.35
Zn>* 0.12 0.30 0.80 0.40

Table 4. Determination of Cu®* in water samples (n=5) using an on-line
preconcentration system.®

Samples [Cu®*+ S/ngmL~! Rec/%
NIST 1640° 85.6+1.7 100.1
Tap water 119.3£2.0 96.1
Spring water 219.6+2.7 101.1
Stream water 203.6+1.7 96.3
Streamlet water 144.8 £2.8 102.6
Countryside river water 83.3+22 101.4
Urban river water 225.8+2.7 96.6
Well water I 232.4+£3.0 99.2
Well water 1T 2113422 104.7
Waste water I° 2232415 97.5
Waste water I1¢ 2782422 95.4
Waste water I11° 1046 £ 15 100.3
Waste water IV® 2105+27 99.6
Waste water V¢ 1544 £30 98.1
Waste water VI® 1354 £ 27 100.4

*The results are expressed as average value =+ standard deviation S (n=35) and the per-
centage recovery (Rec). The samples were spiked with 50ngmL~! Cu®*; ®certified value:
85.240.9ngmL~"; “dilution factor: 10.0.

4. Conclusion

A simple flow preconcentration system for the determination of Cu®" using DDTC as
chromogenic agent and AMPSG as a sorbent was successfully used for the determina-
tion of the analyte in natural and brackish water samples. A full factorial design 2°
for optimization of the analytical conditions for Cu”" preconcentration showed that
only the preconcentration time and analyte loading and its respective interaction



Table 5. Comparison among several flow-injection preconcentration procedures for copper(Il) determination.®

Sorbent Detector DL (ngmL™") PT EF Method features Reference
Poly(aminophosphonic acid) chelating resin FAAS 1.6 75s 19 No 20
3-(1-Imidazoyl)propyl grafted silica gel FAAS 0.4 90s 258  Interference from 20mg L ™! Fe3*, 25
2mgL~! Zn** and 10mgL~! Mg>*
Amberlite XAD-4 impregnated with FAAS 0.06 50 min 30 Lifetime of the column 10 cycles 27
1-(2-pyridyl-azo)-2-naphtol
Unloaded polyurethane foam FAAS 0.2 60s 170 Sorption capacity 4.0 mg of Cu** 28
per gram of sorbent
C18- silica gel FAAS 2.0 60s 19 Interference from 1.0mgL~! Fe’* 29
Amberlite XAD-2 impregnated with calmagite FAAS 0.15 3 min 32 Interference from Fe**, Cré* 30
Amberlite XAD-2 functionalized with FAAS 0.27 2 min 33 Interference from 0.90 mg L~ of Zn>* 31
3,4-dihidroxibenzoic acid and Fe**
Brown alga impregnating silica gel ICP-AES 0.6 2 min 13 Lifetime of the column 30 cycles 35
TiO, impregnated with 1-(2-pyridyl-azo)-2-naphtol ~ ICP-AES 2.8 75 min 75 Suffers severe interference of 10.0mg L™ 36
of Nat, K*, Ca®*, and Mg>*
2-Aminomethylpyrydine grafted silica-gel VIS 1 =460nm 3.0 3 min 77 Sorption capacity 53.4mgg~" of sorbent This work

#PT: preconcentration time; EF: enrichment factor; DL: detection limit.

USSP [D1I0IOD

68%
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were significant. Using the best conditions, the copper preconcentration factor achieved
with the AMPSG was 77, using a preconcentration period of just 3 min; in addition, the
detection limit of 3.0ngmL ™' was also attained. Therefore, it is possible to determine
copper in environmental water samples with a detection limit better than that achieved
with graphite furnace atomic spectrometry (6.4ngmL™") [48], although the cost of
implementing the proposed procedure is less than US$4000. A graphite furnace spectro-
meter costs no less than US$50,000. Therefore, when the use of flow preconcentration
systems using good sorbents as AMPSG becomes widespread, the analysis of a low
concentration of elements could be carried out in any simple analytical laboratory.

Table 5 lists several flow-injection preconcentration procedures involving different
kinds of adsorbents, using FAAS and ICP-AES detectors. As can be seen, the
previously published preconcentration procedures achieved detection limits better
than this present work, whose determination was based on colorimetric determination
of Cu?* with DDTC. The main reason for this achievement is the better detection
power and selectivity of FAAS and ICP-AES in relation to colorimetric detectors.
On the other hand, the best characteristics of the adsorbent are those obtained with
the organofuctionalized silica gel [25] and the proposed one. Adsorbents whose
adsorption group is not chemically bonded to the support have a shorter lifetime [27,
30, 35, 36], where the active groups responsible for the sorption are usually leached
out after a few preconcentration cycles; also, these procedures are prone to suffer inter-
ference from concomitant species present in the samples, due to the low adsorption
capacities. Preconcentration procedures involving the use of organic solvents [28, 29]
are not suitable nowadays, because many of these procedures use toxic solvents
[28] that are harmful to humans, besides increasing the cost of the procedure [29].
Adsorbents with a low adsorption capacity [25, 31] also suffer from interference
caused by the main concomitants of real samples, thus limiting their use in more
complex samples [25, 31]. It is important to point out that the determination of Cu**
in natural water samples employing the flow-injection preconcentration system with
colorimetric detection was only possible because the highest adsorption capacity of
2-aminomethylpyridine grafted silica gel (0.84 mmolg™') was not surpassed during
the preconcentration procedure.
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Abstract

In order to reduce the total number of experiments for achieving the best conditions for Cr(VI) uptake using Araucaria angustifolia (named pinhdo)
wastes as a biosorbent, three statistical design of experiments were carried out. A full 2* factorial design with two blocks and two central points
(20 experiments) was experimented (pH, initial metallic ion concentration—C,, biosorbent concentration—X and time of contact—t), showing
that all the factors were significant; besides, several interactions among the factors were also significant. These results led to the performance of a
Box-Behnken surface analysis design with three factors (X, C, and 7) and three central points and just one block (15 experiments). The performance
of these two statistical designs of experiments led to the best conditions for Cr(VI) biosorption on the pinhdo wastes using a batch system, where: pH
2.0; C,=1200mg 1! Cr(VI); X=1.5 g1~! of biosorbent; =8 h. The maximum Cr(VI) uptake in these conditions was 125 mg g~'. After evaluating
the best Cr(VI) biosorption conditions on pinhdo wastes, a new Box—Behnken surface analysis design was employed in order to verify the effects
of three concomitant ions (C1~, NO3;~ and PO4*~) on the biosorption of Cr(VI) as a dichromate on the biosorbent (15 experiments). These results
showed that the tested anions did not show any significant effect on the Cr(VI) uptake by pinhdo wastes. In order to evaluate the pinhdo wastes as
a biosorbent in dynamic system, a glass column was fulfilled with pinhdo wastes (4.00 g) as biosorbent, and it was fed with 25.0mg1~" Cr(VI)
at pH 2.0 and 2.5 mlmin~'. The breakpoint was attained when concentrations of effluent of the column attained the value of 0.05 mg1~! Cr(VI)
using 5550 ml of the metallic ion solution. In these conditions, the biosorbent was able to remove completely Cr(VI) from aqueous solution with
a ratio of Cr(VI) effluent volume/biosorbent volume of 252.3.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Aracauria angustifolia wastes; Biosorption; Chromium(VI); Factorial design; Box—Behnken surface analysis

1. Introduction

Chromium(VI) is largely employed in the chemical indus-
try for chrome plating, the manufacture of dyes and pigments,
leather tanning, wood preserving, battery, rust and corrosion
inhibitors, textiles, rubbers, toner for copying machines and
cement-producing plants [1]. Waste streams from all these indus-
tries can discharge Cr(VI) into waterways [1] causing severe
impact to the environment [2]. In addition, chromium(VI) has

* Corresponding author. Fax: +55 51 3316 7304.
E-mail address: ederlima@iq.ufrgs.br (E.C. Lima).

0304-3894/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2005.10.002

been reported to be carcinogen to humans [1]. The maximum
allowed amount of Cr(VI) in natural waters is only 0.05 mg1~!
[1]. In this way, Cr(VI) must be removed from industrial efflu-
ents, before being delivered into the environment.

The common procedures for Cr(VI) removal from indus-
trial effluents include chemical precipitation [3], ion-exchange
resins [4], organic groups grafted on textiles [5] and separation
by specific membranes [6]. The chemical precipitation is usu-
ally employed at the beginning of effluent treatment; however,
to attain the toxic specie residual concentration in the efflu-
ent with the acceptable contents according with the legislation,
other operations are required. Notwithstanding the ion-exchange
resins, modified textiles and specific membrane provide to be
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suitable for removal of residual concentrations of toxic elements
from industrial effluents; however, these procedures are very
expensive, hindering their large application in industrial efflu-
ent treatments [4-6].

Activated carbon has been widely employed as the most
popular adsorbent for the effluent treatment [7,8]. Besides its
extensive use, activated carbon of high quality remains costly
[7,8]. Besides that, the activated carbon requires the use of
chelating agents for the removal of inorganic species, making
this procedure even more expensive.

Due to the high costs of commercial adsorbents, biosorp-
tion is an economic feasible way to perform the treatment of
potentially toxic species containing effluents. The cellular walls
of biomass contain carboxylic acids, phenols, amine and amide
groups which are able to complex heavy metals. The most stud-
ied biosorbents for Cr(VI) removal from aqueous solutions were
the microorganisms [2,9—13]. However, the limitation of these
biosorbents for industrial effluent treatment is its low available
biomass. On the other hand, agro-industrial, marine and botanic
residues are usually available in large amounts, allowing its
application as biosorbents in industrial effluent treatment plants.
These biosorbents such as hazelnut shell [14], cone biomass of
tree [15], sugar beet pulp [16], rice husks [17,18], coirpith [17],
sawdust [17,18], nut shell [18], peat moss [18,19], waste tea
and exhausted coffee [18], chitosan [18—-20], waste crab shell
[21], bagasse fly ash [19], mucilaginous seeds [22], grape stalks
[23], cork [23], olive stones [23], tree bark [18,23] and charcoal
[17,24] have been employed for Cr(VI) removal from aqueous
solutions.

