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RESUMO GERAL

Areas de mineracao contaminadas com elementos{gagpAs, Zn, Cd
e Pb) tém sido foco de estudos, visto os efeitopglss que eles podem causar
aos ecossistemas, caso suas concentracdes -ototaimdisponiveis — excedam
os limites considerados seguros. Objetivou-se, esse trabalho, i) avaliar o
potencial de plantas Bfachiaria decumbens, Crotalaria spectabilis e
Sylosanthes cv. Campo Grande) na fitorremediacdo, usando sdbjprs
industriais como amenizantes [lama vermelha (L\Mn& mistura de 75% de
LV com 25% de fosfogesso (LVG)], em um solo conteetevados teores de
As, oriundo de uma &area de mineracdo de ouro)vdjiam a mobilidade e a
especiacdo de Zn, Pb e Cd, por meio de extracfgdes e sequenciais em
solos afetados por atividades de mineragéo e mgialde Zn e iii) investigar a
dessorcdo e a especiacdo de Zn, buscando assdoianagdo de diferentes
fases solidas de Zn com a fracao trocavel desseente. Com relacdo ao estudo
envolvendo fitorremediacdo, os amenizantes LV e Lfgfam adicionados ao
solo contaminado com As, visando elevar o seu pH Patendo as plantas sido
cultivadas por 60 dias. Por outro lado, estudo®leando extracdes simples e
sequenciais de Zn, Cd e Pb, bem como especia¢Zn deando espectroscopia
de absorcéo de raios-X (XAS) foram realizados wdassprovenientes de areas
de mineragdo e metalurgia de Zn. Em geral, o usb\Mde LVG aumentou a
producdo de matéria seca (MS) e reduziu as corcdes de As na MS das
plantas. As plantas de braquiaria e crotalarianfiocansideradas tolerantes ao
As, podendo ser empregadas na fitorremediacaogiaBpente com a utilizacao
do amenizante LVG, devido a vantagem de conteiemiirs (Ca e S oriundos
do fosfogesso). O Zn e o Cd foram, principalmeatsociados a formas de
carbonatos nos solos da &rea de mineracéo dedlre ndo ocorreu no caso do
Pb. Os 6xidos de Fe e Mn, bem como a fracdo rdsitarmbém tiveram
contribuicGes para 0 Zn e o Pb nesses solos. Pamoooriundo da area de
metalurgia de Zn, mais de 70% do Zn e do Cd foraso@ados a fracdo
trocavel, mostrando a maior mobilidade e dispoidide desses metais neste
local, comparado aos solos da area de mineracgoe doi comprovado pelos
estudos de dessorcdo. Essa diferenca de mobiliflzidexplicada pelos
resultados de XAS, os quais mostraram que o Zrsolos da area de mineracdo
ocorre, dentre outras espécies quimicas, na forenaalguns precipitados,
reduzindo a mobilidade do metal, ao passo que on@rsolo da area de
metalurgia encontra-se associado a materiais fratenigados a fase sélida do
solo, e, portanto, com grande mobilidade.

Palavras-chave: Contaminagdo do solo. Subprodutéisorremediagéo.
Mobilidade. Espectroscopia de absorcéo de raios-X.



GENERAL ABSTRACT

Several mining areas contaminated with trace elér(erg., As, Zn, Cd,
Pb) have been the target of recent studies dueetmegative effects that these
elements may cause to ecosystems when their coatient— either total or
bioavailable — exceed limits considered safe to dmwmnhealth and the
environment. In this context, this study aimed ijoevaluate the potential of
three plant speciesBfachiaria decumbens, Crotalaria spectabilis, and
Sylosanthes cv. Campo Grande) for phytoremediation, using stdal by-
products RM and RMG as amendments (red mud — Rktd-aamixture of 75%
of RM with 25% of phosphogypsum — RMG) in a soihtaning high level of
As from a gold mining area located in Paracatu, MGevaluate the mobility
and speciation of Zn, Pb, and Cd using single aagdiential extractions in soils
affected by Zn mining and smelting activities; aiiijljnvestigate the desorption
kinetics and the solid phase speciation of Zn its &dfected by Zn mining and
smelting activities, in order to find out which isbphases govern Zn availability
and mobility in such soils. In the first study itviog the use of a
phytotechnology in a gold mining area, the amendsm&M and RMG were
added to an As-contaminated soil in order to raisepH to 6. After the
incubation time, the tested plants were exposefistaluring 60 days. Studies
involving single and sequential extractions of g, and Pb as well as Zn
speciation using X-ray absorption spectroscopy (XA®re conducted with
soils from a Zn mine, which were contrasted witlaiing sample collected in a
Zn smelting site. The use of RM and RMG resultenhaneases in the dry matter
production and in decreases in As concentratiorthénplants. Brachiaria and
Crotalaria could be considered as tolerant to Adcity and thus likely to be
employed for phytoremediation purposes, especvtly the use of RMG due to
its advantage in terms of nutrient supply (Ca aritb® phosphogypsum). Zinc
and Cd were mainly associated with carbonate foimshe soils from the
mining area. The fraction associated with Fe-Mrdegias well as the residual
fraction had also important contributions for reag Zn and Pb in those soils.
For the tailing from the smelting area, more th@fo7f Zn and Cd were found
in the exchangeable fraction, showing a much highahility and availability at
this site compared with the soils from the minimgaa which was proved with
the desorption results. This difference regardingribbility was explained with
the XAS results, which showed that Zn in soils frtile mining area occurs
mainly as Zn-precipitate forms, whereas in thengifrom the smelting area
such metal was found in a weakly bound form, beasga result, quite mobile.

Keywords: Soil contamination. By-products. Phytoeeliation. Mobility. X-ray
absorption spectroscopy.
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PRIMEIRA PARTE

1 INTRODUCAO

Nos Ultimos anos, o0 termo sustentabilidade tem hidoe grande
enfoque, devido, dentre outros aspectos, a pregaapam a qualidade de vida
da populacao, visando garantir essa qualidadegsagarac¢des futuras. Assim, a
contaminacdo ambiental tem gerado preocupacdds, sasis efeitos maléficos
causados ao meio e, consequentemente, as pessaa@sge encontram. Nesse
contexto, dentre os contaminantes que oferecenosristo meio, alguns
elementos-traco apresentam alta toxicidade, alérafeiéos carcinogénicos e,
portanto, recebem atencéo especial.

Esses elementos-trago podem ser adicionados aodad@ma natural
ou antropogénica, sendo essa Ultima de elevadaérela em &reas de
mineracdo e metalurgia de metais. Isso é devigo@wio processo de extracao
de alguns metais, pois sdo expostos a superficisolbo materiais de rochas
contendo As, Cd, Pb, Zn e outros elementos, ossqu@itaminam o meio,
gerando areas com solos e corpos d’agua contansinadpie acarreta diversos
efeitos danosos.

Em funcdo da contaminagdo do meio por elementgsstra
especialmente em areas de mineracdo (ALLOWAY, 19@jste, hoje,
necessidade de se adequarem tecnologias visantheriizacdo desse passivo
ambiental. Nesse contexto, uma alternativa promdasgoe vem sendo estudada
para a remediacdo dessas areas de mineracdo kzacdm de amenizantes,
visando & estabilizacdo para a posterior revegetalz area, ou seja, a
fitorremediacdo (ACCIOLY; SIQUEIRA, 2000) que, qaané acompanhada do

uso de amenizantes, pode ser denominada de fitbogga
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Tendo em vista a localizacédo de cidades proximeasade mineracao,
a fitorremediacéo e/ou fitotecnologia torna-se dmde relevancia, visto que a
cobertura vegetal propicia uma diminuicdo no trarnspde particulas solidas
via agua (chuva-erosao) e ar (vento), além de gisopiambém uma reducao do
fluxo descendente de agua no solo, reduzindo rideasontaminacéo de lencol
fredtico.

Sabe-se que uma etapa crucial para o estabeleoimentma eficiente
estratégia para a recuperacdo de areas contamidadesnhecimento inicial da
area a ser avaliada, especialmente no que diz it@spes contaminantes
presentes. Nesse contexto, além da determinacaotetoes totais desses
contaminantes, estudos envolvendo extracdes sdgigergdio Uteis para o
conhecimento dos compartimentos sélidos do sok,gais 0os contaminantes
estdo associados (FILGUEIRAS; LAVILLA; BENDICHO, @B). Além disso,
esses estudos também fornecem informacfes sobreoldlidede e a
biodisponibilidade do elemento avaliado (HEJABI; B3WARAJAPPA, 2013).

Além de procedimentos de extracdes sequenciais,acespectroscopia
de absorcdo de raios-X (XAS) aplicada a solos també pode realizar a
especiacdo quimica de contaminantes na fase SNIAEHTEGAAL et al.,
2005; ROBERTS; SCHEINOST; SPARKS, 2002). Além dis¥8S fornece
informac®es detalhadas impossiveis de serem olgmlasxtracées sequenciais,
as quais tém algumas desvantagens (CALMANO; MANGOMIELTER,
2001) que sdo contornadas com o uso de XAS. Par rfissalta-se que a
caracterizacdo detalhada de solos contaminadasigiais, por meio de XAS, é
de suma importancia para dar suporte ao entendintentocorréncia de uma
maior ou menor mobilidade do metal nessas areas.

De acordo com o exposto, 0 presente trabalho faizeslo com os
seguintes objetivos: i) avaliar o potencial de ef®de plantas para 0 emprego

da fitotecnologia, usando subprodutos industri@m@ amenizantes, em um
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solo contaminado com As, oriundo de uma &rea denangdo de ouro (trabalho
apresentado no artigo 1); ii) avaliar a mobilidade especiacéo de Zn, Pb e Cd
por meio de extragBes simples e sequenciais era afdtados por atividades de
mineracdo e metalurgia de Zn (trabalho apresentadutigo 2) e iii) investigar

a cinética de dessorcéo e especiacao de Zn, usamdstema de agitacdo com
fluxo (stirred-flow) e a técnica de XAS, respectivamente (trabalhesmmtado
no artigo 3). O foco principal € procurar entendemo o uso de diferentes
amenizantes ou a formagéo de diferentes fasesasdlid elementos-traco de
relevancia em &rea de mineragdo e metalurgia detir @ disponibilidade e a
mobilidade desses elementos nos ecossistemas,tuito ide torna-los mais

aptos ao desenvolvimento de plantas e seja possixgtietar essas areas.

2 REFERECIAL TEORICO

2.1 Contaminagéo do solo e técnicas de remediacao

A contaminacdo do meio, em especial a do solo, sendo cada vez
mais estudada, pois pode apresentar sérios rissa3de humana e a qualidade
do ambiente (GUILHERME, 1999). Nesse contexto,0s830 os poluentes que
podem ser encontrados no solo, destacando-seeddaty, os elementos-traco.
Muitos desses elementos sdo considerados essepaiaisplantas e animais.
Contudo, mesmo elementos considerados essenc@iso © Zn, podem,
dependendo das condi¢des, ser encarados como feslyeEr causarem toxidez
quando em elevadas concentracdes.

De acordo com Sparks (2003), o termo elementos-ttagn sido
utilizado para definir metais catibnicos e oxiasiomue ocorrem em
concentracdes normalmente menores que I'gAs fontes de elementos-traco

para os solos podem ser tanto naturais como agi#opras. Dentre as naturais,
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destacam-se o intemperismo de rochas e mineraseenssdes vulcanicas, ao
passo que as principais fontes antropogénicas saatesros sanitarios; as
adicbes de corretivos, fertilizantes, pesticidaaseatividades de mineragéo e
metalurgia de metais.

Sabe-se que a atividade mineradora tem importaricieial para a
obtencdo de materiais necessarios a fabricagdoeds Imdispensaveis ao
homem, além de aumentar significativamente a geragéd empregos.
Entretanto, tais atividades contribuem de formaresgiva para a incorporacao
de elementos toxicos em elevadas concentracdesibierste. E por essa razao
gue altos teores de elementos-traco sdo frequentersacontrados em solos
afetados por areas de mineracdo e metalurgia daisnet que resulta em
consideravel contaminacéo do solo (ALLOWAY, 1990).

De acordo com o0 exposto e tendo em vista o elevadto que os
elementos-traco oferecem a populacdo, o desenvattomde tecnologias
visando a remediacdo de areas contaminadas poemiesrtraco, em especial as
afetadas por atividades de mineracdo e metalurgiandtais, é de suma
importancia para a reducdo dos danos advindos dms#aminacdo. Nesse
contexto, buscando manter o desenvolvimento dawlegias geradas pela
atividade mineradora e, paralelamente, diminuirslefeitos negativos gerados
por essas atividades, é que sdo desenvolvidatégsiapara remediar tais areas
contaminadas.

Vérias estratégias ou técnicas de remediacdo psderampregadas, a
exemplo da lavagem do solo, eletrocinética, wvimifido, solidificacao,
escavacao, fitorremediacdo e biorremediacdo. Contightre essas estratégias,
a estabilizacdo da &area usando amenizantes, segeldauso de plantas
tolerantes ou hiperacumuladoras (fitotecnologia);oésiderada uma técnica
bastante promissora (ACCIOLY; SIQUEIRA, 2000). Assdiversos materiais

tém sido testados como amenizantes para a imajéitizde elementos-traco em



13

solos. Exemplos desses materiais incluem calcdBNCH et al., 1994),
zedlitas (OSTE; LEXMOND; RIEMSDIJK, 2002), 6xidos ferro e manganés
(MENCH et al., 1994) e lama vermelha (COSTA et2008).

No caso especifico da lama vermelha, um residuadgeem grandes
guantidades na extracao do aluminio a partir daitsauem sido demonstrada,
em estudos, a elevada capacidade desse mategahl@ alcalino e rico em
oxidos de Fe e Al, em adsorver os mais variadasstige elementos-traco
(GUPTA; SHARMA, 2002), além de sua aplicabilidadeno amenizante para a
remediacdo em areas contaminadas (CICCU et a3; ZIDSTA et al., 2008).

Resultados de experimentos de campo indicaram quagigio de
calcario e 3% ou a 5% de lama vermelha aumentdd dgpsolo e, ao mesmo
tempo, diminuiu a solubilidade e a disponibilidaiemetais pesados (e.g., Zn,
Pb, Ni, Cd e Cu), reduzindo a absorcédo pelas antsermitindo a revegetacao
quase que completa de um solo contaminado (GRAA.e2006). Os autores
ressaltam que monitoramentos futuros precisamesdizados, para avaliar a
longevidade do tratamento com lama vermelha cordpaaa calcario.

