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RESUMO

A contaminacdo de solos e dguas subterraneas com hidrocarbonetos de petroleo tem sido objeto de
muita preocupacdo nas ultimas décadas. E embora as inddstrias petroliferas ocupem um grande
espaco na midia com os grandes vazamentos acidentais, 0os postos de combustiveis em situacao
irregular demonstram na maioria das vezes uma contaminacéo silenciosa e que quando descobertos
j& ocasionaram um dano ambiental de grande extensdo. Essas condi¢des somadas a banalizacdo
dos procedimentos operacionais em instalacfes e a implementagdo tardia de uma
legislacdo ambiental especifica, fazem com que 0s pequenos e continuos vazamentos
apresentem elevados potenciais poluidores, colocando os postos de combustiveis na lista dos
responsaveis pelo maior nimero de areas contaminadas.

Desta forma, tornam-se necessarias alternativas para mitigar esses impactos ambientais,
sociais e econémicos e as técnicas de biorremediacdo surgem como uma solucao de baixo
custo, eficiéncia e viabilidade. Estas técnicas se baseiam na utilizacdo de micro-
organismos com potencial de biodegradar compostos, sendo praticas ambientalmente
corretas e sustentaveis. Portanto, o objetivo deste trabalho foi desenvolver uma formulagéo
comercial utilizando micro-organismos isolados do solo contaminado com hidrocarbonetos
e comparar a aplicacdo desta formulacdo aos tratamentos de atenuacdo natural e
bioestimulacdo. Para isso, 34 micro-organismos foram isolados de solo contaminado
removidos de postos de combustiveis. Para avaliar a capacidade de biodegradacdo destes
isolados, 0s mesmos foram submetidos a um teste prévio com indicador redox TTC, onde
24 foram positivos e entdo identificados através do sequenciamento do 16 S rRNA. O
sequenciamento identificou 12 P. aeruginosa (99% de similaridade), trés P. mendocina
(99% de similaridade), uma P. pseudoalcaligenes (99% de similaridade) uma P. putida
(97% de similaridade), uma P. stutzeri (99% de similaridade), trés B. cereus (99% de
similaridade), dois B. subtilis (99% de similaridade) e uma A. calcoaceticus (99% de
similaridade). Os isolados identificados como P. aeruginosa ndo foram utilizados devido a
sua patogenicidade, os demais foram submetidos a producdo de biossurfactantes através da
avaliacdo do indice de emulsificacdo, onde ambos tiveram uma IE entre 20 e 30%. Ap0s 0s
testes iniciais, cinco micro-organismos foram selecionados para compor 0 primeiro
consorcio a ser utilizado no experimento de bioaumentagdo (P. mendocina (BPB 1.6), B.

cereus (BPB 1.15), A. calcoaceticus (BPB 1.22), B. subtilis (BPB 1.13) e B. cereus (BPB
14



1.26). Para os experimentos foram montados os tratamentos de atenuacdo natural,
bioaumentacgéo/bioestimulacdo e bioestimulagéo, utilizado 300 g de um solo contaminado
removido de um posto de combustivel, o qual apresentou uma contaminacao inicial de
134,49 mg Kg™* de solo. Ao final do experimento (60 dias), 0s tratamentos mostraram uma
reducdo de 84% para o tratamento de atenuacdo natural, 90% para o tratamento de
bioaumentacdo/bioestimulacdo e 91% para o tratamento de bioestimulacdo. Apos estes
resultados um novo experimento foi montado em grande escala, utilizando 300 Kg de solo
contaminado, onde os tratamentos de atenuagdo natural, bioaumentacdo/bioestimulacédo e
bioestimulacdo foram monitorados com e sem a injecdo de ar. O consércio utilizado foi
produzido em escala industrial (100 L) e composto por quatro micro-organismos, P.
mendocina (BPB 1.8), B. cereus (BPB 1.20), B. cereus (BPB 1.26), B. sphaericus (BPB
1.35). A degradacdo dos contaminantes foram analisadas nas diferentes fracbes: CgCyy,
C11—Ci4, C14—Cy € Cy—Cy, por cromatografia gasosa. Os resultados mostraram que o
tratamento de atenuacdo natural com aeracdo reduziu 98% dos contaminantes. Ja o
tratamento de bioestimulacdo ndo obteve reducéo, tanto com a aplicacdo de ar quanto sem,
e o tratamento de bioaumentacdo/biestimualacdo sem ar obteve uma reducéo de 85%. Para
estes tratamento também foram monitorados a producdo de CO,, o qual ndo obteve
diferengas significativas entre os tratamentos, assim como a eletroforese em gel de

gradiente desnaturante.
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ABSTRACT

Contamination of soil and groundwater with petroleum hydrocarbons has been the subject
of much concern in recent decades. And although oil industries occupy a large space in the
media with large accidental spills, gas stations illegally staying show in most cases a silent
contamination and when discovered already caused environmental damage of large extent.
These conditions added the trivialization of operational procedures in facilities and the late
implementation of a specific environmental legislation, make small continuous leaks and
show high potential polluters, putting the gas stations in the list of the highest number of
contaminated sites.

Thus become necessary alternatives to mitigate these environmental, social and economic
impacts and bioremediation techniques emerge as a low-cost solution, efficiency and
viability. These techniques based on the use of microorganisms with potential to
biodegrade compounds, being environmentally friendly and sustainable practices.
Therefore, the objective of this study was to develop a commercial formulation using
isolated from soil microorganisms contaminated with hydrocarbons and compare the
application of this formulation to natural attenuation and biostimulation treatments. For
this, 34 microorganisms were isolated from contaminated soil removed from gas stations.
To evaluate the biodegradability of these isolates, they were subjected to a pretest with
TTC redox indicator, where positive and 24 were then identified through the sequencing of
the 16 S rRNA. The sequencing identified 12 P. aeruginosa (99% similarity), three P.
mendocina (99% similarity), one P. pseudoalcaligenes (99% similarity), one P. putida
(97% similarity), one P. stutzeri (99% similarity) three B. cereus (99% similarity), two B.
subtilis (99% similarity) and one A. calcoaceticus (99% similarity). The isolates identified
as P. aeruginosa were not used because of their pathogenicity, others were submitted to
biosurfactant production by assessing the emulsification index, which both had a IE
between 20 and 30%. After initial testing, five micro-organisms were selected to compose
the first consortium to be used in bioaugmentation experiment (P. mendocina (BPB 1.6),
B. cereus (BPB 1.15), A. calcoaceticus (BPB 1:2) B. subtilis (BPB 1.13) and B. cereus
(BPB 1.26). For the experiments were mounted the natural attenuation treatments,

bioaugmentation / biostimulation and biostimulation, used 300 g of contaminated soil
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removed from a gas station, which presented an initial contamination of 134.49 mg kg™
soil. At the end of the experiment (60 days), the treatments showed a 84% reduction for the
treatment of natural attenuation, 90% for the biostimulation treatment, bioaugmentation/
and 91% for the biostimulation treatment. After these results a new experiment was
conducted on a large scale, using 300 kg of contaminated soil, where treatments of natural
attenuation, bioaugmentation / biostimulation and biostimulation were monitored with and
without the injection of air. The consortium used was produced on an industrial scale (100
L) and consists of four micro-organisms, P. mendocina (BPB 1.8), B. cereus (BPB 1.20),
B. cereus (BPB 1.26), B. sphaericus (BPB 1.35). The degradation of contaminants in
different fractions was analyzed: CgCy, Cy1—Cu, Cii—Cyp and Cx-Cy, by gas
chromatography. The results showed that treatment of natural attenuation with aeration
reduced 98% of contaminants. Already the biostimulation treatment did not obtain
reductions both with air and with no application, and treatment of bioaugmentation /
biestimualacdo with no air obtained a reduction of 85%. For these treatment were also
monitored the production of CO,, which did not have significant differences between

treatments, as well as electrophoresis in denaturing gradient gel.
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1- INTRODUCAO
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1.1. Contaminacéo dos solos

A contaminacédo dos solos e aguas subterraneas por hidrocarbonetos decorrentes de
grandes e pequenos vazamentos levam a alteragdes significativas do ambiente e s&o
acompanhadas pelo crescimento do uso dos recursos naturais e pela preocupagdo com a
integridade e a recuperacdo dos ambientes degradados (Cerqueira et al., 2011). Estas
contaminagfes ndo se limitam apenas a exploragdo do petr6leo, mas sim as etapas de
extracdo, refino, transporte, armazenamento e distribuicdo do mesmo e de seus derivados
(Das e Chandran, 2011).

Segundo dados da Agéncia Nacional do Petroleo, Gas Natural e Biocombustiveis
(ANP, 2013), o numero de postos revendedores de combustiveis no Brasil é 38.893, sendo
7.944 na regido Sul. Na regido Sudeste, na qual esta inserido o estado de S&o Paulo esse
namero chega a 15.779 postos de revenda.

A Companhia de Tecnologia de Saneamento Ambiental de S&o Paulo (CETESB,
2015a) mantém uma lista atualizada da evolugdo das areas contaminadas no estado, as
quais passaram de 3.675 em 2010 para 4.771 em 2013, sendo que 75% da contaminacgao
destas areas € responsabilidade dos postos de combustiveis.

Como observado no levantamento da CETESB (2015a), os postos de combustiveis
ainda permanecem na lista dos responsaveis pelo maior nimero de areas contaminadas
naquele estado, mesmo as industrias petroliferas ocupando um espaco de destaque devido
aos grandes vazamentos acidentais. A banalizacdo dos procedimentos operacionais em
instalacbes associada a implementacdo tardia de uma legislacdo ambiental especifica,
fazem com que 0s pequenos e continuos vazamentos muitas vezes despercebidos

apresentem elevados potenciais poluidores (Coutinho e Gomes, 2006). A dimensao da
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contaminacdo vai depender do tamanho do vazamento e do tipo de solo onde o posto esta
instalado. Estes vazamentos podem trazer graves riscos a saude publica, principalmente em
areas urbanas, j& que estes contaminantes sdo considerados substancias perigosas por
serem depressores do sistema nervoso central e por causarem leucemia em exposicdes
prolongadas (Banks e Schultz, 2005; Teng et al., 2013).

No estado do Rio Grande do Sul, segundo a Fundacdo Estadual de Protecédo
Ambiental (FEPAM, 2015), muitos postos de abastecimento ainda apresentam
irregularidades em pisos, areas de bombas, areas de lavagens e caixa separadora de 6leo,
além do armazenamento inadequado de estopas sujas. Porém, a mais grave de todas as
irregularidades se refere as condicfes estruturais dos tanques, os quais podem apresentar
problemas como corrosao, instalacdo inadequada e a passagem do produto para o solo
(Almeida et al., 2007).

Estes eventos podem resultar em contaminagdes superficiais quando ocorrem junto
as bombas e bocais de enchimentos dos reservatorios de armazenamento, ou em
contaminagdes mais profundas quando ocorre pelos vazamentos em tanques e tubulacgdes
subterraneas, os quais sao percebidos apds o afloramento do produto em galerias de esgoto,
redes de drenagem de aguas pluviais, no subsolo de edificios, em tlneis, escavacdes e
pocos de abastecimento d'agua, razdo pela qual as a¢cdes emergenciais necessarias durante
0 atendimento a essas situacdes requerem a participacao de diversos 6rgaos publicos, além
do envolvimento do agente poluidor e suas respectivas subcontratadas.

Além das condicdes inadequadas dos postos de combustiveis existe tambem a
questdo que envolve o transporte. No estado do Rio Grande do Sul, segundo a FEPAM
(2014), foram registrados entre os anos de 2000 a 2014, 157 acidentes relacionados ao

transporte de cargas perigosas com produtos quimicos de diversas origens; destes, 43%
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estavam relacionados ao derramamento de combustiveis, seja de origem fossil ou
renovavel. Esses acidentes ocorreram em ferrovias e rodovias, as quais representam 90%,
sendo o solo o ambiente mais impactado.

Qualquer descuido relacionado aos itens citados pode trazer graves problemas de
contaminacdo, 0s quais serdo agravados dependendo das caracteristicas do solo,
ocasionando uma contaminacdo superficial, ou atingindo o lencol freatico, que por
consequéncia pode vir a atingir pocos utilizados para o abastecimento da populagédo
(CETESB, 2015a).

A fim de minimizar alguns destes problemas, medidas de seguranca se tornaram
obrigatdrias. A Associacdo Brasileira de Normas Técnicas, ABNT NBR (2013), através da
NBR 13785:2003 substituida pela NBR 16161:2013, trata por exemplo, do
“Armazenamento de liquidos inflamaveis e combustiveis, tanque metalico subterraneo,
especificacdo de fabricacdo e modulacdo”, estabelece a fabricagdo de tanques com
tecnologia de ponta, com parede dupla, sendo uma de ago carbono e outra laminada em
fibra, o que além de proteger contra corrosdo possibilita a instalacdo do sensor para
deteccdo de possiveis vazamentos e valvulas anti transbordamento. Tubulagdes
subterraneas flexiveis e ndo metélicas; pista de abastecimento coberta e em concreto
armado e sistema de drenagem e de tratamento de efluentes estdo dentre as normativas da
Companhia Ambiental do Estado de Sdo Paulo (CETESB, 2015a) para instalacdo segura

de postos de combustiveis.

1.2. Legislagdo ambiental

A contaminacgdo ambiental por derivados de petroleo € uma preocupacdo mundial,
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ndo apenas pelo fato da amplitude do impacto gerado no meio ambiente, mas também
pelos danos a salude humana por apresentarem efeitos carcinogénicos (Santos, 2009). Os
postos de combustiveis sdo apontados como uma das principais fontes que acarretam danos
ao meio ambiente, devido a fatores como a quantidade de postos revendedores, os volumes
estocados em tanques subterraneos, com muitos anos de uso, e a falta de apropriada
fiscalizacdo (Santos, 2009; Tiburtius, et al., 2004). Esse quadro ainda é agravado pelo fato
de que na maioria das vezes 0s vazamentos somente sdo observados apos ja terem gerado
efeitos danosos ao solo.

De acordo com a CETESB (2015a), responsavel pelo licenciamento ambiental no
estado de Sdo Paulo, ap6s a promulgacdo da Resolucdo CONAMA n° 273, de novembro
de 2000, a qual considera que: “toda instalacdo e sistemas de armazenamento de derivados
de petréleo e outros combustiveis, configuram como empreendimentos potencialmente ou
parcialmente poluidores e geradores de acidentes ambientais”, houve um aumento no
namero de areas contaminadas, isso devido a acdo rotineira de fiscalizag&o.

No municipio de Porto Alegre, desde 1996, por acdo do Decreto Municipal n°
11.423, é exigida licenca ambiental para instalacgdo e operacdo de quaisquer
estabelecimentos que pratiquem o0 armazenamento de combustiveis em tanques
subterraneos, vindo a ganhar mais subsidio com a Portaria n° 16 de maio de 2010 da
FEPAM, que dispde sobre a destinacdo adequada de residuos classe | com caracteristicas
de inflamabilidade no solo, determina o encaminhamento desses residuos, dentre eles o
solo contaminado com combustiveis, a unidades licenciadas de tratamento e ndo mais a
sistemas de destina¢do final de residuos denominados “aterro de residuos classe 1.

Além destas legislagdes, a Resolugdo CONAMA n° 420 de 28 de dezembro de

2009, primeira regulamentacdo Federal sobre gerenciamento de areas contaminadas, é a
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base de referencia para a remediacgéo, e assim como 0 Manual de Gerenciamento de areas
contaminadas da CETESB (2015b), define alguns conceitos importantes para intervencéo e
monitoramento das areas contaminadas: Valores Orientadores: sdo concentracdes de
substancias quimicas que fornecem orientacdo sobre a qualidade e as altera¢cdes do solo e
da agua subterranea; Valores de Referéncia de Qualidade-VRQ: é a concentracdo de
determinada substancia que define a qualidade natural do solo, sendo determinado com
base em interpretacao estatistica de analises fisico-quimicas de amostras de diversos tipos
de solos; Valores de Prevencdo-VP: é a concentracdo de valor limite de determinada
substancia no solo, tal que ele seja capaz de sustentar as suas funcdes principais; Valor de
Investigacdo-VI: € a concentracdo de determinada substdncia no solo ou na agua
subterranea acima da qual existem riscos potenciais, diretos ou indiretos, a salde humana,
considerando um cenario de exposicao padronizado

A Resolucdo CONAMA n° 420, além desses conceitos ainda estabelece parametros
de prevencdo e investigacdo para solos e aguas subterraneas de areas contaminadas, 0s
quais seguem os mesmos utilizados pela Lista Holandesa e pela CETESB, conforme
apresentado na Tabela 1.