The Araucaria angustifolia syn. Araucaria brasiliensis is a
tall tree (30-52m) of the genus Araucaria [25] which occu-
pies large areas in the south and southeast of Brazil and east of
Argentina [25]. The flowering of the A. angustifolia produces
a bunch of seeds, which is named pinha. Each one of these
presents a diameter of 10-25 cm and contains about 700-1200
scales with about 150 seeds weighing up to 4.7 kg [25]. The seeds
are named pinhdo, which contains a resistant coat that involves
it [26]. The pinhdo is cooked in water and it is largely consumed
in Brazil. The coat of the pinhio seed is usually discarded on the
garbage, and it takes so much time to being decomposed. Other
foodstuffs from pinhdo have been developed in Brazil generat-
ing about 10 tonnes of pinhdo coat per year. Due to the need to
find new and inexpensive adsorbents for metal removal, and also
to diminish the large amounts of pinhdo wastes, in this work is
presented the first application of the use of pinhao wastes as a
biosorbent for successful removal of chromium(VI) from aque-
ous samples.

2. Experimental
2.1. Biosorbent preparation

Pinhdo was acquired at local market in Porto Alegre-RS,
Brazil. The weight of each seed varied between 7 and 9 g. The
seed coats correspond to approximately 22% of the seed. About
2 kg of pinhdo was cooked in a 101 glass beaker for 2h, and
then the seed was separated from the coat. The brown aqueous

solution resulted from the pinhdo cooking containing oxidized
phenols [26] was discarded. Afterwards, the pinhdo wastes were
again heated to boiling for 2 more hours, in order to remove
the water soluble phenolic compounds [26], in order to avoid
releases of these compounds to the water solutions. Subse-
quently, the pinhdo wastes were washed with distilled water,
dried at 70°C in an air-supplied oven for 8 h. After that, the
pinhdo wastes were grounded in a disk-mill and subsequently
sieved. The fraction of biosorbent with diameter of particles
lower than 250 pm was used. The apparent density of the pow-
der pinhio wastes was 0.18 gcm ™3, and it presented an intense
brown coloration that was assigned to polyphenols [26] which
must be the main organic compounds responsible for biosorption
of chromium(VI).

2.2. Reagents and solutions

Doubly distilled water was throughout employed.

A 5000mg1~! chromium(VI) stock solution was prepared
dissolving 14.144 g of K,Cr,O7 (Vetec, Rio de Janeiro-RJ,
Brazil) in water and completing the final volume to 1.00 1. Work-
ing Cr(VI) solutions from 5.00 to 1200.0 mg1~! were prepared
from suitable serial dilution of the stock solution. The pH adjust-
ments of the solutions were made with aliquots of 1.0 mol1~! of
H>SO4 and NaOH, utilizing a pH/mV hand-held meter handy-
lab 1 Schott (Mainz, Germany) provided with combined glass
electrode model Blue-Line 23.

The 1.0 gl_1 of 1,5-diphenylcarbazide (DPC) solution was
made dissolving 250 mg of DPC in 100.0 ml of ethanol and com-
pleting the final volume to 250.0 ml with water.

For the interference studies on the chromium(VI) uptake by
the biosorbent the following salts of elements were employed:
NaCl (Merck), KNO3 (Merck) and NaH,PO4 (Merck).

For recovery of Cr(VI) loaded pinhao wastes, a 3.00 mol -1
of H,O, (Merck) was employed.

2.3. Chromium(VI) batch biosorption procedure

An aliquot of 20.00 ml of 5.00-1200.0mg1~! Cr(VI) was
added to a conical plastic tube (117 mm height and 30 mm diam-
eter) containing 30.0-150.0 mg of pinhdao wastes. The flasks
were capped, poured horizontally in a horizontal shaker and agi-
tated for 5 min—12 h. Afterwards, the flasks were filtered, using
glass filter provided with Whatman filter paper, in order to sep-
arate the biosorbent from the aqueous solution, and aliquots of
1-5 ml of the supernatant were properly diluted to 50-100 ml in
calibrated flasks using water. The chromium final concentrations
were spectrophotometrically determined using DPC at 540 nm
[27], after multiplying the measured concentration value found
in the solution after the biosorption procedure, by the proper
dilution factor.

The removal of Cr(VI) from aqueous solution was determined
by Eq. (1), and the amount of Cr(VI) uptaken by the biosorbent
is given by Eq. (2).

CO_Cf

(o]

% removal =

- 100 (1)
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Co— Ct
9= " (2)
where ¢ is the amount of metallic ion uptaken by the biosorbent
(mg g~ 1), C, the initial Cr(VI) concentration put in contact with
the biosorbent (mg 171, Ct the Cr(VI) concentrations (mg 1=
after the batch biosorption procedure and X is the biomass con-
centration (g1~ b.

2.4. Statistical design of experiments

2.4.1. Full factorial design

Factorial design is employed to reduce the total number of
experiments in order to achieve the best overall optimization of
the system [28-30]. The design determines which factors have
important effects on a response as well as how the effect of one
factor varies with the level of the other factors. The determina-
tion of factor interactions could only be attained using statistical
designs of experiments [28,30], since it cannot be shown when
the system optimization is carried out by varying just one factor
at the time and fixing the others.

For studying the chromium(VI) biosorption on pinhao
wastes, the amount of biosorbed metallic ion (g) could depend
on the acidity of the medium (pH), initial chromium(VI) con-
centration (C,), biosorbent concentration (X) and the time of
contact (¢). Other variables such as speed of agitation was
kept at 120 strikes/min and temperature was kept at 25°C. A
full 2* factorial design employed is given in Table 1. The
factor levels were coded as —1 (low), O (central point) and
1 (high) [28,29]. For treatment of datum, the Minitab Sta-
tistical Software release 14.1 was employed throughout in
order to obtain the effects, coefficients, standard deviation
of coefficients and other statistical parameters of the fitted
models.

2.4.2. Box—Behnken response surface design

After performing a screening of the factors with the factorial
design, a response surface analysis statistical procedure [29]
was employed in order to achieve the highest metal uptake. The
experimental set was carried out according to Table 2. After
optimizing the chromium(VI) uptake by pinhao wastes, the inter-
ference effects of C1~, NO3~ and PO,43~ on dichromate uptake
were also evaluated using a Box—Behnken response surface
design (Table 3). The percent of interference on chromium(VI)
adsorption was obtained by using the following equation:

¢gCr(VI) + concomitants
gCr(VI) alone

%interference = ( 1) -100 (3)
where ¢gCr(VI) + concomitants is the chromium(VI) uptake by
the biosorbent in the presence of concomitant species and
gCr(VI) alone is the chromium(VI) uptake by the biosorbent
in the absence of concomitant species.

2.5. Column adsorption studies

A glass column of 250 ml containing a porous sintered glass
disk at the bottom and a Teflon stopcock was packed with 4.00 g

Table 1
Optimization of chromium(VI) biosorption on pinhdo wastes
Experiments Blocks pH Co X t g (mggh)

1 1 1 -1 -1 -1 1.61

2 1 —1 1 -1 -1 71.30

3 1 -1 -1 1 -1 42.35

4 1 1 1 1 -1 12.82

5 1 -1 -1 -1 1 90.01

6 1 1 1 -1 1 37.64

7 1 1 -1 1 1 20.77

8 1 —1 1 1 1 64.74

9 1 0 0 0 0 26.56
10 1 0 0 0 0 26.82
11 2 -1 -1 -1 -1 58.01
12 2 1 1 -1 -1 21.54
13 2 1 -1 1 -1 9.90
14 2 —1 1 1 -1 48.28
15 2 1 -1 -1 1 17.42
16 2 -1 1 -1 1 104.76
17 2 -1 -1 1 1 50.15
18 2 1 1 1 1 23.90
19 2 0 0 0 0 26.19
20 2 0 0 0 0 24.55
Factors Levels

-1 0 1

pH 2.0 3.0 4.0
C, (mgl™h) 400.0 500.0 600.0
X (gl™h 2.50 5.00 7.50
t (h) 1.0 4.5 8.0

A full 2* factorial design divided in two blocks containing two central points
per block.

Table 2
Optimization of chromium(VI) biosorption on pinhdo wastes
Experiments Blocks X Co t g (mgg™h)

1 1 —1 —1 0 90.66

2 1 1 —1 0 101.02

3 1 —1 1 0 125.20

4 1 1 1 0 121.51

5 1 —1 0 —1 112.31

6 1 1 0 —1 100.24

7 1 —1 0 1 116.63

8 1 1 0 1 110.86

9 1 0 —1 —1 88.99
10 1 0 1 —1 120.31
11 1 0 -1 1 76.75
12 1 0 1 1 101.67
13 1 0 0 0 89.65
14 1 0 0 0 89.65
15 1 0 0 0 87.48
Factors Levels

—1 0 1

Co (mg1™!) 600.0 900.0 1200.0
X (gl™h 1.50 2.00 2.50
t (h) 8.0 10.0 12.0

Box-Behnken design containing 15 experiments, and 3 factors (X, C, and ?).
The pH was adjusted to 2.0.
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Table 3

Interference studies on the chromium(VI) uptake by pinhdo wastes, using
Box-Behnken design, containing 15 experiments, and 3 factors (C1~, NO3~
and PO437)

Experiments Blocks Cl~ NO3;~ PO43~ Interference (%)
1 1 -1 -1 0 1.75
2 1 1 -1 0 —4.50
3 1 -1 1 0 —7.66
4 1 1 1 0 —5.31
5 1 -1 0 —1 —6.16
6 1 1 0 -1 3.67
7 1 -1 0 1 1.09
8 1 1 0 1 0.17
9 1 0 —1 —1 —4.22
10 1 0 1 -1 —2.76
11 1 0 -1 1 —4.97
12 1 0 1 1 6.51
13 1 0 0 0 5.50
14 1 0 0 0 —6.48
15 1 0 0 0 0.02
Factors Levels
-1 0 1
Cl~ (mgl™h 1000.0 1500.0 2000.0
NO3;~ (mgl™!) 1000.0 1500.0 2000.0
PO43~ (mgl1™1) 1000.0 1500.0 2000.0

The conditions employed were: pH 2.0, C, =1000.0 mg 1-! Cr(VI), t=8h and
concentration of pinhdo wastes 1.50 g1~

of pinhdo wastes, which occupied 22 ml of this column. Above
the packing material, the column was filled with 25.0mg1~!
Cr(VI) solution. The effluent column flow-rate was adjusted to
2.5mlmin~! and the height of the Cr(VI) above the biosorbent
was kept constant by feeding the column with a peristaltic pump
(Milan, Colombo-PR, Brazil). The column effluents were col-
lected at each 50.0 ml and Cr(VI) was spectrophotometrically
determined using DPC at 540 nm [27].

