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RESUMO

Os biossurfactantes, compostos tensoativos produzidos por micro-
organismos, vem sendo utilizados com sucesso na remediagdo de solos em
funcdo da eficiéncia dessas biomoléculas no aumento da dispersdo e da
biodegradagdo de hidrocarbonetos e de suas propriedades como
biodegradabilidade e toxicidade reduzida. Nesse sentido, esse trabalho teve
como obijetivo investigar a aplicagdo de dois biossurfactantes, sendo um obtido
da levedura Candida sphaerica e outro da bactéria Bacillus sp., produzidos a
partir de residuos industriais, na remediagdo de hidrocarbonetos de 6leo
lubrificante de motor em solo arenoso contaminado em laboratério. Os
biossurfactantes foram testados na remocido do 6leo em ensaios cinéticos e
estaticos. Estudos comparativos com os surfactantes sintéticos Tween 80 e
Triton X-100 também foram conduzidos. Em seguida, os biossurfactantes foram
aplicados na biorremediacdo do solo arenoso contaminado a fim de avaliar a
capacidade dessas biomoléculas em facilitar a biodegradagao microbiana do
contaminante. Ambos o0s biossurfactantes brutos e isolados mostraram
eficiéncia na remogéo do 6leo de motor da areia contaminada em condigdes
cinéticas (70-90 %), enquanto que os surfactantes sintéticos removeram entre
55 e 80 % do 6leo sob as mesmas condigdes. O aumento na concentragédo dos
biossurfactantes e dos surfactantes sintéticos ndo aumentou o percentual de
remocao do Oleo, enquanto que um tempo de contato de 5-10 min, sob
agitacédo, foi suficiente para a remogdo do Oleo por todos os agentes
tensoativos testados. O biossurfactante bruto e isolado de C. sphaerica foi
capaz de remover cerca de 90 % de 6leo de motor nas colunas empacotadas
quando comparado com o biotensoativo de B. sp., o qual removeu cerca de 40
% do O6leo. Para os experimentos de degradagdo conduzidos na areia
contaminada com o 6leo de motor e enriquecida com melago de cana de
agucar; no entanto, a degradacéo do dleo atingiu aproximadamente 100 %

apés 90 dias na presenca das células do isolado de B. sp., enquanto que o
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percentual de degradagao do 6leo ndo ultrapassou os 50 % na presencga da C.
sphaerica. A presencga dos biossurfactantes aumentou a taxa de degradacéao
do o6leo em 10-20 %, especialmente durante os primeiros 45 dias de
experimento, indicando que os biossurfactantes aceleraram a taxa de
degradacgao dos hidrocarbonetos. Os resultados obtidos demonstraram que os
biossurfactantes testados sédo promissores como agentes de remediacao,
podendo agir ndo s6é na remocgao de 6leos como também no aumento da

capacidade de biodegradagao de poluentes hidrofébicos em solos.

Palavras-chave: Candida sphaerica. Bacillus sp. Biorremediacdo. Petréleo.

Colunas empacotadas.
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ABSTRACT

The Dbiosurfactants, tension active compounds produced by
microorganisms, have been successfully used in bioremediation processes and
soil washing since the efficiency of these biomolecules in increasing the
dispersion and the biodegradation of hydrocarbons. Their properties such as
low toxicity and biodegradability are also very attractive for environmental
applications. Thus, this study investigated potential application of two
biosurfactants for enhanced removal capability and biodegradation of motor oil
contaminated sand under laboratory conditions. The biosurfactants were
produced by the yeast Candida sphaerica and by the bacterium Bacillus sp.
cultivated in low-cost substrates. The ability of removing motor oil from soil by
the two biosurfactants was identified and compared with that of the synthetic
surfactants Tween 80 and Triton X-100. Both crude and isolated biosurfactants
showed excellent effectiveness on motor oil removal from contaminated sand
under kinetic conditions (70-90%), while the synthetic surfactants removed
between 55 and 80% of the oil under the same conditions. The increase in
biosurfactants and synthetic surfactants concentration did not enhance the
removal of oil. A contact time of 5-10 min under agitation seemed to be enough
for oil removal with the biosurfactants and synthetic surfactants tested. The
crude and the isolated biosurfactant produced by C. sphaerica were able to
remove high percentages of motor oil from packeded comumns (around 90%)
when compared to the biosurfactant from Bacillus sp. (40%). For the
degradation experiments conducted in motor oil contaminated sand enriched
with sugar cane molasses, however, oil degradation was approximately 100%
after 90 days in the presence of B. sp. cells, while the percentage of oil
degradation did not exceed 50 % in the presence of C. sphaerica. The presence
of the biosurfactants increased the degradation rate in 10-20%, especially
during the first 45 days of the experiments, indicating that biosurfactants acted

as efficient enhancers for hydrocarbon biodegradation. The results indicated the
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biosurfactants enhancing capability on both removal and rate of motor oil

biodegradation in soil systems.

Keywords: Candida sphaerica. Bacillus sp. Bioremediation. Petroleum. Sand-

packed column.



CHAPRAO, M. J. Aplicacdo de Biossurfactantes na Remediacdo de Areia Contaminada
com Hidrocarbonetos

CAPITULO 1



20

CHAPRAO, M. J. Aplicacdo de Biossurfactantes na Remediacdo de Areia Contaminada
com Hidrocarbonetos

1 INTRODUCAO

Com o avancgo da tecnologia, o meio-ambiente tem sido, cada vez mais,
atingido pela geracao de poluentes pelas industrias. As refinarias de petrdleo,
por exemplo, sao fontes potenciais de poluicdo ambiental, uma vez que seus
hidrocarbonetos sdo aplicados como combustiveis derivados de petrdleo e
como precursores de compostos sintéticos em grandes volumes. Quantidades
consideraveis de produtos petroliferos contaminam o solo e as aguas
subterraneas como consequéncia de vazamentos e derramamentos de
processos de refino e transporte de petrdleo e tanques de armazenamento
(SILVA et al., 2014).

A cada ano, cerca de 1.680.000 gal (~ 40 mil barris) de petréleo sao
derramados por insuficiéncia de gasodutos e mais de 200 mil de tanques de
armazenamento subterraneo nos EUA, causando grandes riscos ambientais
(HUESEMANN, 2004). O derramamento de petréleo é responsavel por
aproximadamente 15 % de todos os incidentes de polui¢do na Inglaterra, com
cerca de nove ocorréncias por dia, resultando em um milhdo de toneladas de
derramamento de éleo em ecossistemas terrestres a cada ano (STROUD et al.,
2007).

No Brasil, mais especificamente no Estado de Sao Paulo, os valores
orientadores para solos sao descritos para os hidrocarbonetos policiclicos
aromaticos (HPA), o que corresponde a soma das concentragbes de dez
compostos prioritarios selecionados pela CETESB. Vale ressaltar que no Brasil
nao existe uma legislacdo especifica para HPA total, bem como para
hidrocarbonetos totais de petroleo (HTP) (ANDRADE et al., 2010).

A Agéncia de Protecdo Ambiental dos E.U.A. (US EPA) tem proposto
varias tecnologias para o tratamento dos solos contaminados por
hidrocarbonetos derivados do petréleo, incluindo métodos quimicos, fisicos e
biologicos (U.S. EPA, 2001; BRITISH PETROLEUM, 2010).
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Um dos métodos mais investigado € a biorremediacdo, que utiliza a
habilidade de degradacao natural de plantas ou microrganismos, usualmente
fungos ou bactérias, para converter parcialmente os contaminantes em
compostos menos tdxicos ou totalmente em gas carbdnico e agua.

No Brasil, at¢é o momento, apenas alguns estudos foram realizados
abordando a tematica de biorremediacdo de solos. Ao contrario, em outros
paises, como nos Estados Unidos, essa questao é estudada com frequéncia,
tanto no meio académico como no industrial. Por isso, nos ultimos anos, a
biorremediacdo de solos tem se tornado tema recorrente de muitos estudos
académicos, gerando literatura técnico-cientifica abundante (ANDRADE et al.,
2010).

Embora a biorremediacdo seja um meétodo efetivo e ambientalmente
compativel, o tempo e os custos necessarios para tratamento nesse processo
nao sao viaveis para o tratamento de uma grande quantidade de residuos.
Contudo, alguns métodos tais como a lavagem de solos, utilizados para
separacao dos contaminantes sem provocar danos quimicos ao solo, podem
aumentar acentuadamente a velocidade da taxa de biodegradagéo (FRACCHIA
et al., 2012; BANAT, 2010). O método de lavagem do solo é rapido e eficiente,
apresentando potencial de aplicagdo na remog¢ao de uma grande quantidade
de poluentes (URUM et al., 2004).

A biorremediacdo de solos e aguas também encontra outros obstaculos
associados a biodegradacao dos hidrocarbonetos do petroleo, uma vez que
esses compostos hidrofébicos se ligam as particulas do solo e apresentam
pouca solubilidade em &gua, o que reduz biodisponibilidade para os
microrganismos e limita, consequentemente, a transferéncia de massa para a
biodegradagao. Segundo Kuyukina et al. (2005), a penetragao do 6leo através
do solo € um processo extremamente complexo incluindo fatores fisicos,
quimicos e biologicos.

A chave do processo para o aumento da biodisponibilidade dos dleos
contaminantes € o transporte da carga poluente para a fase aquosa. Nesse

contexto, a utilizagdo de compostos surfactantes surge como alternativa para o
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aumento da solubilidade dos o6leos, permitindo a dessor¢cao e consequente
solubilizacdo dos hidrocarbonetos, facilitando, assim, a assimilacdo desses
compostos pelas células microbianas (BURGHOFF, 2012).

Estudos recentes mostram que os surfactantes microbianos, metabdlitos
produzidos por bactérias e leveduras, tém habilidade para solubilizar e
mobilizar efetivamente compostos organicos adsorvidos no solo (WANG et al.,
2008). Alguns surfactantes sintéticos, como o Triton X — 100 e o Tween 80
também apresentam habilidade de aumentar a concentracdo dos compostos
nao polares na fase aquosa. Contudo, o uso de surfactantes sintéticos esta
associado a efeitos toxicos e a resisténcia a biodegradacao desses compostos
(PACWA-PLOCINICZAK et al., 2011).

Comparados com os surfactantes sintéticos, os biossurfactantes, em
geral, exibem forte compatibilidade ambiental, maior atividade superficial,
toxicidade reduzida e alta biodegradabilidade (MULLIGAN, 2009). Por essa
razao, os biossurfactantes sao fortes candidatos a utilizacdo na biorremediacao
de solos contaminados e ambientes aquaticos (MARCHANT; BANAT, 2012),
além de serem produzidos por fontes renovaveis como a fermentacio
microbiana, apresentando, assim, vantagem quimica frente aos similares
sintéticos.

De acordo com a literatura, do ponto de vista ambiental, a substituicao
de surfactantes quimicos por biossurfactantes reduz o ciclo de vida das
emissdes de CO2 em 8 %. Nesta base, estima-se que 1,5 milhées de toneladas
de emissbes de CO:2 sejam evitadas (RAHMAN; GAKPE, 2008). Os
biossurfactantes ocupam cerca de 10 % da produgdo total mundial de
tensoativos (cerca de dez milhdes de toneladas por ano), sendo fornecidos
para varios setores industriais além do petrolifero, como o alimenticio
(producdo de emulsificantes em alimentos), o farmacéutico (formulagdo de
hidratantes, cremes, medicamentos), o meédico (produgdo de agentes
antimicrobianos), o agricola (producdo de fertilizantes pra solos) e o civil
(tratamento de residuos, esgotos) entre outros (VAN BOGAERT et al., 2011).
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A aplicagao de biossurfactantes para remover os contaminantes oleosos
de solos é uma tecnologia onde a eficiéncia de remogao € impulsionada
principalmente pelas propriedades fisico-quimicas dos biossurfactantes. Ao
reduzir a tensdo superficial e interfacial, os biossurfactantes aumentam as
areas de superficie de compostos insoluveis que conduzem a uma maior
mobilidade e biodisponibilidade dos oleos. Em consequéncia, os
biossurfactantes aumentam a biodegradacdo e a remocdo dos compostos
insoluveis (HAZRA et al., 2012).
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2 OBJETIVOS

2.1 Objetivo Geral

Aplicar dois biossurfactantes na descontaminagao ambiental de derivado

de petrdleo em solo arenoso.

2.2 Objetivos Especificos

Produzir dois biossurfactantes, um a partir do isolado da bactéria Bacillus
sp. e outro a partir da levedura Candida sphaerica, em meios e condigdes
previamente estabelecidos.

¢ Isolar os biossurfactantes produzidos.

e Conferir as propriedades surfactantes e tensoativas dos biossurfactantes
isolados em condi¢des previamente estabelecidas.

e Conferir as propriedades surfactantes e tensoativas de dois surfactantes
sintéticos.

e Testar a capacidade de remocdo de derivado de petrdleo pelos
biossurfactantes e surfactantes sintéticos em areia utilizando frascos
através de ensaios cinéticos.

e Avaliar a concentracdo e o tempo de contato dos biossurfactantes e dos
surfactantes sintéticos na eficiéncia de remocdo do o6leo nos ensaios
cinéticos.

e Testar a capacidade de remocdo de derivado de petrdleo pelos
biossurfactantes e surfactantes sintéticos em areia utilizando colunas
empacotadas através de ensaios estaticos.

e Avaliar a concentracao dos biossurfactantes e dos surfactantes sintéticos na
eficiéncia de remogao do 6leo nos ensaios em colunas empacotadas.

e Testar a capacidade de degradacdo de derivado de petrdleo pelos

microrganismos e seus respectivos agentes surfactantes em consércio na

areia contaminada.
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3 REVISAO DE LITERATURA

3.1 Surfactantes

Os surfactantes constituem uma classe de compostos quimicos
utilizados em diversos setores industriais. Esses compostos sdo formados por
estruturas moleculares contendo porgdes hidrofilicas e hidrofébicas que
tendem a se distribuir nas interfaces entre fases fluidas com diferentes graus
de polaridade (6leo/agua) (MUTHUSAMI et al., 2008), promovendo a reducéo
da tensdo superficial e interfacial, conferindo a capacidade de detergéncia,
emulsificagao, lubrificacdo, solubilizacdo e dispersdao de fases (DELEU;
PAQUOT, 2004; GAUTAM; TYAGI, 2006; NITSCHKE et al., 2007).

A importancia comercial dos surfactantes torna-se evidente a partir da
tendéncia do mercado em aumentar a producdo desses compostos em
decorréncia da diversidade de utilizagdes industriais (CALVO et al., 2009). As
aplicagdes industriais sao classificadas de acordo com seus usos: 54 % como
detergentes, 13 % nas industrias téxteis, de couro e de papel, 10 % em
processos quimicos, outros 10 % nas industrias farmacéuticas e de
cosmeéticos, 3 % na industria de alimentos, 2 % na agricultura e os 2 %
restantes em outras aplicagbes (MUTHUSAMY et al., 2008).

A grande maioria dos surfactantes disponiveis comercialmente é
sintetizada a partir de derivados de petroleo. Entretanto, a preocupacao
ambiental entre os consumidores, combinada a novas legislagbes de controle
do meio ambiente tém levado a procura por surfactantes naturais como
alternativa aos produtos existentes (NITSCHKE; PASTORE, 2002).

Varios compostos com propriedades tensoativas sao sintetizados por

organismos vivos, desde plantas (saponinas) até micro-organismos
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(glicolipideos) e também no organismo humano (sais biliares), sendo
considerados surfactantes naturais (MANEERAT, 2005).

Os compostos de origem microbiana que exibem propriedades
surfactantes, isto €, diminuem a tensao superficial e possuem alta capacidade
emulsificante, sdo denominados biossurfactantes e consistem em subprodutos
metabdlicos de bactérias, leveduras e fungos filamentosos (SINGH et al.,
2007).

3.2 Estimativa da Atividade Surfactante

As atividades surfactantes podem ser determinadas por medidas de
alteragdes nas tensbes superficial e interfacial, estabilizacdo ou

desestabilizacdo de emulsdes e balanco hidrofilico/lipofilico (HLB).