Tabela 1: Valores de prevencao e investigacdo para solos e de investigacdo para aguas

subterraneas.
Substancias Solo (mg. Kg-1) Agua subterranea
Prevencéo Investigacdo Investigacédo
Agricola Residencial  Industrial (ug L-1)

Benzeno 0,03 0,06 0,08 0,15 )
Tolueno 0,14 30 30 75 700
Xilenos 0,13 25 30 70 500
Etilbenzeno 6,2 35 40 95 300

Fonte: adaptado da Resolucdo CONAMA n° 420
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1.3. Contaminacéo por derivados de petrdleo

1.3.1. Hidrocarbonetos Alifaticos e Aromaticos

Os hidrocarbonetos alifaticos e aromaticos podem ser agrupados em classes

principais, baseadas na composi¢do molecular: aromaticos, alcanos, alcenos e cicloalcanos

(API, 2001), Figura 1.

HIDROCARBONETOS

SERES Aromaticos
Alifaticos
| | | Monoaromaticos
Alcanos Alcenos Alcinos : T
Diaromaticos
Cicloalcanos Hidrocarbonetos aromaticos polinucleares

(Policiclicos)

Figura 1: Classifica¢do dos hidrocarbonetos. Fonte: adaptado de API, 2001.

Os compostos aromaticos possuem anéis benzénicos em suas estruturas e
compreendem o0s hidrocarbonetos monoaromaticos volateis, como, benzeno, tolueno,
etilbenzeno e isémeros de xilenos (BTEX) e os hidrocarbonetos policiclicos aromaticos
(HPA), como os nafteno-aromaticos (Killops e Killops, 2005; Zhu et al., 2001). Estdo
presentes em praticamente todos os tipos de petroleo, embora em pequenas quantidades na
maioria deles (Arambarri et al., 2004). Como constituidos somente por atomos de carbono

e hidrogénio, apresentam baixissima solubilidade em &gua e forte tendéncia a sor¢do das
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particulas organicas e minerais do solo e dos sedimentos, o que dificulta sua
biodegradacdo. Apresentam maior toxicidade e estdo associados a efeitos cronicos e
carcinogénicos em homens e animais (Khan et al., 2004; Vollhardt e Schore, 2004;
Balachandran et al., 2012).

Os hidrocarbonetos com dois ou mais anéis aromaticos sdo denominados de
Hidrocarbonetos Policiclicos Aromaticos (HPA), também classificados como Poluentes
Organicos Persistentes (POP) e segundo a United States Environmental Protection Agency
US EPA (2004), apenas 16 HPAs sdo considerados prioritarios em funcdo de sua
importancia industrial, ambiental e toxicoldgica e estdo apresentados na Tabela 2.

Tabela 2: HPAs considerados prioritarios.

HPAs IARC EPA ABNT
Fluoreno 3 P NM
Fenantreno 3 P NM
Antraceno 3 P NM
Metilfenantrenos +

Metilantracenos 3 P NM
Pireno 3 P NM
Fluoranteno 3 P CP
Benzo [a] antraceno 2A P CP
Criseno 3 P CP
Benzo [b] fluoranteno 2B P CP
Benzo [k] fluoranteno 2B P NM
Benzo [e] pireno 3 P NM
Benzo [a] pireno 2A P CP
Indenol [1,2,3-c,d] pireno 2B PP CP
Dibenzo [a,h]antraceno 2A P CP
Benzo [g,h,i] perileno 3 P NM
Coroneno 3 P NM

IARC — International Agency for Research on Cancer : 2 A: Provavel carcinogénico para
humanos; 2 B: Provavel carcinogénico para humanos, limitadas evidéncias; 3: Ndo é
carcinogénico para humanos.

EPA — Environmental Protection Agency: P: Prioritario.

ABNT — Associagdo Brasileira de Normas Téecnicas: NM: Nao Mencionado; CP: Confere
Periculosidade.
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Os alcanos (parafinas ou alifaticos saturados) sdo hidrocarbonetos de cadeias
normais e ramificadas compreendem a maior fracdo da maioria dos petroleos. Séo
incolores, relativamente inodoros e pouco reativos. A toxicidade geralmente é baixa e sdo
facilmente biodegradados (Balba et al., 1998). Possuem cadeia de 1 a 40 carbonos, e séo
normalmente os constituintes mais abundantes em 06leos crus. Fazem parte deste grupo de
hidrocarbonetos os isoprendides, formados por unidades repetidas de Cs (isopreno), e as
suas formas mais comumente encontradas sdo Ciyg (pristano) e Cy (fitano). Os alcenos
(olefinas) sdo hidrocarbonetos de cadeia aberta, similar aos alcanos diferindo apenas pela
presenca de ligacdo dupla entre os atomos de carbono. Geralmente estdo ausentes ou
aparecem em pequenas quantidades no petréleo, mas sdo abundantes em produtos de refino
como a gasolina. Ja os cicloalcanos (naftas) sdo hidrocarbonetos de cadeias fechadas
(ciclicas) e saturadas. Compreendem a segunda maior fracdo da maioria dos petroleos.

(Balba et al., 1998; Killops e Killops, 2005).

1.3.2. Hidrocarbonetos Totais de Petréleo

Os hidrocarbonetos totais de petréleo (TPH) sdo compostos organicos constituidos
por hidrogénio e carbono (Russell, 1994), os quais compdem uma mistura complexa
formadora do petréleo cru (API, 2001; Zhu et al., 2001), além de centenas de compostos
quimicos originados do refino do mesmo (Patnaik, 1996).

Eles estdo divididos em grupos, de acordo com o tamanho de suas cadeias de
carbono. O TPH-GRO (Gasoline Range Organics) que compreende 0S cOmpostos com
cadeias de carbono entre Cs-C19, como exemplo, a gasolina, o TPH-DRO (Diesel Range

Organics), que compreende os compostos com cadeias de carbono na faixa do 6leo diesel
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C11-Cog € 0 TPH-ORO (Qil Range Organics), que compreende 0os compostos com cadeias
de carbono na faixa do 6leo lubrificante, C0-C3s. (API, 2001; Phase Separation Sciencie
Inc., 2008).

Conforme descrito por Xie et al. (1999), o TPH é um dos mais importantes e
aceitos parametros de avaliacdo de uma contaminacdo proveniente de vazamento de
petréleo e derivados. No entanto as andlises ndo identificam alguns componentes das
amostras, elas sdo detectadas em cromatogramas com uma elevacdo na linha de base.
Alguns autores a chamam de “mistura complexa ndo resolvida (MCNR)”, também
conhecida como UCM (Unresolved Complex Misture), (Marchal et al., 2003; Brengnard et
al.,1996 ; Mariano et al., 2008).

Conforme observado por alguns autores a maior parte das MCNR sdo compostas
por hidrocarbonetos alifaticos formados a partir da co-eluicdo de isdmeros maltiplos do
decahidronaftaleno ou compostos similares ainda ndo identificados formados pela
degradacéo dos hidrocarbonetos, (Tran et al., 2010).

As razdes pristano (Ci7) e fitano (Cig) também séo utilizadas para determinar se 0s
hidrocarbonetos de petréleo presentes no ambiente sdo recentes, podendo ser utilizadas
para caracterizar o grau de degradacdo e intemperismo do petr6leo no ambiente, isso
porque os alcanos de cadeias normais sdo facilmente biodegradados por micro-organismos;
portanto baixos valores (< 2) sugerem presenca de 6leo degradado (Oliveira et al., 2007,

Colombo et al., 1989).
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1.3.3. Oleo diesel

O Oleo diesel constitui uma mistura complexa, proveniente do processo de
refinamento do petréleo cru, via destilacio fracionada. E composto principalmente por
alcanos de cadeia linear, mas também estdo presentes em sua constituicdo hidrocarbonetos
de cadeia ramificada e compostos aromaticos, na faixa de Cq-Cyg (Knothe, 2010). Embora
predominantemente formado por atomos de carbono e hidrogénio, o 6leo diesel possui, em
baixas concentracBes, atomos de oxigénio, nitrogénio e enxofre. Compostos polares,
formados a partir desses elementos, conferem boas caracteristicas lubrificantes ao
combustivel, mas aumentam seu potencial toxico para 0 meio ambiente (ANP, 2012).

O oleo diesel apresenta analogia semelhante, com relacdo aos hidrocarbonetos
policiclicos aromaticos, sendo considerados como principais componentes 0S compostos:
antraceno, benzo(a)pireno, benzo(a)antraceno, benzo(b)fluoranteno, benzo(g,h,i)perileno,
benzo(K)fluoranteno, indeno(1,2,3)pireno, criseno, fenantreno, fluoranteno, fluoreno e

naftaleno. Alcenos (olefinas) (Vieira et al., 2009).

1.3.4. Gasolina

A gasolina é um liquido composto por uma mistura de hidrocarbonetos de petréleo,
comumente representada em avaliagdes ambientais pelos hidrocarbonetos aromaticos
benzeno, tolueno, etilbenzeno e xilenos, denominados BTEX, os quais representam de 18 a
25% em massa (ANP, 2013), e sdo caracterizados pela faixa de carbono de Cg a Cs.

Também apresentam em sua composi¢cdo outros compostos toxicos como etanol

anidro e metil terta-buctil-eter (MTBE) os quais sdo adicionados para aumentar a
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octanagem do motor, diminuir a emissdo de monoxidos de carbono e os niveis de
0zo6nio na atmosfera. Segundo a Portaria n° 7, de 11 de janeiro de 2010, do Ministério de
Estado da Agricultura, Pecuaria e Abastecimento (MAPA), esses compostos devem atingir
uma adicdo méxima de 25 % antes da distribuicdo da gasolina aos postos de

abastecimento.

1.4. Dinédmica da contaminagdo no meio ambiente

A mobilidade dos contaminantes tanto na &gua como no solo é influenciada pelas
propriedades fisico-quimicas dos hidrocarbonetos, onde as mais importantes sao:
solubilidade, presséo de vapor, densidade, viscosidade e o coeficiente de partida octanol-
agua. Este coeficiente é definido como a razdo da concentragdo de um composto organico
dissolvido entre o octanol e a &gua, em equilibrio, o qual descreve a tendéncia de
participacdo de um composto entre a fase organica e a fase aquosa. Assim, quanto maior
for esta razdo, maior sera a hidrofobicidade do composto, (Mancini, 2002; Guiguer 2006).

Uma vez que a contaminacdo atinja o solo, seus constituintes sdo separados em fase
dissolvida, liquida e gasosa (menor por¢édo). A fase dissolvida atinge o lencol freatico, uma
fracdo da fase liquida € armazenada nos espagos porosos do solo, e outra parte, a gasosa
por ser passivel de evaporacdo, originando a contaminacdo atmosférica. Ocorre, assim, a
contaminagdo de aguas subterraneas, do solo e da atmosfera (Nadim et al., 1999; Mariano,

2006). As distintas fases podem ser observadas na Figura 2.
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Figura 2: Esquema do comportamento das fases dos hidrocarbonetos no solo e agua

subterranea. Fonte: adaptado de Mancini (2002).

1.5. Técnicas de remediacao

O tratamento dos solos e das aguas contaminadas por hidrocarbonetos pode ser
realizado por diversas técnicas, desde que haja o conhecimento das caracteristicas fisico-
quimicas do contaminante, volume e tempo de vazamento, caracterizacdo geologica e
hidrogeoldgica do local, assim como a analise do meio fisico superficial e subterréneo e a

extensdo da pluma do contaminante (Spilborghs, 1997).
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As técnicas de remediacdo podem ser aplicadas separadamente ou em conjunto,
tendo como finalidade destruir, alterar, extrair, separar ou apenas imobilizar o0s
contaminantes. Estas técnicas podem se dar através de métodos quimicos, fisicos e
biolégicos podendo ser aplicados in situ ou ex situ, com o proposito de se obter maior
efetividade aliada ao menor impacto ambiental e reduzido custo financeiro (Seabra, 2008;
Pietroletti et al., 2010).

Nas técnicas aplicadas in situ, a remediacédo € feita no préprio local contaminado,
enguanto que as técnicas ex situ envolvem a remocao e a destinacdo do material para uma
instalacdo de depuracdo especifica e apropriada. Além disso, as mesmas podem ser
aplicadas na zona ndo saturada, cujas camadas do solo séo preenchidas por ar, umidade, e
fase organica nos seus vazios e zona ndo saturada, onde o espaco poroso é preenchido pelo

somatorio dos fluidos presentes, conforme demonstrado na Tabela 3.
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Tabela 3. Exemplos de técnicas de remediacdo da zona saturada e ndo saturada

Técnicas de remediagdo da zona ndo saturada

Tratamentos ex situ

Tratamentos in situ

Lavagem de solo (soil wash)

Incineracao

Biorremediacéo: reatores (slurry phase)

Sistemas de tratamento de residuos no solo (landfarming, biopilhas)

Lavagem de solo (soil flushing)
Extracdo de compostos organicos volateis (SVE,bioventing)
Biorremediacéo

Técnicas de remediacdo da zona saturada

Tratamentos ex situ

Tratamentos in situ

Carvdo ativado
Coluna de aeracdo (air stripping)
Biorremediacédo

Bombeamento e tratamento (pump and treat),

injecdo de ar, injecdo de vapor.

Tratamentos quimicos (injecéo de oxidantes, barreiras reativas, etc.)
Extragdo de compostos organicos volateis (air sparging, bioventing)
Biorremediacéo e processos eletroquimicos

Fonte: adaptado de Mariano (2006).

Os solos gque apresentem baixo grau de contaminagdo por compostos organicos, por

exemplo, poderiam passar apenas por processos que diminuam a disponibilidade ou

restrinjam a mobilidade dos poluentes. Para isso, métodos de estabilizacdo e imobilizacao

seriam tecnologias indicadas para sanar essas contaminacdes. J& em solos onde a pluma de

contaminacdo tende a migrar, a combinacdo de varios processos pode apresentar melhor

resultado, (Zhu et al., 2010).

Ja algumas técnicas quimicas envolvem o uso e aplicacdo de agentes oxidantes ou

solventes para extracdo dos contaminantes do solo, como peroxido de hidrogénio, etanol,

metanol, surfactantes, éleos vegetais, ciclohexano ou diclorometano (Zhu et al., 2010).
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No entanto, estes tratamentos envolvem altos custos, estimados entre $30 a $100,
podendo variar em razdo de fatores como: tipo e volume de solo, contaminantes presentes
e as combinagOes de técnicas utilizadas, (Dadrasnia e Agamuthu, 2014). Os valores estdo

apresentados na Tabela 4.

Tabela 4. Comparacédo dos custos dos tratamentos de remediacao

Tratamento Custo aproximado ($.ton solo-1)
Bioldgico 5 - 266

Quimico 19 - 940

Fisico 31 - 266
Solidificacdo/estabilizacdo 27 - 268

Térmico 47 - 1175

Fonte: Asha et al., 2010.

Dessa forma os tratamentos de biorremediacdo vém se tornando uma alternativa

mais econdémica que as demais técnicas de remediacao.

1.5.1. Biorremediagao

A aplicacgdo de técnicas de biorremediagdo para recuperagdo de solos contaminados
por hidrocarbonetos de petroleo tem despertado grande interesse (Seabra, 2008). Seu custo
operacional relativamente mais baixo do que as tecnologias convencionais de remediagéo
aliado a facil aplicabilidade, faz com que o tratamento seja uma alternativa atraente
principalmente para as industrias. Além disso, a crescente pressédo dos orgéos reguladores

ambientais tem motivado as empresas a desenvolver tecnologias limpas, com destaque para
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a tecnologia de biorremediacdo (Fernandez-Luquefio et al., 2011). Embora levando um
tempo mais longo em alguns casos, € comprovadamente eficiente na transformacéo de
contaminantes em substancias indcuas (Madsen, 1991; Scragg, 2005; Zhang et al., 2010).

As técnicas de biorremediacéo ex situ podem ser divididas em trés grupos basicos:
(1) fase lama, normalmente em biorreatores; (2) tratamento na camada reativa do solo,
exemplo landfarming e; (3) empilhamento do solo, exemplo compostagem e biopilha,
(Seabra, 2008; Chagas-Spinelli et al., 2012; Nikolopoulou et al., 2013). Dentre as técnicas
in situ, a biosparging e bioventilacdo sdo caracterizadas por fornecerem injecdo de ar ao
solo e aguas subterraneas (Kirtland e Aelion, 2000; Boopathy, 2000; Rizzo et al., 2006) e a
fitorremediacdo que faz o uso de plantas para remediacdo de solos ou aguas contaminadas
(USEPA, 2010).