3. Results and discussion
3.1. Preliminary experiments

The best performance of a factorial design depends on some
knowledge about the system to being optimized [30]. If the
values of all system parameters to be studied are unknown,
the projection of the results obtained with the factorial design
could not attain the maximum optimization of overall system
[30]; besides, the total number of experiments required will be
excessively increased, making the factorial design very complex
[30]. Based on this, preliminary experiments about the opti-
mization of the biosorption of Cr(VI) on pinhdo wastes were
carried out using 5.00-100.0mg1~" Cr(VI), the acidity was
adjusted at pH 2.0 according to literature [15], biosorbent con-
centration of 5g1~!, speed of agitation of 120 strikes/min and
contact time of 5-360 min. It was observed that for solutions
5.00 mg 17! of Cr(VI) after shaking for 5 min, the removal of
Cr(VI) from solution was 100.0% (see Fig. 1). Fora 100.0 mg 1!
of Cr(VI) solution a similar behavior was observed; how-
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Fig. 1. Removal of Cr(VI) from aqueous solution by the pinhdo wastes biosor-
bent. Agitation speed 120 strikes/min, biosorbent concentration (X) 5.00 g1~!
and pH 2.0.

ever, at Smin the removal of the element was 90.2% and
attained 100.0% after 30 min of contact with the biosorbent
(Fig. 1).

The total number of experiments carried out in this inves-
tigation was 24 (12h), and the only valuable information is
that the pinhdao wastes presented to be a powerful biosor-
bent for Cr(VI) removal from aqueous solution at pH 2.0,
since a 100.0mg1~! of Cr(VI) was completely removed after
just 30min of contact with pinhdo wastes. This concentra-
tion value is about 5-10 times higher than that found in real
industrial effluents [17], which confirms the potential appli-
cation of this biosorbent for Cr(VI) removal from aqueous
solutions.

In order to continue the investigation of Cr(VI) uptake by
pinhdo wastes, the maximum amount of the metallic ion was
optimized using statistical design of experiments.

3.2. Screening of factors for dichromate uptake by pinhdo
wastes

Metallic ion uptake by a biosorbent in a batch system usu-
ally depends on several factors, such as acidity of medium
(pH), initial metallic ion concentration (C,), concentration of
the biosorbent (X) and time of contact between the metallic ion
and the biosorbent (¢), speed of shaking, etc. The optimization of
all those variables using the univariate procedure is very tedious,
because any variable (factor) is optimized, by varying just one
factor by the time and fixing the others. Then, the best value
achieved by this procedure is fixed and other factors will be
varied by the time. The disadvantage of this univariate proce-
dure is that the best condition could not be attained, because the
interactions among all the factors are neglected, and also it is not
known if the set of other fixed variables were kept at other levels,
the results would lead to the same optimization. In addition, the
total number of experiments to be carried out in the univariate
procedure is much higher when compared with statistical design
of experiments.
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In this work, the factors screened were pH, initial Cr(VI)
concentration (C,), biosorbent concentration (X) and time of
contact between the biosorbent and Cr(VI) (¢), for best metallic
ion uptake using a batch adsorption system. The experiments
of Table 1 (n=20, performed in two blocks of 8 h) were car-
ried out, based on the preliminary experiments described above,
obtaining the metallic ion uptake (g) in milligram of Cr(VI)
per gram of pinhdo wastes. The definitions of the factors and
the levels used in the complete design are presented in Table 1.
Main, interaction effect, coefficients of the model, and standard
deviation of each coefficient, and probability for the full 2* fac-
torial design are presented in Table 4. As can be seen, almost
all main factors and their interactions were significant at 5% of
probability level (p <0.05). All the effects and interactions that
presented probability lower than 0.05 were significant. With the
exception of block (p=0.052), pH- C, (p=0.467) and C,, - X - ¢
(p=0.087) all other effects were significant at 95% of confidence
level. The block was performed on two different working days
making the two central points measurements in each block. The
information that the block was not significant was very impor-
tant, since the days to perform the measurements would not
influence the metallic ion uptake by the biosorbent, at 5% level,
which confirmed the robustness of the biosorption procedure.
In addition, it should be highlighted that the four member inter-
action, pH- C, - X - ¢, was aliased with the block term, which
meant that its value was confounded with the block value, and
did not appear in Table 4. In addition, the fit model presented an
adjusted square correlation coefficient (R* adjusted) of 99.93%,
fitting very well the statistical model. In this way, the Cr(VI)
uptake by pinhdo wastes could be expressed as the following

Table 4
Factorial fit: g vs. block; pH; Co; X; t

Term Effect Coefficient S.E. of coefficient P
Constant 42.20 0.1774 0.000
Block 0.50 0.1587 0.052
Main factors
pH —48.00 —24.00 0.1774 0.000
C, 11.84 5.92 0.1774 0.000
X —16.17 —8.08 0.1774 0.000
t 17.95 8.97 0.1774 0.000
Interaction of two factors
pH- C, —-0.29 —0.15 0.1774 0.467
pH-X 13.46 6.73 0.1774 0.000
pH -t —4.48 —2.24 0.1774 0.001
Co-X —-5.20 —2.60 0.1774 0.001
Co-t 1.33 0.66 0.1774 0.033
X-t —6.39 -3.20 0.1774 0.000
Interaction of three factors
pH-Co - X —3.32 —1.66 0.1774 0.003
pH-C, -t —1.20 —0.60 0.1774 0.043
pH-X-t 391 1.95 0.1774 0.002
Co-X-t 0.89 0.45 0.1774 0.087
Central point (cp) —16.17 0.3967 0.000

Estimated effects and coefficients for ¢ (coded units). Full 2* factorial design.
The effects and coefficients are given in coded units. Block is aliased with
pH-C,-X-1. §=0.709667. R>=99.99%. R? (adjusted) = 99.93%.

equation:

q = 42.20 — 24.00pH + 5.92C, — 8.08X + 8.97¢
+6.73pH - X — 2.24pH - t — 2.60C, - X + 0.66C, - ¢
—3.20X -t —1.66pH - Co - X — 0.60pH - C,, - ¢
+1.95pH - X - 1 4 0.45C, - X - t 4)

The values of the factors being coded, its levels are valid only
to the levels described in Table 1. The positive values of effects
meant that an increase in their levels led to an increase in the
metallic ion uptake by the biosorbent (g); on the other hand, the
negative values of the effects led to a diminution of the response
(q), when their levels were increased.

In order to better evaluate each factor and its interaction, in
Fig. 2A is presented the normal probability plot of standardized
effects. This graph could be divided in two regions: the region
with percent below 50%, where the factors and their interac-
tions presented negative coefficients (pH, X, X -t, C, - X, pH - 1,
pH:-C, - X and pH- C, - 1), and the region with percent above
50%, where the factors presented positive coefficients (¢, Co,
pH-X, pH-X -t and C, -f). All these factors and interactions
which were represented as a square were significant figures, and
they were out of the central line that crosses the zero value at
the abscissa at the 50%. The effects positioned in this line were
represented by a circle and correspond to the estimate of errors
of the effects, being not significant (pH - C, and C,, - X - 7).

InFig. 2B is presented the Pareto Chart of standardized effects
at p=0.05. All the standardized effects were in absolute val-
ues (to verify which were positives and negatives, see Fig. 2A).
All the values that presented an absolute value higher than 3.2
(p=0.05), which were located at right of the dash line, were sig-
nificant. The absolute standardized value of the effect of each
factor and its interaction appeared at the right of each bar.

Analyzing the graphs of Fig. 2 and the values of Table 4, it can
be inferred that the pH was the most important variable of the
overall biosorption procedure. The negative value of its coeffi-
cient meant that the chromium(VI) uptake by pinhao wastes was
favored at low pH values (pH 2.0). The increase in the pH led to
a remarkable decrease of Cr(VI) uptake by the pinhao wastes,
as reported earlier by Ucun et al. [15].