Em estudos conduzidos por Costa et al. (2008)jaandd 0 potencial da
lama vermelha em reter Cd e Pb, constatou-se gge desse material em solos
contaminados apresenta-se como uma técnica ndmsoefeiente para reduzir
a lixiviagdo desses elementos-tragco em solos, amBém para possibilitar um
melhor crescimento de plantas.

Em diversos trabalhos também ha relatos do potfefecimma vermelha
em adsorver As (ALTUNDOGAN et al., 2002; GENC et 2D03). Entre esses
estudos, Lopes et al. (2012), avaliando a reteded®s pela lama vermelha pura
ou misturada com diferentes propor¢des de gessastataram aumentos
significativos na adsor¢do, & medida que aumentasaporcentagens de gesso
na mistura , tendo o adsorvente composto por 75%rda vermelha com 25%

de gesso sido o mais eficiente na retengdo do ateneen questdo. Tendo em
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vista esse resultado, os autores indicaram essaranom 25% de gesso como
um bom amenizante para ser testado em estudosvendol a fitorremedia¢éo

de areas contaminadas com As.

2.2 Especiacdo e dessorcdo de elementos-traco efoso

O solo é um sistema complexo e heterogéneo, paksuma mistura de
componentes organicos e inorganicos, além da agoaae que nele também se
encontram. A composicdo do solo é extremamentesdiveendo governada por
varios fatores, a exemplo das condi¢des climaticat material de origem.
Dentre os diferentes compartimentos do solo, a &fdiela, constituida por
minerais e matéria organica, desempenha papel memal, visto que é nela
gue os elementos essenciais ou téxicos (e.g., stemaco) sao
retidos/adsorvidos. Entretanto, vale salientar ggga fase do solo encontra-se
em equilibrio dindmico com os demais compartimentmsque governa a
dindmica dos elementos-traco na interface sologdolFigura 1).

De acordo com o exposto e tendo em vista a elgwamtecupacdo com a
contaminacdo dos solos em areas afetadas por aaldgd de mineracao
(ALLOWAY, 1990), estudos visando avaliar a interagios elementos-traco
com as diferentes fases sélidas do solo assumendareelevancia. Nesse
contexto, sabe-se que 0 risco associado a preseneementos téxicos (e.g.,
Cd, As, Zn em elevadas concentracfes) no ambienimfluenciado pela
quantidade total do elemento presente no ambieste, toxicidade e
biodisponibilidade.
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Herbivoros
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Transporte de solutos,
evaporagio e
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Figura 1 Dindmica dos elementos-traco na interfate/solucao
Fonte: Adaptado de Lindsay (1979)

A determinacao de teores totais de elementos-trsgndo acidos fortes
€ importante para uma primeira estimativa de riego areas contaminadas.
Porém, tais determina¢fes, quando aplicadas deaftsalada, ndo fornecem
informacfes a respeito da mobilidade e da biodigilmtade dos elementos
envolvidos (HO et al, 2013). Assim, visando obieformac¢des dessa
magnitude, estudos envolvendo a especiacdo de ntioatates tém sido
realizados (RODRIGUEZ et al., 2009).

A especiacdo € um processo de identificagdo e ifjoagio das
diferentes espécies, formas e fases quimicas &saetemento de investigacdo
esta associado. Como o solo € um material heteeog&@om diferentes
substancias organicas, minerais de argila, Oxidod-€, Al e Mn e outros

componentes, além de uma diversidade de subst&uliasis, existem varios
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mecanismos de ligacdo de elementos-traco em smdoguais variam com a
composicao e as propriedades do solo (KABATA-PENBIRENDIAS, 2011).

Assim, visando avaliar a especiacdo ou as formadigdgdo dos
elementos-traco nos solos, diferentes procedimemaaliticos tém sido
desenvolvidos, destacando-se os métodos de exdragefeaenciais (HAN et al.,
2003; TESSIER; CAMPBELL; BISSON, 1979). Esses mésoddo Uteis por
fornecerem informacgdes sobre os componentes soidosolo aos quais os
elementos avaliados estdo associados (SPARKS, .2388) € possivel, pois,
guando se aplica um procedimento de extracéo seiqliers metais (elementos
de interesse) ligados a uma fase sélida espediicp, carbonatos, 6xidos,
matéria organica e outros) sao convertidos em f@phllveis com o uso de um
reagente quimico. Assim, o fracionamento do elemanaliado é obtido, visto
que o0s reagentes quimicos sdo aplicados sequeanigin{fFILGUEIRAS;
LAVILLA; BENDICHO, 2002).

A maioria dos procedimentos de extracbes sequencianhecidos
divide o solo entre trés a nove fracBes sélidaspleando, geralmente, a
separacdo quimica das seguintes fases: solUvelgeay rocavel, associada a
carbonatos, redutivel ou associado a 6xidos deNre, @xidavel ou associado a
matéria organica e enxofre e residual ou associ@m silicatos. Nesse
contexto, as fragcdes sollveis em agua e trocagfdsem-se as quantidades do
elemento analisado disponiveis para as plantas denpofacilmente ser
mobilizadas, ao passo que a fracdo ligada a cadmmede se tornar moével
com a reducéo do pH. Além disso, as fracfes ligadaxidos de Fe e Mn e a
matéria organica podem ser mobilizadas pelo aungaga@ondi¢cdes de reducao
e oxidagdo no ambiente e, por fim, os elementaxcesins a fragdo residual sdo
de pouca mobilidade, podendo ser liberados sontentea acdo do inteperismo
por longo periodo (FILGUEIRAS; LAVILLA; BENDICHO, @02).
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Em todos os procedimentos de extracfes sequenogigeagentes
quimicos utilizados séo aplicados, visando aumentaatividade. Sendo assim,
as primeiras fracfes, as quais sdo atacadas cgentea mais fracos, extraem
os elementos de interesse em uma forma com maioilidaale, ao passo que as
fracbes superiores removem o0s elementos quando emormmobilidade ou
fortemente retidos. Contudo, tais procedimentoseftem informacdes sobre a
mobilidade dos elementos avaliados, 0 que é de Sompartancia para a
avaliacdo do real risco de uma area contaminada.

Apesar da aplicabilidade dos procedimentos de ¢ sequenciais
visando avaliar, dentre outros parametros, a nuzé dos elementos-traco,
ressalta-se que tais procedimentos também apreseadgmins inconvenientes.
As principais limitacdes referentes ao uso da e#trasequencial sdo: a
dissolucdo incompleta da fase alvo, a extracdospéoges ndo almejadas, a
incompleta remocdo de uma espécie dissolvida deddoeadsorcdo ou
reprecipitacdo e mudancas da valéncia de elemseptusiveis a alteracées no
potencial redox (CALMANO; MANGOLD; WELTER, 2001).

A mobilidade de contaminantes em solos também pedavaliada por
meio de estudos de dessorcdo, 0s quais podemressralementos usando
diferentes solucdes. Nesse contexto, uma alteenptiva avaliar a dessorcao €
colocar o solo em contato com a solugéo escolhégla p dessorgéo/extracéo,
sendo os elementos, apés determinado periodo dec&gi analisados no
sobrenadante. Esse procedimento é conhecido ratdite como métodoatch e
tem sido amplamente utilizado devido a sua faclidde aplicacdo e rapidez.
Entretanto, esse método apresenta desvantagensaedasn principais é a
readsorcdo dos elementos previamente dessorvieaisiodao fato de o sistema
ser fechado e a ocorréncia de aumentos na cong@otla elemento avaliado na
solucéo (SHI, 2006).
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Outra forma disponivel para o estudo de dessorgdelementos em
solos é utilizar o procedimento de fluxo agitastor(ed-flow), o qual é preferido
por alguns autores (STRAWN; SPARKS, 2000). Na FidgRrapresenta-se, de
forma simplificada, o funcionamento dessa técniea dissorcdo. Assim,
verifica-se que a solucdo escolhida para a dessa¥rcduccionada por uma
bomba, passando pela camara de reacéo, onde firalaraolo em continua
agitacdo, chegando aos frascos coletores. Essendraoletores séo regulados
para mudarem de posi¢do, sendo possivel a coletdigieotas em diferentes

tempos, o que é importante para avaliar a cindtéodessorcao.

v

. [T,

Solucéo Bomba  Céamara de reacao Frascos coletores

Figura 2 Esquema ilustrativo do funcionamento danitéd de fluxo agitado
(stirred-flow), utilizada para a dessorcdo de elementos em solos

Por se tratar de um sistema aberto, no qual osatesidessorvidos sédo
liberados da cAmara de reacgdo para serem colets@osio a posterior andlise,
a utilizacdo da técnica de fluxo agitado para aatedo de elementos em solos
reduz significativamente o processo de readsorg@mximando-se mais das
condi¢cBes reais de campo (SHI, 2006). Ressaltaiseegsa é uma grande
vantagem em relacdo ao métdeath, principalmente em se tratando do estudo
de areas contaminadas, as quais apresentam elecatagntracbes de
contaminantes e, portanto, com maiores possibi#islade ocorréncia da

readsorcdo. Além disso, com o métdseth, o sistema solo-solucdo entra em
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equilibrio rapidamente, sendo, por essa razdo, antgiade dessorvida

subestimada em algumas situagdes.

2.3 Espectroscopia de absorc¢éo de raios-X aplicadasolos

A espectroscopia de absor¢do de raios-X (XAS) é imzortante
técnica amplamente utilizada baseada em radiagiwosbn. Ela pode ser
aplicada para o estudo de diversos elementos cqueneim solidos cristalinos e
nao cristalinos, bem como em estado liquido ouggascem plantas (SPARKS,
2013). As informag@es estruturais obtidas a pddfsa andlise sdo Uteis para a
identificacdo das espécies quimicas do elementiotenesse.

Basicamente, a XAS mede o coeficiente de absorg&oralos-X em
funcdo da energia da radiacdo incidente. Nesseextontquando a energia
incidente é superior & energia de ligacdo do eltanda interesse (energia
necessaria para extrair os elétrons localizados niesis mais internos do
atomo), ocorre um aumento drastico na absorcd@&radisdo-se um salto no
espectro, conhecido como borda de absorcdo (RIBER@I., 2003). Esse
espectro, conforme ilustrado na Figura 3, €, gemate) dividido em duas
regides, conhecidas comxeray absorption near edge spectroscopy (XANES) e
extended X-ray absorption fine structure spectroscopy (EXAFS). A regido
XANES (-50 a 200 eV em relacdo a borda de absorgadprtemente
influenciada pelo estado de oxidacdo do atomo wbdor dos raios-X
(elemento de interesse), enquanto a interpretag&egiao EXAFS (50 a 1000
eV acima da borda de absorcdo) pode fornecer iafgies detalhadas sobre a
distancia interatbmica, o nidmero de coordenacd&m ala identificacdo dos
elementos vizinhos ao atomo absorvedSELLY; HESTERBERG; RAVEL,
2008,
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O fato de a regido XANES fornecer informag¢bes peits do estado de
oxidagéo do atomo absorvedor dos raios X € atribaidnergia de ligacéo, visto
gue essa energia varia de acordo com a configurdgsicelétrons no atomo.
Nesse contexto, quando ocorre a remocao de eléteonm atomo, ou seja, uma
oxidacgdo, os elétrons remanescentes ficam maisspéd nlcleo positivamente
carregado. Sendo assim, a energia de ligacao éntactae sendo necessarias
maiores energias para arrancar esses elétronseongor consequentemente, um
pequeno deslocamento da borda de absorcdo pames/atmiores de energia
(FENDORF; SPARKS, 1996).

Enquanto a regido XANES fornece, essencialmenternracdes sobre
0 estado de oxidacdo do atomo de interesse, a &&&XIcanca informacdes
ao redor do atomo absorvedor, as quais sdo de isypoaténcia para o melhor
entendimento das espécies quimicas presentes emolenmcontaminado por
exemplo. De forma simples, pode-se considerar quespectro EXAFS
constitui-se de oscilacdes oriundas de interfea&ngio atomo absorvedor
causadas por sua vizinhanca, ou seja, por seussinarinhos. Nesse contexto,
cada oscilacdo é dependente do nimero (nUmeroaddermcao) e do tipo de
atomo vizinho (RIBEIRO et al., 2003), fazendo come gquma oscilacédo seja
caracteristica para determinada espécie quimicalvamdo o elemento de

interesse.
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Figura 3 Espectro de XAS de NiO, mostrando as esgi®ANES e EXAFS,
bem como a borda de absorcé@bite line)
Fonte: Adaptado de Kelly, Hesterberg e Ravel (2008)

A identificacdo dos elementos vizinhos ao &tomo oaleslor,
determinando quantos eles sdo e qual a distaneaitimica entre eles, é
bastante complexa, e, para isso, tem-se uma eqleagiuwlo em consideracéo
todos esses parametros, conhecida como férmula EX&Bmo mencionado
anteriormente, esse processo de interpretacdo siigptes, sendo discutido em
maiores detalhes em outros trabalhos (FENDORF; $f5\R996; KELLY;
HESTERBERG; RAVEL, 2008). Contudo, ressalta-se gue&onhecimento
desses parametros, a exemplo da distancia intacaoénmuito importante para
um melhor entendimento em estudos envolvendo, yamplo, a adsorcdo de
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metais. Nesse contexto, estudos diferenciam adsdeg@sfera interna e externa
de Pb, tendo como base esses parametros (STRAWARISE, 1999).

Essa andlise do espectro EXAFS, determinando &ndistinteratdmica,
0 numero de coordenacdo e os atomos vizinhos deeste de interesse, tem
maior aplicabilidade para substancias mais pusss $e deve ao fato de que,
em substancias heterogéneas, ocorrem interferédeiagarios elementos ao
atomo absorvedor, tornando essa analise (ajuste)uah € realizada por
diferentes softwares, mais complicada. Nesse ctmtepara sistemas
complexos, a exemplo de solos, a interpretacdosdecero EXAFS tem sido
realizada utilizando-se a técnica conhecida cdimear combination fitting
(LCF), que também é realizada por programas de gtatpr.

A andlise de LCF consta de uma modelagem matemdsicamostra
desconhecida usando espectros de diferentes amostpmesentativas de
materiais com as espécies quimicas conhecidas alidgs (KELLY:;
HESTERBERG; RAVEL, 2008). Cada amostra, seja depomigdo quimica
conhecida ou ndo, gera oscilaces na regido de EXAEvido a interferéncia
dos elementos vizinhos ao atomo analisado. Assimandp se tém varios
espectros coletados em amostras padrdes (com@aggmequimica conhecida),
pode-se, por meio de LCF, combinar todos essextespeom o espectro da
amostra a ser avaliada, encontrando quais as amn@stdroes e porcentagens de
cada uma que contribuem para a obtencdo do melnsteada amostra
desconhecida. Essa andlise de LCF é realizada egnapmas de analise de
dados envolvendo XAS, a exemplo do Athena (RAVEEWVILLE, 2005).