A propriedade de maior importancia para os agentes tensoativos é a
tensdo superficial, que é a forca de atragdo existente entre as moléculas dos
liquidos (PACWA-PLOCINICZAK et al., 2011).

Define-se como superficie o limite entre um liquido € o ar e como
interface o limite entre dois liquidos. Dessa forma, as tensbes existentes entre
as fases ar/agua e 6leo/agua sé&o conhecidas como tensdo superficial e tenséo
interfacial, respectivamente (BANAT et al., 2010).

A tensdo superficial é facilmente medida quantitativamente por um
tensidmetro. Esta medicao € a base da maior parte das avaliagdes iniciais para
identificar a presenca de um surfactante no meio. A tensao superficial ar/agua
para a agua destilada € de aproximadamente 72 mN/m (ou dynes/cm) e a
tensdo interfacial para a agua destilada contra n-hexadecano €& de
aproximadamente 40mN/m. Tipicamente, surfactantes podem diminuir esses
valores para cerca de 30-40 mN/m e 1 mN/m, respectivamente (PARKINSON,
1985).

A tensao superficial diminui quando a concentragcdo de surfactante no

meio aquoso aumenta, ocorrendo a formagado de micelas, que sdo moléculas
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anfipaticas agregadas com as porg¢des hidrofilicas posicionadas para a parte
externa da molécula e as porgdes hidrofébicas para a parte interna. A
concentracdo dessas micelas forma a Concentragdo Micelar Critica (CMC).
Esta concentragdo corresponde a minima concentragdo de surfactante
necessaria para que a tensao superficial seja reduzida ao maximo. Quando a
CMC ¢ atingida, varias micelas sdo formadas (CORTIS; GHEZZEHEI, 2007;
VAN et al., 2006).

A eficiéncia e a efetividade sao caracteristicas basicas essenciais que
determinam um bom surfactante. A eficiéncia é medida através da CMC,
enquanto que a efetividade esta relacionada com as tensdes superficiais e
interfaciais (BARROS et al., 2007).

Uma emulsdo é formada quando uma fase liquida & dispersa como
goticulas microscoépicas em outra fase liquida continua. Dois tipos de emulsdes
podem ser formadas: agua-em-oleo (a/o) (surfactante mais soluvel em 6leo) e
oleo-em-agua (o/a) (surfactante mais soluvel em agua). A estabilidade de uma
emulsdo depende de muitos fatores, incluindo o tamanho das goticulas
dispersas, que é favorecida através da reducdo da tensado interfacial. A
presenca de emulsificantes e de desemulsificantes estabiliza ou desestabiliza
as emulsdes, respectivamente. A capacidade emulsificante € analisada pela
habilidade do surfactante em gerar turbidez devido a suspensdo de
hidrocarbonetos, como n-hexadecano, em um sistema aquoso em analise,
enquanto que a capacidade de desemulsificacdo € geralmente avaliada pelo
efeito do agente de-emulsionante sobre emulsbes normais preparadas com
agentes tensioativos sintéticos (PARKINSON, 1985).

O valor do HLB indica se o surfactante ird promover emulsdes agua-em-
Oleo ou Oleo-em-agua através da comparagao do seu valor com valores de
HLB de surfactantes conhecidos. A escala de HLB pode ser construida
escolhendo-se o valor de 1 para o acido oléico e o valor de 20 para o oleato de
sddio e usando uma faixa de mistura destes dois componentes em diferentes

proporcdes para obter os valores intermediarios. Emulsificantes com HLB
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menores que seis favorecem a estabilizacdo de emulsdes agua-em-éleo,
enquanto emulsificantes com HLB entre 10 e 18 possuem um efeito oposto,

favorecendo emulsdes oleo-em-agua (PARKINSSON, 1985).

3.3 Biossurfactantes

A maioria dos biossurfactantes conhecidos € produzida em substratos
insoluveis em agua como hidrocarbonetos solidos e liquidos, éleos e gorduras,
embora muitos tenham sido obtidos a partir de substratos soluveis, ou pela
combinacgao destes (VAN et al., 2006).

A possibilidade de producio dos biossurfactantes a partir de substratos
renovaveis e de diferentes espécies microbianas, além da possibilidade de
variagdo de inumeros parametros culturais como tempo de cultivo, velocidade
de agitacdo, pH do meio e nutrientes adicionados, permite a obtenc&do de
compostos com caracteristicas estruturais e propriedades fisicas distintas, o
que os tornam comparaveis ou superiores aos surfactantes sintéticos em
termos de eficiéncia, embora os custos de producéo ainda ndo permitam uma
maior competitividade com seus similares petroquimicos (CANET et al., 2002).
A CMC dos biossurfactantes (medida de sua eficiéncia) varia entre 1-2000
mg/L, enquanto que a tenséao interfacial (6leo/agua) e superficial ficam em torno

de 1 e 30 mN/m respectivamente.

Dados sobre a CMC sao escassos e, mais uma vez, dificeis de
interpretar ou correlacionar. A comparagao entre os valores de CMC de
biossurfactantes e de seus equivalentes quimicos esta apresentada na Tabela
1 e mostra valores de CMC muito mais baixos no caso dos biossurfactantes.
Em principio, quanto menor a CMC, mais eficaz o surfactante e mais favoravel,
do ponto de vista econbmico, a sua utilizagdo em processos industriais
(BOGNOLO, 1999).
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Tabela 1 — Exemplos de Concentragao Micelar Critica de biossurfactantes e
surfactantes quimicos

Agente surfactante CMC (mg/L)
Fosfatidil etanolaminas 30
Acidos fosfatidicos 70
Raminolipideo 20
Surfactina 11
Alquil benzeno sulfonato 590
Lauril sulfato de sédio 2000 -2 900

Fonte: Bognolo (1999).

3.4 Classificacdo dos Biossurfactantes

Os surfactantes sintéticos sdo classificados de acordo com a carga
ibnica que reside na parte polar da molécula. Em funcdo da presencga ou
auséncia de cargas elétricas, podem ser aniénicos, catiénicos, nao-idnicos ou
anfotéricos (MANEERAT, 2005; RON; ROSENBERG, 2001).

A maioria dos biossurfactantes € anidnica ou neutra. Apenas alguns sao
catibnicos, como os que contém grupamentos amina. A parte hidrofobica é
caracterizada por acidos graxos de cadeia longa, enquanto que a porgéo
hidrofilica pode ser um carboidrato, um aminoacido, um peptideo ciclico,

fosfato, um acido carboxilico ou um alcool (BOGNOLO,1999).

Os biossurfactantes sdo comumente classificados de acordo com a
natureza bioquimica ou com a espécie microbiana produtora. Quanto a
estrutura, podem ser classificados em cinco grandes grupos (RAHMAN;
GAKPE, 2008):
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e Glicolipideos, cujo grau de polaridade depende dos hidrocarbonetos
utilizados como substratos. Sdo exemplos os raminolipideos produzidos
por Pseudomonas aeruginosa, e os soforolipideos produzidos por
espécies de Candida.

e Lipossacarideos, os quais normalmente possuem massa molar elevada
e sao soluveis em agua, como o conhecido Emulsan, emulsificante
extracelular produzido por hidrocarbonetos a partir da bactéria
Acinotobacter calcoaceticus.

e Lipopeptideos, como a surfactina, produzida por Bacillus subtilis, um dos
biossurfactantes mais poderosos ja relatados na literatura.

e Fosfolipideos, estruturas comuns a muitos micro-organismos, como o
biossurfactante de Corynebacterium lepus.

e Acidos graxos e lipideos neutros (alguns classificados como

glicolipideos) e proteinas hidrofébicas.

A Figura 1 ilustra algumas estruturas de biossurfactantes, cujos
exemplos apresentam o lipossacarideo emulsan e os glicolipideos

raminolipideo e soforolipideo
Figura 1 - Estruturas tipicas de biossurfactantes glicolipidicos

s
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Fonte: Mukherjee et al.(2006).
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3.5 Micro-organismos Produtores de Biossurfactantes

Uma grande variedade de micro-organismos, incluindo bactérias,
leveduras e fungos filamentosos é capaz de produzir biossurfactantes com
diferentes estruturas moleculares (DELEU; PAQUOT, 2004).

As bactérias dos géneros Pseudomonas e Bacillus sdo descritas na

literatura como grandes produtoras de biossurfactantes.

Os raminolipideos produzidos por Pseudomonas aeruginosa tém sido
extensivamente estudados (ABDEL-MAWGOUD et al., 2010; CHRZANOWSKI
et al., 2012; HENKEL et al., 2012; NITSCHKE et al., 2011). A composi¢ao e 0s
rendimentos dependem do tipo do fermentador, do pH, da composi¢ao dos

nutrientes, dos substratos e das temperaturas utilizadas (MULLIGAN, 2005).

Os Bacillus subtilis sao produtores de lipopeptideos, como a chamada
surfactina, a qual contém sete aminoacidos ligados aos grupos carboxila e
hidroxila do acido C14 (BARROS et al., 2007; LU et al., 2007). Concentragdes
de surfactina menores que 0,005 % reduzem a tensdo superficial para 27
mN/m, tornando o surfactina um dos mais poderosos biossurfactantes. A
solubilidade e a capacidade surfactante da surfactina, por outro lado, depende

do tipo de residuo utilizado como substrato (HUE et al., 2001).

Entre as leveduras, espécies de Candida tém sido largamente
empregadas com sucesso na fermentacdo de hidrocarbonetos e,
consequentemente, para produgdo de biossurfactantes (GUSMAO et al., 2010;
LUNA et al., 2011a,b; 2013; RUFINO et al., 2007; 2008; SARUBBO et al., 1999;
2001; 2006; 2007; SARUBBO; CAMPOS-TAKAKI, 2011).

A Tabela 2 resume as principais classes de biossurfactantes e os

respectivos micro-organismos produtores descritos na literatura.
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Tabela 2 - Principais classes de biossurfactantes e micro-organismos
produtores

Classes

Micro-organismos

Glicolipideos
Raminolipideos
Soforolipideos
Trealolipideos

Lipopeptideos e lipoproteinas
Peptideo-lipideo

Viscosina

Serrawetina

Surfactina

Subtilisina

Gramicidina

Polimixina

Acidos graxos, lipideos neutros

e fosfolipideos
Acidos graxos
Lipideos neutros
Fosfolipideos

Surfactantes poliméricos
Emulsan

Biodispersan

Liposan
Carboidrato-lipideo-proteina
Manana-lipideo-proteina
Surfactantes particulados
Vesiculas

Células

Pseudomonas aeruginosa
Torulopsis bombicola, T. apicola

Rhodococcus erythropolis, Mycobacterium

sp.

Bacillus licheniformis
Pseudomonas fluorescens
Serratia marcenscens
Bacillus subtilis

Bacillus subtilis

Bacillus brevis

Bacillus polymyxia

Corynebacterium lepus
Nocardia erythropolis
Thiobacillus thiooxidans

Acinetobacter calcoaceticus
Acinetobacter calcoaceticus
Candida lipolytica
Pseudomonas fluorescens
Candida tropicalis

Acinetobacter calcoaceticus
Varias bactérias

Fontes: Muthusamy et al.(2008); Pacwa-Plociniczak et al.(2011).
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3.6 Propriedades dos Biossurfactantes

As propriedades fisicas e quimicas dos biossurfactantes, como redug¢ao
da tensado superficial, capacidade espumante, capacidade emulsificante e
estabilizante, concentragdes micelares criticas baixas, solubilidade e poder
detergente sdo muito importantes na avaliagdo de seu desempenho e na
selecdo de micro-organismos com potencial de produgdo destes agentes
(DELEU; PAQUOT, 2004).

Apesar da diversidade de composicdo quimica e de propriedades,
algumas caracteristicas sdo comuns a maioria dos biossurfactantes. Muitas
dessas caracteristicas representam vantagens sobre os surfactantes
convencionais (NITSCHKE et al., 2007):

o atividade superficial e interfacial: os biossurfactantes sao mais eficientes
e mais efetivos do que os surfactantes convencionais, pois produzem menor
tensao superficial a menores concentragoes;

e tolerancia a temperatura, pH e forga ibnica: muitos biossurfactantes podem
ser utilizados sob condi¢des extremas. O lipopeptideo de Bacillus licheniformis
JF-2, por exemplo, é estavel a temperaturas em torno de 75 °C, por até 140
horas e pH entre 5 e 12. Os biossurfactantes suportam concentragdes de 10 %
de sal, enquanto que 2 % de NaCl sao suficientes para inativar surfactantes
convencionais;

e biodegradabilidade: os biossurfactantes sdo facilmente degradados por
bactérias e outros micro-organismos microscopicos na agua € no solo, o que os
torna adequados para aplicagdes na biorremediacéo e tratamento de residuos;
e baixa toxicidade: os biossurfactantes tém recebido maior atengao devido a
crescente preocupacado da populagdo com os efeitos alérgicos dos produtos
artificiais; além disso, sua baixa toxicidade permite o0 uso em alimentos, em
cosméticos e em produtos farmacéuticos;

¢ disponibilidade: biossurfactantes podem ser produzidos a partir de matérias-
primas largamente disponiveis, além da possibilidade de serem produzidos a

partir de residuos industriais;
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e especificidade: biossurfactantes, sendo moléculas organicas complexas
com grupos funcionais especificos também serdo especificos em suas acgdes.
Essa propriedade pode ser de grande interesse da detoxificagdo de poluentes
especificos ou em determinadas aplicagdes nas industrias farmacéutica,
cosmética ou alimenticia;

° biocompatibilidade e digestibilidade, o que garante a aplicagdo dessas

biomoléculas nas industrias farmacéutica, cosmética e alimenticia.

A despeito das vantagens, alguns pontos desfavoraveis devem ser citados,
como (RAHMAN; GAKPE, 2008):

e a produgdo em grande escala de biossurfactantes pode ser dispendiosa.
Esse problema, entretanto, pode ser resolvido pela combinagdo de substratos
de baixo custo;

e a obtencdo de produtos com elevado grau de pureza, que se torna dificil em
virtude da necessidade de etapas consecutivas de purificacdo do liquido
metabdlico;

e a existéncia de espécies super produtoras € rara e as conhecidas nédo sao
capazes de produzir altos rendimentos em surfactantes, além de necessitarem
meios de cultivo complexos;

e a regulagcdo da sintese de biossurfactantes nao esta totalmente
compreendida, uma vez que essas biomoléculas podem ser produzidas como
metabdlitos secundarios ou em associagao ao crescimento microbiano;

e 0 aumento da produtividade é muitas vezes prejudicado pela formacao de

espuma, o que requer a utilizagdo de meios diluidos.
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3.7 Fisiologia dos Biossurfactantes

Os biossurfactantes s&o produzidos por uma grande variedade de micro-
organismos, excretados ou atacados as células, principalmente quando

cultivados em substratos insoluveis em agua (TAN, 2000).

A funcédo do surfactante em uma célula microbiana, no entanto, nao esta
completamente elucidada. Contudo, existem especulagbes sobre o
envolvimento destes na emulsificacdo de substratos insoluveis. O contato
direto da célula com as gotas de hidrocarbonetos e sua interagdo com as gotas

emulsificadas tém sido descritos.

O principal papel fisiologico dos biossurfactantes é permitir aos micro-
organismos crescerem em substratos insoluveis em agua, através da reducgéao
da tenséao superficial entre as fases, tornando o substrato mais disponivel para
ingestdo e metabolismo. Os mecanismos moleculares do processo de ingestéo
destes substratos (ex. alcanos) ndo estdo completamente elucidados. A
ingestao direta dos hidrocarbonetos dissolvidos na fase aquosa, o contato
direto das células com grandes gotas de hidrocarbonetos assim como a
interagcdo com gotas emulsificadas (emulsdo) tém sido descritos (TAN, 2000).
Além da emulsificacdo da fonte de carbono, os biossurfactantes também estao
envolvidos na adesdo das células microbianas ao hidrocarboneto. A adsorcao
celular dos micro-organismos aos substratos insoluveis e a excregao de
compostos surfactantes juntos permitem o crescimento em tais fontes de

carbono.

