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RESUMO

Neste estudo foi desenvolvido um experimento em escala piloto, durante 03 meses
com intuito de avaliar a eficiéncia de 03 modelos diferentes de remediacdo
(Biorremediacédo Intrinseca — microorganismos autéctones, Fitorremediacdo com
Avicennia schaueriana — mangue preto e Fitorremediacdo com Rizophora mangle —
mangue vermelho) para aplicagdo em sedimentos de manguezal contaminados por
hidrocarbonetos totais de petréleo (HTP's) e metais tragcos. Apos 90 dias, uma maior
eficiéncia na remocédo de compostos organicos de sedimentos foi observada nos
modelos da Fitorremediacdo (87% de remocao para a R. mangle e 89% para A.
schaueriana). Em relacdo as diferentes fracdes foi observado que os trés modelos
avaliados apresentaram eficiéncia equivalente na remocao da fracdo 3A (C16-23),
contudo quando se avaliou as fracdes 3B (C23-34) e 4 (C34-40) os dois modelos de
Fitorremediacdo foram muito superiores. Esta maior eficiéncia na descontaminacgao
pelas plantas foi reforcada com os resultados de crescimento das bactérias nas
rizosferas, atingindo uma média maxima de 31 x10° UFC g* para o mangue
vermelho e 16 x 10° para 0 mangue preto, enquanto que o modelo aplicado apenas
com microorganismos obteve uma média maxima de 8,8 x 10° demonstrando a
capacidade das espécies vegetais utilizadas na fitoestimulacdo. A presenca dos
metais pesados nao apresentou relacdo direta com a degradacdo dos
hidrocarbonetos na Biorremediacédo Intrinseca, com excec¢do do cobre (Cu) que
pode ter inibido uma maior degradacao pelos microorganismos autoctones. Ja nos
modelos da Fitorremediagdo o mangue vermelho apresentou correlacdo positiva
entre a degradacgéao dos hidrocarbonetos e alguns metais (Cu, Zn, Cr, Ni), e com o
mangue preto foram observadas com outros metais (Ni e Al). Foi observado um
maior crescimento das plantas expostas a sedimentos contaminados em
comparacado com as cultivadas em sedimentos de referéncia nos dois modelos da
Fitorremediacédo, sugerindo uma boa adaptacdo. Os dados mostraram que os dois
modelos de Fitorremediacdo foram mais eficazes do que a Biorremediacdo
Intrinseca na degradacdo de HTP's, tornando-se uma opg¢ao promissora
ecologicamente correta na aplicacéo da técnica em areas de manguezal impactadas
por atividades petroliferas.

Palavras-chave: Biorremediacdo, Fitorremediacdo, Hidrocarbonetos derivados do
petréleo, metais traco, Avicennia schaueriana, Rizophora mangle, Manguezal,
Sedimento.
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remediagao aplicados em sedimentos de manguezal imp  actados por atividades
petroliferas . 221f. 2010. Dissertacdo (Mestrado em Geoquimica: Petroleo e Meio
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ABSTRACT

In this study it was developed a pilot scale experiment, during 03 months with the aim
of evaluating the effectiveness of 03 different models of remediation (Bioremediation
Intrinsic — microorganisms indigenous, Phytoremediation with Avicennia schaueriana
- black mangrove and Phytoremediation with Rizophora mangle - red mangrove) for
use in sediment mangrove contaminated by total petroleum hydrocarbons (TPH's)
and trace metals. After 90 days, greater efficiency in removing organic compounds
from sediments was observed in models of Phytoremediation (87% removal for R.
mangle and A. schaueriana 89%). For the different fractions was observed that the
three models evaluated were efficient in the removal of fraction 3A (C16-23), yet
when it was evaluated the fractions 3B (C23-34) and 4 (C34-40) the two models were
Phytoremediation much higher the degradation. This greater efficiency in the
decontamination by plants has been enhanced with the results of the rhizosphere
bacteria growth, reaching an average maximum of 31 x 10° CFU g* for red
mangroves and 16 x 10° for the black mangrove, while the model used only
microorganism has an average maximum of 8.8 x 10°, demonstrating the ability of
the species used in phytostimulation. The presence of heavy metals showed no
direct relationship with the degradation of hydrocarbons in the Intrinsic
Bioremediation, with the exception of copper (Cu) which may have inhibited further
degradation by indigenous microorganisms. In the Phytoremediation models the red
mangrove showed a positive correlation between the degradation of hydrocarbons
and some metals (Cu, Zn, Cr, Ni), and the black mangrove it was been observed with
other metals (Ni and Al). It was observed a greater growth of plants exposed to
contaminated sediments compared to those grown in sediments of reference in two
models of Phytoremediation, suggesting a good adaptation the plants. The data
showed that the two models of Phytoremediation were more effective than the
Intrinsic Bioremediation in the degradation of TPH's, making it a promising option
ecologically correct application of the technique in mangrove areas impacted by oll
activities.

Keywords: Bioremediation, Phytoremediation, Totals Hydrocarbons of Petroleum,
Heavy metals, Avicennia schaueriana, Rizophora mangle, Mangrove, Sediments.
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APRESENTACAO

A presente dissertacdo é composta por 7 sec¢fes. Inicialmente na secao
“Introducéo ", é realizada inicialmente uma discussao geral a cerca da problematica,
hipotese, bem como os principais objetivos do presente trabalho. Em seguida, na
secdo “Caracterizacdo da Area ” é feita uma breve descricdo da regido onde foi
simulado o experimento, bem como dos locais onde foram coletadas amostras de
sedimentos e Oleo residual para iniciar a avaliacdo da degradacdo pelos diferentes
modelos de remediacdo desenvolvidos. Na se¢édo “Materiais e Métodos " € descrita
a metodologia desenvolvida para a realizacdo dos experimentos. A secdo “Artigos
Submetidos ” é composta por 4 artigos submetidos a revista cientifica:

- no artigo 1, intitulado “Phytoremediation using Rizophora mangle L. in
mangrove sediments contaminated by persistent total petroleum hydrocarbons
(TPH’s)” é apresentado o formato final da submisséo para: “Microchemical Journal”,
Fator de Impacto: 2.626 (Al — Internacional; Peso: 100 em Geociéncias). As normas
de submisséo de artigos desta revista compdem o Anexo 1.

- no artigo 2, intitulado “Integrated assessment of the effects of metals on
biodegradation of total petroleum hydrocarbons by m icroorganisms and
Rizophora mangle L. é apresentado o formato final da submissdo para: “Marine
Pollution Buletin”, Fator de Impacto: 2.644 (Al — Internacional; Peso 100 em
Geociéncias). As normas de submisséo de artigos desta revista compdem o Anexo
2.

- no artigo 3, intitulado “Phytoremediation in mangrove sediments
impacted by persistent total petroleum hydrocarbons (TPH’s) using Avicennia
schaueriana” é apresentado o formato final da submissédo para: “Chemosphere
Journal”, Fator de Impacto: 3.253 (Al — Internacional; Peso 100 em Geociéncias). As
normas de submisséo de artigos desta revista compdem o Anexo 3.

- no artigo 4, intitulado “Models of bioremediation for the degradation of
petroleum hydrocarbons in the presence of heavy met als in mangrove

7

sediments ” é apresentado o formato final da submissédo para: “Environmental
Science and Technology”, Fator de Impacto: 4.630 (Al — Internacional; Peso 100 em
Geociéncias). As normas de submissao de artigos desta revista compdem o Anexo
4.

Na secao “Conclusdes ” séao feitas consideracgdes finais a cerca do trabalho,
seguidas de sugestdes para novas pesquisas na area de pesquisa da remediacéo
em sedimentos de manguezal contaminados por atividades petroliferas. Na secéo
“Referéncias ” sdo apresentados todos os autores citados para confeccdo das
secoOes e dos artigos submetidos.
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1. INTRODUCAO

Palco de acdes pioneiras na exploracdo do petrdleo em territorio brasileiro,
desde a década de 1950, diversas atividades ligadas a industria petrolifera
(exploracéao, perfuracéo, producéo, transporte, refino e distribuicdo) estdo instaladas
nas proximidades da Baia de Todos os Santos, Bahia, Brasil. A regido norte desta
baia sofreu, na segunda metade do século XX, impactos decorrentes destas
atividades. Um dos ecossistemas costeiros que é considerado mais afetado pelos
derrames de petréleo nesta regido € o manguezal e 0s seus compartimentos
ambientais.

A presenca de metais pesados e hidrocarbonetos derivados de petréleo em
sedimento de manguezal representam um dos mais relevantes problemas
ambientais neste ecossistema, devido, entre outros, a capacidade de
biomagnificacdo destes poluentes na cadeia alimentar. Esta acarreta problemas
multiplos, tais como: riscos a saude humana, a fauna, flora, a seguranca publica,
restricbes ao desenvolvimento urbano e reducéo da qualidade, assim como, do valor
agregado dos pescados.

De acordo com o diagnéstico realizado pelo IMA (2004), a principal
problematica do estuario do Rio Sdo Paulo, localizado na regido norte da BTS, sao
justamente as grandes concentragdes de alguns metais pesados e hidrocarbonetos
derivados do petroleo em sedimentos de manguezal. Em fung&o deste cenario surge
a necessidade da elaboracdo e testes de metodologias para remediacdo destas
areas, ja que nao existem estudos aplicados deste tipo na literatura para o caso local
em estudo nesta pesquisa.

A sobrevivéncia dos manguezais depende de varios fatores, que interagem de
modo complexo. Embora o fator predominante seja geomorfologico, processos que
contribuem para a sedimentacdo destas areas e resultam em aumento do nivel do
mar (como barramento dos rios) e mudangas dos regimes climaticos regionais
também influem na sobrevivéncia dos manguezais (LACERDA, 2006).

Alguns projetos objetivando a recuperacdo de manguezais impactados por
hidrocarbonetos derivados de petréleo e metais pesados ja foram realizados no
Brasil, porém as tecnologias de remediagdo convencionais que sao geralmente

utilizadas sao bastante caras e dispendiosas uma vez gque em muitos casos a
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maioria destas tem o risco de contaminacdo secundaria quando os contaminantes
sao tratados de forma inadequada. Sendo assim, torna-se relevante, para o caso do
estuario do Rio Sdo Paulo, o estudo da eficiéncia das espécies vegetais de mangue
na aplicacdo da Fitorremediacdo, que € uma técnica inovadora, expressivamente
barata e ecologicamente correta. A sua aplicacdo em consoércio com bactérias
hidrocarbonoclasticas (Biorremediac&o) para potencializar o processo pode se dar in
situ.

A relevancia de um projeto como este, esta diretamente ligada a importancia
da recuperagdo, monitoramento e conservagao do ecossistema de manguezal,
devido as suas principais fungdes de acordo com Novelli (1990):

- Funciona como area de abrigo, reproducéo, desenvolvimento e alimentacdo
de espécies marinhas, estuarinas, terrestres e limnicas, ponto de pouso para aves
migratérias, contribuindo também para manutencdo da diversidade bioldgica
costeira;

- Age na absorcao e imobilizacdo de contaminantes, aléem de contribuir para o
tratamento de esgoto;

- E fonte de produtos para as comunidades humanas costeiras, usado para
fins culturais, recreativos, lazer, para pesquisa cientifica e como recurso paisagistico.

Muitos estudos ja foram realizados no Brasil tendo como base o
monitoramento da qualidade deste ecossistema, gerando resultados relevantes para
a comparacdo com os resultados deste projeto, tendo destaques: Cintron e Novelli
(1981), Lacerda (1984), Luiz-Silva et al., (1992), Lacerda e Novelli (1994), Menezes
(1998), Carmo et al. (1998), Vanucci (1999), Oliveira (2000), Fidelman (2001), Souza
e Sampaio (2001), Cunha-Lignon (2001), Soares et al., (2003), Veiga (2003),
Fruehauf (2005), Silva et al., (2005), Rosa e Trigiis (2006), Queiroz e Celino (2008),
Oliveira et al. (2008), Santana (2009), Lima (2010), Moreira, et al., (2010a; 2010b;
2010c).

E importante que seja destacado que a aplicacdo de um projeto de
recuperacdo de areas impactadas por petroleo, no ambito do Programa de Pos-
Graduacdo em Geoquimica: Petréleo e Meio Ambiente (POSPETRO), com apoio
Institucional e Laboratorial da Rede RECUPETRO, justifica-se como uma forma de
contribuir para dotar a Regido Nordeste de condi¢cdes para a avaliacdo de métodos e

técnicas de recuperacdo de areas impactadas pela industria do petréleo. Este apoio
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se destaca pela avaliacdo da eficiéncia na remediacdo de areas impactadas pela
atividade petrolifera aliada a técnicas ecologicamente corretas.

Os elementos norteadores desta pesquisa se basearam em dois principais
pontos: i) partindo da premissa que ha contaminacdo no sedimento estudado
proveniente de manguezal do Rio S&o Paulo (porcdo norte da BTS) por metais traco
e hidrocarbonetos derivados do petréleo (CELINO et al., 2008; ONOFRE et al., 2008;
SANTANA, 2008; VEIGA et al., 2008; GARCIA, 2009; LIMA, 2010; MOREIRA et al.,
2010a; 2010b) e que os modelos de remediacdo desenvolvidos em escala
laboratorial poderdo auxiliar na compreensdao do comportamento das espécies
biolégicas empregadas nas técnicas e da provavel eficiéncia das mesmas na
degradacédo dos hidrocarbonetos derivados do petroleo; no entanto, ii) deve ser
levado em consideracdo que as particularidades de um ecossistema de manguezal
no que se diz respeito as suas condi¢cfes “biogeofisicoquimicas” tém dificultado a
elaboracdo de um modelo de remediagcao eficiente e ecologicamente correto para
estes ambientes, principalmente quando sao utilizados processos individualizados
em um ecossistema, que nao levam em conta que as intera¢des interespecificas em
conjunto com os outros fatores ambientais sdo quem o dinamiza em uma
restauragao.

Portanto, dentro destas perspectivas, se teve como hipotese do trabalho: “Os
vegetais e microorganismos que vivem nestes sedimentos de manguezal devem
possuir mecanismo(s) adaptativo(s) para degradacdo dos compostos organicos na
presenca de metais. Resta testar se este(s) € (sdo) realizado(s) através de
mecanismos intraespecificos ou de relacdes interespecificas (consorcio); ou ainda
se na presenca dos poluentes estes organismos possam estabilizar os
contaminantes ou até ndo se desenvolverem”. A verificacdo dessa hipotese se deu a
partir de linhas de acdo que se seguiram: (a) construgcdao do experimento, (b)
monitoramento, (c) andlises quimicas, (d) obtencdo de resultados, (e) interpretacdo
dos resultados e (f) divulgacdo destas acdes atraves submissédo de artigos para

revistas e em reunides cientificas.
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2. CARACTERIZACAO DA AREA

A Baia de Todos os Santos € considerada a maior e mais importante baia
navegavel da costa tropical do Brasil localizada em uma reentrancia costeira,
inserida na microrregido do Recdncavo Baiano, entre as coordenadas 12° 39'4” S —
13° S de latitude e 38° 30' W — 38° 43' 30" W de longitude (LEAO; DOMINGUEZ,
2000). Na porcao norte desta Baia, entre os municipios de Sao Francisco do Conde
e Candeias, ao lado da Refinaria Landulpho Alves, desagua o Rio Sao Paulo,
conforme a Figura 1 (BAHIA, 2004).

Este rio apresenta uma &area de drenagem de 37 km?, vazdo média de 0,3
m>.s™?, uma extensdo total de 17 km, sendo que 9 km do seu curso médio s&o
margeados por florestas de manguezais. Nao se constitui tributario de nenhum outro
ro, nem possui um grande afluente (BAHIA, 2000). Na regido que abrange a
nascente do rio Sdo Paulo, ocorre principalmente desenvolvimento de atividades
agricolas, sobretudo o cultivo de cana-de-acUcar e de espécies hortifrutigranjeiras.
Predomina o tipo de vegetacdo formada por arbustos, arvores esparsas, gramineas
e vegetacdo haldfita tipica de manguezal na area estuarina, destacando-se as matas
de galerias (BAHIA, 2002).

O clima da é&rea caracteriza-se pela constante umidade, sem estacdo seca
bem definida, com precipitacdo anual superior a 1800 mm, com os maiores indices
registrados no periodo que compreende os meses de abril a julho. Nos meses de
outubro, novembro e dezembro, as chuvas sdo menos intensas, com precipitacdo
total anual variando de 1750 a 1900 mm. A temperatura média anual € da ordem de
25,3 °C. A amplitude térmica é de 5,5 °C. O clima Uumido, nesta area, determina a
constancia do verde, bem como a existéncia de florestas com arvores de médio
porte, geralmente densas (BAHIA, 1994).

A é&rea de estudo geologicamente integra a bacia intracratdnica do Recéncavo
baiano, de idade cretdcea. Os sedimentos desta regido sdo predominantemente
arenosos e argilosos, sendo depositados em um sistema delimitado por grandes
falhas (BAHIA, 1994). Geologicamente observa-se predominancia de sedimentos
das Formaco®es Itaparica, Candeias e do Grupo de llhas, litotipos da Formacdo S&o
Sebastido, além dos depdsitos quartenarios e recentes que constituem as praias,

manguezais (local de estudo desta pesquisa) e pantanos (BAHIA, 2002).
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Figura 1 — Mapa de Localizacdo da Area de Estudo. a) Mapa de Situagio e Localizacdo da Baia de Todos os Santos. b) Fotografia aérea da area de
coleta de sedimento. Fonte: Adaptado de Bahia (2004).



18

Em relacdo aos impactos nas aguas superficiais e sedimentos existentes na
area, destaca-se agentes provenientes da industria petrolifera. De acordo com
dados do estado (BAHIA, 2002) na bacia de drenagem deste rio se desenvolvem
diversos tipos de atividades de natureza predominantemente industrial como
exploracédo, refino e armazenamento de petréleo. Na bacia hidrogréfica do rio Sao
Paulo existem diversos pocos de petrdleo, com registro histérico de incidentes do
tipo blow-out (explosdo de pocos), levando a contaminacao por 6leo cru (petréleo)
aos ecossistemas, onde 0os manguezais ocupam um papel de destaque (BAHIA,
2002).

No rio Sdo Paulo também, observa-se contribuicdes de esgotos domésticos,
principalmente da cidade de Candeias e descargas industriais (BAHIA, 2004).

Vale destacar a importancia socioecondmica deste estuario, jA que Ssao
praticadas atividades de pesca artesanal e mariscagem, provendo o sustento de
populacdes ribeirinhas (BAHIA, 2002).
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3. REVISAO DA LITERATURA

Para a construgdo desta revisdo foi feito um levantamento bibliografico
baseado em artigos cientificos, dissertacdes, teses e trabalhos publicados em anais
de congresso nacionais e internacionais sobre a aplicacdo da biorremediacao,
fitorremediacdo e seus consoércios em solos e sedimentos impactados por metais

pesados e hidrocarbonetos derivados do petroleo.

3.1 Metais pesados e hidrocarbonetos em sedimentos de manguezal

O sedimento € um componente muito especifico da biosfera, agindo nao
apenas como um depésito de contaminantes, mas também como um tampéo
natural, controlando o transporte de elementos quimicos e substancias para a
atmosfera, hidrosfera e biota (CONAMA, 2009). A biodisponibilidade e degradacéao
dos metais pesados e hidrocarbonetos na sua composi¢éo séo fatores importantes a
serem avaliados em um projeto de remediagéo.

Segundo Santos (2005), os metais pesados podem estar dispostos em
sedimentos e no solo em diferentes formas: na forma ibnica ou complexada na
solugcdo do meio, como ions trocaveis no material organico ou inorganico de troca
ativa, como ions mais firmemente presos ao complexo de troca, como ions quelatos
em complexos organicos ou organominerais, incorporados em sequioxidos
precipitados ou sais insolUveis, incorporados nos microorganismos € Nnos Seus
residuos bioldgicos, ou presos nas estruturas cristalinas dos minerais primarios ou
secundarios.