De acordo com o exposto, aplicando-se a analideCffeem espectros
oriundos de solos contaminados, pode-se realizax detalhada especiacédo
quimica desses contaminantes. Contudo, é de supartancia, para isso, a
coleta de dados em varias amostras padrfes, assgimapossiveis candidatas de

ocorréncia na area. Nesse contexto, em estudosuzidod em solo
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contaminado com Zn, devido a atividade de minerag&oetalurgia do metal,
constatou-se, por meio de LCF no espectro EXAF$reaenca de 66% de
ZnFeO, e de 34% de ZnS na camada superficial do solo EES;
SCHEINOST; SPARKS, 2002).

Tendo em vista que os dois minerais encontrad@&stumlo mencionado
anteriormente (Znk®, e ZnS) tém estrutura cristalina, eles poderiam,
dependendo das concentragBes, ser detectados cosp ada técnica de
difratometria de raios-X (DRX), a qual é mais sie®l rapida e barata,
comparada ao uso de XAS. Entretanto, o uso dacgde XAS pode contribuir
de forma significativa para o conhecimento das @spéuimicas de uma area.
Isso porque, além de essa técnica permitir o rexdmiento de minerais em
propor¢cBes bem menores que a técnica de DRX (SPARBR3), ela ainda
pode identificar materiais precipitados que, naom&idos casos, sdo amorfos
ou mal cristalizados e, portanto, impossiveis demnseletectados por DRX.

Nesse contexto, diversos trabalhos avaliando aieg@® de metais em
solos contaminados usando a técnica de XAS foramndelvidos. Dentre eles,
Nachtegaal et al. (2005) investigaram a especidedon em solos oriundos de
areas de mineracdo/metalurgia e constataram sggivg porcentagem do Zn
associado a formas de precipitados. Os autoresltggssn que tais precipitados
levaram a uma dréastica reducdo da fracdo trocéwéidponivel de Zn, o que
reduziu significativamente a mobilidade desse eldmeEm outros estudos
utilizando a técnica de XAS também tem sido veaife a presenca dessas
formas de precipitados em solos contaminados conKEHAOKAEW et al.,
2012).
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3 CONSIDERACOES FINAIS

Com os estudos da presente tese foi possivel tanstaficiéncia de
diferentes espécies de plantas, especialmente iriaqe crotalaria, para a
revegetacdo de uma area de mineracdo de ouro ¢tosntedres de As. Essas
plantas se mostraram promissoras para a utilizagafitorremediacdo da area
avaliada, sendo consideradas tolerantes ao As. Alf&sso, verificou-se a
eficiéncia de utilizacdo de subprodutos industriggsna vermelha pura ou
misturada com 25% de fosfogesso) como amenizardes @ emprego da
fitotecnologia nessa area, tendo 0 amenizante & de lama vermelha com
25% de fosfogesso sido mais eficiente que a lamaelba pura, apresentando,
ainda, a vantagem potencial em termos de suprimémtautrientes (Ca e S
oriundos do fosfogesso).

Além disso, os estudos envolvendo extracdes seigiede Zn, Pb e Cd
em areas de mineracdo e metalurgia de Zn propemeon informacdes
importantes a respeito da mobilidade desses elesiemds dois diferentes
ambientes, sendo essa mobilidade maior na areat#dungia, comparada com
a area de mineracdo, para todos os contaminardabadns, especialmente para
0Zne o Cd.

Essa diferenga de mobilidade verificada nos doisiotambém foi
constatada para o Zn, por meio de testes de déssesando o procedimento de
agitacdo com fluxodirred-flow). Esses resultados divergentes, em termos de
mobilidade do Zn, nas duas diferentes areas, faraplicados realizando-se
uma especiacdo desse elemento por espectroscopidpstecido de raios-X
(XAS). Nesse contexto, a baixa mobilidade do Zroatrada nos solos oriundos
da &rea de mineracdo do metal foi atribuida & foiimale alguns precipitados
de Zn, os quais reduzem significantemente a maiiéddo elemento. Por outro

lado, a elevada mobilidade desse metal observad@re@a de metalurgia foi
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atribuida, também de acordo com os resultados dg, Xad fato de grande
quantidade do Zn nessa area estar associado aaisafexcamente ligados a

fase sélida do solo e, consequentemente, de elevalididade.
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Abstract

Arsenic release into soils is a well-known problegarby gold mining areas.
We investigated two industry by-products — red r{R) and its mixture with
phosphogypsum (RMG), as amendments in an As-congded soil from a gold
mining area in Brazil in order to grow three plaspecies: Brachiaria
decumbens, Crotalaria spectabilis, and Stylosanthes cv. Campo Grande. These
amendments were applied to reach a soil pH of 8dlng RM and RMG
increased SDM and RDM of most plants, with RMG bemore effective.
Adding RMG increased the SDM @8fachiaria andCrotalaria by 18 and 25%
and the RDM by 25 and 12%, respectiveBylosanthes was sensitive to As
toxicity and grew poorly in all treatments. Arsemioncentration in shoots of
Brachiaria andCrotalaria decreased by 26%ith the use of RMG while As in
roots reduced by 11 and 30%, respectively. Alse, dbtivities of the plant
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oxidative stress enzymes varied following treatraewith the by-products.
Brachiaria and Crotalaria could be considered as tolerant to As toxicity and
thus liable to be employed for phytoremediationpoges, especially with the
use of RMG due to its potential advantage in teofrisutrient supply (C4 and
SO, from phosphogypsum).

Index terms: contamination, phytotechnology, redipphosphogypsum

1. Introduction

Metal and metalloid concentrations exceeding pesitliss limits set by
local legislations have been documented in mangeglaround the world, which
may pose a threat to human health and/or ecologysééms. Arsenic — a known
human carcinogenic — is one of such elements anchnattention has been
given lately to this metalloid due to increasingcams of environmental
contamination as a result of human activities [Lhe major anthropogenic
sources of As are associated with mining and sngeéictivities [2]. Arsenic has
been ranked first in the priority list of harmfullsstances to human health by the
Agency for Toxic Substances and Disease Registigesi997 [3]. Because of
that, studies involving the remediation of As-conitzated soils have become of
great importance, particularly those concerning tise of phytoremediation
(phytotechnologies) [4].

Among the various phytotechnologies used for rematédi of
contaminated areas, stabilization (with soil ameewhs) followed by the use of
tolerant or (hyper) accumulator species has beesidered as a promising
technique [5]. Yet, the choice of an appropriateadment is very important for
the success of the phytoremediation process. | d¢bintext and taking into

account that Fe and Al oxides have been identdiggrimary sinks for As in
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soils [2], several studies have been conducteddardo evaluate the use of red
mud (RM), an alkaline and oxide-rich material, ao#h amendment [6,7].

Red mud is an aluminum industry by-product generate large
amounts worldwide. Considering that the productmnl ton of alumina
generates 1-1.5 tons of RM [8], the production bf R Brazil was estimated at
16.52 million tons in 2005 [9]. This by-product é®nsidered to be a good
adsorvent for As due to its high concentrationB@find Al oxides [7,10].

Although pure RM could be considered a good sorlfieniAs, recent
studies have pointed out that a mixture containiddo of RM + 25% of
phosphogypsum (hereafter called RMG) could be ejmiog material due to its
higher As adsorption capacity when compared with BMne [10], which
indicates RMG as a good amendment to be testedkprrienents involving
phytoremediation of As-contaminated sites.

Considering that phosphogypsum (a phosphate fertilindustry by-
product) is also produced in large amounts arotmedvtorld, including Brazil
[11,12], the utilization of RMG as an amendmenfesfcontaminated soils has a
dual advantage because besides acting as an am#ndhee RMG may also
decrease the great amounts of RM and phosphogyptared in the industries,
thus eliminating an environmental liability.

Many batch and pot experiments involving phytoreiatiah of As-
contaminated soils from mining areas have beenuwied all over the world. In
Brazil, these studies mostly refer to soils aifly contaminated with As
[13,14]. Nevertheless, phytoremediation studiesgugis-rich soils occurring in
natural environments, such as in mining areasstilteequired. Furthermore, no
previous studies have evaluated the use of RMGnasmendment in As-
contaminated areas. Therefore, this study aimauestigate the efficiency of a
phytotechnology employing red mud (RM), as well iés mixture with

phosphogypsum (RMG), as amendments for decreassnghftoavailability in
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order to grow three plant species in an As-ricth fsom an important Brazilian
gold mining area. The effectiveness of the soil maineents and the plant species
was assessed through analyses of As-related sbiplamt traits, including the

activities of plant oxidative stress enzymes.

2. Materials and Methods

2.1. Site description and sampling

Soil samples were randomly collected at the 0—20depth in a gold
mining area located in Paracatu and were suppledINROSS Brazil. In this
area two different soils were collected, which heseafter called B1 and PNR
(Private Natural Reserve). The soil B1 is knownhtve high arsenic levels
while the PNR came from a native Brazilian savan(@érrado biome) area,
being considered an uncontaminated soil and ustrisistudy as a control.

The red mud (RM) sample was collected at the 0420depth in a
reservoir located in Pocos de Caldas and was sabpli ALCOA Brazil while
the phosphogypsum (G) sample came from Uberabaveasl supplied by
FOSFERTIL. Paracatu, Pocos de Caldas, and Ubeitiba are all located in
Minas Gerais State, Brazil, being 864, 256, and KRfneters away from Séo
Paulo city, respectively. The soils and by-prodBts! and G) were air-dried at
room temperature and then passed through sievésanfl 2 mm, respectively,
for further tests.

2.2. By-products characterization and soil incudrati

The by-products tested as amendments in this preserk were red
mud (RM) and a mixture containing 75% RM + 25% gpsum (RMG). The
RM used has maghemite, gibbsite, goethite, hematite quartz while the G has

gypsum and anhydrite (anhydrous calcium sulfate)hasmain mineralogical
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components based on previous X-ray diffraction yaed [10]. The RM is a
material rich in oxides, presenting as major oxide$26% of AlLOs), Si (19%
of SiQ), and Fe (20% of R©s). Additional details regarding the
characterization of these by-products can be faindpes et al. [10].

Due to the alkaline reaction of both RM and RMGpra-test was
conducted prior to the definitive soil incubatioty{product application
preceding plant growth) in order to determine thte 1of each by-product to be
applied to the soil as well as the time requiradcfamplete reaction of each by-
product in the soil. Under such circumstances, gbal was to add both
amendments RM and RMG to raise the soil pH to apprately 6, which is a
situation that represents a worst case scenariadqrhytoavailability, since As
availability increases with increasing soil pH. ubation curves were
constructed adding the by-products (RM and RMG3dib B1 in the following
proportions (% by weight): 0, 0.10, 0.20, and 0B@x that, both materials were
homogenized and incubated up to 30 days with amsoikture close to field
capacity and final pH values were recorded to adjus incubation curve. The
final amendment doses required to increase sopB1o 6 were 0.05% for RM
and 0.13% for RMG (Fig. 1), which are equivalentli® and 2.6 tons per
hectare of RM and RMG, respectively.

Following this pre-test and knowing the incubattone (30 days) and
the percentages of each by-product required tee@ss the soil B1 pH to 6,
these doses were added to soil B1. These matatiadg with soils B1 and PNR
without amendments were placed into plastic bagskapt moist close to field
capacity for 30 days. Samples were then taken feach plastic bag for soil
fertility analyses, as well as for measuring sof foncentrations using the
Mebhlich-1 (0.05 mol [* HCI + 0.0125 mol [* H,SOy) procedure [15].

It was also determined arsenic semi-total conceotrs following soil

digestion in a microwave oven, using HN@ccording to the 3051A method
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[16]. Semi-total concentration of As was also dmiaed using certified soil
standards (Montana soil, NIST 2710a; National toti of Standards and
Technology) to ensure adequate quality controhefanalyses.

After soil incubation and prior to cultivation, seamples were removed
from the plastic bags and placed into pots assemblith 2-L bottles of
polyethylene terephthalate (PET), which have bedted approximately in half
in order to be used as pots, but with the advantédeeing able to collect soll
leachates. Deionized water was then added in exaesch pot in order to force
leaching. Soil leachates were analyzed for pH and Electrolytical
conductivity), as well as for As (using graphiterrface atomic absorption
spectrometry), and NaNH,", K*, Mg?*, C&*, F, CI, NOs, PQ?, and SG*

(using ionic chromatography).

2.3. Greenhouse experiment

The plant specie®rachiaria decumbens, a high biomass production
grass, andCrotalaria spectabilis, and Stylosanthes cv. Campo Grande, two
perennial legumes were selected for this studyphksihts were sown in the PET
pots and after germination six homogeneous plaatse kept per pot. During the
experiment, which was conducted with 5 replicaths, pots were maintained
with a soil moisture close to field capacity by glang and daily irrigation with
deionized water. Plant nutrients were applied tis ps follow (mg drfl): 300 of
N, 200 of P, 300 of K, 75 of Ca, 30 of Mg, 50 of0& of B, 1.5 of Cu, 5 of Fe,
10 of Mn, and 0.1 of Mo. Except for N and K, whigkere split in three
applications, all other nutrients were appliedlanting.

After 60 days of exposure to each treatment, alhtsl were collected
individually and separated into shoots and root®oo® were washed with
deionized water while the roots were washed with weater until completely

clean, followed by a 0.1 molLHCI solution wash and deionized water wash.
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After that, they were then oven-dried with a for@idcirculation system at 60
°C. The shoot dry matter (SDM) and the root drytarafRDM) weights were
recorded and then these materials were groundubjdcsed to HN@digestion
in a microwave oven with a soil:acid ratio of 1:[16] to determine the As
concentrations present in the extracts. Arsenityaea were performed using an
atomic absorption spectrometer (PerkinElmer AAna®@O®) with either flame
(measurements in the range of mg)Lor graphite furnace atomization
(measurements in the range of ug.LSimilarly to soils, a certified reference
material (Plankton, BCR 414; Institute for ReferendVaterials and
Measurements) was used to check the accuracy défesminations, which was
found satisfactory, i.e., less than 6% of variation

The phytoextraction ability of the plants with resp to As was
evaluated using both the translocation factor (8RY the bioaccumulation
factor (BF). The translocation factor was calcuatéividing the As
concentration in the shoot by the As concentrationthe root and, the
bioaccumulation factor, was calculated as the @titve As concentration in the
shoot divided by the As concentration in the sbil,[18].