3.8 Biossintese e Regulacdo dos Biossurfactantes

As vias metabdlicas primarias, nomeadamente hidrocarbonetos e
carboidratos, estdo envolvidas na sintese das porgcdes hidrofébica e
hidrofilicas, respectivamente (DESAI; BANAT, 1997). As vias metabdlicas da

sintese deste dois grupos de precursores sdo diversas e utilizam enzimas
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especificas. Em muitos casos, as primeiras enzimas para a sintese destes
precursores sao regulatorias; consequentemente, a despeito da diversidade,
existem alguns principios comuns sobre sua sintese e regulagdo. As vias
metabdlicas das porgdes hidrofilicas e hidrofébicas tém sido extensivamente
estudadas e estdo documentadas na literatura. De acordo com Syldatik e
Wagner (1987), existem as seguintes possibilidades para a sintese e relagao
entre as duas porgdes de um biossurfactante: a) as porgdes hidrofilica e
hidrofébica sao sintetizadas pela sintese de novo por dois caminhos diferentes;
b) a porgao hidrofilica seria sintetizada pela sintese de novo e a porcao
hidrofébica seria induzida pelo substrato; c¢) a porgdo hidrofébica seria
sintetizada pela sintese de novo e a porgao hidrofilica seria dependente do

substrato e d) a sintese de ambas as por¢des seria dependente do substrato.

Em geral, trés mecanismos, nomeadamente inducdo, repressdo e
nitrogénio e ions multivalentes operam na regulagdo da produgdo de um
biossurfactante. A indugao da sintese de lipideos pela adicdo de acidos graxos
de cadeia longa, hidrocarbonetos ou glicerideos ao meio de crescimento de
Torulopsis magnoliae ou a sintese de trealolipideos por Rhodococcus
erythropolis pela adigdo de hidrocarbonetos e a producdo de um glicolipideo

pela adicdo de alcanos em Pseudomonas aeruginosa tém sido reportados.

A regulagao por nitrogénio ou ions metalicos também possui um papel
importante na sintese de surfactantes. A sintese de raminolipideos em
Pseudomonas aeruginosa apos a exaustao do nitrogénio, na fase estacionaria
de crescimento, foi observada por varios pesquisadores. Contrariamente, a
adicdo de uma fonte de nitrogénio provocou uma inibigdo na sintese de

raminolipideos por células na fase estacionaria de P. aeruginosa.

A limitacdo de cations multivalentes também causa a produgao de
biossurfactantes. Guerra-Santos et al. (1984) demonstraram que, pela limitagao
da concentragdo de sais de magnésio, calcio, potassio, sodio e elementos
tracos, um alto rendimento de raminolipideos pode ser alcancado em

Pseudomonas aeruginosa. A limitacdo de ferro, por exemplo, estimula a
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producao de agentes surfactantes em P. fluorescens e P. aeruginosa, enquanto
que a adicdo de sais de ferro e manganés estimulam a producdo de

biossurfactantes em B. subtilis e Rhodococcus sp.

3.9 Economia na Producéo de Biossurfactantes

Nos processos biotecnolégicos a economia é sempre um fator
importante, especialmente nos casos de produgdo de biossurfactantes. O
sucesso da producdo de biossurfactantes depende do desenvolvimento de
processos de baixo custo e da selecdo de substratos pouco custosos, uma vez
que esses representam de 10 a 30 % do custo total de produgdo. Os
biossurfactantes tém que competir com os surfactantes petroquimicos
considerando trés aspectos: custo, funcionalidade e capacidade de producéao
junto a necessidade de aplicacdo pretendida (BANAT et al., 2010;
CAMEOTRA; MAKKAR, 1998; COIMBRA et al., 2009; MUTHUSAMY et al.,
2008; RUFINO et al., 2008).

O alto custo de producédo dos biossurfactantes pode ser absorvido, se
usados em pouca quantidade, na producido de cosméticos, de medicamentos e
de alimentos; por outro lado, para aplicagdes mais abrangentes, como a
recuperacao de 6leos, a qual requer altos volumes de surfactantes a um baixo
custo, o alto custo de producgao ainda dificulta a utilizacdo dessas biomoléculas
(CAMEOTRA; MAKKAR, 1998).

Pattanath et al. (2008) sugerem quatro fatores para a redugdo dos
custos dos biossurfactantes. Os micro-organismos (selecionados, adaptados
ou cultivados para produgdo em larga escala), o processo (selecionado,
adaptado ou desenvolvido para garantir baixo custo operacional), o meio de
cultura (adaptado para baixo custo) e o processamento de produtos reciclados
(minimos ou gerenciados para venda mais do que para a perda).

A producdo de biossurfactante pode ser espontadnea ou induzida pela
presenca de compostos lipofilicos, por variacbes de pH, temperatura, aeracao

e velocidade de agitagdo, ou ainda, quando o crescimento celular € mantido
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sob condi¢des de estresse, como baixas concentragdes da fonte de nitrogénio
(DESAI; BANAT, 1997).

A producgéo de biossurfactantes a um baixo custo é dificultada quando se
faz necessario uma refinacéo extensiva. Para o desenvolvimento de processos
deve-se usar biossurfactantes capazes de serem recuperados por técnicas
simples e baratas. O processo mais comum de recuperagcdo dos
biossurfactantes €& a extracdo com solventes (cloroférmio-metanol,
dicloremetano-metanol, butanol, acetato de etila, pentano, hexano e acido
acético, entre outros). Todavia, tém sido reportadas técnicas de precipitagéo
dos produtos como a precipitagdo por sulfato de amédnio, centrifugacéo por
cristalizagao, adsorcao, fermentacao fracionaria, etc. (MAKKAR; CAMEOTRA,
2002).

3.10 Utilizagdo de Residuos Industriais na Producéo de Biossurfactantes

Os residuos industriais tém despertado grande interesse dos
pesquisadores como alternativa de substratos de baixo custo para a produgao
de biossurfactantes (MAKKAR; CAMEOTRA, 2002).

A selecao do residuo deve ser conduzida de forma a garantir um certo
balanco de nutrientes que suportem o crescimento microbiano e a produgéo do
biossurfactante. Os residuos industriais com elevado conteudo de carboidratos
ou lipideos se destacam como substratos para producdo de biossurfactantes
(MAKKAR; CAMEOTRA, 1999; MERCADE et al., 1994).

Segundo Barros et al. (2007) a utilizagdo de residuos agroindustriais
para producdo de biossurfactantes € um dos passos para viabilizagdo e
implantacdo desses bioprocessos em escala industrial, sendo necessario o
estudo de diferentes condicionantes para o desenvolvimento de condigdes

adequadas para sua aplicacao.

A literatura descreve a utilizacdo de inumeros residuos para a produgao

de biossurfactantes, como 6leos vegetais e efluentes oleosos (MERCADE et
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al., 1993; SARUBBO et al., 2007; BATISTA et al., 2010), efluente de amido
(FOX; BALA, 2000; THOMPSON et al., 2000), gordura animal (DESHPANDE;
DANIELS, 1995; MANEERAT, 2005), gordura vegetal (GUSMAQ et al., 2010),
residuos de fritura de 6leos vegetais (ALCANTARA et al., 2000; CVENGROS;
CVENGROSOVA, 2004; HABA et al., 2000; MANEERAT, 2005), borra de
sabao (SHABTAI, 1990; BENINCASA et al., 2002; MANEERAT, 2005), melago
de cana (GHURYE; VIPULANANADA, 1994; KALOGIANNIS et al., 2003;
LAZARIDOU et al., 2002; MAKKAR; CAMEOTRA, 1997), residuos da industria
de laticinios (soro de leite) (SUDHAKAR-BABU et al., 1996), milhocina (LUNA
et al., 2011a; 2013; RUFINO et al., 2007; SOUZA SOBRINHO et al., 2008),
manipueira (NITSHKE et al., 2004), residuos de destilaria de 6leos (LUNA et
al., 2011a; 2013; RUFINO et al., 2007) e glicerina (SILVA et al., 2010).

3.11 Aplicacdes dos Biossurfactantes no Meio-Ambiente

Devido as diversas estruturas e propriedades, os biossurfactantes
apresentam aplicacdo em varios processos industriais, além da possibilidade
de novas aplicagdes para estas biomoléculas. Acredita-se que os
biossurfactantes ficardo conhecidos como os “materiais multifuncionais” do
novo século (MARCHANT; BANAT, 2012; MUTHUSAMY et al., 2008).

Até o presente momento, o maior mercado para os biossurfactantes é a
industria petrolifera, onde podem ser usados na limpeza de derramamento de
Oleos, na remogdo de Oleos de tanques de estocagem, na recuperagéo
avancada de petrdleo e na biorremediacdo de solos e aguas (GAUTAM;
TYAGI, 2006; SINGH et al., 2007).

A contaminacdao ambiental causada pela atividade industrial, muitas
vezes, se deve a liberagao acidental ou deliberada de compostos organicos
e/ou inorganicos para o ambiente. Tais compostos representam problemas
para a remediagdo, uma vez que se ligam facilmente a particulas de solo ou se

espalham em meio aquoso. A aplicagdo de biossurfactantes na
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descontaminagédo de compostos organicos, tais como hidrocarbonetos, destina-
se a aumentar a sua biodisponibilidade ou a mobilizar e remover os
contaminantes por pseudossolubilizagdo e emulsificagdo durante um
tratamento de lavagem. A aplicagdo de biossurfactantes na recuperagéo de
compostos inorganicos, tais como metais pesados, por outro lado, envolve a
acao quelante e remocgao de tais ions durante a etapa de lavagem, a qual é
facilitada pelas interagbes quimicas entre os compostos anfifilicos e os ions
metalicos (BANAT et al., 2010; OLKOWSKA et al., 2012).

Aplicac&o na biorremediagéao

Biorremediacao é a habilidade de organismos vivos em transformar ou
mineralizar contaminantes orgénicos gerando substancias menos nocivas, que
possam ser integradas ao ciclo biogeoquimico natural. Contudo, a
biodegradabilidade desses contaminantes é influenciada por fatores como
oxigénio, pH, presenca de macro e micro nutrientes, caracteristicas fisico-
quimicas do historico da poluigdo do contaminante ambiental e das particulas
de solo ou outras as quais os organismos e contaminantes possam estar
adsorvidos (MARGESIN; SCHINNER, 2001).

Os compostos anfipaticos sao capazes de alterar as condicdes fisico-
quimicas nas interfaces que afetam a distribuicao das substancias quimicas
entre as fases (TIEHM, 1994). Por exemplo, um solo contaminado por um
hidrocarboneto contém pelo menos seis fases: bactérias, particulas de solo,
agua, ar, liquido imiscivel e hidrocarboneto sélido. Os hidrocarbonetos podem
ser particionados entre os diferentes estados: solubilizados na fase de agua,
ad/absorvidos a particulas do solo, sorvidos as superficies celulares e
livres/insoluveis. Os biossurfactantes adicionados a este sistema podem
interagir com ambas as particulas abidticas e as células bacterianas. Isto afeta
0s mecanismos de interacdo com os ambientes através da emulsificacdo dos

contaminantes organicos. As interagcdes entre as micelas surfactantes e as
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células encontram-se entre as principais alteragbes que o componente
bacteriano pode sofrer (VOLKERING et al., 1998). Estes fenbmenos, de um
lado, podem aumentar a biodisponibilidade dos contaminantes soluveis,
aumentando assim a velocidade de biodegradacédo, ou, por outro lado, podem

resultar na inibigdo da biodegradagao.

Apesar das inumeras aplicagdes bem sucedidas dos biossurfactantes, a
literatura nesta area descreve resultados contrastantes. Por exemplo, os
raminolipidos de P. aeruginosa podem estimular a degradagdo do n-
hexadecano, mas n&o estimulam a degradagdo quando produzidos por
Rhodococcus, mostrando a especificidade do micro-organismo. Em contraste,
o biossurfactante de R. erythropolis 3C-9 aumentou significativamente a taxa
de degradagdo de n-hexadecano. Portanto, o efeito da adicdo de
biossurfactantes na biorremediacédo nao é previsivel, de modo que a eficacia de
um dado surfactante precisa ser avaliada experimentalmente (FRANZETTI et
al., 2008).

As interacbes entre as bactérias, os contaminantes e o biossurfactante
podem ser interpretadas a partir de uma perspectiva funcional, considerando
que o principal papel atribuido aos biossurfactantes seja seu envolvimento na
captacdo de hidrocarbonetos (PERFUMO et al., 2006). Surfactantes
microbianos podem promover o crescimento microbiano em hidrocarbonetos,
aumentando a area superficial entre o 6leo e a agua e, por meio de
emulsificagdo, aumentando a pseudosolubilidade de hidrocarbonetos por meio
de particdes em micelas (VOLKERING et al., 1998).

Os biossurfactantes de elevada massa molar (bioemulsificantes) tém um
grande potencial de estabilizar emulsdes de hidrocarbonetos liquidos e agua,
aumentando a area superficial disponivel para a biodegradagéo bacteriana. No
entanto, eles tém sido raramente testados como estimuladores da
biodegradagéo de hidrocarbonetos em sistemas de biorremediagc&o, sendo os
resultados descritos na literatura muito contrastantes (BARKAY et al., 1999;

FRANZETTI et al., 2009). Os biossurfactantes de baixa massa molar, acima da
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concentragao micelar critica (CMC), particionam uma fragédo significativa dos
contaminantes hidrofébicos nos nucleos micelares. Em alguns casos, isto
resulta no aumento geral da biodisponibilidade dos contaminantes para os
micro-organismos degradadores. Aplicagbes bem sucedidas de raminolipideo e

surfactina em biorremediagao foram avaliadas (MULLIGAN, 2009).

Pesquisas com consodrcios microbianos e raminolipideos demonstraram
o potencial de biorremediacado de hidrocarbonetos de petrdleo. A aplicagcao do
raminolipideo de Pseudomonas aeruginosa DS10-129 aumentou a

biorremediag&o de gasolina adsorvida em solo (RAHMAN et al., 2006).

Alguns estudos demonstraram o aumento da biodisponibilidade de
compostos aromaticos pouco soluveis como os hidrocarbonetos aromaticos
policiclicos (HPAS) pelo uso de biossurfactantes (MULLIGAN, 2005; SINGH et
al., 2007).

A utilizagcado de biossurfactantes na biodegradagado de pesticidas vem
sendo objeto de investigacdo. A degradagdo de hexaclorociclohexano por
surfactantes produzidos por Pseudomonas foi primeiramente relatada, bem

como a dos organoclorados como DDT e ciclodienos (KARANTH et al., 1999).

Os modos especificos de absor¢cao de hidrocarbonetos, no entanto, ndo
estdo totalmente compreendidos, como relatados nas secbes anteriores.
Cameotra e Singh (2009) elucidaram o mecanismo de absor¢cdo de n-
hexadecano mediado por raminolipidos de P. aeruginosa. Os raminolipidos
produziram uma emulsdao com hexadecano, facilitando assim o contato entre o
hidrocarboneto e as bactérias. Observou-se, também, que ocorreu absorcao
das goticulas dos hidrocarbonetos revestidos pelo biossurfactante, o que
sugere a ocorréncia de um mecanismo de pinocitose, e ndo um processo de
captacao bacteriana, como relatado anteriormente. Em contraste, sabe-se bem
que a presenga de um surfactante pode afetar prejudicialmente a
biodegradagdo. Nucleos micelares podem reter contaminantes organicos,

criando uma barreira entre os micro-organismos e as moléculas organicas,
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resultando na reducao da disponibilidade do substrato. Por exemplo, o Witconol
SN70, um surfactante ndo idbnico de alcool etoxilado, reduziu a taxa de
biodegradagao de hexadecano (COLORES et al., 2000).