Para Adriano (1986), sua distribuicdo é influenciada pelas seguintes
propriedades do solo: pH, potencial redox, textura, granulometria, composi¢cao
mineral, caracteristicas do perfil, capacidade de troca catibnica, componentes
organicos do solo e na solugéo, presenca de outros metais pesados, temperatura do
solo, contetudo de agua e outros fatores que afetam a atividade microbiana. Segundo
Pendias (2001), estes fatores que afetam a distribuicio dos metais pesados no
sistema controlam a sua disponibilidade, mobilidade do meio e disponibilidade as
plantas.
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Quando se trata de hidrocarbonetos derivados do petrdleo, o processo de
eliminac&o do 6leo uma vez presente no sedimento em um manfuezal € determinado
pela sua interacdo com o sistema e controlado por fatores fisicos, quimicos e
microbioldgicos, tais como: sua composicao, o hidrodinamismo local, a irradiacao
solar, a temperatura, a granulometria do sedimento, a composi¢cdo da comunidade
microbiana, a disponibilidade de nutrientes, entre outros (ATLAS, 1982; SUGIURA et
al., 1997; COLOMBO et al., 2005).

A maioria dos componentes do 6leo sofre intemperismo quando presentes em
sedimentos de manguezal, mas a magnitude deste processo ainda é de dificil
conhecimento. As razGes de n-C17/Pristano e n-C18/Fitano vém sendo usadas para
avaliar a degradacao. Porém esses isoprendides sao relativamente labeis e, além
disto, podem também provir da degradacao da clorofila no meio ambiente, o que,

muitas vezes, altera o resultado destas razdes (FARIAS, 2006).

3.2 Remediacédo de areas contaminadas

O termo remediation, na lingua inglesa, refere-se a abordagem de cunho
educacional, uma ag¢do ou processo de correcdo ou dominio do conhecimento ou
problema. Porém, segundo Sanchez (2004) este termo foi introduzido nos Estados
Unidos e Europa, pelos formadores de opinido, como um “conjunto de medidas
objetivando a limpeza de sitios degradados por atividades industriais”, notadamente
a disposicao de residuos toxicos, que tenha causado a contamina¢édo do solo ou do
aguifero.

As técnicas de remediacdo de areas contaminadas, por metais pesados e
hidrocarbonetos podem ser feitas in situ (que é realizado na area contaminada) ou
ex situ (que é realizado fora da area contaminada).

Algumas técnicas in situ, como: Air sparging, Biosparging, Bioventing, Barreira
Reativa, Biorremediacdo (Bioaumento e Bioestimulo), Biorremediacdo Intrinseca
(atenuacgdo natural monitorada) e Fitorremediacdo. Assim como outras técnicas ex
situ sdo muito utilizadas tais como: Oxidacdo Quimica, Dessorcdo Térmica, Biopilha
e Incineracéo.

Nos ultimos anos passou-se a dar preferéncia por métodos in situ que

oferecam menores riscos ao ambiente e que sejam economicamente viaveis. Dentro
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deste contexto a biotecnologia oferece a Biorremediacao e a Fitorremediagdo como

alternativas que mais se enquadram as exigéncias.

3.3 Fitorremediacao

Embora a fitorremediacdo seja uma técnica que tem sido mais estudada nos
altimos anos, varios conceitos especificos tém sido empregados. Carneiro et al.
(2002) definiram como sendo uma simples introducdo de um vegetal em um solo
contaminado. Ferreira et al. (2003) conceituaram como sendo uma técnica que
objetiva a descontaminagdo do solo e &gua, utilizando plantas como agente de
descontaminacédo. Ja Dinardi et al. (2003) afirmaram esta como uma ferramenta da
biotecnologia capaz de empregar sistemas vegetais fotossintetizantes e sua
microbiota como o fim de desintoxicar ambientes degradados ou poluidos.

A Biotech (2004) definiu tratar-se de plantas - geneticamente alteradas ou nao
— capazes de absorver poluentes do solo ou de metabolizar as substancias nas suas
variacbes menos toxicas. Pletsch et al. (2004) conceituaram como sendo a aplicacéo
de sistemas vegetais (arvores, arbustos, plantas rasteiras e aquaticas) e de sua
microbiota com fim de remover, degradar ou isolar substancias toxicas do ambiente.
Gratéo et al. (2005) em um dos conceitos mais recentes afirmaram ser 0 processo o
qual se introduz plantas no ambiente que toleram altas concentracoes de
contaminantes nas raizes e partes aéreas.

Essa técnica, apesar de ja ter sido utilizada por comunidades tradicionais
naturalmente, foi empregada pioneiramente pelo pesquisador portugués K. Seidel
em 1966. Este, em um experimento num aquario utilizou uma planta aquatica e a
sua microbiota associada, a fim de purificar uma agua contaminada por fendis e
outros compostos quimicos, obtendo excelentes resultados (LIMA, 2001).

As principais substancias alvos da fitorremediacdo incluem, além dos metais
pesados (Pb, Cd, Zn, Cu, As, Ni, Hg, Se), compostos inorganicos (NOsz, PO,),
elementos quimicos radioativos (U, Cs, Sr), hidrocarbonetos derivados de petréleo,
pesticidas, xenobidticos e herbicidas (atrazine, bentazona, compostos clorados e
nitro-aroméaticos), explosivos (TNT, DNT), solventes clorados (TCE, PCE) e residuos
organicos industriais (PCPs, PAHS), entre outros (CUNNINGHAM, 1996; SURESH,;
RAVISHANKAR, 2004; SINGH; JAIN, 2003; NEWMAN; REYNOLDS, 2004;
ARCHER e CALDWELL, 2004; GRATAO et al., 2005, VENNILA et al., 2009).
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A fitorremediagdo oferece diversas vantagens que devem ser levadas em
consideracdo. Grandes areas podem ser recuperadas de diversas maneiras, a baixo
custo, com possibilidades de remediar aguas contaminadas, solo, subsolo, ar e ao
mesmo tempo embelezar o ambiente. Paradoxalmente, o tempo para se obter
resultados satisfatérios, as vezes, pode ser longo. Segundo Dinardi (2003), a
concentragdo do contaminante e a presenca de toxinas devem estar dentro dos
limites de tolerancia da planta usada para ndo comprometer o tratamento.

Muitas vezes esta técnica € empregada de forma incorreta, quando se utiliza
plantas frutiferas e outras de importancia alimenticia, pois corre o0 risco do
contaminante entrar na cadeia alimentar. Hoje em dia, existe uma grande busca por
vegetais com caracteristicas diferentes dessas para utilizacdo eficiente e com
menores riscos (MOREIRA et al., 2006).

A estimativa mundial para os gastos anuais com a despoluicdo ambiental gira
em torno de 25 a 30 bilhdes de doélares. Este mercado, que ja estavel nos Estados
Unidos (7 — 8 bilhdes de dolares), tende a crescer no Brasil uma vez que os
investimentos para tratamento dos rejeitos humanos, agricola e industrial crescem a
medida que aumentam as exigéncias da sociedade e leis mais rigidas sao aplicadas.
Apesar das pressodes, sao as tecnologias mais baratas, como a fitorremediacdo, com
capacidade de atender uma maior demanda e que apresentam mais capacidade de
desenvolvimento que tendem a obter maior sucesso atualmente (DINARDI et al.,
2003).

3.3.1 Mecanismos da Fitorremediagao

As espécies vegetais que podem realizar a fitorremediacdo apresentam varios
mecanismos fisioldgicos, a depender da natureza fisico-quimica ou da propriedade
do poluente, podendo ser classificados como: Fitoextracdo, Fitodegradacéo,

Fitoestabilizacéo, Fitoestimulacdo e Fitovolatilizacao.
3.3.1.1 Fitoextracéo
A fitoextracdo, segundo Mcgrath (1998), envolve a absorcdo dos

contaminantes pelas raizes, os quais sao nelas armazenados ou transportados e

acumulados nas partes aéreas, sendo aplicada principalmente para metais pesados
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podendo ser usada também para compostos organicos. Esta técnica utiliza as
plantas hiperacumuladoras, que tem a capacidade de armazenar altas
concentracfes de metais especificos (0,1% a 1% do peso seco, dependendo do
metal). Segundo Dinardi et al. (2003), as espécies de Brassica juncea, Aeolanthus
biformifolius, Alyssum bertolonii e Thlaspi caerulescens sédo exemplos de

fitoextratoras em solo e em sedimentos Rizophora mangle tem se destacado.

3.3.1.2 Fitodegradacao

Segundo Cunnigham (1996), neste mecanismo 0s contaminantes organicos
sdo degradados e/ou mineralizados dentro das células vegetais por enzimas
especificas, destacando-se as nitroredutases (degradacdo de nitroaromaticos),
desalogenases (degradacdo de solventes clorados e pesticidas) e lacases
(degradacao de anilinas), sendo Populus sp. e Myriophyllium spicatum exemplos de

plantas fitodegradadoras.

3.3.1.3 Fitoestabilizac&o

Na fitoestabilizagdo, segundo Cunnigham (1996), os contaminantes sao
incorporados a lignina da parede vegetal ou ao humus do solo precipitando os
metais sob formas insollveis, sendo posteriormente aprisionados na matriz, evitando
a mobilizacdo do contaminante e limitando sua difusédo no solo, através de uma
cobertura vegetal. Segundo Dinardi et al. (2003), exemplos de plantas cultivadas
com este fim sdo os géneros de Haumaniastrum, Eragrostis, Ascolepis, Gladiolus e

Alyssum.

3.3.1.4 Fitoestimulagao

Segundo Brooks (1998), neste mecanismo as raizes em crescimento
(extremidades e ramificacdes laterais) promovem a proliferagdo de microrganismos
degradativos na rizosfera, que usam os metabdlitos exudados da planta como fonte
de carbono e energia. Aléem disso, as plantas podem secretar, elas proprias, enzimas

biodegradativas, porém as Pseudomonas sdo 0s organismos predominantes
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associados as raizes, ocorrendo com grande densidade em Rizophora mangle e

Avicennia schaueriana em sedimentos de manguezal.

3.3.1.5 Fitovolatilizagcéo

Neste processo, segundo Brooks (1998), alguns ions de elementos dos
subgrupos 11, V e VI da Tabela Periddica, mais especificamente, mercurio, selénio e
arsénio, sao absorvidos pelas raizes, convertidos em formas néo toxicas e depois

liberados na atmosfera. Este mecanismo é empregado também para compostos
organicos derivados do petroleo.

3.4 Aplicacbes no Brasil

As pesquisas sobre plantas hiperacumuladoras para serem utilizadas na
fitorremediacdo e da sua propria aplicacdo em solos contaminados, tém como
referéncias os trabalhos da USEPA - “United States Environmental Protection
Agency” (1983; 1987; 1991; 1994; 2000). Porém no Brasil, existem alguns
pesquisadores que estdo avancados sobre maior conhecimento da técnica. Outros
ja aplicaram ou estdo em fase de aplicacdo, porém na maioria dos casos voltados
apenas para contaminagao por metais pesados.

Carneiro et al. (2001) avaliaram o estabelecimento de plantas herbaceas em
solo contaminado por metais pesados e inoculacdo de fungos micorrizicos
arbusculares, onde puderam observar que a mostarda (Brassica juncea) com a
inoculacdo dos fungos teve o melhor resultado em relacdo a acumulacdo do
chumbo, cadmio e zinco.

Em 2002, Carneiro et al. avaliaram o crescimento de espécies herbaceas em
misturas de solo com diferentes graus de contaminagdo com metais pesados. Como
principais resultados, puderam observar que a populacdo de Ginseng brasileiro
(Pffafia sp.) apresentou elevada tolerancia a altas concentragdes de cadmio e zinco
e sendo hiperacumuladora do primeiro.

Pletsch et al. (2002) utilizaram culturas de raizes geneticamente
transformadas da cenoura (Daucus carota) como modelo experimental para o estudo
da tolerancia ao fenol e seus derivados clorados, obtendo bons resultados com

alguns cultivares.
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Melo et al. (2002) avaliaram a fitotoxicidade do tomate (Lycopersicon
lycopersicum) e do repolho (Brassica oleraceae) em solo contaminado por metais
pesados concluindo que estas espécies apresentam grande potencial para o teste
por serem pouco sensiveis aos contaminantes.

Pires et al. (2003) fizeram um grande levantamento bibliografico quanto a
espécies capazes de fitorremediar solos contaminados por herbicidas, ressaltando a
Erva-de-queimada (Kochia scoparia) como grande potencial rizosférico para
fitoestimular a degradacdo da molécula de atrazine.

Thassi e Barbafieri (2004) avaliaram a eficiéncias de alguns espécimes
vegetais na fitorremediacdo de solo contaminado por metais pesados, porém
adicionaram alguns agentes especificos de mobilizacdo dos contaminantes para os
tornarem mais biodisponiveis. A mostarda (Brassica juncea) apresentou os melhores
resultados para o chumbo e o arsénio.

Bernardes Janior et al. (2004) testaram um sistema de fitorremediagdo com
espécies nativas das florestas pluvial atlantica e estacional semidecidua e do
cerrado brasileiro em um solo contaminado por organoclorados. Em seus resultados
preliminares, em um periodo de 3 anos obteve resultados até entdo néo
satisfatorios.

Gratdo (2005) analisou a resposta antioxidativa de células do tabaco
(Nicotiana tabacum) submetidas ao cadmio observando principalmente que o
principal mecanismo de defesa da espécie foi a producdo de enzimas como
substrato para fitoquelatinas, que sdo proteinas ligantes de metais pesados

Santos (2005) avaliou a eficiéncia de alguns espécimes em acumular alguns
metais pesados, tendo grande destaque a mostarda (Brassica juncea) na absorcao
de zinco.

Em um dos trabalhos mais relevante para o tema da futura pesquisa a ser
desenvolvida, Crapez et al., (2000) avaliaram a sensibilidade do consércio das
espécies vegetais de mangue vermelho (Rizophora mangle) e bactérias
hidrocarbonoclasticas em sedimentos contaminados por hidrocarbonetos, obtendo

bons resultados.
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3.5 Biorremediagao

A biorremediacdo € uma técnica de despoluicdo de ambientes contaminados
baseada na aceleracdo do processo natural de biodegradacdo de determinadas
substancias no meio ambiente O processo dependente de algumas condi¢des
ambientais como, temperatura, presenca de oxigénio e nutrientes, e pH (COELHO,
2005).

Essa técnica de limpeza usa microrganismos ou processos microbianos para
reduzir a concentragao e/ou a toxicidade de determinados poluentes acelerando o
processo de biodegradacéo (ATLAS, 1981). Por tanto, pode se considerar que a
biorremediacdo € a otimizacdo da biodegradacdo, sendo que esta aceleracdo pode
ser de trés principais tipos: pela adicao de fertilizantes (bioestimulo), pela introducéo
de microorganismos (bioaumento), ou ainda através da atenuagdo natural
monitorada (biorremediacao intrinseca).

A utilizacdo da técnica de biorremediacao foi descoberta através de pesquisas
de investigavam da degradacédo de hidrocarbonetos no ambiente natural, nas quais
foram identificados alguns microrganismos capazes de usar tais hidrocarbonetos
como fonte de carbono e energia (ZOBELL, 1946; ATLAS, 1981). Mas sO ap0s a
andlise dos fatores bibticos e abidticos envolvidos no processo de biodegradacdo
que a técnica passou a ser aplicada na limpeza de ambientes contaminados por 6leo
(LINDSTROM et al., 1991).

Em se tratando da remediacéo ex situ de solos contaminados por atividades
petroliferas existem varias técnicas de biorremediacdo: landfarming, biopilhas e
diferentes tipos de biorreatores (BERGER, 2005; COELHO, 2005). Os processos de
biorremediagdo ex situ podem ser realizados com unidades moveis no local da
contaminacao (on-site) ou em estacoes fixas de tratamento (off-site). Estas técnicas
produzem resultados mais rapidos, sdo mais faceis de controlar e apresentam uma
maior versatilidade para o tratamento de grande numero de contaminantes e tipos
de solo. Todavia, requerem a remocdo do solo contaminado antes da
biorremediacdo acontecer, o que impreterivelmente eleva o custo do tratamento
(ABBAS, 2003).

Em relagéo a biorremediagéo in situ esta técnica visa tratar o solo no local da
contaminacdao utilizando-se de tecnologias que vao desde a introducao de oxigénio e

nutrientes até a adicdo organismos selecionados para cada tipo de contaminante.
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Neste caso ndo ha remocdo de material contaminado evitando custos e distarbios
ambientais associados com o movimento de solos e aguas. Os produtos finais de
uma biorremediacdo efetiva sdo agua e gas carbodnico, que nao apresentam
toxicidade para 0s organismos Vivos.

De acordo com parametros como origem dos microrganismos, adicado ou nao
de nutrientes, a biorremediacéo in situ pode ser realizada através de trés processos:

biorremediacao intrinseca, bioestimulo e bioaumento (ATLAS, 1997).

3.5.1 Mecanismos empregados na Biorremediacao

3.5.1.1 Biopilhas

As biopilhas sao conhecidas como biocélulas ou pilhas compostas, sendo
usadas para reduzir as concentragbes de constituintes do petroleo em solos
escavados, através do uso da biodegradacdo (EPA, 1994). Esta tecnologia envolve
o empilhamento de camadas de solo e a estimulacdo da atividade microbiana do
solo pela aeracédo e/ou adicdo de minerais, nutrientes e umidade (JORGENSEM,
2003).

A utilizagdo do oxigénio tem como objetivo estimular o crescimento e a
reproducdo das bactérias aerobicas que degradam os constituintes do petroleo. As
biopilhas sdo aeradas forcando-se o ar a se mover por meio da inje¢cdo ou extracao
através de tubos perfurados colocados por toda a pilha (EPA, 1994).

Muitos contaminantes organicos tém sido reduzidos com a utilizagdo de
biorremediacdo através das biopilhas (JORGENSEM, 2003). Esta tecnologia tem
demonstrado funcionar com sucesso especialmente para os hidrocarbonetos

petroliferos, hidrocarbonetos poliaromaticos (HPA) e cloretos.

3.5.1.2 Landfarming

Landfarming é uma tecnologia de superficie de remediacdo do solo, onde o
solo contaminado é escavado em camadas finas e espalhado sobre a superficie do
terreno onde ocorre a estimulagéo da atividade microbiana aerobica por intermédio
da aeracéo e/ou adicdo de minerais, nutrientes e umidade (AZEVEDO, 2006). Esta

técnica € empregada com elevada eficiéncia no tratamento de rejeitos industriais,
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especialmente na industria petroquimica. O rejeito € misturado ao solo por aracao e
dragagem e as condicdes fisico-quimicas do solo (agua, aeracdo e nutrientes) sao
monitoradas para maximizar a atividade heterotrofica (EPA, 1994).

Esta foi a primeira técnica ex situ aplicada em grande escala e surgiu nos
EUA. O processo pode ser aplicado com grande sucesso quando o material é
contaminado com substancias de facil degradacdo aerébica (BERGER, 2005).
Entretanto, a quantidade de residuo a ser aplicada € determinada pelo indice de
toxicidade, e desde que uma taxa desejavel de atividade da camada reativa do solo
esteja sendo mantido, o teor de metais s6 é controlado porque ele préprio pode

interferir nesta atividade (DAL FORNO, 2006).

3.5.1.3 Biorreatores

Os biorreatores tém como diferencial o tratamento em um espaco confinado,
o reator. A sua aplicacdo apresenta como maior vantagem o facil controle de
degradacéao biolégica que permite um tratamento rapido e eficaz. As concentracoes
de oxigénio e de nutrientes, o teor de agua, a temperatura e o pH sdo monitorados in
situ e podem ser regulados de forma eficiente.

Basicamente diferenciam-se dois tipos de reatores: biorreatores do tipo a
seco e biorreatores do tipo suspensao (slurry bioreactors) (BERGER, 2005). Este
altimo baseia-se na principal tecnologia eletronica utilizada no processo de
biodegradacéo: aerdbio (oxigénio molecular), anoxica (nitrato e de alguns metais
cations), anaerébio (sulfatos-redutores, metanogénicos, fermenta¢édo), ou misto ou
combinado de elétrons (GONZALEZ et al., 2008).