The oxidative stress due to 60 days of exposudifferent As-stressing
conditions in plant shoots was also assessed leyrdigling the activities of the
plant oxidative stress enzymes. The apex of thl thilly expanded trifoliate
leaf was removed for enzymatic analysis, kept muiti nitrogen during
collection, and stored at -80°C. About 0.1-0.3 nfgfresh leaf tissue was
homogenized in 1 mL of extraction buffer (100 mrhdiphosphate buffer, pH
7.0, 0.1 mmol [* EDTA; 10 mmol L*ascorbic acid) in a pre-chilled mortar and
pestle with liquid nitrogenThe homogenate was centrifuged at 12,000 g for 30
minutes at 4°C, and the supernatant was collectedehzymatic activity

analysis, being the enzymes as follow: superoxiggngtase (SOD) [19],
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ascorbate peroxidase (APX) [20], catalase (CAT),[2td glutathione reductase
(GR) [22].

The results of dry matter production and conceioinabf As in shoots
and roots were subjected to an analysis of variasogy the statistical analysis
system SISVAR [23]. Under these circumstances,ntkans of the treatments
that correspond to each plant species were compgréte Scott-Knott test (p <
0.05).

3. Results and Discussion

3.1. Soil characterization and leachate analysis
The soil fertility parameters for each treatmeritefaincubation with

by-products and in control soils) are shown in €ahl First at all, it is possible
to note that the pH values of soil B1 treated withproducts increased to
around 6 as expected from the pre-incubation t&gt (). It is noteworthy that
both control soils (PNR and B1) had a natural pbkelto 5 (Table 1), which
hiddens As availability, because the lower the pél tiigher is the soil affinity
for As. As pointed out earlier, by increasing spi to 6, we expect As
availability to increase, which creates worse ctods for plant growth. This
would be the best situation for each by-produeoress its effectiveness.

The concentrations of Na increased with the apjitinaof both by-
products (Table 1). This fact may be attributedht® high alkalinity of RM due
to its elevated Na levels that came from the B&mecess [24]. In general, as
can be seen in Table 1, the soil B1 presents gelimiations to the plant
development, as in the studies conducted by Stleh §£5].

Soil arsenic concentrations (semi-total and Mehliclextractable)
following the incubation with by-products are shoiwrTable 2. As can be seen,

it was confirmed that the control soil PNR is coesed uncontaminated taking
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into account that its As semi-total concentratioasvsmaller than the value
established by the Brazilian legislation as a wagmialue for soils (35 mg Ky
[26]. On the other hand, the soil B1 has a higltéscentration (Table 2), which
probably came from the gold mining process, padity from the minerals that
the gold is associated with (e.g., arsenopyrite).

The As concentrations that were extracted by MhbHlicpresented a
slightly decrease following the treatment with Rl RMG (Table 2). These
results indicate the positive effect of these bgdpicts for diminishing As
availability. Such results corroborate previousliimgs pointing out red mud as a
good adsorbent for As removal [27,28], as well bhe tdjuvant effect of
phosphogypsum (G), i.e. G acts as a helping ageimctease the As sorption
capacity of RM [10].

The pH of soil leachates from soil B1 increasechvtite utilization of
both by-products RM and RMG (Table 3). Costa ef%levaluating the use of
red mud as an amendment in contaminated soils tegpaimilar results.
Moreover, the electrolytical conductivity (EC) agllvas the Na concentrations
were greater when the by-products were used, edjyeitie RMG. This fact can
be explained due to the fact that both by-prodadi more ions to the soil (as
can be seen, in general, in Table 3 fof'Chla’, CI, NO;, PQ*, and SGF),
thus increasing EC. Leite et al. [29] mentionedt thdding gypsum to soils
contributes to an increase in EC due to two diffemeasons. The first is the
increase of soluble Ca in solution due to gypsulmtsiization and the second is
the displacement of Na by Ca from the soil exchahfge complex to soil
solution.

Arsenic concentrations in the leachates were $jidhigher following
the treatment of the soil B1 with RM and RMG (TaB)e This fact is linked to
the greater pH values found when soil B1 was tckatégh the by-products,
taking into account that high pH values favor Asatption from red mud [30].
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Furthermore, studies checking the effect of pH ug concentration in
solution as determined by the TCLP test (Toxicityamcteristic leaching
procedure) showed that the fraction of As leactsdle 3 to 4 fold higher when
the pH is increased by a unit [31]. It has to bentio@ed that besides the As
concentrations in the leachates were slightly highleen the soil was treated

with the by-products, this parameter was very sinall treatments.

3.2. Plant growth assessment

The dry matter production of shoots (SDM) and ro®®M) of the
evaluated plants are shown in Fig. 2. Initiallye tiry matter production (shoots
and roots) was lower for th@&ylosanthes compared with the other two plant
species. Also, the dry matter production was eegret whentylosanthes was
cultivated in treatments involving the contaminaseil in comparison with the
uncontaminated one. ThuStylosanthes was found to be more sensitive to As
toxicity than other plants and grew weakly in ediatments.

The RMG application resulted in increases in tredpction of SDM of
theBrachiaria andCrotalaria (Fig. 2). Positive effects of the by-products ba t
dry matter production were also verified for thetsy and a higher production of
RDM was observed with the use of RM and RMGBoachiaria and with RM
for Crotalaria. The effectiveness of red mud for the remediatioh
contaminated areas with trace elements has beam@mted in several works
[32]. Costa et al. [9] evaluated the growth Bfachiaria in Cd- and Pb-
contaminated soils and showed dry matter produdtiocreases when the soil
was amended with red mud. These authors mentidmsdréd mud reduced
trace metals availability and consequently improviee conditions for plant
development, which was reflected on their dry nigiteductions.

Fig. 3 shows As concentrations (mg'kégn the SDM and RDM as well

as the quantity of arsenic in each pot (ug'pothe concentration of As in the



42

SDM reduced with the use of the amendment RMG Boachiaria and
Crotalaria, whereas an increase of these concentrations eamoted for the
Sylosanthes (Fig. 3A). Moreover, with respect to the utilizati of RM, no
significant effects were observed in As concerdratin the SDM for
Braquiaria, while greater and smaller As concentrations wiasserved for
Crotalaria and Stylosanthes, respectively when compared with the unamended
control.

The amounts of As (mg Ky, in the SDM and RDM for th&ylosanthes
were relatively in the same order of magnituden@petomparable with the
values observed for tHraquiaria andCrotalaria (Fig. 3A and 3C). However,
this fact can be attributed to the concentratidectf taking into account that the
development of th&ylosanthes was smaller (Fig. 2). This concentration effect
was reflected on the low quantity of As, in ughatccumulated in each pot for
Sylosanthes (Fig. 3B and 3D).

Following treatments with RM and RMG, As concerntnatin the RDM
decreased, except fBrachiaria, which presented no significant alterations (Fig.
3C). Studies under field conditions involving theeuwof red mud and lime as
amendments to remediate contaminated soils witte traetals have showed
improvement in the growth oFestuca rubra with the utilization of these
materials as stabilizers of the contamination [33].

The alterations due to the RM and RMG utilizatiorthe production of
SDM and RDM as well as in As concentration in SDiMi &DM are shown in
Table 4 as percentages in comparison with the undetecontrol (soil B1). It is
noteworthy that the by-products utilization resdltén increases in the
production of SDM and RDM and in decreases in Axceatration in SDM (As-
SDM) and RDM (As-RDM) forBrachiaria and Crotalaria, except for the As-
SDM of Crotalaria when RM was used, which increased 14%. As carebe, s

in general, this effect in raising or reducing 8ieM and RDM or the As-SDM
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and As-RDM was higher with the utilization of RMGrmpared with RM,
respectively. In this context, following the treaint of soil B1 with RMG, there
was an increase of 18% in the SDM and of 23% in R@irachiaria and of

25 and 12% inCrotalaria, respectively. On the other hand, considering the
application of RMG foBrachiaria andCrotalaria, the As-SDM had a decrease
of approximately 26% (+0.67%), while reductionsldPs, 30%, and 53% were
verified in As-RDM inBrachiaria, Crotalaria, and Stylosanthes, respectively
(Table 4).

The bioaccumulation (BF) and translocation fact@ms) are shown in
Table 5. Both factors were lower than 1.0 for edlatments and plant species.
Taking into account that hyperaccumulator plantgeh present BF greater
than 1.0 [34], these results show that all testihtpspecies are not As
hyperaccumulator, yet could be considered As totefrachiaria has been
reported as a tolerant plant when cultivated ifedént soils contaminated with
As elsewhere [13]. According to Fitz & Wenzel [34dlerant plants tend to
restrict As translocation from the soil to plantgldrom the root to shoots, while
the hyperaccumulator plants strongly absorb antkoaate As.

Tolerant plants present BF lower than 1.0. Thugioad example to
show this trend is to compare the BF from a tolerdant Agrostis catellana
Boiss cultivated in a soil containing 17,000 mg*kgf As [35] with a
hyperaccumulator plamterris Vittata L., which grew in a soil with 97 mg Kg
of As [36]. The tolerant plan#( catellana) presented 170 and 1,000 mg'kaf
As in the shoots and roots, respectively (BF = )).@hereas that the. vittata
had 7,234 mg K§of As in the shoots and 303 mggf As in the roots (BF =
74.6).

Arsenic tends to present low translocation fromtsom shoots [37],
corroborating the results obtained in the presamkwin which As translocation

was small (TF lower than 1.0). As can be seen Wié€ra, higher TF values were
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found for Sylosanthes. However, this trend can be attributed again te th
concentration effect, taking into account that tdevelopment of the
Sylosanthes was smaller (Fig. 2).

Plant exposure to As may increase the productiooxgfien reactive
species such as,QH,0,, and OH, which are continuously produced by the
plants [38]. In this context, the plants have salvdiochemical protective
mechanisms against oxidant agents, including endgmahich involve the
simultaneously activities of SOD, CAT, APX, and GRd non-enzymatic
mechanisms such as the increase of the thiol (phgtatin) production [39]. In
general, as can be seen in Table 6, following ireats with the by-products,
the CAT and APX activities in plant shoots decréasempared with the
unamended control. Taking into consideration ohly enzymatic aspect, this
fact indicates that the oxidant agents decreasesh e soil was amended with
RM and RMG, which resulted, in general, in decreamghe As concentrations
in the SDM, as reported in Table 4.

The GR activities did not present significant difieces with or without
the application of by-products for all plants ewkd (Table 6). However, the
activity of this enzyme was higher in plants cwdted in the As-contaminated
soil than in the uncontaminated soil control. tdkiely, the SOD activities tend
to increase or decrease followed by treatments lythroducts foBrachiaria
and Crotalaria or Stylosanthes, respectively. Studies involving the exposure of
Crotalaria spectabilis to As revealed that the SOD activity increasednupo
increasing As contamination [40].

4. Conclusions
The plant species tested in the present studybiedidifferences in
sensitivity and response to As toxicity and to alpplication of the by-products,

with Sylosanthes being more sensitive thdrachiaria andCrotalaria.
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The by-product RMG was more efficient than RM asaarendment for
alleviating As, presenting also a potential advgaten terms of nutrient supply
(C&" and S@ from phosphogypsum).

Brachiaria andCrotalaria were not regarded as hyperaccumulators, but
tolerant to As toxicity, yet they could still be ags for phytoremediation

purposes in As-contaminated soils.
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Reserve (soil uncontaminated); Soil B1, As-contaad soil; RM, red mud;
and RMG, 75% of RM mixed with 25% of phosphogypsum.
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uncontaminated); Soil B1, As-contaminated soil; R mud; and RMG, 75%
of RM mixed with 25% of phosphogypsum.
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Table 1

Soil fertility parameters following the incubatiarith by-products.
Attributes™ PNR B1 B1+RM B1+RMC
pH (H.0) 4.87 5.12 5.77 5.9¢
P (mg dn®) 2.20 3.1C 3.7C 4.3(
K* (mg dn) 144 22.C 23.C 22.C
Na" (mg dn?) 6.4C 8.3( 34.C 51.F
Cc&** (cmol, dn®) 0.3( 0.1¢ 0.1¢ 0.3(
Mg?* (cmol. dm®) 0.6( 0.2( 0.2( 0.2(
Al** (cmol, dn®) 0.8( 0.1¢ 0.1¢ 0.1¢
H* + AI** (cmol, dm®) 5.0C 1.1C 0.9C 0.9C
SB (cmo. dm’®) 1.3C 0.4C 0.4C 0.6C
Effective CEC (cm¢ dni®) 2.1C 0.5(C 0.5(C 0.7
pH 7.0 CEC (cm¢ dm®) 6.20 1.40 1.20 1.4C
V (%) 20.1 25.C 29.7 39.
m (%) 38.7 21.¢ 21.7 15.2
SOM (g k¢ 38.C 6.0C 6.0C 4.0C
P-rem (mg L) 26.C 48.¢ 43.F 448
Zn (mg dn’®) 0.8C 0.5C 0.4C 0.4C
Fe (mg dr) 97.¢ 20.¢ 22.2 19.
Mn (mg dr®) 12.4 2.0C 1.8C 1.6(
Cu (mg dn®) 1.7C 0.6C 0.7C 0.6C
B (mg dr?) 0.1C 0.0C 0.0C 0.0C
S (mg dn’®) 372.2 413.¢ 28.F 59.

) Determined according to Embrapa [15]. SB, sunbades; effective CEC,
cation exchange capacity (CEC) in the natural@dilpH 7.0 CEC, CEC in the
pH 7.0; V, saturation of bases; m, saturation gf DM, soil organic matter;
PNR, Private Natural Reserve (soil uncontaminat&d)t B1, As-contaminated
soil; RM, red mud; and RMG, 75% of RM mixed with92®f phosphogypsum.
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Table 2
Semi-total and Mehlich-1 extractable arsenic in thails following the

incubation with by-products

Treatment As (mg k¢?) As Mehlicr-1 (mg k¢™)
PNR 10.3 (0.87 0.71 (0.04

Bl 600 (37.7 85.5 (1.69
B1+RM 551 (26.3 75.4 (6.68

B1 + RMC 526 (28.3 77.0 (2.01
Reference soil (NIST 2710% 1348 (285 -

@ The As recovery concentration value in the refeeesoil was close to 90%.
The values represent the averages (n=4) with thgindard deviations in
parentheses. PNR, Private Natural Reserve (sodntaminated); Soil B1, As-
contaminated soil; RM, red mud; and RMG, 75% of Riked with 25% of

phosphogypsum.
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Table 3
Chemical characterizations of soil leachates falhgwthe incubation with by-
products
Na" NH,” K Mg  Cc&* As EC
Treatments T ugtto dS- mt
PNR 11.2 78.C 74.€ 221 26.2 ) 1.2t
(0.21) (5.46) (4.65) (1.62) (0.64) (0.23)
B1 53.¢ ) 32.2 30.1 8.41 6.5¢ 0.8¢€
(1.35) (1.33) (2.69) (0.08) (0.97) (0.07)
/ - -
B1 + RM 134 ] ] 11.€ 9.6 9.07 0.92
(12.7) (1.32) (1.12) (2.38) (0.16)
Bl + 36€ ) ) 8.4:% 31t 10.2 2.5¢
RMG (6.09) (1.14) (3.25) (2.27) (0.17)
oH F Cr I:lnog' ) PC;~  SC~
- g L
PNR 4.67 0.0z 12.¢ 602 2.6( 0.71
(0.13) (0.01) (1.45) (34.3) (0.20) (0.10)
51 5.4¢ 0.0¢ 3.1C 7.4¢ 0.6€ 8.17
(0.43) (0.02) (0.55) (0.96) (0.05) (0.58)
B1 + RM 6.67 0.0¢ 6.3C 6.72 0.6: 12.€
(0.14) (0.01) (3.27) (1.08) (0.04) (.17
Bl + 6.6 0.1¢ 16.2 15.2 1.1¢ 82.¢
RMG (0.09) (0.03) (1.72) (1.01) (0.02) (4.71)

The values represent the averages (n=4) with thindard deviations in
parentheses. PNR, Private Natural Reserve (sodntaminated); Soil B1, As-
contaminated soil; RM, red mud; and RMG, 75% of Riked with 25% of
phosphogypsum.
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Table 4

Percentages of increase (+) or decrease (-) dine &M and RMG utilization in
the production of SDM and RDM (g pbtas well as in As concentration in
SDM and RDM (mg kg).