In order to avoid a disruption of the pinhao wastes at pH lower
than 2.0, this value was fixed for continuing the optimization of
this work. The second important factor for overall optimiza-
tion of the batch system was the time of contact between the
biosorbent and the biosorbate. An increase of the time of con-
tact increased remarkably the chromium(VI) uptake by pinhao
wastes. This factor was further optimized in the surface response
analysis design, by increasing this level to higher values. The
third factor important to the overall optimization of the biosorp-
tion process was the biosorbent concentration (X). As these
biosorption experiments were carried out in a batch system
using conical plastic tubes (117 mm height and 30 mm diam-
eter), the amount of biosorbent was limited to the conical plastic
tube dimension for performing the experiments. This justifies
that low biosorbent concentration led to highest metallic ion
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uptake (negative coefficient value). In the further experiments
of surface response analysis design, biosorbent concentration
was decreased. The fourth important factor for overall opti-
mization of the biosorption system was the interaction of two
factors pH - X which was more significant than the main fac-
tor C,. Only the achievement of this result justifies the use of
the statistical design of experiments over the conventional uni-
variate process of optimization of the system. This information
would not be acquired in a univariate optimization of the biosorp-
tion system. Otherwise, if the system were being optimized by
using univariate procedure, a small diminution of the pH of
the solution associated with a small diminution of biosorbent
concentration could lead to a misinterpretation of the results
achieved with the univariate procedure. Probably, the experi-
menter would remake all the measurements, because a small
negative variation of the pH of the solution associated with a
small decrease in the biosorbent concentration would lead to
an unexplained increase in the metallic ion uptake, that could
not be explained using the univariate procedure of optimization

of the system. The fifth important factor to overall optimiza-
tion was the initial concentration of chromium(VI), C,. This
result showed that the initial concentration of the metallic ion
should be increased in order to achieve the highest response
(9), and this factor was further studied in the surface response
analysis design, by increasing its levels. The decreasing order
from the 6th to the 12th, in the ranking of the overall opti-
mization of the biosorption system, in absolute values was:
X-t>Co-X>pH -t>pH-X-t>pH-Cy - X>Cy-t>pH-Cy - 1.
In Table 5 is presented the analysis of variance for the full
2% factorial design with two blocks and two center points per
block. As can be seen, the main factors, two-way interactions and
three-way interactions were significant at 5% of probability level
(p<0.05), as discussed above. In addition to this, this analysis of
variance has shown that this model presented a curvature, since
its probability was lower than 5.0 x 10~#, which meant that the
curvature of the model should exist. In order to verify this fact, in
Fig. 3 are shown the mean changes that occurred in the response
(q) when the levels of the factors were changed from the lower
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Table 5
Analysis of variance for g of the full 2* factorial design (coded units)
Source df. Seq SS Adj SS Adj MS F )4
Blocks 1 4.9 4.9 4.94 9.80 0.052
Main effects 4 12110.5 12110.5 3027.63 6011.65 0.000
2-Way interaction 6 1084.7 1084.7 180.79 358.97 0.000
3-Way interaction 4 114.2 114.2 28.54 56.67 0.004
Curvature 1 836.8 836.8 836.78 1661.50 0.000
Residual error 3 1.5 1.5 0.50
Lack of fit 1 0.1 0.1 0.14 0.20 0.700
Pure error 2 1.4 1.4 0.69
Total 19 14152.6

d.f.: degree of freedom, Seq SS: sequential sum of squares, Adj SS: adjusted sum of squares, F: factor F and p: probability.

level (—) going to higher level (+), passing the central point (0).
Each lower (—) and higher level (+) was the average of eight
measurements and the central point (0) was the average of four
measurements. As can be seen, the response value at the central
point did not correspond to the average of the response value for
all the main factors studied. There should be a curvature of the
responses, and a surface analysis design should be carried out
in order to achieve a better comprehension of the biosorption
system.

3.3. Surface analysis

After performing a screening of factors using a full 2* facto-
rial design, a Box—Behnken response surface design was carried
out according to the experiments described in Table 2 (n =15 and
12 h), in order to achieve the highest chromium uptake (g) by the
pinhao wastes. The levels of the chosen factors were set based on
the previous factorial analysis described above, using increasing
contact time between the Cr(VI) and pinhdo wastes up to 12h,
increasing initial Cr(VI) concentration up to 1200mg1~! and
diminishing the biosorbent concentration as low as 1.5 g1~

In Fig. 4 are shown the contour plots of the response (g) for
initial concentration versus biosorbent concentration (Fig. 4a),

pH Co X t

70+

L L]
Central point corner point

60

301

204 & P o W

Fig. 3. Main effects plot (data means) for metallic ion uptake by biosorbent (g).
Each low (—) and high level (+) was the average of eight measurements and the
central point (0) was the average of four measurements. The arrow indicates the
curvature, when the factor is increased from their low value (—) to the higher
level (+) passing through the center point (0).

time of contact versus biosorbent concentration (Fig. 4b) and
time of contact versus initial concentration (Fig. 4c). As can be
seen, the highest metallic uptake by the pinhdo wastes occurred
at higher initial Cr(VI) concentration (1200 mg 1= Cr(VD),
lower time of contact (8 h) and lower pinhdo wastes concentra-
tion (1.5 gl’l). Under these conditions, the maximum Cr(VI)
uptake was 125mgg~!.

The effect of time was not so significant when the contact
time between the metallic ion and the biosorbent ranged from
8 to 12h. In order to confirm these results, in Table 6 is pre-
sented the response surface regression of ¢ as function of X, C,
and . As can be seen, the time of contact between the Cr(VI)
and pinhdo wastes was not significant from 8 to 12h (p > 0.05).
Therefore, it is better to choose a lower contact time to perform
the experiments, in order to save time.

Also, analyzing Table 6, it can be verified that at the levels
chosen of the factors in Table 2, any interaction between any
factor was not verified. In addition, at 5% of probability level,
it can be seen that the full quadratic model does not fit properly
(R? adjusted lower than 70.0%), because just the initial metallic
ion concentration (C,) and the square mass of biosorbent (m?)
were relevant in the model (p <0.05). By this reason, the full
quadratic model should be reduced to the relevant factors, and
these results are shown in Table 7.

The analysis of variance of the reduced quadratic model is
presented in Table 8. As can be seen, both the linear and square

Table 6

Response surface regression for Cr(VI) uptake in pinhdo wastes

Term Coefficient S.E. of coefficient P
Constant 88.823 4.767 0.000
X —1.398 2919 0.652
Co 13.907 2919 0.005
t —1.995 2919 0.525
X2 16.878 4.297 0.011
Co? 3.795 4.297 0.418
72 4.210 4.297 0.372
X-Co —3.512 4.129 0.434
X-t 1.574 4.129 0.719
Co-t —1.598 4.129 0.715

Full quadratic model. p: probability and S.E.: standard error of coefficient.
The coefficient values are given in coded units. S=8.257. R>=89.0%. R?
(adjusted) =69.3%.
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regressions were significant (p < 0.05) at 5% of probability level.
In addition, the lack of fit was not significant at 5% of probability
level. Therefore, the equation for the surface analysis can be
written as: ¢=93.498 + 13.907C, + 16.307X2 (coded units).

After optimizing the chromium(VI) biosorption conditions
(pH 2.0, C,=1200mg1~!, X=1.5g1~! and =8 h), a study of
potential species that could interfere on the chromium uptake
by the pinhdo wastes was carried out. The choice of the con-
comitant species and their concentrations was based on species
found in tannery effluents [17]. As the working solutions were
adjusted to pH 2.0 using sulphuric acid, the anion sulphate was
not investigated in this study.

Table 7

Response surface regression for metallic ion uptake in pinhdo wastes

Term Coefficient S.E. of coefficient P
Constant 93.498 2.678 0.000
X —1.398 2.505 0.588
Co 13.907 2.505 0.000
X2 16.307 3.668 0.001

Reduced quadratic model. p: probability and S.E.: standard error of coeffi-
cient. The coefficient values are given in coded units. §=7.086. R> =82.8%.
R? (adjusted) = 77.4%.

The experiments of Table 3 were carried out, and the per-
cent of interference was calculated according to Eq. (3). Table 9
presents the response surface regression for interference study
on Cr(VI) uptake. As can be seen, there was no significant inter-
ference at 5% of probability level, of all tested concomitant
species and either any interaction between these concomitant
species. All the coefficients present p>0.05, and also the con-
stant was not significant. In addition, the model presented an
adjusted square correlation coefficient of 0.00%. Based on these

Table 8
Analysis of variance for g for reduced quadratic model of surface design (coded
units)

Source df.  SeqSS Adj SS Adj MS F p
Regression 3 2555.52 255552  851.840 16.96  0.000
Linear 2 1562.81 1562.81  781.403 15.56  0.001
Square 1 992.72 992.72  992.715 19.77  0.001
Residual error 11 552.39 552.39 50.217

Lack of fit 5 234.84 234.84 46.968 0.89  0.542
Pure error 6 317.55 317.55 52.924

Total 14 3107.91

d.f.: degree of freedom, Seq SS: sequential sum of squares, Adj SS: adjusted
sum of squares, F: factor F and p: probability.
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Table 9
Response surface regression for interference study on Cr(VI) uptake by pinhdo
wastes

Term Coefficient S.E. of coefficient P

Constant —0.3200 3.290 0.926
cl- 0.6263 2.015 0.768
NO3~ 0.3400 2.015 0.873
PO43 1.5337 2.015 0.481
(C17)? —1.2788 2.965 0.684
(NO3™)2 —2.3313 2.965 0.467
(PO43)? 1.2912 2.965 0.681
(CI7) - (NO3™) 2.1500 2.849 0.484
(CI7) - (PO4>7) 2.6875 2.849 0.389
(NO3™) - (PO437) 2.5050 2.849 0.420

Full quadratic model. p: probability and S.E.: standard error of coefficient.
The coefficient values are given in coded units. S=5.698. R>=44.3%. R*
(adjusted) =0.0%.

results, there was no significant interference on chromium(VI)
uptake by pinhdo wastes promoted by C1~, NO3~ and PO,4>~.

3.4. Destination of the pinhdo wastes loaded with Cr(VI)
and mechanism of biosorption of chromium(VI) on the
biosorbent

After performing several experiments of biosorption of
Cr(VI) on pinhd@o wastes, it was necessary to try to regenerate
the wastes. The first trial was to pack 1.00 g of loaded Cr(VI) on
pinhdo wastes in a glass minicolumn. Several solutions of NaCl
with pH adjusted to 8.0-9.0 were percolated by the column and
the effluent was retained to analysis. No chromium was desorbed
from the column. This result ruled out the hypothesis of the elec-
trostatic attraction between the positively charged pinhao wastes
by the anion Cr,072~. If the electrostatic attraction were in fact
the correct mechanism of biosorption, it would be possible to
regenerate the pinhdo wastes just by increasing the ionic strength
of the medium associated with an increase in the pH of the solu-
tion. And also to reinforce that this mechanism was not correct
for Cr(VI) biosorption, the interference study of C1~, NO3 ™ and
PO43~, described above, did not show any significant effect of
all those anions to Cr(VI) uptake by the pinhdo wastes.