Nesta técnica, nutrientes e outros aditivos, tais como agentes neutralizantes,
surfactantes, dispersantes, e co-metabdlitos podem ser oferecidos para melhorar
caracteristicas e taxas de degradacdo microbiana. Micrébios indigenas podem ser
utilizados ou microorganismos podem ser acrescentados no biorreator ou podem ser
adicionados continuamente para manter niveis adequados de biomassa (EPA,
1990).
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3.5.1.4 Biorremediacao Intrinseca (Atenuacdo Natural Monitorada)

A remediacdo natural € um processo que se baseia em fatores naturais para
remocado ou contencdo de contaminantes e recentemente vem ganhado maior
aceitacdo em locais contaminados por derramamentos de derivados de petroleo.
Esta forma de aplicacao refere-se aos processos fisicos, quimicos e bioldgicos que
facilitam o processo de remediacao de maneira global (MARIANO, 2006).

Neste tipo de atenuacdo nao é utilizada nenhuma acéo de tratamento esta
baseada basicamente no monitoramento do deslocamento da pluma. Dados obtidos
em pesquisas de campo de varios pesquisadores tém comprovado que a atenuacao
natural limita o deslocamento dos contaminantes e, portanto, diminui a contaminacao
ao meio ambiente (CORSEUIL e MARINS, 1998).

A biodegradacdo se baseara na capacidade de microrganismos autéctones
degradarem contaminantes que eventualmente tenham sido derramados em
subsuperficie sem qualquer interferéncia de tecnologias ativas de remediacéo
(MARIANO, 2006).

Quando se trata dos hidrocarbonetos ocorre essencialmente uma reacédo de
oxi-reducdo onde o este é oxidado e um aceptor de elétrons é reduzido. H& varios
compostos que podem agir como aceptores de elétrons, tais como o oxigénio (O,),
nitrato (NO3), 6xidos de ferro (p.e. Fe(OH)s), sulfato (SO4?), 4gua (H,0) e diéxido de
carbono (COy). A seguinte seqiéncia de preferéncia de utilizacdo desses aceptores
foi observada: oxigénio > nitrato > Oxidos de ferro > sulfato > 4gua (CORSEUIL e
ALVAREZ, 1996).

O monitoramento da atenuacéo natural se faz a partir do acompanhamento de
indicadores geoquimicos (pH, Ey, O.D., temperatura, aceptores de elétrons). A
diminuicdo da concentracdo de oxigénio dissolvido (O.D.) na 4gua e um aumento da
concentracdo de didéxido de carbono s&o indicativos de um processo aerobio de
biodegradacao, enquanto que a producéo de fons Fe** ou diminuicdo de fons nitrato
indicam a presenca de processos anaerébios. Um declinio do potencial redox (Ep)
de valores positivos para negativos reflete a mudanca de condigbes oxidantes
(favoraveis aos microrganismos aerobios) para condi¢cbes redutoras (melhores
condicbes aos processos anaerébios, que sdo mais lentos que os aerébios). Um
aumento nos valores de pH pode ser creditado ao consumo de ions H* durante a
reducdo de ions férricos ou do nitrato (MARIANO, 2006).
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3.5.1.5 Bioventilagdo

A bioventilagcdo € uma tecnologia que aumenta a biodegradacdo natural dos
hidrocarbonetos de petréleo mediante o fornecimento de oxigénio aos
microorganismos presentes no solo. Utiliza baixa vazédo de ar, suficiente apenas
para manter a atividade microbiana. Na maioria dos casos, o oxigénio é suprido pela
injecdo direta de ar no solo contaminado, onde ocorre também a biodegradacao dos
compostos organicos volateis, que se movem lentamente através do solo
biologicamente ativado (AZEVEDO, 2006).

Esta técnica tem um histérico em tratamento de degradacdo aerdbica de
contaminantes, como o0s combustiveis. Na bioventilacdo aerobica, solos
contaminados com baixas concentracbes de oxigénio sdo tratados através do
fornecimento de oxigénio para facilitar a biodegradacdo microbiana aerébia. O
oxigénio é normalmente introduzido pela injecdo de ar em pog¢os que empurra o ar
no subsolo (EPA, 2006). Além disso, é utilizada principalmente para tratar
biodegradacdo aerdbia de contaminantes, como 0s compostos organicos volateis e
hidrocarbonetos.

Bioventilagdo € utilizada principalmente para tratar biodegradacdo aerobia de
contaminantes, como 0s compostos organicos volateis e ndo-clorados (EPA, 2006).

3.5.1.6 Bioaumento

O bioaumento ocorre pela adicdo de microrganismos especificos em regides
impactadas, adaptados em laboratério as condicbes ambientais. Ao usar essa
técnica, faz-se a avaliagdo dos microrganismos presentes no ambiente,
identificando-se os degradadores de 6leo. Em seguida, através de bioreatores
estimula-se em laboratdrio, o crescimento microbiano das espécies de interesse e,
posteriormente, injeta-se o “pool” de microrganismos no local contaminado com o
objetivo de aumentar a populacdo microbiana, responsavel pela degradacédo do oleo
(ROSA, 2003). Mas a aplicacdo do método na descontaminacdo de ambientes
costeiros ndo se mostrou suficientemente eficaz, devido atuacdo de processos
intempéricos, correntes marinhas, ventos, ondas, chuvas e competicbes

microbianas, que influéncia diretamente na utilizacdo dessa técnica (ATLAS, 1981).
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A adicdo de culturas mistas de microrganismos aléctones tem como objetivo
aumentar a taxa e/ou a extensao da biodegradacgéo, pois, normalmente, a populagéo
autoctone nao esta adaptada, e nem € capaz de degradar toda a gama de
substratos presentes em uma mistura complexa como o petroleo (SOUZA, 2003).

Culturas mistas sdo produzidas com microrganismos coletados de regides
contaminadas, mas para isso tem se alguns critérios para a escolha destes
microrganismos como a habilidade de degradar a maioria dos componentes do
petréleo, boa estabilidade genética, elevado grau de atividade enzimatica,
capacidade de competir com 0s microrganismos autdctones, manutencdo da
viabilidade das células durante a estocagem, auséncia de patogenicidade e
crescimento rapido no meio ambiente natural. ApGs o isolamento, 0s microrganismos
sao bioaumentados em laboratorio e estocados (HOFF, 1992; SOUZA, 2003).

3.5.1.7 Bioestimulo

O bioestimulo é a aceleracao da reproducédo microbiana e de suas atividades
metabdlicas, pela adicdo de oxigénio, 4gua e nutrientes ao meio ambiente
contaminado (ROSA, 2001). No bioestimulo de populacdes de microrganismos
autoctones com o objetivo de aumentar as taxas de biodegradacdo €
freqientemente empregada em projetos de biorremediacédo (ATLAS, 1997).

Para se utilizar o processo de bioestimulacdo, deve-se demonstrar que existe
no local contaminado uma populagcdo natural de microrganismos capazes de
biodegradar os contaminantes presentes e que as condicdes ambientais sao
insuficientes para se obter altas taxas de atividade microbiolégica dessa populacao
(MARIANO, 2006).

Durante o bioestimulo existem fatores limitantes como nutrientes e aceptores
de elétrons que estimulam o metabolismo e a velocidade de crescimento dos
degradadores o que acelera as taxas de biodegradacdo em condicbes ambientais
favoraveis A adicdo de nutrientes em ambientes contaminados permite a
degradacdo mais rapida e eficaz dos hidrocarbonetos por parte dos
microorganismos nativos (VALLEJO et al., 2005).
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4. MATERIAIS E METODOS

A metodologia utilizada na presente pesquisa baseou-se na selecdo de
técnicas e procedimentos adotados no ambito das Geociéncias, relacionada a
estudos de geoquimica e processos de biorremediacao. Partiu-se da premissa que
h& contaminacdo no sedimento estudado proveniente de manguezal do Rio Séo
Paulo (porcdo norte da BTS) por metais tragco e hidrocarbonetos derivados do
petroleo (CELINO et al., 2008; ONOFRE et al., 2008; SANTANA, 2008; VEIGA et al.,
2008; GARCIA, 2009; e LIMA, 2010) e que os procedimentos de monitoramento
escolhidos para esta pesquisa auxiliardo na compreensdo do comportamento das
espécies biolégicas empregadas nas técnicas e da provavel eficiéncia das mesmas

na degradacéo dos hidrocarbonetos derivados do petréleo.

A verificacdo da hipotese do trabalho, apresentada na Introducgéo , deu-se a
partir de linhas de acdo que seguiram: a) construgcdo do experimento , b)
monitoramento , ¢) analises quimicas , d) obtencdo de resultados , além da e)
interpretacdo dos resultados (de forma comparativa com resultados disponiveis na
literatura e com os dados encontrados nos diferentes modelos).

Paralelamente foi dada continuidade do levantamento de referéncias a
respeito de técnicas de biorremediacdo aplicadas em sedimentos com
caracteristicas parecidas em outras areas, contaminacdo ambiental no Rio S&o
Paulo (e norte da BTS) e fatores fisico-quimicos que afetam a biodegradacdo dos
hidrocarbonetos derivados do petréleo em sedimentos de manguezal.

a) Construcéo do experimento

Esta pesquisa esteve voltada para o desenvolvimento de processos de
biorremediacdo em areas afetadas por atividades petroliferas. Para tanto foi
escolhida uma regido localizada nas imediacfes da base de poco da Petrobras,
Estacdo Pedra Branca, local onde esta instalado o Laboratério de Simulacdo dos
Processos de Biorremediagcdo (LEPETRO — Unidade de Simulagcdo) em Sao
Francisco do Conde (zona de intensa atividade petrolifera no Recéncavo Baiano).

A realizacao dos experimentos de simulacdo ocorreu no laboratério implantado
para realizacdo de pesquisas desenvolvidas no ambito da rede RECUPETRO (Rede

Cooperativa em Recuperacdo de Areas Contaminadas por Atividades Petroliferas).
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Para a aplicacdo dos procedimentos foram utilizados acess6rios como aquarios

confeccionados especificamente para tal finalidade (Figura 2).

(@) (b)

(©) (d)

Figura 2 - (a) Vista lateral evidenciando o Laboratdrio de Simulagéo, construido e
cercado; (b) Vista interna evidenciando as bancadas; (c) Tubos de ensaio para
processos de biorremediagéo; (d) Tubos de ensaio dentro das unidades de
simulacéo.

Para a construcdo dos ambientes (simulados nos aquarios) foram definidos
locais de coletas (Figura 3) que representaram as condicdes mais préximas da
contaminacao do estuario. Sendo assim, foram coletadas aleatoriamente amostras
de sedimento com borras de Oleo com auxilio de um testemunhador de metal
inoxidavel em regides onde forem observadas exsudagfes e em uma area controle,
definidas a partir de uma avaliacdo preliminar, foram coletados os sedimento sem
contaminacdo por HTP’s, baseados em estudo anterior (Moreira et al., 2010c).
Posteriormente foi realizada a homogeneizacdo do sedimento com residuo de éleo
definindo entdo o tratamento de sedimento contaminado, o qual foi usado neste

estudo.
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A agua dos aquarios foi captada diretamente do rio Sdo Paulo (regido de
interesse) para distribuicdo e simulagdo do regime de maré. Posteriormente foram
analisadas as concentracoes iniciais dos metais e hidrocarbonetos totais, a fim de
realizar uma investigacdo confirmatoria inicial e finalmente detalhada (CETESB,
1999; OLIVEIRA et al., 2008).

Prioritariamente foram montados nos aquarios trés modelos de remediacéo
(Fitorremediacdo |, Fitorremediacdo 1l, Biorremediagdo Intrinseca) com

monitoramento durante 90 dias, conforme o seguinte delineamento:

1) Fitorremediagdo | — foram submetidas em sedimentos coletados na area,
mudas de mangue vermelho (pré-selecionadas em pesquisa piloto) coletadas no
local (foram valiados o0s mecanismos da fitorremediacdo: fitodegradacao,

fitoestimulacéo e rizodegradagé&o);

2) Fitorremediacéo Il — foram submetidas em sedimentos coletados na éarea,
mudas de mangue preto (pré-selecionadas em pesquisa piloto) coletadas no local
(foram avaliados os mecanismos da fitorremediacao: fitodegradacéo, fitoestimulacao

e rizodegradacao); e

3) Biorremediacdo Intrinseca (atenuacdo natural monitorada) — onde foi
monitorado a degradacédo dos hidrocarbonetos derivados do petréleo pelas bactérias
hidrocarbonoclasticas intrinsecas, sendo caracterizada a densidade de bactérias nos
trés modelos, a fim de avaliar a eficiéncia da técnica, seguindo Romeiro (2001).
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Figura 3 — Mapa de Localizagdo da dos pontos de coletas de sedimentos e borras de 6leo na area de estudo. Os pontos P1, P2 e P3 sédo da area
contaminada com borras de 6leo. Os pontos P4, P5 e P6 sédo da area controle (confirmada em estudo anterior: Moreira et al., 2010b).
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Esguema de montagem do experimento:

- 3 aquarios (contendo 06 cubas cada) com sedimento controle + R.mangle = 18
cubas;

Sed + Sed + Sed +
R.mangle R.mangle R.mangle

- 3 aquarios (contendo 06 cubas cada) com sedimento controle + A.schaueriana =
18 cubas;

Sed + A. Sed +A. Sed + A.
shauerana shauerana shauerana

- 3 aquarios (contendo 06 cubas cada) com sedimento controle + Microorganismos
autoctones = 18 cubas;

Sed Sed Sed
+Microorg. +Microorg. +Microorg.
autéctones autéctones autéctones

- 3 aquarios (contendo 06 cubas cada) com sedimento contaminado + R.mangle =
18 cubas;

Sed + Sed + Sed +
R.mangle R.mangle R.mangle

- 3 aquarios (contendo 06 cubas cada) com sedimento contaminado + A.
schaueriana = 18 cubas;

Sed + A. Sed + A. Sed + A.
shauerana shauerana shauerana

- 3 aquarios (contendo 06 cubas cada) com sedimento contaminado + com
Microorganismos autoctones = 18 cubas;

Sed Sed Sed
+Microorg. +Microorg. +Microorg.
autéctones autéctones autéctones

TOTAL = 18 aquarios = 108 cubas



37

Esta metodologia teve como intuito avaliar qual o modelo mais eficiente na
remediacdo, levando em consideracdo a seguranca da populacdo e dos

compartimentos ambientais local.
b) Monitoramento

Durante o desenvolvimento destes modelos, 0os organismos vegetais foram
monitorados, por meio de parametros morfofisiolégicos (Biomonitoramento). Em
relacdo aos microorganismos, foi determinada a densidade de bactérias
hidrocarbonoclasticas em cada modelo de remediacdo a fim de estabelecer
possiveis relacdes com a capacidade de degradacdo dos contaminantes disponiveis

nos sedimentos e a sensibilidade devido a presenca de metais.

Foram monitorados também para cada modelo os parametros fisicos-
quimicos (pH, Ey, Salinidade, Condutividade e Oxigénio Dissolvido) nos sedimentos

e nas aguas utilizadas, além da biodisponibilidade dos contaminantes, sendo:

a) oxigénio dissolvido, usando-se um medidor de O.D. micro-processado,

portétil, com preciséo de + 0,05%;

b) pH, medidas efetuadas com medidor de pH portatil, digital, com precisao de
0,01 unidades de pH,;

c) En, medidas efetuadas com medidor de Ey portatil, digital, com precisédo de
0,01 unidades de Eg;

d) salinidade, usando-se um refratdbmetro manual, com precisao de + 0,5;

e) temperatura, usando-se termémetro acoplado ao oximetro anterior, com

precisao de = 0,5 C;

f) condutividade, efetuada com condutivimetro portatil, digital, com preciséo
de 0,05 %.

c) Analises quimicas

Ao final de cada intervalo estabelecido TO, T1, T2, T3, T4, T5 (conforme

Quadro 1) foram determinadas em amostras selecionadas aleatoriamente as
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concentragdes quantitativas de hidrocarbonetos totais (analises cromatogréficas) e
de metais pesados (Pb, Cd, Zn, Cu, Ni, Cr, Al, Fe), através de espectrofotdbmetro de
absorcdo atdbmica, nos sedimentos para cada modelo. Foi avaliado também o
mecanismo da fitorremediacdo empregado mais eficiente de acordo com a EPA
(2000). As amostras foram encaminhadas para Laboratério de Estudos do Petréleo
(LEPETRO) para determinagdo das fracdes dos hidrocarbonetos aromaticos e
alifaticos através dos métodos USEPA8270D e USEPA8015B. As analises foram
efetuadas utilizando padrbdes internos e o programa analitico conduzido sob

condicdes controladas de laboratorio como descritas a seguir.

Quadro 1 - Intervalo amostral para o experimento de remediacdo de sedimentos
provenientes de area impactada por atividades petroliferas.

TO = No dia da primeira coleta* em campo (amostragem sem provetas), quando o experimento sera
montado e iniciado = equivalente a 3 amostras (triplicatas) coletadas no campo — agua,
sedimento e mudas;

T1 = 7° dia da coleta em campo = equivalente a 3 amostras (triplicatas) coletadas em cada modelo do
experimento — agua, sedimento e mudas;

T2 = 15° dia subseqiiente a coleta em campo = equivalente a 3 amostras (triplicatas) coletadas em
cada modelo do experimento — agua, sedimento e mudas;

T3 = 30° dia apds a coleta em campo= equivalente a 3 amostras (triplicatas) coletadas em cada
modelo do experimento — agua, sedimento e mudas;

T4 = 60° dia apds a coleta em campo = equivalente a 3 amostras (triplicatas) coletadas em cada

modelo do experimento — agua, sedimento e mudas;

T5 = 90° dia apds a coleta em campo = equivalente a 3 amostras (triplicatas) coletadas em cada
modelo do experimento — 4gua, sedimento e mudas.

*A coleta da agua para esta avaliagdo sera feita no mesmo dia da coleta dos sedimentos, ou seja,
nos 09 periodos acima mencionados. No entanto, a cada dia, juntamente com a simula¢cdo da maré,
0s parametros fisico-quimicos (pH, Eu, salinidade, temperatura, O.D., condutividade) serao
quantificados ao inserir e ao retirar a agua do aquario (intervalo de horas estabelecido: 2h).
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- Cromatografia Liquida

Uma massa de 5 g da amostra de sedimento, sem tratamento prévio, foi
extraida com diclorometano ultrapuro em soxhlet. O extrato orgénico foi entdo
concentrado em um concentrador de célula fechada do tipo Kuderna Danish a um
volume de 1 mL. A massa de O6leo foi determinada neste concentrado por

gravimetria.

A fracdo de hidrocarbonetos saturados foi separada deste extrato através do
tratamento do mesmo com uma coluna de silica gel ativada e eluicdo com hexano
ultrapuro. A fracdo de hidrocarbonetos aromaticos foi separada através da eluicéo
com uma mistura de hexano/diclorometano da mesma coluna, e a fracdo de NSO
separada através da eluicdo do mesmo extrato na coluna com metanol. Todas as

fracOes foram determinadas por gravimetria.
- Cromatografia gasosa de hidrocarbonetos saturados

Uma massa de 5 g da amostra de sedimento, sem tratamento prévio, foi
fortalecida com uma solucéo de hidrocarboneto a concentragfes definidas e extraida
com hexano ultrapuro em soxhlet. O extrato orgéanico foi entdo concentrado em um
concentrador de célula fechada do tipo Kuderna Danish a um volume de 1 mL. A
massa de Oleo determinada neste concentrado por gravimetria e a fragcdo de
hidrocarbonetos saturados foi separada deste extrato através do tratamento com
uma coluna de silica-gel ativada. O concentrado final foi diretamente injetado, sem
divisdo de fluxo, em uma coluna de fase estacionaria 30m DB-5 instalada em um

cromatografo a gas HP 6890.

A programacdo de cromatografia gasosa (CG) foi a seguinte: injecdo sem
divisdao de fluxo, com o injetor a 280 C; temperatura inicial da coluna 50 T,
isoterma por 1 minuto, taxa de aquecimento de 6 T/ min até a temperatura final de

310 C, isoterma de 10 minutos.
- Espectrometria de absorcao atbmica

Em laboratério, para determinar os teores de metais totais foi utilizado o
método de digestdo com Agua Régia (FOSTER, 1995) utilizando a proporgédo 3:1

(cloridrico - nitrico). Foi pesado 5 g de cada tratamento de sedimento para cada um



40

erlenmeyer de capacidade de 125 mL. Logo apos foi adicionado 10 mL da solucéo
submetida a um aquecimento de 95 T durante 10 minutos sem ebulicdo. Em
seguida, apos esfriar foram adicionados 5,0 mL de &cido nitrico concentrado e

colocados sobre refluxo de 30 minutos.