Plant specie
Attributes Brachiaria Crotalaria Sylosanthes
RM RMG RM RMG RM RMG
SDM +7.7¢ +17.¢ +5.3¢ +23.2 +0.7¢ -12.C
RDM +22.7 +25.¢ +39.F +12.( +40.£ 0.0c
As-SDM -13.2 -25.2 +13.¢ -26.7% -46.( +86.4
As-RDM -10.¢ -10.% -27.¢ -30.1 -69.t -53.C

+ or — before the numbers means increases andadesraespectively.

Table 5

Bioaccumulation (BF) and translocation (TF) factofsAs of the evaluated
plants after 60 days of exposure to different Aessting conditions following
the incubation with by-products

Plant specie

Treatments Brachiaria Crotalaria Sylosanthes

BF TF BF TF BF TF
PNR 0.019 0.132 0.006 0.038 0.011 0.049
(0.005) (0.031) (0.002) (0.008) (0.003) (0.008)
B1 0.057 0.102 0.108 0.088 0.103 0.223
(0.005) (0.012) (0.007) (0.011) (0.008) (0.033)
B1 + RM 0.054 0.099 0.134 0.139 0.060 0.385
(0.002) (0.006) (0.018) (0.030) (0.005) (0.047)
B1 + RMG 0.048 0.085 0.091 0.092 0.218 0.887

(0.005) (0.013) (0.006) (0.011) (0.029) (0.160)

The values represent the averages (n=4) with thindard deviations in
parentheses. PNR, Private Natural Reserve (sodntaminated); Soil B1, As-
contaminated soil; RM, red mud; and RMG, 75% of Riked with 25% of
phosphogypsum.
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Table 6

Catalase (CAT), ascorbate peroxidase (APX), gligath reductase (GR), and
superoxide dismutase (SOD) activities in the shobthe evaluated plants after
60 days of exposure to different As-stressing dimth following the incubation
with by-products

Plant specie PNR Bl Bl + RM B1 + RMC

--------------- CAT (umol F,0, g* MF min™) ---------------
Brachiaria 197 (8.14 163 (26.4 97.2 (59.7 114 (19.8
Crotalaria 246 (12.5 201 (30.8 304 (22.3 35.4 (1.73
Sylosanthes 536 (39.1 1079 (99.C 613 (173 713 (156

------------ APX (umol Ascorbate * MF min®) ------------
Brachiaria 3281 (103 4022 (431 2138 (442 2405 (465
Crotalaria 761 (125 906 (159 305 (63.8 1042 (148
Qylosanthes 1072 (222 1604 (393 1372 (293 1761 (67.1

-------------- GR (umol NADPH i* MF min?) --------------
Brachiaria ~ 1.96 (0.03 3.90 (0.07  4.05 (2.01 4.93 (1.02
Crotalaria 0.0C 1.12 (0.31 1.57 (0.58 1.59 (0.01
Qylosanthes 3.40 (0.34 4.30(0.77  4.34(0.70 5.55 (1.94

SOD (U ¢! MF)

Brachiaria ~ 2.32(0.12 1.70(0.34  1.90 (0.38 2.43 (0.37
Crotalaria 1.35(0.09 0.36(0.11 2.29(0.22 0.85(0.13
Qylosanthes 2.22 (0.38 2.42(0.40  1.07 (0.55 1.35 (0.90

The values represent the averages with their stdrdfviations in parentheses.
PNR, Private Natural Reserve (soil uncontaminat8djt B1, As-contaminated
soil; RM, red mud; and RMG, 75% of RM mixed with92®f phosphogypsum.
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Abstract

This study investigated single and sequential etitias of Zn, Pb, and
Cd in Brazilian soils affected by mining and snrejtictivities. Soils from a Zn
mining area and a tailing from a smelting area vesiéected in Brazil. The risk
assessment code (RAC), the redistribution indeg)(ldind the reduced partition
index (k) have been applied to the data. Zinc and Cd, iinsamples from the
mining area, were found mainly associated with caabe forms, which did not
occur for Pb. For the tailing, more than 70% ofatrd Cd were released in the
exchangeable fraction, showing a much higher mghilf these metals at this
site, which was also supported by results of RA@ kn These differences in
terms of mobility might be due to different chentitams of the metals in the

two sites, which are attributable to natural ocence as well as ore processing.

Index terms: extractions, speciation, mobility
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1. Introduction

Heavy metal contamination of soils is an environtaeproblem that
has increased in the past few decades. Heavy medalsenter ecosystems
through both natural and anthropogenic processewinyyl and smelting
activities are very important for societal devel@nt yet these activities are
known to have a potential of generating heavy medakamination (He et al.,
2005).

High metal contents are commonly found in soileet#d by mining
and smelting activities, which can result in coesable soil contamination
(Alloway, 1990). Although there are several Zn minareas containing sulfide
zinc as their deposits, the Zn mining area of Vézalocated in Minas Gerais
State (MG), Brazil is one of the major known siteezinc deposits in the world
(Hitzman et al., 2003). This deposit is responsibtea substantial portion of Zn
production in Brazil (Monteiro et al., 2006), whibas been increasing in recent
years (MME, 2010). High Zn concentrations were ymesly reported in soils
from Vazante (Junior et al., 2008). Besides Zneotheavy metals such as Pb
and Cd can also be present at high concentratidheirarea, which is relevant
for human health risk assessments, due to the toighity of Pb and Cd to
humans.

Measuring total metal contents in contaminatedsagsging strong acids
may be valuable for a first estimate of risk assesd in these areas. However,
such determinations do not provide information dme tmobility and
bioavailability of heavy metals (Pagnanelli et &0Q04). The mobility and
availability of heavy metals are controlled by mapyocesses such as
precipitation-dissolution, adsorption-desorptioomplexation-dissociation, and
oxidation-reduction (Sparks, 2003). Such reactiaffisct the chemical form as

well as the soil-metal interaction, which can bieired by sequential extraction
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techniques (Hejabi and Basavarajappa, 2013). Tteedmiques provide useful
information on metal quantities that could be agged with different phases
(Sparks, 2003).

There are several sequential extraction methodgduitioning of heavy
metals in soils and sediments (Tessier et al., 18RAAstrom and Parker, 1999;
Han et al., 2003). These procedures are all basethe general principle of
reacting a soil sample with chemical solutions ahterized by increasing
strength. Using results from sequential extracpoocedures, Han et al. (2003)
developed an approach to study metal redistributiorsoils. The authors
mentioned the definitions and applications of tvemgmeters, the redistribution
index (Us) and the reduced partitioning parametey).(IThese parameters
provide useful information in quantifying redistutipn processes and binding
intensity of heavy metals in contaminated soilsu§;HJ; and k may assist data
interpretation as well as comparison among diffeseil samples.

Several studies evaluating contaminated soils dimsents worldwide
through sequential extraction procedures can bedf@uthe literature. In Brazil,
these studies mostly refer to river sediments (@&®atas, 1997; Perin et al., 1997;
Silva et al., 2002), with a few ones concerningtaonnated soils/sediments
from mining areas (Ribeiro Filho et al., 1999; Smaet al., 2001). Janior et al.
(2008) used sequential extraction procedures thuateaZn distribution in soils
of Vazante (MG) as well as to verify if Zn contamiion could expand from
mining areas to the soils in the municipality. Hoee they did not evaluate the
effect of the smelting process on the mobility avdilability of Zn, as well as
other metals (e.g., Cd and Pb) that can also septeat high concentrations in
soils and sediments. Therefore, no studies comparails/sediments derived
from mining and smelting activities with respectiie heavy metals distribution
among the different solid-phase components hava bagied out in the area.

Additionally, no previous studies in Brazil havephied the approach of
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estimating mobility/availability, as well as risksing the redistribution index
(U and the reduced partitioning parametgy. (I

This study aims to investigate single (using Méllc solution) and
sequential extractions of Zn, Pb, and Cd in sdfscéed by mining and smelting
activities in Brazil. For that, both parameters zanhd the 4 — were applied to
the data to improve the understanding as well antble a better comparison
among the samples, especially the contrast bettleeisoil samples from the

mining area with a sample of tailing from a smejtgite.

2. Materials and Methods

2.1. Area of study and soil sampling

Soil samples were taken from a Zn mining area &mtah Vazante,
Minas Gerais State, Brazil (Fig. 1). A total of sigil samples were collected at
0-20 cm depth from six different locations in tlite swhich were divided due to
their differences in properties (i.e., total cortcation of heavy metals). For
heavy metals fractionation analyses, in additiothtosix soil samples, a tailing
sample was also collected (0-10 cm) nearby a smgeftlant located in Trés
Marias, Minas Gerais State, Brazil (close to geplgi@coordinates 18°11'16”"
S, 45°14'20” W). Such tailing is a result of smmdfiZn ore from two different
locations (Vazante — where the soil samples wekenta and the region of
Morro Agudo, which is mostly a Zn sulfide ore bodyhe samples (soils and
the tailing) were air-dried at room temperature #rah passed through a 2 mm
sieve for further analyses.

2.2. Characterization
The properties of the soil samples (< 2 mm fragtimuch as pH in

water, cation exchange capacity (CEC), and pastidle distribution were
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characterized according to Embrapa (1999). Singlieaetions were carried out
on the soil samples using Mehlich-1 solution (Emphrel999). For that, 10 g of
soil were suspended in 100 mL of Mehlich-1 soluti®05 mol L' HCI +
0.0125 mol [* H,SQy), stirred for 5 minutes, resting overnight, beitige
supernatant then analyzed for Zn, Pb, and Cd uamgatomic absorption
spectrometry (Perkin Elmer AAnalyst 8§00

The mineralogical study of the soil samples wasiedrout by XRD
analysis, according to the methodology recommermedackson (1979). The
scanning interval used was 4—6@ i a Philips PW 1830/40 equipment, using

cobalt Ko radiation with a nickel filter.

2.3. Methodology of heavy metal fractionation

The sequential extraction procedure was appliedi{licate) to assess
heavy metal (Zn, Pb, and Cd) fractionation in défg mineral phases of the soil
samples as well as in the tailing sample. This gulace was a slightly modified
version of the protocol developed by Han et al.O@O0 Fig. 2 illustrates the
procedure used for heavy metal fractionation. tudth be mentioned that the
only difference between the procedure used in tlesegmt study and the one
applied by Han et al. (2003) was in the last stegiqual fraction). Instead of
using a 4 mol ! HNO; solution, for this fraction, we have digested $bé in a
microwave oven according to the 3051A USEPA prdtgdSEPA, 1998) with
a soil:acid ratio of 1:10.

After each step, the samples were centrifuged fomin at 2000 rpm
and then filtered through a 0.4 filter. The analyses of Zn, Pb, and Cd were
performed using an inductively coupled plasma atoerhission spectroscopy
(ICP-AES). The quality of the soil digestion apgli¢co obtain the residual
fraction was determined using a standard referemegerial (NIST 2586;

National Institute of Standards and Technology)dreries of Zn, Pb, and Cd
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were 91, 102, and 98%, respectively. The total enfrations of the metals were
calculated from the sum of all fractions.

The fractional redistribution index () of the soil samples was used to
describe the ratio of a heavy metal bound to @ g@iiase in a contaminated soll
related to the control soil (Han et al., 2003; Niiky et al., 2011). The fJwas

calculated using the following equation:
U =R/E g

where, F is the percentage of the total metal (Zn, Pb, @dyibound to a given
component in a metal-contaminated soil, apd Ehe percentage of the total of
metal bound to the same component in the contibl so

This index, |4, compares the amount of metal between the congdetn
and uncontaminated soils for the same solid comusneThe whole-soil
redistribution index (i) for a given metal is defined as the sum, forl,=.,k
components (number of soil fractions) of the prdduof the total metal
percentage bound to a given component by jigHan & Banin, 1999; Han et
al., 2003), according to the equation below:

Us = Z(Fz x Urfz‘) [2]

i=1

where, F is the percentage of the total metal bound to axtiftni in a
contaminated soil, and Jis the U function value of a given solid-phase
component.

For convention, Wis equal to 1 for non-amended or non-contaminated
(control) soils. This index for a contaminated geilusually higher than 1 and



65

tends to slowly converge towards one over time (Etal., 2003). Higher {J
values for contaminated soils mean that there ane mifferences in the heavy
metal distribution among the different solid-phasenponents compared with
the control soil.

In addition to these indexes, which were calculdtdthe soils from
Vazante, it was also determined the reduced partitidex (k) for all samples
(soils and tailing). This index is used to descrépeantitatively the relative
binding intensity of a metal to a soil, allowing filne comparison of the binding
intensity of a metal to different soils, as wellthe comparison of the binding
intensity of different metals to the same soil (Hatnal., 2003). Prior to the
calculation of the d, we calculated the partition index (l), accordittgthe
following equations (Miretzky et al., 2011):

=) (Fx©M/100 [3]

I =1/K" |4

where, {) is the extraction step number (1 for the leagtr@gsive and k for the
most aggressive) is an integer, usually 1 or 2, andig-the percentage of the
total metal bound to the componéntin this study, k=6, and n=2, the latter,
arbitrarily chosen. It has to be considered tha&rehis a maximum and a
minimum value for 4. Under such circumstances, the maximwvdlue is 1,
which is obtained when the metal percentage inrdsédual fraction (F is
100%. On the other hand, the minimugnvalue is 0.028 and is obtained when

the metal percentage in the exchangeable frackgnig 100%. Thereforegl
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measures the binding intensity of heavy metalils,swhere higher and lower
Ir values refer to smaller and greater mobility availability, respectively.