Outro papel proposto para os biossurfactantes na captagdo de
hidrocarbonetos é a regulagdo da ligagéo de células a superficies hidrofébicas
e hidrofilicas, alterando assim a hidrofobicidade de superficie celular
(FRANZETTI et al., 2008; ROSENBERG et al., 1987). Este papel natural pode
ser explorado através da adicdo de biossurfactantes para aumentar a
hidrofobicidade de micro-organismos e facilitar o acesso das células aos
substratos hidrofébicos (SHREVE et al., 1995). Coimbra et al. (2009)
descreveram estudos de hidrofobicidade com surfactantes de Candida. Chang
et al. (2009) demonstraram o aumento da hidrofobicidade celular pelo acumulo
de diferentes acidos graxos na superficie da célula durante o crescimento em
hidrocarboneto com R. erythropolis NTU-1. A correlacéo entre a alteragdo da
superficie da célula por saponinas e o grau de biodegradagcdo de

hidrocarbonetos foi relatada por Kaczorek et al. (2008).

Aplicacdo na Recuperacdo Avancada de Petroleo - MEOR

Os biossurfactantes também podem estar envolvidos na recuperacao
avancada de petréleo (MEOR - Microbial Oil Recovery Enhancement). Métodos
de MEOR sao usados para recuperar o 6leo remanescente em reservatorios
apos os procedimentos de recuperagdo primaria (mecanico) e secundaria
(fisico) (SINGH et al.,, 2007; PACWA-PLOCINICZAK et al., 2011). A
recuperagcao avangada de petréleo consiste em um importante processo
terciario no qual os micro-organismos ou um dos seus metabdlitos, incluindo
biossurfactantes, biopolimeros, biomassa, acidos, solventes, gases e enzimas,
também sao utilizados para aumentar a recuperagao de petroleo a partir de
depositos esgotados. A aplicagéo de biosurfactantes na recuperagao avangada

de petrdleo € um dos métodos mais promissores para recuperar uma parte
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substancial do dleo residual. O déleo remanescente fica muitas vezes localizado
em regides do reservatorio que sao de dificil acesso sendo o 6leo aprisionado
nos poros por pressao capilar. Os biossurfactantes reduzem a tenséo interfacial
entre o Oleo / 4gua e dleo/rocha. Isto reduz as forgas capilares que impedem o
6leo de mover-se através dos poros da rocha. Os biossurfactantes podem
também ligar-se fortemente com a interface éleo-agua formando uma emulsao.
Isso estabiliza o 6leo dessorvido em agua e permite a remogao de Oleo,
juntamente com a injecgdo de agua (MARCHANT; BANAT, 2012). Bordoloi e
Konwar (2008) investigaram a recuperacéo de petroleo bruto a partir de uma
coluna de saturacdo sob condigdes de laboratorio. Estudos laboratoriais sobre
MEOR utilizam tipicamente colunas que contém o substrato desejado,
geralmente areia. Este substrato é utilizado para demonstrar a utilidade dos
biossurfactantes na recuperacdo de oleo dos reservatérios. Para este efeito,
uma coluna de vidro é embalada com areia seca; em seguida, a coluna é
saturada com o petréleo bruto e uma solugdo aquosa de biossurfactante é
vertida na coluna. O potencial de biossurfactantes em MEOR é estimado
através da medi¢ao da quantidade de éleo liberado da coluna apds a saida da
solucdo aquosa de biossurfactante da coluna. O experimento deve ser
realizado em temperatura ambiente e elevada, como 70-90 °C, para avaliar a
influéncia da temperatura sobre a recuperacido de O6leo induzida pelo
biossurfactante. Os biossurfactantes utilizados na experiéncia de Bordoloi e
Konwar (2008) foram produzidos por bactérias isoladas de P. aeruginosa
(MTCC7815, MTCC7814, MTCC7812 e MTCC8165). Os biossurfactantes das
estirpes MTCC7815, MTCC7812 e MTCC8165 recuperaram cerca de 49-54 %
de 6leo bruto a partir da coluna empacotada a temperatura ambiente, 52-57% a
70 °C e 58-62 % a 90 °C. Bai et al. (1997) investigaram o potencial do
raminolipideo anidnico isolado de P. aeruginosa adsorvido em solo em colunas
empacotadas. O biossurfactante foi capaz de remover 84 % de hexadecano
adsorvido em areia de 20-30 mesh (0,6-0,85 mm), enquanto que 22 % de
remogao foram obtidos quando areia de 40-50 mesh (0,3-0,42 mm) foi utilizada.

A capacidade de remocgao do raminolipideo foi comparada com a capacidade
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de remogao dos surfactantes sintéticos SDS (CMC de 2360 mg/L), também
aniénico, e Tween 80 (mono oleato de sorbitana polioxietileno 20) (CMC de 13
mg/l), ndo idnico, utilizados em concentracdo de 500 mg/l, para areia de 40/50
mesh. O SDS (472 mg/L) e o Tween 80 (51 mg/L) removeram 0 e 6 % do
hexadecano, respectivamente. Por outro lado, a capacidade do surfactante
sintético SDS em remover diesel adsorvido em solo contido em coluna
demonstrou que, enquanto a agua, adicionada como controle, foi capaz de
remover 24,7 % do diesel, o SDS removeu 97 % do combustivel. Nesse
trabalho foi observada a influéncia de fatores como a concentracdo de
surfactante e o tempo de contato na cinética de remog¢do do poluente
(KHALLADI et al., 2009). Concentragcdes elevadas (2,5 e 5,0 g/l) do
biossurfactante isolado da P. aeruginosa 57SJ, que apresentou uma CMC de
400 mg/L, foram necessarias para remover 70% de pireno adsorvido em solo
com tamanho de particulas de 2 mm (BORDAS et al., 2007). O liquido
metabdlico livre de células contendo os isolados de P. aeruginosa MTCC7815,
MTCC7812 e MTCC8165 cultivados em 2 % de glicerol removeram cerca de
49-54 % do d6leo bruto contido em colunas empacotadas (BORDOLOI,
KONWAR, 2008).

Além das aplicacbes em MEOR, os biossurfactantes podem também ser
explorados para outras aplicagdes na industria do petrdleo. As propriedades
desemulsificantes de alguns biossurfactantes, por exemplo, podem ser
utilizadas para quebrar emulsdes que se formam em varios passos da extracao
e do processamento de petréleo, permitindo assim uma melhor recuperagao do
produto. A reducdo da tensdao superficial provocada pelos surfactantes
microbianos pode também ser usada para separar o 6leo da parte inferior dos
tanques (PERFUMO et al., 2006; SINGH et al., 2007).

Embora uma série de ensaios de campo de aplicagbes em “in situ” de
MEOR sejam relatados na literatura (SEN, 2008), ndo esta completamente
elucidado se os micro-organismos introduzidos podem ser realmente eficazes

na recuperagao de oleo ou se eles competem com bactérias autdctones. A
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incapacidade de se comparar os testes realizados com controles de pogos
submetidos a procedimentos de tratamento semelhantes, sem introducdo de
micro-organismos vivos ou de produtos dificulta tragar conclusdes validas.
Wang et al. (2008), usando marcadores moleculares observaram mudangas na
comunidade microbiana, em um reservatorio de 6leo durante um processo de
MEOR, concluindo que tanto bactérias exdgenas e autdctones parecem

estimular o aumento da recuperagao do petréleo.

Lavagem de Solos por Biossurfactantes

A aplicacdo de biossurfactantes para remover os contaminantes
microbianos de solos € uma tecnologia menos conhecida do que a tecnologia
de aplicagao avancada de biossurfactantes na biorremediagao, uma vez que a
eficiéncia de remocéao é impulsionada principalmente pelas propriedades fisico-
quimicas dos biossurfactantes e nao pelos seus efeitos sobre a atividade
metabdlica ou alteracdes das propriedades na superficie celular. No entanto, os
mecanismos que afetam a mobilizacdo ou a solubilizagcdo do hidrocarboneto
em solos se assemelham aos envolvidos no aumento da biodisponibilidade
para a biorremediacdo (BANAT et al., 2010; FRANZETTI et al.,, 2009;
MULLIGAN, 2009).

Assim, os biossurfactantes podem aumentar a biorremediacdo de
hidrocarbonetos através de dois mecanismos. O primeiro inclui o aumento da
biodisponibilidade do substrato para os micro-organismos, enquanto que o
outro envolve a interagdo com a superficie da célula o que aumenta a
hidrofobicidade da superficie de substratos hidrofébicos permitindo mais
facilmente sua associagdo com as células bacterianas (PRIETO et al., 2008).
Ao reduzir a tensao superficial e interfacial, os biossurfactantes aumentam as
areas de superficie de compostos insolluveis que conduzem a uma maior
mobilidade e biodisponibilidade de hidrocarbonetos. Em consequéncia, os

biossurfactantes aumentam a biodegradagao e a remogéao de hidrocarbonetos.
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A adicdo de biossurfactantes pode aumentar a biodegradagdo de
hidrocarbonetos por mobilizagdo, solubilizacdo ou emulsificagcdo (PACWA-
PLOCINICZAK et al., 2011).

A capacidade de solubilizacdo depende da habilidade do surfactante em
aumentar a solubilidade dos constituintes hidrofébicos na fase aquosa. Um
grande aumento desta capacidade é observado acima da CMC, a qual é
atribuida a particdo do hidrocarboneto no sitio hidrofobico das micelas
surfactantes. Neste processo, maiores concentragdes em surfactantes sao
normalmente requeridas uma vez que a solubilidade dos constituintes dos
hidrocarbonetos na solugcao surfactante dependera totalmente da concentracao
do surfactante (BAl et al., 1997).

A mobilizagdo ocorre em concentracbes abaixo da CMC e pode ser
dividida em deslocamento e dispersao. O deslocamento consiste na liberagcao
de gotas de hidrocarbonetos do meio poroso devido a redugdo na tenséo
interfacial. Partindo de uma explicacdo tedrica, os hidrocarbonetos serao
removidos se a tensdo interfacial entre a fase aquosa e a fase oleosa for
suficientemente reduzida a fim de superar as forcas de capilaridade que
causam a formagao da saturagao residual. A dispersao é o processo no qual o
hidrocarboneto € disperso na fase aquosa como emulsées muito pequenas. As
emulsdées ndo sdo normalmente estaveis termodinamicamente. Contudo, elas
podem permanecer estaveis por periodos significantes de tempo em fungao de
restricbes cinéticas. A dispersdo esta relacionada a tensao interfacial e a
concentracio do surfactante e difere do deslocamento uma vez que o processo
de deslocamento esta relacionado apenas a tensao interfacial entre as fases

aquosa e hidrofébica, sem formagéao de emulsdes (BAI et al., 1997).

A eficiéncia de um surfactante na remog¢ao de compostos hidrofébicos
depende também do pH e da forga ibnica da solugdo, que pode alterar a
configuragdo dos agregados micelares e a sor¢do do surfactante ao solo. A
sorcao do surfactante ao solo limita, por sua vez, o transporte do

hidrocarboneto pelo surfactante. Os raminolipideos sao considerados bons
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exemplos de surfactantes anidnicos uma vez que sao menos retidos pelo solo
do que outros surfactantes nao ibnicos ou neutros devido a carga negativa
superficial dos solos (BORDAS et al., 2007).

Varios trabalhos descrevem o uso de biossurfactantes para a lavagem
de solos. Souza Sobrinho et al. (2008) demonstraram que o biossurfactante
isolado de C. sphaerica foi capaz de remover 65 % do dleo de motor adsorvido
em areia. O biossurfactante de C. antarctica demonstrou capacidade de
remover cerca de 50 % de 6leo adsorvido em areia (ADAMCZAC;
BEDNARSKI, 2000), enquanto que a solugdo do biossurfactante isolado de C.
glabrata removeu cerca de 84 % do 6leo de motor adsorvido (LUNA et al.,
2009). O biossurfactante de C. lipolytica cultivada em residuos agroindustriais
foi aplicado com sucesso na remocado de derivado de petréleo em solo da
formagao barreira (RUFINO et al., 2011). Resultados obtidos por Abu-Ruwaida
et al. (1991) para o liquido metabdlico livre de células contendo o
biossurfactante produzido por Rhodococcus demonstraram remogdes de 86 %
de dleo bruto residual adsorvido em areia. O biossurfactante de P. aeruginosa
UCP0992 cultivada em glicerina removeu percentuais elevados de diesel
adsorvido em amostras de areia (SILVA et al., 2010). Mulligan (2009) analisou
a aplicagdo de biossurfactantes na lavagem de solos contaminados por
hidrocarbonetos e metal. Franzetti et al. (2009) relataram uma remocéao
eficiente de petrdleo bruto a partir de solo usando um bioemulsificante

extracelular produzido por Gordonia sp. BS29.

Aplicacdo na Limpeza de Reservatorios de Oleos

A remocéo de residuos e fragdes de Oleos pesados requer lavagens com
solventes ou mesmo manuais, ambas perigosas, demoradas, e caras ja que 0s
residuos e as fragdes de 6leos pesados que sedimentam no fundo dos tanques
sao altamente viscosos e podem nao ser removidos através de bombeamento

convencional. Um processo alternativo a esta limpeza é o0 uso de
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biossurfactantes que promovem a diminui¢do na viscosidade e a formacgao de
emulsdes oleo/agua, facilitando o bombeamento dos residuos e a recuperacgao
do oleo bruto, apdés quebra da emulsdo (SINGH et al., 2007; MULLIGAN;
WANG, 2004).

A utilizacdo de biossurfactantes para a limpeza de tanques, em
substituicdo aos surfactantes convencionais, promoveu a limpeza e recuperacao
de 90 % dos hidrocarbonetos presentes no residuo (MULLIGAN et al., 2004).

Aplicacdo na Remocéao de Metais Pesados

Os poluentes inorgéanicos presentes nos solos com maior potencial de
risco ao homem sdo os metais pesados, que ocorrem naturalmente no
ambiente e estdo presentes em rochas, solos, plantas e animais. Os metais
ocorrem em diferentes formas: como ions dissolvidos em agua, vapor, ou sais
minerais em rochas, areia e solo. Eles podem também estar ligados a
moléculas organicas e inorganicas ou atrelados por particulas no ar. Ambos os
processos naturais e antropogénicos emitem metais para o ar e agua (AGUIAR
et al., 2002; JUWARKAR et al., 2007).

A contaminagdo por metais pesados surge como resultado das diversas
atividades industriais, incluindo mineragao, fundicdo de metais, produgcao de
baterias automobilisticas, emissdao de veiculos e depdsitos de residuos
industriais e a dispersao de cinzas provenientes dos processos de incineragao
(HONG et al., 2002; HASHIM et al., 2011). A presencga de metais pesados nos
solos provoca sérios problemas uma vez que 0os mesmos ndao podem ser
biodegradados, levando a contaminagao dos sistemas bioldgicos e do subsolo
pelo processo de lixiviagdo (MORRISON, 1983). Nos Estados Unidos, por
exemplo, o chumbo se encontra presente em 15 % dos terrenos contaminados,
seguido de crébmio, cadmio e cobre, encontrados em cerca de 7-11 % dos

solos. Com a finalidade de reduzir os custos associados ao tratamento de solos
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contaminados por metais pesados, diferentes tecnologias tém sido

desenvolvidas e implantadas (PENG et al., 2008).

Existem duas tecnologias normalmente aplicadas ao tratamento de solos
contaminados por metais. A primeira consiste em imobilizar os metais pesados
numa matriz solida fortemente ligada ao solo, minimizando a migracdo. Esta
tecnologia, contudo, ndo consiste numa solugéo definitiva para o problema,
considerando a impossibilidade de reaproveitamento do solo e a necessidade
de monitoramento em longo prazo. A segunda tecnologia promove a
mobilidade do metal e sua migracdo para a fase liquida por dessorgao e
solubilizagéo. Esta tecnologia pode ser considerada uma solugdo permanente,
permitindo ainda a reciclagem do solo remediado e consequentemente o reuso
da terra (HASHIM et al., 2011). Normalmente, a lavagem do solo com acidos e
com agentes quelantes como o EDTA sdo as técnicas mais aplicadas.
Contudo, a lavagem com &cidos leva a reducdo da fertilidade do solo e a
alteracbes na composicdo quimica e fisica em virtude da dissolucdo de
minerais (REED et al.,, 1996). A utilizagdo de EDTA, por outro lado, é
preocupante do ponto de vista salutar e de seguranca, em fungdo da sua
degradacgédo reduzida. A dificuldade de recuperagdo do metal pesado do

complexo metal-EDTA também restringe o uso desta técnica.