ApoOs os procedimentos iniciais foi submetido as solugdes a evaporacao para
cerca de 5 mL, sem ebulicdo. Em seguida foi adicionado 5,0 mL de acido cloridrico
concentrado em 10 mL de agua deionizada, deixando sobre refluxo por 15 minutos,
sem ebulicdo. Por fim, foi utilizado papel de filtro quantitativo para filtrar as solu¢des
em baldes volumétricos de 50 mL. Apds a extracdo dos metais pesados as amostras
foram submetidas a andlises quimicas utilizando-se a técnica de espectrometria de

absorcao atomica.
- Biomonitoramento fisiol6gico

Durante periodo de trés meses as espécies vegetais serdo monitoradas,
sendo avaliadas as modificagdes morfoldgicas nas folhas e quanto ao crescimento.
Ao final do trimestre foram medidos os tamanhos dos espécimes, em cada proveta e
logo apds, calculada a média de tamanho (biometria) para cada uma no sedimento

controle e contaminado.
e) Analises Microbioldgicas

Durante os noventa dias de experimento foram coletadas amostras de
sedimentos nos dois modelos e encaminhadas ao Laboratério de Microbiologia e
Andlises Clinicas, da Faculdade de Farmacia (UFBA) para avaliar a densidade
bacteriana. Para cada amostra 25g de diferentes amostras de sedimentos foram
transferidos para erlenmeyers contendo 90mL de agua peptonada estéril a 0,1%.
Cada amostra foi agitada a 200rpm/30 minutos. Para a contagem de colonias, foi
utilizada a técnica de plaqueamento por "microgota" (Romeiro, 2001), onde foram
feitas diluicbes decimais em agar nutriente (AGAR). As placas foram incubadas a
25°C = 1°C por 24 horas. Apos a incubacéo, as pla cas selecionadas foram as que
continham entre 1-30 col6nias. O numero de colbnias contadas foi multiplicado pelo
inverso da diluicdo e os resultados expressos em Unidades Formadoras de Colonias
(UFC).
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f) Obtencéo de Resultados

Os dados foram registrados e tabulados diariamente para o Biomonitoramento
e também das medi¢cbes parametro ndo conservativos (Parametros fisicos e
quimicos). Para os resultados de analises quimicas foram tomados a cada intervalo

estabelecido (1°, 7°, 15°, 30°, 60° e 90° dia) e tabulados em planilhas Excel.
f) Interpretacdo dos Resultados

Todos os dados gerados foram analisados de forma comparativa com outros
dados na literatura, assim como submetidos a tratamento estatistico, tendo como

base a Estatistica Multivariada aplicada a projetos ambientais.

Além da utilizacdo das analises estatisticas descritivas, para alcancar o
objetivo proposto foi utilizado para o tratamento estatistico o aplicativo Statistica for
Windows, versdo 7.0 da Statsoft Inc.. Sendo assim, as etapas desenvolvidas no

tratamento estatistico dos dados foram as seguintes:

- Andlise descritiva para identificacdo de valores discrepantes, a partir de

graficos do tipo “Box-plot”;

- Utilizacao do teste ndo parameétrico Kruskal-Wallis, para verificar se existiram
diferencas estatisticamente significativas entre os valores obtidos de concentracdo
de hidrocarbonetos e metais pesados para cada modelo em cada intervalo amostral
definido, avaliando-se a possibilidade de utilizagao de dados em conjunto;

- Comprovacdo da existéncia ou ndo de significAncia estatistica das
diferencas observadas entre os dados nos diferentes modelos, para cada intervalo
estabelecido, pelo método paramétrico Anova, comprovando para propriedades
fisico-quimicas, os metais e hidrocarbonetos, a possibilidade de utilizagdo como

dados em conjunto;

- Analise descritiva dos dados em conjunto através da Correlacdo de Pearson

e da Andlise de Componentes Principais (PCA).
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“Capsule”: Total petroleum hydrocarbons in the mangrove sediments can be removed more completely and

rapidly by using the phytoremediation

Abstract

In this study it was developed a pilot-scale experiment during 03 months on
the implementation of a Phytoremediation model with species Rizophora mangle L.

and a model of Intrinsic Bioremediation, in order to trying to compare which model
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would achieve the maximum effectiveness of degradation of total petroleum
hydrocarbons in mangrove sediment. After 90 days a higher efficiency in removing
organic compounds from sediment by Phytoremediation (87%) was observed. This
larger efficiency in the remediation of the plant was enhanced with the largest growth
of bacteria in its rhizosphere, reaching the highest CFU g-1, 31 x106. It was observed
a larger growth of plants exposed to contaminated sediments (46.3 cm) compared to
those grown in reference sediments (34.4 cm), suggesting a good adaptation. The
data showed that the Phytoremediation is an effective in the degradation of TPH's,

becoming a promising option in the application of the technique in mangrove areas.

Keywords: Phytoremediation, Total Petroleum Hydrocarbons (TPH’s), Mangrove

sediments, Rizophora mangle L., Red mangrove

1. Introduction

Accidents caused by oil spills have the potential to cause various
environmental and economic effects on a wide variety of natural resources and
services. Pilot studies based on environmental restoration of coastal regions are
becoming increasingly necessary, given the importance of these ecosystems to the
ecological balance and also because they are targets of major impacts of petrogenic
origin, caused mainly by the oil industry accidents. The severity of these effects
depends on the season, the discharge volume, type and location where such

discharge occurs, and especially the environmental conditions at the time of
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occurrence (Bossert, 1984; Peters et al., 2005, Wang and Stout, 2007).
Contamination of the aquatic environment has become a serious problem in many
parts of the world, with rivers and bays often seriously affected. Almost all marine
coastal ecosystems have complex structural and dynamic characteristics that can be
easily modified by human influence. Estuarine and marine sediments are sinks for
various contaminants transported from other ecosystems (Fedo et al., 1996; Nesbitt

et al., 1996; Nath et al., 2000; Adamo, 2005, Celino et al., 2008).

Total Petroleum Hydrocarbons (TPH’s) represents one of the most common
groups of persistent organic pollutants in the environment. They have been studied
much more because they are toxic to many organisms and human health. The main
sources of contamination in soil and sediment by TPH’s include the different sectors
of the petroleum industry, such as extraction, refining and consumption (McNicoll and
Baweja, 1995; EPA, 2000). Remediating persistent TPHs from soils is generally a
slow and expensive process. This is particularly true for the most recalcitrant portion
of TPHs. For instance, the high molecular weight fractions derived from oil refinery
sludge are exceptionally hard to remediate (Mc Nicoll and Baweja, 1995; Huang et
al., 2005). The process of TPH’s removal in the sediments of aquatic environments is
determined by its interaction with the system and controlled by physical and chemical
factors, composition of the microbial community, the hydrodynamic site, sunshine,
temperature, sediment grain size, nutrient availability, among others (Atlas, 1982,

Sugiura et al., 1997; Colombo et al., 2005; Lacerda, 2006).

Many TPH’s removal techniques in soils and sediments are being applied to
attempt the restoration of environments, such as ex situ: Chemical Oxidation,
Thermal Desorption, Biopiles and Incineration. Moreover, other in situ techniques,

such as: Landfarming, Air sparging, Biosparging, Bioventing, Reactive Barriers,
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Bioremediation (Bioaugmentation and Biostimulation), Intrinsic Bioremediation
(monitored natural attenuation) and Phytoremediation, were applied (Atlas, 1982;
Seabra, 2008). In recent years, there was a larger tendency for in situ methods once
they offer less risk to the environment, which are efficient and cheap. With advances
in biotechnology, Phytoremediation has emerged as the alternative that best fit the
requirements listed here (Espinosa, et al., 2005; Huang, et al., 2005; Parrish, et al.,

2005; Doumett, et al., 2008).

Phytoremediation is a biological technology that utilizes natural plant
processes to enhance degradation and removal of contaminants in soil, sediments or
groundwater. Broadly, Phytoremediation can be cost-effective in large areas with
high residual-levels of contamination by organic, nutrient, or metal pollutants, when
applied correctly (Kamath et al., 2004). The correct application depends on a
previous study to be able to assess the efficiency of the plant specimen to be applied

and the possible risks to the ecosystems where it is applied.

In mangrove sediment, the capture, transformation, volatilization and
rhizodegradation of TPH's are important processes that occur during
Phytoremediation. Microbial degradation in the rhizosphere (rhizodegradation) may
be the main mechanism for cleaning a variety of soils contaminated by petroleum,
including mangrove sediments. This occurs because the contaminants, such as
PAHs, are highly hydrophobic, and their absorption into the soil reduces their
bioavailability for capture by plants and consequently their phytotransformation
(Kamath et al., 2004). The success of rhizodegradation depends on the presence of
and interaction between specific microorganisms, adequate environmental conditions

and the oil availability (Santos et al., 2010).
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A promising species for the application of Phytoremediation in mangrove
sediments is Rizophora mangle L. (red mangrove), due to its characteristics of
absorber plant, of strong interaction with the microbial community, not being sensitive
to the presence of TPH's in the sediment (Fruehauf, 2005; Moreira et al., 2010a). R.
mangle L. are native species found along the Atlantic coast from Florida to Southern
Brazil, and in western Africa from Senegal to Angola. The cold climate in the North
sets the limits of mangrove forests in the region. For the R. mangle in the U.S.A.
coast is the limit, Bermuda the most precise. (Thomas 1993, Smith 1998; Zomlefer et

al., 2006; Stuart et al., 2007).

The objective in this study was to evaluate the efficiency of the R. mangle
application to the Phytoremediation of contaminated sediments by TPH's. The
research was based on a controlled pilot-scale, where it was the closest simulated
environmental conditions of a mangrove. The sediment used was monitored for 90
days, with six samples, using physical, chemical and geochemical parameters and

nutrients.

2. Materials and methods

2.1. Sediments sampling/collection and mixing

The sediments used in the models of remediation in this study were collected
in an estuary located near the cities of Candeias and Sao Francisco do Conde, North

of the Todos os Santos Bay, Bahia, Brazil. Sediment samples were collected from 0



a7

to 30 cm depth at random from five locations. The sediment samples were sieved
through a 4 mm sieve to eliminate coarse rock and plant material, thoroughly mixed
to ensure uniformity. Five sub-samples were dried in a lyophilize cold for 72 hours
and sieved through 2 mm mesh to determine selected soil physical and chemical
characteristics (Table 1). Particle-size distribution was determined after the organic
matter was removed with 30% H,O,, by the Folk and Ward (1957) method. Soll
organic matter was determined using a modified Mebius method (Nelson and
Sommers, 1982). Total N was determined by the Kjeldahl’s digestion, distillation and
titration method (Bremner and Mulvaney, 1982) and available P by the Olsen

extraction method (Olsen and Dean, 1982).

Table 1 - Some selected physicochemical properties of the sediment used in experiment.

Parameters Value

Textural class Sandy Mud

Particle -size distribuition

Sand (%) 23,65
Silt (%) 73
Clay (%) 3,25
Organic matter (%) 5,73
Organic carbon (%) 3,32
Total N (%) 0,36

Avaible P (mg/L) 1,8
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2.2. Addition of oil residual in the sediment

Sediment samples were mixed in a 1:10 ratio with oil residue found in the
same area, a region with many activities in the petroleum industry (extraction,
transportation and refining). Immediately after being mixed the oil residue with the
sediment, five samples of the mixture were collected to analyze the concentration of
TPH’s. The composition of the oil residue used is shown in Fig. 1. It was collected a
sediment in a reference area, as discussed in another research by Moreira et al.

(2010b) for comparisons of the parameters analyzed in this study.

Figure 1. Gas Chromatography (FID) of residual oil used in the study

30

20

Sincae
it

@
&
a

el

25

~.||7“?l\ gl
1

|
|
o,
! L A

2.3. Sediment remediation

All experiments were conducted in a greenhouse (Laboratory deployed to

conduct research developed within the network RECUPETRO/UFBA - Cooperative
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Network Recovery in Areas Contaminated by Petroleum Activities, linked to the
Federal University of Bahia) near the mangroves where they collected samples of
sediments, in environmental conditions very close to the original ecosystem, with an
average temperature of 24.6 ° C. The dynamics of a mangrove was simulated, with
tidal regime, sediment used for the application of remediation techniques. These
simulation units were made of glass (50X30X40cm). Within each unit of simulation 6
tubs of glass were added (30X10X10cm) and they were applied to two models of
remediation compared in this study. These tubs of glass, were suspended in the unit
simulation, allowing the simulation of tidal regime with water runoff. Tubs of glass
were closed at the bottom to prevent loss of chemical residue when watering. All
units received the treatment simulation of daily tidal regime with an adequate amount
of water (approximately 10L) to maintain constant humidity of sediment, as in the
mangrove ecosystem. The experimental projects are three replicates of each
treatment and analysis of three samples from each repetition. To assess the
efficiency of TPH's Phytoremediation in the sediment, each of the components
described below were tested separately, taking into consideration public safety and

local environmental compartments.

2.3.1. Phytoremediation

To evaluate the efficiency of Phytoremediation in mangrove sediment, the
species R. mangle (red mangrove) was selected. This choice was based on pre-tests
conducted earlier by our group as well as with other studies suggesting the use of

this for Phytoremediation (Eysink 1997, Moreira et al., 2010a, Moreira et al., 2010b).
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Seedlings of R. mangle were collected at low tide, taking into consideration their
height (average of 3 months old), defining a standard sampling in order not to
compromise the research results. The plants were submitted in sediments mixed with
waste oil from the study area. In the laboratory simulation, the species were planted
in glass tubes, where the daily regimen was simulated with the tidal water of the
mangrove and morphophysiological monitoring was conducted during 90 days.
During the growth period, plants were watered twice a week with bottled water as

needed.

2.3.2. Bioremediation

It was used the Intrinsic Bioremediation (Natural Attenuation Monitored) -
where it was monitored the degradation of hydrocarbons derived from petroleum
hydrocarbon by bacteria present in the sediment mixed. It was characterized the
density of the bacterial community in order to compare the presence of

microorganisms in phytoremediation.

2.4. Quantification of bacterial community

For microbiological analysis, 25 g of different samples were transferred to
Erlenmeyer flasks containing 90 mL of sterile 0.1% peptone water. Each sample was

stirred at 200 rpm/30 minutes. For colony counting, it was used the technique of
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plating by “microgota” (Romeiro, 2001), decimal serial dilutions in agar nutrient agar
(NA) (in g / L beef extract, 3; bacteriological peptone, 5; NaCl, 3; agar, 13). The
plates were incubated at 25° C + 1° C for 24 hours. After incubation, the plates
selected were the ones that contained between 3-30 colonies. The number of
colonies counted was multiplied by the reciprocal of the dilution and the results
expressed as Colony Forming Units (CFU). Quantification of bacterial density was

assessed in two models of remediation.

2.5. TPH extraction and analysis

TPH levels in the sediment were determined by assaying for total
hydrocarbons. Sediment samples (approximately 50 g) from their remediation
experiments were collected at 0, 7, 15, 30, 60 and 90 days after the start of the
experiments they were stored at 4° C until analysis. The storage time for the
collected samples was no longer than 10 days and the storage had no effect on TPH
levels in soil (data not shown). The sediment samples were dried in a cold
lyophilizer, constant temperature - 50°C. The drie d sediments (5 g) without previous
treatment, were extracted with dichloromethane/hexane mixing (1:1, v/v). The
extracts were concentrated to allow the solvent to evaporate completely, and then the
amount of extracted sludge was determined gravimetrically. The extracted oil was
weighed approximately 0.02 g for the fractionation of saturated compounds in an
activated silica gel column and eluted with ultrapure hexane (30mL). After that the
eluted was evaporated and then swelled to 1 mL with the same solvent elution.

Extracts were quantified using a Varian CP 3800 gas chromatograph equipped with a
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DB-5 capillary column (30 m length, 0.25 mm ID, 0.25 Im film thickness) and Flame
lonization Detector (FID). GC conditions were as follows: injector temperature, 300°
C, starting oven temperature, 40° C; 40° C (hold 2min) ramp 10° C min™ to 300 (hold
12min); detector temperature, 300° C. Helium was used as the carrier gas at a flow
rate of 1.0 ml min™ and a split ratio of 10:1 was used. Standard was prepared from

the same TPH (C10 — C40) stock chemicals.

2.6. Statistical analysis

It was used analysis of variance in order to verify the existence or not of
significant difference between the two models used. Whereas the condition to submit
sample data to a parametric analysis of variance is that their variances do not show
significant difference, it was applied the test of Bartlett described in Beiguelman, to
test the homogeneity of variances. To check the normality of data the Kolmogorov-
Smirnov test was applied. This test indicated, through a chi-square, that there is no
significant difference between the variances of the samples. As variances were
homogeneous, ANOVA was applied to a single parametric classification, which
showed significant difference between the two models. But it has been done, "a
posteriori”, a test for multiple parametric Turkey-Kramer to affirm the significant
difference between the models. These statistical analyses were performed using the

GraphPad Software.

3. Results
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3.1. The effectiveness of the models remediation for removal of TPH’s from sediment

of mangrove

With the intention of evaluating the effectiveness of remediation models
employed in this research (Intrinsic Bioremediation and Phytoremediation) for
removal of HTP's in mangrove sediments contaminated, an experiment was
conducted in pilot scale to compare the different methods of correction. The results
showed that after 90 days the Intrinsic Bioremediation (Natural Attenuation
Monitored) was able to remove 70% of TPH's individually, while the
Phytoremediation (R. mangle) was able to remove approximately 87% of the TPH's
present in the contaminated sediment (Fig. 2a). It was a statistically significant
removal of the TPH's Phytoremediation with R. mangle regarding Intrinsic
Bioremediation in contaminated sediments. These results indicate that the
Phytoremediation with R. mangle has a larger capacity for degradation of TPH's in
mangrove sediments. Analysis of TPH's removed by Phytoremediation with R.
mangle showed that levels of contaminants in the sediment were reduced from 33.2
to 4.5 mg / g, while the Intrinsic Bioremediation has lowered from 33.2t09.2mg /g in
a growing season of 3 months (Fig 2b). Thus, Phytoremediation was able to remove

approximately 17% more sediment TPH's than the Intrinsic Bioremediation.
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Figure 2. TPH’'s removal for Intrisic Bioremediation and Phytoremediation (Rizophora
mangle L.). The data are presented as percent of chemical removed relative to the sediment
that contains 32,2 mg/g of 100% residual oil (n=3). a) Indicates removal percentage, b)

Indicates the removal in mg/g.
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3.2. The effectiveness of the models remediation for removal of different fractions of

TPH’s from sediment of mangrove

Based on Huang and employees (2005), it was used fractions 3A (C16-23), 3B

(C23-34) and 4 (C34-40) which are the most TPH’s of recalcitrant contaminants in
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the sediment. These molecules are very resistant to remediation because of their
fractions which are hydrophobic and have a high molecular weight. The results
indicate that the Phytoremediation with R. mangle was more effective than the
Intrinsic Bioremediation in the removal of all fractions of TPH's contaminated
sediment. However in fraction 3A (C16-C23), both models remediation efficiencies
gained quite close. In the fraction 3B (C23-34) the results showed that the
degradation efficiency of Phytoremediation was moderately higher (82%) than that of
Intrinsic Bioremediation (63%), while the fraction (C24-C40) this difference was the
larger (Phytoremediation: Intrinsic Bioremediation and 70%: 21%). After three months
of the Phytoremediation with R. mangle had fallen into major components of fractions
3A, 3B and 4, with an efficiency of about 78%, the Intrinsic Bioremediation declined

only about 55%, taking into account the levels of total remediation TPH’s (Fig. 3).

Figure 3. Chemical removal (%) the fractions different in the remediation models, after 90

days (n=3).
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3.3. Temporal analysis of the models remediation for removal of TPH’s from

sediment of mangrove

It was assessed the effectiveness of two models of remediation applied
(Phytoremediation and Bioremediation Intrinsic) based on the total content of TPH's
staying in the mangrove sediment a function of time (Fig. 4). The repair rate
remained relatively constant for Phytoremediation, resulting in pseudo-zero order
kinetics for the whole period of 3 months. This behavior of Phytoremediation became
a more effective model than the Intrinsic Bioremediation, despite having degraded a
higher rate at the beginning of the experiment, failed to keep their initial rates of
recovery during the experiment. After 90 days, the total amount removed by TPH’s R.
mangle was approximately 87%, while for the Bioremediation was approximately

70%, with a strong decrease in the rate of removal.