The risk of environmental contamination by the aske of Zn, Pb, and
Cd in the soil samples as well as in the tailings vwe&aluated through the risk
assessment code (RAC). This code has been appdmdhere (Jain et al., 2004,
Singh et al., 2005; Rodriguez et al., 2009) andetates the amount of metal in
the exchangeable and carbonate fractions with emviental risk (Jainet et al.,
2008), thru a classification scale ranging fromrist to very high risk for the

environment.

3. Results and Discussion

3.1. Soil characterization

Physicochemical properties of the soil samplemftbe Vazante mine
area are presented in Table 1. In general, the sate alkaline. This can be
attributed to the presence of calcareous mineaalseported in the XRD results
(Fig. 3). Percentages of organic matter were loith thhe highest value found in
the control soil. The presence of vegetation in dhea where the control soil
was collected could explain its higher OM contemmpared with the other soil
samples. Also, a higher CEC was verified for thatad soil, which can be
explained due to its greater OM content. Soil texiof the soil samples, as per
the USDA classification, varied from sandy-loanckay.

High total concentrations of Zn, Pb, and Cd werenfb in the soil
samples, especially Zn (Table 2). In general, tligomcontaminants were Zn
and Pb. Even in the control soil, which was co#ldcin an area of native
vegetation located next to the pit mining (Fig. the total concentrations of
these metals are not considered low compared Wwiambrmal range found in

agricultural soils. However, studies have shownt thilae heavy metal
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concentration ranges in the region of Vazante arenally elevated (Junior et
al., 2008).

Single metal extraction results using Mehlich-lugoh are also shown
in Table 2. The amount of the metals released ulleglich-1 was different
among the soils. Comparing such soils with respecttheir Mehlich-1
extractable metal content is problematic, takirtg account that the soils do not
have the same total metal contents. In this contiegtnumbers in parentheses in
Table 2 represent the percentage of the total nmatentration that was
released with Mehlich-1 solution. A small fractiohthe total content of Pb was
desorbed by this single extraction. On the otherdhdor Zn and Cd, the
percentages removed using the same solution weteehiwith Cd showing
greater values when compared with Zn. Similar teswere also reported by
Maiz et al. (2000). However, it should be noted tha Zn total concentration,
as well as its amount removed with the Mehlich-lutsan were significantly
higher than Cd.

Mineralogical analysis (XRD) of the soil sampleswskd, in most cases,
the presence of the following minerals: chloritejadz, mica, kaolinite,
hematite, dolomite, fayalite, ankerite, and sider{fig. 3). According to
Rigobello et al. (1988), the region of Vazante @nposed predominantly of
dolomitic minerals. In addition to these basic mie XRD analysis of soil E
also revealed the presence of willemite and henphite, which are Zn
minerals associated with silicate. These mineraletbeen identified just in the
Soil E because, among all samples studied, orgyhéd a Zn concentration high
enough to be detected by XRD (detection limit ~ 5%)

The Vazante zinc deposit is one of the major knmen-sulfide Zn
deposits in the world, sharing characteristics aitlrelatively small number of
the other deposits, such as Beltana (Australialg Beikus/Abenab (Namibia),
and Kabwe (Zambia) (Hitzman et al., 2003; Monteadtcal., 2006). Moreover,
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the ores in Vazante are characterized by the predaomme of hemimorphite or

willemite (Monteiro et al., 2007).

3.2. Heavy metal fractionation

The targeted components (soil phase) in each dractbtained from the
sequential extraction procedure were operationdéfined as: exchangeable
(Fy), bound to carbonate {f bound to easily reducible oxidesz)Fbound to
organic matter (JJ, bound to reducible oxides d)i-and residual fraction {f
Fractions k and Fk refer to metals bound to non-crystalline and aflise
manganese and iron oxides, respectively. Moredher,residual fraction g
contains naturally occurring minerals that may holte metals within their
crystalline matrix (Jain et al., 2008). The metathis fraction is assumed to be
bound to silicates and can only be mobilized assalt of weathering, which can
only be released in the long-term. A good desaiptioncerning the details of
each fraction usually removed from sequential exiva procedures can be
found in Filgueiras et al. (2002).

The concentrations of Zn, Pb, and Cd (mg)kgithin each fraction of
the sequential extraction analysis are given inl@f@ As can be seen, each
heavy metal and soil evaluated showed differentidigion patterns. However,
it should be mentioned again that the differentssstudied do not have the same
total metal concentrations (Table 2) and, as dtrdbe comparison among these
concentrations in each fraction, in mg~kgshould be done with caution.
Therefore, a large difference that is possible tienis the greater metal
concentration in the initial fractions, especidltythe first one, for the tailing
(smelting) when compared with the soil samples fkéamante.

The fractionation profiles (as a % of the total)zaf, Pb, and Cd in the
soil samples from Vazante (Fig. 4a) as well ashintailing from Trés Marias

(Fig. 4b) are shown in Fig. 4. In the soil samgdtesn the Vazante mining area
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Zn showed different fractionation profiles (Fig.)4Bor soil D, more than 90%
of the Zn was associated with the residual fractimticating its low risk of
mobilization. For the other soil samples from VaeaZn was mainly associated
with the carbonate and residual fractions, exceptsbil B, where the metal
bound to non-crystalline Fe-Mn oxides had a sigaifit contribution instead of
the carbonate phase. The exchangeable fractionnoinZzhese soil samples
(Vazante mine are) was very low, which agrees vatults found elsewhere (Li
and Thornton, 2001).

The large contribution of the Zn fraction bound darbonate can be
explained due to the presence of carbonates imreg based on XRD results
(Fig. 3). Several studies involving sequential astion procedures have shown
that Zn tends to occur mainly associated with #&dual and Fe-Mn oxides
fractions (Lu et al., 2003; Jalali and Khanbol®®08; Miretzky et al., 2011). It
should be stated that several extraction procedbee® been developed to
separate metal fractions and may differ among etudin this context, the
Tessier's procedure (divided into five fractions) diot separate the non-
crystalline from the crystalline Fe-Mn oxides fiacs (Tessier et al., 1979), as
we did in this present work. Thus, considering ¢heo fractions together {F
Fs), Fe-Mn oxides made a significant contributiorttte retention of Zn.

The fractionation profile of Pb in the soil sampfesm the mine area in
Vazante showed a low association with the carbadinattion, except for soil A,
in which approximately 22% of the Pb found was libio this solid-phase
component (Fig. 4a). In general, the major compbf@mPb was the residual
fractions, ranging from 34% for soil D to 66% ftietcontrol soil. In addition to
this major solid phase, Pb also was significangogiated with the Fe-Mn
oxides fraction. Similar results were reported byretzky et al. (2011).
Approximately 30% and 50% of Pb were found in thganic matter fraction

(F4) for the soils B and D, respectively. Taking ietmsideration that these soils
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have low OM contents, this fact can be attributethe reagent used in this step,
which can also remove metal bound to sulfides (fgias et al., 2002).

The fractionation profile of Cd in the soil sampfesm the mine area in
Vazante is also shown in Fig. 4a. Except for sqQilCd in the soils was strongly
associated with the carbonate fraction (30-53%)In@am release from the
exchangeable fraction was higher than for Zn andTPiis result agrees with
studies reported by Maiz et al. (2000), who foumat among several metals, the
most labile metal (exchangeable plus bounds toocete) was Cd followed by
Zn. High Cd in carbonate forms can be attributed thuthe similarity of the
ionic radius of C& (0.97A) when compared with €g0.99A). In this context,
several studies have shown that'Cahd C&" can substitute for each other in
minerals, (e.g. phosphate and carbonate minerdis), to this similar ionic
radius (Pickering, 1983; Garin et al., 2003; Karéadd Jurdi, 2010).

Fig. 4b shows the fractionation profile of Zn, Rimd Cd in the tailing
(smelting). More than 70% of the total concentratid Zn and Cd in the tailing
(smelting area) was bound to the exchangeablddraathich was much higher
than the amount found for the soils from the minarga of Vazante. These
results indicate greater Zn and Cd mobility andab@lability in the tailing
compared with the material from the Vazante minearga (soil samples).
Another study evaluating the chemical partitioniofj trace metals in soils
contaminated by mining and smelting activities ierfyshire, England also
showed higher mobility and availability of trace tale (Zn, Cd, and Pb) at
smelting sites compared with mining areas (Li aldriiton, 2001). The larger
mobility in the tailing compared with the soil salegpcan be due to the process
used to extract Zn, which the materials are treapetthaps, with chemical
products.

Lead in the tailing was associated with the cartomhase (~30%),

non-crystalline Fe-Mn oxides (~25%) and, at higlpeoportions, with the
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residual fractions (~40%) (Fig. 4b). The high cimttion of Pb in the residual
fraction has been observed previously (Li and Ttworn2001; Miretzkyet al.,
2011). This indicates that the large percentadebaf in primary minerals, such
as galena (PbS) and/or the Pb in silicates. The &fuRb in the exchangeable
and carbonate fractions, which are considered tgdtentially mobile, was
higher for the tailing (32%) compared with the ssaimples (0.2-22%) (Fig. 4).
This suggests that the mobility and availabilityRi§ also have showed to be
greater in the tailing compared with the areas arante, which agrees with
previous results described for Zn and Cd.

In order to evaluate the risks, the samples waassified according to
the Risk Assessment Code (RAC), which has been gesttveral authors for
assessing heavy metal pollution in soils and sedlisn@ain et al., 2004; Jain et
al., 2008; Singh et al., 2005; Rodriguez et alQ®90This code is assigned by
taking into account the percentages of metal astmtiwith the soil in the
exchangeable and carbonate fractions. Under sumimestances, there is no risk
when R+ F, is lower than 1%, a low risk for a range of 1-1G%4medium risk
for a range of 11-30%, a high risk from 31 to 5G¢d a very high risk for
higher R+ F, percentages (> 50%).

In this context, Table 4 shows the classificatibthe samples according
to the RAC. It can be seen that the RAC ranged fnonnisk to very high risk
for Zn, from no risk to high risk for Pb, and frdow risk to very high risk for
Cd. The classifications of very high risk and higgk observed for Zn and Pb,
respectively occurred only in the tailing, whichntenstrates the greater release
of these metals (percentage of the total) fromghimple compared with the soil
samples from Vazante. Cadmium was classified &s &gl very high risk in all
soils, except for soil D, in which it was classifias low risk. A higher Cd
percentage in the fractiong#F, was found in the tailing (~86%), showing its

higher mobility compared with the other samples.
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Miretzky et al. (2011), applying the RAC for difeaxt metals in a soll
sample, found that Cu was considered highly danger@d and Cr pose a
medium risk, and Co, Ni, Zn, and Pb a low risk. éatng to the authors, Cd in
the exchangeable and carbonate fractions was rateased compared with Zn
and Pb, which agrees with results from this studygeneral, Pb represents
lower risk than Zn (Table 4). Similar results hdeen shown by Rodriguez at
al. (2009). Studies evaluating the adsorption of@d Pb on soils (oxisols) have
showed lower Cd retention, being this metal morailalle in solution
(Pierangeli et al., 2004; Pierangeli et al., 20@greeing also with our results,

which showed higher Cd mobility compared with otbkments.

3.3. Redistribution and partition indexes

The fractional (Utf) and in-the-whole-soil (Uts)distribution indexes of
the soil samples from Vazante are presented ineTabFirst at all, it has to be
stated that these indexes were not calculatedhfortdiling, because they are
dependent of the metal redistribution in the cdnswil. As detailed in the
Materials and Methods section, Zn ores from twdedint locations are usually
transported to where the tailing sample was cabkciThus, the control soll
collected in Vazante (Fig. 1) was not considered astural soil for the tailing
generated after the Zn extraction in the smeltiagtdocated in Trés Marias.

It can be seen thatralues for the metals were > 1 and ranged from
1.17 to 2.80 for Zn and from 1.21 to 2.00 for Cathwalues close to 1 (lower
values) indicating a distribution pattern more &mio the one verified in the
control soil. In case of Pb,d¥Was not calculated because the Pb concentration
was below the detection limit in the flaction for the control soil.

The kof Zn, Pb, and Cd in the soil samples from Vazastevell as in
the tailing from Trés Marias are shown in Fig. BeTk values in general were

lower for Cd compared with Zn and Pb, demonstratireghigher mobility and
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availability of Cd, compared for the other metaBudies evaluating heavy
metal concentrations in the exchangeable fractioob{le fraction) of soils near
a Pb/Zn mining and smelting area located in Upjplesia, Poland showed that
the quantity of exchangeable metals were gendaihyfor Pb, moderate for Zn,
and high for Cd (Ullrich et al., 1999), which aldemonstrates the greater Cd
mobility.

Ir values showed the differences among the soilsraatdls for the soil
samples from Vazante and, mainly, the lower bindimensity in the tailing
compared with the other soil samples (Fig. 5), Whitrengthens the higher
metal mobility verified for materials after the diireg process.

Fig. 5d comparesIvalues determined for the tailing (smelting sitith
the mean of the values for the soil samples fromayige (mining site). As can
be seen, theslvalues for the metals were lower in the tailingnpared with the
soil samples, especially for Zn and Cd. Thereftre,sample from the smelting
site contains metals in a more mobile and bioalkElfiorm, which potentially

might cause more severe environmental problemsttiese in the mining area.

4. Conclusions

The soils from the mining area (Vazante, MG) haddifferent
distribution pattern obtained by sequential extaagtwhich depend on both, sail
properties and chemical characteristics of the hestaluated.

The marked differences in the partitioning pattelbe$ween the soils
from Vazante (mining area) and the tailing from sTMarias (smelting area)
were the higher percentages of Zn and Cd in théangeable fraction in the
tailing, indicating its greater heavy metal mopikind availability, which can be
associated with different chemical forms of thesstals in this site (smelting

site).
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The application of reduced partition index)(lo the data obtained from
the sequential extraction has shown to be a goad] ®@ssisting on the
interpretation and understanding of the resultds Tidex takes into accounts
the behavior for all sequential extraction stepd, @&s a result, it is useful for
comparing the binding intensity of metal in soils.
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Fig. 1 Location of the soil samples collected from thenenarea of Vazante,
Minas Gerais State, Brazil.
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1.0g of
the soils {4 M NH4NOg, pH 7, 25°C, 30 min shaking

1 M NaOAc-HOAc, pH 5, 25°C, 6 h shaking

U 0.04 M NHpOH.HCI + 25% HOAc, pH 2, 25°C, 30 min shaking

0% HO2 — 0.01 M HNGQ, pH 2, 80°C, 3 h shaking (water bath)

0.04 M NHOH.HCI + 25% HOAc, pH 2, 90°C, 3 h shaking
(water bath)

Soil Digestion
(3051A Method
of the USEPA)

Fs

Fe
Fig. 2 Protocol used for the selective sequential dissmiuprocedure (heavy
metal fractionation). The solution:soil ratio was: 2 in all steps. The targeted
components (soil phase) in each fraction were densd: i, exchangeable;,F
carbonate; k easily reducible oxides;,Forganic matter; 4 reducible oxides;

and R, residual fraction.
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Table 1 Physicochemical properties of the soil samplemftbe Vazante mine

area.