Além das técnicas citadas, a biorremediacdo ainda pode ser realizada através de
trés estratégias: atenuacdo natural, bioestimulacdo e bioaumentacdo, ambas in situ ou ex
situ. Essas estratégias ou a combinacdo entre elas sdo as mais utilizadas para remediagéo
de éareas contaminadas com hidrocarbonetos, (Bento et al., 2005a; Megharaj et al., 2011;
Fukuhara et al., 2013; Shankar et al., 2014).

Na atenuacao natural a microbiota nativa é responsavel pela biorremediacdo e isso
se da através de eventos basicos, como: ocorréncia de biotransformacdo dos contaminantes
por populacBes microbianas indigenas; sorcdo do contaminante com a matriz ou fases
minerais que tornam o composto menos biodisponivel e, por conseguinte, menos tdxico
aos ecossistemas e a perda da toxicidade por diluicdo ou volatilizacdo (Frankenberger,
1992). Dessa forma, todos os fatores bidticos e abidticos do sistema sdo responsaveis pelo
sucesso da biodegradacdo, podendo reduzir, assim, a mobilidade, a massa e os riscos do

contaminante no sitio impactado (Fountoulakis et al., 2009).
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A técnica € aceita para tratamento de meios impactados por combustiveis (Atteia e
Guillot, 2007; Silva et al., 2009). No entanto, a aplicacdo isolada da bioatenuacgéo se torna
inadequada e prolongada em muitos casos, pois grande parte dos solos sdo originalmente
oligotroficos e desprovidos de uma populacdo microbiana degradadora em magnitude
satisfatoria (Megharaj et al., 2011).

A bioestimulacdo consiste na correcdo de parametros fisico-quimicos do meio, a
fim de acelerar a atividade microbiana, fazendo com que ocorra a degradacdo. Séo
necessarios a presenca de fonte de carbono disponivel, nutrientes, temperatura adequada,
pH, umidade, aeracdo e potencial redox apropriados, por isso 0s componentes nutricionais
do meio podem determinar a eficiéncia da técnica, (Lebkowska et al., 2011).

Os ajustes nos parametros, principalmente dos macronutrientes fésforo e
nitrogénio devem ser conduzidos de acordo com a area a ser tratada e dos poluentes
existentes (Das e Chandran, 2011), considerando o equilibrio da relacdo C:N:P. Dessa
forma, o uso eficiente do carbono disponivel pode ser viabilizado e niveis eficientes de
biodegradacdo atingidos (Tyagi et al., 2011; Kauppi et al., 2011).

A técnica de bioaumentacdo envolve a introdugdo de micro-organismos de uma
linhagem isolada ou de consorcios potencialmente degradadores. As culturas podem ser
derivadas de um solo contaminado (pré-adaptadas) ou obtidas de uma cultura estoque,
assim como micro-organismos geneticamente modificados; enzimas livres ou adicdo de
vetores génicos (El Fantroussi e Agathos, 2005; Sarkar et al., 2005; Scott et al., 2010).

A utilizagdo de consorcios em detrimento de inoculos de apenas um isolado tem
demonstrado melhores resultados em trabalhos descritos, uma vez que muitos micro-
organismos tém o potencial de biotransformar um composto toxico em intermediarios da

rota de degradacdo tanto que varios representantes da microbiota potencialmente
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degradadora participam de interacGes de sucessdo ecoldgica a medida que o contaminante
é biotransformado ao longo do tempo (Mrozik, 2010; Janbandhu e Fulekar, 2011).

O uso associado da bioaumentacdo e bioestimulacdo tem sido descrito por muitos
autores, como uma alternativa eficaz para a descontaminacdo de solos com
hidrocarbonetos (Colla et al., 2013; Meyer et al., 2014), assim como a inoculacdo
sucessiva de micro-organismos durante o decorrer dos tratamentos, uma vez que aumentam
a eficiéncia do processo, garantindo a presenca da populacao degradadora em concentracao

adequada até o fim da biorremediacdo, (Lebkowska et al., 2011; Tahhan et al., 2011).

1.6. Producéo de biossurfactantes

Devido ao carater hidrofobico dos hidrocarbonetos, além do aparato enzimatico de
degradacdo, os micro-organismos precisam desenvolver adaptacGes especificas que 0s
habilitem a utilizar esses substratos insoltveis. Um dos mecanismos possiveis é a captacao
intracelular do hidrocarboneto na forma de micelas, envolvendo a producdo de moléculas
bioldgicas surfactantes. Esses compostos agem como emulsificantes, diminuindo a tensao
superficial e formando diminutas goticulas, que permitem a internalizacdo do poluente a
ser metabolizado (Das e Chandran, 2011). A producdo desses compostos por muitos dos
micro-organismos degradadores ndo € constitutiva (Bento et al., 2005a), o que indica que a
exposicdo ao contaminante resulta na ativacdo de genes especificos, envolvidos na
biodegradacao do composto alvo.

Biossurfactantes e bioemulsificantes séo produzidos por uma ampla variedade de
micro-organismos, podendo apresentar diferentes propriedades e estruturas quimicas.

Podem estar localizados extra ou intracelularmente e agir no aumento da area de contato

36



entre a fonte de carbono e a célula microbiana, através de modificacbes na superficie
celular, ou atuar sobre os hidrocarbonetos hidrofobicos, de baixa solubilidade, aumentando
sua disponibilidade ao ataque dos micro-organismos (Chrzanowski et al., 2012). Em geral,
podem ser moléculas de baixa massa molecular, tais como glicolipideos e lipopeptideos,
que reduzem eficientemente tanto a tensdo superficial quanto interfacial entre substancias
imisciveis, ou polimeros de alta massa molecular, como biodispersantes, que atuam
comumente como agentes emulsificantes, responsaveis pela formacdo de goticulas e
estabilidade da emulsao (Calvo et al., 2008; Meyer et al., 2014).

A diversidade desses compostos desperta o interesse em sua utilizacdo em
diferentes areas, como agricultura e industrias téxtil, alimenticia, farmacéutica e cosmética.
Recentemente sua aplicacdo vem sendo explorada também em tratamentos de
biorremediacdo, em areas contaminadas por derivados de petréleo, por contribuirem para o
aumento da biodisponibilidade desses compostos poluentes a acdo microbiana (Tyagi et

al., 2011; Chrzanowski et al., 2012).

1.7. Micro-organismos envolvidos na degradacéo de hidrocarbonetos

Uma grande diversidade microbiana esta associada a degradacdo de
hidrocarbonetos do petréleo, principalmente bactérias e fungos, sobre as quais existe uma
extensa lista de trabalhos e revisdes bibliograficas. Estes estudos tém sido relatados desde a
década de 1940, (Zobel apud Ururauy, 1998) que investigou mais de 100 espécies com
habilidade de degradar hidrocarbonetos.

Alguns  géneros como  Arthrobacter, Pseudomonas,  Ochrobactrum,

Sphingobacterium, Achromobacter, Klebsiella, Chryseobacterium, Stenotrophomonas,
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Alcaligenes, Nocardia, Flavobacterium, Rhodococcus, Mycobacterium, Streptomyces,
Acinetobacter, Bacillus, Brevibacterium, Paecilomyces, os fungos dos géneros
Cunnighamella, Fusarium, Candida, Penicillium, Aspergillus, Pleurotus, e as algas dos
géneros Cladophora e Chlamydomonas, sdo descritas como bons degradadores (Das e
Chandran, 2011; Balba et al., 1998; Bento et al., 2005b; Leahy e Colwell, 1990).

Esses micro-organismos j& foram isolados dos mais diversos ambientes, como
solos, oceanos, aguas costeiras, agua doce, sedimentos marinhos, lagos, lagoas, estuarios,
assim como de diversos climas, temperado, tropical e ambiente artico, (Rojas-Avelizapa et
al., 2007; Wolicka et al., 2009; Quatrini et al., 2008; Qiao e Shao, 2010; Hamamura et al.,

2006; Okpokwasili, 2006; Margesin et al., 2003; Ruberto et al., 2009).

1.8. Mecanismos de Biodegradacao

Mecanismos de biodegradacdo requerem a presenca de oxigénio molecular para
iniciar o ataque enzimatico, visto que € a via mais rapida e completa de degradacao de
poluentes organicos ocorre sob condi¢cbes aerdbias (Das e Chandran, 2011). Deste modo,
as oxigenases sdo responsaveis por introduzirem o oxigénio molecular ao hidrocarboneto,
tornando o hidrocarboneto mais solGvel em &gua, gerando sitios reativos na molécula para
gue mais reacdes possam acontecer (Pazmifio et al., 2010).

As oxigenases podem ser classificadas em monoxigenases e dioxigenases. As
monoxigenases sdo uma classe de enzimas conhecidas como alcano hidroxilases que
catalisam a oxidagdo das cadeias mais labeis dos hidrocarbonetos (alcanos) (Figura 3). A

oxidagdo por hidroxilagdo ocorre nas regides terminais, subterminais ou biterminais de
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compostos alifaticos lineares e ramificados, aliciclicos, alquil-cicloalcanos ou terpenos,
(Fuchs et al., 2011).

A etapa inicial do processo de biodegradacdo & a oxidacdo do substrato por
oxigenase. A oxidacao terminal inicia-se com a formacdo de um alcool priméario. Apés a
etapa inicial, o alcool é oxidado, por acdo das enzimas alcool e aldeido desidrogenase, aos
correspondentes aldeido e acido carboxilico, respectivamente. O acido carboxilico, por sua
vez, é utilizado como substrato para acil-CoA sintetase e posteriormente € biodegradado
pelo processo de B-oxidacdo. Osn-alcanos de cadeias menores sdo oxidados
subterminalmente (1° carbono secundario da cadeia do n-alcano), formando alcool
secundario, cetona, éster e acidos carboxilicos, que sdo posteriormente biodegradados pelo

processo dep-oxidacao.
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Figura 3: Etapa inicial do processo de biodegradacdo de um hidrocarboneto

Fonte: adaptado de Da Cruz et al., 2011.

Na degradacdo do benzeno, por exemplo, as dioxigenases atuam no processo de
biodegradagdo e compdem um sistema enzimatico multicomponente possuindo uma faixa

ampla de especificidade pelo substrato. Essas enzimas convertem os hidrocarbonetos

aromaticos aos correspondentes arenos cis-diol (Gibson e Parales, 2000).




O intermediario cis-dihidrodiol é oxidado a catecol e ap6s convertido por rotas
metabodlicas conhecidas como a clivagem orto (B-cetoadipato) e a clivagem meta (o-
cetoadipato) realizadas pelas enzimas catecol 1,2 dioxigenase e catecol 2,3 dioxigenase,
respectivamente, resultando na formacdo de acidos que sdo utilizados via ciclo do acido
tricarboxilico (Hamzah e AL-Baharna, 1994; Wilkstrom et al., 1996; Ururahy, 1998; Loh e
Chua, 2002).

Ja a enzima catecol 2,3 dioxigenase catalisa a oxidacdo do catecol a 2 hidroxi-
semialdeido muconico e sua atividade enzimatica representa um potencial para sua
producdo comercial e aplicacdo industrial (Fernandez-Lafuente et al., 2000). A Figura 4
representa a rota metabdlica de degradacdo do benzoato, por duas diferentes vias de

degradacéo.
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de um dos grupos hidroxilo (meta-clivagem). Fonte: adaptado de Fuchs et al., (2011).
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As enzimas do subgrupo das dioxigenases, responsaveis pela biodegradacdo dos
hidrocarbonetos aromaticos, pode ser divida em dois grupos: enzimas periféricas e enzimas
de fissdo. As primeiras participam inicialmente dos processos de insercdo dos atomos de
oxigénio a molécula, de hidroxilacdo do anel de ressonancia e de rearomatizacdo geral
desses compostos, sendo estes oxidados a um namero bastante limitado de intermediarios
centrais, como catecois, galatos, protocatecois e gentisatos (Harayama e Timmis, 1989). Ja
as enzimas de fissdo sdo responsaveis por reconhecer estes intermediarios e clivar seu anel
aromatico, (Mishra et al., 2001).

Deste modo, podemos dizer que duas caracteristicas sdo essenciais para um micro-
organismo oxidar os contaminantes: uma oxigenase especifica de grupo e ligada a
membrana, conforme ja demonstrado, e mecanismos para otimizar o contato entre 0s
micro-organismos e os hidrocarbonetos insoltveis em agua (Chikere et al., 2011).

Esse mecanismo pode se dar pela producédo de biossurfactantes e bioemulsificantes,
0S quais sdo produzidos por uma grande variedade de micro-organismos. Eles agem no
aumento da area de contato entre a fonte de carbono e a célula microbiana, através de
modificacGes na superficie celular ou atuando sobre os hidrocarbonetos hidrofobicos de
baixa solubilidade, aumentando sua disponibilidade ao ataque dos micro-organismos

(Chrzanowski et al., 2012).
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2- OBJETIVOS
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2.1. Objetivo Geral

Desenvolver uma formulagdo comercial que possa ser utilizada no tratamento de
solos contaminados com hidrocarbonetos, de forma que possa ser aplicada in situ ou ex
situ, dependendo da necessidade do cliente, sem que o local de trabalho sofra intervencao

durante o processo de aplicagéo.

2.2. Objetivos Especificos

e Isolar e identificar micro-organismos que apresentem capacidade de
degradacéo de hidrocarbonetos no solo;

e Determinar a producdo de biossurfactantes pelos micro-organismos
isolados;

e Formular consorcios microbianos e testar sua eficiéncia na remediacdo de
solos contaminados com hidrocarbonetos;

e Estimar a populacdo heterotréfica e degradadora dos consércios;

e Elaborar um teste em larga escala para a aplicacdo do consorcio que
demonstrou melhor eficiéncia;

e Caracterizar a dinamica populacional dos micro-organismos no teste em

larga escala;
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Abstract

Large and small leaks occur as a result of the supply, storage and transport of fuel to gas
stations. To find more effective and less costly bioremediation techniques, this study
investigated the effectiveness of treatments of soil contaminated with hydrocarbons. The soil
vsed in the experiment was removed from a southern Brazil gas station and used for
consortium bioprospecting; 34 isolates were identified and tested for their ability to reduce
tetrazolium chloride and produce biosurfactants. The bioaugmentation treatment was
characterized by a bacterial consortium of Pseudomonas mendocina (BPB 1.6), Bacillus
cereus (BPB 1.15), Acinetobacter calcoaceticus (BPB 1.22), Bacillus subtilis (BPB 1.13) and
Bacillus cereus (BPB 1.26) identified using 165 rRINA analysis. To evaluate remediation
techniques, the degradation and mineralization of hydrocarbons was monitored through the
cumulative CO; production and quantification of total petroleum hydrocarbons. The initial
concentration of hydroearbons 1n the contaminated soil was 134 49 mg kg soil™'; within 60
days, thus level was reduced by 84% in the treatment with natural attenuation, 90% with
bioaugmentation / biostimulation and 91% with biostimulation. The heterotrophic population
abundance was not influenced by the bioremediation treatments, whereas the population of

degradmg bacteria increased in all treatments.
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Biodegradation; bioaugmentation; biostimulation; petroleum hydrocarbons; gas stations
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1. Introduction

Soil contamination with hydrocarbons is a worldwide problem and a long-term
environmental concern. Diesel spills usually occur during the manufacturing, storage and
transport of fuel and cause serious environmental pollution problems (Das and Chandran
2011). Oil companies are important sources of contamination because of their many
accidental spills; however, gas stations that do not conform to standards present a high
pollution potential through small and continuous leaks. The National Agency of Petroleum
(ANP 2013) estimates that of the 39,450 gas stations that sell automotive fuel in Brazil, 3,125
are located in Rio Grande do Sul (RS), southern Brazil. According to Companhia de
Tecnologia Ambiental do Estado de Sdo Paulo (CETESB 2012), many of these stations
operate under non-standard conditions and harbor sources of contamination, such as very old
storage tanks (useful life of 20 to 25 years), which significantly contribute to the
contamination of soil and groundwater. There is existing legislation in Brazil to monitor gas
stations, for instance, the CONAMA N° 273 resolution of 2000, which, in addition to the
recovery of degraded areas, requires the exchange of old tanks for carbon steel tanks coated
internally with iternal glass fiber and externally with resins resistant to hydrocarbons, along
with an internal leak detection system. Several forms of remediation are utilized for the
recovery of degraded areas; however, the most commonly used 15 the physical removal of soil
for treatment ex siti, which 1s expensive because the gas stations remain noperative during
the removal of the soil. Remediation techmiques that present a cost / benefit relationship and
are compatible with social and environmental concerns need to be better understood to drive
the expansion of their use compared to conventional decontamination methods such as
incmeration, solidification / stabilization, soil steam extraction and washing (Xu and Lu

2010).
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The use of biological methods for the remediation of contaminated areas has been
recognized as a promising and effective strategy in terms of results and costs (Szule et al.
2014); indeed, bioremediation may be a less costly technique because it can be applied in situ
without the need for a gas station to interrupt its activities. These techniques are characterized
by the addition of appropriate microorganisms (bioaugmentation) and adjustment of abiotic
factors, such as the incorporation of nutrients, pH correction, moisture and aeration
(biostimulation), and may be applied singly or in association with other factors (Evans et al.
2004).