Figure 4 . TPH's removal in the mangrove sediment a function of time (n=3). a) Indicates

removal percentage, b) Indicates the removal in mg/g.
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3.4. Temporal quantification of bacterial community of the models remediation

During the 90 days of the experiment, the total number of viable bacteria for
the two models remediation (Phytoremediation and Bioremediation Intrinsic) applied
to sediment contaminated with TPH's, were quantified in six pre-established samples.
The results concerning the initial average count of bacteria are between 0.1 and 0.2 x
10° x 10° CFU g™, determined at the beginning of the experiment. After being applied
the models of the remediation in sediments, there was a significant increase in the
number of microorganisms after the 7th day in the two models, showing significant
difference compared to the initial sediment sample, 8.3 x 106 and 8.8 x 106 CFU g-1
respectively. After the 30th day there was a drastic drop in the number of
microorganisms in the application model of Intrinsic Bioremediation (1.8 x 10° CFU g’
1Y, however there was an increase in Phytoremediation of the microbial community,

and quantified values from 20.2 x 10° to 24.4 x 10° CFU g™. Figure 5 presents the
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total count of bacteria for 90 days, with data expressed in polynomial trend with a

coefficient of determination R? of 100% for total bacterial counts.

Figure 5. Total count of bacteria during 90 days, with data expressed in polynomial trend with a
coefficient of determination R? of 100% (n=3). (a) Comparison between models, b) Count of bacteria in
the Intrinsic Bioremediation, observed and estimated, c) Count of bacteria in the Phytoremediation,

observed and estimated.
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3.5. Physiology of Rizophora mangle used for Phytoremediation

The sediments have high concentrations of TPH's, like those that were
quantified in this study are quite toxic to plants, as these contaminants cause in many
cases a negative impact on the vegetation growth of plants. Thus, the effects of
TPH's in the sediment on the growth of R. mangle were evaluated by measuring the
sizes of plants and their roots, by comparing the growth of plants of the contaminated
sediment with the sediment reference (Fig. 6). Unexpectedly there was a higher
growth in the experiments of Phytoremediation in contaminated sediments compared
to the reference sediment, watching 22% increases in plant growth and root 4%
bigger. Therefore, biomass accumulation of plants in contaminated sediment was
higher than the plants in sediment reference non-contaminated. This growth
increased in the red mangrove sediments probably indicates that the plant has a
good adaptation to the conditions found in contaminated sediment, allowing for larger

growth than plants in contaminated sediment.
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Figure 6. Growth of R. mangle evaluated by measuring the sizes of plants (a) and their roots

(b) (n=3).
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4. Discussions

The results of this study showed that the model of Phytoremediation with

Rizophora mangle is more effective in removing each the TPH's fractions in the

contaminated sediment in relation to Intrinsic Bioremediation. Despite this trend

already observed in other studies (Yuan et al., 2001; Tam et al., 2008; Yergeau et al.,

2009) of remediation processes applied in sediments contaminated by TPH's, it is still
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observed an increased use of other techniques in the recovery of areas impacted by
oil activities, such as the "Land farming" (McCarthy et al., 2002; Huang et al., 2004;
Huang et al., 2005) that is a bioremediation technique in field scale at which the
surface of contaminated sediments are removed by wind, enhancing the activity of
endogenous microorganisms and Intrinsic Bioremediation. However, these
conventional techniques mentioned, although having a larger number of applications,
especially in industrial areas contaminated, they have severe limitations in the
removal of highly hydrophobic organic compounds, problems of degradation in
sediments that have concentrations of contaminants at different heterogeneous
depths, mainly when applied individually in the contaminated areas. This research
shows once again that the Intrinsic Bioremediation is less efficient in the degradation

of TPH's than the Phytoremediation.

The results for the removal of different fractions of TPH's found in this study
showed that application of Phytoremediation was more efficient for the three fractions
analyzed - 3A (C16-23), 3B (C23-34) and 4 (C34-40) - after the 90 days experiment
compared with Intrinsic Bioremediation. This is justified probably because of the
Phytoremediation act in the removal of contaminants jointly with different processes
which also includes transfer, stabilization and destruction of organic compounds in
sediments (Rocha, 1997; Cunningham et al.,1996; Cunningham et al., 1995).
Degradation mechanisms that may have used Rizophora mangle, ranges from
phytostabilization, preventing the absorption and acts by phytostimulation of
microorganisms present in its rhizosphere, therefore acting with rhizodegradation.
One should also consider the possibility of the plant had absorbed the organic
compounds and, later had achieved the phytodegradation. However, despite these

possibilities, probably the mechanisms used by the red mangrove, had the lowest
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efficiency for fraction 4 (C34-40), which was observed in the results, although quite
significant compared with Intrinsic Bioremediation, which had a decrease in kinetic
remediation after the degradation of the lighter compounds. This is because of the
Phytoremediation which is a set of processes acting in the degradation of organic

compounds, unlike the Natural Attenuation.

The total number of bacteria that degrade hydrocarbons were evaluated
during the application of two models of remediation over 90 days of the experiment,
where the concentration in Intrinsic Bioremediation was higher until day 30,
compared to Phytoremediation, hence indirectly the most initial efficiency degradation
of different fractions of organic compounds. However, from the 30" day on it was
observed an increase in bacterial density in sediment treated by red mangrove,
reaching a count up to ten times more than the Bioremediation, which in turn may
have caused a major acceleration in the kinetics of remediation and with it a more
efficient process. The vegetated sediment microbial community is usually larger than
that of non-vegetated sediment (Anderson et al., 1993). Importantly, the presence of
contaminants and root exudates usually modifies the composition and activity of
these communities (Walton et al. 1994; Espinosa et al., 2005). This higher
concentration of bacteria in contaminated sediments, was also evidenced by other
researchers in studies that evaluated the degradation of organic compounds (Nichols
et al, 1997; Espinosa et al., 2005), confirming that the growth of hydrocarbon

degraders was favored by the presence of the plant.

Importantly, the actuation of the rhizosphere on the degradation of
contaminants already well reported in surveys (Rovira et al., 1979; Melo, 2008). In
the case of R. mangle, this plant should probably produce allelopathic compounds,

similar to organic compounds that stimulate the defenses of the communities of
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microorganisms in the face of environmental stress conditions, besides the possibility
of entry of oxygen made possible by the rhizosphere (Siciliano et al., 2001; Weibner
et al., 2002). Other studies evaluating the degradation of toxic compounds also found
the presence of compounds exuded by the roots, such as carbohydrates, organic
acids and amino acids that probably might have stimulated the degradation of

contaminants (Joner et al., 2002).

5. Conclusions

The study results in a pilot scale showed that the model applied to
Phytoremediation with Rizophora mangle achieved larger efficiency in the
degradation of different fractions of TPH's, reaffirming this technique to be promising
in the recovery of areas contaminated by the activities of the oil industry, in addition
to be an environmentally correct technique. The study found that the monitored
natural attenuation (intrinsic bioremediation) has low efficacy when applied
individually, although initially it has been more effective in the degradation of
contaminants. Moreover, the data of microbiological analysis found that the
association of plants with the community of microorganisms in the rhizosphere
enhanced the degradation of organic compounds in the sediment, with 87%
efficiency, and foster increased growth of these plants. It is suggested that a more
detailed study would combine these processes into a new product for application in
remediation of contaminated sediments by mangrove TPH's, especially when dealing
with sediment contamination heterogeneous at different depths. New researches on

the transformation of TPH’s in the environment are needed to see whether this
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transformation produces toxic co-products. Finally, it is important to assess whether
the model of Phytoremediation produced in pilot scale in this study is as effective in

situ, large scale, as it was observed under laboratory conditions.
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Abstract

In order to evaluate the efficiency of biodegradation of petroleum hydrocarbons in the
presence of heavy metals in mangrove sediments, we applied two models of
remediation (Intrinsic Bioremediation and Phytoremediation with Rizophora mangle)
during ninety days on a pilot scale, with monitored physical-chemicals parameters.
The results showed that both techniques were effective in the degradation of organic
compounds from oil, being the Phytoremediation the most efficient (87% removal). It

was also observed that the biodegradation model of Intrinsic Bioremediation did not
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have a direct correlation with the concentrations of metals, however a positive
correlation with some metals (Cu, Zn, Cr, Ni) for the model R. mangle (red mangrove)
was verified in the removal of hydrocarbons, being observed that the plant presents
efficiency in the phytoextraction and in the phytostimulation. The results suggest that
red mangroves through their rhizosphere mecanisms become a promising plant for
the removal of hydrocarbons derived from petroleum in the presence of metals in

mangrove sediments.

Keywords: Heavy metals, Total Petroleum Hydrocarbons, Intrinsic Bioremediation,

Phytoremediation, Mangrove.

1. Introduction

The mangroves are transitional coastal ecosystems between terrestrial and
marine environments characteristic of tropical and subtropical regions, of great
ecological and economical importance and for the coastal geology. In recent years
data ITOPF [1] found that the number of spills in mangrove areas has increased,
especially in countries where the oil industry has recorded growth. These accidents
have the potential to cause environmental and economic effects on a wide variety of
natural resources and services in these regions. Studies on the application of
remediation techniques in coastal regions are becoming increasingly necessary,
given the importance of these ecosystems to the ecological balance and also

because they are targets of major impacts of petrogenic origin [2-4].
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Many mangrove areas that are hit by oil spill contain high concentrations of
heavy metals that are enhanced by the composition of spilled oil. Heavy metals at
certain concentrations may limit microbial activity and plant in the degradation of
organic compounds, causing serious problems in the application of bioremediation

and phytoremediation in mangrove sediments [5, 6].

Some studies have been conducted regarding the individual effects of heavy
metals, biotic and abiotic factors in the degradation of total petroleum hydrocarbons,
however few studies have addressed the effects of all factors convergent in the
biodegradation in mangrove sediments [7-9]. These sediments are rich in microbial
diversity that in a set of interactions with the mangrove plant species are fundamental
to the maintenance of conservation, productivity and recovery of this ecosystem

when impacted by some type of antropic activity [10].

The decision to correct hydrocarbon contaminated areas should be based on
pilot studies through integrated assessment of the presence of metals and also the
main physical, chemical and biological agents that can act positively or inhibiting the
biodegradation in sediments of mangrove. Therefore, the objective in the study was
to evaluate how the presence of metals and other abiotic and biotic factors influence
the degradation of total petroleum hydrocarbons in mangrove sediments from two
models of remediation: Intrinsic Bioremediation and Phytoremediation with Rizophora

mangle L., simulated pilot scale.

2. Materials and methods
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2.1. Sediment sampling and analysis

Surfaces sediments mangrove samples used in the experiment were collected
at 0-30cm deep, between the cities of Candeias and S&o Francisco do Conde (region
with many activities in the petroleum industry: extraction, transportation and refining),
Bahia, Brazil. These sediment samples were sieved through a 4mm sieve to remove
rocks, and plant material was homogenized immediately after to ensure uniformity. It
was collected five sub-samples of sediment that were homogenized and freeze-dried
in a cold for 72 hours and sieved through 2 mm mesh to determine the initial physical
and chemical properties of the selected sediment. Soon after, sediment samples
were mixed in a 1:10 ratio with oil residue found in the same area and five samples of
the mixture were collected to analyze the new concentrations of TPH’s, metals and
nutrients (Table 1). In the determination of metals in the homogenized sediments
aluminum (Al), iron (Fe), lead (Pb), chromium (Cr), copper (Cu), zinc (Zn) and nickel
(Ni) were analyzed by USEPA method 3015. The total petroleum hydrocarbons
(TPH's) were determined by USEPA 8015B method. Particle-size distribution was
determined after the organic matter was removed with 30% H202, by the Folk and
Ward method [11]. Soil organic matter was determined using a modified Mebius
method [12]. Total N was determined by the Kjeldahl's digestion, distillation and
titration method [13] and available P by the Olsen extraction method [14].
Measurements were taken for pH and Eh through the method of potentiometry using
a pH / mV HandyLabl, SchottGlaswerkeMainz. The salinity was measured by the
index of refraction, using the portable refractometer atoga S / Mill-E and dissolved

oxygen (DO) was measured with a WTW Oximeter OXI 3151 (SCHOTT-GERATE).
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2.2. Models for remediation

During 90 days two models were used to evaluate remediation of
contaminated sediment removal for TPH's. One type of remediation used to compare
the removal of TPH's was the Intrinsic Bioremediation (Natural Attenuation
Monitored) — where the degradation by bacteria present in the mixed sediment was
monitored. Other remediation model was of phytoremediation in mangrove sediment,
the specie R. mangle (red mangrove) was selected. This choice was based on pre-
tests conducted earlier by our group as well as with other studies, suggesting the use
of this for phytoremediation [15-17]. Seedlings of R. mangle were collected at low
tide, taking into consideration their height (average of 3 months old), defining a
standard sampling in order not to compromise the research results. The density of
the bacterial community was characterized in order to compare the presence of

microorganisms with the Intrinsic Bioremediation.

2.3. Experimental design

The project design was based on pilot-scale simulation of the dynamics of
mangrove, where it was simulated with the tidal regime in the sediment used for the
application for remediation models. This experiment was conducted in a greenhouse
(Laboratory deployed to conduct research developed within the network
RECUPETRO/UFBA - Cooperative Network Recovery in Areas Contaminated by
Petroleum Activities, linked to the Federal University of Bahia) near the mangroves,
with environmental conditions very close to the original ecosystem, with an average
temperature of 24.6° C. For this, simulation units were made of glass (50X30X40cm).

Within each unit of simulation 6 tubes of glass were added (30X10X10cm) were
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applied to two models of remediation compared in this study. These tubes of glass
were suspended in the unit simulation, allowing the simulation of tidal regime with
water runoff. Tubes of glass were closed at the bottom to prevent loss of chemical
residue when watering. All units received the treatment simulation of daily tidal
regime with an adequate amount of water (approximately 10L) to maintain constant
humidity of sediment, as in the mangrove ecosystem. The experimental projects were

three replicates of each treatment and analysis of three samples from each repetition.

2.4. Statistical analysis

It was applied to principal components analysis (PCA) to the average
concentrations of all the data analyzed in surface sediments of each type of
remediation, in order to find the main variables that influence the degradation of
TPH's. Other statistical tests were applied to the K-means, the Kolmogorov-Smirnov
test for multiple parametric Turkey-Kramer test and Pearson correlation. All statistical

evaluation was performed using the STATISTICA 6.0 and GraphPad Software.

3. Results and discussion

3.1. Initial chemical properties of sediments

The Table 1 presents the data of physical and chemical analysis of sediments
contaminated and not contaminated by waste oil, used in this study. The analytical
results showed that, except for iron (Fe), all values of the other metals were
increased after the homogenization of the sediment and residue of oil in two models

of treatment, corroborating other studies [7, 11]. However, the values averaged for
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the two different metals in the sediments below the TEL [12], and previously found
that these concentrations do not influence the biota negatively. The pH values of the
two sediments were consistent with estuarine waters between 7.51 and 7.59. These
pH data are favorable to the majority of biodegraders microorganisms of TPH in
mangrove sediments, not compromising the principle bioremediation processes [13].
The temperatures of the two sediments were also very close to being as expected for
an optimal biodegradation, where there is a higher enzyme activity, between 25 ° - 38
° C [14]. The initial concentrations of salts in the sediment confirmed the brackish
characteristic of the medium, causing a selection of biodegraders microorganisms of
hydrocarbons, but not bringing great harm to the application of remediation
techniques [15]. Concentrations of macronutrients (N and P) and organic matter in
sediments were also found in what is expected for degradation by the biota in
sediments impacted by organic compounds [13]. After homogenization of the
sediment and residue oil the initial concentration of TPH's was approximately 33 ug /

g, and it is considered a moderate contamination in the sediment [16].

Table 1 - Some selected physicochemical properties of the sediments used in experiment.

Sediment Reference Contaminated

Cu (ng/9) 13,37 17,86
Zn (1g/g) 12,66 22,23
Pb (ug/g) 6,02 18,21
Cr (na/g) 7,43 11,47
Ni (ng/g) 7,49 17,43
Fe (ug/g) 12014,88 10739,67
Al (ng/g) 7401,69 7925,57
pH 7,51 7,59
Eh -12 -12,3
T (°C) 26,9 27
Salinity 27 24
DO (mg/L) 4,39 4,53
TPH (po/g) - 33215,16
TOM (%) 0,63 5,73
TOC (%) 0,37 3,32
TN (%) 0,06 0,36
P (mg/L) 0,90 2,70

CIN 5,74 9,26
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3.2. Temporal assessment of biodegradation

During three months of the experiment, which evaluated the effectiveness of
two models of remediation for the removal of TPH's in the sediment, the results
showed that during the first days the Intrinsic Bioremediation was more efficient, but
from day 30 on, the Phytoremediation with R. mangle has become more efficient
(Figure 1). This may have happened because plants need an initial time to adapt to
the environment contaminated by organic compounds [17]. After 90 days the analysis
of the removal of TPH's removed, showed that the phytoremediation of contaminant
levels in sediment were reduced from 33.2 to 4.5 ug / g while the intrinsic
bioremediation decreased from 33.2 to 9.2 mg / g . Thus, phytoremediation was able
to remove the sediment about 17% more than the TPH's intrinsic bioremediation.
This increased efficiency of phytoremediation with respect to intrinsic bioremediation

corroborates other studies in sediments affected by oil organic compounds [18-20].

Figure 1. TPH's removal (mg/g) in the mangrove sediment a function of time in the two models (n=3).
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One must consider that the mangrove plants act in consortium with the

microorganisms present in sediments, magnifying the degradation mechanisms. This
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fact was proven in this study by the count of bacteria in two models of remediation
(Figure 2), since after the thirtieth day there was a large drop in the number of
microorganisms in the intrinsic bioremediation (1.8 x 106 CFU g-1), whereas in the
rhizosphere of R. Mangle there was a large increase in bacterial density (24.4 x 106
CFU g-1), when compared to the initial 15 days. This higher concentration of
microorganisms in the rhizosphere has been reported by other researchers [21],
probably in the present study the red mangroves had produced allelopathic
compounds, similar to organic compounds that stimulate the defenses of microbial
communities on environmental stress conditions, besides the production of
carbohydrates, organic acids and amino acids that probably could have stimulated

the degradation of organic compounds [22-24].

Figure 2 . Total count of bacteria during 90 days, comparation between models (n=3).
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3.3. Integrated Assessment of the analyzed parameters

To evaluate in an integrated manner how metals and other physic-chemical
parameters influence the biodegradation of total petroleum hydrocarbons the

Pearson correlation was initially used, which aimed to get an indication of the
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strength and direction of linear relationship between the variables in both remediation
models, besides the Principal Components Analysis (PCA) which had as main
objective to obtain a small number of linear combinations of all variables, which
makes environmental events understandable, if not explained by Pearson

Correlation.

In Intrinsic Bioremediation (Table 2) strong positive correlations between
metals and TPH's were not observed, however a strong negative correlation with
concentrations of copper (Cu) was observed, which indicates that the more reduced
the concentration of organic compounds, the higher the concentration of available
copper in the sediment. There was also strong positive correlation between the
concentrations of macronutrients (N, P) and dissolved oxygen (DO) with the
concentration of TPH's, indicating that the more nutrients and oxygen available, the
greater was the degradation of organic compounds in this model. This is probably
because these factors are of great influence to the microorganisms in an efficient
degradation [13]. In Phytoremediation (Table 3) strong positive correlations of TPH's
four metals (Cu, Zn, Cr, Ni) were found, with pH and DO. On the other hand, strong
negative correlations were observed in relation to salinity TOM and TOC. These
types of positive correlations between metals and organic compounds derived from
petroleum found in sediments where they grew R. mangle, indicate that the plant in
addition to contributing to the biodegradation of TPH's is probably doing
phytoextraction of metals in the sediment, which consequently caused a decrease in
the concentration of these elements after 90 days of experiment, corroborating other

studies [25, 26].