Sol pH CEC  OM Clay sSit sand USPAtexture
class
cmol.dm® - e —

Contro 5.€ 21.i 19.8 258 44C 30¢ Loamy

SoilA 7.4 5.2 5.6 14t 43C 42t Loamy

SoilB 7.€ 5.1 3.1 528 228 25C Clay

SoillC 7.4 5.7 41 128 49t 38C Loamy

SoilD 5.€ 3.6 0.6 56C 29t 14t Clay

Soil E 2 4.€ 1.4 10t 31t 58C Sand-loanr

Table 2 Total metal concentrations (mgRgand single metal extraction using

Mehlich | solution (mg dr) in soil samples from the Vazante mine area

Soil Total (mg kg") Mehlich | (mg dn?)*

Zn Pb Cd Zn Pb Cd
Control  865456.0 230+16.4 4.39+0.38 5?;’;";9;'0 5'3;;(:‘;8'08 2'(96161;2')17
Soil A 193754652 5637+37983.8+6.79 41(22;2)1'4 56('2’;‘;07)'22 51(631J_:>2519
Soil B 2299+169  6440+5975.39+0.45 4?5’;&)92 1272;)5'1 4'(07%/10')75

19194140 3.90+0.96 59.3+1.95
(13%) (0.1%)  (42%)
144136.8 33.5+4.48 0.53+0.15

Soil C  14407+1731 4083+745 140+25.0

Soil D 680+82.8  3059+2831.74+0.06

(21%) (1%) (30%)
. 10489+180 48.1+0.84 158+2.25
+ + +
Soil E  84646+5839 3263+396 346:22.4 (12%) (1%) (46%)

! Number in parentheses represents the percentofraittat Mehlich | values
represent with respect to the total values
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Table 3Zn, Pb, and Cd concentrations (mg‘kin different mineral phases of
soils from the Vazante mine area and a mine taifrogn Trés Marias (F
exchangeable; -carbonate; § easily reducible oxides;,Forganic matter; 4
reducible oxides; andsFresidual fraction).

Soil F F F Fs Fs Fe
Zn (mg kg)
Control  36.0+1.56 295£17.9 91.6+2.47 144+2.76  28.8% 273+24.6

SoilA 29.1+0.11 4499502 2004+41.4 1431+13.8 138BB4 9434134

Soil B 1.97+0.17 74.8+£3.13 875+69.7 81.9+2.09 36.7% 1235+108

Soil C 56.7+£2.95 34071171  2479+351 909+13.6 1084+1 6491+424

Soil D 3.91+0.00 2.26x0.14 8.75+0.92 21.3+2.70 &X5K32 638+£31.4

Soil E 226+0.18  33591+4453 9951+189  7495+841 66356+3 26747+2638
Tailing 24667+384 2812+142 857+11.7 15954255 17083 2659+188

Pb (mg kg)
Control 0.00 14.2+3.09 9.01+0.00 33.9+0.28 21.222.1 151+4.64
Soil A 1.40+0.20 1239+171 1679+12.9  240+3.32 238F1. 2243+381
Soil B 0.07+0.02 118+1.08 1657+335 1858+195  485%20. 2322+244
Soil C 0.17+0.09 407+96.1 1141+410  152+25.1 25636.8 2126+266
SoilD  0.25+0.08 6.54+0.02 260+19.2 14944258 26835 1036+359
Soil E 1.92+0.17 514+150 757+59.2 221+16.0 272+18.41496+151
Tailing  239+3.20 2333+420 19224525 97.8+18.6 14861 32341598
Cd (mg kg)
Control  0.26+0.01 2.13+0.14 0.94+0.03  0.48+#0.01 38@01 0.35+0.06
Soil A 13.940.17 43.8+10.0 11.4+0.42 6.57+0.69 *®O1 6.47+0.20
SoilB 0.1940.01 1.72+0.09 0.49+0.12 0.76+0.08 @&®HB2 1.71+0.08
Soil C 15.4+1.18 74.5£7.67 16.8+0.06  7.65+0.63 31733 22.0£10.1
SoilD  0.17+0.01 0.00 0.37+0.01 0.03+0.00 0.37+0.010.82+0.04
Soil E 53.6+3.25 107+1.26 19.8+2.71  31.2+0.04 28.8%F 106+14.5
Tailing  412+6.01 60.6+3.25 35.0+1.48 12.9+#0.12 2207 24.7+0.83
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Table 4 Risk of assessment code for Zn, Pb, and Cd iis $@mm the Vazante

mine area as well as for a mine tailing

Risk assessment code (R?)

Soil Zn PE cd
Contro 38% (high risk 6.2% (low risk 54% (very high risk
Soil A 23% (medium risk  22% (medium risk  69% (very high risk
Soil B 3.3% (low risk 1.8% (low risk 35% (high risk
Soil C 24% (medium risl 10% (low risk 64% (very high risk
Soil D 0.9% (no risk 0.2% (no risk 9.6% (low risk
Soil E 40% (high risk 16% (medium risl 46% (high risk

Tailing  84% (very high ris) 32% (high risk 86% (very high risk

?RAC, based onj~+ F, percentages: % (F F,) < 1, no risk; % (i+ ) = 1-10,
low risk; % (R+ ) = 11-30, medium risk; % (F F,) = 31-50, high risk; %
(Fi+ F) > 50, very high risk (Jain et al., 2008).
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Table 5 Redistribution indexes of Zn and Cd for soils froime Vazante mine

area.
) Fractional Redistribution Inde
Soil ! ISTrbUR X ) Uts'
F. F> F; F, Fs Fe
Zn

Soil A 0.04 0.6¢ 0.9¢ 0.4¢ 3.51 1.5¢ 1.4C
Soil B 0.0z 0.1C 3.5¢ 0.21 0.4f 1.7¢ 2.3(
Soil C 0.0¢ 0.6¢ 1.6¢ 0.3¢ 2.5¢ 1.45 1.3C
Soil D 0.14 0.01 0.1Z 0.1¢ 0.3¢ 2.97 2.8C
Soil E 0.0¢ 1.1¢ 1.11 0.5¢ 2.6¢ 1.0C 1.17

o
Soil A - 3.5¢ 7.5¢ 0.2¢ 0.4f 0.6¢ -
Soil B - 0.3C 6.5¢€ 1.9¢ 0.82 0.5¢ -
Soil C - 1.62 7.12 0.2t 0.6¢ 0.7¢ -
Soil D - 0.0¢ 2.17 3.31 0.9¢ 0.51 -
Soil E - 2.5¢ 5.91 0.4¢ 0.9C 0.7C -
Cd

Soil A 2.82 1.0¢ 0.6 0.7z 0.3¢ 0.97 1.2¢
Soil B 0.6¢ 0.6¢ 0.4Z 1.2¢ 1.87 3.9¢ 1.9C
Soil C 1.8¢ 1.1C 0.5¢ 0.5C 0.51 1.97 1.21
Soil D 1.62 - 0.9¢ 0.1¢ 4.0¢ 5.8¢ -

Soil E 2.6: 0.64 0.27 0.82 1.5¢ 3.84 200

'Uts is the redistribution index considering all clians of the sequential
extraction procedure.
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Zinc desorption and speciation using x-ray absorptin spectroscopy in soils

affected by mining and smelting activities in MinasGerais, Brazil

G. Lopes; M. Siebecker; W. Li; D.L. Sparks; L.R@uilherme

Abstract

Zinc contents exceeding regulatory levels have b#etumented in
several areas in Brazil and elsewhere, especiabjtés surrounding mining and
smelting activities. Zinc is essential for plantgld&humans, but its excess in the
soil can impair the development of most plant sgeciAlthough the
determination of total Zn contents may be of envinental relevance, studies
involving Zn release and speciation are key to ssssde mobility and
bioavailability and thus the potential ecologiciskrof such important element.
This study evaluated Zn desorption and speciatiom fsoils affected by mining
(soils M1, M2, and M3 from a mine area located iaz&nte) and smelting
(tailing nearby a smelting plant located in Trésrislg) activities in Brazil using
a stirred-flow approach and a synchrotron baselniqae, in order to better
assess Zn availability and mobility in such envinemts. The exchangeable
fraction represented only a small (< 1%) portionhef Zn desorbed from soils of
the mining site, while accounting for ~ 80% of the released from tailings of
the smelting site. In the mine area (Vazante), Xahsorption fine structure
(XAFS) showed that Zn was associated with hemimitepEn-ferrihydrite, Zn-
phyllosilicates (Zn-kerolite), and Zn-layered doaiblydroxides (Zn-LDH). This
could explain the small desorption of Zn from thesails taking into
consideration that those secondary forms (Zn-fedrite, Zn-kerolite, and Zn-
LDH) can lead to a significant decrease of the argeable/mobilefraction of
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Zn in soils. On the other hand, the higher Zn paiage desorbed from the
tailing material located in the smelting site (TMarias) could be attributed to
the predominance of weakly bound forms of Zn, comple to Zn(NQ), (~

70%), which is an aqueous form of Zn.

Keywords: Zinc release, Mobility, Bioavailabilit¢hemical species.

Introduction

Zn-mining and smelting activities are very impottaior societal
development, yet these activities can lead to fggmit amounts of Cd, Pb, and
Zn in the soils (ROBERTS; SCHEINOST; SPARKS, 2002)e Zn mining area
of Vazante, located in Minas Gerais state (MG),zBré&s responsible for a
substantial portion of the Zn production in BraMONTEIRO et al., 2006),
which has been increasing in recent years (BRA3010). As a result of this
mining operation, high levels of Zn have been doentad in the neighboring
region, with the higher contents concentrated inimgj pits (BORGES JUNIOR
et al., 2008).

Although Zn is an essential element for plants hadhans, its excess
may hinder the adequate development of severat plagcies. Thus, a better
understanding of Zn mobility and bioavailability useful to find the best
remediation strategy so as to attenuate the patetatkicity caused by this
element. The fate of trace metals in the envirortrizeaffected by precipitation-
dissolution, adsorption-desorption, complexatiossdtiation, and oxidation-
reduction reactions (SPARKS, 2003), which in tutteraZn speciation and
hence its toxicity, mobility, and bioavailability the environment.

One of the most widely used synchrotron-based sp&Empic

technigues to speciate contaminants in soils isyXabsorption spectroscopy
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(XAS) (SPARKS, 2013). This technique can be usedttmly crystalline and
non-crystalline solids as well as liquid or gaseoswmtes (KELLY;
HESTERBERG; RAVEL, 2008). X-ray absorption speatags/ has a great
advantage to characterize metal-contaminated samgien compared with X-
ray diffraction (XRD), because the last techniquen conly be applied to
crystalline solids, yet in some cases the metahtarest might be present in
amorphous forms of precipitates. However, it hasganentioned that the XRD
technique is very importante for characterize ndtem soils, being these two
techniques (XAS and XRD) considered complementary.

Several studies using XAS to characterize differgnt species in
contaminated soils from mining and smelting sitemveh been developed
worldwide (KHAOKAEW et al., 2012; MANCEAU et al., 0DO;
NACHTEGAAL et al., 2005). However, none of them baween carried out in
Brazilian soils. Most studies regarding solid spgon of metals in Brazil have
been conducted with sequential extraction proced(RERIN et al., 1997;
SILVA et al., 2002; SOARES et al., 2001), which a&mgportant to provide a
first approximation on metal behavior in the enmim@ent. However, the use of a
molecular scale technique such as XAS leads toifsignt advances on
understanding metal species, thus providing a béttewledge concerning
metal availability and mobility.

Desorption experiments can be used to determinamigtal mobility,
including bacth and stirred-flow methods. Takingoinconsiderations the
ocorrence of continuous mixing in the reaction chamand continuously
removing products from the solution in the stirfedv method, this desorption
technique decreases diffusion and re-adsorptioacssif being preferred by
several researchers to study trace metal desorfptionsoils (SHI, 2006).

This study evaluated Zn desorption and speciatiom &oils affected by

mining and smelting activities in Brazil using arrstd-flow approach and a
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synchrotron-based technique aiming to associatspétiation to Zn mobility
and to show the role of different Zn species upormbbility and availability in
such environments. Our ultimate goal is to bettaetenistand the behavior of Zn
on such sites in order to propose adequate managdethniques to alleviate
any potential Zn toxicity that could impair planéwvélopment, thus allowing

future revegetation strategies.

Materials and Methods

Studied sites and soil characterization

Soil samples were taken in a Zn mining area locatédazante, Minas
Gerais State, Brazil (close to geographic coordmdt7°55'35" S, 46°49'03"
W). In this area, a total of three soil sampleseweollected at the 0-20 cm
depth, with two samples collected inside the pihing (M1 and M2) and
another one in an adjacent area (M3). For compaiisderms of mobility as
well as the chemical species occurring in thosasare sample of a tailing was
also collected (0-10 cm) nearby a smelting planatied in Trés Marias, Minas
Gerais State, Brazil (close togeographic coordmdi@°11'16” S, 45°14'20”
W). Such tailing is a result of smelting Zn orenfrdwo different locations
(Vazante — where the soil samples were taken—tandegion of Morro Agudo,
which is mostly a Zn sulfide ore body). The samglasls and the tailing) were
air-dried at room temperature and then passed ghra2-mm sieve for further
analyses.

The pH of the samples was determined in deionizatemwusing a
soil:water ratio of 1:2.5 (EMPRESA BRASILEIRA DE BRUISA
AGROPECUARIA - EMBRAPA, 1999). The organic matteontent was
determined according to the Walkley-Black methodA(WLEY; BLACK,
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1934). For elemental analyses, soil samples weseslibjected to a microwave-
furnace digestion according to the 3051A method tleé United State
Environmental Protection Agency - USEPA (1998). A, hihe elements Al, As,
B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Na, P, Pb, S, Zndwere analyzed using
inductively coupled plasma atomic emission spectpg (ICP-AES). The
quality control was performed using a referencé sainple from the National
Institute of Standard and Technology (NIST 2586¢heck for the accuracy of
the determinations, which were found to be satisfgci.e., having less than

20% of variation from certified values.