A second trial was carried out by passing a 3.0mol1~! of
H;0, in basic medium (pH 10.0) by the biosorbent column [31].
It was observed that the column effluent was a yellowish solution
that is characteristic of chromate solution [31]. Afterwards, the
effluent solution was measured with DPC, which confirmed the
presence of Cr(VI).

This result confirmed several mechanisms of biosorption of
Cr(VI) employing different biosorbents, which was attributed to
the reduction of Cr(VI) to Cr(IIl) followed by the chelation of
this last specie with the oxidized organic compound [8,14,16].

As it is known, pinhdo wastes are rich in polyphenols [26].
Polyphenols could be oxidized to polyquinones by dichromate
[32], according to the proposed mechanism given in Scheme 1.

The biosorption process occurred at low pH value (pH 2.0)
because in the oxidation step of polyphenols, H* ions were con-
sumed [32]. The polyquinone formed in the first step formed a
complex with the Cr3*.

OH 0
" 3 +20C0r0;%, 16H"— 3 +2Cr¥ + 11H,0
0
0
@) X +Cr¥ + Y H0 o] O{Cr(OHz)y
0 X
X,y 1-6

Scheme 1. Chromium(VI) uptake by pinhdo wastes.

The chromium uptaken by the pinhdo wastes could only be
destroyed by the presence of H,O» in basic medium [31]. How-
ever, large amounts of 3.0mol1~! HyO, at pH 10.0 passing
through the loaded Cr(VI) pinhdo wastes present in the column
provoked a disruption of the material.

In order to find a new applications to Cr(VI) loaded pinhdo
wastes, experiments of adsorption of textile-dyes on this new
waste material are in progress in the authors’ laboratory.

3.5. Comparison of pinhdo wastes as biosorbent for Cr(VI)
uptake with other biosorbents

In Table 10 is presented a comparison of several biosorbents
employed for Cr(VI) uptaken. As can be seen, pinhdo wastes is a
very good biosorbent for Cr(VI) removal from aqueous solution,
presenting adsorption capacity compared with activated carbon
and modified chitosan.

3.6. Breakthrough curve of Cr(VI) using pinhdo wastes as
biosorbent

In order to evaluate pinhdo wastes as a biosorbent for
wastewater treatment of Cr(VI) containing effluents, a break-
through curve of Cr(VI) using pinhdao wastes as biosorbent
was obtained (Fig. 5). As can be seen, the breakthrough point,
determined when the Cr(VI) effluent from column attained
the level of 0.050mg1~! (which corresponds to the maximum
allowed Cr concentration in natural waters [1]), corresponds
to a bed volume of 252.3 (bed volume is the ratio of efflu-
ent volume/biosorbent volume). This was a very good value
of attained breakpoint for a biosorbent in a dynamic system,
since 1 volume of biosorbent (22.0 ml) was able to remove
Cr(VI) completely from a 252.3 higher volume (5550 ml) of
aqueous solution. It should be mentioned that the amount of
Cr(VI) removed (5550 ml of 25.0mg1~! Cr(VI) solution) com-
pletely from aqueous solution at the breakpoint corresponded to
an amount of 138.75 mg of the metallic ion. Considering that
this amount was uptaken by 4.00 g of biosorbent, the break-
point capacity of pinhdo wastes to remove Cr(VI) completely
from aqueous solution was 34.7 mg metallic ion/g pinhao wastes
using a flow-rate of 2.5 ml min—!. Of course, at other flow-rates
this breakpoint capacity achieved in a dynamic system would
change.
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Table 10

Comparison of different biosorbents for Cr(VI) uptaken

Biosorbent Characteristic Gmax (Mg g_') Reference
Coconut shell charcoal Biosorbent treated with HNO3 10.88 [8]
Coconut shell charcoal Biosorbent treated with HySO4 4.05 [8]
Coconut shell charcoal Without treatment 2.18 [8]
Neurospora crassa—fungal biomass Biomass treated with acetic acid 15.85 [9]
Chryseomonas luteola bacteria Bacteria isolated from wastewater treatment of petrochemical industry 3.0 [10]
Hazelnut shell Biosorbent treated with HySO4 17.7 [14]
Pinus sylvestris cone biomass 400 mesh powder 201.8 [15]
Sugar beet pulp Composite of biosorbent with FeOH3 5.12 [16]
Sawdust Adsorption capacity in column 0.893 [17]
Rice husks Adsorption capacity in column 0.634 [17]
Coirpith Adsorption capacity in column 1.204 [17]
Turkish coffee - 1.63 [18]
‘Walnut shell - 1.33 [18]
Waste tea - 1.55 [18]
Chitosan - 27.3 [18]
Rice hulls - 164.31 [18]
Irish sphagnum moss peat - 43.9 [18]
Bagasse fly ash - 260 [19]
Sawdust - 2.29 [19]
Activated carbon (GAC) Filtrasorb 400 - 145 [19]
Chitosan Modified chitosan 153.8 [20]
Waste crab shell Treated with HC1 28.1 [21]
Mucilaginous seeds Seeds treated with water 205.0 [22]
Grape stalks Particle size 1.0-1.5 mm 59.8 [23]
Yohimbe bark Particle size 1.0-1.5 mm 42.5 [23]
Cork Particle size 1.0-1.5 mm 0.022 [23]
Olive stones Particle size 1.0-1.5 mm 0.012 [23]
Auracaria angustifolia wastes Treatment with water boiling 125.0 This work

It should be stressed that the maximum amount of metal-
lic ion uptaken by the biosorbent (gmax) obtained in the batch
experiments is different from breakpoint capacity of the biosor-
bent obtained under dynamic situation. The first parameter
was always measured with non-retained metallic ion by the
biosorbent (see Eq. (2)); on the other hand, the breakpoint was
measured when the first amount of the metallic ion attains its
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Fig. 5. Breakthrough curves for Cr(VI) removal from aqueous solution using
pinhdo wastes as biosorbent. Bed volume 22.0 ml, flow-rate 2.5 ml min~! and
column volume 250 ml.

maximum allowed concentration that could be disposed into the
environment.

In addition, observing the breakthrough curve for Cr(VI)
removal from aqueous solution (Fig. 5), it was observed that at a
bed volume of 888.64 (effluent volume of 19,550 ml), the ratio
C/C, was leveled to an average of 0.57. Considering a volume
of 19,550 ml of 25.0mg1~" Cr it corresponds to an amount of
488.75 mg Cr(VI) uptaken by 4.00 g of pinhao wastes which cor-
responds to 122.2 mg Cr(VI) uptaken/g of the biosorbent. This
value is close to the maximum amount of Cr(VI) uptaken in the
batch system (gmax = 125.0mgg~!).

4. Conclusion

A 100.0mg1~! solution of Cr(VI) was completely removed
from aqueous solution by pinhio wastes (5.0g1~!) in just
30 min.

In order to achieve the best conditions for Cr(VI) uptake
by pinhdo wastes, a full 2* factorial design was employed for
screening the factors that would influence on the overall opti-
mization of a batch procedure of biosorption. This optimization
has shown that the best initial conditions were: pH 2.0, initial
concentration (C,) Cr(VI) of at least 600.0 mgl_l, biosorbent
concentration (X) of at least 2.50 g 1= and agitation time (¢) of
at least 8.0 h. Based on these results, a Box—Behnken surface
response design was carried out, investigating other limits of
the previous values attained with the full factorial design, and
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the best conditions for Cr(VI) uptake by pinhdo wastes were:
pH 2.0, C,=1200.0mgl1~!, X=1.50g1~! and r=8h. In order
to verify if anions such as C17, NO3™ and PO43~ would inter-
fere on Cr(VI) uptake by pinhdo wastes, a new Box—Behnken
surface response design was carried out, where different levels
of these anions were tested, using the best conditions for Cr(VI)
uptake by the pinhao wastes. The results showed that there is no
interference of either of these anions on dichromate uptake by
the biosorbent.

In order to regenerate Cr(VI) loaded pinhdo wastes, exper-
iments were firstly carried out with NaCl solutions (pH 8.0).
These media were improper for Cr(VI) removal from the metal-
lic ion loaded biosorbent. A new trial was performed utilizing
H,0, +NaOH which is a known media to oxidize Cr** to
CrO42~. This experiment confirmed that Cr(VI) was reduced
to Cr(III) by the biosorbent and this element was retained in the
pinhao wastes.

In addition, the dynamic studies of Cr(VI) removal by pinhao
wastes showed that this biosorbent was a powerful and low-cost
biosorbent for this metallic ion removal from aqueous solution,
opening the possibility of this biosorbent to be employed in efflu-
ent treatment of tanneries or metallurgical industries that need to
treat their effluents before being delivered into the environment.
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STATISTICAL DESIGN OF EXPERIMENTS AS A TOOL FOR OPTIMIZING THE BATCH CONDITIONS OF Cu(II)
BIOSORPTION USING PECAN NUTSHELLS AS BIOSORBENT. In order to reduce the total number of experiments for achieving
the highest amount of adsorbed Cu** (gmax) using pecan nutshells (Carya illinoensis) as biosorbent, a full 2* factorial design with
two central points was carried out (mass of biosorbent- m, pH, initial metallic ion concentration- CO, time of contact- t). In order to
continue the optimization of the system, a central composite surface analysis design with two factors and five central points was

carried out. The maximum amount of Cu** taken up by the pecan nutshells was 20 mg g™'. These results were confirmed by

determining a Cu?* isotherm using the best conditions attained by the statistical design of experiments.

Keywords: biosorption; statistical design of experiments; Carya illinoensis.

INTRODUCAO

A atividade industrial € responsdvel por gerar um volume mui-
to grande de residuos contendo diversas espécies nocivas a saude
humana'. Estes residuos téxicos necessitam ser tratados antes de
serem despejados em dguas naturais. Entre as espécies de maior
relevancia toxicoldgica presentes nos residuos industriais estdo os
metais pesados e ametais, que ndo se biodegradam pela acdo do
tempo, sendo bioacumulativos®. Os procedimentos de tratamento
de efluentes industriais visando a remog¢do de metais pesados sdo
o0s processos quimicos e fisicos'.