Bioaugmentation offers toxic contaminant degradation through the use of
microorganisms with the metabolic and physiologic ability to ufilize hazardous organic
compounds as a source of carbon and energy (Meyer et al. 2014). Compared to conventional
decontamination methods, bioaugmentation is advantageous because it 1s compatible with the
recycling of nutrients through the natural metabolite route (Fantroussi and Agathos 2005).
Furthermore, several studies confirm that an increase in the imitial cell biomass can increase
biodegradability and improve the treatment process (Mishra et al. 2001; Mukherjee and
Bordolo1 2011).

Nonetheless, evidence has shown that contaminant reduction rates mvolving
bioaugmentation are not always satisfactory. As shown by Lin et al. (2011), biodegradation
kinetics exhibit an mitial period of intense activity, followed by a reduction phase of
degradation rates. Tyagi et al. (2011) describe that an imbalance of abiotic factors may create
an unfeasible process under natural conditions, reducing the exposure of the inoculum to
appropriate conditions. Furthermore, Tahhan et al. (2011) demonstrate that competition
among microorgamsms can also decrease biodegradation efficiency. Thus, there 1s a lack of
consensus m the literature regarding the best strategy among natural attenuation,

biostimulation, bioaugmentation or possible combinations thereof, which may be due to the
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scarcity of data reporting actual applications of bioaugmentation in the field, despite the vast
amount of literature at the laboratory scale (Dybas et al. 2002). Accordingly, this study aimed
to evaluate different bioremediation treatments (natural attenuation, bioaugmentation /
biostimulation or biostimulation) in hydrocarbon-contaminated soil removed from a gas
station. For bioaugmentation / biostimulation treatments, successive amendments of the
bioprospected microbial consortium were applied fo the same soils in 60-day experiments to
ascertain whether the addition of microorganisms acclimated to the contaminated
environment would be more effective compared to natural attenuation techniques and

brostimulation.

2. Materials and Methods

2.1. Soil sampling

The contaminated soil used n the bioprospecting and bioremediation tests was
removed from gas stations located 1n the cify of Porto Alegre, Rio Grande do Sul State, Brazil
(Latitude - 30.0277, Longitude - 51.2287 30 ° 1'40 "South, 51 ° 12'43" West). The soil had
been historically contaminated by diesel oil and more recently by diesel-biodiesel mixtures.
The soil collected served as a base for fuel tanks and was at a depth of 2 to 3 meters. The soil
was collected during the replacement of old tanks (20 years of use) due to leaks. After
collection, the samples were placed in sterile bags that were hermetically sealed and stored at
4 °C until use.

The concentrations of total petrolenm hydrocarbons (TPHs) in the soil of the study
sites were assessed using gas chromatography at the start of the study to generate a baseline.

The physico-chemical analyses were performed by the Soil Analysis Laboratory of the
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Federal University of Rio Grande do Sul, according to the methodologies described in

Tedesco et al. (1995) (Table 1).

2.2. Bioprospecting

For enrichment, the microbial 1solation method according to the procedure described
by Bento et al. (2005) was used. Erlenmeyer flasks were inoculated with 1 g of contaminated
soil and diesel oil at 1% (B35, 95% petroleum diesel and 5% biodiesel) in a final volume of
100 mL of mineral medium 1 (MM1). Sterilization was performed by vacuum filtration mto
sterilized flasks using a filter adapted with a membrane and a pore size of 0.22 pm; the
samples were stored at room temperature in glass vials wrapped in aluminum foil to prevent
photo-oxidation. The flasks with inoculum were incubated with agitation at 190 rpm and 30
°C. Every 7 days, a culture aliquot (10 mL) was transferred to a new flask contaming the
same MMI sterile medium and fuel at 1% and mcubated under the same conditions. After
three transfers, the culture was serially diluted and spread on nutrient agar. The isolated

microorganisms were stored at 4 °C.

2.3. Evaluation of oil degradation capability using a redox indicator

The hydrocarbon degradation capability of the isolates was evaluated with the redox
indicator 2,3 ,5-triphenyltetrazolium chloride (TTC) accordmmg to Braddock and Catterall
(1999). Approximately 10° CFU/mL of each isolated microorganism was inoculated into 5
mL of mineral medium 1 (MM1) containing the redox indicator and 2% diesel o1l (B5) as a
carbon source. The tubes were incubated at 30 °C for up to 120 h. We used sterile water to
replace the inoculum as a negative control. The 1solates showmg color change within the time

period were selected for further tests.
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2.4. Evaluation of biosurfactant production

2.4.1. Evaluation of the emulsification index of isolates

The isolated bacteria were inoculated into 5 mL of nutrient broth (5 g/L peptone and 3
g/L meat extract) and cultivated at 30 °C and 180 rpm for 24 h. The evaluation of the
emulsifying index was performed in the presence of the cells, and there were four replicates
of the experiment with independent cultures. For the quantification of emulsifier activity, the
1solates were moculated mto Erlenmevyer flasks with 50 mL of nutrient broth at a final
concentration of Agyony = 0.07 and incubated at 30 °C and 180 rpm for 24 h. In 100 mL
graduated cylinders, 25 mL of the supernatant and 5 mL of lubricant o1l (B5) were vortexed
for 2 minutes; after 24 h, the volume of the emulsion (water in oil) was measured (mL), and
the percentage was calculated based on a method adapted from Cooper and Goldenberg

(1987).

2.4.2. Colorimetric evaluation for the detection of rhamnolipids

The colorimetric method using methylene blue and CTAB (cetyltrimethylammonmium
bromide) was originally developed to select species that produce the rhamnolipid-type
biosurfactants or to select any anionic biosurfactant of low molecular weight that can be
produced by Pseudomenas spp.

After prowth for 24 h in liquid medium, isolates were inoculated onto methylene blue
plates (10 g / L peptone, 10 g / L lactose, 2 g/ L monobasic potassium phosphate, 0.065 g/ L
methylene blue chloride, 15 g / L agar, and 10 g /L of CTAB) and incubated at 30 °C for 24
h. The formation of dark blue colonies around a halo indicated a positive result for the

production of a thamnolipid-type biosurfactant.
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2.5. Bacterial identification

The bacteria were grown in 10 mL of nutrient broth at 30 °C for 24 h, and the
genomic DNA of each culture was extracted according to Sambrook and Roussell (2001).
Polymerase chain reaction (PCR) for the amplification of the 16S rRNA gene of each
bacteral 1solate was conducted using universal primers 27F (5" AGA GTT TGA TCM TGG
CTC AG 30) and 1492R (5" GGT TAC CTT GTT ACG ACT T 3°). The reactions were
prepared using Go Taq Reaction Buffer 1x (1.5 mM MgCly), 0.2 mM dNTP, 10 pmol of each
oligonucleotide, 1.25 U Go Taq DNA polymerase (Promega) and 1 pl genomic DNA in a
total volume of 25 ul. The amplifications were performed as follows: 1 cycle at 95 °C for 5
min, followed by 35 cyceles at 95 °C for 1 min, 65 °C for 1.3 mm, and 72 °C for 1 min and a
final extension step at 72 °C for 5 mun.

The PCR products were analyzed by 1% agarose gel electrophoresis. The amplicons
obtained were purified from the agarose gel using Kit PureLink™ Quick Gel Extraction
(Invitrogen) according to the manufacturer’s instructions. DNA quantification was performed
by fluorometric analysis using a Qubit fluorometer (Invitrogen) and DNA quantification kit
Quant-iT according to the manufacturer's instructions. Approximately 200 ng of genomic
DNA was used for the reaction using the MegaBACE 1000 Sequencing Platform. Sequence

similarity searches of the GenBank nucleotide database were conducted using BLAST.

2.6. Biodegradation experiments

Biodegradation experiments were performed in Bartha biometer flasks (500 mL),
which were used to measure microbial CO; production (Bartha and Pramer 1965). Triplicate
flasks were prepared with 300 g of contaminated soil using three different strategies: natural
attenuation, biostimulation and bicaugmentation / biostimulation. A single flask without

contamination was used as a negative control. For analysis, the treatments were maintamed
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for 60 days 1n a controlled (28 *C = 1) environment and protected from light. For
bioaugmentation / biostimulation, an inoculum of five bacterial isolates, with a final
concentration of 10° CFU/mL. was introduced (Bento et al. 2003). The bacteria were grown
separately in sterile nutrient broth for 24 h at 30 °C and 190 rpm 1 a rotary shaker. The
nutrient solution consisted of 250 mg kg’1 of NH4S04 and 100 mg kg'l KHyPOy, as suggested
by Jiménez et al. (2007). The microbial degradation activity was evaluated. The most
probable numbers (abundance) of the total heterotrophic and degrading populations were
estimated; fuel degradation was characterized by CO; evolution and gas chromatography

(GC) analysis of TPHs.

2.6.1. Respirometry

This method aims to directly determine microbial activity by measuring the carbon
dioxide produced during microbial respiration and to mdirectly measure the biodegradation
of organic contaminants (Stotzky 1965). The carbon dioxide produced by microbial activity
was captured using a 0.20 M KOH solution (10 mL) inside the biometer flasks. Periodically,
the KOH solution was removed, and 1 mL of 0.5 M barium chloride solution and 3 drops of
1% phenolphthalein indicator were added. The residual KOH was titrated with a 0.1 M HC1
standardized solution.

The amount of carbon dioxide produced was obtained through Eq. (1):
CO; generated (mg/Kg soil) = (Vg — V) - (M¢/2) - Mye - FC/m (1)

Where, Vg and V4 are the volume of 0.1 M HC] used to titrate the blank and the
treatment in mL. respectively; Mc is the molar mass of carbon dioxide in g/mol; Myq 1s the
molar concentration of the HCI standard solution in mol/L; FC is the correction factor for

acid/base molarity (Mygcy/Mgog) and m is the mass in Kg of dry soil in the flask.
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2.6.2. Chromatography

The levels of TPHs were determined using the EPA 8015-B-96 technique by gas
chromatography (AGILENT 6890 Series GC System) with a mass selective detector
(AGILENT 5973 Network Mass Selective Detector). A silica column was used with 5%
phenyl and 95% dimethylpolysiloxane (30 m = 0,35 mm * 0.25 mM) under the following
conditions: injection temperature 290 °C, with an mitial temperature of 40 °C for 1 minute,
followed by an increase in temperature of 6 °C/minute to 300 °C, which was maintained for

30 minutes. This procedure was conducted using 1 pl of sample in splitless mode.

2.0.3. Estimation of microbial number and degrader abundance

The abundance of heterotrophic microorganisms during the 60-day study was
estimated using the Most Probable Number (MPN) according to the method described by
Bento et al. (2005). The microbial population was determined using MPN tables (APHA

1995).

2.7. Statistical analysis
Descriptive statistics (means and standard deviations) were utilized. ANOVA was
used to test for differences among the treatments. The means of the treatments were evaluated

by Bonferroni’s test with a confidence level of 95%.

3. Results

3.1. Microorganism iselation

Bacterial 1solates were obtamed from soil historically contaminated with

hydrocarbons and collected from a gas station in the city of Porto Alegre. Thirty-four soil
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bacteria were isolated through an enrichment technigue in a lieid mineral medinm nsing
diesel oil as the sole carbon source (Table 2).

The selection of bacterial isolates was based on preliminary assays of the
biodegradation of a redox indicator (TTC) and the production of biosurfactant thammolipids.
The biodegradability tests using TTC wete positive for 24 of the isolated microorganizms,
snggesting not only the existence of adequate diesel-degrading microorgamsms but also
varying degradation capabilities among the microorganisms studied, as indicated by the time
required for the color transition of the medinm for each isolate.

Regarding the detection of thammnolipids, the colorimetric assay was posttive for 20 of
the isolates. Of these isolates, 16 are of the genws Freudomonas and one of Acinetebacter; the

three others were not identified because they exhibited negative results in the TTC assay.

3.2. Bacterial ideniification

The isolates that tested positive in the TTC assay underwent further molecular
identification. Analyses of the partial sequence of the 16 S tRNA gene showed that 18
isplates belong to the genus Prendomonas, 12 of which were identified as P. aeruginosa
(99% simularity), three are P. mendocina (99% similarity), one is Pseudomonas
preudoalcaligenes (99% similarity). one is Preudomonas putida (97% similarity), and one is
Pseudomonas stutzert (99% similarity). Five bacteria belong to the Bacillus genus. with three
being Bacillus cerens (99% smilarity) and two Bacillus subtilis (99% similarity).
Acinetobacter calcoaceticus (99% smmilarity) was also identified (Table 3). Among these
species, We chose not to pursue P. gaeruginosa due to its pathogenicity, resulting in a total of

12 microorgamisms evaluated by forther testing.

3.3, Emulsifiar production
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Biosurfactants are substances that increase the bioavailability of hydrocarbons to
microorganisms, increasing their rate of biodegradation, and are therefore considered as
adjuvants in the degradation of heavy otils. Thus, to select microorganisms for use in
bioremediaticn the production of emulsifiers was evaluated in the 12 selected
microorganisms. As shown in Figure 1. with the exception of P. psendoalcaligenss (BPB

1.1}, all of the isolates exhibited indices of greater than 20% enmlsification.

3.4. Bioremediation experiment

3.4.1. Formulation of the consortium

Five microorganisms, F. mendocina (BPB 1.6), B. cereus (BPFB 1.15) 4
caleoaceticus (BPB 1.22), B. subsilis (BPB 1.13) and B. cereus (BFB 1.26), were selected for
the consortinm used in the bicaugmentation / biostimmlation experiment. The criteria used to
select the isolates were based on the results of the TTC assay. rhamnolipid production and the
emulsification index. The bacteria were grown separately. and then 10° CFU/mL of each of

the five izolates was added to the bioangmentation / biostimulation treatments.

3.4.2 Microbial activity (C0y)

The results of CO; evolution during 60 days of incubation with hydrocarbon
contaninated and uncontaminated soils are shown in Figure 2. All of the treatments showed
levels of microbial respiration activity higher than the negative control (INC) (seil
contaminant) (p <0.001) over time. indicating a capacity to metabolize hydrocarbon
contanunants. Very similar CO; production was observed among the nateral attenmation,
bioangmentation [ biostimulation and biostimmlation treatments, with no significant

differences.
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A similar adaptive phase profile was alse observed, which occurred after 7 days, with

a decrease in COh production observed at the end of the experiment.

3.4.3. Heterotrephic and dissel-degrading bacteria

Bacterial growth throughout the 60 days of treatment was estimated using the MPN
technigue. After 43 days of incubation, the number of heterotrophic microorganisms (Figure
3a) mcreased significantly in all of the treatments compared to the negative control.
Furthermore, the negative control remained constant uatil the end of the experiment. at
approximately 10° CFU/mL., whereas the treatments presented growth between 10° and 10°
CFU/mL.

In the experiment for the evaluation of diesel degraders (Figure 3b), the natral
attenmation treatment showed an increased number of degrading microorganisms compared to
the negative control, mainly between 45 and 54 days {1[}5I CFU/mL) but drastically
decreazing at 60 days of treatment |{1{II3 CFU/mL). However, the bicstimmilation freatment
showed a reduction in CFU counts after 30 days compared to the negative control and
reached 10° CFU/mL at 60 days. For the bioangmentation / biostimmlation treatment. the
diesel-degrading populations remained within small variations during the 60 days of
treatment. showing the highest valoe among all of the treatments overall [10‘5 CFU/mL).
Based on the MPN values for the heterotrophic bacteria and degraders. no major differences
in size were observed for most of the seil microbial pepulations duning the incwbation time. Tt
can be concluded that there were no differences between the general populations and the

populations of heterotrophic degraders.