Uma solucdo em potencial para a remediagcdo de solos contaminados
por metais e Oleos consiste no uso de surfactantes, os quais podem ser
adicionados em solugdes, facilitando a solubilizagdo, dispersdo e dessorgao
dos contaminantes do solo, permitindo ainda sua reutilizagdo (HASHIM et al.,
2011).

Vaérios surfactantes sintéticos tém sido avaliados em testes de
descontaminagédo (ASCI et al., 2008; ELLIS et al., 1985; NASH et al., 1987).
Por outro lado, a necessidade de substituicdo de compostos sintéticos por
similares naturais tem levado a pesquisas para utilizacdo de biossurfactantes
(MULLIGAN, 2009). Varios trabalhos tém demonstrado o potencial de utilizacdo

de surfactantes bioldgicos, destacando-se os estudos com surfactina e
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raminolipidios, de origem bacteriana, e de alguns soforolipideos originados de
leveduras (MULLIGAN, 2009; HERMAN et al., 1995; MULLIGAN et al., 1999;
NEILSON et al., 2003; OCHOA-LOZA et al.,, 2007; TAN et al.,, 1994). A
natureza ibnica desses agentes, bem como a biodegradabilidade, baixa
toxicidade e excelentes propriedades de superficie os tornam candidatos em
potencial para a remoc¢ao de metais pesados contidos em solos e sedimentos.
Para Mulligan (2009) é possivel a remog¢ao de metais pesados pela utilizagao
de varias concentragcbes de surfactante. Das et al. (2009) mostraram que a
remocdo de cadmio a partir de solucdo aquosa também ocorreu em
concentracdes menores do que a de CMC, embora com uma concentracido de
cinco vezes a CMC resultou na remogao quase completa de 100 ppm de ions
metalicos. Wen et al. (2009) estudaram a degradagcdo de um raminolipido em
solos contaminados por Cd e Zn, sugerindo que o raminolipido pode

permanecer por tempo suficiente no solo para aumentar a fito-extragao metal.

Considera-se que a remocdo de metais por biossurfactantes ibnicos
ocorre na seguinte sequéncia: (1) sor¢cao do biossurfactante a superficie do
solo e complexagao com o metal, (2) destaque do metal do solo para a solugéo
e (3) associagdo com as micelas do biossurfactante. Neste caso, os metais
pesados ficam presos nas micelas através de interacbes eletrostaticas,
podendo ser facilmente recuperados por precipitacao ou técnicas de separagao
por membranas (KITAMOTO et al., 2002).

Os biossurfactantes anidnicos criam complexos nao ibnicos com o0s
metais através de ligagdes idnicas. Essas ligagdes sao mais fortes do que as
ligagbes do metal com o solo, sendo os complexos metal-biossurfactante
dessorvidos da matriz do solo para a solugao do solo, devido a redugcdo da
tensao interfacial. Os biossurfactantes catibnicos podem substituir os mesmos
ions metalicos carregados por competicdo para algumas, mas n&o todas, as
superficies carregadas negativamente (troca de ions). fons metalicos podem

ser removidos da superficie do solo também pelas micelas surfactantes.
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Os biossurfactantes possuem vantagens inquestionaveis uma vez que
0S micro-organismos capazes de produzir compostos surfactantes néao
precisam ter capacidade de sobrevivéncia no solo contaminado pelo metal
pesado, embora o uso de biossurfactantes requer a adigcdo continua de novas
porcdes destes compostos (PACWA-PLOCINIKZAC et al., 2011).

Os Dbiossurfactantes também tém sido aplicados na mineragao.
Compostos tensoativos produzidos por Pseudomonas sp. e Alcaligenes sp.
foram utilizados para flotacdo e separacao de calcita e eschelita. A recuperacao
foi de 95 % para CaWO4 e 30 % para CaCOs, ressaltando que reagentes
quimicos convencionais foram incapazes de separar estes dois minerais
(NITSCHKE; PASTORE, 2002). Biossurfactantes produzidos por espécies de
Candida tém sido aplicados com sucesso na flotagdo de metais pesados, sendo
capazes de remover mais de 90 % dos cations em colunas e em processos de
Flotacdo por Ar Dissolvido (MENEZES et al.,, 2011; ALBUQUERQUE et al.,
2012). O biodispersan, polissacarideo aniénico produzido por Acinetobacter
calcoaceticus A2 foi utilizado na prevengao da floculacdo e dispersdao de
misturas de pedra calcarea e agua (RON; ROSENBERG, 2001).

3.12 Aspectos Econdmicos da Producéao de Biossurfactantes

Muitas das potenciais aplicagcbes dos biossurfactantes, bem como uma
expansdo dos poucos ja firmados no mercado dependem da possibilidade de
um processo de producdo econdmico. Muito trabalho ainda sera necessario
para a otimizagao de processos a nivel biolégico e de engenharia. Os custos
tipicos dos biossurfactantes variam de cerca de U.S 10 $/mg para surfactina
pura (98 % de pureza), utilizada em pesquisas médicas, a U.S. 24 $/kg para
féormulas de emulsan propostas no inicio da década de 1980 para limpeza de
tanques e/ou recuperagao avancada de petrdleo. Estimativas realizadas na
década passada situaram os custos dos biossurfactantes em U.S. 3-20 $/kg,

enquanto o custo de producdo de surfactantes sintéticos como etoxilatos e
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alquil-poliglicosideos pelas industrias quimicas estdo na faixa de U.S. $ 1-3/kg
(BOGNOLO, 1999).

Embora se admita que o aperfeicoamento da tecnologia de produgao
dos biossurfactantes ja tenha possibilitado um aumento de 10-20 vezes da sua
produtividade, € provavel que novos e significativos progressos (ainda que de
uma ordem de magnitude inferior) sejam necessarios para tornar essa
tecnologia comercialmente viavel (GAUTAM; TYAGI, 2006).

Os parametros que podem ser variados na tentativa de otimizar a

producao de biossurfactantes incluem:

a) Selecdo de matérias-primas de baixo custo, possibilitando o equilibrio
adequado de C, N, P e outros oligo-elementos para maximizagao do
rendimento e o desenvolvimento de cepas de micro-organismos capazes de

metabolizar qualquer subproduto residual.

b) Bioprocessamento, que pode ser otimizado por meio das condicoes

operacionais do reator e da reciclagem do meio utilizado.

c) Isolamento/recuperagdo do produto: a maioria das tecnologias
inicialmente propostas envolvia formas mais elaboradas de purificacéo e
isolamento. A possibilidade de desenvolvimento in-situ ou a utilizagdo de
liquidos metabdlicos, ou seja, do biossurfactante bruto, pode, sem duvida,

conduzir a uma redugao substancial de custos (BOGNOLO, 1999).

3.13 Perspectivas

O sucesso da comercializagdo de um produto biotecnolégico depende,
em grande parte, da economia de seu bioprocessamento. Atualmente, os
precos dos surfactantes microbianos ndo sdo competitivos com os pregos dos
agentes tensioativos quimicos devido aos elevados custos de produgao e aos

rendimentos reduzidos em produto isolado. A fim de tornar a produgao de
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biossurfactantes comercialmente viavel sera importante otimizar os processos
de producdo a niveis biolégico e de engenharia. Os avangos das pesquisas
envolvendo o processo de producdo de biosurfactantes ja permitiram um
aumento de 10 a 20 vezes na produtividade, apesar da necessidade de
estudos mais aprofundandos. O uso de substratos de baixo custo e o
estabelecimento do crescimento microbiano em condi¢des ideais de producao,
juntamente com novos métodos de purificagdo e com a utilizagdo de cepas
microbianas hiperprodutoras pode tornar a producdo de biossurfactantes
economicamente viavel. Embora um grande numero de micro-organismos
produtores de biossurfactantes seja relatado na literatura, as pesquisas
relacionadas com o aumento de produgéo tém se concentrado na maioria das
vezes a poucos géneros de micro-organismos, tais como Pseudomonas,
Bacillus e Candida. Os biossurfactantes sdo grandes candidatos para substituir
os surfactantes sintéticos especialmente nas industrias de 6leos, sendo o
investimento nas estratégias para aperfeicoar o bioprocessamento dessas

biomoléculas o caminho para a produg¢ao de biossurfactantes em larga escala.
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Abstract

This study investigated potential application of two biosurfactants for enhanced
removal capability and biodegradation of motor oil contaminated sand under
laboratory conditions. The biosurfactants were produced by the yeast Candida
sphaerica and by the bacterium Bacillus sp. cultivated in low-cost substrates.
The ability of removing motor oil from soil by the two biosurfactants was
identified and compared with that of the synthetic surfactants Tween 80 and
Triton X-100. Both crude and isolated biosurfactants showed excelent
effectiveness on motor oil removal from contaminated sand under kinetic
conditions (70-90%), while the synthetic surfactants removed between 55 and
80% of the oil under the same conditions. The increase in biosurfactants and
synthetic surfactants concentration did not enhance the removal of oil. A contact
time of 5-10 min under agitation seemed to be enough for oil removal with the
biosurfactants and synthetic surfactants tested. The crude and the isolated
biosurfactant produced by C. sphaerica were able to remove high percentages
of motor oil from packed comumns (around 90%) when compared to the
biosurfactant from Bacillus sp. (40%). For the degradation experiments
conducted in motor oil contaminated sand enriched with sugar cane molasses,
however, the oil degradation reached almost 100% after 90 days in the
presence of B. sp. cells, while the percentage of oil degradation did not exceed
50 % in the presence of C. sphaerica. The presence of the biosurfactants
increased the degradation rate in 10-20%, especially during the first 45 days of

the experiments, indicating that biosurfactants acted as efficient enhancers for



74

CHAPRAO, M. J. Aplicacdo de Biossurfactantes na Remediacdo de Areia Contaminada
com Hidrocarbonetos

hydrocarbon biodegradation. The results indicated the biosurfactants enhancing

capability on both removal and rate of motor oil biodegradation in soil systems.

Keywords: Candida sphaerica; Bacillus sp.; bioremediation; petroleum; sand-

packed column

1. Introduction

In recent years, much attention has been directed towards biosurfactants
owing to their different advantages such as lower toxicity, higher
biodegradability, better environmental capability, higher foaming, high
selectivity, specific activity at extreme temperatures, pH and salinity, and the
ability to be synthesized from renewable feed stocks (Silva et al., 2014a). Some
disadvantages can be mentioned for the use of biosurfactants: at the time, a
small amount of products is produced at industrial level. Many biosurfactants
are yet in a laboratory scale level and some of them are quite expensive. The
discovery of new biosurfactants, development of new fermentation and recovery
processes and the use of cheap raw materials (specifically the use of agro-
industry wastes as carbon sources) will allow that more inexpensive

biosurfactants can be available for remediation process (Torres et al., 2011).

The major difficulty in bioremediation of oil-contaminated soil is the

bioavailability or mass transfer limitation of the oil pollutants in the soil, causing
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poor food-microorganism contact and thus poor biodegradation efficiency
(Paria, 2008). Oil penetration through soil is an extremely complex process
related to physical, chemical, and biological factors (Kuyukina et al., 2005).
Petroleum hydrocarbons are highly hydrophobic material with low water
solubility and those components attach to soil particles, reducing the
bioavailability of oil compounds to microorganisms, thereby limiting the rate of
mass transfer for biodegradation. The possible physical forms for oil
contaminants in soil can be dissolved in pore water, adsorbed onto soil
particles, absorbed into soil particles, or be present as a separate phase, which
can be a liquid or a solid phase (Paria et al., 2008). The key process to enhance
the bioavailability of the oil contaminant is to transport the pollutant to the
aqueous bulk phase (Lai et al., 2009). One of the effective ways to increase the
bioavailability (or solubility) of petroleum hydrocarbon pollutants in soil is using
surfactants to enhance the desorption and solubilization of petroleum
hydrocarbons, thereby facilitating their assimilation by microorganisms (Christofi

and lvshina, 2002; Lai et al, 2009; Mulligan et al. 2001).

Enhanced soil washing generally has been performed with synthetic
surfactants, including anionic, nonionic, cationic and mixed surfactants, and
some of them have shown great washing capabilities for hydrophobic organic
compounds (HOCs) from contaminated soils and groundwater (Urum et al.,
2006). Some synthetic surfactants, such as Triton X-100, Tween 80, Afonic
1412-7, are shown to be able to enhance the concentration of non polar

compounds in the aqueous phase (Christofi and Ivshina, 2002; Lai et al., 2009).
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However, the residual synthetic surfactants in soils and groundwater have the
potential toxicity risk or hazard to environment and human health. So, an
improved strategy for soil washing technology is to use biosurfactants (Zhou et

al., 2013).

Therefore, biosurfactants seem to be better candidates for using in soil
washing technology. However, literature data indicated that most of previous
studies have focused on few biosurfactants (Christofi and Ivshina, 2002;
Mulligan, 2005; 2009). More other biosurfactants should be investigated for their
properties in enhancing soil washing because they may have more promising

properties (Zhou et al. 2013).

At low concentrations, biosurfactants are soluble in water, and with
increasing concentrations, they form micelle in solution. The concentration at
which micelle begins to form is called the critical micelle concentration (CMC);
above the CMC, biosurfactants can solubilize petroleum hydrocarbons in soil—
water systems, but some biosurfactants may increase the water solubility of
hydrocarbon molecules below the CMC. Therefore, biosurfactants may be
useful in degradation of soil contaminating hydrocarbons (Bordoloi and Konwairr,

2008).

In this work, two biosurfactants, i.e., a glycolipid produced by Candida
sphaerica (Luna et al., 2013) and another biosurfactant produced by Bacillus
sp. were used to remove motor oil from a laboratory oil-contaminated sand. The

oil removal efficiency was examined using the two biosurfactants as well as two
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commonly used synthetic surfactants (Tween 80, and Triton X-100) for
comparison. Experiments were conducted through kinetic (flasks) and static
assays (packeded columns). The effect of biosurfactant type and concentration,
and the contact time on oil removal efficiency was also investigated.
Additionally, potential application of the two biosurfactants for enhanced
biodegradation of motor oil contaminated sand with a series of bench-scale
experiments was evaluated. The outcome of this work is expected to provide a
useful tool for screening the effective surfactants used in bioremediation of oil-

polluted environments.

2. Materials and methods

2.1.Materials
All chemicals were of reagent grade. Growth media were purchased from

Difco Laboratories (USA).

Three types of industrial waste were used as substrates to produce the
biosurfactants. Ground nut oil refinery residue was obtained from ASA LTDA in
the city of Recife, state of Pernambuco state, Brazil. Corn steep liquor was
obtained from Corn Products do Brasil in the city of Cabo de Santo Agostinho,
Pernambuco state, Brazil and sugar cane molasses was obtained from a local

plant cane sugar in the city of Igarassu, Pernambuco state, Brazil.
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Motor oil (15 cSt) was obtained from an automotive maintenance

establishment in the city of Recife, Pernambuco, Brazil.

2.2.Sand

Samples of 100/50 mesh (0.15-0.3mm) of Brazilian standard sand NBR
7214 (ABNT, 1982) were used in the experiments. Laboratory impregnated
sand samples with motor oil were prepared and left to stand at room

temperature for subsequent use.

2.3.Synthetic surfactants used

Two chemically synthesized surfactants (namely, Tween 80 and Triton X-
100) were also used for motor oil removal from contaminated soil to compare
their performance with that from biosurfactants. Tween 80 (purchased from
Sigma Chemical Co. St. Louis, MO, USA, is a nonionic surfactant and an oil-in-
water emulsifier. The CMC of Tween 80 is about 0.0124% (w/v) and the surface
tension is able to be reduced to 43.7 mN/m. Triton X- 100, also obtained from
Sigma Chemical Co. St. Louis, MO, USA, is a nonionic surfactant possessing a
hydrophilic polyethylene oxide group and a hydrocarbon lipophilic or
hydrophobic group. The CMC of Triton X- 100 is about 0.0183% (w/v) % and

the surface tension is able to be reduced to 32.7 mN/m.