Table 2. Pearson Correlation in Intrinsic Bioremediation
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oh | & | T | sa |00 [cu [zn b Jor [N Jre JA Jom foc [in | Fen |
pH 1
Eh [-0,92 1
T |-0,23 0,18 1
Sal |-0,80 0,58 0,31 1
DO [-0,31 -0,07 0,10 0,74 1
Cu |-0,21 -0,09 0,04 0,73 0,90 1
Zn [-0,04 0,03 0,93 0,27 0,09 0,17 1
Pb (-0,39 0,28 0,76 0,71 0,46 0,57 0,85 1
Ccr |-0,27 0,23 0,88 0,32 -0,02 0,11 0,97 0,86 1
Ni |[-0,01 0,08 064 029 0,03 0,30 0,87 0,84 0,92 1
Fe [-0,46 0,32 0,79 0,65 050 0,39 0,72 0,84 0,70 0,54 1
Al 0,48 -0,34 0,43 -0,30 -0,22 -0,14 0,59 0,33 0,57 0,60 0,40 1
TOM|-0,47 0,22 0,05 0,85 0,86 0,89 0,13 0,60 0,14 0,27 0,57 -0,05 1
TOC| 0,50 -0,23 -0,71 -0,82 -0,73 -0,68 -0,67 -0,87 -0,60 -0,50 -0,82 0,00 -0,65 1
TN | 0,67 -0,38 -0,50 -0,91 -0,83 -0,68 -0,39 -0,72 -0,35 -0,23 -0,83 0,13 -0,79 0,92 1
p |-052 0,24 043 091 0,86 0,87 046 0,83 044 0,46 0,76 -0,02 0,90 -0,91 -0,93 1
TPH| 0,52 -0,16 -0,24 -0,85 0,91 -0,83 -0,18 -0,54 -0,09 -0,07 -0,49 0,44 -0,74 0,84 0,87 0,86 1
Table 3. Pearson Correlation in Intrinsic Phytoremediation
pH | Eh | T |Sal |Do |Cu |Zn |Pb |Cr |Ni |Fe |A| |rOM hoc |TN |P |TPH |
pH | 1,00
Eh | -0,15 1,00
T -0,51 -0,16 1,00
Sal | -0,86 0,31 0,37 1,00
po | -0,55 -0,53 0,50 0,19 1,00
Cu 0,87 0,08 -0,76 -0,65 -0,55 1,00
zn 0,76 0,16 -0,06 -0,48 -0,71 0,55 1,00
Pb |-0,05 -0,60 0,37 0,11 0,02 -0,40 0,11 1,00
Cr 0,78 -0,04 -0,77 -0,79 -0,54 0,71 0,36 -0,20 1,00
Ni 0,82 0,19 -0,78 -0,75 -0,68 0,81 0,50 -0,28 0,96 1,00
Fe -0,09 -0,72 0,22 0,08 0,24 -0,37 -0,20 0,96 -0,01 -0,25 1,00
Al 0,57 -0,42 -0,82 -0,49 -0,21 0,67 0,01 0,07 0,71 0,60 0,26 1,00
TOM | -0,86 0,29 051 0,76 0,59 -0,62 -0,61 -0,33 -0,87 -0,80 -0,33 -0,65 1,00
TOC|-0,86 0,29 051 0,76 0,59 -0,62 -0,61 -0,33 -0,87 -0,80 -0,33 -0,65 1,00 1,00
TN 0,24 0,87 -047 0,04 -065 054 036 -0,72 0,19 045 -0,80 -0,06 0,04 0,04 1,00
P 0,03 o,78 -0,16 0,10 -0,22 0,34 0,17 -0,88 -0,13 0,14 -0,96 -0,32 0,40 0,40 0,87 1,00
TPH| 0,85 0,31 -0,48 -0,76 0,72 0,74 0,75 -0,30 0,78 0,9 -0,38 0,25 -0,72 -0,72 0,52 0,30 1,00

The principal component analysis (PCA) in Intrinsic Bioremediation indicated

that the two main factors can explain 79.74% of the considered analytical data

variation, with the first factor alone explained 55.76% of the data (Figure 3). The

values of TPH's, P, TN, Sal, C/ N, Pb, Cu and Zn are well represented in the graph.
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We observed strong positive correlation between pH and P with TPH's, suggesting
that these factors acted convergent for biodegradation. However, it was evident that
the degradation of TPH's was independent of the variables Al, Ni, Cu, Zn, Fe and Pb,
confirming the results of Pearson correlation that showed that in this model of
remediation the metals, apparently, did not influence the process. Finally, it was
found in this model a negative correlation between the variables DO, TOC, TOM, Sal,
C / N with the TPH's. This fact must have occurred, because the degradation of
organic compounds in sediments with indigenous microorganisms was directly linked

to the consumption of oxygen, organic matter and nutrients [13].

Figure 3. PCA in Intrinsic Bioremediation (n=3).
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For the model of Phytoremediation the two main factors could explain 80.56%
of the variation of the analyzed data, and the factor 1 explained 52.56% of the data
(Figure 4) . In this case, the values of TPH's, TN, P, TOM, Cu, Ni, Pb, Fe, Cr and pH

were well represented in the graph. Strong positive correlation was found between
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Cu and Ni, with TPH's, suggesting that phytostimulation by plants in the
microorganisms to degrade the organic compounds were also removing sediment
from the two metals. However, it was evident that the degradation of TPH in this
model's was independent variables: Al, Cr, Sal, C / N, TOM and TOC, suggesting
that plants have provided allelopathic compounds for microorganisms to degrade.
The PCA analysis in this model did not show a strong negative correlation between
some variable and TPH's, although there is a moderate negative correlation between
DO and TPH's with T, suggesting that the further degradation of the compounds
happened with higher temperature and bigger concentration of dissolved oxygen.
The fact that a higher oxygen concentration has occurred over time can be explained
by the presence of the roots of R. mangle that may be helping the greater
concentration of this variable in the middle, providing a greater degradation of TPH's

[23, 24].

Figure 4 . PCA in Phytoremediation (n=3).
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4. Conclusions
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This study showed that the R. mangle applied in phytoremediation was more
efficient than the Intrinsic Bioremediation in the biodegradation of organic compounds
derived from petroleum in the sediments of mangroves, through an evaluation in pilot
scale. It was shown that metals do not show a positive correlation in the
biodegradation model of Intrinsic Bioremediation, but that Cu may have been a
negative factor in lower efficiency of the model. In Phytoremediation, the analyzed
metals (Cu, Zn, Cr, Ni) had a direct and positive influence on the degradation of
hydrocarbons, confirming the important role of red mangrove in the mobilization and
removal of contaminants joint, being a fundamental factor for the growth of
microorganisms in sediment. The relevance of the interaction between the plants and
the microorganisms in the model when evaluated Phytoremediation when the
biodegradation of hydrocarbons in the presence of metals, since the presence of the
plant caused the decrease of the concentration of toxic metals in the sediment.
However, we must evaluate whether the concentrations of metals and hydrocarbons
were larger and more diverse, it would be found the same results. However, for the
present study, R. mangle was classified as promising in the application of
remediation in mangrove sediments impacted by moderate concentrations of TPH's

and heavy metals.
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Abstract

This study evaluated the efficiency of Avicennia schaueriana in the implementation of
Phytoremediation compared with Intrinsic Bioremediation in contaminated sediments
mangrove by total petroleum hydrocarbons (TPH's). For three months the experiment
was conducted in pilot scale under conditions similar to a mangrove swamp, the
dynamics of the tides was simulated and the physical, chemical, microbiological and
biogeochemical parameters were monitored. After the ninety days it was found that

the Phytoremediation was more efficient in the degradation of TPH's, reducing the
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initial concentration of 32.2 to 4.2 mg / g. A. schaueriana was also more efficient in
assessing the degradation of different fractions of hydrocarbons, achieving a removal
efficiency of 87%. The microbiological results consisted of higher growth in the model
with plants, demonstrating the ability of the plant species utilized in phytostimulation.
Finally, the experiment showed that the Phytoremediation is a promising alternative

in mangrove impacted by oil activities.

Keywords: Phytoremediation, Total Petroleum Hydrocarbons (TPH’s), Mangrove

sediments, Avicennia schaueriana L., Black mangrove

1. Introduction

The mangrove is a coastal ecosystem of great ecological importance to
tropical countries. It is in this environment where there are renovations of biomass
and nutrients to the sea, acting as ecologically nursery of marine organisms, but IT is
relevant to geochemical studies since a large part of nutrients is accumulated there,
besides its economic importance and protection against erosion coast (Alongi, 2002;
Lee et al., 2005; Duke et al., 2007; Santos et al., 2010). However, according to the
Environmental Sensitivity Index for Coastal Areas published by NOAA (2010), the
mangrove habitat is classified as a more sensitive tropical habitat to oil spills due to

the difficulties of implementing a contingency plan.

The existing remediation techniques for application in these environments

impacted by Total Petroleum Hydrocarbons (TPH's) are expensive and limited when
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one wants to apply them in field scale, in situ (Seabra et al., 1999; Burns et al., 2000;
Huang et al., 2004; Yu et al., 2005; Oliveira, 2008; Brito et al., 2009; Moreira et al.,
2010a). These toxic compounds represent one of the most common and persistent
contaminants in the environment, being highly toxic to the mangrove forests that are
particularly difficult to be protected, since many of the techniques will be applied in
the other sites, subsequently they may cause other secondary impacts (McNicoll e

Baweja, 1995; EPA, 2000).

Advances in biotechnology have prompted several researchers to use the
Phytoremediation, which can be an alternative potentially more effective in soils and
sediments contaminated with TPH's and more profitable compared to alternative
traditional existing remediation (Salt et al., 1998; Gunther et al., 1996; Susarla et al.,
2002). This technique is well defined in literature as the method that uses plants to
stabilize, extract, accumulate, degrade or transform contaminants in sediments, soils
or aquatic environments. These plants use some processes, such as
phytodegradation, or phytostabilization phytoextraction of contaminants (Gtinther et
al.,, 1996). In the case of sediments contaminated by oil, the effect of
phytoremediation is based mainly on the rhizosphere microorganisms
phytostimulation degrading, known as rhizodegradation (Garbisu and Alkorta, 2001,

Santos et al., 2010).

For maximum success in the implementation of Phytoremediation in the
contaminated areas is essential to use plants endemic areas requiring treatment,
since these plants offer significant advantages because they are adapted to local
environmental conditions, besides having an interaction with the microorganisms of
their own area (Anderson et al., 1993). In the case of mangrove ecosystem of the

diversity of plant species is very low. It was found that the Avicennia schaueriana
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(black mangrove) is a plant that does not have much sensitivity in the presence of
sediments contaminated by oil, becoming a promising application of the technique
(Moreira et al. 2010a; Moreira et al., 2010b). This plant species has its discontinuous
distribution, being found mainly in Brazil (90% of coastal area occupied) and at the
bottom of the Leeward Islands, the Atlantic coast of northern South America, south of

Guyana and Suriname (Dodd and Rafii 2002; Wilkie and Fortuna, 2003).

Within this perspective, the purpose of this study was to evaluate the
application of A. schaueriana in Phytoremediation, compared to an Intrinsic
Bioremediation in mangrove sediments contaminated by TPH's, in a pilot study using
controlled laboratory conditions. It was the closest simulated environmental
conditions of a mangrove. For 90 days the contaminated sediment used was
monitored with six samples, using physical and chemical parameters, nutrients,

microbiological and geochemical studies.

2. Materials and methods

2.1. Sediment preparation and addition for residual oil

Surface sediment samples were collected at 0-30cm deep in a mangrove
ecosystem in northern Bay of Todos os Santos, between the cities of Candeias and
S&o Francisco do Conde, Bahia, Brazil. These sediment samples were sieved
through a 4mm sieve to remove rocks and plant material was homogenized

immediately after to ensure uniformity. It was collected five sub-samples of sediment
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that were homogenized and freeze-dried in a cold for 72 hours and sieved through 2
mm mesh to determine selected sediment physical and chemical properties (Table
1). Organic matter in sediment was determined using a modified Mebius method
(Nelson and Sommers, 1982). Total N was determined by distillation Kjeldahl
digestion and titration method (Bremner and Mulvaney, 1982), available P by Olsen
extraction method (Olsen and Dean, 1982). Particle size distribution was determined
after organic matter was removed with 30% H,0O,, the method of Folk and Ward
(1957). After homogenization, sediment samples were mixed in a 1:10 ratio with olil
residue found in the same area, a region with many activities in the petroleum
industry (extraction, transportation and refining). Then, five replicates of
homogenized sediment samples were collected to analyze the initial concentrations
of TPH's (Fig. 1). It was collected a sediment in a reference area, as discussed
elsewhere (Moreira et al. 2010b) for comparisons of the parameters analyzed in this

study.

Table 1 - Some selected physicochemical properties of the sediment used in experiment.

Parameters Value

Textural class Sandy Mud

Particle -size distribuition

Sand (%) 23,65
Silt (%) 73
Clay (%) 3,25
Organic matter (%) 5,73
Organic carbon ( %) 3,32
Total N (%) 0,36

Avaible P (mg/L) 1,8
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Figure 1. Gas Chromatography (FID) of residual oil used in the study
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2.2. Simulation of the mangrove

The dynamics of a mangrove was simulated with the tidal regime in the
sediment used for the application for remediation techniques. This experiment was
conducted in a greenhouse (Laboratory deployed to conduct research developed
within the network RECUPETRO/UFBA - Cooperative Network Recovery in Areas
Contaminated by Petroleum Activities, linked to the Federal University of Bahia) near
the mangroves where they collected samples of sediments, with environmental
conditions very close to the original ecosystem, with an average temperature of 24.6
° C. For this, simulation units were made of glass (50X30X40cm). Within each unit of
simulation were added 6 tubes of glass (30X10X10cm) were applied to two models of
remediation compared in this study. These tubes of glass were suspended in the unit
simulation, allowing the simulation of tidal regime with water runoff. Tubes of glass

were closed at the bottom to prevent loss of chemical residue when watering. All
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units received the treatment simulation of daily tidal regime with an adequate amount
of water (approximately 10L) to maintain constant humidity of sediment, as in the
mangrove ecosystem. The experimental projects are three replicates of each
treatment and analysis of three samples from each repetition. To assess the
efficiency of phytoremediation of TPH's in the sediment, each of the remediation
models described below were tested separately, taking into consideration public

safety and local environmental compartments.

2.3. Application of Remediation Models

Two models were used to evaluate remediation of contaminated sediment
removal for TPH's. To evaluate the efficiency of phytoremediation in mangrove
sediment, the species A. schaueriana (black mangrove) was selected. This choice
was based on pre-tests conducted earlier by our group as well as with other studies
suggesting the use of this for phytoremediation (Eysink 1997, Moreira et al., 2010a,
Moreira et al., 2010b). Seedlings of A. schaueriana were collected at low tide, taking
into consideration their height (average of 3 months old), defining a standard
sampling in order not to compromise the research results. The plants were submitted
in sediments mixed with waste oil from the study area. In the laboratory simulation,
the species were planted in glass tubes, where the daily regimen was simulated with
the tidal water of the mangrove and morphophysiological monitoring was conducted
during 90 days. During the growth period, plants were watered twice a week with
bottled water as needed. The other type of remediation used to compare the removal

of TPH's was the Intrinsic Bioremediation (Natural Attenuation Monitored) — where



99

the degradation of hydrocarbons derived from petroleum hydrocarbon by bacteria
present in the sediment mixed was monitored, and the density of the bacterial
community was characterized in order to compare the presence of microorganisms in

Phytoremediation.

2.4. Sediment extraction and analysis of the TPH's

The TPH’s levels in the sediment were determined by assaying for total
hydrocarbons. Sediment samples (approximately 50 g) from their remediation models
were collected at 0, 7, 15, 30, 60 and 90 days after the start of the experiments and
were stored at 4° C until analysis. The storage time for the collected samples was no
longer than 10 days and the storage had no effect on TPH levels in soil (data not
shown). The sediment samples were dried in a lyophilizer to cold, constant
temperature - 50 ° C. The dried sediments (5 g) wit hout previous treatment, was
extracted with dichloromethane/hexane mixing (1:1, v/v). The extracts were
concentrated to allow the solvent to evaporate completely, and then the amount of
extracted sludge was determined gravimetrically. The extracted oil was weighed
approximately 0.02 g for the fractionation of saturated compounds in an activated
silica gel column and eluted with ultrapure hexane (30mL). After the eluted was
evaporated and then swelled to 1 mL with the same solvent elution. Extracts were
quantified using a Varian CP 3800 gas chromatograph equipped with a DB-5
capillary column (30 m length, 0.25 mm ID, 0.25 Im film thickness) and Flame
lonization Detector (FID). GC conditions were as follows: injector temperature, 300°

C, starting oven temperature, 40° C; 40° C (hold 2min) ramp 10° C min-1 to 300 (hold
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12min); detector temperature, 300° C. Helium was used as the carrier gas at a flow
rate of 1.0 ml min-1 and a split ratio of 10:1 was used. Standard was prepared from

the same TPH (C10 — C40) stock chemicals.

2.5. Bacterial density in the two models

Quantification of bacterial density was assessed in two models of remediation
studied. For microbiological analysis, 25 g of different sediments samples were
transferred to Erlenmeyer flasks containing 90 mL of sterile 0.1% peptone water.
Each sample was stirred at 200 rpm/30 minutes. For colony counting, it was used the
technique of plating by “microgota” (Romeiro, 2001), decimal serial dilutions in agar
nutrient agar (NA) (in g / L beef extract, 3; bacteriological peptone, 5; NaCl, 3; agar,
13). The plates were incubated at 25 °C £ 1 °C fo r 24 hours. After incubation, the
plates selected were the ones that contained between 3-30 colonies. The number of
colonies counted was multiplied by the reciprocal of the dilution and the results

expressed as Colony Forming Units (CFU).

2.6. Statistical analysis

It was used analysis of variance in order to verify the existence or not of
significant difference between the two remediation models used. Whereas the

condition to submit sample data to a parametric analysis of variance is that their
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variances do not show significant difference, it was applied the test of Bartlett
described in Beiguelman, to test the homogeneity of variances. To check the
normality of data the Kolmogorov-Smirnov test was applied. This test indicated,
through a chi-square, that there is no significant difference between the variances of
the samples. As variances were homogeneous, ANOVA was applied to a single
parametric classification, which showed significant difference between the two
models. But it has been done "a posteriori" a test for multiple parametric Turkey-
Kramer to affirm the significant difference between the models. These statistical

analyses were performed using the GraphPad Software.

3. Results

3.1. Removal of TPH'’s in remediation models

With the objective of evaluating the degradation in the remediation models
employed in this study (Intrinsic Bioremediation and Phytoremediation) for removal of
TPH's in mangrove sediments contaminated, an experiment was conducted in pilot
scale to compare the different methods of correction. After 90 days, the results
showed that the Intrinsic Bioremediation (Natural Attenuation Monitored) was able to
remove 70% of TPH's individually, while A. schaueriana (Phytoremediation) was to
approximately 89%, of TPH's in the contaminated sediment (Fig. 2a). It was a
statistically significant removal of the TPH's Phytoremediation with A. schaueriana

regarding Intrinsic Bioremediation in contaminated sediments. These results indicate
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that the Phytoremediation with A. schaueriana has a greater capacity for degradation
of TPH's in mangrove sediments. The Phytoremediation was able to remove
approximately 19% more sediment TPH's than the Intrinsic Bioremediation, the
analysis of TPH's removed by Phytoremediation with A. schaueriana, showed that
levels of contaminants in the sediment were reduced from 33.2 to 4.2 mg / g, while

the Intrinsic Bioremediation has lowered from 33.2 to 9.2 mg / g in a growing season

of 3 months (Fig 2b).

Figure 2. TPH's removal for Intrisic Bioremediation and Phytoremediation (Avicennia schaueriana). Data were generated from
CG(FID) analyses of the sediments samples collected after 90 days of remediation. They are presented as percent of chemical

removed relative to the sediment that contains 32,2 mg/g of 100% residual oil. a) Indicates removal percentage, b) Indicates the

removal in mg/g.
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3.2. Removal of the different fractions of TPH's in the remediation models



103

It was used the fractions 3A (C16-23), 3B (C23-34) and 4 (C34-40) which are
the most TPH’s of recalcitrant contaminants in the sediment, based on Huang and
colleagues (2005). The results indicate that the Phytoremediation with A.
schaueriana was more effective than the Intrinsic Bioremediation in the removal of all
fractions of TPH's contaminated sediment. However, in the fraction 3A (C16-C23),
both models remediation efficiencies were quite close (81 and 77% respectively). In
the fraction 3B (C23-34) the results showed that the degradation efficiency of
Phytoremediation was moderately higher (78%) than that of Intrinsic Bioremediation
(63%), while in the fraction (C24-C40) this difference in effectiveness was much
greater (Phytoremediation: Intrinsic Bioremediation and 61%: 21%). After 90 days, of
the Phytoremediation with A. schaueriana had fallen into major components of
fractions 3A, 3B and 4, with an efficiency of about 73%, the Intrinsic Bioremediation
declined only about 55%, taking into account the levels of total remediation TPH’s

(Fig. 3).