3.4.4. Degradaiion of hydrocarbons
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TPH degradation was measured nsing gas chromatography and 15 summarized in
Table 4. which lists the variations of TPH levels at 0, 40, and 60 days for each treatment. The
contamination corresponded to fractions of aliphatic and aromatic hydrocarbons with Ciz to
Cq7 chains and notable concentrations of pristane and phytane. The initial contamination of
the soil sample was 13449 mg ]-zg'l zoil, which agrees with the “alert value™ (linut 2.525 mg
L:g'l soil) according to the Dutch List (Table 6530-2) (CETESE 1999). After being subjected
to treatment with natural attenvation. biostimulation and bicaugmentation / biostimulation,
the contamination reached a “reference value”, for wiich the limit is 50 mg kg'l w01l
according to the same literature.

The biostimmlation treatment achieved a significant reduction in contaminants within
the first 40 days of treatment, whereas the reduction ocowrred within 60 days in the natural
attenuation and bicavgmentation / biostimulation treatments. The rate of degradation of the
contaminants at the end of the experiment showed no significant difference between the
natural attenmation, biostimulation and bicavgmentation / biostimulation treatments, which
exhibited 84, 90 and 91% reductions in confamination respectively. These results suggest
that the microbial consortivm promoted the degradation of hydrocarbons at virtually the same
ratio as the native muerobial community with and without the addition of nutrients.

In contrast to the results with the addition of a consortinm that needed to acclimate in
the bicaugmentation / biostimulation treatment or with the lack of stinmlation in the natural
attenmation treatment. the degradation observed within the first 40 days for the biostimmlation
treatment sugzests that stimmlation of the local microbiota promoted a greater increase in the

rate of initial degradation.

4. Dhscussion
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The partial sequence of the 165 fENA gene of the 24 microorganisms positive for the
TTC redox indicator test were identified as bacteria belonging to the genera Pseudomonas,
Bacillus and Acinetobacter (Table 3). The mierobial consortivan was formed by P. mendocina
(BPB 1.6). B. cereus (BFB 1.15), 4. calcoaceticus (BPB 1.22), B. subtilis (BPB 1.13) and B.
cereus (BPB 1.26).

Several authors have shown that Prendomonas and Bacillus isclated from
hydrocarbon-contaminated environments are able to grow and degrade aliphatic and aromatic
chains (Assih et al. 2002; Femandez-Tugueifio et al. 2011; Tabhhan et al. 2011; Thavasi et al.
2011). In particular, Preudomonas spp are commonly found in soils polluted with
hydrocarbons and, as described by Guather et al. (20035), age the main sources of rhammolipid
production. P. aeruginesa is considered to be a primary rhamnolipid producer, making it
more attractive for bicdegradation, whereas biosurfactants increase the contaminamnt-
degrading capacity (Chrzanowsli et al. 2012; Nitschlke and Pastore 2002).

Coutinho et al. (2013) isolated species of F. aeruginosa exhibiting demmlsification
abilities from a site contaminated with refined oil and identified that the species had a great
potential for the bioremediation of il wastewater to promote environmental recovery and / or
o1l degradation.

This study corroborates the literature reporting that 14 of positive isolates selected for
TTC were also posttive for the production of thammolipid-type biosurfactants (Table 2), 13 of
which are members of Prendomonas and one an Aeinefobacter species. The enmilzification
index of 11 isclates in our study showed indices of greater than 20% emulsification (Figure
1). These results are in agreement with a previous report (Dhote et al. 2010) of emmilsification
rates of 46% and 57% for two bacteria identified as Baeillus sp. and Preudomonas sp.,

respectively, isolated from oily sludge.

62



386

387

368

389

370

3T

37

373

374

375

376

378

379

380

381

3582

383

384

385

386

387

388

389

The measurement of CO;y production in sodl is an indivect estimation of the
decarboxylation of crganic compounds degraded in a system Under appropriate aerobic
conditions, respiratory activity can be readily evaloated by the amount of CO:2 generated by
microbial activity under controlled conditions or in the field over a given period (Moreira and
Siqueira 2006). The microorganisms identified in this study are capable of assimilating
hydrocarbens as a carbon source to liberate COo

All treatments resulted in higher CO; production than in the negative contrel (NC) (p
=0.001), suggesting the microbial capacity to metabolize hydrocarbon contaminants.
However, there was no significant difference in CO? production among the treatments
(Figure 2). The negative control samples showed no metabolic activity, and the natural
attemmation bioaugmentation [ biostimulation and biostimmlation treatments had similar
adaptive-phase profiles. which occurred after 7 days, with a decrease in COs production
observed at the end of the experiment (60 days). Alisi et al. (2009) showed that the microbial
community requires an adaptive phase to begin production of CO4, which ceases as soon as
the availability of the carbon source 1s exhamsted.

Additionally, the CO; production result was directly proportional to the growth of
heterotrophic and degrading nucroorganisms. These results suggest a positive synergistic
effect in the treatments, possibly due to the addition of the inoculum the nutrient solution,
and even in the natural attenuation of the native microbiota, which showed high microbial
growth and the production of CO:. Silva et al. (2012) demonstrated similar results for
biodiesel-contaminated soil, with an adaptation phase at 10 days into the experiment and a
decrease in behavior after 45 days. This similanity suggests that under appropriate abiotic
conditions, the metabolism and growth of resident mierobiota were stimulated to the point of

achieving similar levels of COn production as in the soils subjected to other treatments.
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The biodegradation of petrolenm hydrocarbons is a complex process that depends on
the natore and amount of oil and hydrocarbons present in the contaminated area. The low
availability of these contanunants to microbial attack influences the efficiency of
biodegradation {Cerqueira et al. 2011).

Although no significant differences in biodegradation were observed among the
bioremediation strategies, all of the degradation rates were relatively high after 60 days (84,
90, and 91% for natural attenuation, bioangmentation / biostimmiation and biostimulation,
respectively). Despite no significant difference among the treatments. these results show that
hydrocarbon reduction 15 greater in treatments with some type of stimmlus, presenting
degradation rates that were above the average of previous studies. For example, Colla et al.
(2014) cbtained a degradation percentage for TPH analysis that indicated biodegradation
levels of 35.7 and 32.2% for biostimulation and successive bicangmentation treatments,
respectively.

A study conducted by Bento et al. (2005) also showed that natural attenmation resulted
in further degradation of the light fraction of TPHs in soil and attributed this effect to
indigencus adaptation that allows erganisms to become physiologically compatible with their
habitat, in contrast to transient exogenous organisms that do not occupy a functional niche.
This effect 13 also demonstrated in a study by Couto et al. (2010}, in which treatment via
natural attermation was as efficient as treatments of bicangmentation and biostinmlation in
contaminated sodl from a petrolenm refinery.

Some awthors suggest that more effective bicangmentation 15 achieved by repeating
the application of the microbial consortinm during the degradation period because of the
tendency of the avtochthenous population to overcome the exogenons inoculum (Tahhan et
al 2011) and thus the microbial communities in contanunated soil are able to express their

degrading potential.
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However, in the present study, the difference between the attenuation and natral
treatments and bicaugmentation / biostimulation was only 6%, even with successive additions
of the consortinm According to Sabaté et al (2004), natural attenuation in soils with old
contanunation can have a very beneficial effect because the native microorganisms are
already adapted to the contaninant; however, this sifuation is not consistent with our study
becanse the microorganisms inoculated in the bicangmentation / biostimulation treatment
were isolated from the soil that was used in the treatment and were already adapted to the
contaminants. As described by Tyagi et al. (2011), an imbalance in the natral conditions of
abiotic factors may make the process unachievable and reduce the exposure of a specialized
population of microorganisms to the natural conditions of competition and predation, also

potentially decreasing the efficiency of biodegradation

. Conclusions

This study showed that the contaminant degradation observed in bioavgmentation
performed with the same bioprospected microbes as found in the contaminated soil used in
microcosms was 0o higher than in natural attenmation and biostimulation treatmesnts.
MNonetheless, bioremediation was achieved because all of the treatments were found to be
effective in reducing contaminants. even without a significant increase in the population of
heterotrophic and degrading bacteria. This would result in a low microorganism count. and

contanunated sodls may be bicaugmented with native microbiota to stimulate remediation
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Figure legends

Fig. 1
Biosurfactant production after 24 h. C- Negative control.

Fig. 2
Mineralization rates (mg C-CO, l-zg_l} during experiments involving microcosms with B3 and
lasting 60 days.

Fig. 3
Estimated number of total heterotrophic and degrading microorganisms during the 60 days of
the expermment. (A) Heterotrophic bacteria; (B) Bacterial degradation.
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Figure 2
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Figure 3
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Table 1. Phrysico-chemical characteristics of diesel oil-contanunated soils

Parameter Depth (2-3m)
Orzanic matter (z Kg ™) 11
Clay (%) 9
Fine zand (%) 41
Salt (%) 3
Orgamec carbon (g Kg"j 5
Total nitrogen {(z Ez ™) 05
F (mz/ dm™ 0
E (mg / dm®) 65
CTC (mmol, / dm®)' 24
CTC pH 7 (mmel, / dm’)’ 52
Al (mmol, / dm") 0E
Ca (mmol, / dm) 0.6
Mg (mmel, / dm™) 02
Al+H {emol, / dm®) 39
pH (H.0) 45
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Table 2. Rhamnolipid production and degradation by 34 isolates based on the TTC
method.

Izolate Fhamnolpid TCC

BPFB 1.1 + +
BPFB 1.2 + -
BPB 13 + +
BFB 14 + +
BPB 1.5 - -
BPB 1.6 - +
BFB 1.7 - -
BPB 18 - +
BPFB 19 + +
BPB 1.10 + +
BPB 1.11 + +
BPFB 1.12 + +
BPB 1.13 - +
BEPB 1.14 + +
BPB 1.13 - +
BPB 1.16 - -
BPB 1.17 - +
BPFB 1.18 - +
BEPB 1.19 - +
BPB 1.20 - +
BPFB 1.21 + +
BPB 1.22 + +
BPB 1.23 + -
BPFB 1.24 + +
BPB 1.25 - +
BPB 1.26 - +
BPB 1.27 + +
BPB 1.28 + -
BPB 12% - -
BPB 1.30 + +
BPB 131 + -
BPFB 1.32 + -
BPB 1.33 + -
BPB 1.35 + +

+ posifive reaction; - negative reaction



Table 3. Molecular identification of bacteria isolated from contaminated soil.

Lsolate Idennification Identity (%)
BPE 1.1 Prendomonaz preudoalcalicenes 98
BPE 113 Prendomonas mendocina Q9
BPE 14 Preudomonaz asruginosa Q9
BPB 1.6 FPreudomonas mendocina 9%
BPE 18 Prendomonas mendocina Q9
BPEH 19 Prendomonaz asruginosa Q9
BPB 1.10 Preudomonas aeruginosa 9
BPB1.11 Prendomonas asruginosa o
BPE 1.12 Prendomonaz asruginosa Q9
BPB 1.13 Bacillus subtiliz o
BPE 1.14 Preudomonaz asruginosa Q9
BPB 1.15 Bacilluz cereus 9%
BPFB 1.17 Prendomonas asruginosa o
BPE 1.18 Bacillus subtilis Q9
BPEB 1.19 Prendomonaz aeruginosa 99
BPB 1.20 Bacillus cerens Q9
BPE 1.21 Prendomonaz asruginosa Q9
BPB 1.22 Acinstobacter calcoaceticus 9%
BPB1.24 Preudomonas asruginosa o
BPH 1.25 Prendomonaz asruginosa Q9
BPB 1.26 Bacillus cersus 9%
BPB 1.27 Prendomonas putida 97
BPB 1.30 Preudomonaz asruginosa Q9

BPB 1.35 FPreudomonas stutzeri 99




Table 4. Degradation of tofal petrolenm hyvdrocarbons (TPHs), pristane and phytane
present in confaminated soils using different bioremediation strategies.

Onginal sample  Time {days) Natural attenuation  Bioaugmentation’ Biostimulation
Brostimmlation
1327 =153 0
40 1206+ 8432 Aa 103.0 +881 Aa 436 =13.26 Ab
&0 17.1 £ 1287 Bb** 9.42 + 4.00 Bh** 7.79 = 3.17 ABb**

Biodesradation extent (mg/Eg s0il™"). The values followed by the same capital letters are not
sigmficantly different among treatments based on Bonferron s test (p=0.03), and values followed by
the same lowercase letters are not sigmficantly different among time (davs) based on Bonferrom s test
(p=0.05).

Asterizsks denote a significant difference (*, p=20.03) between the criginal sample and the treatments
calculated by Bonferromi’s test.
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Abstract

Bioremediation techniques can be used for the treatment of diesel oil-
contaminated soils. Thus, the aim of the present study was to compare different
methodologies of bioremediation applied on a large-scale (300 Kg of soil). The
bioaugmentation/biostimulation (BAE), biostimulation (BE) and natural attenuation
(NA) techniques were analyzed with and without aeration. The consortium used in
bioaugmentation was produced at a scale of 100 liters, comprising four microorganisms.
The degradation of contaminants was quantified in fractions Cg-C11. C11—C1a, C14—Cao
and C20—Ca0. Treatment using NA with acration reached a maximum of 98%
degradation. The total amount of contaminants increased after BE treatment. and BAE
treatment with aeration and without acration obtained 32% and 85% degradation,
respectively. Denaturing gradient gel electrophoresis showed no significant difference

in the biodiversity of the treatments with or without air.

Keywords: Large-scale; biodegradation: hydrocarbons: bioremediator: bacterial

diversity; DGGE.
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Introduction

Petroleum hydrocarbons and derivatives, including saturated and unsaturated
alkanes and aromatic organic compounds. such as polycyelic aromatic hydrocarbons
(PAHs) and aromatic hydrocarbons containing nitrogen and sulfur, are among the main
environmentally hazardous compounds (Liang et al.. 2012),

Accidental spills during exploitation transport, processing. storage, and use
result in soil pollution, presenting potential hazards to human health and ecosystems
(Banks and Schultz 2005: Teng et al. 2013). In addition, cases of large or small spills
remained undetected for a long period, resulting in combustible gases in the soil and
potentially dangerous conditions for the environment and population of soils (Bofetta <t
al. 1997: Almeida et al. 2010).

Bioremediation might be utilized as an alternative for decontamination of
polluted areas. offering the potential for degrading toxic contaminants primarily using
microorganisms with metabolic and physiological capacity to use hazardous organic
compounds as a source of carbon and energy. Additionally. this technique provides
efficient results, simplified maintenance, wide applicability and low cost of operation
(Bento et al. 2005: Megharaj et al. 2011).

The use of microorganisms in bioremediation (bioaugmentation) represents a
cost effective alternative to reduce and/or eliminate the hydrocarbon compounds in
contaminated soil (Chandra et al. 2013: Fukuhara et al. 2013; Shankar et al. 2014).
Indeed. the presence of microorganisms that potentially degrade petroleum
hydrocarbons in contaminated and uncontaminated soils has been well documented
(Kaczorek and Olszanowski 2011). suggesting that the natural soil microflora can be

useful for stimulated degradation. This stimulation (biostimulation) occurs through the
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addition of nutrients together with microorganisms that accelerate the fuel degrading
process (Tyagi et al, 2011).

Previous studies have described methods of remediation: however, most of these
results were reported at the laboratory scale. Large-scale studies concerning both the
production of microorganisms and bioremediation treatment are limited. Thus, the aim
of the present study was to evaluate the production and application of microorganisms
in a large-scale assay to analyze the effects of different remediation treatments applied

in situ to generate an environmentally safe alternative formulation.

Materials and Methods
Soil samples

Diesel oil-contaminated soils utilized in large-scale experiment were collected
from the sand filters system of gas stations located in Porto Alegre. Rio Grande do Sul,
Brazil. The filter system. comprising a sand box. an oil separator box and an oil
collector box. was used to collect the oil and fractionate of the solid waste generated at
tuel stations. This system separates water from oil coming from the car wash, car
supply. fuel discharge and exchange of lubricants. After collecting, the samples were

placed in sterile bags hermetically closed and stored at 4 °C until further use.