2.4.Microorganisms and and preparation of seed cultures
C. sphaerica UCP 0995 was obtained from the culture collection of the
Universidade Catdlica de Pernambuco, Brazil. The microorganism was

maintained at 5 -C on yeast mould agar slants. The C. sphaerica inoculum was
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prepared by transferring cells grown on a slant to 50 ml of yeast mould broth.

The seed culture was incubated at 28 -C and 150 rpm for 24 h.

The Bacillus sp., an indigenous bacterium, was isolated from a petroleum
contaminated soil site located in Recife. The bacterium culture was maintained
on nutrient agar slants at 4 °C. For pre-culture, the strain from a 24-h culture on
nutrient agar was transferred to 50 ml of nutrient broth to prepare the seed
culture. The cultivation conditions for the seed culture were 28 °C, 150 rom and

10 to 14 h of incubation.

2.5.Production of biosurfactants
The microorganisms were cultivated in a submerged culture in a Marconi

MA832 shaker (Marconi Ltda, Brazil).

The yeast biosurfactant was produced in a medium composed of 9% ground
nut oil refinery residue and 9% corn steep liquor dissolved in distilled water. The
final pH of the medium was 5.3 and the surface tension prior to inoculation was
50 mN/m. The inoculum (1%, v/v) was added to the cooled medium at the
amount of 10* cells/ml. Fermentation was carried out in 500-ml Erlenmeyer

flasks at 28 -C and 150 rpm for 144 h (Luna et al., 2013).

The bacterium biosurfactant was produced in Bushnell-Hass medium (Difco)
composed by 0.1% KH2POs4, 0.1% KzHPOs4, 0.02% MgS04.7H20, 0.02%
CaCl2.H20 and 0.005% FeCls.6H20. The pH was adjusted to 7.0 by 1.0 M HCI.
The surface tension prior to inoculation was 56 mN/m. Three percent sugar

cane molasses and 3% corn steep liquor were added. Two percent aliquots
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(v/v) of the cell suspension (0.7 optical density at 600 nm), corresponding to an
inoculum of 10” CFU/mI, were used to inoculate 500-ml Erlenmeyer beakers
containing 100 ml of sterile production medium. Cultivation was carried out at

27 °C with agitation at 200 rpm for 120 h.

2.6. Determination of surface tension
According to the literature, the CMC of C. sphaerica biosurfactant is
about 0.025% (w/v) and the surface tension is about 25.0 mN/m (Luna et al.,
2013) while the CMC of Bacillus sp. biosurfactant was determined as 0.5%

(w/v) and the surface tension as about 29 mN/m.

Since the biosurfactant from C. sphaerica was produced according to the
methods discribed above, masurements of the surface tension were conducted
to control the quality of the biosurfactant obtained. Changes in surface tension
were determined in the cell-free broth obtained by centrifuging the cultures at
5000 x g for 20 min. Surface tension was determined using a Sigma 700
Tensiometer (KSV Instruments LTD - Finland) at room temperature.
Tensiometers determine the surface tension with the aid of an optimally
wettable ring suspended from a precision scale. With the ring method, the liquid
is raised until contact with the surface is registered. The sample is then lowered
again so that the film produced beneath the liquid is stretched for the
determination of maximum force, which is used to calculate the surface tension.
The instrument was calibrated against Mill-Q-4 ultrapure distilled water

(Millipore, lllinois, USA). Prior to use, the platinum plate and all glassware were
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sequentially washed with chromic acid, deionised water and acetone and

flamed with a Bunsen burner.

2.7.1solation of biosurfactants
The two biosurfactants were extracted from the culture media after cell

removal by centrifugation at 5000g for 30 min.

The cell-free culture broth from C. sphaerica was acidified with 6M HCI to
pH 2.0 and precipitated with two volumes of methanol. After 24 h at 4 -C,
samples were centrifuged at 5000 x g for 30 min, washed twice with cold

methanol and dried at 37 -C for 24—48 h (Luna et al., 2013).

The cell-free culture broth from P. sp. pH was adjusted to 2.0 with 6.0 M
HCI and an equal volume of CHCIs/CH3OH (2:1) was added. The mixture was
vigorously shaken for 15 min and allowed to set until phase separation. The
organic phase was removed and the operation was repeated twice. The product
was concentrated from the pooled organic phases using a rotary evaporator.
The viscous yellowish product obtained was dissolved in methanol and

concentrated again by evaporation of the solvent at 45 1C (Silva et al., 2014b).

2.8.Application of chemical surfactants and biosurfactants in removal of
motor oil from sand through kinetic assay
The removal of motor oil from the laboratory contaminated sand was tested

through the saturation of 50 g of the standard sand with 10% of motor oil as
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described by Luna et al. (2011). The laboratory-contaminated soil was placed in
500-mL Erlenmeyer beakers, to which 100 mL of the crude biosurfactants (cell-
free broth after fermentation) and isolated biosurfactants and chemical
surfactants at 1/2 the CMC, the full CMC and twice the CMC were added. The
beakers were shaken at 150 rpm for 5, 10 and 20 min during 24 h at 28 °C. The
entire content was then centrifuged at 5000 rpm for 1200 s. Control assays
were performed using distiled water at the same conditions. The amount of oil
residing in the sand after the impact of biosurfactant was gravimetrically
determined as the amount of material after extraction with hexane and the % of

oil removal was calculated using the equation:

Motor oil removed (%) = (Oi — Or)/ Oi x 100%

Where Oi is the initial motor oil in the soil (g) before washing and Or is the

motor oil remaining in the soil (g) after washing.

2.9. Application of chemical surfactants and biosurfactants in removal of
motor oil from sand packed column through static assay

Glass columns measuring 55 cm in height x 6 cm in diameter were initially

filled with approximately 200 g of a mixture containing the sand and 10% of

motor oil. The surface was then inundated with 200 mL of the crude

biosurfactants (cell-free broth after fermentation) and isolated biosurfactants

and chemical surfactants at 1/2 the CMC, the full CMC and twice the CMC
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under the action of gravity. Percolation of the biosurfactant solution was
monitored for 24 h, when no further percolation of the solution was observed.
Following the washing of the columns, the soil samples were washed with 20
mL of hexane for the removal of residual oil. The solvent was rotoevaporated at
50 °C and the amount of oil removed was determined by gravimetry as

described in section 2.8 (Dahrazma and Mulligan, 2007; Rufino et al., 2013).

2.10. Evaluation of oil-degrading ability in sand

Samples of laboratory contaminated standard sand (10 g) were added to
100 mL of distilled water and the mixture was enriched with 1 mL of sugar cane
molasses. Then, solutions of the isolated biosurfactants at their CMC and/or
15% of its microbial-producing species previously cultivated in yeast mould
broth and/or nutrient broth (15% inoculum at the amount of 108 cells/ml for the
yeast and 15% inoculum of 107 CFU/mI from a 0.7 optical density at 600 nm for
the bacterium) were added and the medium was placed in a rotary shaker at
150 rpm and 28-C for 90 days (Table 1). Experiments were carried out in 250
ml Erlenmeyer flasks. At 15 days of experiment 1% molasses was added to the
mixture, totaling five feeds (after 15, 30, 45, 60 and 75 days). Samples of 5 mL
were removed every 15 days for hydrocarbons analysis, totaling 06
samples. The percentage of degradation of hydrocarbons was calculated as the
concentration of hydrocarbon oil removed from a control prepared without the
addition of microorganisms and biosurfactants and analyzed at time 0 (zero)

(Joo et al., 2008).
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2.11. Total motor oil biodegradation rate
The samples were drawn for estimation of motor oil degradation by
gravimetric analysis. The residual motor oil was extracted in a preweighed
beaker with hexane in a separating funnel. Extraction was repeated twice to
ensure complete extraction. After extraction, hexane was evaporated in a hot air

oven at 68—70 °C, the beaker was cooled down and weighed.

The % degradation was calculated as follows:

Motor oil degradation (%) = (Od - Os)/ Od x 100%

where Od is the amount of motor oil degraded (g) and Os is the amount of

motor oil added in the sand (g)

2.12. Statistical analysis

The analyses were performed in triplicates. The mean values and
standard deviation (mean + SD) were calculated and tested. Statistical analysis
of variance (ANOVA) was performed on all values and tested for p < 0.05 for

significance.
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3. Results and discussion

3.1. Application of chemical surfactants and biosurfactants in removal of motor

oil from sand through kinetic assay

Over decades, chemically synthesized surfactants have been used for
enhanced oil recovery (EOR) and for oil spill clean-up. However, because of
their toxicity and resistance to degradation, they have been replaced by

biosurfactants (Kryachko et al., 2013; Mulligan, 2005).

3.1.1. Effect of biosurfactant concentration on motor oil removal efficiency

Figs. 1 and 2 displays the results of the experiments carried out in

beakers for the removal of motor oil adsorbed to sand by the two biosurfactants.

Biosurfactant concentration is usually a critical factor for the removal of
oil compounds from soil. To evaluate the performance of the two biosurfactants
in removing motor oil from the contaminated soil, three biosurfactant
concentrations were applied to wash the samples of sand i.e., under, at and
above the CMC. High percentage removals of oil were observed for all solutions
tested. The motor oil removal efficiency did not increase with an increase in
both biosurfactants concentration. This finding is satisfactory from the
environmental stand point, as high concentrations of some biosurfactants have
a toxic effect on the native microbial population in the soil (Christofi and lvshina,

2002). The biosurfactant from Bacillus sp. was able to remove a little more oil
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than the biosurfactant from C. sphaerica. Both biosurfactants showed excelent
effectiveness on motor oil removal from contaminated sand, thereby being
suitable for future application for biostimulation of oil bioremediation in soil.
Biosurfactants such as aescin, lecithin, tannin could not enhance the
solubilization of crude oil in soil at concentrations greater than their CMC values
(Urum and Pekdemir, 2003), which is consistent with our results. However,
when rhamnolipids were used, the solubility of crude oil seemed to increase

with an increase in rhamnolipids concentration (Lai et al., 2009).

Liu et al. (1995) showed that the increase in the apparent solubility of
some PAHs in the presence of anionic and non-ionic surfactants increases
significantly beyond the CMC. Lai et al. (2009) evaluated the performance of
rhamnolipids and surfactin in removing hydrocarbons from soil, showing that the
removal efficiency was positively correlated with the concentration of
rhamnolipids and surfactin. The maximum oil removal efficiency of rhamnolipid
and surfactin both occurred at 0.2 mass%, giving a removal percentage of 23.4
and 14.0, respectively while the isolated biosurfactants tested in our work
removed around 70-80% of the oil. The biosurfactant produced by
Rhodococcus erythropolis grown on glycerol removed 94% oil in shake flasks
(Ciapina et al., 2006). The Rufisan biosurfactant from C. lipolytica at the CMC
removed 98% of the oil from beakers in the kinetic assays and biosurfactant
concentration exerted no influence on the oil removal rate (Rufino et al., 2013).
On the other hand, the biosurfactant from Candida sphaerica at 0.1% solution

removed 65% of motor oil adsorbed to soil, while the surfactant solution at the
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CMC (0.08%) removed 55% of the oil and the solution at 0.05% removed
approximately 30%, showing the influence of the biosurfactant concentration on

the removal rates (Souza Sobrinho et al., 2008).

As described by Costa et al. (2010), two mechanisms are associated with
the removal of oil in soils: mobilization and solubilization. Mobilization occurs at
concentrations below the CMC and the phenomena associated with this
mechanism include the reduction of surface and interfacial tension. Surfactants
in contact with the soil/oil system increase the contact angle and reduce the
capillary force holding oil and soil together due to the reduction of the interfacial
force. Solubilization occurs above the surfactants CMC, as the apparent
solubility of oil increases dramatically due to its aggregation within the
surfactants micelles. Inside the micelles, the hydrophobic end of the surfactants
molecules cluster together forming a hydrophobic environment capable to
solubilize hydrophobic substances, while the hydrophilic end exposed to the
aqueous phase on the exterior allow the whole structure to remain in solution

(Costa et al., 2010).

The data observed in this work suggest that mobilization is the main
mechanism associated with the removal of motor oil with the biosurfactants and
the chemical surfactants, because the increase in (bio)surfactants concentration
did not enhance the removal of oil. Besides biodegradability, the removal of oil
contaminants without modifying the chemical nature of soil by mobilization is
another advantage of biological surfactants over chemical surfactants, as stated

by Lai et al. (2009).
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The biosurfactant from P. aeruginosa UCP0992 also utilized the
mechanism of mobilization to release the oils droplets from sand since the
increase of the concentration did not improve the removal of the pollutants
(Silva et al., 2010). On the other hand, solubilization was the main mechanism
associated with the removal of crude oil with the rhamnolipid surfactants
produced by Pseudomonas aeruginosa L2-1 from cassava wastewater added
with waste cooking oil, because increasing rhamnolipid concentration enhanced
the removal of crude oil, due the incorporation of these molecules into micelles

(Costa et al., 2010).

In order to evaluate the use of the crude biosurfactants, the removal
ability of the cell-free broth was also tested. The cell-free broth containing
biosurfactants and the isolated biosurfactants are almost equally effective in the
removal of the motor oil pollutant. Thus, cell-free broth containing biosurfactants
can be directly used without purification steps, which would further reduce 30%-

50% of the production cost of biosurfactants.

Silva et al.(2010) also observed that the cell-free broth containing the
crude biosurfactant from P. aeruginosa was practically as effective as the
isolated biosurfactant when removing 85% diesel oil from sand, thus indicating
the possible use of the biosurfactant without purification steps, which would
increase the production costs. The biosurfactant containing cell-free broth from
C. tropicalis cultivated in waste frying oil removed approximately 78 to 97% of
the petroleum and motor oil adsorbed in sand samples (Batista et al., 2010).

Over 50% of the oil was extracted after rinsing of the sand with solutions of
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biosurfactants from C. antarctica (Adamczak and Bednarski, 2000), while the
crude biosurfactant from C. guilliermondii gorwn in industrial residues had
removed approximately 90% of the motor oil adsorbed in sand samples
(Coimbra et al., 2009). The cell-free broth containing the crude biosurfactant
from C. lipolytica cultivated in medium containing animal fat and corn steep
liquor was more effective in removing motor oil than the isolated biosurfactant
(Santos et al., 2013). Satisfactory results were obtained for the removal of
motor oil adsorbed to sand samples by the cell-free broth from C. sphaerica in
comparison to the control (distilled water), with removal rates of 95% and 10%,
respectively. The removal capacity can be affected also by the kind of soil as
observd by Silva et al.(2014) since the cell-free broth from Pseudomonas
cepacia grown in mineral medium supplemented with corn steep liquor and
soybean waste frying oil achieved poorer than expected results regarding the
removal of motor oil adsorbed to sand, whereas satisfactory results were
achieved with clay soil, with removal rates surpassing 80%. Despite the greater
permeability due to macro-pores between grains of sand, which facilitate the
circulation of water and air, an interaction seems to have occurred between the

biosurfactant and clay.

The samples prepared with distilled water (control) showed an interesting
result, since it was possible to remove aroun 40% of the oil adsorbeb in the
sand. Our results are in accordance with the literature since Chang et al. (2000)
found that, 73.6 up to 100% of polycyclic aromatic hydrocarbons (PAHs) were

eliminated in the presence of sodium dodecyl sulfate (SDS), while 30-80%
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when using only water. According to Khalladi et al. (2009) water washing of a
diesel-polluted soil could eliminate up to 24% of n-alkanes. This low percentage
is of great economic interest, especially for important quantity of polluted soil.
Therefore, a water washing process can be recommended before any other
remediation process to reduce the hydrocarbon soil content and subsequently

the consumed surfactant quantity.

the Pseudomonas sp. 2B biosurfactant solution at 0.01% and 0.05%
biosurfactant concentrations was capable to remove 89% and 92% of the oil
adsorbed in the sand respectively, while the distilled water (control) and
synthetic surfactant, sodium dodecyl sulfate (SDS), removed 48% and 63% of
the contaminated oil respectively. 81% of crude residual oil was removed using
the cell-free broth containing biosurfactant produced by Pseudomonas sp. 2B.
Similar results were obtained by Abu-Ruwaida et al. (1991) for the cell-free
broth containing a biosurfactant produced by Rhodococcus cells; 86% of crude

residual oil adsorbed in the sand was removed.