Desorption Experiments

Desorption experiments were conducted in all safhples from both
sites Vazante and Trés Marias using a stirred-flestinique. The experimental
set up was similar to the one used in Strawn aratkSp(2000). Briefly, a
stirred-flow reaction chamber was connected to mpat the inlet and to a
fraction collector at the outlet. The chamber wageced with a 0.45-um filter to
separate the solids from the solution. The chambleime of 12 mL contained a
suspension of 0.6 g of soil, which was stirred gstnmagnetic stir bar. The
solution used as a desorption agent to assesxthargeable Zn fraction was
0.1 mol L* CaC}, adjusted to the respective soil pH. The experisamre run,
in duplicate, for 200 minutes at a flow rate of .6 L min* and the Zn
concentrations were measured using an inductivelypled plasma atomic
emission spectroscopy (ICP-AES).

Zinc speciation using bulk XAFS spectroscopy

Reference Zinc Standards
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Natural and synthetic Zn minerals were used tostdsithe spectral
analysis of the unknown soil spectra. Zinc stanslamhsidered in XAS analyses
were: hemimorphite (Z%i,0,(OH),.H,0), sphalerite (ZnS from XLS Ruby
sphalerite, Joplin, MO), smithsonite (ZngyOhydrozincite (Ze(COs),(OH)e),
zincite (ZnO), willemite (ZgSi0O,), ZnOH, Zn-hydrotalcite,ZnFeO, ZnAl —
layered double hydroxide (ZnAl-LDH), Zn-kerolite,nZerrihydrite, and a
solution of 1 mM ZA*. Willemite, hemimorphite, Zn-kerolite, Zn-LDH, arzth-
ferrihydrite were synthesized in previous studid\CHTEGAAL; SPARKS,
2004; ROBERTS; FORD,; SPARKS, 2003; ROBERTS; SCHERIO
SPARKS, 2002; SCHEINOST et al., 2002). All standasg@ectra are the same
reported in Khaokaew et al. (2012).

Zn K-edge spectra of the reference compounds wetkected at
beamline X-11A at the National Synchrotron LightuB® (NSLS), Brokhaven
National Laboratory, Upton NY. The double crysta(1$1) monochromator
was detuned by reducingby 30%. The beam energy was calibrated to the firs
inflection point of the first derivative of the Zabsorption edge (9659 eV) of a
Zn metal foil XANES spectrum. Bulk-XAFS spectra wecollected at room
temperature, from 150 eV below the absorption edgegy, to k values of 12.5
A, Depending on the Zn concentration, multiple scamse collected using
both fluorescence and transmission modes untikfaatory signal-to-noise
ratios were achieved.

Soil Samples
Soil samples (three from the mining site — Vazanend one from the

smelting site — Trés Marias) were analyzed by BUMS at beamline 4-1 at the

Stanford Synchrotron Radiation Light Source (SSHimilarly as described for
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the reference compounds, both fluorescence andntiasion modes were used.
At least four scans were recorded per sample ieraaimprove the signal-to-
noise ratio.

EXAFS data reduction was performed following staddprocedures
(EICK; FENDORF, 1998; NACHTEGAAL; SPARKS, 2003). BtXAFS
spectra from reference standards as well as fralsamples were normalized
to obtain extended X-ray absorption fine struct{E¥AFS) function using the
Athena software (RAVEL; NEWVILLE, 2005). In ordey tdentify and quantify
the Zn species prevailing in the soil samplespedi combination fitting (LCF)
was also performed using the Athena software. Fa, firstly the energy axis
(eV) was converted to photoelectronwave vectorsud') by assigning the
origin, Ey, to the first inflexion point of the absorptionged The resulting(k)
functions were weighted with® (k is the photoelectron wavenumber) to
compensate for the dampening of the XAFS amplitwith increasingk. The
LCF analyses were performed using the EXAFS functiwhich was &
weighted, with k values between 2 and 18 A

Results and discussion

Soil characterizations

Bulk soil parameters of the soil samples are pitesein table 1. Soil pH
is a major factor differentiating the samples oé tmining area (neutral to
alkaline) from that of the smelting site, which ggated an acidic pH of 5.3. The
organic matter contents were low in all soil sammplgarticularly in soil M3.
High Zn concentrations were found in all soil sassplranging from
approximately 2 to 8% (table 1), which agrees wither studies reporting high
Zn concentration in soils of the Vazanteregion (BEHS JUNIOR et al., 2008).
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Table 1 Soil pH, organic matter content, and cotraéinn of different elements
(mg kg") in samples collected in mining and smelting arefaslinas
GeraisState, Brazil

Parameters Sollsample

M1 (A) M2 (C) M3 (E) Tailing

pH 7.4 7.4 7.3 5.3

OM (g k¢b) 5.€ 4.1 1.4 5.1
Al (mg kg™ 1943: 2167¢ 1533: 9037
As (mg k¢?) 15.5¢ 21.47 21.82 61.6°
B (mg k¢?) 4.087 7.99; 4.06: 6.60(
Ca (mg k¢%) 2270¢ 4743 2908¢ 2666+
Cd (mg k¢h) 103. 208.% 328.¢ 612.
Cr (mg k¢?) 19.47 27.41 0 9.712
Cu (mg kch) 100.4 91.1¢ 77.1¢ 105¢
Fe (mg k%) 5299( 5789: 4412¢ 3145¢
K (mg k¢?) 132¢ 348¢ 2037 1751
Mg (mg kc?) 2833: 3200( 2268¢ 262(
Mn (mg kb 2512 275( 1677 1993¢
Na (mg k%) 25.2( 51.0( 48.5¢ 94.1:
P (mg k(%) 698.7 114: 857.1 201.F
Pb (mg k%) 4397 248t 235° 472¢
S (mg k¢h) 29.7¢ 34.6° 45.4( 3953¢
Zn (mg kb 2213: 1827: 8245 32827

In addition to Zn, other metals were also deteckedelatively high
levels, especially Cd and Pb, which occurred inceotrations far exceeding the

regulatory levels set for the State of Minas Geaaisvell as for Brazil, even for
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industrial sites, i.e. 2.000 mg kgr Zn, 900 mg kg for Pb, and 20 mg Kbfor
Cd, respectively (BRASIL, 2009).

Stirred-flow desorption experiments

The Zn concentrations released from the studiddsaoiples using a 0.1
mol L™ CaC} solution and stirred-flow approach are shown guffe 1. Previous
studies have suggested the use of 0.1 M Ca&Ch desorbing agent because this
must release only the exchangeable fraction ofrdmfsoils (NACHTEGAAL
et al., 2005). It is noteworthy that the exchantgdiactions of Zn desorbed
after 200 minutes of reaction of the desorbing agéth the soils from Vazante
(M1, M2, and M3) were all very low (< 0.5% of thatdl).

On the other hand, an opposite behavior in term&rofrelease was
observed for the tailing, with approximately 20% the Zn being rapidly
released in the first 4 minutes of desorption, heaga plateau corresponding to
~80% release within 50 minutes. This result shdwsnbuch higher Zn mobility
in the tailing compared with the material from tfilazante mining area (soils
M1, M2, and M3). Li and Thornton (2001), evaluatihg chemical partitioning
of trace metals in soils contaminated by mining amdelting activities in
Derbyshire, England also have found larger moegitind availabilities of trace
metals (Zn, Cd, and Pb) at the smelting sites coadpaith the mining area.

Nachtegaal et al. (2005), working in a Zn contar@dasoil, found a
maximum of 8% of total Zn desorbed also using tireesl-flow approach and a
0.1 mol L* CaC} solution as desorbing agent. Such value of 8%ghkéri than
the amount reported in our study for soil samplesmf the mining area
(Vazante) but a lot smaller than the percentagénoflesorbed from the tailing
sample of the smelting area (Trés Marias). Ultinyattae marked difference on

Zn desorbed percentages between the mining sarflesM2, and M3) and
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the smelting sample (tailing) found in this stuéynde associated with different
chemical forms of Zn from those two sites. The $enaklease of Zn from the
soil samples from the mining site could be due fmsasible transformation of
Zn mineral phases in these soils into more stabhlepécies (VOEGELIN et al.,
2002), which does not occur in the tailing, wherestnZn species would be
associated to weakly bound or more soluble formZmwfderived from the

smelting procedure. This is further discussed tgy ke of XAS in the next

section.

100.0
80.0
60.0 -
40.0 v
O SoilM1 O Soil M3
20.0 4w v SoilM2 v Tailing

Cumulative Zn desorption (% of the total)

Time (min)

Figure 1 Cumulative Zn desorption from samples eméid in mining and
smelting areas of Minas Gerais State, Brazil (asf %he total) using a
0.1 mol L* CaC} solution as desorption agent

Zinc speciation using EXAFS analysis
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The chi(k) x R EXAFS data for the reference compound are predente
in Figure 2. All these standards were includedmlinear combination fitting
(LCF) to identify and quantify the predominant spscin the studied soil
samples (unknown samples). Basically, the linearlipation fitting models the
spectrum from a sample of unknown speciation witlnear combination of
spectra from known reference compounds (standard®ELLY;
HESTERBERG; RAVEL, 2008).

The EXAFS data (kweighted) of the soil samples (solid lines) shain
the best fits using LCF approach (dotted lines)sti@vn in Figure 3. First at all,
it should be noted that soils M1 and M2 present&dES data with exactly the
same frequency and amplitude. Also, the EXAFS datathe soil M3 was
similar until a k (A)* value of 6 when compared to data reported fors 9dil
and M2, presenting differences afterwards. Suclayieh seems reasonable as
all three soils came from the same Zn mining a&mils M1 and M2, which
showed the same EXAFS data, were collected insideit mining, while soil
M3, in which changes in the EXAFS data were obsgmeiigher K values, was
taken in an area outside of the pit mining, but nexhat.

The spectrum for the tailing was perceptively diéfg from all spectra
of the soil samples from the mining area, which dan attributed to the
occurrence of distinct chemical species to which iZnassociated in both
situations (smeltingrzersus mining sites). The soil samples M1 and M2 were
well fitted by LCF with Zn-LDH, Zn-kerolite, and h@morphite, with Zn-
kerolite being considered the main Zn phase (reptésy ~ 45%) in both soils.
Khaokaew et al. (2012), working with XAS in Zn-cantinated paddy soils,
revealed that Zn-layered double hydroxide (Zn-L&AY Zn-phyllosilicate (Zn-

kerolite) were the most important Zn species irséhsoils.
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Figure 2 Zn-K edge¥weightedy-spectra of the Zn reference compounds
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The fact that hemimorphite provides also relativedignificant
contributions to the fit for soils M1 and M2 makssnse, because the Vazante
zinc deposit is one of the major non-sulfide Znaigpin the world (HITZMAN
et al.,, 2003; MONTEIRO et al., 2006), with hemimiitp and willemite being
previously reported in this region (MONTEIRO et 2007).

The spectrum for soil M3 was also fitted with theme species
mentioned for soils M1 and M2, except for the abseof Zn-LDH (Figure 3).
As can be seen, Zn-LDH did not contribute to thddi the soil M3, with Zn-
ferrihydrite being detected instead. Roberts, Suosti and Sparks (2002)
evaluated Zn speciation in a smelter-contaminatatl using a synchrotron-
based technique and revealed also that Zn-feriileydis an important
component for the soil investigated.

Only approximately 30% of primary minerals (i.eentimorphite) were
described in the soil samples from the Vazante ramea (M1, M2, and M3),
with the remainder Zn being incorporated into nem#d precipitates (Zn-LDH,
Zn-kerolite, and Zn-ferrihydrite).The formation othese Zn-containing
precipitates can greatly decrease Zn bioavailgbilit contaminated soils
(JUILLOT et al., 2003). It has to be mentioned thhese neoformed
precipitates, especially Zn-LDH and Zn-kerolitecac mainly under high pH
conditions (FORD; SPARKS, 2000; NACHTEGAAL et &2005; SCHLEGEL
et al., 2001), and these phases are more staliientltrozincite, Zn(OH) and
ZnCQO; (JUILLOT et al., 2003). This could explain the Ig@ercentages of Zn
desorbed from the soil samples M1, M2, and M3 ef Wazante mine area by
means of the stirred-flow approach (Figure 1). Aiaal point that needs to be
made here is that these precipitates formed istilesamples from the Vazante
mine area are poorlycrystalline and thus could betpicked up using X-ray
diffraction (XRD).
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(A) Soil M1

(B) Soil M2

X(K) x K3

X(K) x k*

46% Zn-Kerolite

44% Zn-Kerolite
26% Zn-LDH
R =0.0537 28% Hemimorphite

29% Zn-LDH
R =0.0548 27% Hemimorphite
2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
k (A k(A
(C) Soil M3 (D) Tailing
o o)
X X
< <
< <
B3 =<
33% Zn-Kerolite 72% Aqueous Zn
30% Zn-Ferrihydrite 16% Zn-Kerolite
R =0.0725 37% Hemimorphite R =0.0228 12% Hydrotalcite
2 3 4 5 6 7 8 9 10 2

3 4 5 6
k (A)*
Figure 3 EXAFS spectra of samples collected in ngrand smelting areas of

Minas Gerais state, Brazil. The solid lines repnesiee rawk’(k) data
and the dotted lines indicate the best fits obthimgthe LCF approach

7 8 9 10
k (A)*

Finally, it is noteworthy yet again that figure hosved a higher
percentage of Zn released from the tailing whenpamed with the other soll
samples from the mine. As can be seen in figutbe8EXAFS spectrum of the
tailing was well fitted by LCF with approximatel¥)% of the zinc as soluble Zn
(Zn*"). This standard is a reference for a material Wyehkund to the solid,
presenting Zn in a more mobile and bioavailablenfoFhis clearly corroborates

the results showing that ~ 80% of the Zn was dexbftom the tailing (Figure
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1). Therefore, this study elucidated the markededihce in terms of Zn
mobility in the two sites (mining and smelting) died. The use of XAS showed
in addition that the incorporation of Zn into newirmed precipitates found in
the mining site leads to a considerably reductidnth® exchangeable Zn
fraction, which, in turns allows for a more sucdéekapproach for revegetating
the area since Zn phytotoxicity is expected to bler in the mining area,

when compared with the smelting area.

Conclusion

The soil samples from the Vazante mine area havehnlower
percentages of Zn in the exchangeable fraction epatpwith the tailing from
the smelting site, in which approximately 80% af #n was desorbed using the
stirred-flow technique.

The small quantities of Zn released from the ddils M2, and M3 were
linked to the formation of neoformed Zn precipigtenhich are poorly

crystalline and deeply reduce Zn mobility.
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