Isolation of hydrocarbon degraders
The bacterial strains used in this study were isolated from diesel-biodiesel-
contaminated soil collected during the replacement of underground fuel storage tanks

from a gas station located in Porto Alegre. Rio Grande do Sul. Brazil (Latitude: -
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30.0277, Longitude: -51,2287 30°1°40™ South, 51°12°43” West). This soil was used as
the basis for the belowground supply tank located at a 2-3 meter depth.

The microbial isolation was conducted according to Bento et al. (2005).
Erlenmeyer flasks (250 mL) were inoculated with contaminated soil (1 g) and 1% diesel
o0il B5 (95% petroleum diesel and 5% biodiesel) in a final volume of 100 mL of mineral
medium 1 (MM1). The cultures were ineubated at 190 rpm and 30 °C. After mncubation
for 7 days. a 10-mL aliquot was collected and transferred to a flask containing 100 mL
of MM1. followed by incubation under the same conditions. After three transfers, the
cultures were serially diluted and subjected to surface spreading, and the selected
colonies were plated onto nutrient agar. The isolated microorganisms were maintained

at 4 °C.

Molecular Identification of microorganisms

The bacteria isolates were grown in 10 mL of nutrient broth at 30 °C for 24 h.
The genomic DNA of each culture was extracted according to Sambrook and Russell
(2001). Polymerase Chain Reaction (PCR) was used to amplify the 16S tRNA gene of
each bacterial isolate using the following universal oligonueleotides: 27F (5° AGA GTT
TGA TCM TGG CTC AG 3) and 1492R (5° GGT TAC CTT GTT ACG ACTT 3").
The reactions were prepared using 1X Go Taq Reaction Buffer (containing 1.5 mM
MgCl). 0.2 mM dNTP, 10 pmol of each oligonucleotide, 1.25 U Go Taqg DNA
polymerase (Promega) and 1 pg genomic DNA in 25 ul total reaction volume. The
following amplifications conditions were used: one cycle at 95°C for 5 min. followed by
35 eyeles at 95 °C for 1 min, 65 °C for 1.3 min, 72 °C for 1 min and a final extension

step at 72 °C for 5 min.
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The PCR products were analyzed using 1% agarose gel electrophoresis. The
amplicons were purified using the PureLink™ Quick Gel Extraction Kit (Invitrogen).
according to the manufacturer’s mstructions. The DNA quantification was performed
through fluorometric analysis using a Qubit fluorometer (Invitrogen) and DNA
quantification Quant-1T Kit, according to the manufacturer's instructions.
Approximately 200 ng of genomic DNA were used for sequencing on a MegaBACE
1000 Sequencing Platform. Nucleotide sequence similarity searches were conducted

using GenBank nucleotide collection BLAST searches.

Cell growth in 100 liters reactor and Formulation of Microbial Consortium

The production of microorganisms was conducted in four phases: (1) the pre-
moculum of each microorganism was generated in 10 mL of sterile nutrient broth for 24
hat 37 °C with shaking (200 rpm); (2) after incubation. the 10 mL pre-inoculum was
transferred to 300 mL sterile nutrient broth and mcubated for an additional 12 h at 37 °C
with shaking (200 rpm): (3) the 300 mL inoculum was subsequently transferred to a 10
L reactor containing sterile nutrient broth, and incubated for 15 h at 37 °C with shaking
(200 rpm): and (4) the contents of the 10 L reactor was transferred to a 100 L reactor
containing sterile nutrient broth (0.5 g/L MgS0y4. 0.05 gL MnSOgand 0.1 g/'L CaCly)
and incubated at 37 °C under agitation at 400 rpm. After 24 h incubation, the cells were
centrifuged in an industrial centrifuge at 5,000 rpm for 2 h. Cell growth in the 10 and
100 L reactors was monitored for pH. optical density (ODegso) and Gram staining (Table

1). The cell pellet was resuspended and stored at 4 °C until further use.

Large-Scale Bioremediation Treatments
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Three wood boxes., with dimensions of I m * 1 m * 0.60 m (L = W = H), were
used to accommodate contaminated soil. Each box containing 300 kg of soil
contaminated with hydrocarbons represented one of the following remediation
treatments: natural attenuation (NA) (natural ability to degrade the contaminant).
bicaugmentation/biostimulation (BAE) and biostimulation (BE). The boxes were
divided in half. and each motety sustained 150 kg of contaminated soil. One side of the
box received a weekly injection for 60 days at 0.25 kegf/em? of air using an air
compressor for 30 min.

During this period. the corresponding stimuli were applied: for BE, the soil was
treated with 200 mL of nutrient solution (NH4SOy4 and KH,POy), for BAE, the soil was
treated with 500 mL of consortium, containing Pseudomonas mendoncina (BPB 1.8).
Bacillus cereus (BPB 1.20). Bacillus cereus (BPB 1.26) and Bacillus sphaericus (BPB
1.35) at 2.24 x 10 cells mL™! of each microorganism, and 200 mL of the same nutrient
solution. Soil samples were collected at depths of 0.2 m to 0.5 m at four different sites
mn the boxes, forming a composite sample to determine the pH, bacterial diversity and
concentration of total petroleum hydrocarbons (TPH). The treatments were performed at
room temperature ranging from 15 to 30 °C.

The soil pH at both sides of the boxes was determined three times (0, 30 and 60

days) using a digital pH meter (Beckman PHI 71 Model).

Gas chromatoegraphy
Total petroleum hydrocarbons (TPH) were determined using the EPA 8015-D
technique to analyze different fractions of organic compounds: Cg—C11 (gasoline range

organics). C11—C14 (kerosene range organics). C14—Cag (diesel range organics) and Cap—
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C4o (lubricating oil range organics). The analyses were based on the Purge-and-Trap
(Methods 5030 or 5035) and Headspace (Method 5021) methods. A 1-puL sample was
injected into GC under the following conditions: 50 °C for 0.5 min. with a ramp to 350
*C at 50 *C/min. and this temperature was maintained for 3.5 min: Inlet; 270 °C with
Split 12 mL/min: Carrier: 1 mL/min; Chromatographic Column 5 - 30-m x 0.53-mm ID
fused-silica capillary column bonded with HP Basic Wax (or equivalent). 1-um film

thickness.

Soil DNA extraction, PCR and DGGE analysis

Total DNA was extracted from 300 mg of soil samples using the PowerSoil
DNA Isolation Kit (MO BIO Ine.. USA). according to the manufacturer’s instruetions,
A fragment of the V3 region of the bacterial 16S rRNA gene was amplified from
metagenomic DNA using the primers BA338 F-GC (5-278 CGC CCG CCG CGC GCG
GCG GGC GGG GCG GGGCA CGG GGG GAC TCC TAC GGG AGG CAG CAG-
3"y and UNS318R (5'-ATTACCGCGGCTGCTGG-3") (Ovreas et al., 1997).

Amplification was performed in a reaction containing 20 ng pL™! of DNA
template. 1 U Platinum Taq DNA Polymerase (Invitrogen). 3 mM MgCl. 0.2 mM
dNTP, and 5 pmol of each primer at a final volume of 25 pL. The amplification
conditions were 5 min at 95 °C. followed by 30 cyeles for 1 min at 95 °C, 1 min at 55
°C, and | min at 72 °C with a final extension at 72 “C for 10 min. The PCR amplicons
were analyzed through Denaturing Gradient Gel Electrophoresis (DGGE) according to
the method of Ovreas et al. (1997). An 8% polyacrylamide (acrylamide/bis -acrylamide
mix 37.5:1w/v) gel containing a 15-55% urea-formamide gradient was used. The

electrophoresis was performed in 1< TAE buffer at a constant 200 V for 3 h and 30 min

91



0 =1 an oo W b

188

189

190

191

196

197

198

206

207

208

209

210

211

at 60 °C using the DCode TM System (Bio-Rad Inc.. Hercules, CA. USA). After
electrophoresis, the gel was stained with 3 pL Syber Green I (Invitrogen) in 300 mL of
Milli-Q) water for 30 min. The images were acquired using a Kodak GL2200
photodocumentation system. The DGGE profiles were compared using Gel Compar
software. followed by visual analysis. The resulting patterns were used to estimate the
diversity via the Shannon-Weaver (H") index. Each band was considered an operational
taxonomic unit. The data analysis was performed using the DivEs Species Diversity
program. version 2.0. Dendrograms were produced after evaluating the binary array
generated from the band profiles and subjected to statistical analysis using the Dice

coefficient.

Evaluation of CO2 production

The CO2production was determined using the respirometric method of Bartha
(Bartha and Pramer 1965). which directly assesses microbial activity based on the
carbon produced during microbial respiration as an indirect measurement of the
biodegradation of organic contaminants. Microcosms were assembled with 300 g of the
soil obtained from the remediation treatments (NA, BAE and BE) and a negative
control (soil without contamination) and monitored for 60 days.

The carbon dioxide produced during the microbial activity was captured using a
0.2 M KOH solution (10 mL) located at the side of the biometer flasks. Periodically, the
KOH solution was removed and 1 mL of 0.5 M BaCl» solution and 3 drops of 1%
phenolphthalein indicator were added. The residual KOH was titrated with 0.1 M HCI
standardized solution. The amount of carbon dioxide produced was obtained through

the Eq. (1):
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CO: generated (mg/Kg seoil) ~ (Vg — Va) - (M/2) - Myg - FC/m (1)
Where Vg and Vy are the volume of 0.1 M HC! used to titrate the blank and the

treatment in mL. respectively; Mg is the molar mass of carbon dioxide in g/mol: Mgcy is

the molar concentration of HCI standard solution in mol/L; FC is the correction factor

for acid/base molarity (MucyMgon); and m is the mass in Kg of dry soil in the flask.

Statistical Analysis
Descriptive statistics were based on biological triplicates using ANOVA, followed

by Boneferroni’s test with a confidence level of 95%.

Results and discussion

Selection of microorganisms

Four microorganisms were selected as the most promising candidates to
formulate the consortium associated with bioaugmentation and biostimulation based on
the TTC indicator redox test and rhamnolipids production. Partial sequencing of the 16S
rRNA gene revealed that the two bacteria used in this study exhibited 98% similarity to
Pseudomonas mendoncina and 99% similarity to Bacillus sphaericus and other two
microbes presented 99% similarity to Bacillus cereus. Pseudomonas spp. and Bacillus
spp. are commonly found in hydrocarbon-contaminated soils and have been described
as potential bioremediations, According to Yu et al. (2014), Bacillus spp. isolated from
petroleum-contaminated soil have been used for the bioremediation of the Shengli Oil
Field, China, showing a crude oil removal rate of 67.7% after 2 months. Another study
demonstrated that two strains of indigenous Bacillus presented a significant potential for

the in sifu remediation of contaminated soil with low (500 ppm) and high (10,000 ppm)
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diesel concentrations. reaching approximately 87% and 81% degradation in 15 days,
respectively (Kebria et al. 2009).

Cyplik et al. (2011) reported that the combination of Achromobacter sp. and
Pseudomonas sp. enhanced the bioremediation of diesel/biodiesel-contaminated soils,
as both microbes metabolized the hydrocarbon fractions. Additionally. Pacwa-
Plociniczak et al. (2014) used a strain of Pseudomonas species 1solated from soil
contaminated with hydrocarbons and showed the degradation of crude oil fractions AS
(components of light fuel oils), P3 (components of high fuel oils). and hexadecane (27.
39, 27 and 13% of hydrocarbons were degraded. respectively). whereas Kumar et al.
(2008). Arun et al. (2008) and Sopedia et al. (2013) demonstrated the ability of
Pseudomonas spp. to degrade a broad range of hydrocarbons, including crude oils,

refined fuels. alkanes and PAHs.

Production of microorganisms and Microbial activity (CO2 production)

The microorganisms used in the consortium were separately cultivated in a
sterile 100 L reactor. The reactor inoculum of 10 L and 100 L was monitored for the
parameters of pH. optical density (ODgso) and Gram staining (Table 1).

CO; production is a parameter for quantifying the microbial activity in the soil
(Cerqueira et al. 2011), demonstrating that microorganisms are capable of assimilating
hydrocarbons as a carbon source. Fig. 1 shows the values of CO2 accumulated during 60
days in the negative control (NC), NA, BAE, and BE treatments.

All treatments showed higher levels of CO2 compared with the negative control
(NC) (soil contaminant) (p <0.001); however. the behavior among the treatment of

microbial communities showed differences in CO; production, including the NA
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treatment. with no addition of inoculum and nutrients. This observation suggests that
under appropriate abiotic conditions. the resident microbiota exhibited metabolic
activity and stimulated growth, achieving similar levels of CO2 emissions as the soils
under the addition of inoculants and nutrients (BE and BAE).

The behavior of mierobial communities presented differences in CO; production
in all treatments compared with the negative control (NC). Notably, the NA treatment
showed similar levels of CO2 emissions as the soils subjected to the addition of
moculants and nutrients (BE and BAE), suggesting that adequate abiotic soil conditions
stimulated the growth and metabolism of the resident flora. It is also reasonable to
conclude that these treatments showed a similar profile i the oscillation of the values
and experienced an adaptive phase during the initial period of the experiment, between
1 and 5 days. The BAE treatment showed COs production levels similar to the NA
treatment, demonstrating that the addition of autochthonous microorganisms in
contaminated soil did not increase the rate of cellular respiration.

The BE treatment obtained a higher microbial activity compared with the other
treatments, in contrast with other studies, where the rate of CO2 production was higher

mn BAEF treatments (Meyer et al. 2014; Szule et al. 2014; Colla et al. 2013).

Evaluation of large-scale bioremediation treatments
Characteristics of the soil used in large-scale trials
Contaminated soil was analyzed based on physico-chemical characteristics
(Table 2) according to the Laboratory of the Department of Soils of the Agronomy

Faculty of the Universidade Federal do Rio Grande do Sul. The analyses were
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performed separately for each treatment because the soil was sampled at different stages
and showed different characteristics.

The pH was monitored during the experiment on both sides of the boxes, with or
without air. The values remained between 6.2 and 7.2 in all treatments. There were
oscillations during this period, however these differences were not statistically
significant.

The pH directly affects the activity of microorganisms through the effect of H™
ions on enzymatic activity and cellular permeability. thereby indirectly influencing the
availability of macro and micronutrients (Caldwell 2000). However. the small variations
observed in the present study did not show a negative effect on microbial growth
because the pH values remained neutral as a favorable condition for microbial growth.
Horel and Schiewer (2009) previously reported the adequate physical and

environmental conditions for microbial growth and activity.

Degradation of hydrocarbons

The total degradation of hydrocarbons in contaminated soils under the different
treatments is shown in Table 3. The initial values of the contaminants showed variations
between treatments due the origin of the contaminated soil and difficulties in
homogenization, reflecting the high volume of soil used in the treatments. In the NA
treatment. contamination was 3.621 mg/kg (hydrocarbons/soil), whereas in BE and
BAE treatments, contamination was 1,586 mg/kg (hydrocarbons/soil) and 6,703 mg/kg
(hydrocarbons/soil), respectively.

As shown in Table 3, TPHs were markedly reduced between the initial and the

final samples for all treatments, with or without the addition of oxygen.
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In addition to the total concentration of hydrocarbons, the fractions Cs—C11,
C11—C14, C14—Ca0 and Cao—Cao were also analyzed at 0. 30 and 60 days (Tables 4 and 5).
Regarding the initial time, fraction Cs—C11was detected at a higher concentration in
soils after BAE treatment (487 mg/kg) with or without aeration. For the other
treatments, the Cg—Cqy concentrations were below the limit of quantification, potentially
reflecting the high initial concentration of TPHs present in the soil used for the BAE
treatment compared with the other treatments. The fraction C11-C14 was detected in all
treatments at the initial time (Table 4).

The highest concentration of fraction C11-C14 was observed with the BAE
treatment (1.146 mg/kg) (Table 4). The concentration of fraction Cg-Ci1 was reduced to
levels lower than the quantification limit at 30 days after treatment in all remediation
strategies (Table 4). Similarly. the concentration of fraction C11-Ci4 was reduced after
30 days in all remediation treatments: however, BE treatment with aeration and NA
treatment without aeration showed more significant reductions.

Additionally. after treatments, fraction C11—C14 was also reduced to
concentrations lower than the quantification limit (Table 4), demonstrating that the three
remediation strategies used for 60 days decreased the high concentration of
hydrocarbons in both fractions (Cs-Ciq and Ci1—Cra).