Figure 3. Chemical removal (%) the fractions different in remediation models, after 90 days.
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3.3. Temporal analysis of the models remediation for removal of TPH’s
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It was assessed the temporal degradation of the two models of remediation
applied (Phytoremediation and Bioremediation Intrinsic), based on the total content of
TPH's in the mangrove sediment (Fig. 4). The removal rate remained relatively
constant for Phytoremediation, resulting in pseudo-zero order kinetics for the whole
period of 90 days. This behavior of Phytoremediation became a more effective model
for remediation than the Intrinsic Bioremediation that, despite having received a
higher rate at the beginning of the experiment, failed to keep their initial rates of
recovery during the experiment. After three months, the total amount removed by
TPH’s A. schaueriana was approximately 89%, while for the Bioremediation was

approximately 70%, with a strong decrease in the rate of removal.

Figure 4 . TPH's staying in the mangrove sediment a function of time.
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3.4. Counting of bacterial communities in two models of remediation

During the 90 days of the experiment, the total number of viable bacteria for
the two remediation models applied to sediment contaminated with TPH's, were
guantified in six pre-established samples. The results concerning the initial average
count of bacteria are between 0.1 and 0.2 x 10° x 10° CFU g* determined at the
beginning of the experiment. After being applied the models of the remediation in
sediments, there was a significant increase in the number of microorganisms after
the 7th day in the two models, showing significant difference compared to the initial
sediment sample, 8.3 x 10° (Intrinsic Bioremediation) and 1,5 x 106
(Phytoremediation by A. schaueriana) CFU g™ respectively. After the 30th day there
was an increase in Phytoremediation of the microbial community, and quantified
values from 8 x 10° to 16 x 10° CFU g™, however there was a drastic drop in the
number of microorganisms in the application model of Intrinsic Bioremediation (1.8 x

10° CFU g). Figure 5 presents the total count of bacteria during the 90 days, with
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data expressed in polynomial trend with a coefficient of determination R? of 100% for

total bacterial counts.

Figure 5. Total count of bacteria for 90 days, with data expressed in polynomial trend with a coefficient of determination R2 of

100%.
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3.5. Evaluation the physiology of Avicennia schaueriana used for Phytoremediation

It is very important to investigate the physiology of a plant used in the
application of Phytoremediation, since the contaminants found in polluted sediments
may often affect the growth of plant species, and from this point it is possible to say if
the plant is able to degrade toxic compounds or not. The effects of TPH's in the
sediment on the growth of A. schaueriana were evaluated by measuring the sizes of
plants and their roots, by comparing the growth of plants of the contaminated
sediment with the sediment reference (Fig. 6). It was not expected, but there was a
higher growth in the experiments of Phytoremediation in contaminated sediments
compared to the reference sediment, watching an increase of 24% in plant growth
and a root 7% bigger. Therefore, biomass accumulation of plants in contaminated
sediments was higher than the plants in non-contaminated sediment reference. It
was proved that the plant species are very promising for the application of the
technique, since this growth increased in the black mangrove probably indicates that

the plant has a good adaptation to the conditions found in contaminated sediments.



Figure 6. Growth of A. schaueriana were evaluated by measuring the sizes of plants and their roots
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In this research it was developed two models of treatment, using the Intrinsic

Bioremediation and Phytoremediation by the A. schaueriana to assess the capability

of removing organic compounds (TPH's) in mangrove contaminated sediments. The

results showed that the Phytoremediation was more efficient in the degradation of

organic compounds. The results corroborates with other studies that evaluated
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similar situations (Yuan et al., 2001, Huang et al., 2004, Tam et al. 2008; Yergeau et
al., 2009). However, despite many recent studies found the efficient use of plants in
the removal of TPH's, the traditional remediation techniques are still the most used in
these situations of contamination (Jorgensen et al., 2000, McCarthy et al., 2002;
Huang et al., 2005). Some of the difficulties encountered by these traditional
techniques in the removal of TPH's in polluted industrial areas are the different
concentrations of organic compounds in soils, sediments and groundwater, the

application of isolated remediation processes and high costs. (McNicol et al., 2005).

The successful implementation in the remediation of sediments contaminated
by organic compounds in oil depends on the efficiency of degradation of different
fractions of alkanes present in sediments contaminated by TPH's, mainly alkanes
most recalcitrant as fraction 3B (C23-C34) and 4 (C34-C40) (Huang et al., 2001). The
results of this study with residual oil in contaminated sediments showed that
Phytoremediation by A. schaueriana was more effective at removing all fractions of
organic compounds evaluated (3A (C16-23), 3B (C23-34) and 4 (C34-40)) in the
experiment after 90 days. However it is worth noting that the Intrinsic Bioremediation
was also efficient in the removal of fractions 3A (77%) and 3B (62%) as well as the
Phytoremediation (3A - 3B and 81% - 72%), suggesting that the two models of
remediation can be used in areas contaminated by these fractions of TPH's.
However, for the fraction 4 was verified a very significant degradation by the A.
schaueriana (73%) compared to Bioremediation (21%). This greater efficiency found
in Phytoremediation process for fraction 4 is probably due to the plant's capacity to
act together from an interaction (phytostimulation) with microorganisms in their
rhizosphere, promoting the rhizodegradation. It is also important to consider the

degradation and transformation of compounds made by plants that grow in mangrove
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sediments contaminated by TPH's (Rock, 1997; Cunningham et al, 1996;

Cunningham et al., 1995).

Another important theme in this research was the evaluation of the number of
viable bacteria that grew in the rhizosphere of A. schaueriana, compared to the
amount that grew on the model of Intrinsic Bioremediation. During the first 15 days of
Bioremediation, growth was higher, but from the thirtieth day until the ninetieth day it
was found a higher concentration of bacteria in the rhizosphere. These results
corroborate the thirtieth day of the experiment in which the Phytoremediation has
become more efficient in the degradation of TPH's in relation to Bioremediation. This
suggests that plant species used in the experiment have high ability to stimulate the
degradation of organic compounds by bacterial communities, through some
allelopathic compounds, similar to organic compounds that stimulate the defenses of
communities, corroborating other studies (Rovira et al., 1979; Anderson et al., 1993,
Walton et al. 1994; Espinosa et al. 2005). Other compounds that are provided by
plant roots act by stimulating the microorganisms that degrade TPH, such as
carbohydrates, organic acids and amino acids. (Joner et al., 2002). The oxygenation
promoted by the presence of mangrove roots in the black anoxic sediment of the
mangrove forest would be another factor stimulating the biodegradation (Siciliano et

al., 2001; Weibner et al., 2002).

The results of the comparison of plant growth in sediment reference with
respect to contaminated sediment showed that plant species have developed the
greatest biomass and roots in the substrate contaminated with TPH's. These results
confirm that A. schaueriana has not been affected by the toxic effects of petroleum

compounds present in the sediment, being different from what some researchers
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report for sensitive species (Dowty et al, 2001; Culbertson et al, 2008; Peng et al,

2009; Nie et al., 2010).

5. Conclusions

The results of this research found that the model applied with Phytoremediation by
Avicennia schaueriana was more efficient in the degradation of different fractions of
TPH, although the Intrinsic Bioremediation has also been effective in the lighter
fractions. However, it is noteworthy that the Phytoremediation by the plant species
used was shown to be promising for the decontamination of contaminated sediments
by the activities of the oil industry, and indirectly contribute to the minimization of
global warming from carbon sequestration, a technology so ecologically correct. The
study also found that Intrinsic Bioremediation has low efficacy when applied
individually in the fractions of alkanes recalcintrantes , in addition, its maximum
efficiency in just in the first 30 days. Furthermore, data from Microbiological analysis
revealed that the association of plants with the community of microorganisms in the
rhizosphere increased degradation of organic compounds in sediments, and thus
promoted the major development of plant biomass in sediments contaminated by
TPH's. However it must be evaluated if the model of phytoremediation produced in
pilot scale in this study will be as effective in situ, as observed in laboratory
conditions. It is suggested that a more detailed study would be to combine these
processes into a new product for application in remediation of contaminated
sediments by mangrove TPH's, especially when it comes to heterogeneous sediment

contamination at different depths, and new research on the transformation of TPH's
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in environment are needed to see if this transformation produces toxic by-products

for the organisms and human health.
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Abstract

Contamination by oil spills in coastal ecosystems, especially in mangrove sediments,
has been commonplace in countries with strong performance in oil industry.
Therefore, the aim of this study was to evaluate the efficiency of application of the
two models developed in pilot scale remediation, Intrinsic Bioremediation (indigenous
microorganisms) and Phytoremediation (Avicennia schaueriana) in the degradation of
hydrocarbons associated with heavy metals in mangrove sediments, besides
monitoring other biogeochemical parameters (nitrogen, phosphorus, TOC, pH, Eh,

DO, salinity, temperature, bacterial density). The integrated assessment of data
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showed that both techniques were effective in degrading organic compounds from
oil, but the phytoremediation is the most efficient (89% removal). It was also noted
that the model of Intrinsic Bioremediation has no direct correlation with metal
concentrations, but a positive correlation with Al and Ni was found in the hydrocarbon
removal in Phytoremediation, it was observed that the plant presents efficiency and
phytoextraction in phytostimulation. The results suggest that the model of
Phytoremediation through its various mechanisms may become a technique for the
removal of petroleum hydrocarbons in the presence of metals in mangrove sediments

near industrial areas.

Introduction

The development of models and remediation processes has the objective of being
applied to mangrove sediments affected by the presence of petroleum hydrocarbons
in conjunction with heavy metals has become a major technological need in the
countries of coastal regions with a strong oil industry (1, 2). Especially when it comes
to an ecosystem with ecological and economic importance such as a mangrove that
is ranked as one of the most sensitive habitats in the world ranking of coastal areas
in the NOAA Environmental Sensitivity index, a tool that manages contingency plans

for all spills (3).

The mangrove sediments have some special characteristics such as low or zero
oxygen availability, average salinity and low diversity of microorganisms in relation to
other environmental compartments. Such factors can provide a greater or lesser
biodegradation of toxic compounds. However, the impact of oil on mangroves

depend on the types of pollutants, concentration, toxicity, distribution and also the
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retention time (3). In many cases the sediment can behave as reservoirs of pollutants
such as heavy metals that are coming from marine or terrestrial environment, and
thus, the toxicity of the contamination is higher and the degree of difficulty in the
removal of organic compounds derived from petroleum becomes more complex (4,

5).

A technique widely used in mangrove areas affected by oil is the Intrinsic
Bioremediation (Natural Attenuation Monitored), which is a process based on natural
factors in which indigenous microorganisms will act in the degradation of petroleum
hydrocarbons that are bioavailable in the sediment through a redox (6). However, this
technique depends on the monitoring through geochemical indicators (pH, Eh, DO,
temperature, nutrients) as well as the monitoring of microbial density. This remedial

option has been used mainly for the user’s low cost and its wide acceptance (7).

The Phytoremediation has also been applied with intensity in areas affected by oil in
recent years. This technique can be defined as a process that applies plant systems,
often associated with their microorganisms, with the intention of removing, degrading
and immobilizing toxic substances in the environment or with tolerance to high
concentrations of contaminants in the roots, stems and leaves (8). Plant species that
perform phytoremediation have several physiological mechanisms, depending on the
physicochemical nature of the pollutant or property and may be classified as:
phytoextraction, phytodegradation, phytostabilization, phytostimulation and
phytovolatilization. Large areas can be retrieved in several ways, low cost, with
opportunities to remediate contaminated water, soil, subsoil, sediments, while
beautifying the environment. Paradoxically, the time to obtain satisfactory results can

sometimes be long. The concentration of the contaminant and the presence of toxins
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must be within the tolerance limits of plant used to avoid compromising the treatment

(9).

In contaminated mangrove sediments by heavy metals and hydrocarbon it is difficult
to choose the best technique to be applied. Few organisms can tolerate a
heterogeneous contamination, even though some microbes use oil as an energy
source (10). Therefore, the objective of this study was to evaluate the efficiency of
two models developed in pilot scale remediation, the Intrinsic Bioremediation
(indigenous microorganisms) and Phytoremediation (Avicennia schaueriana), the
degradation of hydrocarbons associated with heavy metals in mangrove sediments,
and monitored other biogeochemical parameters (pH, Eh, DO, salinity, temperature,

bacterial density).

Experimental Section

Sediment. In a mangrove ecosystem located in the North of Bahia de Todos os
Santos, between the cities of Candeias and S&o Francisco do Conde, Bahia, Brazil,
sediment samples at 0-30 cm depth were collected. These samples were sieved (4
mm sieve) and homogenized. Five sub-samples of sediments were collected,
lyophilized for 72 hours and sieved through 2 mm mesh to determine the physical
and chemical properties of the selected sediment. The organic matter in sediments
was determined using a modified Mebius method (11). Total N was determined by
Kjeldahl digestion, distillation and titration method (12), method of extraction to
evaluate P (phosphorus) by Olsen (13). Particle size distribution was determined

after organic matter was removed with 30% H202, the method of Folk and Ward
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(14). After homogenization, sediment samples were mixed at 1:10 with oil residue
found in the same area, a region with many activities in the petroleum industry
(extraction, transportation and refining). Then, five replicates of homogenized
sediment samples were collected for analysis of the initial concentration of TPHs. We
collected a sediment in a reference area as found in another study (15) for

comparisons of the parameters analyzed in this study.

Remediation Models. This research was developed on a pilot scale with two
remediation models, the first being the model of Intrinsic Bioremediation (Monitored
Natural Attenuation) and the second model was the Phytoremediation (Avicennia
schaueriana - black mangrove). These models were developed by building units of
simulated mangrove, and the material used was glass (50x30x40cm). Within each
unit of simulation 6 glass tubes were added (30x10x10cm), each tube would be a
repetition for each developed model, resulting in three units of simulation with six
replicates for each model. The experiment was conducted during three months in a
greenhouse near the mangrove in which the sediment and also waste oil samples
were collected. The tidal regime was daily simulated in each unit, in order to provide
models for remediation conditions closer to a wetland ecosystem. The choice of plant
species used in the model of Phytoremediation of this study was based on pre-tests
done earlier by our group, attesting to their ability to grow in sediments with high
concentrations of petroleum hydrocarbons (16). Seedlings of A. schaueriana were
collected at low tide, taking into consideration their height (average of 3 months old),

defining a standard sample.
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Monitoring. For monitoring of the study sediment in the two models, the samples
were collected in five pre-set times (7, 15, 30, 60, 90 days). TPH concentrations were
analyzed by USEPA determined 8015B method, metals determined by USEPA
method 3015, macronutrients (TN, P), TOC, TOM, pH and Eh through the method of
potentiometry using a pH / mV HandyLabl, SchottGlaswerkeMainz. The salinity was
Measured by the index of refraction, using the portable refractometer Atoga S / Mill-E
and dissolved oxygen (DO) was Measured with a WTW Oximeter OXI 3151
(SCHOTT-GERATE). Was also analyzed using the bacterial density of the
"microgotas” (17). The analysis of these parameters aimed at enabling an integrated
assessment of biodegradation of organic compounds derived from petroleum in the

presence of metals.

Statistical Analysis. Integrated assessment of the data for the two models of
remediation was made possible also by statistical tests, such as principal component
analysis (PCA) to the average concentrations of all data analyzed in surface
sediments of each type of remediation, in order to find the main variables influencing
the degradation of TPHs. Other statistical tests were applied to the K-means, the
Kolmogorov-Smirnov test, parametric Tukey-Kramer and Pearson correlation. All the
statistical evaluation was performed using the software STATISTICA 6.0 and

GraphPad Software.
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Results and Discussions

Monitoring of the experiment. Initially, before the start of the experiments, pre-
established parameters were analyzed in the sediment before (Reference) and after
mixing with the oil (Contaminated, day 0). During the three month experiment, the
same parameters were also monitored, as shown in Table 1. The results found that
after the homogenization of the sediment reference to the oil there was an increase
in the concentration of most metals tested, except for iron (Fe), but all values were
below the TEL (18), not being toxic to biota. In other experiments this behavior in
relation to the higher concentration of metals in a sediment contaminated with oil was
also observed (19, 20). During the experiment in Intrinsic Bioremediation the pH
values found (7.79 + / - 7.31) and Phytoremediation (7.6 + / - 6.93) were within the
expected range for optimum degradation (21). Regarding the monitoring of
temperature (30 °+ / - 25 ° C), the averages were classified as ideals where the
greatest enzymatic activity of microorganisms in bioremediation happens (22). The
salinity during the experiment in both models showed a variation that would not
jeopardize the degradation of microorganisms (23). Concentrations of macronutrients
(N and P) and organic matter in sediments also were within what is expected for

degradation by the biota in sediments impacted by organic compounds (21).



Table 1. Monitored parameters during the three months experiment (n=3).
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IB O PAO IB7 PA7 IB15 PA15 IB30 PA30 IB60 PAG0 IB90  PA90
pH 7,62 7,51 7,79 7,6 7,68 7,53 7,31 7,25 7,64 7,6 7,37 6,93
Eh -23,7 9,7 -43 -30 -36 27 -15 9,7 -35 -33 -22 7,6
T (°C) 28 27,2 27 27 25 25 27 27 30 30 29,1 29,8
Sal 25 27 23,67 22 28 27 30 30 29 26 32 32
DO (mg/L) 4,58 5,49 5,01 5,17 5,27 5,14 5,18 4,46 5,32 4,58 5,36 6,32
Cu(ug/g) 17,86 17,86 1825 17,60 1950 19,35 1859 18,07 19,23 18,30 19,43 18,60
Zn (uglg) 22,23 2223 19,95 18,69 19,27 18,99 19,43 17,53 24,60 20,82 22,91 22,31
Pb (ug/ly) 18,21 1821 11,06 1526 16,87 2091 16,87 18,92 27,15 19,45 2563 28,87
Cr(ug/lg) 11,47 11,47 6,34 5,87 6,75 8,53 7,38 7,09 13,11 8,74 11,33 10,61
Ni (ug/g) 17,43 17,43 1356 1657 1581 1651 14,01 1534 1839 1510 17,04 14,43
Fe (ug/g) 10739,67 10739,67 9961,20 9867,57 10082,18 9960,58 12591,74 9441,30 14787,52 12916,35 12692,93 13095,78
Al (uglg) 792557 792557 6177,15 566504 623941 9098,65 5497,63 6386,87 9879,28 6936,10 4628,46 4542,79
TPH (ug/g) 33215,16 33215,16 2435127 2949429 20098,74 25253,30 19437,69 18396,79 18698,49 16041,15 922512 4222,98
TOM (%) 5,73 5,73 5,56 5,53 15,40 5,51 13,85 9,84 15,13 12,73 14,08 14,08
TOC (%) 3,32 3,32 3,23 3,21 8,93 3,19 8,04 5,71 8,77 7,38 8,16 8,16
TN (%) 0,36 0,36 0,35 0,30 0,33 0,32 0,30 0,30 0,23 0,32 0,21 0,29
P (mg/L) 2,70 2,70 2,50 1,80 2,30 1,80 1,80 1,50 1,70 1,50 1,60 1,70
CIN 9,26 9,26 9,28 10,79 26,74 9,90 26,45 19,09 37,94 2326 3932 2813
CFU g™ 1,33 1,33 2 0,2 8,8 1,5 1,8 12 1,2 19 0,9 3,1
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Biodegradation. The removal of hydrocarbons derived from petroleum in the
presence of metals was evaluated in two models of biodegradation during
remediation of the 90 day experiment. Within fifteen days of the initial model Intrinsic
Bioremediation of a higher efficiency was verified compared to Phytoremediation,
which has become more efficient from the 15th day on . This result was expected,
since plants need a period of days to adapt to the contaminated sediment to reach its
maximum efficiency at removing contaminants (24). After three months it was
observed that A. schaueriana showed a removal of compounds in sediments from the
initial 33.2 to 4.2 pug / g, while the intrinsic bioremediation decreased from 33.2 to0 9.2
ug / g (Figure 1). Thus, phytoremediation was able to remove the sediment about
19% more than the intrinsic bioremediation. This increased efficiency of
phytoremediation with respect to the intrinsic bioremediation corroborates other

studies in sediments affected by oil organic compounds (25-27).
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The values of metals in the two models during the ninety days have showed relatively
constant, though we observed a moderate removal (18%) of nickel (Ni) and low

removal (8%) of chromium (Cr) by the black mangrove (Figure 2). This sequence of
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degradation and higher removal of the template for Phytoremediation was consistent

with the results of the analysis of bacterial density in the sediment.