Processos quimicos sdo geralmente variados e dependem da na-
tureza do efluente. As principais desvantagens destes procedimen-
tos € que sdo dispendiosos, requerem uso de reagente quimico e
podem propiciar a formacdo de outra espécie téxica no efluente tra-
tado. Os procedimentos mais empregados sdo: neutralizacdo 4cido-
base, cloracdo, precipitacdo quimica, complexacdo com agentes
quelantes, eletrdlise e métodos oxidativos com oxigénio e 0z6nio'.

Processos fisicos, geralmente, sdo procedimentos mais sim-
ples, utilizando uma determinada operag@o unitéria, tal como'?:
separagdo de fases para remocdo do material sélido (decantag@o,
sedimentacdo, filtragéo, centrifugagio, flotacdao)'#; transi¢do de uma
forma fisica a outra (destilagdo, evaporacdo, precipitagdo fisica,
cristalizagdo)'; utilizagdo de membranas seletivas as espécies toxi-
cas, para hiperfiltragdo, ultrafiltragdo, osmose reversa e didlise’;
extragdo em fase sélida, utilizando adsorventes capazes de reter
seletivamente as espécies de maior toxicidade®. Este procedimento
geralmente ¢ utilizado no final do tratamento de efluentes industri-
ais, permitindo reduzir a um valor minimo o nivel da espécie toxi-
ca presente. Tal procedimento envolve desde a simples passagem
de um efluente por um meio granular, como areia' ou carvio ativa-
do®, que retém as espécies téxicas por fisiossor¢do, até o emprego
de adsorventes sintéticos, tais como resinas poliméricas de troca
ionica’, tecidos modificados quimicamente com grupamentos or-
ganicos®’, silica gel modificada'™!*, que séo capazes de reter sele-

*e-mail: ederlima@iq.ufrgs.br

tivamente metais pesados por quelacdo, troca idnica ou micro-
precipitacdo na superficie do adsorvente'*'.

Dentre todos os processos de tratamento de efluentes industriais
citados, a extragdo em fase sélida é um dos procedimentos ecologi-
camente mais corretos, porque os fons metalicos sdo removidos por
uma fase sélida. Este adsorvente pode ser regenerado posteriormen-
te ou mantido em um local seco, sem contato direto com o ambiente.
Entretanto, os adsorventes sintéticos (resinas poliméricas, silicas
organofuncionalizadas, tecidos modificados com grupamentos or-
ganicos) sdo de alto custo, fato que impossibilita sua aplicagdo em
larga escala em tratamento de efluentes”'.

Carviao ativado tem sido o adsorvente mais popular e largamente
utilizado no tratamento de efluentes®. Apesar de seu uso extensivo, o
carvao ativado de alta qualidade permanece dispendioso®. Além desta
desvantagem, o carvao ativado requer uso de agentes complexantes
para remocao de espécies inorganicas, tornando o procedimento ainda
mais oneroso.

Devido ao alto custo dos adsorventes, ha um crescente interes-
se na producdo de materiais de baixo custo, com capacidade de
remocio de metais pesados de dguas. Estes adsorventes devem es-
tar disponiveis em grandes quantidades (pelo menos nas proximi-
dades do local a ser aplicado) e apresentar custo reduzido. Entre
eles destacam-se: quitosana'>'’; argilas's; zedlitas'>!®; certos
subprodutos industriais tais como, cinzas'>!?; 6xidos metilicos e 1a
de ago'?; residuos manufaturados de Gleos comestiveis*?*; car-
vio vegetal e mineral'>**; solos contendo grandes quantidades de
matéria organica oriunda da decomposicdo de vegetais'>*2; resi-
duos agricolas, tais como casca de arroz'>? e de coco'>, residu-
os de café e chd®, farelo® e casca de trigo®', sementes mucilagi-
nosas®; serragem de madeira®; cascas e copas de drvore!>203334;
materiais ricos em taninos®; corti¢a®; gramineas’; xantato,
cactus®; musgos®; algas marinhas® e seus derivados®.

Nas regides sul e sudeste do Brasil, encontram-se extensas plan-
tagdes da nogueira-peca, a qual foi introduzida pelos imigrantes
norte-americanos. A nogueira-peca (Carya illinoensis) pertence a
familia Junglandaceae® . E uma drvore de folhas caducas, que pode
atingir grande porte, superando 40 m de altura, 40 m de didmetro
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de copa e 20 m de circunferéncia de tronco*. A longevidade pode
superar 200 anos*'.

A casca da noz peca é um subproduto de cor avermelhada in-
tensa, de dificil degradac@o. Dessa forma, torna-se necessdrio en-
contrar uma utilidade para esse subproduto, que nesse trabalho foi
explorado como biossorvente para remog¢do de fons Cu(Il) de solu-
¢des aquosas, utilizando-se planejamento estatistico de experimen-
tos para otimizar as condi¢des de biossor¢do em batelada.

PARTE EXPERIMENTAL
Preparacao do biossorvente

Nozes pecd (Carya illinoensis) foram adquiridas em mercado
local, em Porto Alegre-RS. O peso de cada semente variou entre 7 a
11 g. A casca corresponde a aproximadamente 49% de toda a casta-
nha. Aproximadamente 500 g de casca de noz pecd foram lavadas
com 4gua destilada e fervidas com 6,0 L de dgua por um periodo de
2 h para se eliminar a maior parte dos compostos soliveis em dgua.
Posteriormente as cascas foram secas a 70 °C por 8 h, em estufa
provida de ar quente. Apés, a casca de noz foi moida em moinho de
disco e, subseqiientemente, peneirada. A fracdo com didmetro de
particulas inferior a 250 pm foi utilizada. A densidade aparente da
casca de noz peca encontrada foi de 1,30 g cm™.

Reagentes e solucoes

Agua deionizada foi empregada em todo o trabalho.

A solugdo estoque de 5000,0 mg L' Cu** foi preparada dissol-
vendo-se 9,8228 g de CuSO,.5H,0 (Vetec, Rio de Janeiro-RJ) em
dgua e completando-se o volume final até 500,0 mL. Solucdes de
trabalho de Cu** com concentragdes variando de 5,00 a 1000,0 mg
L' foram preparadas por diluigdo serial da solugdo estoque. O ajuste
de pH das solugdes foi feito com aliquotas de solugdes de HNO, e
NaOH 1,0 mol L', utilizando um pHmetro portétil handylab 1 Schott
(Mainz, Alemanha) provido de eletrodo combinado de vidro, mo-
delo Blue-Line 23.

A solug@o do agente cromogénico 0,15% m/v de dietilditio-
carbamato de sédio (DDTC; Merck, Darmstadt-Alemanha) foi pre-
parada diariamente dissolvendo-se 0,375 g de DDTC em 5 mL de
etanol e apds, esta solucdo foi misturada com 150 mL de dgua
quente (=70-80 °C), filtrada e completada a 250,0 mL em baldo
volumétrico.

Para preparo da solugio tampdo foi empregado tetraborato de
sodio decaidratado (Vetec, Rio de Janeiro-RJ, Brasil).

Procedimento de biossor¢io em batelada de Cu?*

Aliquotas de 20,00 mL de solug¢do de Cu** com concentragdes
variando entre 5,00-1000,0 mg L' foram adicionadas em frascos
plasticos conicos (117 mm altura, 30 mm didmetro) contendo 30,0—
50,0 mg de casca de noz pecd moida. Os frascos foram tampados,
colocados em agitador horizontal e agitados por 1 a 4 h. Apds, os
frascos foram destampados e a fase liquida foi separada por filtragdo
utilizando-se filtro de papel Whatman. Quando necessdrio, aliquotas
de 1-10 mL das solugdes do sobrenadante foram propriamente dilu-
idas entre 50-100 mL em baldes volumétricos utilizando dgua. As
solugdes finais de Cu** foram determinadas espectrofotometricamente
utilizando-se DDTC a 460 nm 3, em sistema de andlise em fluxo,
ap6s multiplicar o valor da concentragdo da solucdo medida, depois
do procedimento de biossorc¢do, pelo fator de diluigdo apropriado.

A quantidade de Cu?* biossorvida pela casca de noz pecd ¢
dada pela Equagdo 1.

Planejamento estatistico de experimentos como uma ferramenta 549

_(Co-CheV
4= m

M

na qual, q € a quantidade biossorvida do fon metdlico pelo
biossorvente (mg g'); Co € a concentragdo inicial de Cu®* colocada
em contato com o biosorvente (mg L), Cf é a concentragdo final
de Cu® (mg L") apds o procedimento de biossor¢do em batelada,
m ¢ a massa do biossorvente (g) e V € o volume da solug@o do fon
metalico colocada em contato com o biossorvente (1).