The heavier fractions (Ca- Cag and Cag - Cyg) were also detected in soils with or
without aeration (Table 5). Fraction (C14- C20) showed the highest reduction after 60
days in BAF treatment without aeration (181 mg/Kg) and NA treatment with aeration
(<11.3 mg/Kg). In the BE treatment with aeration. this fraction was initially reduced

after 30 days and increased reduction was observed after 60 days
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Fraction C20 - Cap showed a reduction of contaminants only for the NA treatment
with aeration (<11.3 mg/Kg). In treatments without acration, the BAE soil treatment
showed an even higher reduction (788 mg/Kg) (Table 5).

Independent of the TPH fractions assessed (light or heavy) and bioremediation
treatments applied. changes to the level of soil contamination were observed. The
percentage of degradation for the three TPH remediation strategies is shown in Fig. 2.
where treatment with NA aeration reached a maximum of 98% degradation, while the
total value of oil increased 12%. In the BE treatment, the total amount of contaminants
increased in relation to the initial time. both with (52%) or without aeration (2%). and
the BAE treatment with aeration obtained 32% degradation and without aeration the
degradation rate was 85% (Fig. 2).

In summary. these results demonstrated that BAE treatment without aeration
obtained a higher reduction of contaminants compared with the NA treatment, as the
BAE treatment had higher initial contamination the NA treatment in both light and
heavy fractions.

The light fractions were degraded after 30 days. while the heavy fractions were
more degraded within 60 days. inferring that the successive addition of the consortinm
favored degradation because 85% of the total contaminants were removed.

However. some variations were observed, likely reflecting the release of organic
compounds derived from intermediates of the degradation process, as shown in a
previous study (Colla et al. 2013). The successive biostimulation with bicaugmentation
has been previously deseribed as the most effective among treatments (Tahhan et al.
2011). and the indigenous population overcame the exogenous inoculum and the

successive addition increased bioremediation activity.
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In the NA aeration treatment, a reduction of the contaminants was observed,
suggesting the air-stimulated activity of native microbiota, whereas in the BAE and BE
treatments, potentially impacted so1l aeration resulted from the addition of the inoculum
and nutrient solution, thus rather than hardening. damp areas were created in the soil,
forming clods and hampering the dispersal of inoculum.

In the BAE and BE treatments, aeration likely impacted the ground resulting
from the addition of the inoculum and nutrient solution, followed by soil clod
formation. damaging the dispersal of the inoculum. Although the NA treatment
removed 98% of the contamination. the initial contamination concentration in this
treatment was lower, favoring the removal rate.

Couto et al. (2010) demonstrated that natural attenuation was as effective as
bioaugmentation and biostimulation in an o1l refinery. According to Bento et al. (2005)
and Sabaté et al. (2004), this observation is associated with the age of the soil and
physiologically adapted indigenous microorganisms, which can be effective in the
degradation of this contamination.

The BE treatment was not effective in bioremediation. Despite having the lowest
rate of contaminants at the end of the experiment. an increase in both treatments with
(52%) and without aeration (2%) was observed.

As the nutrient relation is important for the microflora (carbon. nitrogen and
phosphorus), (Atlas and Bartha. 1998). we inferred that the relation of the nutrients was
not appropriate or available for microbial use. This increase in the contaminants was
also observed in the BAE treatment with aeration. reflecting the release of organic
compounds derived from mtermediates of the degradation process, Bento et al. (2005)

reported similar results. showing that treatment with concomitant bicaugmentation and
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biostimulation obtained 72.7% and 75.2% degradation. respectively of light and heavy
fractions. respectively, after 12 weeks of treatment. In addition. the natural attenuation
treatment was more effective than biostimulation.

Thus, BAE treatment showed potential for large-scale use and could be tested in

hydrocarbon-contaminated environments.

Bacterial community dynamics and structure analysis

To understand how bioremediation influences the mierobial community
composition and the diversity of microorganisms, DGGE analyses were performed for
all treatments during different periods (0. 30 and 60 days). Four samples were
additionally analyzed through DGGE. representing the enrichment cultures used in
bioaugmentation (BPB 1.8, BPB 1.20, BPB 1.26 and BPB 1.35) (Fig. 3 A and B).

The BAE treatment initially formed a cluster with the four microorganisms
added in the consortium (Fig. 3B). This cluster can be associated with the addition of
the microbial consortium (10 x UFC.ml™), justifying the stronger presence of the
consortium in relation to indigenous microorganisms from contaminated soil. Thus,
during the process of DNA extraction, and subsequent PCR amplification highlighted
the consortium of microorganisms for the detriment of the native microorganisms.

The BE treatment on day 0 showed 90% similarity to 0 BEA treatment for 30
days (30 days). implying that the addition of air favored the aerobic microbial
population of the native soil during 30 days of treatment. The BE and NA treatments
were similar (75%) throughout the experiment (0, 30 and 60 days). Thus, the air
mjection did not affect the final composition of the microbial community, as resident

communities with high similarities at different times were observed. However, the BAE
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treatment with successive additions of the consortium for 30 days under conditions
without aeration, the inoculum of microorganisms showed higher growth compared
with the natural soil community. The Shannon-Wiener diversity index, presented in
Table 6, shows that there was no significant difference in the biodiversity of the
treatments, suggesting that the native microbiota acted synergistically with the
microorganisms inoculated in the bioaugmentation treatment.

These findings suggest that hydrocarbon removal is associated with the presence

of microorganisms adapted to the contaminated soil.

Conclusion

The application of a microbial consortium showed potential for bioremediation
compared with the other treatments. The production of microorganisms at a 100 L scale
facilitated the formation of the inoculum used in these experiments. The application of
aeration was not effective for the BAE and BE treatments but was essential for
stimulating native microbiota in NA. The results suggest that the degradation of
hydrocarbons can effectively be achieved through the formulation and application of

microbes, depending on the characteristics of the contaminated area.
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Figure Legends

Fig. 1. Cumulative COz production assessed through respirometry in soil contaminated
with hydrocarbons after incubation for 60 days. NC: negative control; NA: natural

attenuation: BAE: bicaugmentation/biostimulation: BE: biostimulation

Fig. 2. Biodegradation rates of different treatments with and without acration. NA:
natural attenuation without aeration: NAA: natural attenuation with aeration: BAE:
bioaugmentation/biostimulation without aeration;: BAEA:
bioaugmentation/biostimulation with aeration: BE: biostimulation without aeration and

BEA: biostimulation with aeration

Fig. 3A. Banding profile obtained through DGGE based on V3 region amplification of
the bacterial 16S rRNA gene. B. Bacterial dendrogram based on the DGGE banding
profile generated from soil treated through bicaugmentation/biostimulation (BAE),
biostimulation (BE) or natural attenuation (NA) at time 0.
Bioaugmentation/biostimulation with aeration (BAEA30). bicaugmentation/
biostimulation without aeration (BAE30), biostimulation with aeration (BEA30),
biostimulation without aeration (BE30). natural attenuation with acration (NAA3Q),
natural attenuation without aeration (NA30) after 30 days and
bioaugmentation/biostimulation with aeration (BAEAGO),
bioaugmentation/biostimulation without (BAEGO), biostimulation with aeration
(BEAGO). biostimulation without aeration (BEGO), natural attenuation with aeration

(NAAGO). natural attenuation without aeration (NAG0) after 60 days. The enrichment
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cultures are represented as BPB 1.8. BPB 1.20. BPB 1.26 and BPB 1.35. The x-axis

shows community similarities based on Dice coefficient.
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Figure 1
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Figure 2
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Click here to download Figure: Figure_3.tif
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Table 1

Table 1. Production of microorganisms (phases 3 and 4) used in the consortium for large-scale

treatment of hydrocarbon-contaminated soils.

Phase 3* Phase 4%

Microorganisms (10 L reactor) (100 L reactor)
Incubation period (h) Gram Growth  pH Gram Growth pH

staining (ODsso) staining (ODsen)
Pseudomonas mendoncina BPB 1.8
3 nd nd nd + 1.203 74
6 nd nd nd + 1.420 72
9 nd nd nd + 1.521 7.6
15 + 0.608 7.0 nd nd nd
23 nd nd nd + 1636 8.0
Bacillus cereus BPB 1.20
3 nd nd nd + 1.117 7.5
6 nd nd nd + 1402 69
9 nd nd nd + 1.518 7.0
15 + 0.707 7.0 nd nd nd
23 nd nd nd + 1.840 8.0
Bacillus sphaericus BPB 1.35
3 nd nd nd + 0.951 7.0
] nd nd nd + 1.109 74
9 nd nd nd + 1.381 IN)
15 + 0.500 73 nd nd nd
23 nd nd nd + 1.697 7.7
Bacillus cereus- BPB 1.26
3 nd nd nd + 1.209 7.5
6 nd nd nd + 1.510 7.5
9 nd nd nd + 1.670 7.8
15 + 0.700 7.0 nd nd nd
23 nd nd nd + 1985 8.0

*The production of microorganisms was conducted in four phases: (1) the pre-inoculum of each
microorganism was generated i 10 mL of sterile nutrient broth for 24 h at 37 °C with shaking (200

rpm); (2) after incubation, the 10 mL pre-inoculum was transferred to 300 mL sterile nutrient broth and

incubated for an additional 12 h at 37 °C with shaking (200 rpm): (3) the 300 mL inoculum was

subsequently transferred to a 10 L reactor contamning sterile nutrient broth, and incubated for 15 h at 37

°C with shaking (200 rpm); and (4) the contents of the 10 L reactor was transferred to a 100 L reactor

containing sterile nutrient broth (0.5 g/L MgSO4, 0.05 gL MnSOsand 0.1 g/L CaCl:) and incubated at

37 °C under agitation at 400 rpm.
Nd: not deternuned
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Table 2

Table 2. Physico-chemical characteristics of diesel oil-contaminated soils.

Treatments

Parameters

NA® BE® BAE®
Organic matter (%) 28 4.1 5
Clay (%) 12 7 7
pH 6.5 6.7 64
P (mg/ dm?) 30 40 47
K (mg/ dm®) 158 80 78
Al (mmol: /dm?) 0 0 0
Ca (mmol. /dm?) 10.1 129 8.9
Mg (mmol. /dm?) 28 2.2 13
Al+H (cmol. /dm?) 1.5 1.0 1.0
Ca'Mg 3.5 6.0 7.0
CaK 25 63 45
Mg/K 7 11 7
S (mg/ dm’) 134 88 108
Zn (mg/dm’) 60 141 187
Cu (mg/dm®) 32 86 106
B (mg/dm?) 0.5 43 25
Mn/Mg (mg/dm®) 40 47 29

“NA: natural attenuation; "BE: biostimulation; “BAE: bioaugmentation/biostimulation.
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Table 3

Table 3. Analysis of the degradation of the total petroleum hydrocarbons (TPHs) present in soils

contaminated with diesel oil

Total petroleum hydrocarbons - TPHs

(mg/kg soil)
Time (days) With aeration Without aeration
NA® BE" BAE® NA® BE" BAE®
0 3.621 1.586 6.703 3,621 1.586 6.703
30 1.904 1,247 7.216 8,675 4,828 3,111
60 <113 2,416 4570 4,057 1.625 969

“NA: natural attenuation:; *BE: biostimulation: “BAE: bicaugmentation/biostimulation.
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Table 4

Table 4. Analysis of the degradation of petroleum hydrocarbons light fractions present in soils

contaminated with diesel oil

Petroleum hydrocarbons light fractions

(mg/kg soil)

Time (days) With aeration Without aeration

NA® BE® BAE* NA* BE® BAE"®
Fraction (Cs—Cii)
0 <56.8 =20.8 487 <56.8 <20.8 487
30 <51.9 <58 <128 <106 =594 <61
60 <11.3 =572 <117 <558 <56.5 <255
Fraction (C1—Cis)
0 134 76 1146 134 76 1146
30 555 <58 494 =106 86 66
60 <113 =572 <117 <558 <57.5 <255

*NA: natural attenuation; "BE: biostimulation;
Values = less than the limit of quantification.

‘BAE: bioaugmentation/biostimulation.
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Table &

Table 5. Analysis of the degradation of petrolenm hydrocarbons heavy fractions present in soils

contaminated with diesel o1l

Petroleum hydrocarbons heavy fractions

(mg/kg soil)

Time {days) With aeration Without aeration

NA*® BE® BAE"® NA® BE® BAE"®
Fraction (Cis—Cag)
0 480 357 1.605 480 357 1.605
30 455 121 1.318 876 620 491
60 <11.3 238 1.120 427 146 181
Fracfion (Cap—Cag)
0 3.007 1,153 34065 3,007 1.153 3.465
30 1.393 1.126 5504 7,799 4,122 2.554
60 <113 2,178 3450 3,630 1.479 788

*NA: natural attenuation; "BE: biostimulation; “BAE: bicaugmentation/biostimulation.
Values < less than the limit of quantification.
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Table 6

Table 6. Determination of the Shannon-Wiener diversity index for bioremediation treatments after
incubation for 60 days.

Treatment Shannon-Wiener diversity index
BPB 138 0.6021
BPB1.20 0.6021
BPB 1.26 0.9031
BPB 135 0.7782
BAE 0.8451
BE 1.2553
NA 1.2304
BAEA30 1.1761
BAE30 1.1461
BEA3D 1.1761
BE30 1.2441
NAA3D 1.2304
NA30D 1.3001
BAEAGD 1.0792
BAEG6D 1.2041
BEAGD 1.1761
BEG60D 1.1761
NAAGD 1.2553
NAGD 1.1761

The enrichment cultures are represented as BPB 1.8, BFB 1.20, BPB 1.26 and BPB 1.35.

Soil treated through bioaugmentation/biostimulation (BAE), biostimulation (BE) er natural
attenuation (NA) at time 0. Bioaugmentation/biostimulation with aeration (BAEA30),
bioaugmentation/ biostimulation without aeration (BAE30), biostimulation with aeration (BEA30),
biostimulation without aeration (BE30), natural attenuation with aeration (NAA30), natural
attenuation without aeration (NA30) after 30 days and bioaugmentation/biostimulation with
aeration (BAEAGD). bioaugmentation/biostimulation without (BAEGD), biostimulation with
aeration (BEAG0), biostimulation without aeration (BEG0), natural attenuation with aeration
(NAAGO), natural attenuation without aeration (NAG0) after 60 days.
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5-DISCUSSAO GERAL
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A utilizacdo dos recursos naturais acompanha 0s avancos na ciéncia e tecnologia
desde a revolucdo industrial e tém permitido ao homem explorar de forma mais intensa 0s
recursos, gerando distarbios importantes nos ciclos de energia globais (ELDREDGE, 1999;
PULITANO, 2003). A medida que a exploracdo aumenta, os impactos gerados se tornam
mais evidentes, incapacitando a autodepuracdo dos ecossistemas, resultando assim na
acumulacao de poluentes para niveis problematicos ou mesmo perigosos.

Aliados a isso, 0 descuido com a producdo, transporte, armazenamento e
vazamentos de produtos derivados de petrdleo acabam por contaminar solos e aguas, sendo
a agua essencial para a sobrevivéncia de toda a populacdo do planeta (Farhadian et al.,
2008).

A fim de minimizar e/ou eliminar essas contaminacgdes, surge a necessidade do
desenvolvimento de tecnologias de remediacdo que sejam Vvidveis, rapidas e
implementaveis em uma grande variedade de configuracdes fisicas, ja que é reconhecido o
perigo potencial que misturas quimicas complexas como hidrocarbonetos totais de petréleo
(TPH), podem representar perante a saide humana e ambiental (Khan et al., 2004).

Neste contexto, o principal objetivo deste estudo, foi o desenvolvimento de uma
formulacdo comercial, composta por micro-organismos e que pudesse vir a ser aplicada
diretamente no ambiente contaminado, utilizando ou ndo o auxilio de outras técnicas de
remediacdo. Para apresentar os resultados, esse trabalho foi divido em dois capitulos. O
Capitulo 1, inicia pelo isolamento de 34 micro-organismos bioprospectados em solo com
historico de contaminacdo por hidrocarbonetos. A escolha pelo solo ja contaminado se deu
ao fato de que a exposicdo dos micro-organismos a contaminacgédo cronica pode aumentar a
possibilidade de selecdo de organismos com capacidade para metabolizagdo de poluentes

dessa especie, ja que a exposicdo prolongada da comunidade microbiana ao contaminante
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pode realizar uma pressédo seletiva sobre a mesma, permitindo a sua sobrevivéncia no meio
impactado.