3.1.2. Effect of contact time on motor oil removal efficiency

The contact time is also an important parameter affecting the efficiency of
oil removal, as a sufficient contact time is required for effective oil removal. In
this study, we investigated the effectiveness of oil removal at 5, 10, 20 and 1440
min. As indicated in Figs. 1 and 2, irrespective of the biosurfactant type and

biosurfactant concentration, an increase in contact time from 5 to 1440 min in



91

CHAPRAO, M. J. Aplicacdo de Biossurfactantes na Remediacdo de Areia Contaminada
com Hidrocarbonetos

general led to either a similar motor oil removal efficiency or a slightly decrease
in oil removal performance. These results indicate that a contact time of 5-10
min under agitation seemed to be enough for oil removal with the biosurfactants
applied. Lai et al. (2009) tested the the removal efficiency of rhamnolipids and
surfactin during 7 days, showing that 1 day was sufficient for solubilisation of

the hydrocarbons to the mobile phase.

3.1.3. Comparison of motor oil removal efficiency between biosurfactants and

synthetic surfactants

For practical application of biosurfactants on oil removal from sand, it is
of great interest to compare the performance of biosurfactants with that of two
commonly used chemical surfactants (i.e., Tween 80 and TritonX-100). After
adding different concentrations of surfactants for 1440 min, it was observed that
the contact time of 5-10 min under agitation was also enough for oil removal
with the chemical surfactants (Figs. 3 and 4). It could be observed that the
biosurfactants were more effective than the commercially available surfactants.
The results indicated the superior performance of 10% of the biosurfactants
over chemical surfactants in terms of mobilization of oil pollutants from the
contaminated soil and thus the two biosurfactants examined in this work have
the potential to be used as biostimulation agents for bioremediation of oil-

polluted soils.
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Our results are consistent with the results obtinde by Lai et al. (2009) for
two biosurfactants compared to the same chemical surfactants used in this
work. The biosurfactant from Klebsiella sp. strain RJ-03 grown in sucrose
removed about 90% of oil compared to 57 - 67% recovery by chemical
surfactants in shake flasks (Jain et al., 2012). Three biosurfactants from Bacillus
subtilis strains isolated from Brazilian crude oils at a concentration of 1 g/l
recovered between 19% and 22% of oil, whereas the recoveries obtained with
the chemical surfactants at the same concentration were between 9% and 12%
(Pereira et al., 2013). Urum et al. (2006) also investigated the efficiency of
different surfactant solutions in the removal of oil from contaminated soils and
found higher rates with the sodium dodecyl sulphate (SDS) and rhamnolipid
biosurfactants (46% and 44%, respectively) in comparison to natural saponin
surfactants (27%). Another study also investigated the enhanced soil washing
of the plant derived natural biosurfactant of Sapindus saponin for phenanthrene
from contaminated soil. Sapindus saponin coul effectively remove
phenanthrene from contaminated soil with a maximum removal percentage of
about 87.4%, which was only slightly less than that of Tween 80 (Zhou et al.,
2013). Liu et al. (2015) showed that surfactin and the chemical surfactants SDS
and polyethylene glycol monododecyl ether (PGME) could remove more than

95% of artificial crude oil form sand.

3.2. Application of chemical surfactants and biosurfactants in removal of motor

oil from sand packed column through static assay
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Laboratory studies on MEOR typically use sand-packed columns, which
provide a suitable bench-scale approach to evaluate oil recovery for several
reasons: it is an economic model; a battery of columns can be set up
simultaneously; and they can simulate theoil recovery operations usually

conducted in reservoirs (Suthar et al., 2008).

In this work, a sand-packed column was used to study the effect of two

biosurfactants and two chemical surfactants on solubilization of entrapped oil.

The crude and the isolated biosurfactant produced by C. sphaerica were
able to remove high percentages of motor oil from packed comumns when
compared to the biosurfactant from Bacillus sp. (Table 2). Based on its high
surface activity, the biosurfactant from C. sphaerica seems to have the potential
for the use in mobilizing crude oil in biostimulation processes. It was also
observed that the use of the crude biosurfactant is sufficient to reach the best
removal percentages values and that the biosurfactants concentrations did not
influence the removal rates of motot oil. Studies carried out by Urum et al.
(2003) demonstrated that the mobilization or solubilization of hydrophobic
compounds by surfactants in san packed columns may or may not vary
depending on the concentration employed. Some surfactants of a vegetal origin,
such as aescin, lecithin and tannin, were not capable of enhancing the

solubilization of hydrophobic compounds at concentrations above the CMC.

Cell-free broths containing Pseudomonas aeruginosa isolates cultivated

in glycerol removed 49-54% of crude oil contained in packed columns (Bordoloi
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and Konwar, 2008). High concentrations (2.5 and 5.0 g/lI) of a biosurfactant
isolated from P. aeruginosa 57SJ (CMC 400mg/l) were needed to remove 70%

of pyrene adsorbed to soil (Bordas et al., 2007).

The removal of motor oil in the static assay in packed glass columns by
the biosurfctant from C. lipolytica, on the other hand, showed the influence of
biosurfactant concentration since removal rates of the percolating liquids
obeyed the following increasing order: distilled water (7%), Tween 80 (12%),
cell-free metabolic broth (26%), biosurfactant at the CMC (33%) and

biosurfactant at three times the CMC (37%) (Rufino et al., 2013).

The biosurfactants produced by Bacillus species cultivated in residues of
molasses and cheese whey removed about 30% of the oil contained in a
packeded column (Joshi et al., 2008). The oil removal activity of surfactin had
been evaluated by sand packed test with fresh kerosene contaminated sail,
showing a 34—-62% oil recovery by flushing with 0.1 mass % surfactin solution

(Makkar and Cameotra 1997; 1998).

Cameotra and Makkar (1998) had demonstrated that the biosurfactant
isolated from Pseudomonas aeruginosa was able to recover 56% of the oil

adsorbed to the sand contained in a column.

It is interesting to observe that the experiments under static conditions
allowed removal percentages similar to the experiments in flasks, showing that
the agitation did not increase the interaction between the biosurfactant from C.

sphaerica and the contaminant. Such behaviour was not observed for the B. sp.
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biosurfactant and chemical surfactants since the kinetic experiments allowed
better removal rates compared to sand packed columns. Lee et al. (2002)
obtained a removal ratio of 73 and 95% in batch and column experiments,

respectively.

The performance of water in the removal of motor oil was negligible as
shown in Table 2. Khalladi et al., (2009), on the other hand, showed that the
performance of water in the removal of diesel fuel was found to be non-
negligible, while water contributed by 24.7% in the global elimination of n-
alkanes. The biosurfactant produced by a crude oil degrading bacteria was
tested for oil recovery in sand packed column showing an oil recovery efficiency
of 76% compared to the control in which only 30% of the oil was recovered over

the same period (lbrahim et al., 2013).

According to Zhou et al., (2013) sorption of surfactants onto soil would
decrease the effective concentrations of surfactant in aqueous solution to
solubilize hydrophobic organic contaminants (HOCs), and the soil-sorbed
surfactants can also enhance soil retardation capability for HOCs, both of which
would reduce soil washing efficiency and result in an increase in remediation
times and costs. The results obtained in this work suggests that the two

biosurfactants studied did not show a strong interaction with the soil.

The chemical surfactant Triton X-100 removed similar quantities of motor
oil in both kinetic and static experiments. It is interesting to observe that the

removal efficiency was positively correlated with the concentration of Triton X-
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100 under static conditions while the agitation allowed no difference between
the rate of removal under kinetic experiments. Tween 80 on the other hand,
removed practically half the oil removed when applied in the sand packed
column when compared to the experiments under kinetic conditions. The
increase in concentration of the surfactant did not improve the oil removal rates,

as observed under the kinetic assays.

In general, biosurfactants exhibit more ability to remove hydrophobic
contaminants under static conditions than chemical surfactants, although results
may vary depending on the type of surfactant, its concentration and the kind of
soil, which can potentializate the interaction with the surfactant more than the

interaction between surfactant and oil.

Microbially produced biosurfactants were studied to enhance crude oll
desorption and mobilization in model soil column systems. The ability of
biosurfactants from Rhodococcus ruber to remove the oil from the soil core was
1.4-2.3 times greater than that of a synthetic surfactant of suitable properties,
Tween 60. Biosurfactant was less adsorbed to soil components than synthetic
surfactant, thus rapidly penetrating through the soil column and effectively

removing 65%-82% of crude oil (Kuyukina et al., 2005).

Souza Sobrinho et al. (2013) observed removals around 75% and 92%
depending on the soil type with the crude biosurfactant from C. sphaerica
cultivated in industrial residues, while percentages removal between 30% and

50% were obtained for the isolated biosurfactant in the soils contained in
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packed columns. The synthetic surfactant Tween 20 and the distilled water

removed around 20% of the oil in the soils tested.

The washing process of a soil column by the ionic surfactant sodium
dodecyl sulfate (SDS) was investigated. The effect of SDS was significant
beyond a concentration of 8mM. The soil washing process had removed 97% of

the diesel fuel (Khalladi et al., 2009).

Like the cell-free broth from C. sphaerica, the culture broth from
Rhodococcus sp. strain TA6 grown on sucrose was effective in recovering up to
70% of the residual oil from oil-saturated sand packeds. Comparison of the
results (SDS 0%, spolene 63% and petroleum sulfunate 58%) with residual oil
recovery obtained by TAG6 culture broth indicated the potential value of the

biosurfactant for MEOR (Shavandi et al., 2011).

Jain et al. (2012) investigated the potential use of two biosurfactants in
removing oil in glass columns compared to synthetic surfactants. The results
showed the efficiency of biosurfactants produced by B. subtilis PT2 and P.
aeruginosa SP4 in removing oil. They exhibited values of 68% and 57%,
respectively, compared to the synthetic surfactants Tween 80 (52%), SDBS

(51%) and Alfoterra 5SPO-145 (55%).

Bai et al. (1997) investigated the potential of an anionic rhamnolipid
isolated from P.aeruginosa for the removal of hydrocarbons adsorbed to soil in
packeded columns.The biosurfactant was able to remove 84% of hexadecane

absorbed to sand with particles measuring 0.6—0.85 mm (mesh20/30), where as
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a 22% removal rate was found for sand particles measuring 0.3—-0.42 mm
(mesh40/50).The removal capacity of the rhamnolipid using 40/50 meshs was
compared with that of two synthetic surfactants: the anionic sodium
dodecylsulfate (SDS) (CMC 2360mg/l) and the non-ionic Tween 80 (CMC 13
mg/l). SDS (472mg/l) and Tween80 (51mg/l) removed 0% and 6% of the

hexadecane, respectively.

3.3. Motor oil biodegradation

Five different sets were used to study motor oil biodegradation. The
results were recorded on 15, 30, 45, 60, 75 and 90th day for each set as shown

in Fig. 5.

The addition of molasses provided required nutrients for enhanced
biodegradation of the petroleum derivate. Molasses is a co-product of sugar
production, both from sugar cane as well as from sugar beet industry in Brazil.
Molasses is rich in carbon, organic nitrogen and mineral compounds required
for growth of microorganisms. Therefore, molasses was added to the mixtures

of contaminated sand along the experiments.

In the first set of experiment (Contaminated sand + sugar cane molasses
+ C. sphaerica), the oil degradation reached 50% after 90 days. The same
percentage was obtained in the presence of the biosurfactant (Set 4), which
acelerated the oil degradation during the first 75 days. On the other hand, the

percentage of degradation in the second Set was much higher, reaching almost
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100% in the presence of B. sp. cells. The presence of the biosurfactant
produced by B. sp. also accelerated the degradation process in the first 45 days
of the experiment (Set 5), i.e., the biosurfactant increased the degradation rate
in 10%, indicating that biosurfactant acted as an eficient enhancer for
hydrocarbon biodegradation. It may be due to i) increase in the surface area of
hydrophobic water-insoluble substrates and ii) increase in the bioavailability of
hydrophobic compounds (Jadhav et al., 2013). The presence of both
microorganisms, namely yeast and bacterium used together (Set 3) was not
efficient in the degradation of the oil, which did not exceed 50 %. As described
by Luna et al. (2011), the biosurfactant from C. sphaerica expressed
antimicrobial properties against a variety of microorganisms, suggesting the
possible inhibition of the growth of B. sp. by the biosurfactant produced by the
yeast. Degradation was not observed in the control set of experiment

(Contaminated sand + sugar cane molasses).

Variable results have been shown concerning the utility of using
biosurfactants in hydrocarbon solubilization and biodegradation (Bordas et al.
2007; Chang et al., 2004). According to Zhang et al., (2000), the solubilizing
capacity of a specific surfactant is determined only by its intrinsic micelles
property and thus enhancing its solubilizing capacity is usually very difficult.
Therefore, continuing efforts have been made to search for new surfactants or
biosurfactants with much higher solubilizing efficacy, lower cost and low

microbial toxicity.
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Oberbremer et al. (1990) used a mixed soil population to assess
hydrocarbon degradation in a model oil system. They reported a statistically
significant enhancement in hydrocarbon degradation when sophorose lipids
were added to the system containing 10% soil and a 1.35% hydrocarbon
mixture in the mineral salt medium. In the absence of surfactant, 81% of the
hydrocarbon mixture was degraded within 114 h, while in the presence of

biosurfactant up to 90% of the hydrocarbon mixture was degraded within 79 h.

The biosurfactant from Oceanobacillus sp. BRI 10 was tsted in crude oil
biodegradation experiments. The percent degradation reached 63% in the first
set of experiment (basal salt medium + crude oil + bacterial cells) on the 27th
day. On the other hand, it was around 90% in the second set of experiment
(basal salt medium + crude oil + bacterial cells + biosurfactant) (Jadhav et al.,

2013).

Two biosurfactants, surfactin and rhamnolipid were applied for enhanced
biodegradation of diesel contaminated water and soil with a series of bench-
scale experiments. The addition of surfactin near its CMC increased diesel
biodegradation percentage (94%), compared to batch experiments with no
surfactin addition (40% biodegradation percentage). Addition of surfactin more
than 40 mg/L, however, decreased diesel biodegradation efficiency. Addition of
rhamnolipid to diesel/water systems from 0 to 80 mg/L (CMC at 50 mg/L)
substantially increased diesel biodegradation percentage from 40 to 100%,
respectively. Rhamnolipid addition at a concentration of 160 mg/L provided

similar results to those of an 80 mg/L addition (Whang et al., 2008).
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The effects of the addition of the biosurfactant from P. cepacia alone and
with cells of the bacterium in the biodegradation process of HOCs adsorbed to
soil was studied during 60 days. Results indicated the efficiency of both the
biosurfactant and its producing species in degrading high percentages of the

HOCs adsorbed to the soil samples (Silva et al., 2014).

Youssef et al. (2013) described the injection of a glucose-nitrate-mineral
nutrient mixture and two lipopeptide biosurfactant producing Bacillus strains into
two wells to correlate in-situ metabolism with oil recovery. Analysis of
production water indicated in-situ growth of the injected strains and other
heterotrophic fermenting bacteria, metabolism of the nutrients, and

biosurfactant production.

Most studies describe the use of bacteria in the degradation of HOCs
although the efficiency of yeast has also been demonstrated. The efficacy of
Candida catenulata CM1 on petroleum hydrocarbon degradation was evaluated
during composting of a mixture containing 23% food waste and 77% diesel
contaminated soil including 2% (w/w) diesel. After 13 days of composting, 84%

of the initial petroleum hydrocarbon was degraded (Joo et al., 2008).