Determinacio de Cu*

Para determinagdo de Cu?* nas amostras, foi empregado® um
injetor-comutador proporcional feito em acrilico, contendo uma se-
¢do 2:3:2 para adaptacdo da alga de amostragem e uma secc¢do 0:1:2
para introdugio do agente cromogénico intermitentemente. A parte
central do injetor € mével e suas laterais sdo fixas”. Também foram
utilizadas duas bombas peristalticas (Milan, Colombo-PR), linhas de
transmissao de 0,8 mm de d.i., conectores em acrilico, célula em flu-
x0 (150 uL) e espectrofotometro (Femto 600S, Sdo Paulo-SP) como
apresentados na Figura 1. Na posi¢do de amostragem (Figura la), a
solucdo da amostra S (5-30 mg L' Cu?*; 4,0 mL min™) preenche a alga
de amostragem Ls (125 pL) e seu excesso € direcionado ao descarte da
solugéio da amostra (Ws); o reagente cromogénico (0,15% m/v DDTC;
2,5 mL min") R, estd sendo bombeado para seu frasco de regeneracio
Reg,. Em um segundo canal, a solucdo transportadora Cs (0,1 mol L™
HNO,; 2,6 mL min™) estd sendo bombeada para o sistema, onde no
ponto de confluéncia Y se mistura com a solugdo tampéo B, (0,5 mol
L' tampéo acetato, pH 5,5; a 2,6 mL min') e a mistura ocorre na
bobina de reagdo C, (100 pL); entdo, a zona da amostra tamponada
alcanca o ponto de confluéncia Z e, subseqiientemente, esta zona al-
canga a bobina de mistura C, (200 pL); a zona da amostra passa, en-
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Figura 1. Diagrama de fluxo para determinagdo de Cu** usando DDTC. S-
solugdo da amostra; Ls- al¢a de amostragem (375 uL); Ws- descarte da
solugdo da amostra; E- solugdo transportadora- 0,5 mol L' HNO ; R - 0,15%
m/v DDTC, Reg - frasco de regeneragdo do agente cromogénico, B, — solugdo
tampao borato pH 9,0, C, e C, bobinas de rea¢do com 100 e 200 uL,
respectivamente; Y e Z— pontos de confluéncia, Det- célula em fluxo colocada
em espectrofotometro; W- descarte
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tdo, pela célula em fluxo (150 pL) do espectrofotometro (460 nm)
produzindo a linha de base e, subseqiientemente, sendo direcionada
ao descarte (W). Na posicdo de injecdo (Figura 1b), a alga de
amostragem Ls € inserida no fluxo da soluc@o transportadora Cs que
direciona a zona da amostra para o ponto de confluéncia Y, onde esta
se mistura com a solugdo tampdo B, e € misturada na bobina C; a
zona da amostra tamponada alcanca o ponto de confluéncia Z, onde se
mistura com o reagente cromogénico e, entdo, a zona da reagdo ¢
misturada na bobina C, (200 pL) formando o complexo Cu(DDTC),
13, Esta zona € subseqiientemente direcionada a célula em fluxo do
espectrofotdmetro (460 nm), produzindo um sinal transiente e, final-
mente, é direcionada ao descarte (W).

Planejamento estatistico de experimentos

Planejamento fatorial completo com ponto central

Planejamento fatorial ¢ empregado para se obter as melhores
condigdes operacionais de um sistema sob estudo, realizando-se
um ndmero menor de experimentos quando comparado com o pro-
cesso univariado de otimizagdo do processo®** . O planejamento
fatorial determina que fatores tém efeitos relevantes na resposta e,
também, como o efeito de um fator varia com os niveis dos outros
fatores. Também, o planejamento fatorial permite medir as
interagdes entre diferentes fatores. Essas intera¢des sdo a principal
componente de muitos processos de otimizacdo. Sem o uso de pla-
nejamentos fatoriais de experimentos, importantes interagdes
de fatores ndo sdo detectadas e a otimizagdo mdxima do sistema
pode levar mais tempo para ser alcancada®3,

Para estudar a biossor¢do de cobre (II) em cascas de nozes pecd, a
quantidade adsorvida do fon metélico (q) pode depender da massa do
biossorvente (m), da acidez do meio (pH), do tempo de contato entre
o fon metdlico e o biossorvente (t) e da concentragio inicial de cobre(II)
(Co). Outras varidveis foram investigadas, tais como velocidade de

Brasil et al.

Quim. Nova

agitacdo mantida constante em 120 rpm) e temperatura (fixada em
25 °C). O planejanento fatorial completo 2*¢é apresentado na Tabela 1.
Os niveis dos fatores foram codificados como -1 (baixo), 0 (ponto
central) e 1 (alto) . Para tratamento dos dados, o programa estatistico
Minitab Statistical Software versdo 14.12.0 foi empregado para ob-
tencdo dos efeitos, coeficientes e desvio padrdo dos coeficientes, gra-
ficos dos efeitos padronizados, grafico de pareto e as superficies de
respostas e de outros parametros estatisticos dos modelos ajustados.

Andlise de superficie de respostas empregando planejamento
composto central

Métodos de superficies de respostas sdo utilizados para examinar
as relagdes entre uma ou mais varidveis e um conjunto quantitativo de
fatores experimentais. Esses métodos estatisticos sdo empregados apds
uma triagem dos fatores importantes, que geralmente € realizada pre-
viamente por um planejamento fatorial. Apds isso, € preciso encontrar
um dos niveis de fatores que otimizam a resposta®.

Apés realizar uma triagem dos fatores com o planejamento
fatorial, uma andlise de superficie de resposta empregando plane-
jamento composto central® foi realizada para se obter a médxima
quantidade adsorvida do fon metdlico. O planejamento dos experi-
mentos realizados € apresentado na Tabela 2.

RESULTADOS E DISCUSSAO

Triagem dos fatores para biossorcio de Cu(Il) em casca de
nozes peca

A biossor¢do de um fon metdlico por um biossorvente em um
sistema em batelada geralmente depende de vérios fatores, tais como
massa do biossorvente (m), acidez do meio (pH), tempo de contato
entre o fon metdlico e o biossorvente (t), concentragao inicial do fon

Tabela 1. Otimizacdo da biossorc¢do de cobre(Il) em cascas de nozes pecd. Planejamento fatorial completo 2¢ com dois pontos centrais. O

valor de q (mg g') corresponde ao valor experimental € q_ ..

corresponde ao valor ajustado pelo modelo. A diferenca entre o q experimen-

taleoq,,, € o residuo de cada ponto
Experimento M pH t Co q (mg g") Qodelo
1 -1 -1 -1 -1 0,604 0,604
2 1 -1 -1 -1 0,447 0,447
3 -1 1 -1 -1 4,866 4,866
4 1 1 -1 -1 2,771 2,771
5 -1 -1 1 -1 0,611 0,611
6 1 -1 1 -1 0,495 0,495
7 -1 1 1 -1 4,719 4,719
8 1 1 1 -1 2,556 2,556
9 -1 -1 -1 1 1,168 1,168
10 1 -1 -1 1 0,694 0,694
11 -1 1 -1 1 8,878 8,878
12 1 1 -1 1 6,106 6,106
13 -1 -1 1 1 1,218 1,218
14 1 -1 1 1 0,810 0,810
15 -1 1 1 1 8,694 8,694
16 1 1 1 1 5,756 5,756
17 0 0 0 0 3,423 -
18 0 0 0 0 3,274 -
Niveis
Fatores -1 0 1
m (g) 30,0 40,0 50,0
pH 2,0 4,0 6,0
t (h) 1,0 2,5 4,0
Co (mg L) 10,0 15,0 20,0
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Tabela 2. Otimizagao da biossor¢ao de cobre(Il) em cascas de nozes
pecd. Andlise de superficie de resposta empregando planejamento
composto central contendo 13 experimentos e 2 fatores (pH, Co).
O tempo foi fixado em 2,5 h e a massa do biossorvente em 30,0 mg

Experimentos pH Co q (mg g’
1 1 1 7,647
2 1 -1 15,56
3 -1 1 15,561
4 1 1 10,085
5 -1 0 7,981
6 1 0 6,819
7 0 -1 15,557
8 0 1 9,079
9 0 0 10,173
10 0 0 9,88
11 0 0 10,477
12 0 0 9,115
13 0 0 7,647
Niveis
Fatores -1 0 1
pH 5.0 6.0 7,0
Co (mg L") 20,0 35,0 50,0

metdlico (Co), velocidade de agitacdo, etc. A otimizag¢do de todas
essas varidveis utilizando-se o procedimento univariado € muito
entediante, porque para qualquer varidvel (fator) que € otimizada é
necessdrio variar um fator por vez, fixando-se todos os demais. En-
tdo, o melhor valor obtido para esse fator € fixado e os outros fatores
vdo ser otimizados seqiiencialmente, um a um. A desvantagem do
procedimento univariado € que a melhor condi¢éio pode ndo ser atin-
gida, porque as interagdes entre os fatores sdo negligenciadas e, como
ndo se tem certeza do conjunto das outras varidveis que foram
mantidas constantes, ou seja, se fossem fixadas previamente em ou-
tros valores, se os resultados iriam levar a mesma otimizagdo do
sistema. Além disso, o niimero total de experimentos a serem reali-
zados no procedimento univariado € muito maior, quando compara-
do com o planejamento estatisticos de experimentos.

Na Figura 2a ¢ apresentada a curva da distribui¢do de probabi-
lidade normalizada para os efeitos padronizados, para-se avaliar
cada fator e suas interagcdes no processo de biossorcido de Cu(Il)
utilizando casca de noz peci como biossorvente. Este grafico pode
ser dividido em duas regides, a com porcentagem inferior a 50%,
onde os fatores e interagdes apresentam coeficientes negativos (m,
m.pH) e a regido com porcentagem acima de 50%, onde os fatores
e as interacdes apresentam coeficientes positivos (pH, Co, pH.Co).

Todos os fatores e interacdes que sdo representados por um
quadrado foram significativos e esses se localizam fora da linha
central que cruza o valor zero na abcissa em probabilidade de 50%.
Os efeitos posicionados nessa linha foram representados por um
circulo e correspondem a estimativa dos erros dos efeitos, ndo sen-
do significativos (t, m.t, m.Co, pH.t, t.Co, m.pH.t, m.pH.Co, m.t.Co,
pH.t.Co, m.pH.t.Co).

Na Figura 2b ¢ apresentado o grifico de Pareto dos efeitos padro-
nizados em p = 0,05. Todos os efeitos padronizados estdo em valores
absolutos (para verificar quais sio positivos e quais sdo negativos, ver
Figura 2a). Todos os efeitos que apresentaram valores maiores que
12,7 (p = 0,05), que se localizam a direita da linha tracejada, foram
significativos. Os valores absolutos padronizados dos efeitos de cada
fator e das interagdes aparecem a direita de cada barra.