Os isolados bioprospectados foram submetidos a técnica que utiliza um indicador
redox (TTC) no meio minimo mineral com o contaminante, para avaliar a capacidade de
metabolizacdo dos poluentes pelos micro-organismos. A interpretacdo do teste € baseada
na mudanca de coloragcdo do meio de cultura, de incolor para cor-de-rosa, devido a reducao
do TTC para TPF. Apesar se ser um teste preliminar é usado em diversos trabalhos
(Hanson et al., 1993; Roy et al., 2002; Cerqueira et al., 2011; Meyer et al., 2014; Colla et
al., 2014), demonstrando ser uma técnica simples, que fornece resultados rapidos e
confiaveis.

Os resultados identificaram 12 isolados positivos ao indicador, os quais foram
identificados pelo sequenciamento parcial do gene 16S rRNA, avaliadas quanto a producao
de biossurfactantes e seu crescimento exponencial. Utilizando o mesmo solo da
bioprospeccéo, foi realizado o experimento de biorremediacéo, contemplando as técnicas
de atenuacdo natural, bioaumentacdo e bioestimulacdo, acompanhados pela técnica de
liberacdo de CO, e determinagdo de micro-organismos degradadores e heterotroficas
através da técnica do NMP.

Para a técnica de bioaumentacdo foi utilizado um consércio com cinco micro-
organismos, BPB 1.6, BPB 1.15, BPB 1.22, BPB 1.13 e BPB 1.26 (nomenclatura referente
a colecdo de micro-organismos da empresa Bioplus), sendo (Pseudomonas mendocina,
Bacillus cereus, Acinetobacter calcoaceticus, Bacillus subtilus, Bacillus cereus).

Os resultados mostraram que apos 60 dias de experimento, as concentracdes de

TPH realizadas por cromatografia a gas tiveram uma reducdo significativa para 0s
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tratamentos de atenuacdo natural, bioaumentacdo e bioestimulagéo, sendo 84, 90 e 91 %
respectivamente.

Entretanto, quando analisamos os resultados de 40 dias de tratamento, observamos
que as taxas de degradacdo ainda estdo lentas nos tratamentos de atenuacdo natural e
bioaumentacdo, enquanto que na bioestimulacdo ja atinge cerca de 70%. Esse aumento
rapido no tratamento infere que a otimizacdo dos nutrientes ndo limita a atividade
microbiana (Kauppi et al.,2011), e que a sua adicdo em poucos dias ja estimula as
populacgdes indigenas a degradacdo dos hidrocarbonetos (Chang et al.,2010).

Ja no tratamento de bioaumentacdo, optou-se pela inoculacdo sucessiva, realizada
semanalmente durante 60 dias, visto que trabalhos recentes envolvendo essa metodologia
tém obtido resultados satisfatorios no tratamento de solos impactados, chegando a uma
eficiéncia maior que 30% em relacdo a bioaumentacdo convencional (Lebkowska et al.,
2011; Tahhan et al., 2011; Colla et al., 2014).

No entanto, a adi¢cdo sucessiva de micro-organismos pode ter gerado inicialmente
uma competicdo por fonte de carbono com a microbiota ja presente na amostra, e por isso a
degradacdo mais tardia. Conforme Alisi et al. (2009), os micro-organismos passam por
uma fase adaptativa a fim de mudar a sua dindmica de degradacéo e assimilacéo, fazendo
com que a degradacdo ocorra ap6s algum periodo, ou mesmo, a transformacdo dos
contaminantes em novas fontes de carbono, pode tornar as mesmas indisponivel para a
microbiota.

Podemos dizer que ndo houve diferenca significativa entre os tratamentos, e que o
tratamento de atenuacdo natural embora ndo recebesse estimulo obteve um alto nivel de
degradacdo, conforme resultados apresentados por outros autores (Sabaté et al., 2004;

Bento et al., 2005a; Couto et al., 2010). No entanto as taxas de degradacdo apresentadas
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pelos os tratamentos foram elevadas e embora o consorcio microbiano ndo tenha
apresentado vantagem sobre a microbiota nativa do solo, ele se mostrou eficiente no final
do experimento promovendo a degradacdo de hidrocarbonetos praticamente na mesma
proporcéo que os demais tratamentos.

Ap0s estes resultados, o trabalho objetivou avaliar os tratamentos em maior escala,
portanto, os resultados apresentados no Capitulo 11, mostram os experimentos realizados
com 300 Kg de solo contaminado com hidrocarbonetos, conforme Figura 5, e a
composicdo de um novo consorcio microbiano produzido em escala de 100 Litros.

Além disso, para compreender melhor como a biorremediacdo influencia na
biodiversidade das populacGes nativas do solo, as alteracBes ocorrentes ao longo do
periodo de incubacdo foram acompanhadas por analise de eletroforese em gel com
gradiente desnaturante (DGGE).

Neste experimento cada caixa correspondia a um tratamento (AN: atenuacao
natural, BAE: bioaumentacgéo/bioestimulagédo e BE: bioestimulacdo), sendo que as mesmas
eram divididas por uma barreira fisica para que apenas um dos lados recebesse a injecdo de
ar.

A umidade foi mantida em todos os tratamentos e as aplicacdes foram realizadas
semanalmente com a adi¢do dos respectivos estimulos: solugdo nutriente para o tratamento
de BE e solugdo nutriente + consércio no tratamento BAE, onde o consorcio foi composto
pelos isolados: BPB 1.8, BPB 1.20, BPB 1.3, BPB 1.26 (P. mendoncina, B. cereus, B.
sphaericus, B. cereus), sendo que um dos isolados de B.cereus ja tinha sido utilizado no
experimento anterior. As amostras foram analisadas no tempo 0, 30 e 60 dias para

diferentes fragdes de TPHs: Cg—Ciy, C11—Cis, C1s—Cypo € Ca—Cao pOr cromatografia gasosa.
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Paralelamente foi montando um experimento de bancada em microcosmo utilizando o
mesmao solo para acompanhar a liberacéo do CO,.

Para a otimizacdo da producdo dos micro-organismos em grande escala -100 Litros,
foram seguidos os mesmos procedimentos ja usados na empresa Bioplus para a producéo
dos micro-organismos referente aos seus produtos. Isso facilitou a formacdo do inoculo
(2,24 x 10® UFC/mL) de cada micro-organismo, o qual foi utilizado em volume de 500 mL
para cada aplicacao realizada semanalmente durante os 60 dias de experimento.

As analises de cromatografia mostraram que a injecdo de ar foi importante somente
para o tratamento de AN, atingindo 98% de degradacdo, enquanto que sem aeracdo, a
concentracdo total dos hidrocarbonetos aumentou 12%. Nos demais tratamentos a injecdo
de ar ndo foi tdo efetiva. No tratamento de BE, as concentracdes totais dos contaminantes
aumentaram em relacdo ao tempo inicial, tanto com a aeracao (52%) quanto sem aeracao
(2%). Ja o tratamento de BAE com aeracdo obteve 32% de degradacdo e sem aeracao a
degradacéo foi de 85%. Esse fato pode estar relacionado a umidade, que embora tenha sido
controlada

em todos os tratamentos, pode ter ficado muito baixa ou muito alta para os solos tratados
com BE e BAE, fato que pode ter sido gerado pela adi¢do sucessiva dos nutrientes e do
consorcio, fazendo com que o solo fosse impactado nestes dois tratamentos.

Nos tratamentos de AN a contaminacdo inicial foi 3.007 mg/kg , sendo que ap6s 30
dias de monitoramento sem a injecdo de ar, a contaminacao atingiu uma concentracdo de
7.799 mg/kg, caindo para 3.630 mg/kg apds 60 dias de tratamento, se mantendo acima da
concentracdo inicial. Enquanto que com a injecdo de ar apo6s 60 dias de tratamento nao

foram detectadas contaminacGes dentro do limite de quantificacdo da técnica.
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Os tratamentos de BE tinham a menor concentracéo de contaminacao, 1.153 mg/kg,
e em ambas as condi¢des (com ar e sem ar) as contaminacdes aumentaram ao final do
experimento. Quanto ao tratamento de BAE que continha a maior concentracao inicial de
contaminacdo, 3.465 mg/kg, na condicdo com ar ap6s 30 dias de experimento, a
contaminacdo aumentou para 5.504 mg/kg , vindo a diminuir ap6s 60 dias. Ja na condigéo
sem ar a maior reducéo aconteceu com 60 dias de experimento ficando em 788 mg/kg.

Essas diferencas iniciais de contaminacdo se deram porque as coletas foram
realizadas em diferentes postos de combustiveis, em razdo do grande volume de amostra
utilizado nos experimentos.

Em relacdo as fracGes leves (Cg—Ci1 , C11—Ci4 € C14—Cy), elas estavam presentes
em maior proporcdo no solo tratado com BAE e foram degradadas praticamente nos
primeiros 30 de experimento, sem a injecdo de ar. Ja as fracbes pesadas (Caz—Cao)
representavam a maior contaminacao em todos os solos.

Conforme observado por Bento et al., (2005a), as fracdes mais leves TPH séo
primeiramente degradadas pelos micro-organismos, uma vez que essas fraches sao
compostas por fontes de hidrocarbonetos lineares e de cadeia aberta. Com a diminuigéo
desta fonte de carbono, os micro-organismos passam a degradar os hidrocarbonetos mais
recalcitrantes (hidrocarbonetos aromaticos, provavelmente com maior peso molecular) de
forma menos eficiente. Também é possivel que a degradacéo de hidrocarbonetos de maior
peso molecular tenha produzido intermediarios toxicos, o que justifica 0 aumento de
contaminantes em alguns momentos do experimento, conforme também observado em um
estudo de Colla et al. (2014).

Esses intermediarios toxicos fazem parte da Mistura Complexa ndo Resolvida

(MCNR), a qual inclui alcanos ciclicos, ramificados e produtos de transformagdes polares.
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A presenca dessas misturas em amostra serve como indicadores da presenca de
hidrocarbonetos degradados (Volkman et al., 1992). Alguns estudos mostram que devido
as suas estruturas, os compostos ndo resolvidos sdo resistentes a degradacdo, gerando o
acumulo destes compostos no ambiente (Gough & Rowland,1990).

Analisando os resultados apresentados, podemos inferir que o tratamento BAE sem
ar se mostrou mais eficiente em relacdo aos demais, primeiramente porque apresentou uma
concentracdo de contaminantes maior que 0s demais tratamentos, vindo a atingir 85 % de
degradacdo ao final do experimento e segundo porque esse tratamento ndo necessitou a
injecdo de ar para promover a degradacéo.

Para alguns autores, o uso da injecdo de ar para auxiliar na degradacdo € um
processo caro e ineficiente (Coates et al.,1998). Segundo 0s mesmos autores, outros
aceptores de elétrons como nitratos e sulfatos sdo sollveis em agua e apresentam um
melhor desempenho. Segundo Cyplik et al. (2011), mudancas na aeracdo ndo afeta a
comunidade bacteriana, uma vez que a maioria dos degradadores no consorcio pode
mudar o seu metabolismo a partir da disponibilidade dos hidrocarbonetos. Ja Muckian et
al. (2009), fizeram o uso de ar em microcosmos apenas na bioestimulagdo, para testar a

degradacdo de fenantreno e fluoranteno e obtiveram uma degradacdo de 80% ap0s 28 dias

de tratamento, assim como Kauppi et al. (2011) que aceleraram a purificacdo do solo

fornecendo em conjunto nutrientes (N, P) e arejamento.

Apesar de haver muitos estudos sobre biorremediagéo de solos contaminados com
hidrocarbonetos, percebemos que os estudos em grande escala ainda sdo limitados. Os
poucos estudos apresentados nessas proporgdes, normalmente se ddo em biopilhas ou
biorreatores. Quando em biorreatores, condi¢bes como pH, temperatura e nutrientes sao
controlados, podendo atingir uma remocao de hidrocarbonetos entre 75 e 100 % (Moscoso
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et al., 2012). Ja os estudos em biopilhas se assemelham ao trabalho apresentado, uma vez
que trabalham com as condicGes naturais locais. Lebkowska et al.(2011), pesquisaram o
impacto da bioaumentacdo sucessiva em uma biopilha contaminada com o6leo diesel e
combustivel de aviacdo. Obtiveram uma degradacdo de 50% a mais em relacdo ao controle
(atenuacédo natural) e 30% no solo com apenas uma inoculacdo, resultando uma remocao
de 80% do solo contaminado com 0leo diesel e 98% do solo contaminado com combustivel
de aviacéo.

Quando analisamos os efeitos dos tratamentos de biorremediacdo sobre a estrutura
e dindamica da comunidade bacteriana dos solos, observamos que o tratamento BAE
formou um cluster com os quatro micro-organismos adicionados no consércio e o0 manteve
por 30 dias, sob condi¢cdes sem aeracdo. Isso representou um maior crescimento em
comparagdo com a comunidade natural do solo. Ja o tratamento de BE e BEA com aeracgéo
no tempo 0 mostraram 90% de similaridade durante os primeiros 30 dias, enquanto que 0s
tratamentos BE e AN sem aeracdo apresentaram similaridade de 75% ao longo do
experimento (0, 30 e 60 dias).

Entretanto, o indice de diversidade de Shannon-Wiener, mostra que ndo houve
diferenca significativa na biodiversidade dos tratamentos, 0 que sugere que a microbiota
nativa atuou de forma sinérgica com 0s micro-organismos inoculados no tratamento
bioaumento.

Comparando os resultados apresentados nos dois capitulos, concluimos que ambos
0s consorcios utilizados se mostraram eficientes, no entanto, quando se tenciona a
estimulacdo da degradacdo de hidrocarbonetos por micro-organismos, devemos levar em
conta que as variagdes ambientais sdo bem menores em escala laboratorial, onde fatores

como nutrientes; umidade; temperatura; aeracao; pH; estrutura quimica dos contaminantes,
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entre outros, podem ser melhor controlados. Esses fatores sdo fundamentais na efetividade
do processo de biodegradacdo dos hidrocarbonetos, quer seja isoladamente, quer seja suas
interfaces.

Assim, a opcdo para a composicdo da formulacdo comercial a ser utilizada pela
empresa Bioplus para a producédo do biorremediador para hidrocarbonetos sera o segundo
consorcio, composto por BPB 1.8, BPB 1.20, BPB 1.3, BPB 1.26 (P. mendoncina, B.
cereus, B. sphaericus, B. cereus). Com base nas literaturas consultadas, estes géneros de
bactérias estdo entre 0s mais importantes para a degradacdo de hidrocarbonetos no solo,
(Okpokwasili et al. 2006; Watanabe e Hamamura, 2003; Ollivier e Magot, 2005; Bento et
al.,2005b; Xu et al., 2013) e segundo a Lista de Remediadores Registrados no IBAMA
(2015), alguns desses micro-organismos ja sao utilizados para a producdo de
biorremediadores, como é o caso do B. cereus, utilizado para a composicdo dos
remediadores BAC TRAT; BIOMIX; BIOMIX L.

Com a producdo em escala da formulagdo remediadora para hidrocarbonetos
estaremos colocando no mercado um produto eficiente e 100% brasileiro, ja que todos os
micro-organismos sdo isolados de solos brasileiros, disponibilizando uma tecnologia

segura, ambientalmente saudavel e rentavel.
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6- CONCLUSOES
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Foi possivel isolar, selecionar e identificar micro-organismos potencialmente
degradadores de hidrocarbonetos;

Testar sua eficiéncia na producdo de biossurfactantes;
A formacéo dos consorcios bacterianos refletiram resultados satisfatorios nos
experimentos de biaumentacéo;

O experimento em grande escala se mostrou efetivo para todos os tratamentos,
sendo melhor representado pelo tratamento BAE;

A injecdo de ar se mostrou eficiente apenas para o tratamento de AN;

A producgéo de micro-organismos em reator de 100 Litros facilitou a formulagéo do
indculo de 500 mL;

E possivel uma formulagio comercial para a degradagio de hidrocarbonetos e sua

aplicacdo pode ser efetiva, dependendo das caracteristicas da area contaminada.
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7- PERSPECTIVAS
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Identificar as fracGes de hidrocarbonetos assimiladas durante o processo de
biorremediacdo do solo contaminado pelos isolados, através do método de CG-FID,
para poder avaliar qual a melhor concentragdo de cada isolado na formulagdo do
remediador;

Testar a formulacgdo diretamente em um ambiente contaminado;

Fazer um metagenoma neste ambiente para identificar se o inoculo esta presente;
Otimizar a producdo da formulacdo junto a empresa Bioplus Desenvolvimento
Biotecnoldgico Ltda;

Proceder aos registros da formulacdo junto aos 6rgdos competentes.
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