4. Conclusions

It could be observed in the present study that the two biosurfactants were
more effective than the commercially available surfactants tested. The cell free

broth containing biosurfactants and the isolated biosurfactants are almost
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equally effective in the removal of the oil pollutant. Thus, cell free broth
containing biosurfactants can be directly used without purification steps, which
would further reduce the cost of production of the biosurfactants. The
biosurfactant produced by Candida sphaerica could be applied in enhanced oil
recovery operations, while the biosurfactant produced by Bacillus sp. should
more suited for enhanced biodegradation of petroleum derivates in soil

systems.
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FIGURES LEGENDS

Fig.1. Removal of motor oil adsorbed to sand through kinetic assay by the
biosurfactant from Candida sphaerica. Error bars show the corresponding

standard error.

Fig.2. Removal of motor oil adsorbed to sand through kinetic assay by the
biosurfactant from Bacillus sp. Error bars show the corresponding standard

error.

Fig.3. Removal of motor oil adsorbed to sand through kinetic assay by the
synthetic surfactant TritonX-100. Error bars show the corresponding standard

error.

Fig.4. Removal of motor oil adsorbed to sand through kinetic assay by the
synthetic surfactant Tween 80. Error bars show the corresponding standard

error.

Fig. 5. Biodegradation of motor oil. Set 1 - Contaminated sand + sugar cane
molasses + C. sphaerica; Set 2 - Contaminated sand + sugar cane molasses +
Bacillus sp.; Set 3 - Contaminated sand + sugar cane molasses + C. sphaerica
+ Bacillus sp.; Set 4 - Contaminated sand + sugar cane molasses + C.
sphaerica biosurfactant + C. sphaerica; Set 5 - Contaminated sand + sugar
cane molasses + Bacillus sp. biosurfactant + Bacillus sp. Error bars show the

corresponding standard error.
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Table 1

Formulated mixtures for motor oil biodegradation experiments in sand

Experiment Composition

Set 1 Contaminated sand + sugar cane molasses + C. sphaerica

Set 2 Contaminated sand + sugar cane molasses + Bacillus sp.

Set 3 Contaminated sand + sugar cane molasses + C. sphaerica +
Bacillus sp.

Set 4 Contaminated sand + sugar cane molasses + C. sphaerica

biosurfactant + C. sphaerica

Set 5 Contaminated sand + sugar cane molasses + Bacillus sp.

biosurfactant + Bacillus sp.

Control Contaminated sand + sugar cane molasses
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Table 2 Removal of motor oil adsorbed to sand in packededed columns (static
assay) by the biosurfactants produced by C. sphaerica and Bacillus sp. and by

the chemical surfactants Tween 80 and Triton X-100

Removal of motor oil by percolating liquids (%)

Surfactants Crude Surfactant Surfactant Surfactant
biosurfactant (1/2 CMC) (CMC) (2 x CMC)

Produced by

Candida

sphaerica 93+3.9 87+3.2 92+2.7 911+2.8

Produced by

Bacillus sp. 43+3.0 15421 30+1.9 40+2.5

Tween 80 - 4512 1 45+2.0 40+1.8

Triton X-100 - 60£1.0 70+2.1 80+1.5

Distilled water

(control) 6£1.0 - - -
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HIGHLIGHTS

1. The ability of motor oil remediation by two biosurfactants in sand was
evaluated.

2. The biosurfactants removed 70-90% of motor oil under kinetic conditions.

3. The biosurfactant from C. sphaerica removed 90% of motor oil from pack
columns.

4. QOil degradation reached 97% in the presence of Bacillus sp. and its
biosurfactant.

5. The biosurfactants acted as enhancers for motor oil biodegradation in

soil.
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CAPITULO 3
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CONCLUSOES GERAIS

Os estudos realizados nessa pesquisa permitem as seguintes

conclusoes:

¢ Os micro-organismos C. spahaerica e Bacillus sp. apresentam potencial
como produtores de compostos com atividade surfactante.

e Ambos os biossurfactantes, nas formas bruta e isolada, mostraram
eficiéncia na remogédo do oOleo de motor da areia contaminada em
condicdes cinéticas.

e Os surfactantes sintéticos Tween 80 e Triton X-100 apresentaram
eficiéncia inferior aos biossurfactantes sob condi¢cdes cinéticas.

e Os biossurfactantes isolados foram eficientes em concentragdes
reduzidas.

e Os biossurfactantes e os surfactantes sintéticos apresentaram uma
rapida eficiéncia de remocao do poluente testado sob condicbes
cinéticas.

o O biossurfactante bruto e isolado de C. sphaerica foi eficaz sob
condicdes estaticas, sugerindo-se seu uso na recuperagao avangada de
petroleo.

o A presenga de ambos os biossurfactantes acelerou a taxa de
degradacéao dos hidrocarbonetos do 6leo de motor adsorvido na areia.

o O Bacillus sp. foi capaz de aumentar a degradagdo do poluente em

solo.
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o Os biossurfactantes testados sao promissores como agentes de
remediagdo, podendo agir ndo s6 na remogao de 6leos como também
no aumento da capacidade biodegradacao de poluentes hidrofébicos em

solos.
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the first page of the article. Such abbreviations that are unavoidable in the abstract
must be defined at their first mention there, as well as in the footnote. Ensure
consistency of abbreviations throughout the article.

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to
the title or otherwise. List here those individuals who provided help during the
research (e.g., providing language help, writing assistance or proof reading the
article, etc.).

Follow internationally accepted rules and conventions: use the international system
of units (SI). If other units are mentioned, please give their equivalent in Sl.

Present simple formulae in the line of normal text where possible and use the
solidus (/) instead of a horizontal line for small fractional terms, e.g., X/Y. In
principle, variables are to be presented in italics. Powers of e are often more
conveniently denoted by exp. Number consecutively any equations that have to be
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Color artwork

Please make sure that artwork files are in an acceptable format (TIFF, EPS or MS
Office files) and with the correct resolution. If, together with your accepted article,
you submit usable color figures then Elsevier will ensure, at no additional charge,
that these figures will appear in color on the Web (e.g., ScienceDirect and other
sites) regardless of whether or not these illustrations are reproduced in color

in the printed version. For color reproduction in print, you will receive information
regarding the costs from Elsevier after receipt of your accepted article. Please indicate
your preference for color: in print or on the Web only. For further information on
the preparation of electronic artwork, please see
http://www.elsevier.com/artworkinstructions. Please note: Because of technical
complications which can arise by converting color figures to ‘gray scale' (for the
printed version should you not opt for color in print) please submit in addition
usable black and white versions of all the color illustrations.

Figure captions

Ensure that each illustration has a caption. Supply captions separately, not
attached to the figure. A caption should comprise a brief title (not on the figure
itself) and a description of the illustration. Keep text in the illustrations themselves
to a minimum but explain all symbols and abbreviations used.

Text graphics

Text graphics may be embedded in the text at the appropriate position. If you are
working with LaTeX and have such features embedded in the text, these can be left.
Further, high-resolution graphics files must be provided separately whether or not
the graphics are embedded. See further under Electronic artwork.
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Number tables consecutively in accordance with their appearance in the text. Place
footnotes to tables below the table body and indicate them with superscript
lowercase letters. Avoid vertical rules. Be sparing in the use of tables and ensure
that the data presented in tables do not duplicate results described elsewhere in the
article.

The reference list should be in alphabetical order

Citation in text

Please ensure that every reference cited in the text is also present in the reference
list (and vice versa). Any references cited in the abstract must be given in full.
Unpublished results and personal communications are not recommended in the
reference list, but may be mentioned in the text. If these references are included in
the reference list they should follow the standard reference style of the journal and
should include a substitution of the publication date with either 'Unpublished
results' or 'Personal communication'. Citation of a reference as 'in press' implies
that the item has been accepted for publication.

Web references

As a minimum, the full URL should be given and the date when the reference was
last accessed. Any further information, if known (DOI, author names, dates,
reference to a source publication, etc.), should also be given. Web references can
be listed separately (e.g., after the reference list) under a different heading if
desired, or can be included in the reference list.

References in a special issue

Please ensure that the words 'this issue' are added to any references in the list (and
any citations in the text) to other articles in the same Special Issue.

Reference style

Text: All citations in the text should refer to:

1. Single author: the author's name (without initials, unless there is ambiguity) and
the year of

publication;

2. Two authors: both authors' names and the year of publication;

3. Three or more authors: first author's name followed by ‘et al." and the year of
publication.

Citations may be made directly (or parenthetically). Groups of references should be
listed first alphabetically, then chronologically.

Examples: 'as demonstrated (Allan, 2000a, 2000b, 1999; Allan and Jones, 1999).
Kramer et al.

(2010) have recently shown ....
List: References should be arranged first alphabetically and then further sorted
chronologically if necessary. More than one reference from the same author(s) in
the same year must be identified by the letters 'a’, 'b', 'c’, etc., placed after the
year of publication.

Examples:

Reference to a journal publication:

Van der Geer, J., Hanraads, J.A.J., Lupton, R.A., 2010. The art of writing a scientific
article. J. Sci. Commun. 163, 51-59.

Reference to a book:

Strunk Jr., W., White, E.B., 2000. The Elements of Style, fourth ed. Longman, New
York.

Reference to a chapter in an edited book:
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Mettam, G.R., Adams, L.B., 2009. How to prepare an electronic version of your
article, in: Jones, B.S., Smith , R.Z. (Eds.), Introduction to the Electronic Age. E-
Publishing Inc., New York, pp. 281-304.

Journal abbreviations source

Journal names should be abbreviated according to

Index Medicus journal abbreviations: http://www.nlm.nih.gov/tsd/serials/lji.html;
List of title word abbreviations: http://www.issn.org/2-22661-LTWA-online.php;
CAS (Chemical Abstracts Service): http://www.cas.org/sent.html.

Elsevier accepts video material and animation sequences to support and enhance
your scientific research. Authors who have video or animation files that they wish to
submit with their article are strongly encouraged to include these within the body of
the article. This can be done in the same way as a figure or table by referring to the
video or animation content and noting in the body text where it should be placed.
All submitted files should be properly labeled so that they directly relate to the
video file's content. In order to ensure that your video or animation material is
directly usable, please provide the files in one of our recommended file formats with
a preferred maximum size of 50 MB. Video and animation files supplied will be
published online in the electronic version of your article in Elsevier Web products,
including ScienceDirect: http://www.sciencedirect.com. Please supply 'stills’ with
your files: you can choose any frame from the video or animation or make a
separate image. These will be used instead of standard icons and will personalize
the link to your video data. For more detailed instructions please visit our video
instruction pages at http://www.elsevier.com/artworkinstructions.

Note: since video and animation cannot be embedded in the print version of the
journal, please provide text for both the electronic and the print version for the
portions of the article that refer to this content.

Elsevier accepts electronic supplementary material to support and enhance your
scientific research. Supplementary files offer the author additional possibilities to
publish supporting applications, high resolution images, background datasets,
sound clips and more. Supplementary files supplied will be

published online alongside the electronic version of your article in Elsevier Web
products, including ScienceDirect: http://www.sciencedirect.com. In order to
ensure that your submitted material is directly usable, please provide the data in
one of our recommended file formats. Authors should submit the material in
electronic format together with the article and supply a concise and descriptive
caption for each file. For more detailed instructions please visit our artwork
instruction pages at

http://www.elsevier.com/artworkinstructions.

Electronic archiving of supplementary data enables readers to replicate, verify and
build upon the conclusions published in your paper. We recommend that data
should be deposited in the data library PANGAEA (http://www.pangaea.de). Data
are quality controlled and archived by an editor in standard machine-readable
formats and are available via Open Access. After processing, the author receives an
identifier (DOI) linking to the supplements for checking. As your data sets will be
citable you might want to refer to them in your article. In any case, data
supplements and the article will be automatically linked as in the following
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example: doi:10.1016/0016-7037(95)00105-9. Please use PANGAEA's web
interface to submit your data (http://www.pangaea.de/submit/).

KML (Keyhole Markup Language) files (optional): You can enrich your online articles
by providing KML files which will be visualized using Google maps. The KML files
can be uploaded in our online submission system. KML is an XML schema for
expressing geographic annotation and visualization within Internet-based Earth
browsers. Elsevier will generate Google Maps from the submitted KML files and
include these in the article when published online. Submitted KML files will also be
available for downloading from your online article on ScienceDirect. For more
information see http://www.elsevier.com/googlemaps.

The following list will be useful during the final checking of an article prior to
sending it to the journal for review. Please consult this Guide for Authors for further
details of any item.

Ensure that the following items are present:

One author has been designated as the corresponding author with contact details:

* E-mail address

e Full postal address

= Telephone and fax numbers

All necessary files have been uploaded, and contain:

* Keywords

= All figure captions

= All tables (including title, description, footnotes)

Further considerations

= Manuscript has been 'spell-checked' and 'grammar-checked'

« References are in the correct format for this journal

= All references mentioned in the Reference list are cited in the text, and vice versa
« Permission has been obtained for use of copyrighted material from other sources
(including the Web)

= Color figures are clearly marked as being intended for color reproduction on the
Web (free of charge)

and in print, or to be reproduced in color on the Web (free of charge) and in black-
and-white in print

< If only color on the Web is required, black-and-white versions of the figures are
also supplied for printing purposes

For any further information please visit our customer support site at
http://support.elsevier.com.

AFTER ACCEPTANCE

The Digital Object Identifier (DOI) may be used to cite and link to electronic
documents. The DOI consists of a unique alpha-numeric character string which is
assigned to a document by the publisher upon the initial electronic publication. The
assigned DOl never changes. Therefore, it is an ideal medium for citing a
document, particularly 'Articles in press' because they have not yet received their
full bibliographic information. Example of a correctly given DOl (in URL format;
here an article in the journal Physics Letters B):
http://dx.doi.org/10.1016/j.physletb.2010.09.059
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When you use a DOl to create links to documents on the web, the DOIs are
guaranteed never to change.

One set of page proofs (as PDF files) will be sent by e-mail to the corresponding
author (if we do not have an e-mail address then paper proofs will be sent by post)
or, a link will be provided in the e-mail so that authors can download the files
themselves. Elsevier now provides authors with PDF proofs which can be
annotated; for this you will need to download Adobe Reader version 7 (or higher)
available free from http://get.adobe.com/reader. Instructions on how to annotate
PDF files will accompany the proofs (also given online). The exact system
requirements are given at the Adobe site:
http://www.adobe.com/products/reader/tech-specs.html. If you do not wish to use
the PDF annotations function, you may list the corrections (including replies to the
Query Form) and return them to Elsevier in an e-mail. Please list your corrections
quoting line number. If, for any reason, this is not possible, then mark the
corrections and any other comments (including replies to the Query Form) on a
printout of your proof and return by fax, or scan the pages and e-mail, or by post.
Please use this proof only for checking the typesetting, editing, completeness and
correctness of the text, tables and figures. Significant changes to the article as
accepted for publication will only be considered at this stage with permission from
the Editor. We will do everything possible to get your article published quickly and
accurately — please let us have all your corrections within 48 hours. It is important
to ensure that all corrections are sent back to us in one communication: please
check carefully before replying, as inclusion of any subsequent corrections cannot
be guaranteed. Proofreading is solely your responsibility. Note that Elsevier may
proceed with the publication of your article if no response is received.

The corresponding author, at no cost, will be provided with a PDF file of the article
via e-mail. For an extra charge, paper offprints can be ordered via the offprint order
form which is sent once the article is accepted for publication. The PDF file is a
watermarked version of the published article and includes a cover sheet with the
journal cover image and a disclaimer outlining the terms and conditions of use.

AUTHOR INQUIRIES
For inquiries relating to the submission of articles (including electronic submission)
please visit this journal's homepage. For detailed instructions on the preparation of
electronic artwork, please Vvisit http://www.elsevier.com/artworkinstructions.
Contact details for questions arising after acceptance of an article, especially those
relating to proofs, will be provided by the publisher. You can track accepted articles
at http://www.elsevier.com/trackarticle. You can also check our Author FAQs at
http://www.elsevier.com/authorFAQ and/or contact Customer Support via
http://support.elsevier.com.

© Copyright 2012 Elsevier | http://www.elsevier.com
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