Analisando-se os graficos da Figura 2, pode ser inferido que o
pH foi a varidvel mais importante do processo global da biossor¢ao
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Figura 2. a- Probabilidade normal dos efeitos padronizados em p= 0,05. A
linha tracejada em 50% de probabilidade divide os efeitos negativos dos
positivos; b- Grdfico de Pareto para os efeitos padronizados em p= 0,05

de Cu(Il). O valor positivo de seu coeficiente significou que a
biossor¢io de cobre(Il) por cascas de nozes peci foi favorecida em
valores de pH préximo a 6,0. Utilizando-se esse valor de pH da
solug@o no processo de biossorcdo foi observado um aumento sig-
nificativo da quantidade de Cu(Il) removido da solugdo aquosa pro-
piciada pela cascas de nozes, como ja observado previamente para
outros biossorventes*. Na continuagdo da otimizagdo desse traba-
lho, para melhor avaliar a acidez da solucao do fon metélico, o pH
da solugdo serd explorado a seguir em outros niveis.

O segundo fator importante na otimizagdo do sistema de adsor¢ao
em batelada foi a concentragdo inicial (Co) de Cu(ll). Este resultado
mostrou que Co do fon metdlico poderia ser aumentada, para se ob-
ter maiores respostas (q), provavelmente, porque para os niveis tes-
tados do fon metélico (Tabela 1) ndo foram suficientes para saturar o
biossorvente. Esse fator foi posteriormente estudado na andlise de
superficie de respostas, aumentando-se seus niveis.

O terceiro fator importante para a otimizac¢do global do pro-
cesso de biossor¢do foi a interagdo de dois fatores, pH.Co, que foi
mais significativa que o fator principal, m. Somente a aquisi¢do
dessa informacdo, justifica o uso de planejamento estatistico de
experimentos sobre o procedimento convencional de otimizacdo
univariada. Essa informacgdo jamais teria sido obtida em uma
otimizacdo univariada do processo de biossor¢do. Contudo, se o
sistema estivesse sendo otimizado pelo procedimento univariado,
um pequeno aumento do pH da solugdo associado com um peque-
no aumento na concentragdo inicial do fon metalico levaria a uma
interpretagdo erronea dos resultados obtidos. Provavelmente, o
experimentador iria refazer todas as medidas, porque seria incapaz
de perceber que um pequeno aumento no valor de pH da solucio
associado a um pequeno aumento na concentracdo de Cu(Il) leva-
ria a um aumento inexplicado na biossor¢ao do fon metélico.

O quarto fator na ordem de importancia para a otimizagéo glo-
bal da biossorcdo de Cu(Il) em cascas de nozes peca foi a massa do
biossorvente (m). Como os experimentos de biossor¢ao foram rea-
lizados em sistema em batelada usando tubos pldsticos conicos
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(117 mm altura, 30 mm diametro), a quantidade de biossorvente
foi limitada a dimensdo do tubo pldstico para realizar os experi-
mentos. Isso justifica que a menor quantidade de biomassa condu-
ziu a um valor maior na biossor¢do do fon metdlico (valor do coe-
ficiente negativo). Para minimizar problemas da ndo homogeneidade
do biossorvente para massas muito pequenas, nos proximos expe-
rimentos da andlise de superficie de resposta, a massa do
biossorvente foi fixada em 30,0 mg.

O quinto fator importante na otimiza¢do da biossor¢do foi a
interacdo de dois fatores, m.pH.

Andlise de superficies de respostas empregando planejamento
composto central

Ap6s realizar uma triagem dos fatores utilizando o planeja-
mento fatorial completo 24, uma andlise de superficie de resposta
empregando planejamento composto central foi realizada de acor-
do com os experimentos descritos na Tabela 2 (n = 13), para se
obter a maxima biossor¢do de Cu(Il) (q) pelas cascas de nozes
pecd. Os niveis dos fatores escolhidos foram ajustados, baseados
nos experimentos prévios de planejamento fatorial descritos aci-
ma, usando tempos de contato de 2,5 h. O efeito do tempo de con-
tato entre biossorbato e biossorvente de fato ndo foi significativo,
de acordo com os dados da Figura 2. Entretanto a concentracio
inicial (Co) do biossorbato empregada naquele planejamento foi
de apenas no maximo 20,0 mg L'. Como se espera que a saturagdo
do biossorvente ocorra para concentragdes superiores a esse valor,
¢é possivel que apenas 1 h de contato entre biossorbato e biossorvente
ndo seja suficiente para alcancar o equilibrio.

Na Figura 3a € mostrada a superficie de resposta da quantidade
de cobre(I) biossorvida (q) em func¢do da Co e pH. Como pode ser
claramente observado, a concentragdo de cobre (II) ndo atingiu um
maximo, indicando, provavelmente, que a quantidade do fon metd-
lico ndo foi suficiente para saturar o biossorvente. Foi observado
que o pH entre 5,0 a 7,0 ndo apresentou efeito significativo na
biossor¢do de Cu(Il). Na Figura 3b € apresentada a curva de con-
torno da resposta (q) para concentragdo inicial de Cu(Il) versus pH
da solug¢do. A maior biossor¢do do fon metdlico pelas cascas de
nozes pecd ocorreu em maiores concentragdes iniciais de cobre(Il)
independente da faixa de pH, confirmando os dados da Figura 3a.

Na Tabela 3 ¢ apresentada a andlise de regressdo da superficie
de resposta para a biossor¢do de Cu(Il) em cascas de nozes peca.
Apenas Co e Co? foram significativas (p< 0,05). Todos os demais
fatores ndo foram significativos, pois apresentaram probabilidade
maior que 0,05. O coeficiente de correlagdo ao quadrado (R?) foi
de 96,10%.

Analisando-se a Figura 3 e os dados da Tabela 3, pode-se con-
cluir que a faixa de pH étima para biossor¢do de Cu(Il) em casca
de nozes pecd varia entre 5,0 a 7,0. Também pode ser observado
que a saturaciio do biossorvente ndo foi alcangada na faixa de con-
centragdo inicial de Cu(Il) entre 20,0 a 50,0 mg L"'. A quantidade
biossorvida do fon metdlico aumenta com a concentracdo inicial,
podendo ser expressa pela Equagdo 2

g= 9,55252 + 3,91650Co + 2,11619C0o?. (R*= 96,10%) (2)

sendo os valores dos fatores codificados e seus niveis vélidos ape-
nas para os valores descritos na Tabela 2.

Com base nos dois planejamentos estatisticos de experimentos
pode-se estabelecer as seguintes condi¢des: a massa ideal de casca
de nozes peca para biossor¢do foi de 30,0 mg; a faixa de pH ideal
para se obter a maxima biossorcdo de Cu(ll) pelo biossorvente é
entre 5,0 a 7,0 e, o tempo minimo ideal de contato entre biossorvente
e biossorvato € de pelo menos 2,5 h, considerando-se que a satura-
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Figura 3. a- Superficie de resposta para a biossor¢do de Cu(ll) (q) versus
Co e pH; b- curvas de contorno para q. Co versus pH. As regioes das curvas
de contorno sdo divididas em vdrias dreas, nas quais a resposta q € expressa
emmg g'. As flechas indicam o aumento crescente em q. A Co é expressa em
mg L. O tempo de contato foi fixo em 2,5 h

Tabela 3. Andlise de regressdo da superficie de resposta para a
biossor¢do de Cu(Il) em casca de nozes pecd. Modelo quadritico
completo

Termo Coeficiente SE do Coeficiente P
Constante 9,55252 0,3275 0,000
pH -0,52817 0,3220 0,145
Co 3,91650 0,3220 0,000
pH? -0,03881 0,4746 0,937
Co? 2,11619 0,4746 0,003
pH.Co 0,26675 0,3944 0,521
S =0,7888 R?= 96,10%

P- probabilidade, SE- erro padrdao do coeficiente. Os valores dos
coeficientes sao dados em unidades codificadas

¢do do biossorvente ndo ocorreu para os niveis de concentracio
empregados do biossorbato.

O ndmero total de experimentos realizados para se obterem
todas essa informagdes foram apenas 31 (1° planejamento fatorial
- 18 experimentos, 2° andlise de superficie de respostas - 13 expe-
rimentos).

Isoterma de biossorcao de Cu(Il) utilizando casca de nozes
peca como biossorvente

Para confirmar a utilidade dos planejamentos estatisticos de ex-
perimentos, foi realizada uma isoterma de biossor¢ido de Cu(Il) uti-
lizando cascas de nozes pecd como biossorvente, usando-se as con-
digdes otimizadas de biossorc¢@o (Figura 4). Como pode ser observa-
da, a saturag@o do biossorvente ocorreu quando a quantidade
biossorvida do fon metdlico atingiu em torno de 20 mg g'. Somente
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ainformacdo da Figura 4 requereu 12 experimentos que correspondem
a 38,7% de todos os experimentos realizados previamente.

20 L] _d_l__,._.____-_._-__y,___.
r /"”i’
0 . | | |
' " 0 300 400 0
Ce (mg L")

Figura 4. Isoterma de biossorcdo de Cu(ll) em cascas de nozes pecd. As
condigoes utilizadas foram: tempo de contato de 2,0 h; pH 6,0; massa do
biossorvente 30,0 mg

CONCLUSOES

Casca de noz peci foi utilizada como biossorvente para remo-
¢d0 de fons Cu(Il) de solugdes aquosas. A otimizacdo das condi-
¢des de biossorcao em batelada foi realizada utilizando-se dois pla-
nejamentos estatisticos de experimentos, o planejamento fatorial
completo 2* com dois pontos centrais (n = 18 experimentos) e para
continuar a otimizag¢do do sistema foi empregada andlise de super-
ficie de respostas empregando planejamento composto central com
dois fatores (n=13 experimentos). Toda a otimizacdo do sistema
foi realizada com apenas 31 experimentos.

Ap6s a otimizagdo das condi¢des de biossor¢do em batelada, foi
obtida a isoterma de biossor¢cdo de Cu(Il) em casca de noz pecd,
resultando em uma satura¢do em 20,0 mg g' do fon metalico
adsorvido.
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