1,20
g 1,00 _____——n Cu
= 0,80 = 7n
g Pb
£ 060
P —m—Cr
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0,00 - ‘ ‘ ‘ ‘ ‘
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Days

After applying models of remediation in sediments, it was observed a significant
increase in the number of microorganisms after 7 days in both models, showing
significant difference from the original sediment sample, 8.3 x 10° (Intrinsic
Bioremediation) and 1, 5 x 10° (phytoremediation by A. schaueriana) CFU g?,
respectivel (Figure 3). After 30 days, an increase of microbial communities in
phytoremediation, as well as the quantified values of 8 x 10°-16 x 10° CFU g™ were
observed, but there was a drastic drop in the number of microorganisms in the
application model of intrinsic bioremediation (1, 8 x 10° CFU g*). These results
suggest that the black mangrove should have high capacity to stimulate the
degradation of organic compounds by bacterial communities, through some
allelopathic compounds, similar to organic compounds that stimulate the defenses of
communities or other compounds that are provided by the action of the plants’roots,
stimulating the microorganisms, such as carbohydrates, organic acids and amino

acids, corroborating other studies (28, 29).
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Integrated Assessment. To appreciate how the metals and other parameters in this
experiment influenced the removal of organic compounds derived from petroleum, we
used Pearson correlation to get an indication of the strength and direction of the
linear relationship between variables in both models of remediation applied. In
Intrinsic Bioremediation (Figure 4) it was observed a strong negative correlation
between concentrations of copper (Cu) and TPHs throughout the experiment,
indicating that there was a greater availability of the metal during the biodegradation
of hydrocarbons, which may have inhibited greater removal of indigenous
microorganisms (30). As for the other metals no strong correlation was observed.
With regard to macronutrients (N, P) and dissolved oxygen (DO), the correlation was
strongly positive with the removal of TPHSs, indicating that in this model of
remediation the oxygen and nutrients in the sediment were more available, the
greater was the degradation of organic compounds which agrees with enough
information published in the literature (31). When the model of Phytoremediation was
evaluated, a strong positive correlation between the removal of hydrocarbons and
nickel (Ni) and aluminum (Al), and the consumption of nitrogen and phosphorus has

been observed, noting that this model A. schaueriana held phytoextraction of metals
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in the sediment and associated with microorganisms also removed the oil, and this
same behavior has already been seen applied to other plant species in contaminated
sediments (32, 33). It was also observed that the degradation of the hydrocarbons in
black mangrove may have used the mechanism of phytostabilization for lead (Pb),

taking into account the negative correlation between the variables.

Table 2. Pearson Correlation in Intrinsic Bioremediation

o [ [ 7 [sa |00 [cu [z0 [0 [o [n [re [a Jom foc [in [p Jon ]
pH 1

Enh |-092 1

T |-023 018 1

sal |-0,80 0,58 0,31 1

DO |-0,31 -0,07 0,10 0,74 1

Cu |-0,21 -0,09 0,04 0,73 0,90 1

Zn |-0,04 003 093 027 009 0,17 1

Pb |-039 028 076 071 046 057 0,85 1

cr |-017 023 088 032 -002 011 097 0,86 1

Ni [-0,01 008 064 029 003 030 0,87 084 092 1

Fe |-046 032 079 065 050 0,39 0,72 0,84 0,70 0,54 1

Al | 048 -0,34 0,43 -0,30 -0,22 -0,14 0,59 0,33 0,57 0,60 0,40 1

TOM|-0,47 0,22 0,05 0,85 0,86 089 0,13 060 0114 027 057 -0,05 1

Toc| 0,50 -0,23 -0,71 -0,82 -0,73 -0,68 -0,67 -0,87 -0,60 -0,50 -0,82 0,00 -0,65 1

TN | 0,67 -0,38 -0,50 -0,91 -0,83 -0,68 -0,39 -0,72 -0,35 -0,23 -0,83 0,13 -0,79 0,92 1

P |-052 024 043 091 086 087 046 083 044 046 0,76 -0,02 0,90 -0,91 -0,93 1
TPH| 052 -0,16 -0,24 -0,85 0,91 -0,83 -0,18 -0,54 -0,09 -0,07 -0,49 0,44 -0,74 0,84 0,87 086 1

Table 3. Pearson Correlation in Intrinsic Phytoremediation (A. schaueriana).

pH | en [ 7 [sa[po]cu [zn [P0 [cr [N Jre Jar Jrom Jroc [in [P JeH |
pH [ 1,00

Eh |-0,17 1,00

T [-038 -0,66 1,00

Sal |-0,88 0,37 0,29 1,00

DO |-058 021 023 036 1,00

Cu |-019 080 -0,22 040 0,16 1,00

zn |-0,27 -011 058 028 069 002 1,00

Pb [-084 033 045 082 069 056 052 1,00

cr |-033 024 031 052 060 023 089 056 1,00

Ni | 0,67 0,20 -0,69 -0,60 -0,09 -0,23 -0,07 -0,67 0,03 1,00

Fe |-036 -0,32 089 034 043 016 076 065 0,55 -0,61 1,00

Al [ 063 057 -065 -025 -0,38 042 -0,15 -0,38 0,14 0,64 -040 1,00

TOM|[-064 -032 087 062 016 013 0,35 0,69 0,24 -094 080 -0,61 1,00

TOC|-064 -0,32 087 062 016 013 035 069 024 -094 0,80 -0,61 1,00 1,00

TN [ 050 020 -027 -0,19 -0,05 -0,03 0,39 -0,33 0,57 0,73 -0,11 0,73 -0,49 -0,49 1,00

P | 022 015 -027 -0,15 0,37 -0,26 051 -020 059 077 -0,15 0,37 -0,56 -0,56 0,82 1,00
TPH| 0,78 0,06 -0,68 -0,71 -0,30 -0,35 -0,24 -0,83 -0,17 0,97 -0,68 0,61 -0,93 -0,93 0,65 0,64 1,00
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With the objective of obtaining a smaller number of linear combinations than the ones
found in the Pearson correlation, it was also carried out an analysis of the principal
component models remediation (PCA). Intrinsic Bioremediation in the two main
factors could explain 79.74% of the variation in the data analyzed with the first factor
explaining 55.76% and second 23,98%. The values of TPHs, Pb, Cu, Zn, P, TN are
well represented on the chart where strong positive correlations were noted between
pH and P TPH's, corroborating the results of the Pearson correlation. However, this
analysis showed that the concentrations of Al, Ni, Cu, Zn, Fe and Pb are independent
of the removal of hydrocarbons, making it clear once again that all metals are likely to
have influenced both the biodegradation. It has been shown that this model was a
negative correlation between the variables DO, TOC, TOM, Sal, C / N with the TPHs.
This fact must have occurred, because the degradation of organic compounds in
sediments with indigenous microorganisms was directly linked to the consumption of

oxygen, organic matter and nutrients (31).

Figure 4. PCA in Intrinsic Bioremediation.
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In the PCA applied to Phytoremediation, the two main factors explained 72.62% of
the variance, with factor 1 explaining 51.08% and the second factor explaining
21.54% of the evaluated data (Figure 5). In this model, the graph represented well
the values of TPH's, Ni, Pb, Cr, TN, P, Al and Ni strongly correlated with TPHs
agreeing with Pearson's correlation. Moreover, it was evident that the hydrocarbons
removal was independent of variables: Cr, Cu, Zn, Pb, Fe, DO and salt, suggesting
that these variables did not influence the biodegradation, maybe by the
phytostabilization in the metals, besides the A. schaueriana behavior as halophyte
species in the presence of salts (34). Moreover, a strong negative correlation
between some variable and the TPHs was not shown, although there is a moderate
negative correlation between TPHs with TOC and T, suggesting that the greater
degradation of compounds happened when the temperature was higher and the

quantity of organic carbon was bigger in the environment (31 ).

Figure 5. PCA in Intrinsic Phytoremediation (A. schaueriana).
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The conclusion is, regarding the developed models applied to remediation of
mangrove sediments simulated on a pilot scale, a higher efficiency of
Phytoremediation, in relation to the removal of the Intrinsic Bioremediation of
petroleum hydrocarbons was observed. The presence of metals did not influence
directly on Bioremediation, except for Cu, which may have moderately inhibited
greater efficiency in the process. On the other hand, Ni and Al seem to have been
absorbed by A.schaueriana, while they were removed from the hydrocarbons, which
may have favored more the growth of microorganisms in the rhizosphere, besides the
stimulation by the allelopathic compounds. Finally, it was emphasized that the
implementation of the Phytoremediation model in areas impacted by oil activities can
be very important, since it is an inexpensive, environmentally friendly and socially
correct technique. Moreover, this process may also contribute to reduce global
warming through carbon sequestration by applied plants, showing its not only local

but also global importance.

Acknowledgements

This study has been carried out with the financial support of the FAPESB, FINEP and

PETROBRAS.

Literature Cited

(1) Schnoor, J. L., Licht, L. A., McCutcheon S. C., Wolfe, N. L., Carreira, L. H. 1995.
Phytoremediation of organic and nutrient contaminants. Environmental Science &
Technology. Vol. 29, n.7, 318-323.



136

(2) Barbier, E. B., Koch, E. W., Siliman, B. R., Hacker, S. D., Wolanski, E., &
Primavera, J. (2008). Coastal ecosystem based management with nonlinear

ecological functions and values. Science, 318, 321-323.

(3) NOAA (2002). Oil Spills in Mangroves: Planning and response considerations.
Washington, D.C.

(4) Santos, H.F., Carmo F.L., Paes, J.E.S., Rosado, A.S., Peixoto, R.S., 2010.

Bioremediation of Mangroves Impacted by Petroleum. Water Air Soil Pollut. In press.

(5) Brito, E. M., Duran, R., Guyoneaud, R., Goni-Urriza, M., Garcia de Oteyza, T.,
Crapez, M. A,, et al. (2009). A case study of in situ oil contamination in a mangrove

swamp (Rio De Janeiro, Brazil). Marine Pollution Bulletin, 58, 418—-423.

(6) Mariano, A. P. Avaliacdo do potencial de biorremediacdo de solos e de aguas
subterrdneas contaminados com Oleo diesel. 2006. 162 f. Tese (Doutorado em
Geociéncias e Meio Ambiente), Universidade Estadual Paulista, Rio Claro, SP, 2006.

(7) Atlas, R.M., 1982. Microbial degradation of petroleum hydrocarbons: an
environmental perspective. Microbiological Reviews. 45, 180-209.

(8) Gratdo, P. L., Prasad, M. N. V., Cardoso, P. F., Lea, P. J., Azevedo, R.A.
Phytoremediation: green technology for the clean up of toxic metals in the

environment. Brazililian Journal Plant Physiology, vol.17, n.1, p.53-64, jan-mar.2005.

(9) Kamath, R., Rentz, J.A., Schnoor J.L., Alvarez, P.J.J., 2004. Phytoremediation of

hydrocarbon-contaminated soils: principles and applications. In: Studies in Surface



137

Science and Catalysis. R. Vazquez-Duhalt and R. Quintero-Ramirez (Editors).

Elsevier. 32p.

(10) Shi, W., Becker, J., Bischoff, M., Turco, R. F., Konopka, A. E. 2008. Association
of Microbial Community Composition and Activity with Lead, Chromium, and
Hydrocarbon Contamination. Applied and Environmental Microbiology. Vol. 68, No. 8,
3859-3866p.

(11) Nelson, D.W., Sommers, L.E., 1982. Total carbon, organic carbon and organic
matter. In: Page, A.L., Miller, R.H., Keeney, D.R., (Eds.). Methods of Soil Analysis,

Part 2. Chemical and Microbiological Properties;SSSA Madison WI, pp. 539-577.

(12) Bremner, J.M., Mulvaney, C.S., 1982. Nitrogen—Total. In: Page, A.L., Miller,
R.H., Keeney, D.R. (Eds.), Methods of Soil Analysis, Part 2. Chemical and

Microbiological Properties; SSSA Madison WI, pp. 595-624.

(13) Olsen, S.R., Dean, L.A., 1982. Phosphorus. In: Page, A.L., Miller, R.H., Keeney,
D.R., (Eds.). Methods of Soil Analysis, Part 2. Chemical and Microbiological

Properties;SSSA Madison WI, pp. 1035-1049.

(12) Folk R.L.; Ward W.C.. Brazos river bar: a study of significante of grain size

parameters. J. Sediment. Petrol. 27, p. 3-26, 1957.



138

(15) Moreira I.T. A, Freitas, P. F, Nascimento, R. S. A, Oliveira, O. M. C, Triguis, J. A.
Selection of species plant mangrove for assessment phytoremediation of
contaminated sediments by in oil and derivatives. In: Rio Oil & Gas Expo and

Conference, IBP2899 10. 2010a

(16) Moreira I.T. A, Martins, C. M. S., Oliveira, M. C., Oliveira, O.M.C, Triguis, J.A.
Detailed and confirmatory investigation in an area with contaminated sediment, in
order for the application of phytoremediation. In: Xl Workshop and Congress

Geochemistry Organic American Latin Association (ALAGO). 2010b

(17) Romeiro, R. S., 2001. Métodos em bacteriologia de plantas. Vigosa: UFV. 279p.

(18) NATIONAL OCEANIC AND ATMOSPHERIC ADMINISTRATION (NOAA). 1999.
Screening Quick Reference Tables, National Oceanic and Atmospheric
Administration. Seattle, USA, 12p.

(19) J. Santos-Echeandia, R. Prego, A. Cobelo-Garcia, Influence of the heavy fuel
spill from the Prestige tanker wreckage in the overlying seawater column levels of
copper, nickel and vanadium (NE Atlantic ocean), J. Mar. Syst. 72 (2008) 350-357.

(20) Nie, M., Xiana, N., Fub, X., Chenc, X., Lia, B. The interactive effects of
petroleum-hydrocarbon spillage and plant rhizosphere on concentrations and
distribution of heavy metals in sediments in the Yellow River Delta, China, Journal of
Hazardous Materials. 174 (2010) 156-161

(21) Atlas, R. M. Petroleum biodegradation and oil spill bioremediation. Marine
Pollution Bulletin, 31 (4) : 178-182, 1995.



139

(22) LEAHY, J.G.; COLWELL, R.R.. Microbial Degradation of hydrocarbons in the
environment. Microbial Reviews, 53(3), p.305-315, 1990.

(23) BORRESEN, M.H.; RIKE A.G.. Effects of nutrient content, moisture content and
salinity on mineralization of hexadecane in an Arctic soil. Cold Reg. Sci. Technol.
48:p.129-138, 2007.

(24) Cunningham, S.D., Anderson, T.A., Schwab, A.P., Hsu, F.C., 1996.
Phytoremediation of soil contaminated with organic pollutants. Advance in Agronomy.
56, 55-71.

(25) Tam, N.F., Wong, Y.S., 2008. Effectiveness of bacterial inoculum and mangrove
plants on remediation of sediment contaminated with polycyclic aromatic
hydrocarbons. Marine Pollution Bulletin. 57, 716-726

(26) Yuan, S.Y., Chang, J.S. and Chang, B.V., 2001. Biodegradation of

phenanthrene in river sediment. Chemosphere. 43, 273— 278.

(27) Yergeau, E., Arbour, M., Brousseau, R., Juck, D., Lawrence, J.R., Masson, L.,
2009. Microarray and Real-Time PCR Analyses of the Responses of High-Arctic Soll
Bacteria to Hydrocarbon Pollution and Bioremediation Treatments. Applied and
Environmental Microbiology. 75(19), 6258—-6267.

(28) Espinosa, E., Martinez, M.E., Torres, E.F., Rojas, M.G. 2005. Improvement of
the hydrocarbon phytoremediation rate by Cyperus laxus Lam. inoculated with a

microbial consortium in a model system. Chemosphere. 59, 406.

(29) Joner, E.J., Corgie, S., Amellal, N., Leyval, C. 2002. Nutritional constraints to
PAH degradation in a rhizosphere model. Soil Biology and Biochemistry. 34, 859-
864.



140

(30) Baath, E., Diz-Ravina, M., Frostegard, A., Campell, C.D., 1998. Effect of metal-
rich sludge amendments on the soil microbial community. Applied and Environmental
Microbiology 64, 238—-245.

(31) ATLAS, RONALD M. Petroleum biodegradation and oil spill bioremediation.
Marine Pollution Bulletin, 31 (4) : 178-182, 1995.

(32) E. Smits, J.L. Freeman, Environmental cleanup using plants: biotechnological

advances and ecological considerations, Front. Ecol. Environ. 4 (2006) 203-210.

(33) Reddy, M.S., Basha, S.B., Joshi, H.V., Jha, B. Evaluation of the emission
characteristics of trace metals from coal and fuel oil fired power plants and their fate
during combustion, J. Hazard. Mater. 123 (2005) 242—-249.

(34) Brito, E. M., Duran, R., Guyoneaud, R., Goni-Urriza, M., Garcia de Oteyza, T.,
Crapez, M. A. 2009. A case study of in situ oil contamination in a mangrove swamp

(Rio De Janeiro, Brazil). Marine Pollution Bulletin, 58, 418—423.



141

6. CONCLUSOES

Os resultados do estudo em escala piloto, mostraram que os modelos de
Fitorremediagcdo aplicados com Rizophora mangle e Avicennia schaueriana
alcancram maior eficiéncia na degradacdo de diferentes fracbes de HTP’s,
reafrmando que esta técnica seja promissora ha recuperacdo de areas
contaminadas pelas atividades da industria do petréleo.

O estudo constatou que a Biorremediacdo Intrinseca tem baixa eficacia
quando aplicada individualmente, apesar de inicialmente ter sido mais eficaz na
degradacgéo de contaminantes.

Os dados da analise microbiolégica revelaram que a associacdo de plantas
com a comunidade de microrganismos na rizosfera aumentou a degradacédo de
compostos organicos no sedimento, e consequentemente promoveu um maior
crescimento dessas plantas no sedimento contaminado.

As analises integradas da biodegradagdo dos compostos organicos derivados
do petrdleo na presenca de metais pesados nos diferentes modelos de remediacéo
revelaram que as plantas desenvolvem mecanismos de fioextracdo, que
consequentemente promove a remocdo dos metais, além da degradacdo dos
hidrocarbonetos. Contudo, a presenca dos metais pode ter inibido parcialmente a
biodegradacéo por parte dos microorganismos na Biorremediagéao Intrinseca.

E importante avaliar se os modelos de remediacéo desenvolvidos em escala
piloto neste estudo é téo eficaz in situ, em grande escala, como foi observado em
condicdes de laboratorio.

Sugere-se que um estudo mais detalhado a partir da combinacédo dos trés
processos em um novo produto para aplicacdo em remediacdo de sedimentos de
manguezal contaminados HTP’s, especialmente quando se tratar de ambientes que
apresentesetem uma poluicdo heterogénea dos sedimentos em diferentes
profundidades.

Novas pesquisas sobre a transformacdo do HTP’s no ambiente sao
necessarias para avaliar se essa transformacdo gera co-produtos toxicos ao
ecossistema de manguezal.

Por fim, € valido ressaltar que a aplicacdo da Fitorremediacdo em &areas

impactadas por atividades petroliferas € de grande relevancia, visto que se trata de
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uma técnica barata, ecologicamente e socialmente correta. Além disso, este
processo contribuir para a minimizacao do aquecimento global, através do sequestro
de carbono pelas plantas aplicadas, evidenciando a sua importancia ndo so local,

mas também a nivel global.
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